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Executive summary
Turbofan engines systematically require Maintenance, Repair & Overhaul (MRO) at specialised shops
such as KLM Engine Services. Afterwards, a performance acceptance test in KLM’s indoor test­cell is
performed, to demonstrate that safety requirements and corrected performance thresholds are met.

After on­wing installation, the same corrected performance indicators are monitored. However, de­
spite correcting for operating conditions and test­cell (TC) or on­wing (OW) specific installation losses,
significant differences are observed between official TC and subsequent OW performance. The objec­
tive of this research is to identify the main root causes for that discrepancy and to assess the feasibility
to reduce it.

The focus is on KLM’s CF6­80E1 turbofans, which are monitored on the basis of performance
snapshots recorded during takeoff. The key performance indicator is Exhaust Gas Temperature hot
day Margin (EGTM), which is a measure of overall thermal efficiency in case of fan speed controlled
engines. New test­cells need to be correlated to evaluate the empirical facility modifiers that account
for the specific TC related effects. Nevertheless, the OW­TC EGTM differences (ΔEGTMOW−TC) are
distributed with significant variance and a negative mean.

Gas turbine modelling and a previously developed Gas turbine Simulation Program (GSP) CF6­80
model were studied in preparation. Also a comprehensive list of to­be­analysed potential root causes
was composed based on literature research.

First, the correction equations and tables used for OW and TC EGTM were elaborately studied.
A comparison of corrections, theory and simulations revealed the physical origin of the TC absolute
humidity (AH) corrections and that TC condensation correction precision is questionable. The facility
modifier accuracy could not be quantified, but no impact on ΔEGTMOW−TC variance is expected.

Concerning OWEGTM, the data was first adjusted for faults. Then engine­specific non­linear corre­
lations between EGTM and corrected fan speed (N1K) were observed, resulting from ineffective throttle
corrections due to engine­to­engine variation of the physical EGT­N1K relation. After merging airport
humidity and OW data, engine­specific temperature (TT2) and AH correlations were identified as well.
Simulations confirmed that engine condition affects the physical EGT­N1K, ­AH and ­TT2 relations.

Therefore improvements to the OW EGTM calculations were proposed, based on engine­specific,
data­driven customisation of the N1K­ and TT2­corrections and an additional AH­correction. A fleet­
average 27.5% EGTM scatter reduction was achieved, combined with an average 13°C EGTM re­
duction because the official corrections are non­conservative. All in all, the method and results are a
successful proof of concept for engine­specific corrections, nevertheless the ΔEGTMOW−TC variance
was almost unaffected.

The impact of other OW­related causes on ΔEGTMOW−TC was also investigated with statistical
analyses backed by theory and simulations. It was concluded that despite inherent unpredictability,
condensation and non­gaseous water ingestion are not main root causes for ΔEGTMOW−TC. It was
found that current corrections over­compensate for customer bleed and under­compensate for anti­ice
bleed, but nevertheless the predicted impact on ΔEGTMOW−TC is negligible. Power off­take is implicitly
accounted for with the customised corrections, because its use is correlated to N1K and TT2.

The fact that OW performance is recorded before the engine is fully warmed up reduces its EGTM
with up to 10°C, therefore thermal effects – amplified by Active Clearance Control – are a primary cause
for the mean and variance of ΔEGTMOW−TC. The initial rapid EGTM degradation due to seal run­in
is also a primary cause for ΔEGTMOW−TC. Both thermal and seal run­in effects are unpredictable,
therefore effectively correcting for them is impossible with the currently available data.

Finally, a considerable residual gap exists between predicted and observed mean ΔEGTMOW−TC,
which is allocated to inaccurate facility modifiers, aircraft TT2­sensor bias and the cowling adjustment.
Comparison of the predicted and observed variance of ΔEGTMOW−TC also revealed that some scatter is
unaccounted for, which is expected to result from unknown aircraft TT2­sensor bias differences, under­
predicted thermal effects and combined effect of minor unquantified causes such as condensation.
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Greek symbols
𝛾 Isentropic exponent (equivalent: ratio of specific heats)
Δ Change or difference (usage: Δ𝑥 is 𝑥 change)
𝛿 Actual­to­SD pressure correction ratio
𝜂is Isentropic efficiency
𝜇 Mean (usage: 𝜇(𝑥) is mean of 𝑥)
𝜎 Standard deviation (usage: 𝜎(𝑥) is standard deviation of 𝑥)
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EGTMDEV EGTM deviation
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HEGT AH­correction factor for EGT
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HN1 AH­correction factor for N1
𝑚̇ Mass flow (unit: [kg/s])
𝑀 Mach number
𝑚̇𝑐 Corrected mass flow
𝑚̇𝑓 Fuel flow
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PR Pressure Ratio
PSn Static Pressure at station n (units: [Pa] & note: see conventions)
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𝑅 Specific gas constant (unit: [J kg−1 K−1])
ℜ Universal gas constant (unit: [J mol−1 K−1])
RH Relative Humidity (unit: [%])
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SH Specific Humidity (unit: mass fraction [%])
𝑡 Time (units: [s] or [minutes])
TDEW Dew point temperature (unit: [°C])
Tflat Flat­rating temperature (equivalent: corner point temperature)
TIT Turbine Inlet Temperature (unit: [K] or [°C])
TOIL Oil temperature (unit: [°C])
TTn Total Temperature at station n (units: [K] or [°C] & note: see conventions)
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WB Customer bleed flow (unit: [kg/s])
WF Fuel flow (unit: [kg/s] & note: see conventions)
XN1 Temperature correction exponent for N1
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Parameter naming & numbering
conventions

Engine components & station numbering

LPC = Fan & Booster HPC CC HPT LPT

Parameter naming convention
Two parameter naming conventions are described in the table below, which can be defined as:

• Component­level: Used for individual component performance (e.g. 𝜂is for HPC efficiency) and
theoretical parameters for isolated components (e.g. 𝑇𝑡,in for turbomachine total inlet temperature)

• Engine­level: Used for ambient and gas path station conditions (e.g. TT3 for HPC discharge total
temperature), measured system parameters (e.g. N2 for core spool speed) and corrected perfor­
mance indicators (e.g. N2K for corrected core speed and EGTK for Standard Day EGT)

Engine­level and component­level parameter naming conventions

Engine­level Component­level
Measured Corrected Margin Measured Corrected

Rotor speed N1 N1K & N1Kc (a) ­ 𝑁 𝑁𝑐N2 N2K N2M (HD)
Mass flow WA WAK ­ 𝑚̇ 𝑚̇𝑐
Fuel flow WF WFK WFM (SD) 𝑚̇𝑓 ­
Net thrust FN FNK FNM (SD) 𝐹net ­
Isentropic efficiency ­ ­ ­ ­ 𝜂is
Total temperature TTn (b) TTnK & TTnKHD (c) TTnM (HD) (d) 𝑇𝑡 ­
Total pressure PTn (b) ­ ­ 𝑃𝑡 ­
Static pressure PSn (b) ­ ­ 𝑃𝑠 ­
Mach number Mn (b) ­ ­ 𝑀 ­
(a) Basic (N1K) and fully (N1Kc) corrected fan speed, see Subsection 4.1.3 for definitions
(b) At station number n
(c) Only used for EGT (TT45), where EGTK is the Standard Day EGT and EGTKHD is the Hot Day EGT
(d) Only used for EGT (TT45), where EGTM is the Hot Day EGT margin
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1
Introduction

This chapter introduces the thesis on comparison on­wing and test­cell turbofan performance indicators
that culminated to this report. First of all, the industrial context and problem at the foundation of the
work are discussed in Section 1.1. Subsequently, Section 1.2 presents how the problem statement
was formalised into the thesis research question and objectives and Section 1.3 delimits the research
scope. The final section provides an overview of this report’s structure.

1.1. Context & problem
Over the last decades turbofans have become the standard propulsion technology for civil aviation,
powering millions of daily passengers to their destinations across the globe [1]. Doing so turbofans
have proven to be highly reliable machines, often spending thousands of hours and cycles on­wing with­
out major maintenance [2]. Nevertheless, inevitably a turbofan’s performance will deteriorate through
continuous processes like mechanical wear, fouling and corrosion [3, 4]. Furthermore foreign object
ingestion might result in acute engine failure.

In order to guarantee safe operation and sufficient service life turbofan engines will therefore require
occasional inspection or Maintenance, Repair & Overhaul (MRO), which is performed by specialised
MRO shops given the required expertise for such tasks. An airline’s competitiveness greatly depends
on cost­effective MRO because the corresponding costs can amount up to 10% of their total direct
operating costs [5]. Additionally, effective maintenance will contribute to savings through improved fuel
consumption as well [2].

The need for predictable and cost­effective maintenance has gradually turned engine MRO into a
competitive market. KLM Engine Services (KLM ES), a major subsidiary of Air France Industries KLM
Engineering & Maintenance (AFI KLM E&M), is one of the main engine shops in Europe. It is certified
to handle a range of popular General Electric Aviation (GE) engines, among others the CFM56­7B, the
CF6­80 family and the GEnx­1B. Current capacity is approximately 200 engine shop visits per year,
about half of which are for external clients from all over the world. The facilities based at Schiphol
Airport also include a test­cell, facilitating engine testing in a controlled environment.

Following a shop visit, regulations demand KLM ES to demonstrate that overhauled engines meet
performance thresholds during a test in the test­cell. Typically the requirements for engine acceptance
include meeting net thrust requirements at rated fan speed while maintaining sufficient margins with
respect to Exhaust Gas Temperature (EGT) and core speed limits. These measured performance
indicators are commonly adjusted to ISA Hot Day conditions through extensive corrections in order
to eliminate the effects of operating conditions [6–8]. The resulting corrected performance indicators,
such as the EGT Hot Day Margin (EGTM), should therefore be worldwide reproducible. Furthermore
they should serve as an accurate prediction for subsequent on­wing performance, which is assessed
and monitored based on the same corrected parameters.

The thresholds for the corrected performance indicators are set by the Original Equipment Manu­
facturer (OEM) and the contract with the client, where the latter often poses the steepest requirements
to guarantee sufficient margins ­ particularly the EGTM ­ for the planned time on­wing until subsequent
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shop visits. A failure to meet set requirements entails considerable costs for KLM ES, on the one hand
due to requirement for additional maintenance and tests, on the other hand due to the contractual obli­
gations to provide a replacement engine and pay penalties. Both stressing the importance of accurate
measurement and adjustment of the performance margins.

However, despite correcting for operation conditions and test­cell or on­wing specific installation
losses, significant discrepancies between test­cell and subsequent on­wing performance have been
observed at KLM ES over the last decades. Attempts to define factors for consistent test­cell to on­wing
margin conversions and vice versa have proven futile due to the inconsistent nature of the discrepan­
cies, with mean and standard deviation values also varying with engine type.

As a result, engines with insufficient test­cell performance might show sufficient on­wing perfor­
mance, in which case KLM ES might want to negotiate to disregard the test­cell margins. The other
way around, engines with sufficient test­cell performance might show insufficient on­wing performance,
in which case KLM ES might expect complaints. Either way the observed differences between on­wing
and test­cell performance can put pressure on client­relations, with the ultimate risk of loosing clients.
The recognisable need to develop a comprehensive understanding of the observed corrected perfor­
mance discrepancies is what sparked the thesis assignment on Test­cell & On­wing Turbofan Perfor­
mance Comparison at KLM Engine Services and the subsequent research provided in this report.

1.2. Research question & objectives
Despite the extensive corrections, including terms to account for operating conditions as well as test­
cell and on­wing installation losses, comparison of test­cell and subsequent on­wing corrected perfor­
mance indicators by KLM ES has revealed an inconsistent and significant discrepancy. The facts that
a similar problem is encountered at AFI­KLM E&M’s Paris test­cell and that GE recently modified the
CFM56­7B’s shop manual by including a simple term in the EGTM calculations to decrease its average
discrepancy, substantiate that undesired corrected performance discrepancies are an industry­wide
challenge rather than an isolated incidence. The high variance of the discrepancy has rendered appli­
cation of straightforward correction factors to predict on­wingmargins based on the test­cell acceptance
test results impossible.

Therefore, an in­depth analysis of the underlying root causes for the observed discrepancy is
needed to fill the gaps in the understanding of the phenomena. Accordingly the research question
for the thesis, discussed in this report, that originated from that need is defined as follows.

Research question
What phenomena cause the discrepancy between on­wing and test­cell corrected turbofan perfor­
mance indicators?

The primary objective for this research, directly related to the above research question, is formulated
as follows.

Primary research objective
To identify the main root causes for the discrepancy between on­wing and test­cell corrected turbofan
performance indicators by data­ and simulation­driven analyses of potential root causes.

Achievement of the above research objective would be considered of great value to KLM ES, potentially
serving as a starting point for additional research to eliminate the observed discrepancy. Nevertheless,
from a commercial perspective the ultimate goal would be to have full comparability of on­wing and test­
cell corrected turbofan performance. Therefore the secondary objective for this research is formulated
as follows.

Secondary research objective
To assess the feasibility of reducing the discrepancy between on­wing and test­cell corrected turbofan
performance indicators by improving and extending performance indicator corrections.

The actual research work related to either the primary or secondary research objective will be very
similar, since achievement of either one will greatly contribute to the other.
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The full proposed workload was split into several subsequent task blocks in order to structure the
research, all of which can be summarised by one of the corresponding sub­objectives below. These
sub­objectives also form the baseline for this report’s structure as will be discussed in Section 1.4.

• Investigate current on­wing and test­cell practices.

• Identify potential root causes for the performance discrepancy based on literature research.

• Assess test­cell performance indicator accuracy.

• Assess and improve on­wing performance indicator accuracy.

• Quantify and account for remaining on­wing and test­cell performance indicator discrepancy.

1.3. Research scope
The aforementioned discrepancy is observed for a range of engine types and performance indicators.
Answering the research question and achieving set objectives for all those types and indicators might
culminate in an amount of work far beyond a masters thesis commitment, especially when considering
component­level indicators as well. Therefore this research was scoped in the proposal phase to fit
the expected amount of work and depth required for a master’s thesis, while also taking into account
the availability of required data and commercial opportunities within KLM ES. The scope or delimitation
considered during this research is given and substantiated below.

• Performance indicators: This research focuses on the Exhaust Gas Temperature Hot Day Margin
(EGTM), which is the margin of the take­off EGT, corrected to Hot Day conditions, with respect to the
EGT limit. This margin is considered the key performance indicator for monitoring on­wing engine
performance because it is a direct proxy for overall engine thermal efficiency in case of fan speed
controlled engines. Consequently, for the remainder of this thesis report terms regarding engine
performance or performance discrepancy will refer to EGTM unless specified otherwise. Subsec­
tion 2.2.2 will elaborate on the significance and principle of EGTM as primary engine performance
indicator in more detail. Lastly, although corrected thrust margin is also considered a key engine
performance indicator during acceptance tests in the test­cell, thrust is not measured on­wing.

• Engine types: Regarding the engine types, the research will only consider the CF6­80E1A3, used
on the Airbus A330­200 and ­300 by both AFR and KLM, and the CF6­80C2B1F, used on the Boeing
747­400 by KLM. The research priority lies with the CF6­80E1 because its maintenance is typically
performance­driven wherefore accurate performance indicators are critical. Given its similarity with
the CF6­80E1, the CF6­80C2 is included in the research on an as­needed basis for validation pur­
poses, either based on additional data­driven analyses or on performance simulations with KLM’s
validated CF6­80C2 Gas turbine Simulation Program (GSP) model [2]. Section 2.1 will discuss the
CF6­80 family in more detail.

• Test­cells: Since engine MRO shops understandably regard their test­cell engine performance data
as confidential, this research will only regard the test­cell facility at Schiphol Airport from KLM ES.
Any conclusions on test­cell specific corrections like the so­called facility modifiers will therefore
only hold for this specific test­cell. The methods to assess those corrections should however also
be applicable to other test­cells with similar protocols if the data would become available.

• Data: In terms of test­cell acceptance test data all available official performance logs since 2013 will
be used. Accordingly, only on­wing data from the same time period will be considered as obtained
from the in­house monitoring tool PROGNOS and the OEM’s monitoring toolmyGEAviation (myGE).
The on­wing data consist of a single take­off performance snapshot per flight, include corrected
performance indicators as well as a set of measured (gas path) parameters.
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1.4. Report structure
Now that the context, objectives and scope of the research are defined, this section briefly addresses
how the methods, results and conclusions that followed are structured in this report. The overall struc­
ture is connected to the sub­objectives that were stated in Section 1.2.

First of all Chapter 2 starts with providing relevant background information, which constitutes to a fa­
miliarisation with the General Electric CF6­80 family, an introduction to test­cell and on­wing operation
related practices at KLM ES and an overview of the currently observed differences between on­wing
and test­cell turbofan performance.

Then Chapter 3 presents an overview of the literature research that was conducted in prepara­
tion of the research in later chapters. The chapter includes a review of related work and corrected
turbomachinery performance. Gas turbine modelling, including related diagnostics concepts and a
previously developed CF6­80C2 model that was used during the research, is also discussed. The core
of Chapter 3 consists of composing a comprehensive list of the potential root causes for the observed
performance differences that were later investigated.

Thereafter Chapter 4 starts with the assessment of test­cell performance indicator accuracy in order
to identify the impact of the test­cell operation related potential causes on the performance discrepancy.
The definitions of the official engine performance indicators resulting from test­cell performance testing
are also discussed.

In similar fashion Chapter 5 continues by addressing on­wing operation related potential causes.
First the official definitions for on­wing performance monitoring are discussed. Then data­driven anal­
yses, supported by theory and simulations, are used to assess the accuracy of those on­wing perfor­
mance correction methods and the related impact on the on­wing to test­cell performance differences.
Chapter 5 also proposes a methodology to improve on­wing performance monitoring accuracy based
on engine­specific customised corrections in Section 5.5. The corresponding results are provided in
Section 5.6.

Subsequently Chapter 6 provides an updated overview of the on­wing to test­cell performance dis­
crepancy based on the results from Chapters 4 and 5. It also addresses the remaining potential root
causes for that discrepancy and finishes off with the overall discussion of results by doing a side­by­side
comparison of the predicted and observed performance discrepancy distribution.

Finally, Chapter 7 addresses all conclusions and recommendations resulting from the research. It
effectively assembles all sub­conclusions and recommendations from the research chapters into an
accessible stand­alone document.



2
Background information

This chapter endeavours to provide a brief but comprehensive overview of the background and setting
of this thesis. The reader is familiarised with the relevant MRO­related facilities and practices at KLM
ES that form the outlook for the research. A significant share of the information in this chapter was
passed onto the author via word of mouth. Important formal sources include a selection of facility and
engine manuals [9–14] and previous theses at KLM ES [2, 15–20].

First of all, Section 2.1 provides an overview of the GE CF6­80 engine family. Subsequently Sec­
tions 2.2 and 2.3 treat relevant on­wing (OW) and test­cell (TC) related MRO practices. Lastly, Sec­
tion 2.4 gives an insight into the scale of the current performance discrepancy problem.

2.1. General Electric CF6­80
The long history of the GE CF6 family started in the 1960s with GE’s military TF39 and CF6­6 commer­
cial derivatives, which are considered the first high­power, high­bypass turbofans [18, 21, 22]. Contin­
uous demands for performance and fuel consumption improvements resulted in the CF6­50, used on
McDonnell Douglas DC­10, Airbus A300 and Boeing 747­300, and subsequently CF6­80. The CF6­
80C2 was introduced as early as 1985 and became a very popular choice for Boeing 747­400 and 767,
McDonnell Douglas MD­11 and Airbus A310. The CF6­80E1 resulted from a further evolution of the
CF6­80C2’s design to enable sufficient thrust delivery for Airbus’s A330 twin­jet wide­body. It is the
most powerful member of the CF6­80 family and entered service in 1993.

Below the general characteristics, important subsystems and onboard sensors are discussed briefly.
Please note that the ARP755A turbofan station numbering conventions [23] are used, as depicted by
the figure in the conventions in the front matter.

2.1.1. General design & characteristics
The CF6­80C2B1F and CF6­80E1A3, which are the respective ratings used within AF­KLM’s fleet, are
both categorized as twin­spool, high­bypass and axial flow turbofans. Their primary characteristics are
provided in Table 2.1 alongside the cross­section in Figure 2.1. Regarding the table some noteworthy
details are:

• TO power time limit: The provided rated thrust and EGT limits are for TO power setting, which
can be maintained for a maximum of 5 minutes. The slight lower Maximum Continuous (MC) power
setting can be maintained significantly longer if required.

• Flat­rated temperature: The flat­rated temperature (𝑇flat) is the maximum ambient temperature TT0
for which the engine can deliver its maximum thrust. If TT0 is above 𝑇flat, N1 and consequently thrust
are derated to prevent EGT limit exceedance.

• Control system: Both engine types are N1­controlled using a Full­Authority Digital Engine Control
(FADEC) system consisting of an Engine Control Unit (ECU) and accessory actuators and sensors.

• EGT shunt: Within a single engine type, each rating can have its own physical EGT limit. It is
common to use an EGT shunt, which augments the measured value to the indicated EGT such that

5
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the indicated EGT limit is not rating­specific. For example, the indicated EGT redline for the CF6­
80E1 is 975°C, while the physical EGT limit for the A3­rating is 1060°C hence a maximum 85°C
shunt is applied. The CF6­80E1 uses an analogue shunt, consisting of an electrical resistance that
converts sensor output.

• EGT sensors: In case of the CF6­80, EGT is measured by 8 sensors between the turbines (i.e.
TT45). The average value is subsequently reported as the official EGT.

• Engine differences: Both models are very similar in terms of general characteristics and dimen­
sions, nevertheless modifications were made to achieve the higher thrust rating of the CF6­80E1
including a larger fan diameter, redesigned booster for increased core mass flow and new turbine
materials and cooling techniques for increased maximum temperatures [18].

Table 2.1: Engine characteristics of CF6­80E1A3 and CF6­80C2B1F [10–13]

CF6­80E1A3 CF6­80C2B1F
Dimensions

Diameter 2.9 m 2.7 m
Length 4.3 m 4.3 m
Bypass ratio (TO) 5.1 5.0

Performance & limits

Rated thrust 69,830 lbf (305 kN) 57,160 lbf (250 kN)
Flat­rated temperature 30∘C 32.2∘C
Max. pressure ratio 34.8 31.8
Max. indicated EGT 975∘C 960∘C
Max. EGT shunt 85∘C 60∘C
Max. N1 3,835 rpm (115.5%) 3,854 rpm (117.5%)
Max. N2 11,105 rpm (113%) 11,055 rpm (112.5%)

Design

LPC 1 fan, 4 booster stages 1 fan, 4 booster stages
HPC 14 stages 14 stages
HPT 2 stages 2 stages
LPT 5 stages 5 stages
Combustor Annular Annular
Controlled parameter N1 N1
Control system FADEC FADEC
EGT sensor station 45 45

2.1.2. Subsystems & important features
A brief numeration of the important subsystems shown in Figure 2.1 is provided below. More in­depth
analyses of subsystems are provided in the research chapters when needed.

• VBVs: The Variable Bleed Valve system enables bleeding of booster discharge air into the bypass
duct, which helps to prevent HPC surge during unstable, low N1 conditions such as start­up. All
VBVs are closed during takeoff.

• IGVs & VSVs: The Inlet Guide Vanes and Variable Stator Vanes are used to control the HPC mass
flow and flow angles to optimize compression efficiency and reduce risk of compressor surge.

• Bleedmanifolds: Bleed air is extracted from stages 7, 8, 11 and 14, the latter being HPC discharge.
The stage 7, 11 and 14 bleed flows are used internally for cooling. During OW operation customer
bleed air for pneumatic and cabin conditioning functions is extracted from stage 8, with additional
stage 14 flow being mixed in if the stage 8 delivery pressure is insufficient at low power. Furthermore,
wing and nacelle anti­ice systems extract stage 11 air for inlet nacelle and wing leading­edge heating.
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Figure 2.1: Schematic CF6­80E1 cross section (adapted from [14])

Figure 2.2: Effect of thermal expansion and Active Clearance Control (ACC)
on turbine rotor tip clearance (reprinted from [24])

• Accessory gearbox: This gearbox is connected to the high pressure spool (N2) and drives the
Integrated Drive Generator (IDG) and Engine Driven Pump (EDP), which are responsible for electri­
cal and hydraulic power delivery to the aircraft. During test­cell operation the IDG and EDP are not
connected to the gearbox.

• ACC: The Active Clearance Control system uses bypass air for cooling of the HPT and LPT cas­
ings. The mass flow that is directed to the HPTACC and LPTACC manifolds is controlled to achieve
shrinkage of the casings and consequently minimise turbine tip clearances. The typical effect of
thermal expansion on turbine rotor tip and casing diameter, including the effect of ACC on the latter
is depicted by Figure 2.2.

• Seals: Although not distinguishablemodule, sealing contributes considerably to aero­thermodynamic
efficiency by decreasing parasitic flows. Figure 2.3a shows typical sealing locations within a com­
pressor stage, including interstage seals and rotor tip clearance seals. The latter consist of a shroud
of abradable material around the rotor blades that is design to withstand occasional rubbing without
causing immediate damage.
Most other seals can be categorised as labyrinth seals, consisting of abradable honeycomb material
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as shown in Figure 2.3c and multiple seal teeth as shown in Figures 2.3a and 2.3b). These labyrinth
seals are used throughout the engine to prevent leakage between rotating and stationary or other
rotating parts.
After replacement of the honeycomb, the seal teeth will start to cut channels. This process is referred
to as seal break­ or run­in and induces considerable performance deterioration over approximately
the first 10 cycles. Afterwards seal clearance and hence deterioration stabilises. As is discussed in
Section 3.3, seal run­in is a potential cause for OW­TC EGTM differences.

(a) Cross section of compressor seals (reprinted from [24])

(b) Cross section of
single labyrinth seal
(adapted from [24])

(c) Abradable
honeycomb material
(adapted from [25])

Figure 2.3: Turbomachinery sealing components and geometry

2.1.3. Sensors
Table 2.2 gives an overview of the most important measured parameters on the CF6­80E1 and CF6­
80C2, including relevant aircraft parameters. Some comments regarding the engine and aircraft sen­
sors are given below:

• Gas path sensors: The main difference in terms of the available gas path sensors originates from
the extended sensor package fitted to KLM’s CF6­80C2s. The extended sensor package has proven
extremely valuable for GPA andmodelling purposes [2, 18, 26], while lacking gas path parameters on
the CF6­80E1 and GEnX­1B are known to introduce uncertainties [19]. During test­cell operation en­
gines are fitted with additional pressure and temperature sensors such that component performance
can be deduced.

• Inlet conditions: In order to derive corrected performance such as EGTM, the fan inlet pressure
(PT2) and temperature (TT2) are required. During on­wing operation, the PT0 and TT0 measured
by the aircraft are used for PT2 and TT2. The CF6­80E1 nacelle is fitted with two dedicated TT12
sensors, which are used only if there is a significant TT0­TT12 discrepancy. Lastly PS0 can be
derived from aircraft’s pressure altitude (ℎISA), which is a direct measure of ambient static pressure.

• Variable geometry systems: The variable geometry and ACC actuator positions, which can be
converted to valve and vane angles using known relations [10, 11], are included in OW data.

• Bleed & power extraction: Customer bleed mass flow (WB) and electrical power off­take (PTO)
are measured on the CF6­80E1, although PTO is not included in OW EGTM calculations. Also the
selection status (i.e. on or off) of the nacelle (NAI) and wing anti­ice (WAI) systems are included in
the data.

2.2. On­wing monitoring practices
Accurate engine monitoring during on­wing operation is of paramount importance to an airline to guar­
antee safe and efficient operation. The growing popularity of so­called ‘power­by­the­hour’ contracts
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Table 2.2: Engine and aircraft sensors on CF6­80E1 and CF6­80C2
(see nomenclature and conventions for parameter definitions)

CF6­80E1 CF6­80C2
Aircraft sensors

Aircraft ambient TT0, PT0, PS0 TT0, PT0, PS0
Aircraft general Mach (M0), IAS, CAS, ℎISA Mach (M0), IAS, CAS, ℎISA

Engine & nacelle sensors

Gas path temperatures TT12, TT25, TT3, TT45/EGT TT25, TT3, TT45/EGT, TT5
Gas path pressures PS3 PS17, PT25, PS3, PT49
Control and spools N1i, N1, N1K, WF, N2 N1i, N1, N1K, WF, N2
Variable geometry systems VSV, VBV, HPTACC, LPTACC VSV, VBV, HPTACC, LPTACC
Bleed & power extraction NAI, WAI, WB, PTO NAI, WAI, WB
Oil system POIL, TOIL POIL, TOIL

[27, 28], where clients pay a fixed price for a complete engine MRO package, has engaged shops to
develop their monitoring capabilities into an integral part of their provided fleet management program.

Two important distinguishable aspects of engine monitoring are: 1) engine performance monitor­
ing by trending measured and corrected performance indicators like EGTM, N2 and fuel flow; and 2)
engine health monitoring by trending derived condition indicators like HPC efficiency [2]. The latter
requires the additional process of component condition computation and is often referred to as Gas
Path Analysis (GPA).

The remainder of this section will provide a baseline understanding of relevant protocols and practices.
Section 3.4 discusses GPA and modelling developments in open literature.

2.2.1. Data management & trending
On­wing performance monitoring of the CF6­80 engines is done primarily based on performance snap­
shots taken once per flight during takeoff. Snapshot recording is done automatically by the ECU. The
ECU takes the snapshot between 40 and 60 seconds after TO power is selected, which should cor­
respond with peak EGT values [29]. The snapshot itself is taking by averaging sensor output over a
10 s period to reduce the impact of sensor noise. The measured values are uploaded for analysis
immediately after.

Moremodern engine types like theGEnX­1B andCFMLEAP­1B also record Continuous EngineOp­
erating Data (CEOD) throughout the flight, which enables more advanced diagnostics in some cases.
A drawback of the CEOD is that it is only uploaded after landing.

The measured performance snapshots are retrieved by diagnostics tools that calculate the corrected
indicators like EGTM. With respect to this thesis, snapshot data could be collected from two separate
source:

• PROGNOS: Used in­house by KLM ES for monitoring. The tool has diagnostics and prognostics
as key features, enabling trending and engine­specific deviation identification. The latter employs
Simularity­Based Modelling to identify deviant behaviour. PROGNOS data querying is limited to a
single engine’s data at once and the database time range is limited to the current install period(1).

• myGE: A web­portal provided by GE, used primarily for (big) data querying at KLM ES. A query
widget lets the user specify queries for multiple engine serials, types or families at once, with the
database going back to 2001 for most types.

Both tools include the list of measured parameters and several derived indicators such as EGTM and
N2 margin. Although EGTM is calculated by the tools separately, as discussed in Section 5.1 it has
been concluded that both tools use exactly the same equations and empirical correction tables.
(1)Install period: the time on­wing between two consecutive overhauls or the time since the last overhaul
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2.2.2. EGT margin
The EGT margin (EGTM), short for Hot Day Exhaust Gas Temperature margin, is the primary focus of
this research concerning OW­TC performance comparison. First of all arising from the commercial im­
portance of EGTM, because desired improvements are often contractually defined in terms of minimal
post­overhaul EGTM. This section provides a physics­based substantiation for the industry’s practice
to monitor EGTM [29].

EGT & engine efficiency
GE engines measure their EGT between the HPT and LPT (TT45) to serve as an indicator for the
Turbine Inlet Temperature (TIT or TT4), which is the highest temperature in the engine cycle. The TIT
is not measured directly because this is simply not possible at the high temperature achieved in modern
turbofans [30, 31]. For a given engine type, TIT can be considered an indication of how efficient the
engine delivers its thrust because component­level deterioration will decrease system efficiency such
that it burns more fuel and runs hotter to deliver the same amount of thrust [32]. GE engines are
N1­controlled, where similarly less efficient engines require more fuel and run hotter to maintain N1.

Alternatively one could consider the effects at component level. Equation 2.1 gives the isentropic
relation for compression, where TR is the Temperature Ratio, PR the pressure ratio, 𝜂is the isentropic
efficiency and 𝛾 the isentropic exponent. HPC deterioration will therefore: 1) increase its discharge
temperature (TT3), which will increase EGT if WF is conserved; and 2) increase the HPT mechanical
work, which will increase WF and subsequent EGT even more. Figure 2.4 shows the effects of HPC
deterioration on the thermodynamic cycle and EGT.

TR = 1
𝜂is
(PR(𝛾−1)/𝛾 − 1) (2.1)

Figure 2.4: Effect of HPC efficiency deterioration on EGT in T­S diagram (adapted from [18])

Correcting for operating conditions
Other than engine aero­thermodynamic condition, the observed EGT is very sensitive to ambient con­
ditions and power setting. Therefore measured EGT is adjusted to acquire the Standard Day EGT
(EGTK) and Hot Day EGT (EGTKHD). The EGTK and EGTKHD should be interpreted as the EGT val­
ues that would have been measured if the same engine would instead have taken off at rated corrected
fan speed (N1K) in SD or HD conditions. Here SD is defined as dry sea­level ISA conditions, while HD
conditions are similar except that the engine’s flat­rating temperature is used. The exact corrections
equations are discussed in Chapters 4 and 5 for TC and OW operation respectively.

