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2. Prüfer: Prof. Dr.-Ing. Christoph Großmann

Industrielle Betreuung: Chris Andreopoulos



Erklärung III

Erklärung

Ich versichere, dass ich diese Bachelor-Thesis ohne fremde Hilfe selbstständig verfasst und
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aus anderen Werken entnommene Stellen sind unter Angabe der Quelle kenntlich gemacht.

Melbourne, 23. August 2011
Sebastian Krause

III



Abstract IV

Abstract

The exhaust gas temperature (EGT) of civil jet engines is a major parameter to mon-

itor and ensure safe engine operation and longer lifetime. Therefore EGT is limited to

avoid damage to engine components. The difference between actual measured EGT and

the defined limit is called EGT margin.

Since the end of 2008 General Electric CF6-80C2 jet engines which have been overhauled

at LTQ Engineering achieve low EGT margin without recognising any reasons. Therefore

engines overhauled before and after that date are compared in order to identify differences

in performance. By analysing data of an engine performance estimation software and re-

corded data at the test cell as thrust specific fuel consumption, rotor speeds, thrust, fuel

flow and pressure ratios, the problem is narrowed down to the fan and low pressure turbine.

After isolating the problem, the blade tip to shroud clearance and the quantity of repair

procedures of the fan module are analysed to order to detect any differences and possible

reasons for low EGT margin. Both do not reveal any relationship to low EGT margin.

Finally recommendations are given at which engine stations additional test cell instrument-

ation should be implemented for subsequent test runs. The aim is to gain better knowledge

of the performance of fan and low pressure turbine module. Therefore additional probes

should be integrated in the secondary airflow behind the fan and in the exhaust nozzle

behind the turbine. Hence a modification of the exhaust nozzle is necessary as no ports are

available.
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1 Introduction

The performance of jet engines is judged by several parameters. Most important is the

generation of thrust in order to provide sufficient propulsion for the aircraft. Therefore

engine parameters such as rotor speeds, fuel consumption and pressure and temperature

across the engine are monitored in order to ensure safe engine operation. One of the most

critical parameters is the exhaust gas temperature (EGT) and its margin to a certain limit.

During normal operation, engine performance deteriorates which leads to an increase in

EGT. The exposure of engine hardware, in particular of the high pressure turbine, to high

gas temperatures leads to damage of components until they have to be overhauled.

This investigation focuses on the decrease of EGT margin in the General Electric CF6-

80C2 jet engine which is shown in figure 1.1. The problem of low EGT margin arises after

Figure 1.1: General Electric CF6-80C2 [GE10]

full overhaul events in which the complete engine is disassembled, inspected, repaired if

applicable and finally assembled and tested. Normally performance is restored and engines

which have undergone such procedure should show high EGT margin.

With the change of overhaul vendor at the end of year 2008, engines no longer achieved

desired EGT margin. Therefore this investigation alludes to pre-vendor engines with high

EGT margin and post-vendor engines with low EGT margin. A previous investigation

could not reveal any reasons; therefore it is necessary to extend the sample of engines and

to take additional parameters into consideration in order to identify differences in engine

performance and repair procedures of pre- and post-vendor engines.

LTQ Engineering is a joint venture of the Australian airline ’Qantas Airways’ and the German

maintenance, repair and overhaul company ’Lufthansa Technik’. Located in Melbourne,

Australia, LTQ Engineering employs 200 people and provides overhaul services for CFM56

and CF6 jet engines.
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2 Theoretical background

The complex configuration and functionality of a jet engine with its many components leads

to many possible reasons for low EGT margin. Due to the available data and the complexity

of the topic it is not possible to take every reason into account. Therefore, this literature

review focuses on the key aspects of engine performance, explains the main parameters to

assess performance and gives an understanding of overhaul and test procedures.

2.1 General Electric CF6-80C2

The General Electric (GE) CF6-80C2 jet engine is a dual-rotor turbofan powerplant with a

high bypass ratio. It is designed for subsonic commercial airline service [GE90]. Introduced

in October 1985, the CF6-80C2 is certified on 11 widebody aircrafts, including the Boeing

747 and 767, the McDonnell Douglas MD-11 and the Airbus A310 [GEA11]. Figure 2.1

shows the cross section of the engine with its major modules.

Figure 2.1: Cross section of the General Electric CF6-80C2 [GE02]

The dual-rotor engine has a low pressure rotor (N1 rotor) and a high pressure rotor (N2

rotor). The need for the dual-rotor configuration is based on the high compressor pressure

ratio (CPR) and on the limitation of fan speed. To achieve the required pressure, a high

rotation speed of the high pressure compressor (HPC) is necessary. At the same time, the

fan speed is limited due to aerodynamics, strength and noise and requires a low rotation
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speed [BRÄ09]. Optimum design fan speed would be too slow for the HPC to compress

enough air. Therefore the fan, the low pressure compressor (LPC, also called booster) and

the low pressure turbine (LPT) rotate with a low speed on the N1 rotor. The N2 rotor

is located between the fan and the LPT and consists of the HPC and the high pressure

turbine (HPT). The combustion chamber is arranged between HPC and HPT [GE90]. In

the further course of this investigation, engine data will be compared and it is important

to know where this data is measured. Figure 2.2 shows the designation of the airflow

stations of the CF6-80C2 according to GE. It has to be mentioned that only some of these

parameters are recorded in a test run (refer to section 2.7 for further information). The

numbers 11 to 19 represent stations of the secondary airflow, which is fan air exhausting

through the fan nozzle. All other numbers belong to the primary airflow through the gas

generator sections [GE90]. The ratio of secondary airflow and primary airflow is called

bypass ratio and is the major parameter to increase the mass flow and consequently the

thrust [SRCS09].