Margin
The EGT margin is the difference between the EGT limit and EGTKHD. The advantages of monitoring
the margin compared to EGT itself are: 1) an accessible scale where higher values are better; and 2)
a straightforward indication of remaining on­wing life for a given stabilised deterioration rate.

Merely to familiarise the reader with EGTM monitoring, Figure 2.5 presents typical scatter and de­
terioration of EGTM of an single CF6­80E1 over a period of 2000+ cycles. Considering the full fleet,
values range between 15°C and 80°C for the CF6­80C2 and between−6°C and 33°C for the CF6­80E1.
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Note that negative EGTM is not necessarily a reason to remove an engine, as actual EGT exceedance
can be averted by avoiding full rated takeoffs in HD conditions.
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Figure 2.5: EGTM scatter and deterioration for a CF6­80E1 example

Regarding the different aspects of engine monitoring, EGTM can be categorized a performance and a
condition indicator simultaneously. It is a dependent parameter that accurately reflects the combined
effect of the underlying independent parameters such as component conditions [2, 15]. For example,
a study on large civil turbofan life extension techniques showed that EGTM and Specific Fuel Con­
sumption (SFC) are clearly correlated, as a 1∘C EGTM decrease was found to be equivalent to a 0.1%
increase of SFC [33].

2.3. Test­cell facility & practices
Before being mounted back onto an aircraft for operation, turbofan engines need to demonstrate safe
operation while meeting strict performance thresholds. Indoor test­cells are commonly used to pro­
vide a quasi­controlled environment to perform these so­called acceptance performance tests. Any
uncontrolled influences like atmospheric pressure are carefully measured and then used to correct the
measured performance towards well­defined SD and HD conditions.

This section addresses KLM’s test­cell at Schiphol Airport, starting with its design and instrumenta­
tion in Subsections 2.3.1 and 2.3.2. Subsequently test­cell correlation is discussed in Subsection 2.3.3
and engine testing protocols are discussed in Subsection 2.3.4.

2.3.1. Facility design
KLM ES operates an U­type test­cell, which was commissioned in 1972 [9]. Design and construction
were performed by Aero Systems Engineering (ASE) conform GE’s requirements [18]. An schematic
overview of the facility’s design is provided in Figure 2.6.

The flow is first drawn in vertically at the inlet section which subsequently rotates the flow 90∘ using
the turning vanes. The flow passes a screen to reduce flow distortion as it enters the engine section.
This section has a 10 by 11 meter cross sectional area, which enables certification of engine delivering
up to 100.000 lbs or 450 kN of thrust. The engine is fitted to a frame capable of accurately measuring
the thrust force exerted by the engine during operation. The engine’s exhaust gas is directed into
the augmenter section, which includes metal frames to diffuse the jet with minimum noise production
before being expelled in the vertical exhaust section. Preparations and monitoring is done in a separate
building which is build detached to prevent propagation of vibrations and noise during testing.

2.3.2. Facility instrumentation
Where possible, the engine’s sensors are used during testing. A noticeable exception is thrust, which
is not measured directly by the engine. Also parameters depicting TC ambient conditions that might
affect performance, such as TT2, PT2 and humidity, are measured by dedicated TC sensors. The key
dedicated TC sensors and their positions are discussed below using Figure 2.6. All of these sensors
require calibration at regulated intervals of 6 or 12 months to prevent sensor drift [17].
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Figure 2.6: Side­ and top­view of KLM’s test­cell facility including
dedicated TC sensor locations (adapted from [9, 17])

• Thrust load cell: A set of strain gauges is used to measure the thrust force produced by the engine.
Elaborate preceding calibration is used to convert the measured strains into the corresponding net
force component parallel with the engine’s centreline. That net force is affected by indoor testing
related drag forces such as ram, entrainment and pressure drag [17]. The empirical corrections
to convert measured FN into corrected FN (FNK) are determined using test­cell correlating as dis­
cussed in Subsection 2.3.3.

• Inlet temperature sensors: Temperature measurements are performed by multiple sensors fitted
to a metal frame that is fitted in front of the inlet. The average measured temperature is used as
TT2. Inlet condensation can change effective TT2, but is accounted for with empirical corrections
[10, 11].

• Inlet pressure sensor: A static pressure sensor fitted to the TC ceiling above the engine inlet mea­
sures PS0, which is also used for PT0 and PT2 based on the negligible total pressure losses within
the bell­mouth inlet fitted to the engine. Bell­mouth inlets are used in test­cells to prevent the inlet
lip separation and improve flow uniformity at the fan face. Although slight errors propagating from
incorrect assumptions are theoretically accounted for using the empirical facility modifiers discussed
in the next subsection, the position of the PT2­sensor at KLM’s facility is undoubtedly questionable.

• Humidity sensor: Through gas properties changes and potential inlet condensation, atmospheric
humidity can have a significant effect on engine performance. To correct for those effects, a humidity
sensor is fitted to the side of the engine section next to the engine.

• Gas path sensors: In order to enable accurate diagnostics of individual component conditions,
engines are fitted with additional gas path temperature and pressure sensors if needed.
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2.3.3. Test­cell correlation
Indoor testing affects engine performance with respect to outdoor or on­wing operation. To eliminate
test­cell specific effects on the corrected performance indicators, GE introduced additional correction
factors within the correction calculations. These factors are commonly referred to as Facility Modifiers
(FMs) and determined empirically by test­cell correlation.

Initial test­cell correlation
The main steps performed during initial test­cell correlation are summarized below [34, 35].

1. Selection of a single engine for the correlation procedures. In order to eliminate the influence of
engine deterioration, it is preferred to use an engine that has flown a considerable number of cycles
since overhaul or manufacturing with stable performance.

2. Testing of the engine at GE’s baseline outdoor test facility over a wide range of N1­values. The
same test is repeated until a sufficient amount of measurements fall within maximum tolerances.
For test­cell correlation for CF6­80E1 engines, the corresponding tolerance for EGT is set at 3°C.

3. Testing of the engine at the test­cell that needs to be correlated following the same protocols.

4. Plot the relevant performance indicators with respect to FNK (without the FN­modifier) and determine
the FMs to account for any differences. The FMs are programmed into the data acquisition system
as polynomials and automatically used when measured performance is corrected.

The correlation reports for KLM’s test­cell facility for the CF6­80E1 and CF6­80C2 were issued in 2006
and 1994 respectively and are considered confidential. The examples in Figure 2.7 originate from other
outdated correlation reports. There are modifiers for thrust (FNFM), EGT (EGTFM, but still T5FM in
the example), fuel flow (WFFM), core speed (N2FM), engine pressure ratio (EPRFM) and mass flow
(WAFM). These are applied as a correction factor on the related SD values before being converted to
HD conditions. Section 4.1 will elaborate on the TC EGTM calculations, including the use of EGTFM.

(a) KLM and GE FNK, excluding
facility modifier, w.r.t. N1K

(b) KLM and GE EGTK, excluding
facility modifier, w.r.t. N1K (c) Facility modifiers w.r.t. FNK,

excluding facility modifier
Figure 2.7: Content from outdated CF6­80E1 test­cell correlation report

Back­to­back testing
Back­to­back testing is used to certify the applicability of the facility modifiers after small modifications
to the test­cell’s flow path or relocation or replacement of test­cell sensors. First of all, a stable engine
is tested until sufficient data within the set tolerances is gathered in the original test­cell without mod­
ifications. The same procedure is repeated after the modifications to evaluate if full re­correlation is
required. Effects on the corrected performance indicators are considered significant if their changes
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exceed pre­defined tolerances [34], such as 5.0°C for EGTK. If significant changes are evaluated, full
re­correlation is required or the modification need to be reversed.A single successful back­to­back test
is considered valid for all other engine types as well as.

Given the EGTK tolerance of 5.0°C, it is possible that over the course of several back­to­back tests
the combined effect of modifications is significant. Given the costs related to a full re­correlation, it is
typically avoided. Understandably great efforts are made to design modifications with minimal effect
on the validity of the facility modifiers. Agencies like SAE Aviation have published advisory reports on
maintaining and trending accurate TC correlation [36] or related topics [35, 37, 38].

2.3.4. Testing procedures
Overhauled engines are first fitted with the test­cowling which consists of a bell­mouth inlet, fan cowling,
core­cowling, bypass nozzle and core nozzle. For some engine types this nozzles might have different
dimensions than their on­wing counterpart, but with the CF6­80 this is not the case. Next, the engines
are attached to the thrust frame and positioned in the testing section using rails on the ceiling.

The full post­overhaul acceptance test procedure can be divided into several distinct phases with
distinct goals. The corresponding procedures in terms of power schedule, required inspections and
key measured parameters are strictly defined in each Engine Shop Manual (ESM) [10, 11, 39]. Below
the main phases are briefly enumerated in the common order, though other orders could also be used
if convenient.

1. Seal run­in: This first phase is required if the abradable material of any seal has been replaced. The
phase consist of a gradual step­by­step increase of throttle to gently break­in the seals without risking
significant damage. Less gradual engine heating during OW takeoffs typically results additional seal
run­in, resulting in rapid performance deterioration over the first ±10 cycles.

2. Vibration check: Given the high spool speeds typical for turbofan operation, any imbalance of
the rotating components might result in engine vibrations. These vibrations are often continuously
measured during testing given the potential damage. A specific acceleration test is performed for
analysis of engine vibrations as well as variable geometry operation. In case of intolerable vibrations,
trimming is required before the tests are continued.

3. Performance check: The official TC performance snapshot, at takeoff (TO), maximum continuous
(MC), flight idle and ground idle power, are recorded during this test phase. The first snapshot is
at TO power, which is recorded after consecutive 5­minute stabilisation at MC and TO power. The
other snapshots are taken at 5­minute intervals after stabilisation at the corresponding setting.
The ECU records the snapshot by averaging sensor output over a 10­second period. The averaging,
which is also used for OW snapshots, reduces the effects of sensor noise on the accuracy. During
the performance check, the test­cell systems will also accurately monitor oil consumption for poten­
tial anomalies. Occasionally the performance testing phase is also used for pre­overhaul inbound
testing, but due to cost considerations this is very uncommon.
The test­cell’s data acquisition system calculates the corrected performance indicators based on
the snapshot measurements. The results are reported in official performance logs. These perfor­
mance logs were used during this thesis to link OW and TC data and quantify the resulting EGTM
discrepancies.

2.4. Current performance discrepancy
This section provides a baseline for the OW­TC EGTM discrepancy (ΔEGTMOW­TC) based on the orig­
inal data without any improvements, substantiating the scale of the problem faced at KLM ES.

Given the lack of an official protocol for comparingOWand TC performance, first of all two definitions
for ΔEGTMOW­TC were chosen in consultation with KLM engineers.

ΔEGTMtc
OW−TC The difference between the cycle 11­20 average OW EGTM and the official TC EGTM.

ΔEGTMow
OW−TC The difference between the cycle 11­20 average OW EGTM and the OW­method­based

TC EGTM. That OW­method­based TC EGTM is calculated by applying the OW EGTM
calculations on the official TC measurements. Therefore differences between the OW
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and TC EGTM calculation methodology are eliminated such that ΔEGTMow
OW−TC can be

allocated to physical differences between OW and TC operation.

First of all TC data was successfully linked with the corresponding OW data for 62 CF6­80E1, 67 CF6­
80C2 and 66 CFM56­7B installations. The CFM56­7B and CF6­80C2 are only included in the baseline
discrepancy overview to substantiate the scope of the problem.

The resulting baseline differences are visualised by histograms in Figure 2.8. The figure is structured
with a row per engine type and a column per TC EGTM definition (i.e. the official or OW­method­based
TC EGTM). Furthermore, Table 2.3 summarises the distributions in terms of the corresponding mean
values (𝜇)(2) and standard deviations (𝜎)(3).
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Figure 2.8: Distribution of baseline OW­TC EGTM discrepancy for CF6­80E1 (top), CF6­80C2 (middle) and
CFM56­7B (bottom) based on official (left) or OW­method­based (right) TC EGTM

Table 2.3: Baseline differences between OW and TC EGTM,
where 𝜇 is the average and 𝜎 is the standard deviation

Family Count Official TC EGTM OW­method­based TC EGTM
ΔEGTMtc

OW­TC [°C] ΔEGTMow
OW­TC [°C]

𝜇 𝜎 𝜇 𝜎
CF6­80E1 62 ­3.81 6.69 ­21.80 7.28
CF6­80C2 67 3.15 9.17 ­20.20 9.36
CFM56­7B 66 12.95 7.28 ­16.84 6.78

The main insights to take from the baseline discrepancy are:

• Regardless of its definition and engine family, ΔEGTMOW­TC is very scattered with standard devia­
tions ranging from 6.78°C to 9.36°C.

• The discrepancy distributions based on the OW­method­based TC EGTM (ΔEGTMow
OW­TC) all have

negative means with only outlier values above zero, therefore suggesting that all engine types nor­
mally run cooler in the test­cell than on­wing for the same operating conditions. The differences

(2)Mean values: the symbol 𝜇 is used throughout the report, additionally 𝜇(𝑥) represents the mean of 𝑥
(3)Standard deviation: the symbol 𝜎 is used throughout the report, additionally 𝜎(𝑥) represents the standard deviation of 𝑥
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between OW and TC operation are partly accounted for in the official TC EGTM, based on the fact
that themean values of ΔEGTMtc

OW­TC are higher than ΔEGTM
ow
OW­TC for all engine types. On average

the additional terms in the official TC EGTM over­correct the OW­TC differences for the CF6­80C2
and CFM56­7B and under­correct for the CF6­80E1.



3
Literature research

In preparation for the research work to identify the root causes for the discrepancy between on­wing
and test­cell corrected turbofan performance indicators, a literature study was performed. This chapter
handles the topics from the literature research that are relevant to the research discussed in subsequent
chapters.

First Section 3.1 starts with a brief introduction to the theoretical non­dimensional and corrected
parameters. Subsequently, Section 3.2 continues with an review of related research in open literature
and Section 3.3 provides a comprehensive overview of the potential root causes for the performance
discrepancy, focussing on the Hot Day EGT margin (EGTM). Lastly, Section 3.4 discusses gas turbine
diagnostics and modelling methods in open literature, the methods and features of NLR’s Gas turbine
Simulation Program (GSP) and the CF6­80C2 GSP model at KLM ES.

3.1. Non­dimensional & corrected performance
The general principle of corrected engine performance indicators is to eliminate the effects of ambi­
ent and operating condition, consequently enabling day­to­day and engine­to­engine comparison of
those indicators. The origin of corrected engine performance indicators can be found in the use of
non­dimensional, quasi­dimensional and corrected parameters in turbomachinery theory. This section
briefly introduces the theory of corrected turbomachinery performance and the corresponding param­
eters at a component and an engine level.

3.1.1. Component parameters
Derivation of corrected parameters at a component level can be based on either a dimensional analysis
approach or Mach number similarity approach, both of which are discussed in this subsection.

Dimensional analysis approach
Assuming constant gas properties, the behaviour of a turbomachinery component can be fully described
by its geometry, mass flow, rotational speed and total inlet and outlet conditions [40]. The symbolic
representation is given below, where 𝐷 is the characteristic diameter and 𝑁 the rotational speed [40].

Function (𝐷,𝑁, 𝑚̇, 𝑝𝑡,in, 𝑝𝑡,out, 𝑇𝑡,in, 𝑇𝑡,out) (3.1)

Determining the component­specific relations between all those quantities over the full operational
range therefore demands an excessive number of experiments, while also making efficient visualisa­
tion of those relations impossible [40]. Application of Buckingham Pi’s theorem on dimensional anal­
ysis enables the derivation of four dimensionless groups: the pressure ratio, temperature ratio, non­
dimensional mass flow and non­dimensional rotational speed [40] all of which are defined in Table 3.1.
The subgroup 𝑅𝑇𝑡,in is conveniently used instead of 𝑇𝑡,in to ease non­dimensionalising [40].

The quasi­dimensionless groups are derived by assuming constant geometry and subsequently
the corrected parameters are derived by substituting 𝑝𝑡,in and 𝑇𝑡,in with 𝛿 and Θ, which are the ratios
between the actual and reference values. The reference values are typically sea­level ISA conditions
with the exception of engine­level Hot Day values.

17
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To conclude, theoretically the aero­thermodynamic state of a compressor or turbine can fully de­
scribed by the corrected mass flow, corrected rotor speed, pressure ratio and temperature ratio, where
often isentropic efficiency (𝜂is) replaces the latter. The relations between the 4 parameters can be cap­
tured by a performance map, where specification of two parameters directly specifies the remaining
two.

Table 3.1: Component­level parameter groups (adapted from [23])

Theoretical Experimental
Non­dimensional Quasi­dimensional Corrected Corrected

group group parameter parameter

Mass flow (𝑚̇) 𝑚̇√𝑅𝑇𝑡,in
𝐷2𝑝𝑡,in√(𝛾)

𝑚̇√𝑇𝑡,in
𝑝𝑡,in

𝑚̇𝑐 =
𝑚̇√Θ
𝛿 𝑚̇𝑐 =

𝑚̇Θ𝑎
𝛿𝑏

Rotor speed (𝑁) 𝑁𝐷
√𝛾𝑅𝑇𝑡,in

𝑁
√𝑇𝑡,in

𝑁𝑐 =
𝑁
√Θ 𝑁𝑐 =

𝑁
Θ𝑎

Temperature (𝑇𝑡,out)
𝑇𝑡,out
𝑇𝑡,in

𝑇𝑡,out
𝑇𝑡,in

𝑇𝑡,out
Θ

𝑇𝑡,out
Θ𝑎

Pressure (𝑝𝑡,out)
𝑝𝑡,out
𝑝𝑡,in

𝑝𝑡,out
𝑝𝑡,in

𝑝𝑡,out
𝛿

𝑝𝑡,out
𝛿𝑏

Mach number similarity approach
An alternative perspective on corrected parameters arises from the fundamental concept of Mach num­
ber similarity, which means that correction to reference ambient conditions should be done in such a
way that the Mach number velocity triangles within the turbomachinery component are maintained
[6, 41]. If Mach number similarity is achieved, compressibility effects, work and losses are maintained
such that the pressure ratio and temperature ratio are also the same [6, 41]. The previously defined
corrected mass flow and rotor speed can also be derived on the basis of maintaining Mach number
similarity when correcting, as is shown in [41].

To demonstrate that the derivation based on dimensional analysis indeed also implicitly guarantees
flow similarity, consider the derivations in Equations 3.2a and 3.2b below where 𝜌in is the density,
𝐴 the cross sectional area, 𝐶 and 𝑀𝐶 the axial flow velocity and Mach number and 𝑈 and 𝑀𝑈 the
circumferential blade velocity and Mach number.

𝑚̇ ⋅ √𝑅𝑇𝑡,in
𝐷2 ⋅ 𝑝𝑡,in√(𝛾)

=
𝜌in ⋅ 𝐴 ⋅ 𝐶√𝑅𝑇𝑡,in
𝐷2 ⋅ 𝑝𝑡,in√(𝛾)

=
𝑝𝑡,in ⋅ 𝐴 ⋅ 𝐶√𝑅𝑇𝑡,in

𝑅 ⋅ 𝑇𝑡,in ⋅ 𝐷2 ⋅ 𝑝𝑡,in√(𝛾)
= 𝐴 ⋅ 𝐶
√𝛾𝑅𝑇𝑡,in ⋅ 𝐷2

∝ 𝐶
√𝛾𝑅𝑇𝑡,in

= 𝑀𝐶,in [40]

(3.2a)
𝑁𝐷

√𝛾𝑅𝑇𝑡,in
= 𝑈
√𝛾𝑅𝑇𝑡,in

= 𝑀𝑈,in [40]

(3.2b)

Therefore maintaining both the non­dimensional mass flow and rotational speed is equivalent to main­
taining equal axial and blade Mach number, hence Mach number similarity.

Experimental approach
The practical use of the theoretical corrected parameters is limited by the underlying assumptions [41].
The most restrictive assumptions that typically cannot be replicated during actual operation and will
influence Mach number similarity include:

• Constant gas properties: The gas constant (𝑅) and ratio of specific heat (𝛾) are both functions of
atmospheric humidity, but also vary with temperature and pressure. Therefore atmospheric humidity
affects the complete flow field [6]. Theoretical and empirical humidity corrections will be addressed
in Section 4.2.
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• Constant Reynold number: The fifth ­ so far unmentioned ­ non­dimensional group is the Reynolds
number, which is often conveniently ignored because its contribution to turbomachinery behaviour
is typically negligible [40]. Nevertheless variation of the Reynolds number will affect Mach number
similarity slightly [6, 41].

• Constant geometry: Although variable geometry systems like Variable Stator Vanes should not
affect Mach number similarity if their position is scheduled with respect to 𝑁𝑐 [6], other deformations
such as thermal expansion will invalidate the constant geometry assumption.

A well­described solution to the above invalidation of the assumptions is the application of empirical
exponents 𝑎 and 𝑏. The last column of Table 3.1 shows the assumed definitions for the corrected
parameters. Using experiments or simulations the values of 𝑎 and 𝑏 can be determined empirically
per corrected parameter [6]. Depending on the desired accuracy, the exponents can be defined as
constants or as functions of other parameters such as 𝑁𝑐.

Table 3.2: Engine­level parameter groups (adapted from [23])

Theoretical Experimental
Non­dimen. Quasi­dimen. Corrected Corrected

group group parameter parameter

Mass flow (WA) WA⋅√𝑅⋅TT2
𝐷22⋅PT2⋅√(𝛾)

WA⋅√TT2
PT2

WAK = WA⋅√Θ2,SD
𝛿2,SD

WAK = WA⋅Θ𝑎2,SD
𝛿𝑏2,SD

Fan speed (N1) N1⋅𝐷
√𝛾𝑅⋅TT2

N1
√TT2 N1K = N1

√Θ2,SD
N1K = N1

Θ𝑎2,SD

Core speed (N2) N2⋅𝐷
√𝛾⋅𝑅⋅TT25

N2
√TT25 N2K = N2

√Θ25,SD
N2K = N2

Θ𝑎25,SD

Fuel flow (WF) WF⋅FHV⋅√(𝑅)⋅𝜂𝐶𝐶
𝑐𝑝⋅𝐷2⋅PT2√𝛾⋅TT2

WF
PT2√TT2 WFK = WF

𝛿2,SD⋅√Θ2,SD
WFK = WF

𝛿𝑏2,SD⋅Θ𝑎2,SD

Temperate (TTn)
𝑐𝑝⋅(

TTn
TT2−1)
𝛾⋅𝑅

TTn
TT2

TTnK = TTn
Θ2,SD

TTnK = TTn
Θ𝑎2,SD

3.1.2. Engine parameters
Similarly to the previous subsection, definitions can be derived for a complete gas turbine or turbofan.
An overview of these parameter groups and corrected parameters, both theoretical and as a function
of empirical exponent, are provided in Table 3.2. Full derivation of the non­dimensional groups is
considered beyond the scope of this research because only corrected performance parameters, such
as EGTM, are used at KLM ES. Regarding engine corrected parameters, some considerations and
explanation:

• Spool speeds: When a compressor and turbine component aremechanically coupled by a shaft, the
definition of engine corrected speed (NK) becomes non­trivial. Defining NK based on compressor
inlet conditions does not result in turbine flow similarity because the combustion chamber perfor­
mance is not constant with Mach number similarity [6]. Nevertheless, corrected spool speed is often
defined by the compressor inlet temperature, thus TT2 for N1K and TT25 for N2K for a twin­spool
engine. This can be explained by the compressor’s variable geometry that should be scheduled with
respect its own 𝑁𝑐.

• Empirical coefficients: Similarly to component corrected parameters, often empirical Θ and 𝛿 expo­
nents are used [6] because the assumed constant gas properties, Reynolds number and geometry
limit the applicability of the theory. Also, as mentioned above, maintaining Mach similarity within the
complete engine is impossible.

• EGTM: The theoretical Hot Day EGT (EGTKHD) margin can calculated using the engine’s EGT
redline and filling in TT45 and Θ2,HD instead of TTn and Θ2,SD in the corrected temperature definition.
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In practice, a lot more correction factors and adjustments are used as is addresses in Sections 4.1
and 5.1.

3.2. Related research
Despite the significance of the test­cell and on­wing corrected performance discrepancy, no notable
open academic literature asserting the issue has been found. A substantial body of knowledge exists
concerning either OW or TC operation of gas turbines as will become evident in subsequent sections.
Nevertheless the fundamental causes for an engine to behave differently, in terms of thrust and in­
ternal gas path parameters, when comparing indoor TC and OW operation have received no notable
attention other than some unsubstantiated remarks. The few advisory reports on accurate test­cell cor­
relation [35, 42] do mention the need to correct for TC effects considering thrust and other performance
indicators, but fail to mention the underlying reasons to do so.

Intuitively the absence of notable literature raises one question: why?. A probable hypothesis con­
cerns the stiff requirement for a large set of OW as well as TC data, both of which are often considered
confidential by the engine or test­cell operator. Therefore universities are generally not able to perform
this research. Accordingly, KLM ES is one of the limited institutes including the OEM and other MRO
shops with OW data availability that possesses the required data. It is admittedly possible that other
commercial corporations have made efforts to solve the apparent problem but have kept the results
confidential.

Currently engineers at KLM ES deal with the discrepancy based on previous experience and engi­
neering sense. Accurate prediction of the to­be­expected discrepancy based on previous experience
or statistical data is challenging, given the large scatter of the discrepancy. Therefore the scientific
value of this research, which aims to identify the fundamental root causes and study the feasibility of
parameter corrections to predict discrepancies, is evident.

Given the availability of OW and TC data, some previous studies at KLM ES [2, 16, 19, 43] utilized
OW gas path and performance data in conjunction with TC data. For instance for engine performance
model calibration at derated power settings. In those studies the model errors induced by the discrep­
ancy were considered acceptable, particularly for Adaptive Modelling (AM) Gas Path Analysis (GPA)
purposes [19].

3.3. Potential causes for performance discrepancy
Finding an explanation for the observed OW­TC discrepancy demands familiarisation with the potential
underlying root causes and their influence on turbofan performance. This section summarises the
literature study on potential root causes. Some of the causes are already accounted for in the current
corrections but are nevertheless included for completeness and for later accuracy evaluation. The
purpose of this overview is to provide a brief introduction, more details are provided later in the report
where required.

3.3.1. Ambient conditions
Ambient pressure and temperature are corrected for, but the effects of humidity and water ingestion
are potential causes for a performance discrepancy between on­wing and indoor test­cell operation.

Humidity
Humidity effects can be categorized into condensation effects and gas property effects [44].

• Condensation effects: These effects depend primarily on how close an air­water mixture is to
saturation, which is expressed by Relative Humidity (RH) that typically varies between 100% and
value close to 0%. Inlet condensation is complex and unpredictable phenomena [23, 45], occurring
typically at very low flight Mach numbers when flow is accelerated into the inlet resulting in a local
decrease of static temperature and pressure. In combination with high ambient RH, part of the
water vapour can condensate in the inlet which increases the actual inlet conditions at the fan. The
affect of condensation can be interpreted as an adverse shift of corrected performance [46] or as an
increase of gas path temperatures due to the irreversible nature of condensation (and subsequent
evaporation) [23, 45]. Furthermore, inlet condensation can also affect long­term deterioration [47].
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• Gas property effects: The effects on engine performance effects through gas property changes
scale with absolute (AH) or specific humidity (SH), both of which are a measure of the water mass
content in an air­water mixture [46]. For a given RH percentage, AH will increase with ambient
temperature. For example, at ISA+15°C and 100% RH the absolute humidity equals 27.2 g/kg.
The net effect of AH is a decrease of EGT and FN [44, 46, 48], which can mainly be contributed
to the decrease of the effective corrected fan speed and mass flow [46, 49, 50]. Correcting for the
gas property effects of humidity has been demonstrated to improve modelling [44] and diagnostics
accuracy [48]. An example hereof with an industrial gas turbine is depicted by Figure 3.1. A cyclic
variation of compressor corrected mass flow (𝑚̇𝑐) is observed if humidity is not accounted for.

Test­cells are fitted with a humidity sensor to correct the performance to dry conditions [10, 11, 39]. Due
to the challenges related to accurate measurement of humidity [51], humidity is not measured during
OW operation such that the humidity effects potentially contribute to the OW­TC EGTM discrepancy.
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Figure 3.1: Effect of assuming standard humidity (60% RH) or accounting for actual humidity on compressor
corrected mass flow (𝑚̇𝑐) evaluation of power­controlled industrial gas turbine (adapted from [48])

Non­gaseous water ingestion
The effects of ingestion of non­gaseous water on engine performance can have an aerodynamic (e.g.
water films on blades), thermodynamic (e.g. water evaporation within the engine) and mechanical
(e.g. water centrifuging by fan blades) nature [46, 52]. The relative impact of the different contributions
depends on many parameters, including the water­to­air ratio, droplet size and flight speed. Although
general trends can be identified, reliable corrections for water ingestion are deemed unrealistic due to
the high complexity and poor scalability [46, 52, 53].

Nevertheless non­gaseous water ingestion is a potential cause for OW­TC EGTM discrepancy be­
cause it does potentially affect OW EGTM and does not affect indoor TC EGTM.

3.3.2. On­wing installation
Some aspects of OW installation are distinctly different from TC operation and therefore potential
causes for the discrepancy.

Inlet & flow distortion
Inlet flow distortion can originate from atmospheric distortion or inlet flow separation. Despite the im­
pact of flow distortion on compressor stability, both experiments [38] and simulations [54] have revealed
small effects on overall aero­thermodynamic engine performance at high power settings. Flow distor­
tion can also influence corrected performance when a distorted pressure reading is used as the ambient
pressure for corrections [41, 54].

Acceptance tests are performed with a dedicated bell­mouth inlet, which is specifically designed to
deliver non­distorted flow to the fan given the stationary conditions [19]. On­wing inlet geometry is
significantly different to assure efficient operation in high speed conditions as well. While flow distor­
tion effects on engine performance are expected to be negligible [54], the inlet pressure losses at TO
conditions could introduce a discrepancy between assumed and actual fan inlet pressure [55]. The
combination of flight speed and power setting will dictate the inlet capture ratio (A0/A1). If A0 > A1 than
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flow separation dominates overall pressure losses, otherwise if A0 < A1 duct skin friction dominates
pressure losses as shown in Figure 3.2 [41]. The expected effect of sub­optimal inlet pressure recovery
on EGTM is small because theoretical [6] and actual EGTM calculations are independent of PT2.

Figure 3.2: Theoretical variation of inlet total pressure loss with throat
Mach number and inlet capture ratio (adapted from [41])

Nozzle geometry
Similarly to the inlet, some engine types are tested with dedicated TC core nozzles. In that case
the geometrical differences between the TC and OW nozzle are a potential cause for performance
discrepancy. Thrust is certainly the most affected performance indicator, while the effect on EGTM
primarily depends on whether the core nozzle and LPT are choked [42, 56, 57]. In case of both CF6­80
types there is no known difference between OW and TC nozzles and therefore this cause will not be
addressed later in the report.

Unsteady operation
As has been discussed in Subsection 2.3.4, TC performance data is measured when the engine is in
aerodynamic, thermal and mechanical steady­state which is certainly not the case for OW snapshots.
Despite the 10­second averaging, the unsteady nature of OW operation will affect OW performance to
some degree and hence potentially contributes to OW­TC EGTM discrepancy.

The ECU typically records the OW snapshot just before or after lift­off close to peak EGT [29] when
full steady­state is impossible. The combination of aircraft acceleration, climbing and manoeuvring
as well as ground effects and flow distortion will continuously change the engine operation conditions
during this flight phase [2].

Furthermore the lack of thermal equilibrium means the engine itself is also (slightly) changing due to
thermal expansion of its components and parts. Before thermal equilibrium is reached clearances are
often larger such that cycle thermal efficiency is temporarily decreased [24]. Active clearance control
potentially behaves differently in an unsteady thermal state as well, which could amplify the OW­TC
differences.

Customer bleed & anti­ice
Customer bleed refers to bleed air extraction for use by various aircraft systems, including nacelle and
wing anti­ice, cabin pressurisation and the pneumatic pumps. As has been discussed in Section 2.1,
customer bleed is extracted at stage 8 of the HPC during takeoff in the CF6­80 engines.

The effects of customer bleed on compressor and engine performance are well­defined by open­
literature research [2, 15, 58–62]. Customer bleed will adversely affect EGT, in essence because the
difference between compressor and turbine mass flow requires the engine to burn more fuel and run
hotter tomaintain the selected N1. Figure 3.3 depicts the signature effects for extracting 1% of compres­
sor discharge mass flow (𝑚̇3) from a power­controlled, single­spool industrial gas turbine. Assuming
EGT values in the order of 1000 K, the magnitude of the bleed effect on EGT is at least in the order of
13°C.
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To conclude, customer bleed affects turbofan operation and is therefore a potential cause for the
performance discrepancy. As will be discussed in Section 5.1 current OW EGTM calculations include
a term to correct for bleed effects, assessing the accuracy of that method is part of the research.