67 

 

 

Figure 6.1 – CF6 airflow station designation. 

(Source: General Electric 2002) 

 

Figure 6.2 – Parametric analysis of performance data, example 1. 

(Source: General Electric 2002) 

Figure 2.2: Airflow station designation [GE02]

This investigation focuses on the CF6-80C2B6 jet engine. ’CF’ is an abbreviation for

’commercial fan’, ’6’ stands for the original bypass ratio. ’80’ represents the time when it

entered service, here the 1980s. It belongs to the engine series ’C’, which defined the thrust

rating and ’2’ represents the version within the engine series. The supplement ’B’ reveals

that the engine is used on a Boeing aircraft and ’6’ stands for the modification level.
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2.2 Exhaust gas temperature

The exhaust gas temperature (EGT) is a key engine parameter used to monitor and ana-

lyse gas turbine performance. As one of the most critical parameters, the EGT acts as

an indicator of the HPT inlet temperature, which is the highest temperature of the gas

path (refer to station 4 in figure 2.2) [GIA09]. Due to the high energy gas stream (with

temperatures around 1300 ◦C [BRÄ09]) right behind the combustion chamber, it is not

possible to measure the HPT inlet temperature directly. The temperature is too high for

the type of instrumentation available and leads to an increased error in measurement. For

dual-rotor engines it is more common to record the temperature between HPT and LPT

[SRCS09]. In GE CF6-80C2 engines, the LPT inlet temperature (station 49 in figure 2.2)

is measured and designated as the EGT.

Excessive turbine temperatures and high rotation speeds result in an increased level of

creep, oxidation and hot corrosion, which leads to a shorter lifetime of the components

or, in the worst case, to a catastrophic failure. Creep is a permanent deformation that

occurs to loaded components which are exposed to high temperatures, even if the stress

level is below the yield strength (Hooke’s law). The occurrence of creep or other failure

modes cannot be avoided in the operating life of a jet engine and becomes relevant when

the ratio of absolute material temperature to absolute melting temperature exceeds 0.5. In

particular the HPT is exposed to temperatures above this value and therefore the effects

are the greatest [SRCS09] [GIA09]. The relationship between creep and metal temperature

is also shown on the left side of figure 2.3.

Figure 2.3: EGT correlations [GIA09]

The chart on the right side of figure 2.3 gives a description of the correlation between EGT

and power output (thrust). One possibility to decrease the EGT is to reduce the engine

thrust. According to this, high thrust leads to high EGT for a given engine architecture

[GIA09]. To keep negative effects such as creep to a minimum, the EGT has to be limited.
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Above the limit, serious damage to the turbine and other hardware must be expected.

Therefore, EGT is one of the engine parameters which is monitored during operation and

indicated in the flight deck. The unit of measurement is degree Celsius [ ◦C]. The difference

between the measured temperature and the EGT limit is called exhaust gas temperature

margin (EGT margin or EGTM) and is one of the main parameters used to assess the quality

of an overhaul. The limit is based on mechanical properties of the used material, in particular

of turbine blade metal; for example single crystal nickel superalloys are more durable for

high temperatures than directional solidified blades [BRÄ09] [GIA09]. GE recommends an

EGT margin of 35 ◦C, however engines with a lower EGT margin can be released to service

with approval of the operator.

The engine operator is generally concerned with the EGT margin. Due to changes in

component quality as blade surfaces, size, material properties or clearances (refer to chapter

2.9), EGT increases over time in service (e.g. CF6-6D engines show a 17 ◦C increase in EGT

after 4000 flight hours), but should be restored to its former condition after an overhaul.

With this in mind, low EGT margin results in a shorter time in service until the next overhaul

which causes higher costs for the operator [LHP78].

2.3 Fuel consumption

In addition to EGT, fuel consumption is another important engine parameter. The mass

of fuel which is burnt in the combustion chamber during operation is usually measured in

pounds weight of fuel per hour [lb/h] [MHP02] and will be named fuel flow (wf) in the

following. Although it has no direct effect on safe engine operation, the fuel flow has a

great influence on the operational costs of an aircraft. Low fuel flow results in a longer

range and/or increased payload [MAT05]. In this context it makes sense to introduce an

additional parameter, the (thrust) specific fuel consumption (SFC). This describes how

much fuel is burnt to produce a certain amount of thrust [BRÄ09]. Thereby the thrust

and fuel flow data of an uninstalled engine (uninstalled = engine in test cell) is used to

calculate the SFC because thrust is not measured in flight operations [WF98]. The unit of

measurement for SFC is pounds weight of fuel per hour per pound force of thrust [lb/(lbf·h)]

[MHP02].The equation below presents the mathematical relationship of the SFC:

SFC =
Fuelflow

Thrust
=
wf

F

SFC allows for a comparison between engine types with different thrust ratings, making it

a good indicator for overall engine performance [FLA05]. GE has defined a limit for SFC

to allow a calculation of the SFC margin (SFCM). The unit of SFC margin is percent [%]

and the equation to calculate it is shown below.

SFCM =
measured SFC − SFC limit

SFC limit
· 100
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The chart on the left side of figure 2.4 shows the relationship between SFC and EGT margin.

Normally high SFC results in low EGT margin and low SFC in high EGT margin which is

presented by the expected band. If SFC is high, the engine burns more fuel to generate a

certain amount of thrust or generates insufficient thrust for its fuel flow. If an engine is

located in the area of high SFC and high EGT margin and outside of the expected band,

an error in measurement of thrust or fuel flow is very likely. The chart on the right side

of figure 2.4 displays fuel flow as a function of EGT. An increase in fuel flow results in a

temperature rise due to the additional energy in the gas path [GE02]. Unfortunately it is

not possible to determine one component for a high fuel flow or SFC, probable causes may

lay in a poor fan, LPT, HPC and/or HPT performance [GE10]. Therefore it is necessary

to have a look at other parameters to isolate the fault.
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Figure 2.4: Relation between SFC and EGT margin and fuel flow and EGT [GE02]

In the further course of this investigation, EGT and SFC and their margins are the para-

meters which are used to assess the quality of an overhaul. High EGT (low EGT margin)

and low SFC (high SFC margin) stand for poor engine performance; low EGT (high EGT

margin) and high SFC (low SFC margin) are indicators for good engine performance.

2.4 Thrust

The capability to generate thrust is the most important characteristics of a jet engine. If an

engine does not meet or exceed the required thrust level, it cannot be released into service

[GE10]. To gain a general understanding of how thrust is generated, figure 2.5 shows a

schematic diagram of a propulsive duct. The air flow ṁ enters the intake with a velocity

Ca and leaves with the velocity Cj. For this simple explanation it is not necessary to know

what happened between these two stations.
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Figure 2.5: Propulsive duct [SRCS09]

Due to Newton’s second law, the thrust F is summarised by:

F = ṁ · (Cj − Ca)

For simplicity it is assumed that the exit pressure pj of the exhaust gas equals the intake

pressure pa (the gas expands completely to pa in the propelling nozzle). Otherwise it would

be necessary to take an additional pressure thrust into account [SRCS09].

As explained in section 2.1, a turbofan engine has a primary and a secondary airflow. With

the assumption of complete expansion and the simplification of no parasitic airflow, e.g.

air for airfoil cooling, air conditioning or anti ice, it yields to the general thrust equation

for turbofan engines. ṁI represents the primary airflow, ṁII is the secondary airflow. The

intake velocities CaI and CaII are equal, only the discharge velocities CjI and CjII are

different. With a bypass ratio of µ = ṁII

ṁI
= 5, 31 for the CF6-80C2 nearly 85% of the

intake air goes through the secondary air path [BRÄ09].

F = [ṁI · (CIj − CIa)] + [ṁII · (CIIj − CIIa)]

The first part of the equation represents the thrust generated through the core nozzle. This

primary airflow provides about 20% of the engine thrust. The thrust generated through the

secondary airflow can be calculated with the second part of the equation and amounts to

80% [GE90]. Although the discharge velocity of the secondary path is lower than the primary

path (CIj > CIIj), more thrust is generated because of the higher air flow (ṁII > ṁI ·).

Therefore the fan is regarded as the main component to generate thrust [BRÄ09] and

should be analysed if engine thrust is very high. The unit of thrust is pound force of thrust

[lbf] (1 lbf = 4.44822 N).

The generation of more thrust means an additional exposure for the engine components

due to higher fuel consumption and EGT. It is desirable that an engine generates just as

much thrust to meet or exceed the thrust limit in a performance acceptance test (refer to

section 2.7 for further information) [GE10].
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2.5 Pressure ratios

The pressure ratio between two airflow stations is a good indicator for component perform-

ance [MHP02]. Usually the ratio of discharge pressure to intake pressure is used, whereat

it is important to differentiate between compressor and turbine. Low compressor pressure

ratio means poor component performance because of a small pressure increase through

the compressor. In contrast, a low turbine pressure ratio stands for an effective energy

extraction of the turbine and good component performance [GE02].

Engine pressure ratio (EPR) is usually measured between booster inlet and HPT outlet

(between station 2 and 49, refer to figure 2.2). In the CF6-80C2, fan inlet pressure (P12)

is used instead of booster inlet pressure due to availability [GE10]. Observing EPR has the

advantage that it is directly proportional to engine thrust. A change of 1% in EPR results

in a 1% change in thrust [BRÄ09]. Higher EPR results in higher thrust generation, which

leads to a higher fuel consumption and therefore to an increase in EGT as explained in

chapter 2.3. The chart on the left side of figure 2.6 shows the relationship between EPR

and EGT.