N1 WA PS3 TT3 WF TT4 EGT

Figure 3.3: Relative effects of 1% compressor discharge flow extraction (at PS3 and TT3) on gas path
parameters for an industrial power­controlled, single­spool gas turbine (adapted from [60])

Power Off­Take (PTO)
During OW operation mechanical work for generation of electrical power and hydraulic power is ex­
tracted from the engine. The effect of PTO on turbofan performance specifically has received little
academic attention. Perhaps a consequence of the fact that most effect­studies are based on indus­
trial gas turbines where PTO is not a disturbance. The fact that previous studies at KLM ES assumed
constant PTO [2, 19] suggests a small influence on performance.

Similar to customer bleed, PTO theoretically adversely affects engine performance because the
engine will burn more fuel and run hotter to deliver the required mechanical work while maintaining N1
[63].

Seal run­in
As discussed in Section 2.1, engines use seals to minimise undesired spillage air flows. Replacement
of the abradable materials of those seals is a typical part of engine performance overhaul [24], but is
associated with rapid EGTM deterioration during approximately the first 10 OW cycles due to seal run­
in. In contrast to all other potential causes, seal run­in is therefore related to a physical change of the
overall condition of the engine between the compared TC and OW snapshots while all other potential
causes are related to operational changes.

The varying magnitude of initial EGTM degradation due to seal run­in almost certainly contributes
to the mean and variance of ΔEGTMOW−TC.

3.3.3. Test­cell effects
Indoor testing primarily affects the measured thrust, which is discussed in the first paragraph below.
The physical meaning of the facility modifier for EGTK is addresses subsequently.

Test­cell effects on thrust
The aerodynamics of indoor testing produce drag forces on the engine that primarily affect the net
thrust. A comprehensive overview of those drag forces in provided in Figure 3.4. The aerodynamics
of these drag forces have received considerable academic attention in work such as [7, 64–67]. The
main force acting on the engine is the propulsive jet thrust in combination with potential pressure thrust
due to under­expansion of the jet (i.e. exit buoyancy force in Figure 3.4). The major drag forces can be
categorised as either: 1) forces resulting from acceleration of engine and test­cell bypass flow, such
as intake momentum drag, cowling friction drag and cradle drag; and 2) forces resulting from static
pressure gradients in flow direction, such as engine and bell­mouth buoyancy forces [7].

As discussed in Section 2.3.3 on test­cell correlation procedures, GE accounts for these effects by
testing an engine at both their outdoor facility and the to­be­correlated indoor facility. The so­called
facility modifiers, which should capture all indoor testing related effects, are hence determined purely
empirically.



3.3. Potential causes for performance discrepancy 24

Figure 3.4: All thrust and drag forces related to indoor test­cell operation that are
included in the full first principles thrust correction method (original from [7])

Various alternatives to an empirical method have proposed, primarily to circumvent the need for
the costly free­field outdoor testing [7]. Due to inherent sensitivity to outdoor conditions like atmo­
spheric conditions, micro­climate and pollution, it has also become increasingly challenging to achieve
the required consistency for empirical correlation with outdoor test facilities [7]. Several physics­based
methods based solely on indoor test­cell measurements have been proposed [7, 64], among others
Rolls­Royce’s patented first principles method [7] which combines facility and engine geometry with
an anemometer and pressure sensors to calculate the magnitude of each of the drag forces shown in
Figure 3.4. Detailed CFD­based corrections have also received attention [66].

Test­cell effects on EGTK
The physical reasoning for other corrections, such as the EGTK and N2K modifiers at KLM’s facility,
have received no notable academic attention. Advisory reports from the FAA [42] and SAE [35] both
mention that typically only FNK should be modified when the core exhaust nozzle is choked, while
otherwise more performance indicators require slight correcting. Some potential physical explanations
for the application of an EGTK facility modifier (EGTFM) are listed below.

• Inlet condition sensors: The facility modifiers are applied to Standard Day EGT (EGTK), which is a
function of the observed EGT as well as other terms including the inlet temperature (TT2) correction.
Therefore differences between the indoor and outdoor facility TT2­sensors will result in different
EGTK even is the observed EGT is unaffected. Apart from sensor positioning, sensor characteristics
like the total temperature recovery factor (𝑟) can also influence the recorded temperature. This factor
is defined by Equation 3.3 and can vary slightly with inlet Mach number as shown in Figure 3.5 [41].

𝑟 = TTmeasured − TS
TTtrue − TS

(3.3)

• Jet flow restrictions: The engine’s propulsive jets are directed into the augmenter section that
is designed to decelerate the flow, which restricts the jet compared to outdoor testing. With an
unchoked nozzle, any effects the flow restriction has on the jet itself could propagate back into the
engine. Although unconfirmed, it is suspected that this principle explains why FAA and SAE only
advice to correct EGTK if the core nozzle is not choked [35, 42]. In the CF6­80 family the EGT sensor
is however located between the turbines, therefore the effects should not be able to propagate back
through the choked LPT and affect EGT or N2.

• Re­ingestion: Although the likelihood is not disclosed, Ramos [65] mentions re­ingestion of exhaust
gas as a potential contributor to the need for EGTFM. Re­ingested hot exhaust gases through circu­
lation in the test­cell could significantly increase the effective TT2 and therefore EGTK, that is if TT2
sensor rakes do not capture the changing inlet conditions and hence the effects are not corrected
for.
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Figure 3.5: Inlet total temperature recovery (𝑟TT2) variation with respect to inlet Mach number (𝑀2)
from CFM56­7B testing at TAP’s indoor test­cell in Portugal (adapted from [41])

3.3.4. Sensors
Every sensor is characterized by measurement bias and noise, furthermore sensor positioning greatly
affects what is actually measured. Effective TC instrumentation guidelines are documented in reports
from SAE [37], FAA [42] and AGARD [68], many of which also apply to OW operation. By automatically
averaging values over a 10­second period, the effects of high­frequency sensor noise are already
reduced considerably.

Nevertheless sensors can contribute to the observed OW­TC performance discrepancy if some
parameters are not measured by the same sensors or at the same location. Where possible, TC
performance measurements are made using the engine’s onboard sensors such that sensor bias and
noise are unlikely to contribute to the observed performance discrepancy. Given that the OW­TC EGTM
comparison is based on OW cycle 11­20, the same holds for sensor drift. The most notable exceptions
are the inlet conditions and fuel flow, which are measured by aircraft sensors.

On­wing PT2 and TT2 are assumed equal to PT0 and TT0, which are measured at the nose of
the aircraft. Therefore sensor drift, bias and noise can all contribute to OW­TC EGTM discrepancy
The Airbus A330 CF6­80E1 engine nacelle is also fitted with two TT12 sensors on the inside of the
inlet cowling, which is only used for corrections if there is a significant difference between TT0 and
T12. Since theoretical corrections of EGT are insensitive to PT2, it is expected that inaccuracy in PT2
should not affect EGTM considerably. The effects on FNK will be more considerable, but thrust is not
measured during OW operation.

Test­cells are typically fitted with dedicated fuel flow sensors [37, 42, 68], so sensor bias and noise
potentially contributes to OW­TC WFK discrepancy which substantiates the industry’s practice to focus
on EGTM instead of WFK.

3.3.5. Correction calculations
The above subsections have discussed physics­based potential causes for OW­TC EGTM differences.
However, the correction methods used to translate measured performance into the corresponding Hot
Day (HD) equivalent can also contribute to the discrepancy.

• Numerical differences: With different OW and TC EGTM calculation methods, the same measured
EGT produces different EGTM values. In case of correction terms like the facility modifiers, the
numerical difference is included on purpose.

• Inaccurate corrections: Alternatively inaccurate corrections can impact OW­TC discrepancy even
if the method and relations are exactly the same. Failure of the corrections to capture physical
relations, either by inaccurate empirical tables or incorrect mathematical models, is a contributor to
OW EGTM scatter and potentially contributes to the OW­TC discrepancy as well.
For example, consider the throttle push correction used to account for de­rated (i.e. N1K < N1Krated)
takeoffs by adjusting EGT accordingly. If inaccurate, there will be a residual correlation between
EGTM and N1K due to under­ or overcompensating. Adding the fact that TC snapshots are taken
at higher N1K than the average OW snapshot, such an EGTM­N1K correlation will contribute to the
OW­TC EGTM discrepancy.

The definition and quality of the correction equations will receive ample attention in this report. Sec­
tions 4.1 and 5.1 will elaborate on the current TC and OW EGTM methods respectively, while the
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considerable data­driven efforts to improve OW EGTM accuracy are discussed in the remainder of
Chapter 5.

3.4. Gas turbine modelling
Gas turbine modelling and simulation have been used throughout the research. Although KLM’s li­
cense for the Gas turbine Simulation Program (GSP) from the Netherlands Aerospace Centre (NLR)
determined what tool was to be used, a literature study was nevertheless performed to familiarise with
modelling methods and their corresponding advantages and limitations. Initially, engine diagnostics or
Gas Path Analysis (GPA) was also expected to contribute considerably to the research work, there­
fore the principle of GPA and the corresponding methods will be discussed in subsequent subsections.
Since GPA methods are distinguished in terms of the underlying modelling techniques [5, 69], most of
the subsequent review is also relevant purely considering gas turbine modelling without the diagnostic
principles of GPA.

3.4.1. GPA principle
GPA is used to identify or quantify component condition problems [2] by evaluating independent, un­
measurable variables based on the dependent, measurable variables. Common independent, condi­
tion parameters are corrected mass flow (𝑚̇𝑐), isentropic efficiency (𝜂is) and Pressure Ratio (PR) [2].
Often engine condition is expressed in terms of condition deviations (i.e. deltas) with respect to refer­
ence conditions. Therefore, Δ𝜂is specifies how much the efficiency deviates from reference map 𝜂is at
the measured component corrected spool speed (𝑁𝑐)(1) and pressure ratio.

Since the first introduction of GPA by L.A. Urban in 1967 [70], a wide range of GPA methods has
been developed [5, 69]. Some methods were designed specifically for fault diagnostics, therefore pri­
oritising component fault identification with minimal risk of false alarms. Other methods were designed
for deterioration monitoring, therefore prioritising component condition quantification with minimal un­
certainty. The relation between the required number of measured parameters (NP) and the calculated
number of condition deltas (NΔ) also differs between methods. The next paragraph briefly discusses
the most popular GPA approaches. GPA methods based on transient data, as reviewed in [69], are out
of scope since the thesis only considers (almost) steady state performance snapshots.

3.4.2. Modelling & GPA methods
This subsection briefly discusses the most important categories in Gas Path Analysis (GPA), typically
distinguished in terms of the underlying modelling methods.

Linear model­based GPA
First introduced by Urban in 1967 [70] and based on linearisation of the engine model to produce the
Influence Coefficient Matrix (ICM). The inverted ICM, often called the Fault Coefficient Matrix (FCM),
is then used to derive the independent condition parameters from the measurements. The method is
deterministic and requires NΔ ≤NP [5]. Although Kalman­filter and weighted least squares methods
have been used for noise handling improvements, they also introduced new drawbacks like smearing
[5, 69]. Most importantly, the assumed linearity is only valid in a small region around the chosen point
for linearisation [2, 5, 19, 69].

Non­linear model­based GPA
Non­linear model­based methods were developed to take into account the non­linearity of gas turbine
and component performance [69]. Two popular methods to utilise the non­linear models for GPA are
discussed here, although many related methods are described in GPA reviews [5, 69].

• Adaptive Modelling (AM): Introduced by Stamatis in 1990 [71], AM is based on iterative adaption
of an engine model until it accurately describes measured performance [15, 19]. Effectively, AM
determines the actual engine condition by iteratively adapting the model and applying the above
mentioned linear GPA method [2, 71]. Since AM produces deltas rather than absolute component

(1)𝑁𝑐 vs N1K: Two parameter naming conventions are used in this report: 1) component­level parameters are represented by
mathematical symbols (e.g. 𝑁𝑐 and 𝑚̇𝑐, where subscript 𝑐 denotes SD­corrected value); and 2) engine­level parameters are
represented by abbreviations (e.g. N1K, WAK and EGTM) based on GE’s nomenclature
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condition values, model errors that affect both the analysed and reference engine are mostly can­
celled out [19]. Furthermore AM can identify and quantify faults and deterioration with respect to the
reference condition. Typically AM is limited by the NΔ ≤NP requirement and its deterministic nature
[5]. Convergence issues can also hamper AM­based GPA.

• Genetic Algorithm (GA): Model­based GPA can also be interpreted as an optimisation problem,
where the objective is to minimize the discrepancy between the predicted and measured perfor­
mance at the given operating point [5, 69] or set of operating points [72]. Application of a GA(2) to
solve the optimisation problem has several distinguishable advantages, foremost the ability to deal
with noise [2, 5, 69]. Noteworthy drawbacks are the computational cost and the effort to set­up a GA
[5].

Empirical GPA
These methods, also referred to as data­driven or Artificial Intelligence (AI) methods, do not require
knowledge of the underlying aero­thermodynamic principles or engine performancemodels [2]. Despite
the wide range of empirical methods, there is a shared overall concept: a large dataset of engine
faults including the corresponding performance deviation is used to train the AI system, afterwards the
system is used to predict the likelihood of a fault when new inputs are provided. Therefore empirical
GPA methods are most useful for fault identification by being able to concentrate rather than smear [5].
Popular categories of empirical GPA include Artificial Neural Networks (ANN), Expert Systems (ES),
Bayesian Belief Networks (BBN) and fuzzy­logic method [5, 69].

Common main advantages of AI methods are the low operational computational cost and the ability
to deal with data bias and noise [2, 5, 19, 69]. Additionally, Expert Systems are praised for their ability
to include additional types of diagnostic data (e.g. vibrational data) in the fault analysis [2]. The dis­
advantages include [2, 5, 19, 69]: 1) time­consuming learning phase; 2) requirement for large learning
dataset; and 3) only accurate in range specified by learning dataset.

Theoretically an AI network could also be trained to model the physical relations between component
conditions (i.e. the independent parameters) and gas path parameters (i.e. the dependent parameters)
for given inlet conditions. The case where the empirical gas turbine model is then used for GPA pur­
poses should actually be considered another method within the non­linear model­based GPA category.

Empirical or black­box modelling of gas turbines has gradually received more academic attention
over the last decades [73]. Nevertheless physics­based or white­box modelling is still the standard
because it is well­understood and sufficiently accurate for the purpose of system and component­level
aero­thermodynamic diagnostics, even when zero­dimensional component models are used. Black­
box modelling is primarily used in cases where the underlying physics are not understood or too com­
putationally expensive to simulate efficiently [73].

3.4.3. Gas turbine Simulation Program (GSP)
All gas turbine modelling and GPA at KLM ES so far has been performed with GSP and its Adaptive
Modelling (AM) module, which are discussed in this subsection. The CF6­80C2 GSP model that was
used throughout this thesis is discussed in the subsequent subsection.

Modelling and diagnostics in GSP
The development of GSP is fully described in the 2015 PhD thesis by Visser [15]. The subsequent
2017 PhD thesis by Verbist [2] provides more details on improvements and proof­of­concepts consid­
ering the AM module, often demonstrated at KLM ES. Over the last decade several MSc theses have
been dedicated to demonstrate GSP functionality and synthesise various engine­specific performance
models at KLM ES [16–20, 43]. In light of this thesis engine modelling should be considered a means
rather a goal, therefore the reader is referred to these reports for more detailed information if desired.

At its core GSP is a tool for modelling and simulation of gas turbine performance. It is based on
zero­dimensional (0­D) component sub­models capable of predicting average inlet and outlet gas path
(2)The literature specifically refers to this method as model­based GA GPA, although theoretically alternative global optimisation
algorithms like Simulated Annealing (SA) and Particle Swarm Optimisation (PSO) can also be used for the actual minimisation
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parameters using aero­thermodynamic equations and user­specified characteristics, including compo­
nent performance maps. The generic object­based programming enables the user to configure a wide
range of gas turbine systems using any desired sequence of gas path components like compressors,
turbines, ducts and nozzles.

After configuration of a model, GSP automatically: 1) determines state and (conservation) error
variables; 2) combines the chosen variables into a system of Non­linear Differential Equations (NDEs);
and 3) numerically solves the NDEs using Newton­Raphson’s method. A distinction is made between:
1) Design Point (DP) analysis, where user­specified component performance and operating conditions
inputs are used to set the model design point; and 2) Off­Design (OD) analysis, where performance at
OD conditions is simulated for the model set by the DP analysis. Several noteworthy additional features
within GSP include:

• Steady­state series: Multiple steady­state, either DP or OD, performance simulations are per­
formed according to user­specified parameter sweep. For aero­engines there is also the option
to analyse performance for a complete flight envelope.

• Transient analysis: Enables transient response analysis for specified operating point changes,
for instance to determine compressor surge margin during acceleration, by activating the derivative
terms for the momentum conservation equations. The gas dynamics within the components are
assumed instantaneous such that technically the analyses are quasi­transient.

• Combustion modelling: In light of enabling accurate emission predictions as function of gas and
fuel properties, GSP includes comprehensive 1­D combustion models.

• Heat transfer modelling: Enables configuration of a thermal network to simulate heat transfer be­
tween components in addition transient analysis.

Given the original expectation that GPA would contribute considerably to the research work of this the­
sis, the implementation, application and limitations of GSP’s adaptive modelling GPA module from an
aero­engine industry perspective receive specific attention here. AM within GSP requires the specifi­
cation of measured or simulated performance data of two snapshots: 1) the to­be analysed snapshot,
which will be referred to as the diagnosed snapshot; and 2) the reference snapshot, which sets the
baseline for the component conditions and maps. The internal steps within AM include:

1. Model calibration: The model is calibrated with calibration factors, which adjust the measured
reference performance such that the simulated and measured performance are in agreement for the
reference snapshot.

2. Model adaption: Convergence is based on iteratively changing component condition deltas until
the simulated and measured performance for the diagnosed snapshot are within the specified tol­
erances. Given GSP’s flexible object­oriented architecture, the actual model adaptation problem is
solved internally by adding AM­related states and error equations to the system of non­linear differ­
ential equations such that continuity and adaptation are solved simultaneously.

Limitations of diagnostics in GSP
The potential limitations of GSP’s diagnostics capabilities are briefly enumerated below.

• Inputs and outputs: The module is programmed to determine an equal amount of deltas (NΔ) as
the number of provided measured parameters (NP). During on­wing operation the lack of sensors
therefore limits the possibility to determine all main gas path component conditions of interest (often
𝜂𝑖𝑠 and 𝑚̇𝑐).

• Deterministic: The method for AM in GSP is fully deterministic. Within the domain of physically
feasible results, each set of performance data only has one corresponding combination of condition
deltas.

• Ill­conditioning: The user can freely specify a set of performance measurements and to­be adapted
variables. However, some combinations might result in ill­conditioned or unsolvable systems of
NDEs. For example, specifying two closely correlated, noisy measurements can result in an unsolv­
able AM problem.
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• Smearing: Closely related to the previous limitations, adapting a set of engine component that
does not included the faulty (or deteriorated) component results in smearing, which means that
the performance drop caused by the faulty component is inappropriately assigned to the remaining
components. A possible solution is a combinatorial approach [74] by performing multiple runs with
varying the to­be­adapted component conditions for AM and subsequently post­process the results
to identify the actual root cause.

• Calibration: The use calibration factors is a simple, effective method to calibrate the baseline model
to the provided reference snapshot. However, if considerable calibration factors are evaluated and
the diagnosed operating point differs considerably from the reference snapshot, the (unknown) con­
fidence bounds of the AM results could become significant [2].

3.4.4. CF6­80C2 model
During this thesis, the previously configured and tuned model for the CF6­80C2B1F has been used
for simulated sensitivity analyses and effect studies. The full development of the model, summarised
below, is discussed in the PhD thesis by Verbist [2]. Additionally some recommendations and limitations
of the model are provided in the last paragraph.

Baseline model configuration
The configuration of the CF6­80C2 model available at KLM ES is shown in Figure 3.6. The design point
inputs, such as the operating conditions, pressure and temperature ratios and component efficiencies
and losses, were all based on a single CF6­80C2 test­cell acceptance test snapshot at TO power
setting. Below the components are very briefly discussed.

Figure 3.6: Component and control configuration of baseline CF6­80C2 model at KLM ES developed in [2, 18]

• Inlet: The inlet only serves aesthetic purposes, because its design losses are all set to zero. The
area (A2) is added to enable analysis of pre­fan Mach number (𝑀2) and capture ratio (A0/A2).

• Fan & booster: This component resembles the combination of the fan and the booster (or LPC). The
component’s performance is specified by two separate design conditions and compressor maps: 1)
the fan bypass map for the behaviour between stations 2 and 14; and 2) the fan core and booster
map for the behaviour between stations 2 and 25. The fan and booster component is mechanically
linked to the LPT.

• HPC: This compressor component is specified by a single design point and map. The internal bleed
flows from stage 7, 11 and 14 are modelled by mass fractions that were chosen to guarantee design
point consistency with the corresponding snapshot. The bleed extraction location is specified by an
enthalpy fraction (e.g. 7/14 = 0.5 for the stage 7 bleed flow). Customer bleed from stage 8 and PTO
are set to zero for the design point. The HPC is mechanically linked to the HPT.

• Combustor & control: The combustor design point is specified by a combination of fuel flow, com­
bustion efficiency and pressure loss, where the latter two are assumed constant for off­design anal­
ysis as well. For off­design analysis the fuel flow is controlled by the fuel control component, which
itself is controlled by the (N1) rotor speed component.

• HPT & LPT: Both turbines are defined by design isentropic efficiencies and a turbine map. The
temperature and pressure ratio are defined bymatching of compressor and turbine work. The cooling
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flows are also modelled by specifying combinations of bleed flow fraction for the mass flow and an
enthalpy fraction for the stage number.

• Nozzles: Both nozzles are fixed­geometry convergent nozzles. The on­ and off­design properties
are specified by throat discharge coefficient and exit velocity and thrust coefficients. Which were
derived to match the design acceptance test snapshot thrust.

The baseline model was configured with off­the­shelf compressor and turbine performance maps from
GSP’s BIGFAN library. These standard maps are automatically scaled by GSP using scaling factors on
the Pressure Ratio (PR) and efficiency (𝜂is) such that the map is consistent with the design point inputs
[2, 15, 41, 75] as shown in the compressor map example in Figure 3.7. Since component maps are
a direct representation of aero­thermodynamic design, they are considered confidential by the OEM.
The subsequent part discusses the process of map tuning to fit actual CF6­80C2 performance.

Model performance tuning
Both turbines are typically (almost) choked when the engine is producing TO thrust, therefore the vari­
ation of 𝜂𝑖𝑠 and 𝑚̇𝑐 with changing PR and 𝑁𝑐 are typically small [23]. The latter is visualised in the
example turbine map in Figure 3.8, which shows that in the operating region surrounding the model
design point efficiency and corrected – not physical [40] – mass flow are fairly constant. Consequently,
the simulation error contribution from the inaccurate turbine maps shapes is often negligible. The mag­
nitudes in the map should however be representable of the actual engine, which GSP achieves by
scaling the generic turbine maps to the model’s design point.

PR

𝜂𝑖𝑠
𝑁𝑐

TO / model design point

𝑚𝑐

Steady-state
Acceleration

Figure 3.7: Schematic compressor map with PR, 𝑚̇𝑐, 𝑁𝑐 and
𝜂𝑖𝑠 relations and typical TO/model design point

(adapted from [76])

𝜂𝑖𝑠

Chocking

PR

TO / model design point

𝑚𝑐

Figure 3.8: Schematic turbine map with PR, 𝑚̇𝑐,
and 𝑁𝑐 relations and typical TO/model design

point (adapted from [76])

The three compressor maps were tuned as described by Verbist [2], expanding on previous aca­
demic publications [71, 77], using the first 90 post­overhaul on­wing TO snapshots from a single CF6­
80C2B1F. Zero customer bleed and constant PTO was assumed. The relative humidity (RH) was set
to 60% for all snapshot.

The map tuning used GSP’s AMmodule and was based on the assumption that the component con­
ditions (𝜂𝑖𝑠 and 𝑚̇𝑐) are constant over the chosen 90 snapshots. Therefore, when adapting cycles 2­90
with cycle 1 as reference, any non­zero deltas were attributed to inaccuracies in the component maps.
Consequently the objective of the tuning process was defined as the minimisation of the condition delta
Root Mean Square (RMS) per component.

The design variables for the minimisations of delta RMS were the corrected rotor speed values (𝑁𝑐)
belonging to the constant speed lines, which is often referred to as speed line re­labelling [2, 71, 77].
By changing the corresponding label of a speed line in the map, the relations between 𝜂𝑖𝑠, 𝑚̇𝑐 and 𝑁𝑐
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are effectively changed. For the actual minimisation, the RMS was determined iteratively for several
speed line label values per speed line and subsequently fitted with a quadratic polynomial as shown
in Figure 3.9. The final values for the speed line labels were set to the location of the polynomial’s
minimum, respectively 0.87 and 0.94 in the example figure.

Figure 3.9: Effect of speed line labels on component condition delta
RMS including quadratic best­fit (original from [2])

The effectiveness of map tuning is illustrated by Figure 3.10 with fan and booster Δ𝑚̇𝑐 as example [2].
Additionally the plots indicate that the component condition deltas still have unexplainable scattered. It
was concluded that the apparent scatter should be contributed to sensor noise, humidity variation and
bleed and PTO systems.

Figure 3.10: Effect of tuning on fan bypass and fan core & booster
mass flow capacity deltas (Δ𝑚̇𝑐) (adapted from [2])

Limitations & recommendations
Improving the GSP CF6­80C2 model at KLM ES is beyond the scope of this research. Nevertheless
based on the experience with the model during this thesis, some brief recommendations and limitations
that were discovered are summarised below.

• Seal run­in: The model was tuned using the initial 90 TO snapshots after OW installation from a
single engines, if that engine did have a performance overhaul the assumption that the component
conditions are constant over those 90 cycles is invalidated given the known deterioration related to
seal run­in.

• Tuned operating region: The speed line re­labeling was only performed on speed lines within the
operating range spanned by the unknown tuning data, therefore the maps are also only accurate for
a limited but unknown operating range. A recommendation would be to exclude the speed lines that
where not tuned, such that the model cannot simulate performance beyond the tuned map region.

• EGT shunt: It is unknown to check whether the physical or shunted EGT was used in the tuning
process. The CF6­80C2B1F EGT shunt functions as a constant conversion factor on degrees Cel­
sius values instead of the absolute Kelvin scale. Although EGT values are in the order of 1000∘C,
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if shunted EGT values were used for the tuning, both absolute as well as relative simulated EGT
values could be slightly erroneous.

• Model design point: Efforts to track down the origin of the model design point revealed that the
corresponding test run was performed with a CF6­80C2A5. The latter has almost identical gas path
geometry such that the overall shape of the compressor maps should be comparable. However, the
CF6­80C2A5 did have a different shunt which could cause a discrepancy with respect to the on­wing
tuning data from a CF6­80C2B1F.

• Engine­to­engine variations: Engine­to­engine variations are significant while themodel was tuned
using data from a single engine. Through the use of the aforementioned calibration factors, themodel
can be calibrated to other engines when using adaptive modelling. However, that procedure is based
on the assumption that the compressor maps are similarly shaped. Although beyond the scope of
this research, a study to investigate the engine­to­engine map differences by tuning the model for
multiple engines separately could validate that assumption.

• Tuning procedure: With respect to the tuning procedure, several recommendations can be con­
structed. A more recent study at KLM ES applied speed line relocation in addition to re­labeling and
mentioned the concept of speed line morphing [19]. The latter gives full control to construct the exact
map of the component. These concepts were not applied for the CF6­80C2 tuning. Furthermore, for­
malising and automating the tuning process with the use of off­the­shelf optimisation algorithms could
improve the tuning quality and subsequently enable engine­specific tuning as mentioned above.



4
Test­cell engine performance

assessment
The observed discrepancy between on­wing and test­cell performance can originate from either test­
cell (TC) or on­wing (OW) causes and either physical or numerical causes. Therefore a thorough
understanding of corrected test­cell engine performance is required.

This chapter first elaborately covers the official definition of test­cell EGTM according to GE manu­
als in Section 4.1. Then Sections 4.2 and 4.3 elaborate on the humidity and condensation corrections,
including a comprehensive comparison with theory and simulations in order to familiarise with the un­
derlying principles and prepare for later work on OW corrections. Lastly, the influence of the empirical
facility modifiers on TC EGTM are briefly addresses in Section 4.4.

4.1. EGT margin calculations
The TC EGTM calculations are defined per engine type in the applicable Engine Shop Manual (ESM)
[10, 11]. This section will present the equations of all relevant corrections and discuss the purpose of
the terms. Calculation of EGTM is split into computation of Standard Day EGT (EGTK) and subse­
quently Hot Day EGT (EGTKHD) and the margin (EGTM). Since the ESMs are considered GE propri­
etary information, the the underlying empirical look­up tables are not fully disclosed and only discussed
quantitatively if relevant for the research. The top­level correction terms are similar for the CF6­80E1
and CF6­80C2, with slight differences in the underlying empirical tables and methods.

Apart from the EGTM calculations, the TC definition for corrected fan speed (N1K) is discussed af­
terwards as well because it is used as input for EGTM. Lastly, the definitions for TT2 and PT2 correction
ratios that are used throughout this chapter are provided in Equation 4.1.

Θ2,SD =
TT2
TISA

; ΘHD =
TISA
Tflat

; 𝛿2,SD =
PT2
PISA

(4.1)

4.1.1. Standard Day EGT (EGTK)
Most of the actual correcting is included in the conversion of measured EGT to EGTK. Because EGT
values are typically shunted as discussed in Subsection 2.1.1, the official EGTK values reported by
GE are the shunted values on the Celsius­scale rather than the unshunted values on the Kelvin­scale.
For the remainder of this report EGTK refers to the physical value in Kelvin to enable comparison with
simulations, which can be converted to its shunted value using Equation 4.2.

EGTKshunted [°C] = (EGTK [K]− 273.15) ⋅ SF (4.2)

Where SF is the shunt factor, defined as the ratio between shunted EGT redline and physical EGT
limit in °C as shown in Equation 4.3. For example, considering the CF6­80E1A3 with a maximum 85°C
shunt and 975°C indicated EGT limit, the SF is approximately 0.92 as shown in the equation.

33
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SF = EGTredline
EGTredline + ΔEGTshunt

CF6­80E1A3−−−−−−−−→ SF = 975∘C
975∘C+ 85∘C ≈ 0.92 (4.3)

The full definition of TC unshunted EGTK in K is given in Equation 4.4.

EGTK[K] = EGT ⋅ ( 1
Θ2,SD

)
XT

⋅HEGT ⋅ CEGT ⋅ EGTFM+ ΔEGTcowl + ΔEGTΔN1K (4.4)

Where:

EGT The unshunted EGT in K, defined by linearly interpolating in the shunt table given the
analogue shunt on the CF6­80E1

XT The temperature correction exponent, defined as a function of N1 by linearly interpolating
XT for the measured N1 in the temperature exponent table. The theoretical value for XT is
1, but the tabulated values were determined empirically and range between approximately
0.97 and 0.94 for the CF6­80E1 for the 90% to 110% N1 range.

HEGT The Absolute Humidity (AH) correction factor, defined as a function of AH by linearly in­
terpolating HEGT for the measured AH in the AH­correction factor table. The correction is
only weakly non­linear, therefore the remainder of this report assumes a linear HEGT­AH
function. The correction factor ranges between 1 (i.e. 0%) at 0 g/kg and approximately
0.997 (i.e. 0.3%) at 30 g/kg, which constitutes a linear HEGT­AH gradient dHEGT/dAH of
approximately 10 × 105 (i.e. 0.01%­p) per g/kg. Therefore if AH > 0, then HEGT > 1 and
EGTK is increased. The latter coincides with expectations from the literature research,
because the cooling effect of humidity needs to be compensated when correcting to dry
conditions. The in­depth analysis of dHEGT/dAH is provided in Section 4.2.

CEGT The condensation or Relative Humidity (RH) correction factor, defined as a function of
ideal inlet temperature rise (Trise) which itself is defined as a function of RH and TT2 by
linearly interpolating for the measured RH and TT2 in the 𝑇rise table. Similarly to HEGT,
CN1 = 1 if RH = 0 but if RH > 0 than CEGT < 1 and EGTK is decreased. Given the heating
effect of condensation discussed in literature, it makes sense that the correction achieves
the opposite. Although the relation between CEGT and Trise is linear, the underlying
relation between Trise, RH and TT2 is a lot more complex. As will be substantiated in
Subsections 4.3.1 and 5.4.5, OW condensation corrections are beyond the scope of this
research.

EGTFM The EGT facility modifier, defined as a polynomial function of dry FN which serves as an
proxy for test­cell mass flow. The coefficients of the polynomial function are determined
empirically through the test­cell calibration, which was discussed in Subsection 2.3.3.
That section in Chapter 2 also provided example figures from an outdated correlation
report, where EGTFM varies only slightly between approximately 0.997 and 0.992. Al­
though it has been observed that EGTFM < 1 for all engine types at KLM’s facility, this
cannot be extrapolated to other test­cells. Subsection 3.3.3 discussed potential physics­
based explanations for the existence of EGTFM, including TT2 measurement effects and
exhaust re­ingestion.

ΔEGTcowl The test cowling adjustment, defined as a function of N1Kc by linearly interpolating
ΔEGTcowl for the actual N1Kc in the test cowling correction factor table. Note that N1Kc
is defined in Subsection 4.1.3 but can be assumed roughly equal to N1K. While EGTFM
corrects for facility­specific effects to enable comparability between indoor and outdoor
testing, the test cowling correction corrects for test cowling and bell­mouth inlet effects to
– in theory – enable comparison with OW operation. The magnitude of ΔEGTcowl con­
tinuously increases N1Kc, with an approximate 5°C difference between 90% and 110%
N1Kc.
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ΔEGTΔN1K The throttle push adjustment, defined as a function of ΔN1K by linearly interpolating val­
ues at N1Krated and actual N1Kc in the throttle push correction table and calculating the
difference. In principle, the throttle push correction table defines the measured relation
between EGT and N1Kc such that ΔEGTΔN1K is the difference between the tabulated EGT
at the desired N1Krated and at the actual N1Kc. The genericness of this method enables
to use the same table for different engine ratings. Intuitively EGT increases with N1Kc
according to the table, therefore if N1Kc < N1Krated then ΔEGTΔN1K > 0 and vice versa.

4.1.2. Hot Day EGT margin (EGTM)
As show in the previous subsection, most corrections are applied on EGTK. Subsequent derivation of
the EGTKHD and EGTM is defined by Equations 4.5a and 4.5b. Although the equations include the
additional shunted designation to stress the fact that these values are shunted or based on shunted
values, the subscripts will be omitted for the remainder of this report. In other words, unlike EGTK,
whenever values of EGTKHD and EGTM are given these will be shunted values.

EGTKHDshunted [°C] = [EGTK [K] ⋅ ( 1
ΘHD

)
XTHD

− 273.15] ⋅ SF (4.5a)

EGTMshunted [°C] = EGTTC­limit − EGTKHDshunted + ΔEGTMN1MOD (4.5b)

Where:

XTHD The Hot Day temperature correction exponent, defined by linearly interpolating XT
for the projected corner point N1 in the temperature exponent table.

EGTTC­limit The shunted EGT limit for acceptance testing in °C. This value is different from the in­
dicated shunted EGT redline (EGTredline) used to determine OW EGT exceedance.
The difference between the OW redline and performance testing limit is stated to
account for operational differences, including: 1) the initial OW losses, probably
referring to seal run­in; and 2) the difference between steady­state and transient
EGT, as TC snapshots are taken after stabilisation while OW snapshots are allegedly
recorded during peak EGT. Although EGTredline is fixed per engine type, the value
of EGTlimit,TC is defined separately per rating with 960°C for CF6­80E1A3 which is
15°C lower than EGTredline.

ΔEGTMN1MOD The fan speed modifier adjustment. If corrected thrust (FNK) deviates from the min­
imum rated thrust (FNKrated) it is customary to apply a N1­modifier (N1MOD) which
augments the physical N1 relative to indicated N1 (N1i) to prevent differential thrust.
The discrete N1MOD level is defined as a function of FNK margin (FNM), and sub­
sequently the corresponding ΔEGTMN1MOD value is added to or subtracted from
EGTM. Since ΔEGTMN1MOD is applied to OW and TC EGTM, it should not be a po­
tential cause for the OW­TC EGTM discrepancy. The reader is referred to Appendix A
for the FNK calculations.

As will be revealed in Section 5.1, the OW EGTM calculations follow a procedure similar to TC EGTM.
A few terms from the TC calculations are discarded because the underlying measurements are missing
(e.g. HEGT) and a few terms are added to account for OW subsystems that affect performance (e.g.
customer bleed).

4.1.3. Corrected fan speed (N1Kc)
In order to distinguish the different engine­level corrected fan speed definitions, two different symbols
are used throughout this report: 1) N1K for the basic corrected or power management fan speed as
defined by GE for OW operation and Equation 4.6a, which only accounts for TT2 through Θ2,SD and
a corresponding empirical exponent; and 2) N1Kc for the fully corrected or certification fan speed as
defined by GE for TC operation and Equation 4.6b, which accounts for humidity and condensation gas
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property changes as well.

N1K = N1 ⋅ ( 1
Θ2,SD

)
XN1

(4.6a)

N1Kc = N1 ⋅ ( 1
Θ2,SD

)
XN1

⋅HN1 ⋅ CN1 (4.6b)

Where:

XN1 The temperature correction exponent, defined as a function of N1 by linearly interpolating
XN1 for the measured N1 in the temperature exponent table. For the CF6­80E1 the value
of XT ranges from approximately 0.5 to 0.4 for the specified N1K range.

HN1 The Absolute Humidity (AH) correction factor, defined as a function of AH by linearly in­
terpolating HN1 for the measured AH in the AH­correction factor table. Similarly to HEGT,
HN1­AH is assumed linear and varies between 1 (i.e. 0%) at 0 g/kg and approximately
0.991 (i.e. ­0.9%) at 30 g/kg, constituting a HN1­AH gradient (dHN1/dAH) of approxi­
mately −30 × 10−5 (i.e. ­0.03%­p) per g/kg. Therefore if AH > 0, then HN1 < 1 and N1Kc
is decreased with respect to N1K. The effect of HN1 on N1Kc also subsequently affects
EGTK via the throttle push correction such that EGTK is further increased if AH > 0. In­
depth analysis of the TC EGTM humidity correction is provided in Section 4.2.

CN1 The condensation correction factor, defined as a function of ideal inlet temperature rise
(Trise) which is defined as a function of Relative Humidity (RH) and TT2 by linearly inter­
polating for the measured RH and TT2 in the Trise table. Similarly to HN1, CN1 = 1 if RH
= 0 and CN1 < 1 if RH > 0. In principle, CN1 corrects for the increased effective TT2 due
to condensation by lowering N1Kc accordingly. Similar to CEGT, the relation between
CN1 and Trise is linear while the underlying relation between Trise, RH and TT2 is more
complex and beyond the scope of this research.

The fully corrected fan speed (N1Kc) serves as an input for the EGTK throttle push correction, which
depends on the difference between N1Kc and N1Krated that is defined as ΔN1K.

4.2. Effects of humidity on EGT margin
The objective of the research presented in this section is to familiarise with humidity corrections for
EGTM in preparation for the custom AH­corrections for OW EGTM in Chapter 5.

First, the underlying gas property changes due to humidity will be discussed in Subsection 4.2.1.
Subsequently Subsection 4.2.2 discusses theoretical humidity corrections. Lastly, the influence of the
official TC humidity corrections is visualised as well as compared with theory and simulations in Sub­
section 4.2.3.

4.2.1. Gas properties of humid air
The gas properties that are affected by humidity and relevant for corrected gas turbine analysis are the
specific gas constant (𝑅) and isentropic coefficient (𝛾), which is equivalent to ratio of the specific heats
(𝐶𝑝) and (𝐶𝑣).

Specific gas constant
The specific gas constant is defined by Equation 4.7 with ℜ and 𝑀 for the universal gas constant and
average molar mass of the gas. The difference between the molar mass of water (18 g/mol) and dry air
(29 mg/mol) affects the average molar mass and consequently 𝑅 and density of a the gas if humidity
is introduced. As given in Equation 4.8, the water­air mixture 𝑅 can be derived using the water vapour
(𝑤H2O) and dry air (𝑤dry) mass fractions or AH in g/kg. On a tropical day at 30∘C with 100% RH,
𝑅mix = 291.7 Jkg−1K−1 which is 1.61% higher than 𝑅dry.
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𝑅 = ℜ
𝑀 (4.7) 𝑅mix = 𝑤H2O ⋅ 𝑅H2O +𝑤dry ⋅ 𝑅dry =

AH ⋅ 𝑅H2O + 1000 ⋅ 𝑅dry
AH+ 1000 (4.8)

The introduction of combustion products typically has a negligible influence on 𝑅, therefore the above
mentioned increase of 𝑅mix with respect to 𝑅dry also holds for post­combustion stages in the gas turbine
[46].

Isentropic exponent
Both the isobaric (𝐶𝑝) and isochoric (𝐶𝑣) heat capacities are affected by humidity. Similarly to evaluation
of 𝑅mix, a mass fractions based computation is typically used as shown in Equation 4.9 [50]. Higher
accuracy can be achieved by taking into account real gas effects as is done in GSP [15] or correcting
for real gas effects through an additional Δ𝐶𝑝,mix term [78].

𝐶𝑝,mix = 𝑤H2O ⋅ 𝐶𝑝,H2O +𝑤dry ⋅ 𝐶𝑝,dry =
AH ⋅ 𝐶𝑝,H2O + 1000 ⋅ 𝐶𝑝,dry

AH+ 1000 (4.9)

The humidity’s effect on 𝐶𝑣 can subsequently be derived using Equation 4.10. Although humidity affects
both specific heats, the relative changes are not equal such that the isentropic exponent (𝛾mix) defined
in Equation 4.11 is also affected by humidity.

𝐶𝑣,mix = 𝐶𝑝,mix − 𝑅mix (4.10) 𝛾mix =
𝐶𝑝,mix

𝐶𝑣,mix
(4.11)

Considering 30°C conditions, the value of 𝛾mix can range from 1.4002 to 1.3966 between 0% and 100%
RH, which constitutes a 0.255% decrease. Although 𝛾 is significantly affected combustion products,
comparing the turbine inlet gas properties for dry and humid ambient conditions will reveal a similar
decrease of 𝛾 due to the presence of water vapour.

4.2.2. Theoretical humidity corrections
Humidity effects on turbofan engine performance have received notable academic attention ever since
the early days of the gas turbine. This subsection briefly discusses the most notable results with respect
to humidity corrections, divided into component­ and engine­level.

Component level
Section 3.1 laid the groundwork for corrected turbomachinery component parameters, by introducing
the concept of flow similarity. The comprehensive 1995 AGARD report [46] on recommended prac­
tices for the assessment of humidity effects provided both a review and new proposals for humidity
corrections. The stated requirements for full flow similarity of a compressible flow including humidity
are [46]:

1. Geometrical similarity
2. Mach number similarity (i.e. constant axial

(𝑀𝐶) and circumferential (𝑀𝑈) Mach num­
ber)

3. No Reynolds number effects (i.e. constant
viscosity effects)

4. No Prandt number effects (i.e. constant
heat transfer effects)

5. Constant isentropic exponent (i.e. con­
stant 𝛾)

Complete flow similarity cannot be achieved given the 𝛾 change. However, considerate assumptions
can enable the derivation of meaningful equations to grasp the effect of humidity on corrected perfor­
mance. The proposed assumptions in the AGARD report are:

1. Geometrical similarity, hence neglecting
thermal expansion

2. Constant Prandtl and Reynolds effects
3. Constant inlet Mach numbers

4. Constant isentropic efficiency (𝜂is), irre­
spective of humidity

5. Constant stage work coefficient, which is a
non­dimensional measure of the enthalpy
change over that stage
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Application of these assumptions enables the synthesis of a set of theoretical humidity correction factors
on spool speed (𝑁), mass flow (𝑚̇) and pressure ratio (PR). The factors for 𝑁 and 𝑚̇ are provided in
Equations 4.12a and 4.12b. Note that 𝑁𝑐,dry – defined as 𝑁/√𝑇𝑡,in – mirrors N1K as the component­
level basic corrected speed, while𝑁𝑐,mixmirrors N1Kc as the theoretical component­level fully corrected
speed.

𝑁𝑐,dry
𝑁𝑐,mix

=
( 𝑁
√𝑇𝑡,in

)
dry

( 𝑁
√𝑇𝑡,in

)
mix

= √
𝑅dry
𝑅mix

⋅ √
𝛾dry
𝛾mix

⋅ √
1 + 𝛾mix−1

2 ⋅ 𝑀2𝐶,in
1 + 𝛾dry−1

2 ⋅ 𝑀2𝐶,in
(4.12a)

(4.12b)

𝑚̇𝑐,dry
𝑚̇𝑐,mix

=
( 𝑚̇√𝑇𝑡,in𝑃𝑡,in

)
dry

( 𝑚̇√𝑇𝑡,in𝑃𝑡,in
)
mix

= √𝑅mix

𝑅dry
⋅ √
𝛾dry
𝛾mix

⋅
(1 + 𝛾mix−1

2 ⋅ 𝑀2𝐶,in)
𝛾mix+1
2(𝛾mix−1)

(1 + 𝛾dry−1
2 ⋅ 𝑀2𝐶,in)

𝛾dry+1
2(𝛾dry−1)

(4.12c)

Regarding the corrections, it is observed that the effects of changing 𝛾 are dependent on𝑀𝐶,in and small
compared to the effects of changing 𝑅 [46]. A common additional assumption is to set 𝑀𝐶,in to 0 for
compressors and to 1 for turbines, although other convenient values have also been proposed [44, 50].
The theoretical humidity corrections are both plotted for 0% to 100% RH at 30∘C in Figures 4.1 and 4.2
for different Mach numbers including the linear fit gradients, which reveals the small contribution of the
Mach­related term. Although unobservable, the corrections are weakly non­linear. Furthermore, the
correction factor values reconcile with the known effects of humidity.
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Figure 4.1: Theoretical component­level
AH­correction for rotor speed (𝑁𝑐)
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Figure 4.2: Theoretical component­level
AH­correction for mass flow (𝑚̇𝑐)

Sticking to the assumptions used for derivation of the 𝑁𝑐 and 𝑚̇𝑐 corrections, an expression relating
PR can be derived resulting in Equation 4.13a [46, 76]. Subsequently the temperature ratio correction
can be deduced by putting the constant 𝜂is as well as PRdry and PRmix in the isentropic relation.

(𝑃𝑡,out𝑃𝑡,in
)
dry

=
⎡
⎢
⎢
⎢
⎣

⎛
⎜

⎝

(𝑃𝑡,out𝑃𝑡,in
)
𝛾mix−1
𝛾mix

mix
− 1

𝑅mix⋅𝛾mix⋅𝐶𝑝,dry
𝑅dry⋅𝛾dry⋅𝐶𝑝,mix

⎞
⎟

⎠

1 + 𝛾mix−1
2 𝑀2𝐶,in

1 + 𝛾dry−1
2 𝑀2𝐶,in

+ 1
⎤
⎥
⎥
⎥
⎦

𝛾dry
𝛾dry−1

(4.13a)

(4.13b)

(𝑇𝑡,out𝑇𝑡,in
)
dry

(𝑇𝑡,out𝑇𝑡,in
)
mix

=

1 + 1
𝜂is
[(𝑃𝑡,out𝑃𝑡,in

)
𝛾dry
𝛾dry−1

dry
− 1]

1 + 1
𝜂is
[(𝑃𝑡,out𝑃𝑡,in

)
𝛾mix
𝛾mix−1

mix
− 1]

(4.13c)
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Engine level
Although engine parameter corrections for humidity – including EGT – were proposed as early as 1950
by Samuels and Gale [50], the extensive algebraic expressions and long list of underlying assumptions
– some of which have been invalidated [44] – severely limit the practical application [46]. Later Fishbeyn
and Pervyshin [49] constructed weakly quadratic correction equations using basic engine simulations
based on coupling of algebraic component models.

Current practice is to empirically determine the required humidity corrections, similarly to the tem­
perature and pressure correction exponents discussed in Section 3.1.

4.2.3. Official test­cell humidity corrections
As has been shown in Section 4.1, the cooling effect of humidity on EGT is accounted for in two ways
considering TC EGTM calculations: 1) explicitly through the EGT­AH correction factor (HEGT), which
increases EGTK directly; and 2) implicitly through the throttle push adjustment (ΔEGTΔN1K), since the
decrease of N1Kc due to the N1K­AH correction factor (HN1) results in an increase of ΔEGTΔN1K.

In preparation for proposing customAH­corrections for OWEGTM, an effort wasmade to expose the
physical origin of the HN1­AH and HEGT­AH relations – summarised by dHN1/dAH and dHEGT/dAH
– in the Engine Shop Manuals [10, 11] on the basis of simulations in GSP and the theory from the
previous subsection.

Afterwards, the combined effect of the implicit and explicit humidity corrections for TC EGTM are
studied. The following is all based on the CF6­80E1 manual, nevertheless comparison with GSP is
justified given the geometrical similarity of the types and almost identical TC humidity corrections.

Comparison with theory
The starting point for this analysis is the comparison of the theoretical AH­correction for 𝑁𝑐 in Equa­
tion 4.12a with the tabulated HN1­AH relation. If GE’s HN1­AH relation is based solely on correcting
for the flow effects in the fan, one would expect the component­level theoretical corrections to reconcile
with the empirical corrections.

The linear gradient dHN1/dAH of GE’s correction equals approximately −30 × 10−5 or ­0.03% per
g/kg, which can only be achieved with the theoretical correction with a non­physical values of 𝑀𝐶,in ≈
1.6. Simulations with the CF6­80C2 GSP model predict 𝑀𝐶,in between 0.5 and 0.65, corresponding to
a theoretical dHN1/dAH of approximately −25.5 × 10−5 or ­0.0255% per g/kg.

Considering the direct AH­correction for EGTK using HEGT, there is no meaningful theoretical
equivalent.

Comparison with simulations
As Section 3.1 already explained, maintaining – or in the case of humidity staying close to – flow sim­
ilarity cannot be achieved for a complete turbofan. Concerning engine­level corrections, the common
practice is to use empirical corrections to maintain engine­level similarity rather than component­level
flow similarity. Based on the following analysis, it is concluded that GE used FNK as engine­level sim­
ilarity parameter for the empirical HN1­AH relation.

Figures 4.3 and 4.4 give empirical HN1­AH and HEGT­AH relations based on simulation with the CF6­
80C2 GSP model. These relations were obtained by simulating steady­state series with increasing RH
at ISA + 15∘C, while controlling the simulated FN to equal the CF6­80C2B1F rated thrust of 250 kN.
Furthermore simulations were also performed with positive condition deltas (Δ𝜂is) between 1.5% and
3.0%, which should be closer to a factory­new engine.

The simulated HN1 is defined as the ratio between N1K at AH = 0 g/kg (N1Kdry) and the humid
N1K, which reflects the correction on N1K required to maintain FN. The simulated HEGT is defined
similarly by the ratio of the dry EGT and humid EGT, therefore HEGT corrects for the decrease of EGT
due to humidity even if FNK (and N1Kc) is maintained.

The simulated HN1­AH gradients are −27.1 × 10−5 or ­0.0271% and −29.1 × 10−5 or ­0.0291% per
g/kg for baseline model and the improved efficiency model respectively. Both are higher than the
aforementioned theoretical gradient of −25.5 × 10−5 or ­0.0255% per g/kg. The improved efficiency
simulation almost reconciles with GE’s value for dHN1/dAH of −30 × 10−5 or ­0.03% per g/kg.
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Figure 4.3: Simulated AH­correction for N1K
(HN1) using GSP CF6­80C2 model
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Figure 4.4: Simulated AH­correction for EGT
(HEGT) using GSP CF6­80C2 model

Regarding the EGT­AH correction, the simulated values for dHEGT/dAH are 12.0 × 10−5 or 0.012%
and 12.8 × 10−5 or 0.0128% per g/kg. Both are in the same order of magnitude as GE’s gradient of
10 × 10−5 or 0.01% per g/kg AH. Furthermore, similarly to HN1, the improved efficiency model results
are the closest to the official ESM value.

The above analysis demonstrates how engine­level humidity corrections based on thrust similarity can
be empirically determined. The residual discrepancy can be contributed to the limitations of the GSP
model and the unknown condition of the engine used by GE.

Furthermore, the hypothesis that FN is used as engine­level performance similarity indicator is
backed by the values of GE’s FN­AH correction factor (HFN) in Appendix A, which has a negligible
effect on FNK such that all humidity­related effects on FN are accounted for by the thrust throttle push
adjustment (ΔFNKΔN1K).

Effect on Standard Day EGT (EGTK)
Apart from humidity itself, the effect of AH­corrections on TC EGTK is related to N1K and EGT as well.
Figure 4.5 confirms this by visualising the net effect (ΔEGTKAH) and the individual HN1­related and
HEGT­related contributions for a range of AH values. The assumed measured combinations of EGT
and N1K are based on the throttle push correction table in the manual.

Additionally Figure 4.6 plots ΔEGTKAH and its contributors with respect to N1K for AH = 27.2 g/kg.
Although HEGT is constant for a given AH, the absolute HEGT­related contribution increases with N1K
because the measured EGT is assumed to increase. The indirect effect of HN1 on ΔEGTKAH, which
is maximum at approximately 102% N1K, is the main contributor over the full operating range. The
variation of this contribution can be explained by the EGT­N1K data in the throttle push correction
table, whose gradient initially is almost constant at 10∘C EGT per %­N1K but decreases beyond 100%
N1K to 7.5∘C/% at 110% N1K.

The average combined correction ΔEGTKAH at AH = 27.2 g/kg over the plotted operating range is
0.874% of the humid EGTK, which corresponds to approximately 0.0321%­p per g/kg humidity. These
values will be compared to the EGTM­AH correlations in the OW data in Chapter 5.

4.3. Effects of condensation on EGT margin
The objective of the research presented in this section is to familiarise with inlet condensation and
assess the TC condensation corrections. First, Subsection 4.3.1 discusses theoretical corrections and
the corresponding challenges. Afterwards, Subsection 4.3.2 assesses the official TC condensation
corrections.
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as function of power setting for CF6­80E1

4.3.1. Theoretical condensation corrections
Inlet condensation can occur when flow is accelerated in the inlet, typically at low speed or stationary
operation. The acceleration decreases static temperature and pressure, which effectively increases
Relative Humidity (RH). In combination with high ambient humidity the flow might locally become su­
persaturated (i.e. RH>100%) such that potentially part of the water­vapour condensates.

The primary challenge with condensation corrections is the complexity and unpredictability of the
condensation phenomena [23, 45, 46]. Spontaneous condensation due to supersaturation typically only
occurs in significant quantities beyond RH > 400%, which is therefore only significant for supersonic
inlet conditions [46].

The alternative method of condensation that can occur if RH > 100% is heterogeneous condensa­
tion, however this method of condensation is very sensitive to the often unmeasurable characteristics
of particulate matter that can act as condensing nuclei [46].

The full list of parameters that affect if and how much condensation occurs is much longer and also
includes among others: 1) ambient and inlet Mach numbers; 2) ambient pressure and temperature; 3)
relative humidity; and 4) inlet pressure recovery.

Furthermore, quantification of the effect of the condensation on the engine is also non­trivial be­
cause it depends among others on the residence time in the inlet at supersaturated conditions and the
location where the condensate evaporates again [46]. If re­evaporation occurs in front of the fan, the
effect of condensation is only an undetected increase of effective TT2. In case of later re­evaporation
the effective humidity experienced by the fan and booster is lower, but nevertheless higher tempera­
tures are measured at stations after re­evaporation in the compression system.

A common approach for condensation corrections, as is performed with the TC EGTM calculations,
is to empirically determine a correction factor as function of the theoretical temperature rise (Trise).
The latter equals the theoretical temperature increase observed when the supersaturated flow is let to
fully condensate towards 100% RH in a 1D­duct. Figure 4.7 provides some insights into the relation
between Trise, TT2 and RH based on the Trise­table for official TC condensation corrections.

Given that the relation between Trise and the required corrections depends on the condensing nu­
clei concentration, the related condensation correction inherently assumes a particle concentration.
Therefore the accuracy of Trise­based corrections is not guaranteed [46].

4.3.2. Official test­cell condensation corrections
No custom OW condensation corrections will be proposed for OW EGTM due to the challenges pre­
sented in the previous subsection. Furthermore given that actual condensation effects depend heavily
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on unknown quantities like condensing nuclei density, there is a risk that the Trise­based correction
method used for TC EGTM is over­ or under­compensating.

As has been shown in Section 4.1, the effects of condensation on EGT are accounted for in two
opposing ways concerning TC EGTM calculations: 1) explicitly through the EGT­RH correction fac­
tor (CEGT), which decreases EGTK directly; and 2) implicitly through the throttle push adjustment
(ΔEGTΔN1K), since the decrease of N1Kc due to the N1K­RH correction factor (CN1) results in an in­
crease of ΔEGTΔN1K. The relative effect of the official TC correction on EGTK at N1Krated (i.e. 108.1%)
is plotted in Figure 4.8 as function of TT2 and RH. In contrast to the AH­corrections, the condensation
correction is highly non­linear.
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The distribution of the condensation correction’s contribution to the reported EGTM values for all CF6­
80E1 acceptance tests is provided in Figure 4.9. An actual assessment of the accuracy of the con­
densation corrections is left for the recommendations given the present lack of data to support such
analysis. Nevertheless based on Figure 4.9 it is concluded that in the extreme case without actual
condensation the impact on 𝜇(ΔEGTMOW−TC)(1) and 𝜎(ΔEGTMOW−TC)(2) is −1.5°C and 0.58°C.

4.4. Effects of facility modifier & cowling correction on EGTmargin
The process of test­cell correlation is used to determine specific aerodynamic­ and sensor­related ef­
fects compared to GE’s outdoor facility. The results are summarised by correction factors, called Facility
Modifiers (FMs), for the key performance indicators such as FNK (FNFM), WFK (WFFM) and EGTK
(1)𝜇(ΔEGTMOW−TC): the mean of the ΔEGTMOW−TC distribution
(2)𝜎(ΔEGTMOW−TC): the standard deviation of the ΔEGTMOW−TC distribution
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(EGTFM). Themodifiers are defined by the four coefficients that describe a cubic polynomial as function
of FNK.

Furthermore an adjustment (ΔEGTcowl) is applied to EGTK to account for the difference between
the TC and OW cowling. This section briefly addresses the net effect of EGTFM and ΔEGTcowl on the
EGTK to evaluate the potential contribution to the OW­TC EGTM discrepancy.

The official EGTFM polynomial coefficients for KLM’s facility are considered confidential and are there­
fore not disclosed in this report. The magnitude of the FM­correction on EGTM (ΔEGTMFM) can be
evaluated for measured combinations of EGTK and FNK – both before FM and cowling adjustments –
using the official EGTFM­FNK curve. The contribution of ΔEGTcowl to the official EGTM can simply be
determined by interpolating its value for the measured N1K in the cowling adjustment table.

The combined net effect of EGTFM and ΔEGTcowl on the reported EGTM is plotted in Figure 4.10
for all CF6­80E1 acceptance tests since 2013, where the scatter­plot colours represent EGTK values
– before EGTFM and ΔEGTcowl – via the colour­map.

Based on the narrow range of ΔEGTMFM&cowl values, it is concluded that TC­related effects do
not vary significantly within the FNK range typical for TO performance snapshots. Therefore potential
inaccuracy in EGTFM or ΔEGTcowl is unlikely to contribute significantly to the observed scatter of the
OW­TC EGTM discrepancy. Relating ΔEGTMOW−TC with FNK also produced negligible correlation co­
efficients, further substantiating that EGTFM and ΔEGTcowl do not contribute to the 𝜎(ΔEGTMOW−TC).
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Figure 4.10: FM and ΔEGTcowl contribution to reported TC EGTM (ΔEGTMFM&cowl) as function
of FNK and EGTK (excluding FM and cowling adjustment) for CF6­80E1 acceptance tests

The isolated effect of EGTFM and ΔEGTcowl on the negative mean of the ΔEGTMOW−TC distribution
cannot be quantified based on the currently available data. In case all other potential causes have
been accounted for, the unexplained residual 𝜇(ΔEGTMOW−TC) can be used as an indicator of the
inaccuracy of EGTFM and ΔEGTcowl.

Quantifying the accuracy of EGTFM individually requires re­correlation or in­depth analysis of the
back­to­back testing results and performance trending parameters from KLM’s test­cell facility which is
left as an recommendation. Assessing the accuracy of ΔEGTcowl requires in­depth comparison of OW
data with test data from GE’s outdoor test­cell facility.



5
On­wing engine performance monitoring
The observed discrepancy between on­wing and test­cell performance can originate from either test­
cell (TC) or on­wing (OW) causes and either physical or numerical causes. Therefore a thorough
understanding of corrected on­wing engine performance is required, both in terms of the official correc­
tion equations and models as well as any inaccuracies or limitations inhibited by those equations and
models. This chapter will first of all address those official EGTM calculations in Section 5.1.

Given that many of the potential causes discussed in Section 3.3 contribute to the OW­TC dif­
ferences through OW EGTM, identification or elimination of OW EGTM related potential causes was
prioritised during the research. The ample availability of OW data also contributed the chosen prioriti­
sation.

To this end, the data was first adjusted for faults as is discussed in Section 5.2. Then Section 5.3
assesses the effect of throttle setting and the accuracy of the throttle push correction. Subsequently,
similar analyses are addressed for absolute humidity and inlet temperature in Section 5.4. Sections 5.5
and 5.6 then conclude the N1K, AH and TT2 effect studies by providing the method and results be­
longing to proposed improvements to the OW EGTM calculations. Lastly, the impact of customer bleed
and power off­take are briefly studied in Section 5.7

5.1. EGT margin calculations
Analogous to Section 4.1 for TC EGTM, this section elaborately discusses the OW EGTM calculations
used to convert measured performance into corrected performance. Given that the correction equations
and tables for OW EGTM calculations are considered confidential by GE and not disclosed to their
clients, considerable efforts were made to reverse­engineer the unknown equations and tables based
on the data. The general methodology of that reverse­engineering process is discussed in Appendix B.

The resulting EGTK and EGTM definitions are provided in Sections 5.1.1 and 5.1.2. Additionally,
Subsection 5.1.3 defines the additional parameter called EGTM deviation (EGTMDEV) that will be used
extensively throughout this chapter.

5.1.1. Standard Day EGT (EGTK)
Just like the TC EGTM calculations, first of all measured performance is corrected to Standard Day EGT
(EGTK) as defined by Equation 5.1. It should be noted that it is not guaranteed that GE’s definition has
the exact same formulation, only that it is mathematically equivalent given that the reverse­engineering
achieved root mean square errors in the order of 1 × 10−5. Some of the adjustments can be applied ei­
ther in the EGKT, EGTKHD or EGTM equation, which results in slightly different values in the underlying
tables, among others due to application of the SF on EGTKHD and EGTM.

It was decided to include all corrections and adjustments for physical effects, which depend on en­
gine parameters, in the calculations of EGTK to improve comparability of EGTK with simulated results.
Purely numerical factors and adjustments such as the shunt factor were put in the EGTKHD and EGTM
calculations, as is discussed in Subsection 5.1.2.

Most contributing factors and adjustments in Equation 5.1 are only discussed briefly, assuming
the reader is familiar with the content of Section 4.1 on the TC EGTM calculations and conventions.

44
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Regarding the bleed­related adjustments, it was revealed that EGTK is corrected to inactive bleed
systems operation. Lastly, although the equations and tables were reverse­engineered, it was decided
in consultation with KLM ES to not disclose all the exact values in the underlying tables.

EGTK[K] = EGT ⋅ ( 1
Θ2,SD

)
XT

+ ΔEGTΔN1K + ΔEGTNAI + ΔEGTWAI + ΔEGTWB (5.1)

Where:

EGT The unshunted or physical EGT in K.

XT The temperature correction exponent, which is constant for the full operating range with
a value of approximately 0.87 for the CF6­80E1.

ΔEGTΔN1K The throttle push adjustment, defined by linearly interpolating its value for actual N1K in
the throttle push correction table. The corresponding tables are rating­specific, for this
research the tables were reverse­engineered for the CF6­80E1A3 and CF6­80C2B1F
only. The previously established distinction between the basic (N1K) and fully (N1Kc)
corrected speeds is superfluous concerning OW EGTM due to the (current) lack of hu­
midity corrections. The temperature correction exponent (XN1) used for N1K is the same
for OW and TC calculations.

ΔEGTNAI The Nacelle Anti­Ice (NAI) adjustment, which is used to account for the adverse effects
of NAI bleed extraction by decreasing EGTK with a few °C if the NAI­system is active.
Since the actual bleed mass flow for NAI is not measured, the correction is discrete with
a single value for ΔEGTNAI per engine type.

ΔEGTWAI The Wing Anti­Ice (WAI) adjustment, which is used to account for the adverse effects of
WAI bleed extraction on EGTK similarly to the NAI adjustment mentioned above. Values
are similar but not equal to the values for ΔEGTNAI.

ΔEGTWB The customer bleed flow (WB) adjustment, which is used to account for the adverse
effects of customer bleed extraction on EGTK. In case of the CF6­80E1, the magnitude
of the adjustment ranges between approximately 0°C and −6°C and is evaluated by
linearly interpolating its value for measured WB in the bleed correction table.

5.1.2. Hot Day EGT margin (EGTM)
The conversion of unshunted EGTK in K to shunted Hot Day EGTK (EGTKHD) in °C and shunted Hot
Day EGT margin (EGTM) is described by Equations 5.2 and 5.3. The equations are similar to the TC
EGTM calculations except for an additional factor (𝐹EGTM) and constant adjustment (𝐶EGTM).