 

Figure 2.6: EPR relation to EGT (left side)[GE02] and to SFC (right side)[MAT05]

A comparison of EPR of different engines shows the performance of the high pressure

systems. An engine has poor HPC or HPT performance if it is not located in the expected

band [GE02].

Due to availability of engine data (refer to chapter 2.7), it is not possible to provide the

pressure ratio of each component. In addition to EPR, the ratio between discharge static

and inlet total pressure of the HPC (PS3/P25) is used in this investigation [MHP02]. The

pressure ratio of discharge static pressure of the HPC and fan inlet pressure (PS3/P12)

indicates the performance of the full compressor. On the right site of figure 2.6, SFC (S)

is plotted versus the compressor pressure ratio (CPR, πc) for different fan pressure ratios
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(πf ). SFC decreases with an increase in CPR at constant fan pressure ratio [MAT05]. The

correlation can be applied to the HPC pressure ratio as it is the second module of the full

compressor; high HPC pressure ratio leads to decreased SFC.

2.6 Rotor speed

As mentioned earlier, the CF6-80C2 engine has two rotors which operate with different

speeds. The monitoring of rotor speeds to control the engine performance is used in almost

all gas turbines [GIA09]. But the examination of the N1 and N2 rotor speed on their

own is not very significant. In an acceptance test run the engine must meet or exceed all

requirements at the same N1 rotor speed. Therefore a comparison of N1 rotor speeds is not

possible [GE10]. The analysis of N2 rotor speed is used to assess the performance of HPC

and HPT. A fast spinning HPT is more efficient which results in higher rotation speed of

the N2 rotor and therefore higher pressurisation of the HPC. Comparably low pressure ratio

and high core speed indicate a lack of efficiency for the compressor. Low N2 speed can be

the result of deterioration of the HPC or HPT [GE02]. Figure 2.7 displays the relationship

between rotor speeds and output power for a dual-rotor engine.

Figure 2.7: Rotor speeds and power output [GIA09]

To achieve a higher thrust level for a given engine architecture, rotor speeds have to be

increased. An increase in outside air temperature at constant power output results in higher

rotor speeds as well [GIA09].

2.7 Performance acceptance test

After repair or overhaul, every engine is tested to ensure that it meets operational and

performance standards. The procedure is called performance acceptance test and normally
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consists of two phases; in the first phase, engine functions such as variable stator vane

and variable bypass valve tracking (both used on low performance levels to ensure a stable

compressor operation [BRÄ09]) are tested and vibration limit and operational response

checks are performed. In the second phase, the engine has to demonstrate that it meets

certified thrust within its operational limits [GE10]. Figure 2.8 displays these limits for

both power settings on standard and hot day. The engine has to meet or exceed limits for

Figure 2.8: Limits of performance acceptance test [GE10]

takeoff and maximum continuous thrust at certain N1 rotor speed, below the limits of EGT,

fuel flow, EPR and N2 rotor speed [GE10]. The highest thermal and mechanical stresses

occur during takeoff conditions on a hot day, thus deterioration effects can be detected

at the earliest [EFWZ11] and margins are smaller, therefore data from this power setting

is collected and analysed in this investigation. Only EGT and N2 rotor speed change on

hot day conditions, the limits for thrust, fuel flow and EPR are the same as on standard

day condition. Both ambient conditions are referred to sea level, whereby standard day

represents 15 ◦C and hot day 30 ◦C air temperature [GE10].

Due to different weather conditions (temperature, pressure and humidity) and to allow a

comparison between the tested engines, all recorded data has to be corrected to the same

power setting and ambient condition [GE10]. The GE engine shop manual and performance

estimation program TEMPER (Turbine Engine Module Performance Estimation Routine)

provide these correction factors. It has to be mentioned that the performance acceptance

test is much more limited than production testing in the development stage due to reduced

instrumentation. The following data is measured during an engine test run:

� N1 rotor speed (fan speed) [rpm]

� N2 rotor speed (core speed) [rpm]

� thrust [lb]

� fuel flow [lb/h]

� barometric pressure [psia]



2 Theoretical background 11

� absolute humidity [grains/lb]

� fan inlet temperature (T12) [ ◦C]

� fan inlet total pressure (P12) [psia]

� LPC inlet temperature (T25) [ ◦C]

� LPC inlet total pressure (P25) [psia]

� LPC discharge temperature (T3) [ ◦C]

� LPC discharge static pressure (PS3) [psia]

� LPT inlet temperature (EGT)(T49) [ ◦C]

� LPT inlet total pressure (P49) [psia]

Different from the static pressure, the total pressure takes the movement of the air into

account. It is the sum of static pressure and velocity pressure [GIA09]. Both are measured

in pounds per square inch absolute [psia], which is the pressure relative to a vacuum. The

abbreviations for pressure measurement used in this investigation are ’P’ for total pressure

and ’PS’ for static pressure followed by the station number where pressure is recorded. In

terms of accuracy, the measurement of static pressure causes more problems than of total

pressure. Difficult conditions such as high air speeds, turbulence and high temperatures

falsify the measurement of static pressure. However both static and total pressure have to

be measured to calculate the thermodynamic cycle. Measured temperatures are always total

temperatures which consider the kinetic energy of the airflow [BRÄ09]. The barometric

pressure and humidity are measured so that test data can be referred to either standard

day or hot day conditions. Although the effect of humidity upon engine performance is very

small, it is not negligible because it causes changes in basis properties of specific heat and

gas constant. It is described as the ratio of mass of water to the mass of dry air and the

unit is grains per pound (1 grain = 1/7000 pound) [grains/lb] [GE02] [WF98].