EGTKHD [°C] = [EGTK [K] ⋅ ( 1
ΘHD

)
XTHD

− 273.15] ⋅ SF (5.2)

EGTM [°C] = EGTredline − 𝐹EGTM ⋅ EGTKHD+ ΔEGTMN1MOD + 𝐶EGTM (5.3)

Where:

XTHD The Hot Day temperature correction exponent, equal to the constant overall XT for OW
calculations.

EGTredline The indicated shunted EGT redline, which is 975°C for the CF6­80E1. Therefore the
physical EGT limit is 1060°C with a 85°C shunt.

FEGTM A constant numerical correction factor with unknown physical meaning. During the
reverse­engineering process a residual linear correlation between the error and GE’s
EGTM was observed, which could be eliminated only by including 𝐹EGTM in the formula­
tion. Given that for both engine types 𝐹EGTM is just above 1 and no analogous factor is
included in the TC EGTM calculation, it serves as a safety factor to make EGTM more
conservative.



5.1. EGT margin calculations 46

CEGTM A constant numerical adjustment with unknown physical meaning which is −2°C for the
CF6­80E1. Similarly to 𝐹EGTM, this constant adjustment was required to achieve RMSE
≈ 0. In case OW EGTM is not calculated using the actual peak EGT limit, this constant
adjustment could be the difference between the assumed and actual EGTredline.

5.1.3. Hot Day EGT margin deviation (EGTMDEV)
The EGTM deviation (EGTMDEV) is a parameter that will be used extensively in the process of improv­
ing OW EGTM accuracy in order to reduce OW­TC EGTM discrepancy, which will be discussed for the
remainder of this chapter. The definition of EGTMDEV used in this research is provided in Equation 5.4,
where 𝑖 is the chronological cycle number and SMAEGTM,𝑖 is the current centred, 21­cycle Simple Mov­
ing Average (SMA).

EGTMDEV𝑖 = EGTM𝑖 −
1
21

𝑖+10

∑
𝑗=𝑖−10

EGTM𝑗 = EGTM𝑖 − SMAEGTM,𝑖 (5.4)

As its name suggests, EGTMDEV quantifies how far the current EGTM deviates from the current ex­
pected EGTM. The primary purpose of EGTMDEV is to eliminate the EGTM variation caused by engine
condition variation, both gradual deterioration as well as sudden improvements due to water­washes(1)
and on­wing maintenance. This is visually demonstrated by Figure 5.1a which compares EGTM degra­
dation and EGTMDEV variation as function of cycle number for a single CF6­80C2 installation period.
The use of EGTMDEV instead of EGTM enables:

• Outlier removal: Other than EGTM itself, EGTMDEV in normally distributed as shown in Fig­
ure 5.1b, therefore enabling standard deviation (𝜎) based outlier removal. In case of this research,
initial filtering was performed per engine installation to remove faulty EGTM values based on a 4­𝜎
bandwidth, without discarding the complete snapshot.

• Scatter quantification: EGTMDEV is a direct measure of EGTM scatter. Therefore EGTMDEV­
based objective functions can be used for scatter minimisation and hence EGTM accuracy optimisa­
tion. Additionally, by eliminating engine condition­based variation of EGTM, EGTMDEV can be used
effectively to identify correlations with input parameters that originate from inaccurate corrections.
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Figure 5.1: Comparison of EGTM and EGTMDEV from a single CF6­80C2 installation period

Choosing the exact definition of EGTMDEV, ormore specifically the underlying rolling averagingmethod,
is non­trivial. Considering the averaging window, a small width has the advantage that a sudden EGTM
(1)Water­wash: a performance enhancement procedure, that can be performed without engine removal, using high pressure
water and detergent spray to clean the core components by removing fouling
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shift (e.g. water­wash) only affects a small number of EGTMDEV values. On the other hand, the ef­
fects of short­ to midterm shifts of operating conditions (e.g. heat wave in Amsterdam) might also be
unintentionally filtered from EGTMDEV.

The final decision for this thesis was to use a centred, 21­cycle SMA, therefore making the under­
lying assumption that the average of the previous 10 and subsequent 10 cycles are a good indicator of
current engine condition. Given the snapshots with empty EGTM value, the SMA was configured to not
return a value if it was based on less than 10 EGTM values. The limit of 10 values was chosen such
that initial EGTMDEV values could still be calculated (e.g. EGTMDEV1 uses the average of cycle 1­11
for SMAEGTM,1).

More elaborate smoothing methods such as exponential moving averaging or even Kalman filters
were considered beyond the scope of this research. Nevertheless using these in combination of with
the customised corrections from Section 5.5 is left as a recommendation.

5.2. Data corruption & faults
Familiarisation with the OW data revealed unexplainable temporary fleet­wide shifts of EGTM and other
engine parameters in the GE data. Understandably, non­physical temporary trend shifts are a potential
cause for the OW­TC EGTM discrepancy, therefore justifying the extensive efforts to fix GE’s data
before commencing further research that are discussed briefly in this section.

Given that KLM’s OW data and its shortcomings are understandably confidential, the content of
this section does not reflect the amount of related work. Although it was found that multiple engine
parameters contributed to various temporary shifts of fleet­average OW EGTM, this section discusses
the data fixing process with Nacelle Anti­Ice (NAI) on the CF6­80E1 as example. An overview of the
results of adjusting for all identified faults is also included at the end.

Identification of faults
Figure 5.2 provides the fleet­wide rolling average of NAI (top) and EGTM (bottom) for the Airfrance
(AFR) and KLM fleet separately. Note that all values have been removed from the axes for confiden­
tiality, but the total covered time period is approximately six years.

Considering the fleet­averaged EGTM, a clearly distinguishable upward trend shift without under­
lying physical cause is observed for KLM’s fleet. An in­depth analysis of the other engine parameters
revealed that – among others – NAI contributes to the shift, as NAI shows an equally timed trend shift.

Given that the seasonal trend of fleet­averaged NAI is still observable, it was concluded that a full
reversal of NAI definition was in effect during the trend shift. It was later confirmed that a mismatch
between engine­level and aircraft­level software definitions was to blame.
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Figure 5.2: Comparison of Air France (AFR) and KLM CF6­80E1 fleet­average Nacelle Anti­Ice (NAI) (top)
and EGTM (bottom) over period of six years (NB: axes values intentionally left out for confidentiality)

Adjusting faults
Continuing with the fleet­wide NAI shift as example, first of all the start and end timestamp of the
NAI shift were accurately determined and subsequently all NAI values for KLM CF6­80E1 snapshots
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between those timestamps were flipped (i.e. 1 changed to 0 and vice versa). The adjusted KLM NAI
trend reconciles with AFR values.

Following the adjustment of NAI, the benefit of the reverse­engineered EGTM calculations was
demonstrated by adjusting EGTM accordingly using the known value of ΔEGTNAI. The resulting fixed
fleet­averaged EGTM for KLM clearly demonstrates successful elimination of the non­physical shift.

Fixing the data for the NAI shift as well as other unmentioned faults was enthusiastically received
by KLM engineers and its results are used on daily basis in an engine fleet performance dashboard.
Furthermore all subsequent research in this report is based on the fixed data unless specifically stated
otherwise.

Overview of results
After the OW data was fixed for the identified faults, including the NAI­related EGTM shift, the predicted
effect of that adjustment on the OW­TC EGTM discrepancy distribution was evaluated. The results
hereof are provided in Figure 5.3, which gives the distribution of the installation­specific change of
cycle 11­20 EGTM from the CF6­80E1 fleet.

Most installations are unaffected by the process of fixing data faults, however for some of the instal­
lation periods cycle 11­20 mean EGTM is decreased by more than 6°C such that fleet­average shift of
𝜇(ΔEGTMOW−TC) is −2.0°C. In other words, the original 𝜇(ΔEGTMOW−TC) was 2.0°C too high due to
the faults in GE OW data.

It is expected that the faults also contributed to 𝜎(ΔEGTMOW−TC). The adjusted ΔEGTMOW−TC
distributions, including the adjustments from the application of customised installation­specific N1K­,
AH­ and TT2­corrections that will be discussed in Sections 5.5 and 5.6, will be provided in Section 6.1
in Chapter 6.
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Figure 5.3: Distribution of installation­specific effect of fixing data for faults
on cycle 11­20 average EGTM from the CF6­80E1 fleet

5.3. Effects of throttle setting on EGT margin
The OW throttle push correction is used to account for the discrepancy between actual (N1K) and
rated (N1Krated) corrected fan speed resulting among others from de­rated or high­altitude takeoffs.
As has been discussed in Subsection 4.1.1 and Subsection 5.1.1, the throttle push correction makes
an adjustment (ΔEGTΔN1K) which can be interpolated from the reverse­engineered throttle push table
for the measured N1K.

Nevertheless, significant non­linear correlations between EGTMDEV and N1K were observed in the
OW data. Given that average OW N1K is significantly lower than N1Krated and TC N1Kc, inaccuracies
in the throttle push correction potentially contribute to OW­TC EGTM discrepancy.

This section first of all provides a data­driven analysis of the EGTMDEV­N1K correlations in Subsec­
tion 5.3.1 followed with a theoretical analysis to expose the underlying physical explanation for those
correlations in Subsection 5.3.2.

Furthermore, Section 5.5 addresses the proposed methodology to customise OW corrections –
including customised N1K­, AH­ and TT2­corrections – per engine installation in order to eliminate the
contributions of those parameters to the OW­TC EGTM discrepancy towards achieving the secondary
research objective. The results of that method are provided in Section 5.6.



5.3. Effects of throttle setting on EGT margin 49

10 5 0 5
N1K [%-p]

20

15

10

5

0

5

10

E
G

TM
D

E
V

 [°
C

]
Engine 81XXX1

10 5 0 5
N1K [%-p]

Engine 81XXX2

10 5 0 5
N1K [%-p]

Engine 81XXX3

Quadratic
spline
Data

Figure 5.4: Observed EGTMDEV ­ ΔN1K correlation in original data from 3 CF6­80E1 installation periods

5.3.1. Data analysis
Figure 5.4 renders the observed EGTMDEV­N1K correlation from three example CF6­80E1 installation
periods, where ΔN1K on the x­axis is defined as the difference between actual and rated corrected fan
speed.

The scatter­plots also include a quadratic spline function that describes the correlation between
EGTMDEV and ΔN1K that was found with the combined custom correction optimisation in Section 5.5.
Hence, the corresponding definitions and the fact that they are not an exact least­square fit to the
EGTMDEV­N1K are addressed in that section. Irrespective of the fitted function, there is a distinct
non­linear correlation between EGTMDEV and N1K observed for all examples in Figure 5.4.
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Figure 5.5: Observed EGTK (excluding ΔEGTΔN1K) ­ ΔN1K correlation
in original data from 3 CF6­80E1 installation periods

Given that the correlations look non­physical in the EGTMDEV domain, Figure 5.5 also shows same
correlation translated to the EGTK – excluding the contribution of ΔEGTΔN1K – domain which makes
understanding the physical meaning of the EGTMDEV­N1K correlations more accessible. The actual
fits are hence also an exact representation of the splines in Figure 5.4.

Additionally, the official linear­splines based on the official reverse­engineered throttle push table
have been included, which are translated such that the official EGTK at ΔN1K = 0 corresponds with the
data’s value at ΔN1K = 0 as is inherently also assumed when the throttle push correction is applied.

The primary conclusion to be drawn from Figure 5.5 is that the relation between EGT and N1K –
i.e. how the engine heats up if throttle setting is increased – described by the data is not equal to
the assumed relation used to corrected de­rated TO data to N1Krated, which expresses itself as an
undesired correlation between EGTM and N1K.
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Figure 5.6: Comparison of observed EGTK (excluding ΔEGTΔN1K) ­ ΔN1K correlations with official
relationship from GE’s throttle push table in original data from 5 CF6­80E1 installation periods

Also, it is observed that the discrepancy between the official and actual EGT­N1K relationship differs
for each of the three engine installation period examples. This is substantiated by the additional 5
examples in Figure 5.6 as well as the overall analysis of over 150 CF6­80C2 and CF6­80E1 installation
periods. It is concluded that each installation period has its own, distinctive EGTK­N1K and hence
EGTMDEV­N1K signature. The physical explanation for these data­driven observations is discussed
in the subsequent subsection.

Furthermore the results of the combined custom correction optimisation that will be discussed in
Section 5.6 will be used to assess the contribution of inaccurate throttle push corrections on the ob­
served non­zero mean and scatter of ΔEGTMOW−TC.

5.3.2. Theoretical analysis
The goal of this section is to expose the theoretical and physical grounds for the EGTMDEV­ΔN1K
correlations discussed in the previous subsection. First, a simple schematic example will demonstrate
how a discrepancy between the official throttle push correction and actual ΔEGT­ΔN1K relationship can
produce inaccurate and non­conservative EGTM values. Afterwards, a GSP­based analysis is used to
validate how the known trend discrepancy can develop in the first place.
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Figure 5.7: Schematic explanation for inaccurate EGTK as result of
inaccurate official throttle push ΔEGT­ΔN1K relationship

Origin of EGTMDEV­N1K correlation
Figure 5.7 schematically explains how a discrepancy between the assumed and actual ΔEGT­ΔN1K
trend can result in inaccurate EGTK values. The observed EGT will per definition always be on the
trend­line of the actual engine, which in most cases – based on fleet­wide analysis – has a steeper
gradient than the official engine trend­line below N1Krated or ΔN1K = 0. If the official gradient is used
to translate observed EGT to ΔN1K = 0, the assumed EGTK is lower than the EGTK based on the
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actual engine ΔEGT­ΔN1K gradient. Hence, if the actual gradient is larger than the official gradient or
alternatively if the actual engine heats up faster with N1K, the calculated EGTM values of snapshots
with ΔN1K < 0 are non­conservative.

Origin of engine­to­engine differences
Engine­to­engine differences are unavoidable, since even among factory new engines a spread of de­
livery EGTM of several °C is very common. Furthermore, the CF6­80E1 engines from AF­KLM engine
pool are all within their second or higher installation period. Therefore the combination of engine­
specific deterioration and maintenance will have increased the spread of engine­to­engine variation in
terms of component efficiencies, pressure ratios and corrected mass flows.
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Figure 5.8: Simulated engine­specific ΔEGT­ΔN1K (left) and ΔEGTM­ΔN1K (right) correlations
based on CF6­80C2 GSP model and deterioration cases from Appendix C

The hypothesis here is that those engine­to­engine variations also affect the accuracy of the official,
generic throttle push correction. This hypothesis was validated using simulations with the CF6­80C2
GSP model

First, 13 distinct cases of component deterioration where defined: 1) 10 random (e.g. Rand. 1)
cases with randomly assigned Δ𝜂is and Δ𝑚̇𝑐 values for each component(2); 2) 2 manually defined
cases with either Δ𝜂is > 0 or Δ𝜂is < 0 for all components (e.g. Man. Δ𝜂is > 0); and 2) the baseline
model. The exact values of Δ𝜂is and Δ𝑚̇𝑐 per case are defined in Appendix C. The component­level
deterioration profiles are based on values encountered in previous research [2, 19]. Nevertheless some
questionable engine­level combinations of good and bad components might be included.

For each case, a steady­state series simulation was performed between 90% and 103.5% N1K
(i.e. N1Krated for the CF6­80C2B1F), specifically avoiding higher N1K values given the model’s limita­
tions mentioned in Subsection 3.4.4. The simulated EGT­N1K relationships were also converted into
the EGTM domain by assuming the average EGT­N1K trend of the simulated cases as throttle push
correction.

Concerning the results of the simulated analysis in Figure 5.8, which were normalised with respect
to N1K = 103.5% , notable differences between the EGT­N1K relationships are observed which are
also expressed in the EGTM domain. Although the actual magnitudes of the EGTM­N1K trends are
not to be taken for granted, the analysis does support the hypothesis that engine­to­engine variations
results in distinct EGTM­N1K correlation signatures due to incorrect throttle push corrections.

Furthermore, based on the manually set cases, the expected observation is made that an efficient
engine heats up slower with N1K than an inefficient engine. The latter also explains why for most of
the analysed CF6­80E1 engines, the actual EGTK­N1K trend is steeper than the official trend.

5.4. Effects of humidity & temperature on EGT margin
Engine inlet conditions affect turbofan performance and hence should be accounted for when calculat­
ing corrected performance parameters such as EGTM. However, due to the lack of a humidity sensor on
(2)Rand. 5: This case encountered convergence issues as was therefore discarded from the results
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aircraft, current practice for the CF6­80C2 and CF6­80E1 types is to assume dry conditions irrespective
of the actual humidity level for all on­wing EGTM calculations.

Given that TC EGTM is corrected for the measured humidity, the influence of humidity on the OW
EGTM values is a potential cause for OW­TC EGTM discrepancy, and should be analysed and prefer­
ably eliminated.

This section addresses an in­depth analysis of AH on OW EGTM, whereas fan inlet temperature (TT2)
is also included for reasons that will be discussed shortly. First, the steps taken to merge humidity
data into the OW dataset is discussed in Subsection 5.4.1. Subsequently separate data­driven and
theoretical analyses are provided in Subsection 5.4.2 and 5.4.3. Additionally, Subsections 5.4.4 and
5.4.5 briefly discuss the effects of non­gaseous water ingestion and condensation.

Finally, Section 5.5 addresses the combined optimisation of engine­specific custom N1K­, AH­ and
TT2­corrections, which builds on the analyses in this and the previous section.

5.4.1. Humidity data collection and processing
Although most modern aircraft do not measure humidity, airports broadcast an hourly Meteorological
Aerodrome Report (METAR) code that includes essential measured and predicted weather information
for the pilots. These reports have been ingested into a database at KLM for all its destinations since
2000.

These METAR codes were extracted and parsed into airport temperature (TSairport), altimeter set­
ting(3) (PSSL) and dew point temperature (TDEW) and converted into AH in g/kg and RH in % using
Buck’s equations [79].

Subsequently, the airport and humidity data was merged with the OW data by matching the air­
port and choosing the nearest METAR timestamp. Due to missing departure station data, insufficient
METAR data could be merged with CF6­80C2 snapshots. The fact that other columns in the CF6­80C2
data were also insufficiently filled, substantiates the decision to mostly discard the CF6­80C2 results
from this report.
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Figure 5.9: Distribution of absolute (AH) and relative (RH) humidity from CF6­80E1 fleet snapshots

Figure 5.9 provides the distributions of AH and RH experienced by the CF6­80E1 fleet, which is also
representative for a single engine installation period.

Additionally, Figure 5.10 depicts the relationships between AH, RH and TT2 based on a single, rep­
resentative CF6­80E1 installation period. Given that TT2 and TSairport are logically strongly correlated,
an engine intuitively experiences the highest humidity in combination with high TT2. The high TT2, low
AH combinations in the lower right corner correspond to dessert airports such as Riyadh, Saudi­Arabia.
The significance of the AH­TT2 correlation will come to light in subsequent subsections.

The described merging procedure inherently assumes: 1) constant humidity between airport and air­
craft altitude (i.e. dAH/dℎ = 0); and 2) constant humidity between the METAR and TO timestamp (i.e.
dAH/d𝑡 = 0).

It was found that humidity­altitude gradients are very unpredictable which impedes generic adjust­
ment [80, 81]. Furthermore fellow graduate intern at KLM ES [76] predicted an AH­ℎ gradient of approx­
(3)Altimeter setting: this value corresponds to the measured airport pressure converted to sea­level on basis of ISA relations. It
is used by pilots to determine accurate pressure­based aircraft altitude (w.r.t. sea­level)
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Figure 5.10: Observed correlation between absolute humidity (AH), relative humidity (RH)
and inlet temperature (TT2) from a single, representative CF6­80E1 installation

imately 0.001 g/kg/ft based on [82]. Given that TO snapshots are on average measured 400 ft above
the runway with maxima at 2000 ft, the average and maximum airport­to­aircraft humidity discrepancy
is predicted to be 0.4 g/kg and 2 g/kg, both small compared to the values of AH.

The second assumption could be avoided with time­dependent interpolation of the airport humidity
with a linear or more complex spline, but was avoided because hour­to­hour variations of AH were
found to be small [76].

5.4.2. Data analysis
Figure 5.11 gives the correlation between EGTMDEV and AH for a single, representative CF6­80E1
installation period. Assuming linear AH effects, similar to the TC EGTM­AH corrections in Section 4.2,
the corresponding dEGTM/dAH gradient is 0.2°C per g/kg. Assuming an EGTK in the order of 1000 K,
this corresponds to dEGT/dAH gradient of ­0.02%­p per g/kg.
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Figure 5.11: Data and linear fit of
EGTMDEV­AH correlation from a single,
representative CF6­80E1 installation
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Figure 5.12: Distribution of observed
installation­specific linear dEGTM/dAH

values from the CF6­80E1 fleet

Similar linear fit gradients were determined for the all individual CF6­80E1 installations, whereof the
distribution is visualised by the histogram in Figure 5.12. Two notable observations are:
• The average observed dEGTM/dAH is 0.2°C per g/kg and corresponding approximate dEGT/dAH
is ­0.02%­p per g/kg, which is considerably lower than the expected ­0.0325%­p per g/kg based on
the TC and theoretical AH­corrections from Section 4.2.

• The dEGTM/dAH values are significantly scattered between approximately 0.0°C and 0.4°C per g/kg
humidity, therefore some engine installations are even seemingly unaffected by AH.

The theoretical analysis in Section 4.2 confirmed that empirical AH­corrections dependent on engine
condition. Nevertheless the observed scatter of dEGTM/dAH within the CF6­80E1 fleet data is beyond
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Figure 5.13: Distribution of observed
installation­specific linear dEGTM/dTT2 values

from the CF6­80E1 fleet
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Figure 5.14: Observed correlation between
installation­specific linear EGTMDEV­AH and

EGTMDEV­TT2 gradients from the CF6­80E1 fleet

expectations. Given the correlation between AH and TT2 shown previously in Figure 5.10, it was
hypothesised that inaccurate TT2­corrections mask the effect of AH on EGTM.

Figure 5.13 provides the distribution of the linearised EGTMDEV­TT2 gradients from the same CF6­
80E1 installations. Similar to dEGTM/dAH, there is significant scatter with typical values ranging be­
tween −0.1°C and 0.1°C per °C which does support the hypothesis of inaccurate TT2­corrections.

Furthermore, plotting dEGTM/dTT2 with respect to dEGTM/dAH as in Figure 5.14 reveals a slight
correlation between both gradients. For example, the installation with dEGTM/dAH ≈ 0 can be ex­
plained by the corresponding negative dEGTM/dTT2 because the AH­related EGTM increase ismasked
by the TT2­related EGTM decrease.

The results of the combined custom correction optimisation that will be discussed in Section 5.6 will
be used to assess the contribution of inaccurate TT2­corrections and lack of AH­corrections on the
observed non­zero mean and scatter of ΔEGTMOW−TC.

5.4.3. Theoretical analysis
This subsection addresses the physical and theoretical grounds for the observed average value and
scatter of dEGTM/dAH and dEGTM/dTT2 in the previous subsection, while building on the content of
Section 4.2 on the TC humidity corrections. The analysis’s results serve as justification for the cus­
tomised AH­ and TT2­correction optimisation that is proposed in Section 5.5.
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Figure 5.15: Simulated engine­specific ΔEGT­AH (left) and ΔEGTM­TT2 (right) correlations based on CF6­80C2
GSP model and deterioration cases from Appendix C, where ΔEGT is normalised w.r.t. average relation per plot



5.4. Effects of humidity & temperature on EGT margin 55

First of all consider Figure 5.15, which provides insights on the effect of overall engine condition on EGT­
AH and EGT­TT2 relationships based on GSP simulations with the previously discussed deterioration
cases from Appendix C.

The AH­effect analysis on the left is based on steady­state series simulations at constant 100%
N1K – according to GE’s OWN1K definition – and ISA+15°C conditions with 0% to 100% RH. The TT2­
effect analysis on the right is based on simulations at constant 100% N1K and ISA­15°C to ISA+15°C
conditions with 0% RH.

In order to visualise the differences, the simulated EGT­AH and ­TT2 results are normalised: 1) with
respect to the baseline (i.e. AH = 0 g/kg or TT2 = 0°C) of the current case; and 2) with respect to the
average ΔEGT­AH and ­TT2 relation of all cases. The result is referred to as the ΔEGT deviation.

The primary conclusion to draw from Figure 5.15 is that the effect of AH and TT2 on EGT depends
on engine condition. Therefore engine­to­engine differences originate the scattered dEGTM/dTT2 dis­
tribution in Figure 5.13. Additionally, minor aircraft­to­aircraft differences of TT0­sensor characteristics
are also a potential contributor to the scatter of dEGTM/dTT2 because the OW temperature correction
is based on TT0. That potential cause for ΔEGTMOW−TC is not investigated in this research, as is
substantiated in Section 6.4.

The scattered dEGTM/dAH distribution in Figure 5.12 originates from engine­to­engine variations
in two ways: 1) directly because the physical EGT­AH relation is engine­specific as shown in the left of
Figure 5.15; and 2) indirectly because the non­zero dEGTM/dTT2 relations mask the effects of AH.

Further analysis of the simulated results also revealed that engine with higher thermal efficiency are
less sensitive to humidity and temperature related effects. This conclusion reconciles with the similar
conclusion drawn from the simulated throttle effects study.

5.4.4. Non­gaseous water ingestion
The METAR code also includes a precipitation report. In order to assess the contribution of non­
gaseous water ingestion to OW­TC EGTM discrepancy, the METAR code was parsed into meaningful
precipitation categories to study the effects based on the data.

Based on the fact that only 6.5% of the snapshots are potentially affected, it can already be con­
cluded that non­gaseous water ingestion does not systematically contribute to OW­TC EGTM differ­
ences. Note the use of potentially because more than half of those 6.5% corresponds to shower
conditions instead of continuous precipitation.

Furthermore, data­driven analysis of the effects of non­gaseous water ingestion on EGTMDEV re­
vealed small and inconsistent dependencies. This is summarised by Figure 5.16, which gives the distri­
bution of the difference between average EGTMDEV with precipitation (𝜇(EGTMDEVwet)) and without
precipitation (𝜇(EGTMDEVdry)) per installation from the CF6­80E1 fleet.

Given that reliable and generic corrections for water ingestion are unrealistic due to the high com­
plexity and poor scalability [46, 52, 53], it was therefore decided to not do further research and conclude
that non­gaseous water ingestion has a negligible contribution to the OW­TC EGTM discrepancy.
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Figure 5.16: Distribution of installation­specific difference between precipitating and
non­precipitating conditions mean EGTM values from the CF6­80E1 fleet

5.4.5. Condensation effects
Although condensation will not be included in the customised correction that will be discussed in Sec­
tion 5.5, it is not said that condensation has no contribution to OW EGTM scatter or OW­TC EGTM
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discrepancy. Therefore this section briefly assesses the effect of condensation on OW EGTM. It is
assumed that the reader is familiar with Section 4.3 on the official TC and theoretical condensation
corrections. Apart from the aforementioned theoretical limitations, analysis of CF6­80E1 OW data also
substantiates the decision to not include a condensation correction in the proposed improvements.

A prerequisite for inlet condensation is a local decrease of static temperature or pressure such that RH
increases beyond 100%. Hence condensation primarily affects turbofan performance during spool­up
and the ground­run when TS1/TS0(4) and PS1/PS0 are lowest due to the combination of low aircraft
and high inlet throat Mach number. A simulated study was conducted with the CF6­80C2 GSP model
to assess those ratios for the M0, TS0 (or ΔTISA) and PS0 (or ℎISA) envelope experienced during TO
snapshots at 105% N1.

The results hereof for the envelope edges are provided in Figure 5.17. Both PS1/PS0 < 1 and
TS1/TS0 < 1 hold for the complete envelope, therefore theoretically condensation is possible over the
complete envelope as well.

The plot on the right also predicts humidity in the inlet throat (RH1) assuming 100% free­stream
humidity (RH0). Based on the range of predicted RH1 values, homogeneous condensation is unlikely
to occur. Hence the level of condensation in those operating conditions will depend on the other pre­
requisite that is sufficient condensing nuclei density.
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Figure 5.17: Simulated PS1/PS0 (left), TS1/TS0 (middle) and inlet throat humidity (RH1) (right) for typical
takeoff M0, TS0 and PS0 envelope at 100% ambient RH based on CF6­80C2 GSP model

Subsequent data­driven analyses revealed that the original EGTMDEV is positively correlated to RH
with a fleet average linear dEGTM/dRH of 0.04°C per % RH, which contradicts theoretical condensation
effects because of the correlation between RH and AH. If the adjusted EGTMDEV data – corrected
with the customised N1K­, AH­ and TT2­corrections as will be discussed in Section 5.5 – is consulted,
the fleet average dEGTM/dRH is 0.0°C per % RH with only negligible differences if individual engine
installations are considered. Figure 5.18 presents the original and adjusted EGTMDEV­RH correlation
for a single, representative CF6­80E1 installation period.
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Figure 5.18: Comparison of data and fit of EGTMDEV ­ RH correlation
from a single, representative CF6­80E1 installation

(4)Station 1: inlet throat
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To conclude, it is expected that occasionally TO snapshots will be affected by condensation given the
flow acceleration into the inlet. Nevertheless no correlation between on EGTM and RH was detected
in the data, hence the influence of condensation on the OW­TC EGTM discrepancy is expected to be
insignificant with regards to the non­zero average and scatter of ΔEGTMOW−TC.

Additional research on condensation effects is left for the recommendations. Given the high sensi­
tivity of condensation to its prerequisites, it is first of all recommended to improve RH data accuracy.
For example by time­wise interpolating its value when merging weather and engine data. It is also pro­
posed to study if the difference between TT0 and TT12 can be used to assess if a snapshot is affected
by condensation.

5.5. Methodology for customised corrections for EGT margin
Given the observed engine­specific correlations between EGTMDEV and N1K, AH and TT2 – all of
which potentially contribute to OW­TC EGTM discrepancy – this section continues by addressing the
proposed methodology to simultaneously optimise custom throttle push, absolute humidity and inlet
temperature corrections per engine installation period.

The objective of the customised corrections is twofold. Firstly, a proof of concept for the application
of customised engine­specific corrections for N1K, TT2 and AH to enhance OW EGTM accuracy which
should also contribute to elimination of potential causes for the OW­TC EGTM discrepancy. Secondly,
the results enable to quantify the influence of inaccurate N1K­, AH­ and TT2­corrections on the original
ΔEGTMOW−TC.

First the optimisation problem – that is solved for each individual installation period – is defined in Sub­
section 5.5.1, followed by the implementation in Subsection 5.5.2. The primary underlying assumptions
are addressed in Subsection 5.5.3. The fitting analysis that was performed to prevent under­ or over­
fitting is discussed in Subsection 5.5.4.

5.5.1. Optimisation problem
The customisation of N1K­, AH­ and TT2­corrections was treated by defining and solving the same
optimisation problem for each individual engine installation period. The essential components of such
problem are the objective function, design vector, bounds and constraints.

Objective function
The primary goal of optimising the corrections is to eliminate residual EGTMDEV correlations with
ΔN1K, AH and TT2 such that OW EGTM scatter is reduced. Therefore the standard deviation of EGT­
MDEV (𝜎(EGTMDEV)) was used as the to­be minimised objective function. Given that 𝜇(EGTMDEV)
is approximately 0°C, the RMS and 𝜎 of EGTMDEV are essentially interchangeable.

customised throttle push correction
The official OW throttle push correction is based on a table that describes the empirical relation between
ΔN1K and ΔEGTΔN1K,official for a discrete number of ΔN1K values, whereas linear interpolation is to be
used when the correction for an non­tabulated ΔN1K value is required.

The design variables related to the customised N1K­correction should therefore enable the opti­
miser to change the ΔEGT­ΔN1K relationship until the actual trend is captured. Instead of completely
redefining the throttle push tables, a second customisable throttle push table is formulated for each
installation that augments the official throttle push correction according to Equation 5.5.

ΔEGTΔN1K = ΔEGTΔN1K,official + ΔEGTΔN1K,custom (5.5)

The degrees of freedom concerning the optimisation of the customisable throttle push table that de­
scribes ΔEGTΔN1K,custom are: 1) the custom throttle push table formulation, i.e. the number of rows
and corresponding ΔN1K values; and 2) the ΔEGT values.

Regarding the optimisation, the ΔEGT values are included in the to­be optimised design vector
while the table formulation was chosen beforehand based on the fitting analysis that will be discussed
in Subsection 5.5.4. No constraints or bounds on the design variables were formulated.
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customised temperature correction
Current EGTM calculations already include a TT2­correction, hence the logical design variable to asso­
ciate with optimising the custom temperature correction is the corresponding exponent (XT). The final
results were obtained without the need for bounds or constraints to guarantee physical solutions. The
initial value of XT was set to GE’s official value of approximately 0.87.

customised humidity correction
Other than the N1K­ and TT2­corrections, current OW EGTM calculations do not include a AH­related
correction such that defining related design variables is less trivial. The TC humidity corrections that
received ample attention in Section 4.2 influence the final EGTK and EGTM value: 1) explicitly through
the HEGT correction factor on EGTK; and 2) implicitly through the HN1 correction factor on N1K and
subsequent related EGTK adjustment (ΔEGTΔN1K). Both HEGT and HN1 can be represented by linear
functions with value 1 at AH = 0, where dHEGT/dAH equals 10 × 10−5 per g/kg and dHN1/dAH equals
−30 × 10−5 per g/kg.