2.8 Performance estimation

General Electric offers customers the option to submit their engine test data to a perform-

ance diagnostics software. This computer program is called TEMPER, an abbreviation for

Turbine Engine Module Performance Estimation Routine and is used to assign the deviation

in EGT margin and SFC margin to the engine components (fan, LPC, HPC, HPT stator

(HPTS), HPT rotor (HPTR), LPT and MEAS. MEAS is an abbreviation for measurement

and deviations which cannot be assigned to a component are listed in this category. For

instance, if a pressure probe (e.g. P49) is not installed or has a high error in measurement,

the TEMPER software has problems to differentiate between HPT and LPT. Therefore the

deviation is put into the MEAS category. Figure 2.9 shows a flow-chart of the TEMPER

process and which input data is needed. In the first step, the customer has to provide a

test cell correlation report which defines the facility adjustment parameters. Furthermore
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the customer stipulates his preferred parameter units. GE provides a baseline engine model

(e.g. factory new engine or average of engines) to which test data is compared. Regarding

this information the personalised TEMPER program is set up. The customer submits the

TEMPER modular analysis

Component deviations that best

match the engine test data

Compares prediction to

the engine test data

TEMPER predicts expected performance at N1 for

the reference model using these four inputs

Test data input

TEMPER program setup

Cell correlation factors Test cell parameter units Baseline engine model

HHH
HHHj

���
����?

?

?

?

?

Figure 2.9: Flow-chart of the TEMPER process [GE02]

engine test data via email to the TEMPER program which calculates the entire thermo-

dynamic cycle for both power settings (takeoff and maximum continuous) by using the

measured fan speed (N1 rotor speed), fan inlet temperature and total pressure (T1A and

P1A), barometric pressure and humidity. This prediction is compared to the engine test

data and deviations are identified. Finally the TEMPER program creates the thermody-

namic model by using the method of least-squares to provide component deviation which

matches the test data at its best. The final report includes the effects of each module on

EGT margin and SFC margin, deviation of the test cell data from the prediction before and

after module assessment and the deviation of component flow and efficiency from reference

baseline [GE02]. Appendix A.2 shows a TEMPER report for further information.

Related to the TEMPER data this investigation concentrates on the deviation of EGT
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margin and SFC margin per module. This data gives a first impression of the abnormal

performing component, although it is not possible to identify the reasons for deterioration.

Therefore it is necessary to analyse additional test cell data to gain more information about

each component.

2.9 Performance deterioration

During the operating period, engine performance decreases because of deposits on the

compressor blades (compressor fouling), increased tip clearances and corrosion or erosion of

the blades. A decrease in power generation, an increase in turbine operating temperature

and increased fuel consumption are the consequences. Although takeoff and landing are

only a short period of the flight duration, performance deterioration is the greatest at this

time. Pollen, tree-sap and insects are drawn into the engine and form sticky deposits on the

compressor blades. Hard particles such as sand cause erosion and change the airfoil shape

and the ingestion of chemical particles due to pollution or salty atmosphere cause corrosion,

especially of the turbine blades due to the high operating temperature. The cross section

of a turbofan engine in figure 2.10 displays loads and failure modes for each component.

Figure 2.10: Loads and failure modes [SRCS09]
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All these failure modes have an effect on the size, surface, clearance and material properties

of the engine components [SRCS09]. It has to be mentioned that after a complete overhaul,

all dimensions should be within their limits and engine performance shall be restored. The

effects on EGT at takeoff and SFC in cruise for each module are shown in table 2.1 to 2.4.

All effects are based on experience according to General Electric and represent the worst

case. They can be classified in two categories which are external and internal performance

losses. External losses are leakage airflows and mechanical friction losses in bearings and

seals [BRÄ09]. Higher seal clearances enable higher parasitic airflow and result in decreased

total airflow through the engine. Friction losses caused by boundary layer growth over the

blade profile and higher clearances between rotor and stator stages or between blade tip

and case are called internal losses [SRCS09]. Clearances between rotor blades and case

(tip clearance) or rotor and stator (interstage clearance) have an effect on the efficiency

of a component. With a high overtip leakage the pressure increase of the compressor is

lower and the turbine extract less work from the gas flow [WF98]. More fuel has to be

burnt in order to reach required N1 rotor speed. Therefore higher clearances of LPC, HPC,

HPT and LPT cause an increase in EGT (and lower EGT margin). Higher fan blade to

case clearance leads to lower EGT instead. The efficiency of the fan drops with higher

fan blade tip clearance. The core modules do not have to work as hard to achieve the

required N1 rotor speed which results in less fuel consumption [GE06] [GE02]. Therefore

EGT decreases (and EGT margin increases), but the engine achieves higher SFC due to less

thrust generation of the secondary flow path [BRÄ09]. The effect of component efficiency

due to tip clearance is shown in figure 2.11. Due to the angle of incidence and shape of the
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Figure 2.11: Effect of clearances [BRÄ09]

airfoil, blades and vanes have a suction side and a pressure side and an airflow occurs from

high pressure to low pressure. It runs against the main flow direction and causes vortices to

be generated leading to flow separation on the airfoil and a decrease in efficiency [BRÄ09].

Component efficiency is also influenced by airfoil roughness (quality in surface finish). The

area near the airfoil surface where flow velocity is reduced due to viscous friction is called
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the boundary layer. There are two types of boundary layers; laminar and turbulent. Figure

2.12 shows the two types of layers. When the air flows along the surface, the boundary

layer grows and changes from laminar to turbulent with increased distance to the leading

edge. Higher surface roughness leads to an early transition from a laminar to a turbulent
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Figure 2.12: Boundary layer [BRÄ09]

boundary layer [SCH09]. Due to higher drag of turbulent boundary layers, the efficiency of

the blades is reduced which leads to poorer pressurisation for compressors or poorer work

extraction for turbines. The same effects as described before occur with a decrease in

component efficiency; EGT and SFC increase for the affected module.

Table 2.1: Deterioration effects on EGT and SFC for the fan/booster module [GE06]

SFC [%] EGT [ ◦C]

increase of fan blade tip clearance

(for each 0.02-inch clearance)
0.09 -0.90

fan blade leading edge erosion 0.41 0.80

fan surface finish

(60 microinches versus 22 microinches)
0.035 0.672

fan blade pitting 0.04 0.12

fan blade dirt 0.11 0.35

splitter erosion 0.05 -0.06

OGV leading edge erosion 0.05 -0.06

booster airfoil surface finish

(50 microinches versus 24 microinches)
0.015 0.3

booster shroud erosion

(for each 0.02-inch clearance)
0.07 1.0
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Table 2.2: Deterioration effects on EGT and SFC for the HPC module [GE06]

SFC [%] EGT [ ◦C]

increase of blade to case clearances

(for each 0.01-inch clearance for all stages)
0.185 3.80

increase of vane to spool clearances

(for each 0.01-inch clearance for all stages)
0.121 2.48

airfoil surface finish (all blades and vanes,

60 microinches versus 22 microinches)
0.641 15.0

decrease of airfoil chord length

(for each 0.03-inch chord length loss for all stages)
0.185 3.80

increase of CDP seal clearance

(for each 0.01-inch clearance)
0.39 4.7

increase of 4R vent seal clearance 0.17 1.0

Table 2.3: Deterioration effects on EGT and SFC for the HPT module [GE06]

SFC [%] EGT [ ◦C]

airfoil surface finish

(stage 1, 120 mircoinches versus 33 microinches)
0.17 3.21

increase of blade tip clearance

(stage 1 blade and stage 2 blade and vane)
0.305 6.19

interstage seal clearance

(for each 0.01-inch clearance)
0.04 0.9

Table 2.4: Deterioration effects on EGT and SFC for the LPT module [GE06]

SFC [%] EGT [ ◦C]

increase of blade to case clearance

(for each 0.01-inch clearance for all stages)
0.078 0.69

airfoil surface finish (all blades and vanes,
150 microinches versus 55 mi-

croinches)

0.575 8.22

increase of interstage seal clearance 0.225 2.11

2.10 Jet engine overhaul

To maintain engine performance and to secure a safe operation, it is necessary to overhaul

jet engines after a certain period of time. The most common reasons for removal are the
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achievement of life limit of engine parts or reduced EGT margin. Life limited parts have

to be replaced after a certain number of cycles [FAR11]. One cycle contains of all stages

of the flight mission as idle, take-off (full thrust), cruise and landing [WF98]. Parts are life

limited because not every failure mode (e.g. change in material properties) is detectable

during inspection. Another reason for removal is the decrease in EGT margin. It indicates

poor engine performance and higher hardware exposure [FAR11]. An example for an engine

monitoring report of a CFM56 jet engine is presented in the appendix A.1.

As engine data such as EGT and life limits are monitored, the operator sets the time for

an overhaul event. There are three different types of overhaul:

• Minimum workscope

• Performance workscope

• Full overhaul workscope

The minimum workscope is performed when a not predictable but minor defect occurs, e.g.

change of fan blades or gearbox. These maintenance procedures are performed without a

complete disassembly of all engine modules. The average turnaround time at LTQ Engin-

eering is 25-30 days depending on the defect. If a drop in EGT margin or SFC margin is

detected, the engine is overhauled in accordance with the performance workscope. This

concentrates mainly on the high pressure modules as HPC and HPT and takes around 60-

70 days. The remaining modules are not disassembled. It has to be mentioned that this

workscope is not used at LTQ Engineering anymore due to the age of engines which are

maintained. The overhaul of the high pressure modules is not sufficient to restore perform-

ance for older engines. The full overhaul workscope consists of the disassembly, inspection,

overhaul and assembly of all engine parts. This overhaul event takes up to 90 days and

restores performance for all engine modules [FAR11].