Furthermore it was concluded in Section 4.2 that the variation of HN1 is based on correcting for the
loss of thrust due to humidity, while HEGT is based on correcting for the cooling effect of humidity if the
engine was thrust­controlled. Since FNK is not measured on­wing, the optimised custom AH­correction
can only be based on AH and EGT.

Interim correction optimisations were performed with both dHEGT/dAH and dHN1/dAH included as
design variables, but it was concluded that the contributions of HN1 and HEGT to the overall humidity
correction were interchangeable given the lack of an FNK­based constraint for HN1. Although the com­
bined influence of the optimised AH­corrections was reconcilable with TC and theoretical corrections,
the underlying combinations of dHEGT/dAH and dHN1/dAH were inconsistent and non­physical.

Therefore the final custom corrections optimisation only incorporates dHEGT/dAH as design vari­
able related to the AH­correction, without any bounds or constraints and with an initial value of 0 (i.e.
HEGT = 1 ∀ AH). As will be demonstrated by the fitting analysis in Subsection 5.5.4, it was found
that discarding dHN1/dAH as design variable had negligible effect on the achieved EGTMDEV scatter
reduction (𝜎/𝜎0).

Complete problem statement
Based on the above defined objective function and design variables, the full optimisation problem can
be summarised as shown below. Here NΔN1K represent the number of rows in the to­be­customised
throttle push correction table.

min
𝑥

𝐽 = 𝜎(EGTMDEV)

where: 𝑥 = [XT, dHEGT
dAH

, ΔEGT𝑖] ∀𝑖 = 1,NΔN1K

5.5.2. Implementation
The above defined optimisation problem was implemented in Python and iteratively solved for each
engine installation period. The overall workflow is as follows:

1. Filters:

(a) Incomplete snapshots: When all EGTM, Simple Moving Average (SMA) and EGTMDEV values
are iteratively re­calculated, some EGTM data is lost by incomplete snapshots. For accurate
quantification of the scatter reduction, incomplete snapshots are discarded beforehand. Also,
it was decided to fix the cycle numbers corresponding to each SMAEGTM value (i.e. given 2
incomplete snapshots within cycle 𝑖­10 through 𝑖+10, SMAEGTM,𝑖 is evaluated with the remaining
18 cycles instead of including 2 additional cycles).

(b) N1K outliers: Since the throttle push table is formulated per installation based on the N1K domain
spanned by the data, an additional filter was used to identify and discard data clusters with excep­
tional N1K values depending on a data density threshold. The filtering was based the Density­
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Based Spatial Clustering of Applications with Noise (DBSCAN) algorithm from the Scikit­Learn
package(5) with the goal of preventing over­fitting.

2. Initialisation: The throttle push table is formulated with equispaced ΔN1K values, based on the
N1K range spanned by the filtered data and the pre­determined maximum permissible N1K step
size (max (ΔΔN1K)), which will be discussed in Subsection 5.5.4 on the fitting analysis. The initial
design vector contains 0°C for all ΔEGT𝑖, GE’s OW value for XT and 0 for dHEGT/dAH.

3. Optimisation: Given the convex and continuous nature of the objective function, minimisation is
performed by the gradient­based SLSQP algorithm from the SciPy­package(6). The optimiser it­
eratively evaluates 𝜎(EGTMDEV) by re­calculating all EGTM and EGTMDEV for varying N1K­,
AH­ and TT2­corrections. Alternative to ΔEGTΔN1K,official, quadratic interpolation is used to derive
ΔEGTΔN1K,custom from the customised table, which improved the ability to capture the physical EGT­
N1K relationship with a minimal number of ΔN1K values (NΔN1K). Convergence is achieved when
subsequent 𝜎(EGTMDEV) improvements or the Jacobian are within set tolerances.

4. Post­processing: The resulting design vector and other related parameters are saved to a cus­
tomised corrections database. Separate Python functions were written to apply the optimised custom
corrections to the original data to re­evaluate EGTM and EGTMDEV, including the possibility to apply
the corrections consecutively to isolate the contribution of each individual customised correction.

5.5.3. Assumptions
Below the most noteworthy assumptions related to the methodology from the previous subsection are
discussed.

Constant signature assumption
Themost notable assumption at the basis of the abovementioned approach for data­driven optimisation
of engine­specific N1K­, AH­ and TT2­corrections is that the underlying physical EGT­N1K, ­AH and
­TT2 relationships are assumed to be constant over the time­period spanned by the data. At glance
this constant signature assumption seems inexplicable given the fact that customised corrections stem
from deterioration and the resulting engine­to­engine variations.

Despite the fact that OW EGTM degradation originates from gradual deterioration of a turbofan’s
components, it was unveiled that the overall shapes of the underlying EGT­N1K, ­AH and ­TT2 relations
are in most cases preserved during installation periods. That is, OW deterioration appears to mostly
translate rather than transform how EGT changes with N1K, AH and TT2.

Figure 5.19 illustrates that preservation of signatures based on correction optimisation results from
three separate cycle number ranges from a long CF6­80E1 installation period. The optimised XT and
dHEGT/dAH results are very comparable for all three cycle number ranges. For ΔN1K > 1%­p con­
siderable differences are observed, which can be contributed to over­fitting as will be discussed in
Section 5.6.3. Given that the vast majority of recorded ΔN1K values fall between −8°C and 0°C, it
can be expected that considerable OW EGTM scatter reduction will be achieved even if full installation
periods are used for the customisation.

Additionally, if the constant signature assumption would be completely invalid, smaller relative EGT­
MDEV scatter reductions (𝜎/𝜎0) would be expected for longer installation periods because the customi­
sation will be unable to account for the changing signatures. However, no such correlation was found.

Nevertheless, it was decided to optimise the corrections based on the first 500 cycles for this thesis
given that OW­TC EGTM discrepancy research primarily requires accurate EGTM values for the initial
cycles. Using fewer cycles was also tested, but interim results indicated an increased risk of over­fitting
and an insufficient amount of data around N1Krated. In order to adjust the discrepancy definition that
uses the OW­method­based TC EGTM (ΔETGMow

OW−TC), the customised N1K­corrections need to be
accurate at N1Krated given that TC EGTM is recorded at N1Krated as well.

The current approach is deemed sufficiently accurate within the scope of this research effort where OW
EGTM accuracy is not the primary objective. For accurate OWmonitoring purposes, it is recommended
(5)URL: https://scikit­learn.org/stable/modules/generated/sklearn.cluster.DBSCAN.html
(6)URL: https://docs.scipy.org/doc/scipy/reference/generated/scipy.optimize.minimize.html

https://scikit-learn.org/stable/modules/generated/sklearn.cluster.DBSCAN.html
https://docs.scipy.org/doc/scipy/reference/generated/scipy.optimize.minimize.html
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Figure 5.19: Optimised N1K­, AH­ and TT2­correction results per cycle
number range from a single CF6­80E1 installation

to develop adaptive customised corrections that are iteratively re­evaluated based on the last 100 to 200
cycles. As mentioned before, using more complex definitions of EGTMDEV for the objective function,
such as using a Kalman filter or weighted moving averages, is also recommended to improve the
physical accuracy.

Constant XT assumption
Additionally, it is assumed that a constant XT over the complete operating range is able to capture the
EGT­TT2 relation. This assumption is primarily substantiated by the fact that the same holds for the
official OW EGTM calculations.

Alternatively the official TC EGTM calculations include a TT2­correction exponent table which de­
scribes XT as a function of N1. Interim correction customisation results using a similar approach were
unsatisfactory because the resulting XT­N1 relationship was clearly non­physical due to over­fitting to
the data.

Humidity correction assumptions
Other than the previously mentioned assumptions on the accuracy of the merged AH data, the notable
assumptions concerning the new, customised AH­correction for OW EGTM are: 1) only direct EGTK
correction with HEGT; and 2) linearisation of HEGT­AH.

The former stems from the fact that insufficient parameters are available to help the optimiser bal­
ance the indirect (with HN1) and direct (with HEGT) correction contributions. Hence HN1was discarded
to prevent over­fitted, non­physical relationships. Based on the analysis of TC AH­corrections in Sec­
tion 4.2, it can be concluded that the net effect of both correction terms is only weakly dependent on
N1K. Furthermore the thesis specifically on humidity effects by Van Vuuren conducted at KLM ES [76]
applies the same assumption.

Finally, the assumed linearity of HEGT­AH stems from the fact that both the theoretical and TC cor­
rections are only very weakly non­linear. Comparison of the official and linearised corrections revealed
no noticeable difference between both calculated EGTM values.

5.5.4. Fitting analysis
Despite the physics­based foundation in Sections 5.3 and 5.4 for customised engine installation­specific
corrections, the data­driven nature of the combined N1K­, AH­ and TT2­correction optimisation inhibits
the risk of under­ or over­fitting. Whenever data­driven models are used, model complexity should
be tuned such that the model captures the underlying (physical) patterns without just memorising the
(noisy) data.

Concerning the data­driven customisation of N1K­, AH­ and TT2­corrections the only tunable pa­
rameter is the aforementioned maximum permissible ΔN1K step size (max (ΔΔN1K)) in the throttle
push table. That parameter dictates the number of ΔEGTΔN1K,custom­ΔN1K pairs in the table, and is
therefore roughly equivalent to choosing the degree of the fitted polynomial. Figure 5.20 visualises the
concept of under­ and over­fitting concerning the customised throttle push correction based on fitting a
1st­, 4th­ and 25th­order polynomial to the EGTMDEV­N1K correlation of a single CF6­80E1 install.

Deciding on amax (ΔΔN1K) value was performed on the basis of a comprehensive cross­validation
approach. For each engine installation and for a range ofmax (ΔΔN1K) values, a 5­fold cross­validation
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Figure 5.20: Example of under­ and over­fitted polynomial fit with
EGTMDEV­N1K data from single CF6­80E1 installation

was performed using the KFold function from the Scikit­Learn package(7) to randomly generating the
five data folds.

The 5­fold cross validation consists of iteratively optimising the corrections based on 4­out­of­5 folds
as training set and subsequently evaluating the fit quality (i.e. EGTMDEV 𝜎/𝜎0) of the training set and
5th­fold as validation set. The average fit quality values for the training and validation set over the five
iterations are then saved for further analysis.
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Figure 5.21: Fitting analysis for customised corrections for CF6­80E1: Fleet­average
EGTMDEV 𝜎/𝜎0 for training and validation set as function ofmax(ΔΔN1K)

Figure 5.21 gives the results of the fitting analysis, including the results for the alternative problem
formulation where both dHEGT/dAH and dHN1/dAH are optimised. Clearly the difference between
these formulations is acceptable, especially if the risk of capturing non­physical relationships is reduced.

Concerning the variation of 𝜎/𝜎0 from the final case with only dHEGT/dAH included, expectedly the
training set value increases withmax(ΔΔN1K). Validation set 𝜎/𝜎0 first decreases withmax(ΔΔN1K)
due to severe over­fitting formax(ΔΔN1K) < 2. In both cases 𝜎/𝜎0 makes a considerable jump beyond
max (ΔΔN1K) > 6.5%­p. This is contributed to the fact that between 6.5%­p and 8.0%­p the number
of rows in the throttle push correction tables jump from 4 to 3 for all installation periods.

The definitivemax (ΔΔN1K) value used for the CF6­80E1 correction customisation was set to 6.5%­
p, which should produce good EGTMDEV scatter reduction while minimising the risk of over­fitting. It
is possible that part of the observed EGTMDEV­N1K signatures in the data can be contributed to other
parameters than N1K itself, which should preferably not be captured by the customised throttle push
correction. Simultaneously customising the N1K­, AH­ and TT2­corrections should at least avoid that
the throttle push correction accounts for AH and TT2 effects.

(7)URL: https://scikit­learn.org/stable/modules/generated/sklearn.model_selection.KFold.html

https://scikit-learn.org/stable/modules/generated/sklearn.model_selection.KFold.html
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A similar fitting analysis to determine max (ΔΔN1K) was performed for the CF6­80C2, albeit without
the customised AH­ and TT2­corrections. This analysis resulted in a wider range of EGTMDEV 𝜎/𝜎0
for the same range ofmax (ΔΔN1K), which is explained by the fact that in case of the CF6­80C2 small
values ofmax (ΔΔN1K) enable the throttle push table to also capture AH and TT2 related effects. The
definitive max (ΔΔN1K) value for CF6­80C2 is 3.5%­p. The results revealed questionable drops of
assumed dEGT/dN1K at high N1K, probably because high N1K is correlated to high altitude or hot and
humid airports. Given the incompleteness of CF6­80C2 data, the results are not included in this report.

5.6. Results of customised corrections for EGT margin
This section provides and discusses the results from the application of the installation­specific N1K­,
AH­ and TT2­correction customisation from Section 5.5 on the CF6­80E1 OW data. First Subsec­
tions 5.6.1, 5.6.2 and 5.6.3 address the AH­, TT2­ and N1K­correction related results in terms of the
optimised variables as well as the individual effect on EGTM. Subsequently Subsection 5.6.4 handles
the combined effect of the corrections on OW EGTM and ΔEGTMOW−TC. The adjusted ΔEGTMOW−TC
distribution will be presented later in the report in Section 6.1.

It should be noted that as was stated in Subsection 5.5.3, it was decided to perform the correction
optimisation based the first 500 OW cycles only. In order to increase the statistical value of the results,
CF6­80E1 installation periods without corresponding TC performance data(8) were also included for
which the first 500 available snapshots were used. These installation periods account for approximately
50% of the installations included in the correction optimisation for the CF6­80E1 but are evidently not
included in any of the ΔEGTMOW−TC distributions.

5.6.1. Humidity correction
Figure 5.22 shows how the new, customised AH­correction affects OW EGTM (ΔEGTMAH) for a single,
representative CF6­80E1 installation. The net effect on EGTK and EGTM depends on the factor HEGT
– a linear function of AH given the customised dHEGT/dAH – and the unshunted EGT it is applied on.
Expectedly ΔEGTMAH = 0 for AH = 0 g/kg and decreases with AH, in order to correct the measured
humid EGTM back to dry EGTM.

The distribution of the optimised dHEGT/dAH values from all CF6­80E1 installations is provided in
Figure 5.23. The fleet­average dHEGT/dAH equals 35.0 × 10−5 or 0.035% per g/kg, which corresponds
neatly with the 0.0325% per g/kg of the TC AH­correction (if the combined effects of HN1 and HEGT
are considered).

Additionally, the dHEGT/dAH distribution has significant variance, only part of which is explained
by the engine­to­engine variations that were discussed in Subsection 5.4.3. Other contributors to the
scatter that cannot be quantified are: 1) inaccurate AH values because the airport humidity is used
for the engine snapshot; and 2) the effects of occasional, unpredictable OW inlet condensation. Addi­
tionally, it is predicted that given the strong correlation between AH­ and TT2­effects, the optimisation
occasionally smears TT2­related effects onto the AH­correction. It should however be stated that early
results, where dHEGT/dAH was optimised without N1K­ and TT2­corrections included, the variance
was larger and mean was physically unexplainable low.

Given that the engine­to­engine variation effects on dHEGT/dAH are small, it is recommended
for future research to customise a single dHEGT/dAH value for the complete fleet simultaneous with
installation­specific N1K­ and TT2­corrections using a multi­level optimisation approach.

5.6.2. Temperature correction
The isolated effect of the customised TT2­correction on OW EGTM (ΔEGTMTT2) of the same repre­
sentative CF6­80E1 installation as used for the AH­related effects is provided in Figure 5.24. Given
that GE’s OW EGTM is also corrected for TT2, ΔEGTMTT2 represents the net effect of the customised
XT with respect to original XT. Per definition, ΔEGTMTT2 = 0°C at TT2 = 30°C (which is the CF6­80E1’s
Tflat). The customisation has increased XT because the engine is thermally less efficient than the en­
gine or model used for GE’s empirically determined XT. Hence the original data was non­conservative
for TT2 < 30°C therefore requiring ΔEGTMTT2 < 0°C (and vice versa).
(8)The reasons for OW installation periods without coupled TC data are primarily: 1) the corresponding acceptance test was
conducted before 2013 and therefore not included in the TC data; and 2) the engine was first installed on an unknown client
aircraft and therefore the first available cycles back in the AFR­KLM fleet are not the initial cycles after TC performance testing
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Figure 5.22: Effect of customised AH­correction on
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Figure 5.23: Distribution of optimised
installation­specific dHEGT/dAH values

The distribution of the optimised XT values of all CF6­80E1 installations is provided in Figure 5.25,
including the GE’s value (XTofficial) of almost 0.87. Expectedly 𝜇(XT) > XTofficial because AFR­KLM’s
CF6­80E1 fleet is older and has become less efficient overall.

Other than dHEGT/dAH, the width of the almost Gaussian distribution is as expected based on
the simulated results in Subsection 5.4.3 because both the data­driven and simulated results predict
a maximum engine­to­engine variation of max (ΔEGTMTT2) of approximately 12°C. The precise XT
values are nevertheless subject to the same sources of uncertainty as dHEGT/dAH.
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Figure 5.25: Distribution of optimised
installation­specific dHEGT/dTT2 values

5.6.3. Throttle setting correction
The isolated effect of the customised N1K­correction is subject to engine­to­engine variation such that
no single, representative example can be supplied. Some visual examples of the quadratic spline
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based on the customised throttle push tables were already provided in Figure 5.4 in the EGTM domain
and Figures 5.5 and 5.6 in the EGTK domain, both in Subsection 5.3.1 starting at page 50.

Upon a second review of those figures it is observed that the splines are not precise fits of the
EGTMDEV­ and EGTK­N1K data, which is explained by the fact that part of the observed relationship
can be contributed to AH and TT2.

For some installations, the customised ΔEGT­ΔN1K trend describes a questionably level of dEGT/dN1K
drop­off at high N1K values. As will be discussed in Subsection 5.7.2, those results might be affected
by the influence of power off­take (PTO) on EGTM as it was revealed that PTO is correlated to N1K.
Given the lower data density at high N1K values, the optimal ΔEGT­ΔN1K relation is more sensitive to
the unpredictable impact of phenomena such as inlet condensation and thermal effects. The latter will
be discussed in Section 6.2.

It is recommended to extend the scope of the customised corrections by including other measurable
inputs to EGTM such as PTO and customer bleed. The more parameters are included, the narrower
the confidence bounds of the resulting relations will be because the risk of mutual smearing is reduced.

5.6.4. Combined customised corrections
The distribution of the achievement EGTMDEV scatter reduction (𝜎/𝜎0) over all CF6­80E1 installations
is provided in Figure 5.26. Expectedly, given the engine­to­engine variations of the underlying cus­
tomised corrections, 𝜎/𝜎0 varies considerably with reductions between 6.2% and 58.6%. Furthermore,
Figure 5.27 indicates that 𝜎/𝜎0 ∼ f(𝜎0), which is explained by the fact that 𝜎0 is a measure of original
OW EGTM calculation accuracy and logically larger inaccuracies enable larger improvements.

In the original data fleet­average EGTMDEV 𝜎 is 3.8°C, with engine­specific values between 2.2°C
and 4.6°C. After application of the customised corrections the values fall within 1.8°C and 2.9°C with a
2.4°C average. Given that the CF6­80E1 TC correlation report mentions an observed 𝜎(EGT) of 1.5°C
over 6 consecutive correlation tests, the achieved 2.4°C on­wing is certainly noteworthy.
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achieved EGTMDEV scatter reduction (𝜎/𝜎0) and

initial EGTMDEV scatter (𝜎0)

Given that the inaccuracies of the original N1K­, AH­ and TT2­corrections typically resulted in non­
conservative EGTM values, the distribution of average EGTM reduction (Δ𝜇(EGTM)) over all CF6­
80E1 installations shown in Figure 5.28 is no surprise. Figure 5.29 shows the Δ𝜇(EGTM) is as ex­
pected correlated to the scatter reduction.

Finally, the results from the N1K­, AH­ and TT2­correction customisation can also provide insight con­
cerning the contribution of those parameters to the original OW­TC EGTM discrepancy. The isolated
contributions to 𝜇(ΔEGTMOW−TC) of the inaccurate or missing N1K­, AH­ and TT2­corrections can
be derived from Figure 5.30 that provides the distributions for cycles 11­20. The effects of the cor­
rections on 𝜇(ΔEGTMOW−TC) are all negative, which means that the original 𝜇(ΔEGTMOW−TC) was
non­conservatively higher due to missing AH­ and inaccurate N1K­ and TT2­corrections. The com­
bined effect on 𝜇(ΔEGTMOW−TC) is −12.3°C, as can be concluded from Figure 5.31.
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average EGTM change (Δ𝜇(EGTM)) and EGTMDEV
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The predicted contribution of the inaccurate corrections on 𝜎(ΔEGTMOW−TC) is 3.7°C based on
Figure 5.31, which is smaller than the root sum square of the three individual contributors. This is
explained by the fact that the individual contributions do not affect the same snapshots evenly. For
example, the original TT2­related error is biggest for low TT2 while the original AH­related error is
biggest for high AH and therefore high TT2.

The adjusted ΔEGTMOW−TC distributions will be presented later in the report in Section 6.1.
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Figure 5.30: Distribution of installation­specific effects of inaccurate original N1K­, AH­ and TT2­corrections on
cycle 11­20 average EGTM, based on customised corrections results
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TT2­corrections on cycle 11­20 average EGTM, based on customised correction results
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5.7. Effects of customer bleed & power extraction on EGT margin
Apart from N1K, AH and TT2, several other OW operation related potential causes for the OW­TC
EGTM discrepancy were also briefly investigated. This section discusses the potential influences of
customer bleed and power extraction on OW EGTM and hence the OW­TC EGTM discrepancy.

Bleed air extraction for customer bleed and anti­ice functionality is addressed in Subsection 5.7.1.
Subsequently the effect of power off­take is discussed in Subsection 5.7.2.

5.7.1. Customer bleed & anti­ice
The extraction of compressed air from the compression system of a turbofan for external usage is
called customer bleed, whereas in this research a distinction is made between bleed for anti­icing
purposes, referred to as nacelle (NAI) and wing anti­ice (WAI), and pneumatic functionality, referred to
as customer bleed (WB). Both categories are discussed in separate paragraphs below based on the
adjusted(9) CF6­80E1 data.

Customer bleed
Customer bleed for pneumatic purposes is extracted from the 8th stage – out of 14 total – of the HPC
during takeoff, additionally at low power HPC discharge air is extracted when the stage 8 delivery
pressure is insufficient. The OW snapshot data includes bleed flow (WB) column, which should equal
the total WB in kg/s extracted from the engine.

As was discussed in Subsection 5.1.1, CF6­80E1 OW EGTM calculations include an adjustment for
WB (ΔEGTWB) that is defined by linear interpolating its value as function of WB. The tabulated relation
between ΔEGTWB and WB is almost linear and hence subsequent analyses will assume a constant,
linear gradient (dEGTM/dWB).
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Figure 5.32: Observed correlation between EGTMDEV including ΔEGTWB and WB (left) and correlation between
EGTMDEV excluding ΔEGTWB and WB (right) from a single CF6­80E1 installation

Figure 5.32 provides the correlation between EGTMDEV and WB for a single CF6­80E1 install, where
a distinction is made between the EGTMDEV including and excluding the contribution of ΔEGTWB. The
linear gradients are 1.4°C and −1.89°C per kg/s, which reconciles with the known (almost) linear official
dΔEGTWB/dWB of 3.36°C per kg/s. It is however concluded that the WB correction over­compensates
the physical EGT­WB relationship.

Analogous to previous effect studies, a simulated analysis with the CF6­80C2 model in GSP re­
vealed that dEGT/dWB depends on engine condition. Furthermore WB sensor bias and noise could
increase the scatter of dEGTM/dWB in the data. It was however also observed that GSP over­predicted
dEGT/dWB by a factor of 3, possibly because the cooling mass fractions in the model are non­physical
or because the provided WB values are not in kg/s as supposed to.

Attempts to derive installation­specific dEGTM/dWB values to predict the contribution of WB to OW­
TC EGTM discrepancy were hampered by the fact that only 2 installations spanned the low WB cluster
that is annotated in Figure 5.32 hence resulting in ill­defined linear fitting problems for most installa­
tions. Therefore it was decided to assume a generic dEGTM/dWB based on all available data, knowing
(9)Adjusted data: data including the application of the customised corrections from Sections 5.5 and 5.6
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that this is slightly inaccurate for some engine installations.
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Figure 5.33: Distribution of effects of inaccurate original WB corrections on cycle 11­20 average EGTM over all
CF6­80E1

The predict contribution of inaccurateWB corrections to 𝜇 and 𝜎 of ΔEGTMOW−TC is summarised by the
distribution of 𝜇(ΔEGTMWB) over all CF6­80E1 installations for cycle 11­20, as shown in Figure 5.33.
The fact that Ntotal is only 24 originates from missing WB data, whereby the number of installations
with sufficient WB data for cycles 11­20 is limited. For the same reasons the WB correction was not
included in the customised correction optimisation described in previous sections.

The primary conclusion to draw from Figure 5.33 is that based solely on the data the predicted con­
tributions of WB to 𝜇(ΔEGTMOW−TC) and 𝜎(ΔEGTMOW−TC) are 1.3°C and 0.05°C. Therefore customer
bleed is not a main root cause for the observed ΔEGTMOW−TC distributions.

Anti­ice bleeds
Considering the wing anti­ice (WAI) effects on OW EGTM, it can directly be concluded that it is not a
significant contributor to the OW­TC EGTM discrepancy simply based on the fact that WAI is only active
for 0.25% of OW snapshots. Nacelle anti­ice (NAI) is used more frequently depending on the season,
as the percentage of affected snapshots is 25% in January and 0.6% in July. When active, HPC stage
11 air is extracted and directed to heat the inlet nacelle or wing leading­edge before disposal. It is
unknown if anti­ice mass flow is actively controlled, it is however given that no NAI­ or WAI­related
measurements are included in the OW data other than an active or inactive boolean.

Current corrections include an fixed adjustment (ΔEGTNAI) that is used to correct for the adverse
effect of NAI if active. As is observed in Figure 5.34, which provides the distribution of the residual
effect of NAI on EGTM (dEGTM/dNAI(10)) over all CF6­80E1 installations, the data suggests that the
current correction is insufficiently compensating. Note that only installations with at least 50 active NAI
snapshots are included in Figure 5.34.

A theoretical or simulated analysis of NAI effects is not included, primarily because of the black box
nature of the system. Nevertheless, utilising the data by combining the dEGTM/dNAI values with the
number of NAI­affected snapshots for cycles 11­20 can help predict the approximate contribution of
inaccurate NAI corrections on 𝜇 and 𝜎 of ΔEGTMOW−TC as is shown in Figure 5.35.

Given that the use of NAI is seasonal, installation periods that started in summer months are not
impacted by NAI thus explaining the occurrences peak at 0°C. The overall drawn conclusion is that
the predicted contributions of inaccurate NAI adjustments to 𝜇(ΔEGTMOW−TC) and 𝜎(ΔEGTMOW−TC)
are −0.12°C and 0.20°C. The precise values should not be taken for granted, as data revealed that
a generic dEGTM/dNAI does not capture its sensitivity to operating conditions. Nevertheless NAI is
certainly not a main root cause for ΔEGTMOW−TC.

5.7.2. Power off­take (PTO)
Mechanical power drawn from the high pressure spool (N2) will adversely affect the engine, as engine
has to burn more fuel and run hotter to maintain sufficient core speed to maintain the demanded N1.
(10)ΔEGTNAI: given that NAI is either 0 or 1, dEGTM/dNAI is equal to 𝜇(EGTMDEV)NAI=1 − 𝜇(EGTMDEV)NAI=0
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Figure 5.34: Distribution of installation­specific
dEGTM/dNAI values from the CF6­80E1 fleet
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Figure 5.35: Distribution of installation­specific impact of
inaccurate original NAI corrections on cycle 11­20
average EGTM values from the CF6­80E1 fleet

The total mechanical power extraction is the sum of the power drawn by the Integrated Drive Generator
(IDG) for electrical power and the power drawn by the Engine Driven Pump (EDP) for hydraulic power.
Below a data­ and simulations­driven analysis of PTO effects is addressed.

Electrical PTO is only available in the PROGNOS data which includes 22 CF6­80E1 installations. Dis­
tributing all reported PTO values revealed an average of 53 kW with outliers between 24 kW and 80
kW. Hydraulic power is not measured, allegedly because it is presumed negligible by GE. Maximum
EDP power is 31.3 kW, but representative values are only 10% of that.

Figure 5.36 plots the simulated results from GSP at ISA conditions with 100% N1 with PTO between
0 kW and 100 kW. Expectedly, ΔEGTPTO increases almost linearly with PTO. Althoughmax (ΔEGTPTO)
= 2.5°C, the value of ΔEGTPTO at the average OW PTO is between 0.8°C and 1.3°C depending on the
engine deterioration case.
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Figure 5.36: Simulated ΔEGT­PTO correlations based on CF6­80C2
GSP model for 3 deterioration cases from Appendix C

A data­driven analysis of PTO revealed that with the adjusted data dEGTM/dPTO ≈ 0°C per kW
with negligible scatter of engine­specific dEGTM/dPTO values. A similar analysis with the original EGT­
MDEV data revealed a non­physically scattered dEGTM/dPTO distribution, albeit with a fleet­average
dEGTM/dPTO of −14.7 × 10−3°C per kW, which reconciles with the simulated gradients.

It was found that the above observations stem from the fact that PTO is weakly correlated to N1K and
TT2, therefore the original dEGTM/dPTO is affected by the known EGTM­N1K and ­TT2 correlations.
Furthermore the adjusted dEGTM/dPTO is negligible because PTO effects have effectively already
be accounted for with the customised N1K­ and TT2­corrections for OW EGTM. This conclusion also
provides at least some explanation for the installations with noteworthy drop­off of dEGT/dN1K at high
N1K in their customised throttle push tables.
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Nomeaningful conclusion can be drawn on the contribution of PTO to original 𝜇 and 𝜎 of ΔEGTMOW−TC
because original dEGTM/dPTO is dominated by correlated N1K and TT2 effects. However, concerning
the adjusted data the influence of PTO has implicitly mostly be accounted for through the customised
N1K­ and TT2­corrections such that the adjusted ΔEGTMOW−TC is negligibly impacted by PTO.



6
Comparison of on­wing & test­cell

engine performance
So far in­depth data­driven assessments of TC and OW EGTM have been addressed in Chapters 4
and 5, with frequent support of gas turbine theory and GSP simulations for validation. Thereby all
potential causes for the observed difference between OW and TC EGTM that originate from inaccurate
or incomplete corrections for EGTM have been investigated. Furthermore a method was proposed
and tested to customise throttle setting, humidity and temperature corrections to account for engine­
to­engine variations and hence significantly reduce OW EGTM scatter.

This chapter continues with the OW and TC EGTM comparison. First of all, an updated overview of
the OW­TC differences based on the adjusted data is provided in Section 6.1. Afterwards the additional
potential causes for the discrepancy are addressed, starting with the effect of thermal stabilisation and
seal run­in in Sections 6.2 and 6.3. Any remaining causes are briefly discussed in Section 6.4. Lastly,
Section 6.5 wraps up the research by comparing the observed OW­TC discrepancy distribution with
the combined predicted distribution.

6.1. Updated performance discrepancy
The baseline comparison of OW and TC EGTMwas performed in Section 2.4 to quantify the scale of the
discrepancy problem. Given the adjusted OW data originating from the application of the customised
engine installation­specific N1K­, AH­ and TT2­corrections and fixing faults, this section will briefly
quantify OW­TC EGTM discrepancy (ΔEGTMOW−TC) based on that data including comparison with the
baseline. As an reminder, the previously defined discrepancy definitions are:

ΔEGTMtc
OW−TC The difference between the cycle 11­20 average OW EGTM and the official TC EGTM.

ΔEGTMow
OW−TC The difference between the cycle 11­20 average OW EGTM and the OW­method­based

TC EGTM. That OW­method­based TC EGTM is calculated by applying the OW EGTM
calculations on the official TC measurements, where in case of the adjusted OW data
the corresponding TC EGTM is also adjusted by applying the customised OW EGTM
calculations.

Figure 6.1 compares the original and adjusted ΔEGTMOW−TC distributions for the CF6­80E1. The
left column of histograms belongs to ΔEGTMtc

OW−TC and the right column of histograms belongs to
ΔEGTMow

OW−TC. Furthermore Table 6.1 summarises the distributions by the corresponding mean (𝜇)
and standard deviation (𝜎). The change of 𝜇(ΔEGTMOW−TC) from original to adjusted and the ratio of
𝜎(ΔEGTMOW−TC) between the adjusted and original values are also included. The key observations
and conclusions regarding the table and histograms are:

ΔEGTMtc
OW−TC As expected, 𝜇(ΔEGTMtc

OW−TC) of the adjusted distribution is shifted towards negative
values, because the original corrections are non­conservative and the customised correc­
tions accounted for that. Fixing the faults also contributes with −2.0°C to that shift.