Therefore only engines which have undergone full overhaul are investigated. These engines

should reach the required performance limits and permit an expedient comparison.

2.11 Results of preceding investigation

As the problem of low EGT margin has existed since the end of 2008, an investigation

was carried out in 2010 to find possible reasons for the performance deterioration. This

investigation was based on test cell and TEMPER data, in which the same sample of pre-

vendor engines was used. However, the sample of post-vendor engines only included five.

Therefore the validity was limited due to data availability. The HPC module was identified

as the faulty component and the investigation focused on different reasons for low EGT

margin.

The analysis of HPC seal clearances (CDP and 4R vent seal) showed that post-vendor

engines have a smaller clearance which theoretically results in lower EGT and SFC (refer to
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section 2.9). Therefore the seal clearances do not reveal any reason that accounts for the

lack in EGT margin or SFC margin.

Considering the blade to case clearance of HPC stages, the pre-vendor engines achieved a

greater clearance; post-vendor engines showed smaller HPC stage clearance. The magnitude

of EGT and SFC increase are shown in table 2.5. They were determined by measuring the

variation of clearance from the performance target for each HPC stage. Each variation

was multiplied by an influence factor on EGT and SFC (based on GE) and led to the

shown results. The blade to case clearance justified an increase in EGT of 2.87 ◦C for

Table 2.5: Effect of blade to case clearance on EGT and SFC [TRA10]

EGT [ ◦C] SFC [%]

pre-vendor engines +2.87 +0.13

post-vendor engines +2.30 +0.11

pre-vendor and only 2.30 ◦C for post-vendor engines. This trend was seen as evidence that

post-vendor engines achieve a greater performance restoration for the HPC than pre-vendor

engines. Hence the difference in HPC blade to case clearance was eliminated as the reason

for low EGT margin.

The result of the analysis of vane to rotor clearance was that post-vendor engines have a

bigger clearance than pre-vendor engines; however, the effect on EGT and SFC was very

small. Therefore it has minor significance for a comparison between pre- and post-vendor

engines. The results are shown in table 2.6 and have been determined in the same way as

in table 2.5. Due to the great effect of HPC surface finish on EGT and SFC, the performed

Table 2.6: Effect of vane to rotor clearance on EGT and SFC [TRA10]

EGT [ ◦C] SFC [%]

pre-vendor engines +0.87 +0.04

post-vendor engines +1.15 +0.06

blade repairs have been analysed. Although this investigation could not show the magnitude

of EGT and SFC increase (no data regarding surface roughness was available), the result

was that the HPC blades of post-vendor engines have undergone a less efficient restoration.

This means that less repairs have been performed and less blades were replaced with new.

In turn, this was seen as an indicator for lack of performance of post-vendor engines.

For future investigations it was recommended that the sample of engines should be increased

and that the composition of blade material in the HPC and the implication of repairs may

be a field of interest [TRA10].
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3 Analysis of TEMPER data

The effects of module performance on EGT margin and SFC margin of pre- and post-vendor

engines are presented in this chapter. As mentioned in section 2.8, the TEMPER software

presents the deviation in EGT margin and SFC margin on a modular basis. All engines

in this investigation have passed through a full overhaul, therefore performance should be

refurbished. The overall sample of engines consists of 29, whereby 10 are pre-vendor and 19

are post-vendor engines. Figure 3.1 and figure 3.2 compare pre- and post-vendor engines

related to EGT margin and SFC margin. The blue bars are the pre-vendor engines, the

red bars stand for the post-vendor engines. To allow a better comparison, each engine is

allocated to a number. The numbers are assigned in chronological order to the time of

overhaul. The pre-vendor engines have an average EGT margin of 39.4 ◦C, the post-vendor

engines of 30.9 ◦C. It has to be mentioned that three pre-vendor engines (#4, #5 and #8)

have a low EGT margin and four post-vendor engines (#16, #20, #24 and #28) a high

EGT margin. However it is noticeable that the EGT margin has dropped with the change of

the overhaul vendor. As the aim of this investigation is to find reasons for the performance

deterioration and to identify possible changes in repair procedures, a comparison of pre-

to post-vendor engines is more significant than of engines with high and low EGT margin.

70 % of pre-vendor engines reach the required EGT margin of 35 ◦C whereby it is only 21 %

for post-vendor engines.
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Figure 3.1: Comparison of EGT margin

Figure 3.2 displays the SFC margin for pre- and post-vendor engines. The average SFC

margin of pre-vendor engines is 5.72 % and of the post-vendor engines is 5.92 %. As
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mentioned in section 2.3, higher SFC results in higher EGT (lower EGT margin); this

relationship cannot be confirmed considering the engines in this investigation. Although

post-vendor engines show slightly lower SFC (higher SFC margin) than pre-vendor engines,

their EGT margin is low as well. A detailed analysis of EGT margin and SFC margin will

be carried out later.
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Figure 3.2: Comparison of SFC margin

3.1 EGT margin deviation per module

Figure 3.3 compares the deviation for pre-vendor (blue dots) and post-vendor engines (red

dots) overhauled by LTQ Engineering. The ’0 ◦C line’ represents the baseline model which

is defined by General Electric. Positive deviation from this baseline indicates higher module

efficiency and therefore a gain in EGT margin. Negative deviation shows that the module

performs lower than the baseline model which results in EGT margin loss. It has to be

mentioned that this relationship is inverse for the fan module in terms of efficiency and

blade to case clearance as described in section 2.9. However, characteristics such as EGT

margin, thrust rating, SFC margin or condition (factory new or overhauled) of the baseline

model are unknown. Therefore a comparison to the baseline is not very significant espe-

cially for the purpose of this investigation. The chart gives the costumers the opportunity

to compare their engines and discover trends in performance.