70
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Figure 6.1: Comparison of distributions of baseline and adjusted OW­TC EGTM discrepancy from CF6­80E1
fleet, distinguishing between OW EGTM w.r.t. official TC EGTM (left) and OW­method­based TC EGTM (right)

On the other hand, 𝜎(ΔEGTMtc
OW−TC) is almost unaffected, which can be explained by the

fact that the official TC EGTM values are still calculated with generic corrections that do not
capture engine­to­engine variation. As was discussed in Section 4.4, the contribution of
the facility modifier (EGTFM) and cowling adjustment (ΔEGTcowl) is almost constant and
therefore including EGTMFM and ΔEGTcowl does not positively affect 𝜎(ΔEGTMtc

OW−TC).

ΔEGTMow
OW−TC In case of ΔEGTMow

OW−TC the customised corrections are also used for TC EGTM, which
is therefore also adjusted for the non­conservative original corrections. The −7.99°C shift
of 𝜇(ΔEGTMow

OW−TC) is therefore primarily explained by the fact that the cycle 11­20 snap­
shots are on average recorded at considerably lower N1K than the corresponding TC
snapshot and therefore the OW EGTM value is affected more by the application of the
customised N1K­corrections. Any adjustments related to fixing the data faults also only
affect OW EGTM and hence reduce 𝜇(ΔEGTMow

OW−TC).
The adjusted data also reduced 𝜎(ΔEGTMtc

OW−TC) by 10% from 7.04°C to 6.32°C. The pre­
dicted contributions of data faults and inaccurate ormissing N1K­, AH­ and TT2­corrections
are 3.0°C and 3.7°C, therefore if normal distribution probability theory(1) is assumed, the
predicted value for the adjusted 𝜎(ΔEGTMtc

OW−TC) is 5.2°C. The difference is explained
by the fact that those individual contributions are actually not normally distributed.

Table 6.1: Summary of comparison of baseline and updated OW­TC EGTM discrepancy from CF6­80E1 fleet,
distinguishing between OW EGTM w.r.t. official TC EGTM (left) and OW­method­based TC EGTM (right)

FAMILY Official TC EGTM OW­method­based TC EGTM
ΔEGTMtc

OW−TC [°C] ΔEGTMow
OW−TC [°C]

𝜇 𝜎 𝜇 𝜎

CF6­80E1

Original ­3.84 6.89 ­21.45 7.04
Improved ­18.40 7.05 ­29.44 6.32

Difference ­14.56 ­ ­7.99 ­
Ratio ­ 1.023 ­ 0.898

The remainder of this report will focus specifically on ΔEGTMow
OW−TC, which uses the OW­method­

based TC EGTM. The primary reason for that decision is that by applying exactly the same EGTM
calculations on the OW and TC snapshots, any difference in EGTM can clearly be allocated to physical
(1)Probability theory: 𝑍 ∼ 𝑁(𝜇𝑍 , 𝜎2𝑍) ∼ 𝑁(𝜇𝑋 + 𝜇𝑌 , 𝜎2𝑋 + 𝜎2𝑌) where 𝑍 = 𝑋 + 𝑌 and 𝑋 ∼ 𝑁(𝜇𝑋 , 𝜎2𝑋) and 𝑌 ∼ 𝑁(𝜇𝑌 , 𝜎2𝑌)
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operational differences. Therefore side­by­side comparison of the observed ΔEGTMow
OW−TC distribution

with the predicted physical contributions of the addressed potential causes is not affected by numerical
differences in the underlying methods. The key differences between the official TC and customised
OW EGTM calculations are:

• The official TC EGTM calculations are not customised to account for engine­to­engine variations of
the physical EGT­N1K, ­AH and ­TT2 relations.

• The official and customisedOWEGTM calculations include the constant factor 𝐹EGTM and adjustment
𝐶EGTM – discussed in Section 5.1 – while the TCEGTM calculations do not. By comparing OWEGTM
with the OW­method­based TC EGTM the contribution of these unexplained terms is eliminated.
Given that 𝐹EGTM is potentially a safety factor, it is recommended to assess if it can be discarded
because the customised corrections are no longer non­conservative.

Obviously using an OW EGTM calculation method for the TC snapshot does mean that the effects
of the facility modifier (EGTFM), cowling adjustment (ΔEGTcowl) and condensation correction are not
included. To this end, a last additional discrepancy definition is proposed that uses an hybrid­method­
based TC EGTM and will be referred to as ΔEGTMhybrid

OW−TC. The hybrid­method constitutes to the cus­
tomisedOWcorrections with the addition of EGTFM, ΔEGTcowl and condensation correction (i.e. CEGT
and CN1) from the official TC EGTM calculations.

The distribution of ΔEGTMhybrid
OW−TC is provided in Figure 6.2. The impact of the additional of TC­

related terms on the average value is −2.41°C while the standard deviation is as expected unaffected.
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Figure 6.2: Distribution of adjusted OW­TC EGTM discrepancy from
CF6­80E1 fleet using the hybrid­method­based TC EGTM

The currently observed average and scatter of ΔEGTMow
OW−TC and ΔEGTMhybrid

OW−TC are all larger than
what can be accounted for based on the potential causes that have been addressed so far. Therefore
the subsequent sections will address the remaining potential causes, focusing on thermal effects and
seal run­in. Afterwards, in Section 6.5 a final side­by­side numerical comparison of the observed and
predicted ΔEGTMow

OW−TC distribution will be provided.

6.2. Effects of engine thermal­state on EGT margin
While test­cell procedures prescribe to let the turbofan stabilise before recording the official TO snap­
shot, it is unlikely that the engine will reach thermal equilibrium within the 40s to 60s between com­
mencing takeoff and snapshot recording during OW operation. Therefore the engine thermal­state is
potential cause for the OW­TC EGTM discrepancy. This section will substantiate that hypothesis on
the basis of continuous data from 2 CF6­80E1 performance acceptance tests.

First Subsection 6.2.1 will address the effect of that stabilisation phase on performance, while Sub­
section 6.2.2 will discuss the underlying physical causes for the observed EGTM variation.

6.2.1. Thermal effects on performance
Figure 6.3 provides an overview of one of the available continuous data­sets belonging to a CF6­80E1
acceptance test. The ambient conditions are not included but their variation throughout the testing
procedure is negligible.
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Figure 6.3: Overview of time­dependent variation of key operation and performance parameters
during a CF6­80E1 performance acceptance test at KLM’s test­cell facility

Focusing on the controls, the initial step­by­step increase of N1 is performed to break in the seals,
which is followed with a 5­minute stabilisation at idle. Then an acceleration test is performed and if no
abnormalities are observed the official performance testing phase – highlighted pink in Figure 6.3 – is
commenced. Subsequently the engine is consecutively stabilised at Maximum Continuous (MC) and
TO power for 5 minutes before the actual TO snapshot is recorded, which is indicated by the black line
in the figure. The other snapshots are not relevant for this research.
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Figure 6.4: Continuous variation of EGT during two separate
CF6­80E1 test­run examples performed at KLM’s facility

The variation of unshunted EGT during the actual performance testing – corresponding to the highlight
timespan in Figure 6.3 – is provided in Figure 6.4, where additionally similar data from the other con­
tinuous dataset is plotted on the left. Both the raw 1Hz data and a 10s Simple Moving Average (SMA)
are included.

The TO performance snapshot and MC­to­TO acceleration timespans are highlighted. Addition­
ally, the timespan between 40s and 60s after commencing the performance test is highlighted to
demonstrate when the OW TO snapshot would hypothetically have been recorded. Please note that
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N1Krated,MC = 101.9% and N1Krated,TO = 108.1% such that MC power is also representative for OW
takeoff because most snapshots fall between 98% and 105%.

Regarding Figure 6.4, EGT clearly stabilises at MC and TO setting for both examples, where stabil­
isation is expressed by an exponential time­dependent decrease of EGT. Given that operating condi­
tions and the corresponding corrections are constant, EGTK and EGTM must therefore be time­variant
as well.

Visual proof of that conclusion is provided in Figure 6.5, which shows the stabilisation of EGTM
during the 10­minute thermal stabilisation. The EGTM values were calculated with the customised
OW corrections, such that any variation of EGTM can be assigned to changes of the engine thermal
efficiency. Neglecting the non­physical spike during MC­to­TO acceleration, EGTM increases gradually
as expected during the stabilisation at both MC and TO power. Therefore proving that the reported
EGTM value depends on snapshot­timing.
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Figure 6.5: Continuous variation of EGTM during two separate CF6­80E1
test­run examples performed at KLM’s test­cell facility

As was addressed in Section 4.1, the TC EGT limit (EGTTC­limit) is set lower than the actual redline
(EGTredline) to account for the different thermal­state and initial OW losses (i.e. seal run­in). For the
CF6­80E1, that difference is 15°C.

However, in case of the continuous datasets plotted in Figure 6.5 the differences between recording
at OW snapshot­timing and at TC snapshot­timing are approximately 10°C and 7.5°C. Although no
statistical conclusions can be drawn from merely 2 examples, it can be concluded that the lack of
thermal stabilisation has a significant, unpredictable effect on EGTM.

Additionally, the engine is already pre­heated before the performance testing is commenced due to
the seal break­in phase, therefore the impact of the thermal effects is expected to be even larger for
OW snapshots. All in all, it is concluded that thermal effects are a main root cause for negative mean
and scatter of ΔEGTMOW−TC.

Finally, both of the EGTM­variation plots demonstrate the accuracy of the installation­specific cus­
tomised N1K­, AH­ and TT2­corrections. Despite the 6.2%­p and 50+°C step increase of N1K and
EGT during MC­to­TO acceleration, these effects are accurately accounted for such that the corrected
performance (i.e. EGTM) is unaffected.

Furthermore it was found that the 10s moving standard deviation of EGTM varied between 1°C and
2°C, which reconciles with the 1.5°C reported in the CF6­80E1 correlation report and is close to the
2.4°C achieved OW with the customised corrections.

6.2.2. Origin of thermal effects
The origin of the thermal effects on cycle thermal efficiency and EGTM is known to originate from
variation of turbine tip clearances [24, 83]. The fuel flow increase required to accelerate and maintain
the demanded N1 is accompanied by increasing gas path temperatures, particularly those in the hot
section after the combustion chamber. The engine’s thermal equilibrium is consequently disturbed and
its gas path components start to heat up towards the new equilibrium.



6.2. Effects of engine thermal­state on EGT margin 75

The tip clearances depend on the blade tip and casing diameters, which are both subject to thermal
expansion during engine heat­up. However the casing diameter will typically expanded more and faster
than the blade tip diameter because: 1) the thermal capacity of the thin casings is much smaller than
the blade disks; and 2) the casings have a large heat­transfer surface­to­volume ratio while the blade
disks – which contribute the most to blade the tip diameter increase – have not. Therefore the turbine
tip clearances first increase and subsequently gradually decrease during the heat­up.
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Figure 6.6: Continuous variation of TOIL during two separate
CF6­80E1 test­run examples performed at KLM’s facility

In order to visualise how the engine’s thermal­state stabilises with time, consider Figure 6.6 where
the oil temperature (TOIL) serves as a proxy parameter for overall thermal­state and shows a similar
asymptotic exponential increase as EGTM.

Extending on the use of TOIL as indicator of the thermal­state of the engine, the distributions of
the recorded TOIL for all OW and TC CF6­80E1 snapshots are compared in Figure 6.7. Although
certainly not solid proof, as expected the distributions suggest that engines are typically hotter during TC
snapshot recording given the difference of 𝜇(TOIL). Additionally the scatter of the OW TOIL distribution
is larger, which suggests that the thermal state of the engine during OW snapshot recording is also
subject to larger cycle­to­cycle variations.
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Figure 6.7: Distributions of TOIL values for OW snapshots (left) and
official TC snapshots (right) from CF6­80E1 fleet

Modern turbofans – including the CF6­80 family – are fitted with Active Clearance Control, which is
used to minimise turbine tip clearances by actively regulating cooling of the HPT and LPT casings for
optimal shrinkage. Given ACC’s finite reaction time and the destructive consequences of over­shrinking
the casings, it is believed that ACC is only active during cruise when the engine is thermally stable.
Unfortunately, the manuals only mention that HPTACC and LPTACC are scheduled – among others –
with N1, N2, EGT and ambient conditions.

Active­clearance control potentially contributes to ΔEGTMOW−TC because its scheduling during
thermal stabilisation in the test­cell could amplify the aforementioned thermal effects of EGTM. Since
no separate TC mode exists for ACC’s control­schedule, any potential contribution to ΔEGTMOW−TC
needs to be related to the different OW and TC snapshot­timing.

Figure 6.8 plots the time­wise variation of HPTACC and LPTACC from the same continuous TC
data. LPTACC is only related to N1 within the figure’s time­frame. HPTACC is probably EGT­ or N2­
controlled, given that its actuator position stabilises with a similar timescale as EGT and N2. This
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is further backed by the fact that the OW snapshot EGT, N2 and HPTACC distributions are similarly
shaped. Quantifying the precise contribution of HPTACC to the thermal effects is beyond the scope
of this research, nevertheless it is expected that the effectiveness of ACC in minimising tip clearances
will increase during engine heat­up therefore amplifying the thermal effects.
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Figure 6.8: Continuous variation of ACC actuator positions during two
separate CF6­80E1 test­run examples performed at KLM’s facility

To conclude, snapshot­timing differences have been identified to contribute to ΔEGTMOW−TC as the
engine’s thermal­state is not in equilibrium during OW snapshots. Based on the 2 examples, it can
concluded that the thermal effects on EGTM are unpredictable, hence contributing to OW EGTM and
ΔEGTMOW−TC scatter. Furthermore it was found that HPTACC position is coupled to the thermal effects
during heat­up.

A larger number of continuous datasets need to be analysed to draw statistical conclusions on the
contribution of thermal effects to the average and scatter of ΔEGTMOW−TC, which will conservatively
be assumed to be −8.75°C and 1.25°C based on just these examples.

Finally, it is recommended for future research to use GSP’s heat transfer modelling functionality to
extend the CF6­80C2 model and subsequently simulate the effects as well. The recent introduction of
Continuous Engine Operating Data (CEOD) with newer engine models does open up possibilities for
new research on thermal effects as well.

6.3. Effect of seal run­in on EGT margin
The principle of turbomachinery sealing was introduced in Subsection 2.1.2, whereas the related phe­
nomena of seal break­in or run­in was identified as a potential cause for the observed baseline dis­
crepancy in Subsection 3.3.2. The goal of this section is to assess the contribution of seal run­in to the
OW­TC EGTM discrepancy.

6.3.1. Seal run­in phenomena & practices
All previously addressed potential root causes resulted from operational differences, while seal run­in
is the only potential cause for the discrepancy that results from a difference between TC and OW en­
gine condition. In other words, seal run­in is related to a change of the engine condition and all other
potential causes are related to a change of how the engine is used. The description below discusses
how the engine conditions changes due to seal run­in.

A shop visit where at least part of the workscope is tailored to improve the engine’s thermodynamic
performance, often specifically the performance of the high pressure components, is generally defined
as a performance overhaul. Replacement of the abradable honeycomb material used for interstage
labyrinth seals if commonly included in performance overhaul workscopes, primarily because it is a
relatively straightforward and cost­effective task that is guaranteed to improve performance [24].

When the honeycomb material is replaced, the seal teeth will cut channels in the honeycomb over
the first approximately 10 cycles, whereby clearances and leakage flows tend to rapidly increase. Af­
terwards rubbing between the teeth and honeycomb only happens very occasionally and hence the
clearances stabilise. Seal run­in is expressed by an initial rapid degradation of EGTM before the rate
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of deterioration stabilises. That effect is often amplified by initial deterioration of other parts such as
newly applied thermal­coatings.

The official TC EGTM value should preferably be representative of the OW EGTM after seal run­in,
such that KLM and its clients can predict the expected time­on­wing. Therefore TC EGTM calculations
– already presented in Section 4.1 – use a different EGT limit for TC and OW operation to account
for initial losses and thermal effects. That difference is −15°C for CF6­80E1A3. The previous section
revealed that up to 10°C of that difference can be allocated to thermal effects. This subsection includes
a data­driven assessment of the impact of seal run­in.

6.3.2. Data analysis
The focus of this research on OW­related potential causes for ΔEGTMOW−TC among others stems
from the initial lack of data for analysis of thermal and seal run­in effects. Later in the research it was
discovered that official TC performance logs include a boolean seal run­in parameter that indicates if a
seal run­in phase was included in the performance acceptance test. The subsequent analysis is based
on the premise that this seal run­in parameter can be used to split the data into installations following
performance overhaul, including seal replacement, and less intensive maintenance, excluding seal
replacement.

Figure 6.9 once more provides the adjusted distribution of ΔEGTMow
OW−TC including the effect of the

customised corrections for the CF6­80E1, albeit split between installations with (left) and without (right)
replaced seals. A distinct difference between 𝜇(ΔEGTMow

OW−TC) is observed, with as expected lower
values for installations with replaced seals and hence seal run­in. The low number of CF6­80E1 instal­
lations without replaced seals follows from the fact that its maintenance is typically performance­driven.
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Figure 6.9: Comparison of distributions of updated OW­TC EGTM discrepancy from CF6­80E1
fleet, split between installations with (left) and without (right) seal replacement

The fleet­average effect of seal run­in on initial EGTM degradation is visualised in Figure 6.10 for both
the CF6­80E1 and CF6­80C2. Although the statistical value of the CF6­80E1 data is limited, the figure
suggests an average difference up to −6°C after 50 cycles whereof the majority can be attributed to
the first 10 cycles. Combined with the thermal effects between −7.5°C and −10°C from Section 6.2,
these values reconcile with the −15°C difference between OW and TC EGT limit to account for seal
run­in and thermal effects.

However, studying installation­specific seal run­in effects reveals their unpredictability. For exam­
ple, Figure 6.11 showsEGTMdegradation of 10 CF6­80E1 installations that did receive seal­replacement.
Furthermore the distribution of seal run­in effects for all CF6­80E1 installations is provided in Fig­
ure 6.12, where the distributed value is the difference between the cycle 11­20 average and cycle 1
EGTM.

To conclude, the average predicted contribution is−4.4°C, which reconciles with GE’s TC and OWEGT
limit adjustment if thermal effects are also considered. Based on the distribution in Figure 6.10 it is pre­
dicted that the contribution of seal run­in to the scatter of theOW­TCEGTMdifference (𝜎(ΔEGTMOW−TC))
is approximately 4.6°C. Therefore seal run­in is a main root cause for the OW­TC EGTM discrepancy.

For future research on seal run­in it is recommended to assess if the initial EGTM loss can be
predicted better by distinguishing different levels of performance overhaul workscopes. If sufficient
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Figure 6.10: Average post­overhaul EGTM degradation of complete CF6­80E1
and CF6­80C2 fleet split between with (left) and without (right) seal replacement

data can be collected, machine­learning could also be used to identify patterns between the seal run­in
effects and component or engine workscope­levels.
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Figure 6.11: Post­overhaul EGTM degradation of 10
example CF6­80E1 installations with replaced seals
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Figure 6.12: Distribution of installation­specific seal
run­in EGTM deterioration (cycle 11­20
w.r.t. cycle 1) from CF6­80E1 fleet

6.4. Remaining potential causes
Several of the potential causes for OW­TC EGTM differences mentioned in Section 3.3 have so far not
been accounted for, either because the related effects are assumed negligible or because a lack of
data. These causes are briefly addressed below.

Unsteady ambient conditions
Given that the OW TO performance snapshot is recorded between 40s and 60s after TO power is
selected, the ambient and inlet conditions are unsteady from the perspective of the engine due to air­
craft acceleration and climbing. In order to quantify the related effects on engine performance, several
N1­controlled transient and steady­state series simulations with the CF6­80C2 GSP model were per­
formed for different representative and extreme TO flight envelopes. This analysis is addressed more
elaborately in Appendix D.

With a maximum discrepancy between simulated transient and steady­state EGT of 0.1°C, it was
concluded that the transient ambient conditions have negligible impact on the EGTM. The rate­of­
change of the inlet conditions is concluded to be negligible compared to the transient reaction­time of
the turbofan.
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Inlet & flow distortion
Phenomena like inlet lip separation and atmospheric distortion can affect the effective inlet pressure
and contribute to the unsteady nature of OW operation. However, experimental and simulated studies
of flow distortion have concluded that the influence on gas path temperatures – and hence EGTM – is
negligible [38, 54].

Given the use of a bell­mouth inlet during performance testing, the OW inlet geometry is distinctly
different. GE accounts for the installation differences with the test­cowling adjustment (ΔEGTcowl). The
values of that adjustment cannot be validated based on the available data.

In Subsection 5.4.5 on condensation effects it was concluded that the capture ratio (A0/A1) is larger
than 1, which is a prerequisite for inlet lip separation and hence separation can affect inlet pressure
recovery (PT2/PT0). Since total temperature is theoretically unaffected [41], EGTM is theoretically also
unaffected. This is further substantiated by the lack of any correlation between aircraft Mach, PT2 and
EGTM in the data.

Sensors
Noise and bias of the EGT and N1 sensors are unlikely to contribute to ΔEGTMOW−TC because the
same sensors are used during TC and OW operation, furthermore drift will have negligible effect be­
cause the compared snapshots are only a maximum of 21 cycles apart. The specific characteristics of
KLM’s TC TT2­sensor are accounted for with the facility modifier for EGT (EGTFM).

However aircraft­to­aircraft variation of the TT0­sensors characteristics could affect OW EGTM
given that OW inlet temperature corrections are based on the aircraft’s TT0 measurements. Quan­
tifying the contribution hereof to ΔEGTMOW−TC is impossible with the currently available data. Given
that confidentiality issues make tracking down the required aircraft details a time­consuming process,
research on the aircraft TT0­sensors left as an recommendation.

In order to illustrate the considerable potential impact of aircraft­to­aircraft sensor differences con­
sider the following brief examples.

• If a CF6­80E1 takes off at 30°C with an actual 30°C EGT margin, than a −1°C TT0­sensor bias
will result in a −2.5°C shift of the reported EGTM based on the average customised temperature
correction exponent (XT) of 0.91. Therefore aircraft­to­aircraft and aircraft­to­TC sensors differences
can have notable impact on 𝜇(ΔEGTMOW−TC) and 𝜎(ΔEGTMOW−TC).

• Closer inspection of the correlation testing results in Figure 2.7 on page 2.7 reveals that the EGTK
difference between the indoor and outdoor facility maximises at approximately 10°C. Given that this
difference is expected to stem primarily from the TT2­sensor differences, it is demonstrate that the
TT2­sensor can have a considerable effect on the reported EGTM.

6.5. Discussion of results
At this point all of the potential causes for the OW­TC EGTM differences that were mentioned in Sec­
tion 3.3 have been addressed. Therefore the objective of this section is to do a side­by­side comparison
of the observed and predicted distribution of the OW­TC EGTM differences and conclude whether the
observed average value and variance can be accounted for.

This side­by­side comparison will be based on ΔEGTMow
OW−TC and ΔEGTMhybrid

OW−TC including the appli­
cation of the customised N1K­, AH­ and TT2­corrections from Section 5.5 and the adjustments for data
faults from Section 5.2. As a reminder, the definitions of these discrepancies are:

ΔEGTMow
OW−TC The difference between the cycle 11­20 average OW EGTM and the OW­method­based

TC EGTM. That OW­method­based TC EGTM is calculated by applying the customised
OW EGTM calculations on the official TC measurements.

ΔEGTMhybrid
OW−TC The difference between the cycle 11­20 average OWEGTM and the hybrid­method­based

TC EGTM. That hybrid­method­based TC EGTM is calculated by applying the customised
OW EGTM calculations with the addition of the facility modifier (EGTFM), cowling cor­
rection (ΔEGTcowl) and TC condensation correction (CEGT and CN1) on the official TC
measurements.
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The distributions of both discrepancy definitions for all CF6­80E1 installations are provided in Fig­
ures 6.13 and 6.14. The standard deviation, a measure of the unpredictability of the performance
discrepancy, is 6.3°C for both definitions. The average values are −29.4°C and −31.9°C.
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Figure 6.13: Distribution of adjusted OW­TC EGTM
discrepancy from CF6­80E1 fleet using the
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Figure 6.14: Distribution of adjusted OW­TC EGTM
discrepancy from CF6­80E1 fleet using the

hybrid­method­based TC EGTM

Concerning the predicted discrepancy, below a chronological recap is provided of the conclusions on
the contributions of all investigated potential causes including the actual predicted contribution where
applicable. Understandably those predicted values are merely indicators of the expected magnitude of
the impact on ΔEGTMOW−TC given that scattered nature of the underlying data and limitations of the
analysis methods and CF6­80C2 GSP model.

• TC condensation: As was discussed in Section 4.3, correcting for condensation is non­trivial given
the unpredictability. The impact of the official TC corrections on the official TC EGTM is distributed
with 𝜇 = 1.5°C and 𝜎 = 0.6°C. It is unknown if the used method accurately accounts for TC conden­
sation, but if the corrections are inaccurate it is expected that the resulting effects on ΔEGTMOW−TC
will be of the same magnitude.

• Facility modifier & cowling adjustment: The actual combined impact of EGTFM and ΔEGTcowl on
TC EGTM was studied in Section 4.4. Within the operating range spanned by the CF6­80E1 accep­
tance tests included in this research, that impact was revealed to be almost constant such the impact
on 𝜎(ΔEGTMOW−TC) in case on inaccuracies is negligible. Whether the corresponding magnitude
accurately captures the average difference between OW and indoor TC operation is unknown and
cannot be determined other than comparing indoor and outdoor test results for EGTFM or outdoor
and OW test results for ΔEGTcowl.

• Throttle setting, humidity and inlet temperature: The potential effects of N1K, AH and TT2 are
accounted for by application of the corresponding engine installation­specific customised OW EGTM
corrections as discussed in Section 5.6. Furthermore it was already concluded in Section 6.1 that
their combined contribution to the OW­TC discrepancy primarily resulted in a negative shift of the
ΔEGTMOW−TC distributions, while the scatter was mostly unaffected.

• On­wing inlet condensation: As was discussed in Subsection 5.4.5, inlet condensation will occa­
sionally affect OW snapshots if N1K, RH and condensing nuclei density are all high. Nevertheless
no systematic correlation between EGTM and RH was identified. Given the small potential impact of
condensation based on the TC condensation corrections, it was therefore concluded that OW inlet
condensation is not a main root cause for either 𝜇(ΔEGTMOW−TC) or 𝜎(ΔEGTMOW−TC).

• Non­gaseouswater ingestion: The physical affects of precipitation on EGTM are very complex and
unpredictable. It was however concluded in Subsection 5.4.4 that non­gaseous water ingestion has
negligible influence on the distribution of ΔEGTMOW−TC, because only 6.5% of the OW snapshots
is potentially affected by precipitation and no consistent correlation between EGTM of affected and
unaffected snapshots could be found.
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• Power off­take: It was revealed in Subsection 5.7.2 that in general the effects of PTO on EGTM
were implicitly accounted for by the customised installation­specific corrections due to the underlying
correlation of PTO to TT2 and N1K. Therefore PTO only affects cycle 11­20 OW EGTM if the corre­
sponding snapshots include unusual combinations of PTO, TT2 and N1K. Nevertheless contribution
to the ΔEGTMow

OW−TC values will insignificant given that maximum physical effect of PTO on EGTM
is in the order of 1°C.

• Customer bleed: The effects of customer bleed (WB) and Nacelle Anti­Ice (NAI) on ΔEGTMow
OW−TC

were predicted in Section 5.7 based on the installation­specific correlations between EGTMDEV,
WB and NAI in combination with the actual WB and NAI values for cycle 11­20. It is predicted
that 𝜇(ΔEGTMOW−TC) is shifted by +1.3°C by over­compensating WB­corrections, furthermore the
predicted impact on 𝜎(ΔEGTMOW−TC) is negligible. For NAI the contributions to 𝜇(ΔEGTMOW−TC)
and 𝜎(ΔEGTMOW−TC) are predicted to be −0.1°C and 0.2°C.

• Thermal effects: Section 6.2 addressed the effect of thermal stabilisation on the reported EGTM us­
ing continuous TC data. Given that only 2 continuous datasets were available, the statistical value of
the results is limited. Nevertheless, it was revealed that recording a performance snapshot after in­
stead of during thermal stabilisation results in a 7.5°C to 10.0°C increase of EGTM. Therefore it can at
least be concluded that thermal effects contribute to both 𝜇(ΔEGTMOW−TC) and 𝜎(ΔEGTMOW−TC).
Accurately predicting the impact to 𝜎(ΔEGTMOW−TC) specifically, requires insight in the average
thermal state of the engine during the OW cycle 11­20 snapshots. For the subsequent side­by­side
comparison a conservative 1.25°C contribution is assumed.

• Seal run­in: Alternative to all other potential causes, seal run­in and its impact on ΔEGTMOW−TC is
related to changes of the engine condition as was discussed in Section 6.3. The initial cycle 1­10
EGTM degradation due to seal run­in varies considerably from engine­to­engine, which is also ex­
pected to contribute considerably to 𝜎(ΔEGTMOW−TC) with a predicted impact of 4.6°C. The impact
of seal­run to 𝜇(ΔEGTMOW−TC) is predicted to be −4.4°C.

• Unsteady inlet conditions: The effect of unsteady inlet conditions, either caused by the changing
ambient conditions or inlet­related effects, were not extensively investigated within this research. As
is discussed in Section 6.4 their impact on OW­TC EGTM differences is assumed to be negligible
based on the literature research and several transient GSP simulations.

• Sensors: The impact of gas path sensors on ΔEGTMOW−TC is expected to be negligible since
the OW and TC snapshots are both recorded with those same sensors and only a maximum of 21
cycles apart. As was briefly illustrated in Section 6.4, the aircraft­to­aircraft differences in terms of
the ambient total temperature (TT0) sensor can potentially have considerable impact on OW EGTM
and therefore ΔEGTMOW−TC. Nevertheless the TT0­sensors were not investigated.

The combined discrepancy distribution based on the above mentioned individual predicted contri­
butions can be predicted by assuming normal distribution probability theory, where the sum of the
𝜇(ΔEGTMOW−TC) contributions and the root sum square (RSS) of the 𝜎(ΔEGTMOW−TC) contributions
represent the combined 𝜇 and 𝜎.

Following those calculations, the predicted ΔEGTMOW−TC distribution can be summarised by 𝜇 ≈
−12.0°C and 𝜎 ≈ 4.8°C. Given that most of the contributions are not perfectly normally distributed, the
results merely serve as an indicator for the predicted magnitudes.

Regarding the average, the primary contributors are clearly the thermal effects and seal run­in. The
predicted −12.0°C is almost consistent with the −15°C difference between the TC and OW EGT limit
that GE applies to account for those key contributors. However, the majority of the difference between
OW and TC EGTM is still unaccounted for given 𝜇(ΔEGTMhybrid

OW−TC) = −31.9°C.
By checking off all the potential causes that were proven to be insignificant or were already quan­

tified with reasonable accuracy, it can be concluded that the significant gap of approximately −19.9°C
must primarily be contributed to the combination of: 1) inaccurate facility modifier (EGTFM); 2) inac­
curate cowling adjustment (ΔEGTcowl); and 3) inaccurate aircraft TT0­measurements. Furthermore,
over­compensation by the TC condensation correction might also contribute slightly, but the maximum



6.5. Discussion of results 82

contribution thereof is 1.5°C.

Regarding the standard deviation, the primary contributor is clearly seal run­in. The observed stan­
dard deviation of ΔEGTMOW−TC is 6.3°C, therefore a considerable part of the observed scatter is not
accounted for given the predicted 4.8°C.

It is expected that aircraft­to­aircraft TT0­sensor differences potentially add considerably because
a 1°C TT0­sensor bias can shift the reported OW EGTM with several degrees. Furthermore, the con­
tribution of the thermal effects is expected to be larger than the assumed 1.25°C based solely on two
examples. Other causes that can decrease the gap between predicted and observed 𝜎(ΔEGTMOW−TC)
are inaccurate TC condensation corrections, occasional OW condensation effects and PTO.



7
Conclusion & Recommendations

This research stems from the discrepancy between on­wing (OW) and test­cell (OW) turbofan corrected
performance indicators observed at KLM Engine Services, despite the extensive corrections used to
account for operating conditions and OW­ and TC­related installation losses.

The corresponding research objectives are therefore: 1) to identify the root causes for the observed
OW­TC corrected performance discrepancy; and 2) to assess the feasibility of reducing OW­TC per­
formance differences by improving and extending the corresponding corrections.

The research is specifically focussed on the Exhaust Gas Temperature (EGT) and its corrected
margin (EGTM) of KLM’s GE CF6­80E1 turbofan fleet. The resulting research conclusions and the
recommendations for further research are addressed in the subsequent sections.

7.1. Conclusions
This conclusions section is structured into paragraphs, starting with the conclusions regarding the def­
inition of OW­TC EGTM discrepancy and the fleet­wide distribution of its values. Then the conclu­
sions on the individual potential causes are addressed followed with the comparison of the combined
predicted and observed discrepancy distribution. Lastly the conclusions concerning the feasibility of
reducing the OW­TC differences are discussed.

Observed on­wing to test­cell differences
The discrepancy is defined by OW EGTM with respect to TC EGTM, therefore negative values suggest
performance loss fromTC toOW. It was decided to base theOW­TCEGTMcomparison (ΔEGTMOW−TC)
on: 1) the cycle 11­20 average OW EGTM; and 2) an alternative TC EGTM where the official mea­
surements are corrected with the OW EGTM method. With that definition ΔEGTMOW−TC can be fully
attributed to physical or operational differences. Subsequently those differences can be individually
analysed and compared with the corresponding corrections included in the official TC EGTM calcula­
tions where applicable.

The original distribution of ΔEGTMOW−TC is characterised by a ­21.8°C average (𝜇(ΔEGTMOW−TC))
and 7.3°C standard deviation (𝜎(ΔEGTMOW−TC)). That distribution was also adjusted by the application
of customised engine­specific corrections that were developed as part of this research. The updated
discrepancy is characterised by 𝜇(ΔEGTMOW−TC) = ­29.4°C and 𝜎(ΔEGTMOW−TC) = 6.3°C.

Analysis of individual causes
Following a thorough literature research, a comprehensive list of potential causes for the discrepancy
was composed. Regarding the individual causes the following conclusions were drawn:

• Inlet & Flow distortion: Inlet pressure recovery and flow distortion do affect engine performance in
terms of thrust and compressor stability, nevertheless based on previous research in open literature
it is concluded that the impact on EGTM is negligible.

• Test­cell inlet condensation: The official TC EGTM calculations include a correction for the ad­
verse effects of condensation, which on average adjusts the TC EGTM by ­1.5°C. However, it is

83
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concluded that the correction probably occasionally compensates without actual condensation oc­
curring because condensation is unpredictable and prerequisites such as sufficient condensing
nuclei concentration are neither measured or used as input for the correction.

• Facility modifier (FM) & cowling adjustment (ΔEGTcowl): An empirical FM is used to account for
operational differences between indoor and outdoor testing. Subsequently performance is theoret­
ically corrected to equivalent OW performance with ΔEGTcowl. The accuracy of the magnitude of
the adjustments cannot be quantified, but it is concluded that their contribution to 𝜎(ΔEGTMOW−TC)
is case of inaccuracies is still insignificant.

• Throttle setting (N1K): The official OW EGTM calculations are unable to capture the deterioration­
induced engine­to­engine variation of the physical EGT­N1K relation, resulting in undesired, resid­
ual EGTM­N1K correlations and non­conservative values. Based on the customised engine­specific
corrections that were developed as part of this research, it is concluded that the impact on
𝜇(ΔEGTMOW−TC) was +6.5°C. Application of those custom corrections reduced the impact of N1K
on the updated 𝜇(ΔEGTMOW−TC) and 𝜎(ΔEGTMOW−TC) to negligible levels.

• Absolute humidity (AH) and inlet temperature (TT2): The official OW EGTM calculations non­
conservatively assume dry conditions because humidity is not measured during OW operation.
To bypass the missing AH data, airport weather data was successfully merged with OW data.
The observed correlation between EGTM and AH in the original data is engine­dependent and
considerably weaker than expected based on theory and simulations. It was concluded that the
effect of AH is masked by the correlated and opposite impact of inaccurate TT2­correcting due to
engine­to­engine variations.
By application of the proposed customised engine­specific corrections, which include AH­ and TT2­
related terms, the effects of AH and TT2 on the updated discrepancy distribution were eliminated. It
was also concluded that inaccurate TT2 and missing AH­corrections were responsible for a +6.0°C
shift of original 𝜇(ΔEGTMOW−TC).

• On­wing inlet condensation: It was concluded based on simulations that occasional OW inlet
condensation is probable, if the prerequisites of high power setting, high ambient relative humidity
and sufficient condensing nuclei density are met. Pinpointing the affected snapshots is impossi­
ble given the unpredictable nature and the minor impact if condensation occurs. Furthermore, no
consistent correlation between relative humidity and EGTM was found in the updated data.

• Non­gaseous water ingestion: It was concluded that non­gaseous water ingestion has negli­
gible influence on the distribution of ΔEGTMOW−TC, because only 6.5% of the OW snapshots is
potentially affected by precipitation and no consistent correlation between EGTM of affected and
unaffected snapshots could be found. The physical affects of precipitation on EGTM are further­
more very complex and unpredictable.

• Power off­take (PTO): The contribution of PTO to original ΔEGTMOW−TC is inconsistent due to in­
accurate N1K­ and TT2­corrections, but based on simulations in the order of ­1.5°C. The customised
corrections for N1K, AH and TT2 implicitly also account for PTO­related effects due to a correla­
tion between PTO, N1K and TT2. Therefore the impact of PTO on the updated ΔEGTMOW−TC
distribution is negligible.

• Customer bleed (WB): Both customer bleed (WB) and nacelle anti­ice (NAI) are theoretically cor­
rected for, nevertheless due to an over­compensating WB­correction and an under­compensating
NAI­correction the combined impact on 𝜇(ΔEGTMOW−TC) is +1.3°C. The contribution to the vari­
ance of ΔEGTMOW−TC is negligible.

• Thermal effects: An OW snapshot is recorded shortly after spooling­up while the TC snapshot
is recorded after full thermal stabilisation. Thermal stabilisation is accompanied by an increase of
EGTM due to decreasing clearances, which is amplified by the increasing effectiveness of turbine
Active Clearance Control. Based on limited continuous TC data, it was concluded that the lack of
thermal stabilisation during OW operation contributes to 𝜇(ΔEGTMOW−TC) with up to ­10°C and
to 𝜎(ΔEGTMOW−TC) with at least 1.25°C. Given the small dataset, the statistical value of these
numbers is limited.
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• Seal run­in: The effectiveness of new seals quickly deteriorates over the initial OW cycles, there­
fore in contrast to all other potential causes seal run­in effects result from a change of engine
condition instead of operational changes. Seal run­in results in a drop of EGTM during the initial
OW cycles which is unpredictable and engine­specific. It was concluded that the contribution of
seal run­in to 𝜇(ΔEGTMOW−TC) is ­4.4°C and to 𝜎(ΔEGTMOW−TC) is 4.6°C. Therefore seal run­in
is without a doubt a main root cause for the performance differences between OW and TC.

• Sensors: Both OW and TC snapshots are measured with the engine’s dedicated sensors, there­
fore bias, noise or drift of those sensors will not contribute to ΔEGTMOW−TC. The exception is the
inlet temperature (TT2) sensor. The specific characteristics of the TC TT2­sensor are accounted for
by the facility modifier. On­wing TT2­correction is based on sensors at the nose of the aircraft such
that bias and drift of those sensors affect OW EGTM and 𝜇(ΔEGTMOW−TC). Aircraft­to­aircraft dif­
ferences of those sensors will also contribute to 𝜎(ΔEGTMOW−TC). Although the exact contribution
was not quantified, a 1°C TT2­sensor bias changes the reported EGTM with 2.5°C.

Comparison of observed and predicted on­wing to test­cell differences
Given the conclusions on the impact of the individual causes on 𝜇(ΔEGTMOW−TC) and 𝜎(ΔEGTMOW−TC),
the combined predicted ΔEGTMOW−TC distribution was derived on the basis of normal distribution prob­
ability theory and compared with the observed values. Since most contributions are not perfectly nor­
mally distributed, the resulting values are only indicative.

• The predicted 𝜇(ΔEGTMOW−TC) is ­12.0°C, where thermal effects and seal run­in are concluded to
be the primary contributors. That magnitude was found to reconcile with the official TC adjustment of
−15°C that should account for EGTM losses related to seal run­in and lack of thermal stabilisation.
Nevertheless, given that the observed 𝜇(ΔEGTMOW−TC) is ­29.4°C it is concluded that much of the
average difference is unaccounted for. By including the official effect of facility modifiers, cowling
adjustment and TC condensation correction, 𝜇(ΔEGTMOW−TC) is even shifted to ­31.9°C. It is ex­
pected that the aircraft TT2­sensors, facility modifier and cowling adjustment are responsible for the
remaining unexplained gap.

• The predicted and observed 𝜎(ΔEGTMOW−TC) are 4.8°C and 6.3°C, with seal run­in as most sig­
nificant contributor. It is first of all expected that the aircraft­to­aircraft TT2­sensor bias differences
will contribute to 𝜎(ΔEGTMOW−TC), which is not included in the current prediction. Also the contri­
bution of thermal effects on 𝜎(ΔEGTMOW−TC) is expected to be larger than is currently accounted
for. Lastly, it is not ruled out that some of the OW­related causes that were deemed insignificant,
occasionally have measurable impact on the cycle 11­20 average EGTM.

Reducing on­wing to test­cell differences
The current official OW EGTM calculations are generic and do not take into account engine­to­engine
variations stemming from deterioration and maintenance differences. It was concluded that the in­
herent inability of generic corrections to capture engine­specific aero­thermodynamic trends results in
undesired residual correlations between EGTM and the parameters it is corrected for.

Towards achieving the second objective – assessing the feasibility to reduce OW­TC EGTM dif­
ferences by improving corrections – a part of the research was dedicated to improving OW EGTM
calculations. The resulting method is based on the addition of an absolute humidity (AH) correction
and data­driven, engine­specific optimisation of throttle (N1K) and temperature (TT2) corrections. The
corresponding conclusions are:

• Merging airport weather data with OW TO snapshots is an effective method to circumvent the
missing OW absolute humidity sensor. Inaccuracies stemming from the assumptions that absolute
humidity (AH) is constant between weather reports and unaffected by the minor altitude differences
were concluded to be insignificant.

• Engine­specific aero­thermodynamic behaviour changes during an installation period due to de­
terioration and OW maintenance, nevertheless it was concluded that shapes of the underlying
physical relations is largely preserved. Therefore assuming constant customised corrections per
installation period already produced significant EGTM scatter reductions. The final optimisation
was performed based on the initial 500 cycles per engine installation. More advanced methods
such as cycle­specific corrections were identified, but left for future research.
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• It was revealed that the majority of optimised EGT­N1K relations for the N1K correction reconcile
with expectations. For some specific installation periods a questionable decrease of the EGT­N1K
gradient was observed at high N1K, which was concluded to originate from the snapshots with high
N1K and PTO

• The fleet­average optimised humidity correction gradient reconciles with TC EGTM calculations
and simulations, but the width of its distribution is beyond the expectations. The increased scatter
probably stems from mutual smearing of AH­ and TT2­related effects on EGTM because TT2 and
AH are strongly correlated.

• The application of the customised corrections achieved a significant 28.8% reduction of OW EGTM
standard deviation, with individual installation period results up to 58.6%. That reduction is ac­
companied by an average decrease of OW EGTM of 11.1°C, explained by the non­conservative
inaccurate and missing original corrections. It can be concluded that the customised corrections
successfully eliminated EGTM correlations to N1K, AH and TT2.

• The updated OW­TC EGTM discrepancy distribution was shifted by ­8.0°C, but its standard devi­
ation was only reduced by 10%. It is concluded that the proposed customised corrections slightly
improve OW­TC EGTM comparability. Hence N1K, AH and TT2 are not main root causes for the
variance of ΔEGTMOW−TC.

• The identified root causes for 𝜎(ΔEGTMOW−TC) – seal run­in, thermal effects and aircraft sensor
bias – are unpredictable given the currently available data. Therefore no corresponding correc­
tions can be composed and further reduction of 𝜎(ΔEGTMOW−TC) for improved OW­TC EGTM
comparability is concluded to be currently infeasible.

• Closing the gap between predicted and observed 𝜇(ΔEGTMOW−TC) is feasible, but requires further
investigation of the expected contributors to that gap such as the facility modifier, cowling adjust­
ment and aircraft TT2­sensors.

7.2. Recommendations
Similar to the conclusions, the recommendations are split into paragraphs, first the recommendations
concerning the research to identify the root causes for the OW­TC EGTM discrepancy are discussed.
Afterwards the recommendations regarding the improvements made to the OW EGTM calculations are
addressed.

Identification of causes for on­wing to test­cell differences

• CF6­80C2 GSP model: The CF6­80C2 GSP model was used extensively to support the analysis
of individual causes. At the same time several limitations of the model itself were identified. The
corresponding recommendations are:

– To check the validity of the constant conditions assumption and if needed re­tune the maps with
data from an engine and time period with negligible deterioration.

– To check if the model was tuned with shunted or unshunted EGT values and if needed re­tune
with unshunted, physical EGT values

– To consider replacing the model design point with a CF6­80CB1F instead of CF6­80C2A5 per­
formance test snapshot

– To consider tuning of engine­specific models, given it was concluded earlier that engine­to­
engine variations are significant

– To include speed line relocating and speed line morphing in the tuning process
– To identify the origin of the significant over­estimation of customer bleed effects

• Test­cell inlet condensation: Given the unpredictable nature of the condensation phenomena,
current TC condensation corrections are expected to occasionally adjust EGTM non­conservatively.
Therefore it is recommended to perform additional research to assess the accuracy of the TC con­
densation corrections and their impact on ΔEGTMOW−TC. For example, side­by­side comparison



7.2. Recommendations 87

of continuous engine data with corresponding video­material of the inlet condensation could help
identify relations or signatures.

• Facility modifier (FM): Although it was established that potential FM inaccuracies will not con­
tribute to 𝜎(ΔEGTMOW−TC), they are expected to contribute significantly to 𝜇(ΔEGTMOW−TC). In
order to assess the accuracy it is recommended to do additional research. Some proposed steps
are in­depth TC trending analysis and quantification of the cumulative effect of back­to­back testing.
A full re­correlation of KLM’s test­cell can eliminate inaccurate FM altogether.

• On­wing inlet condensation: Accurate corrections are concluded to be infeasible, nevertheless
some recommendations to improve assessment of its impact are made. For better statistical analy­
sis of condensation effects, it is recommended to extend the method used for merging weather data
with engine data. It is also recommended to assess if the discrepancy between the aircraft’s TT2
measurement and nacelle’s TT12 measurement could be used to identify if a snapshot is affected
by condensation.

• Thermal effects: The effects of the thermal state of the engine were identified as amain contributor
to 𝜇(ΔEGTMOW−TC) and 𝜎(ΔEGTMOW−TC) based on the limited available continuous TC data. It
is therefore recommended to improve the statistical value of the results by extending the number
of datasets. Furthermore the introduction of Continuous Engine Operating Data (CEOD) from OW
operation with the latest engine types opens up a lot of possibilities to assess and eliminate thermal
effects.

• Seal run­in: Within the scope of this research, seal run­in was briefly studied and identified as an
unpredictable contributor to 𝜇(ΔEGTMOW−TC) and 𝜎(ΔEGTMOW−TC). It is recommended to assess
if the initial EGTM loss can be predicted better by distinguishing different levels of performance
overhaul workscopes. If sufficient data can be collected, machine­learning could also be used to
identify patterns between the seal run­in effects and component or engine workscope­levels.

• Sensors: No efforts were put on investigation of the characteristics of the aircraft’s temperature
sensors used for the TT2­correction, primarily because confidentiality issues make tracking down
the required details a time­consuming process. Given that the effects of aircraft TT2­sensor bias
are expected to contribute to both 𝜇(ΔEGTMOW−TC) and 𝜎(ΔEGTMOW−TC), it is evidently recom­
mended to assess the precise characteristics of the applicable sensors.

Improved on­wing corrections for EGT margin

• EGTMdeviation: EGTMDEV is defined as the deviation of the current EGTM value to the expected
EGTM value, hence eliminating the time­variant effects of deterioration and OW maintenance. It
was used extensively during the research to quantify correlations and its standard deviation was
used as objective function for the data­driven optimisation of the engine­specific customised cor­
rections. Within this research the expected EGTM value is defined as the 21­cycle, centred Simple
Moving Average (SMA). It is recommended to consider more complex definitions such as weighted
moving average, exponential moving average or Kalman­filtering.

• Temperature correction: Similar to the official OW EGTM calculations, the customised TT2­
corrections are based on a single correction exponent (XT) over the complete operating range.
It recommended to assess if a N1K­dependent XT, for instance using a polynomial, can improve
the quality of the correction without over­fitting.

• Humidity correction: Given the risk of smearing physically TT2­related effects onto the custom
AH­correction, it is recommended to test the alternative where a single, generic AH­correction gra­
dient is optimised simultaneously with the engine­specific N1K­ and TT2­corrections in a multi­level
optimisation. Although AH­related effects were proven to dependent slightly on engine­condition,
it was concluded that the current results include a questionably wide distribution of optimised AH­
correction gradients.

• Safety factor: The customised corrections were developed as an improvement and extension of
current official OW EGTM calculations. Those calculations include two terms with unknown phys­
ical meaning that are expected to serve as safety factors, among others because assuming dry
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conditions is fundamentally non­conservative. It is recommended to assess the possibility of drop­
ping those terms from the customised corrections because a safety factor is no longer applicable.

• Extensions: Although the resulting OW EGTM scatter reduction is already significant, the current
effort to improve OW EGTM calculations primarily serves as a proof of concept for the potential of
engine­specific corrections for on­wing performance monitoring. Therefore it is recommended to
extend the scope of the customised corrections by including parameters such as customer bleed
flow and power off­take. Not only will OWEGTM scatter be further reduced, the underlying relations
will also represent the physical relations more accurately by eliminating the risk of mutual smearing
of effects.

• Adaptive corrections: If the custom corrections were to be used for engine condition monitoring
– where the accuracy of the most recent reported EGTM value is critical –, it is recommended to
develop adaptive custom corrections. By re­evaluating the underlying relations for each new cycle
based on a fixed number of previous cycles, the physical significance of the current reported EGTM
value is maximised.
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A
Test­cell calculations for corrected thrust

(FNK)
Demonstrating that sufficient corrected thrust (FNK) is delivered by the engine is the primary objective
of performance acceptance testing. Furthermore the delivered thrust margin (FNM), which is the differ­
ence between measured FNK and the minimum rated thrust (FNKrated), is used to determine the fan
speed modifier (N1MOD) that the engine will be installed with.

That N1MOD slightly lowers the physical fan speed (N1) for a given indicated fan speed (N1i) such
differential thrust between engines is eliminated. Given that effective the rated fan speed (N1K) is
adjusted, a non­zero N1MOD level is accompanied by an EGTM adjustment as well. Given that the
N1MOD level is constant over a full install period and applies to the both OW and TC EGTM, it does
not contribute to OW­TC EGTM differences.

Nevertheless, for the interested reader this appendix addresses the official TC FNK calculations in
similar fashion as Section 4.1 on the official EGTK, EGTM and N1Kc calculations.

Similarly to the definitions of N1Kc and N1K from Subsection 4.1.3, there is the option to distinguish
the fully and basic corrected thrust. Since there is no use for the basic corrected thrust, only the fully
corrected thrust is addressed and referred to as FNK. The definition for FNK is provided in Equation A.1.

FNK = FNnet ⋅ (
1

𝛿2,SD
) ⋅HFN ⋅ FNFM+ ΔFNcowl + ΔFNΔN1K (A.1)

Where:

FNnet The net measured thrust, which is defined as the net force exerted by the engine along its
own centreline. Thrust load cell calibration defines the numeric conversion of the strain
gauge measurements to FNnet [37].

HFN The Absolute Humidity (AH) correction factor, defined as a function of AH by linearly inter­
polating HFN for the measured AH in the AH correction factor table. Since that humidity
decreases thrust, the correction to dry conditions increases FNK (i.e. HFN > 1 if AH >
0). Thrust is not corrected for condensation effects because it is not affected by effective
TT2. As is mentioned and substantiated in Section 4.2, it is concluded that the effects of
AH on FNK are primarily accounted for via the FNK throttle push correction (ΔFNKΔN1K).
The contribution of HFN is negligible compared to the AH­related additional ΔFNKΔN1K.

FNFM The thrust facility modifier, defined as a polynomial function of FNK excluding the contri­
bution of FNFM, ΔFNcowl and ΔFNΔN1K. The coefficients of the polynomial function are
determined empirically similarly as discussed for EGTFM in Subsection 4.1.1. Theoret­
ically FNFM should always be larger than one because it corrects for the indoor testing
related drag forces, which is confirmed by all correlation reports at KLM ES.
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ΔFNcowl The test cowling adjustment, defined as a function of N1Kc by linearly interpolating
ΔFNcowl for the actual N1Kc in the test cowling correction factor table. Where FNFM
corrects for facility­specific effects to enable comparability between indoor and outdoor
testing, the test cowling correction corrects for test cowling effects to enable comparison
with OW operation. The magnitude of ΔFNcowl increases with N1Kc.

ΔFNΔN1K The throttle push adjustment, defined as a function of ΔN1K by linearly interpolating values
at the actual N1Kc and N1Krated in the throttle push correction table and determining the
difference. The throttle push correction principle is already discussed in Subsection 4.1.1
for ΔEGTΔN1K. Intuitively FNK increases with N1Kc, therefore if N1Kc < N1Krated then
ΔFNΔN1K > 0 and vice versa.



B
Reverse­engineering of on­wing EGT

margin calculations
The correction equations and tables for OW EGTM calculations are considered confidential by GE and
therefore not disclosed to their clients. Therefore considerable efforts were made to reverse­engineer
the unknown equations and tables based on the data.

This appendix first of all discusses the overall methodology and subsequently provides an accessi­
ble example to visualise the method.

Methodology
The reverse­engineering problem is equivalent to curve fitting and can be formulated as an error min­
imisation problem. The Root Mean Square Error (RMSE) was chosen to serve as the minimisation
objective function, defined according to Equation B.1 where 𝑁data equals the number of data points,
and EGTMRE and EGTMofficial are the reverse­engineered and official EGTM.

RMSE = √
𝑁data
∑
1

(EGTMRE,𝑖 − EGTMofficial,𝑖)
2

𝑁data
(B.1)

Given that the to­be determined EGTM calculations are deterministic, perfect fit (RMSE = 0) is the­
oretically possible if the mathematical formulation of the fitting function is compatible with the actual
EGTM equations. The chosen formulations of EGTK, EGTKHD and EGTM were all based on the TC
EGTM calculations covered in Section 4.1 of the main report, although all humidity­related terms were
discarded for the absence of corresponding measurements.

The initial curve­fitting results indicated residual correlations between the error and parameters like
the status of anti­ice bleed systems. Therefore the mathematical formulation of the EGTM equations
and the related empirical correction tables were iteratively adjusted to eliminate error correlations and
hence improve the overall fitting quality.

The next section shows the tuning process of the throttle push (EGT­N1K) correction table for OW
EGTM as an example. As is shown in Subsection 5.1.2 in main report, the final formulation also in­
cludes a constant correction factor and adjustment that were needed to achieve RMSE ≈ 0, but are
unexplained from a physical perspective.
The actual minimisation problem was programmed in Python and solved with a gradient­based SLSQP
algorithm from the optimisation library from the SciPy­package(1). The scale of the problem is demon­
strated by the length of the design vector, which exceeds 40 variables for the CF6­80E1 including
adjustments for various bleed systems, the temperature correction exponent (XT) and an array of EGT
values for the throttle push correction table.

The final results converged to RMSE values in the order of 1 × 10−5 and are can therefore be con­
sidered the mathematical equivalent of the unknown official calculations. It is not guaranteed that the
(1)URL: https://docs.scipy.org/doc/scipy/reference/generated/scipy.optimize.minimize.html
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GE’s official EGTM calculations have the exact same formulation. Some adjustments can be applied
either in the EGKT, EGTKHD or EGTM equation, which results in slightly different values in the under­
lying tables, among others due to application of the SF on EGTKHD and EGTM.

Example: throttle push correction table
The throttle push correction is used to adjust the measured EGT from actual to rated N1K (N1Krated).
The throttle push correction is based on tabulated combinations of N1K and EGT. The adjustment
(ΔEGTΔN1K) is derived by evaluating EGT at the rated and observed N1K using linear interpolation on
the table and subsequently adding the difference to EGTK. That difference represents how much the
engine is expected to heat up if it were accelerated to exactly N1Krated.

Focussing on reverse­engineering the throttle push corrections, the variables were: 1) the N1K values
in the table; and 2) the corresponding EGT values in the table. The former were iteratively adjusted,
while the latter are part of the design vector passed to the SLSQP algorithm. Since the absolute EGT
values could not be reverse­engineered, it was decided to tabulate the adjustment ΔEGTΔN1K itself
directly with respect to N1K. An equality constraint was used to assure a zero adjustment at N1Krated.

Table B.1 shows the final results in terms of the N1K and optimised adjustment values in the reverse­
engineered throttle push table for CF6­80C2 (with N1Krated = 103.3%). Intuitively, ΔEGTΔN1K is positive
if N1K < N1Krated and vice versa.

In order to demonstrate the iterative process of tuning the formulation of the EGTM calculation equations
and tables based on previous interim results, Table B.1 also includes a column with the optimised
ΔEGTΔN1K values from interim results where the table formulation was incomplete because the row
with N1K = 102% was still missing. Because the official ΔEGTΔN1K­N1K relation is slightly non­linear,
the missing row makes it impossible to exactly reproduce the official calculations and the resulting
RMSE is in the order of 1 × 103 higher.

Figure B.1 demonstrates how the fact that N1K = 102%was not yet included in the reverse­engineered
throttle push table was recognised. By plotting the errors for the interim results with respect to N1K, it
is observed that the errors are correlated to N1K. Furthermore the relation between the residual errors
and N1K behaves as a linear­spline – because the throttle push table is based on linear interpolation –
with tipping points at the even N1K percentages. The only missing even N1K percentage in the interim
table formulation is 102%, therefore it was concluded that it should be included as well.

Table B.1: Reverse­engineered
throttle push table for CF6­80C2

N1K [%] ΔEGTΔN1K [°C]
Final Interim

92 116.96 116.99
94 92.08 92.12
96 69.73 69.77
98 49.35 49.40
100 30.34 30.35
102 12.13 –
104 ­5.84 ­5.89
106 ­24.17 ­24.11
108 ­43.42 ­43.39
110 ­64.17 ­64.13

RMSE 2.5e­5 2.2e­2
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Figure B.1: Effect of incorrect throttle push table formulation – with N1K =
102% missing – on fitting error w.r.t. N1K for CF6­80C2



C
Simulated deteriorated cases

This appendix addresses the simulated deterioration cases that were used in Chapter 5 of the main
report. The exact definitions of all cases are provided in Table C.1.

Table C.1: Simulated deterioration case definitions used in Chapter 5

Case Fan core &
boosterc HPC HPT LPT

Δ𝜂is Δ𝑚̇𝑐 Δ𝜂is Δ𝑚̇𝑐 Δ𝜂is Δ𝑚̇𝑐 Δ𝜂is Δ𝑚̇𝑐
Baseline 0% 0% 0% 0% 0% 0% 0% 0%

Manual Δ𝜂is > 0 1% 0% 2% 0% 2% 0% 2% 0%
Manual Δ𝜂is < 0 ­1% 0% ­2% 0% ­2% 0% ­2% 0%

Random 1 ­1% ­2% 0% 0% 1% ­2% ­2% ­4%
Random 2 ­1% ­2% ­3% ­6% ­3% ­6% 1% 2%
Random 3 ­1% ­2% 1% 2% ­2% 4% 1% ­2%
Random 4 ­1% ­2% ­1% ­2% 1% 2% 1% ­2%
Random 5 ­2% ­4% 2% 4% ­1% 2% ­2% ­4%
Random 6 1% 2% ­3% ­6% 2% 4% ­2% ­4%
Random 7 1% 2% 2% 4% ­2% ­4% ­3% 6%
Random 8 ­1% ­2% ­3% ­6% ­3% ­6% 0% 0%
Random 9 0% 0% ­2% ­4% ­3% 6% 0% 0%
Random 10 ­1% ­2% ­2% ­4% ­2% ­4% 1% ­2%

The two noteworthy categories are:

• Random cases: 10 random cases were randomly generated in order demonstrate the effect of
engine­to­engine variation on physical relations. The range and logic used for the component­level
deterioration levels were based on previous research [2, 19].

• Manual cases: 2 manual cases were chosen by the author with either only positive or negative Δ𝜂is.
These cases were used to isolate the effect overall thermodynamic efficiency on physical relations
by representing a consistently good or bad engine.

Although the range of assigned deterioration levels was based on previous research, it is not guaran­
teed that all engine­level combinations of deteriorated components are representative. For example,
some cases might include a good compressor and bad turbine in terms of thermodynamic efficiency.
The objective of the cases is primarily to demonstrate if and not how much physical relations depend
on engine condition.
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D
Unsteady inlet conditions

This appendix addresses a simulated study on the effects of unsteady inlet conditions due to aircraft
acceleration and climbing. Given that the concluded impact of these effects is understandably negli­
gible, the analysis was omitted to an appendix. The objective of the analysis described below was to
proof that the effects of the changing ambient conditions is negligible.

First representative TO flight paths need to be defined, by specifying combinations of timestamp, al­
titude and Mach number values. In the left of Figure D.1 a scatter­plot of radar altitude (ℎradar) with
respect to Mach number (M0) for Schiphol Airport snapshots is provided. Note that ℎradar is not in­
cluded in the data and was calculated using the reported pressure altitude (ℎISA) and METAR altimeter
setting.

Concerning the CF6­80C2 data there is a clear distinction between snapshots taken during the
ground and after lift­off, despite the common believe that all snapshots are taken after lift­off. A typical
rotation speed (V𝑟) for a Boeing 747­400 is 160 kts, or M0 = 0.24 in ISA conditions, which is in agree­
ment with the data. The steep ℎradar­M0 gradient for the snapshots with M0 > 0.25 can be explained by
the common practice to initially climb at constant indicated airspeed (IAS) and hence almost constant
Mach number. A typical speed for the initial climb (V2) of a 747­400 is 180 kts, which corresponds to
M0 = 0.28 in ISA conditions.

The CF6­80E1 data consist of a single cluster with narrower Mach number range. Clearly the A330
is able to lift­off at lower Mach numbers, which might also be contributed to the triangular flights the
A330 is used for. A triangular flight, such as Amsterdam­Cartagena­Bogota­Amsterdam, often includes
a short flight leg with a low TakeOff Weight (TOW) and therefore low takeoff speed, short ground run
and steep initial ascend.
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Figure D.1: Scatter­plot of ℎradar­M0 relation for OW snapshots (left) and
schematic visualisation of flight path definitions for transient analysis (right)

Based on the above analysis three to­be simulated flight paths were defined, which are visualised
in the right of Figure D.1.
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• B747: The baseline case, which should represent a typical 747­400 takeoff, consist of a 40s ground
run towards M0 = 0.26, followed by an initial climb of 30s at a relatively high Rate Of Climb (ROC)
of 4000 ft/min towards ℎradar = 610 m (2000 ft) at M0 = 0.3.

• Steep climb: The first alternative represents a takeoff with very low TOW and an exceptionally high
ROC of 10,000 ft/min, hence the aircraft accelerates to M0 = 0.26 in 20s and subsequently climbs
towards 1524 m (5000 ft) at M0 = 0.3 in just 30s.

• High acceleration: The second alternative also represents a low TOW takeoff, followed with ex­
ceptional high acceleration. There is a 20s ground run with lift­off at M0 = 0.26, followed with a 30s
acceleration to M0 = 0.6 at 610 m (2000 ft).

Given the three takeoff flight path cases, their definitions were used for three transient analysis in GSP
with the baseline CF6­80C2 model. Other inputs included an ISA atmosphere – both its sea­level
conditions as well as its variation of pressure and temperature during climbing – and a constant 100%
N1.

The variation of simulated EGT for all three cases is provided in the left of Figure D.2. During the
initial ground run EGT increases due to the increasing total inlet temperature (TT2). After lift­off EGT is
also affected by the decreasing static ambient temperature (TS0). Regarding the representative B747
case, the effects of climbing and acceleration almost cancel each other. For the high acceleration case
the growing ram effect outweighs the TS0 decrease and vice versa for the steep climb case.
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Figure D.2: Simulated transient time­dependent variation of EGT (left) and ΔEGTtransient (right), defined w.r.t. the
steady­state EGT at equivalent operating conditions, for the TO flight paths defined in Figure D.1

.

In order to actually quantify the potential EGTM error induced by the transient conditions, an additional
steady­state series simulation was performed for each flight path. These runs were programmed to
simulate the engine performance for the exact same range of operating conditions as the transient
analysis. Comparison of the steady­state series and transient results subsequently reveals the magni­
tude of the errors arising by assuming the snapshot to be taken in steady­state.

The results of that analysis are provided in the right of Figure D.2, where ΔEGTtransient is defined as
the difference between the transient and steady­state EGT at each Mach and time combination. The
first and foremost conclusion to be drawn from the plot is that the effects are negligibly small compared
to the known OW EGTM scatter. Therefore, the unsteady operating conditions in terms of the aircraft
climbing and acceleration are not a cause for the OW­TC EGTM discrepancy.

Physically the rate of change of the operating conditions is insignificant compared to the dynamic
response time constant of the turbofan engine. The was also backed by inspection of the HPC and
LPC performance map, where it was found that the transient and steady­state analysis operating points
almost coincide. The latter means that the isentropic efficiency of those components and the engine
as a whole is also the same.

The small variation of ΔEGTtransient can be attributed to the fact that the transient engine slightly
lags the changing operating conditions because it cannot react instantaneously.
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