This chart is used to identify differences in module efficiency between pre- and post-vendor

engines. Due to higher EGT margin of pre-vendor engines, the spread for each module is

judged as normal and engines which are not grouped in this population show an abnormal
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performance. This can be considered as an indicator for a change in repair procedures

for this module between pre- and post-vendor overhaul. The fan and LPT modules for
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Figure 3.3: Deviation of EGT margin per module

pre-vendor engines show a negative deviation. The LPC, HPTS and HPTR modules and

the MEAS category are spread around the baseline with a tendency to positive deviation

and the HPC module has a positive deviation.

For the LPC and HPTR modules, the post-vendor engines are located in the same range as

pre-vendor engines. This leads to the conclusion that a change in repair procedures is very

unlikely or at least, the change has no influence on LPC and HPTR efficiency and EGT.

Considering the HPC module and MEAS category, only one post-vendor engine is out of

the range of the pre-vendor engines. Noticeable are the deviations of EGT margin for the

fan, HPTS and LPT modules. Four post-vendor engines have a greater loss of EGT margin

for the fan module; four engines are out of range for the HPTS module and six engines for

the LPT module.

As stated before, not all pre-vendor engines have a high EGT margin and not all post-vendor

engines suffer from a low EGT margin. Therefore it makes sense to highlight these engines

and assess whether a certain pattern can be identified. Figure 3.4 is similar to figure 3.3,

although pre-vendor engines with low EGT margin are marked yellow whereas post-vendor

engines with high EGT margin are marked black. It has to be mentioned that one pre-

vendor engine with low EGT margin (#4) is not displayed in the MEAS category due to
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high positive deviation of 31.8 ◦C. The pre-vendor engines with a low EGT margin show a
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Figure 3.4: Deviation of EGT margin per module with marked engines

big spread across the normal range, e.g. for HPC module; two engines are located right

over the baseline, the third has a positive deviation of nearly 10 ◦C. It is not noticeable that

these pre-vendor engines all have the same pattern, therefore it is very hard to identify one

module as a reason for the low EGT margin. The same problem arises with the post-vendor

engines with a high EGT margin. Although the spread is smaller, they are located in the

normal range of the pre-vendor engines and it is not possible to exclude one module from

the investigation.

3.2 SFC margin deviation per module

In addition to EGT margin, the modular deviation of SFC margin for pre- and post-vendor

engines is compared in figure 3.5. The structure of this chart is similar to figure 3.3, although

the deviation in SFC margin per module instead of EGT margin is presented. A result of

negative 1 % leads to a decrease in SFC margin of 1 %. Given this relationship, positive 1 %

results in an increase of SFC margin. The fan and LPT modules show a decrease in SFC

margin for all engines. The LPC, HPC and HPTR modules are located around the baseline

with a tendency to positive deviation and finally the HPTS module has a slight tendency to
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negative deviation. This indicates that both the fan and the LPT module are responsible

for a decrease in SFC margin whereby the performance of the remaining modules leads to

an improvement or at least to no change in SFC margin. Again the spread of pre-vendor

engines is judged as normal.

The post-vendor engines are located in the range of pre-vendor engines for the LPC and

HPTR modules. The fan and HPC modules show normal behaviour for the post-vendor

engines with just one engine beyond the range of pre-vendor engines. The greatest difference

between pre- and post-vendor engines is shown in the HPTS and LPT modules. Five post-

vendor engines are located outside the range of pre-vendor engines for the LPT module and

four engines for the HPTS module, whereby the deviation is very small.
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Figure 3.5: Deviation of SFC margin per module

3.3 Results of the analysed TEMPER data

Considering the TEMPER data of figure 3.3 and figure 3.4, this investigation identified ab-

normalities for the fan, HPTS and LPT. For these modules the deviation in EGT margin for

some post-vendor engines is not located in the range of pre-vendor engines. For the remain-

ing modules, the post-vendor engines are located in the range of the pre-vendor engines;

hence there is no indication that these modules show any abnormality. The comparison

of deviation in SFC margin shows the same trend. The deviation in SFC margin (refer to
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figure 3.5) is mostly caused by the fan and LPT modules whereby the post-vendor engines

are not located in the population of pre-vendor engines for HPTS and LPT module.

In figure 3.6 the six engines with an abnormal EGT margin deviation in the LPT module are

marked yellow. These engines also have the highest fan module deviation of all post-vendor

engines. High negative deviation in EGT margin for the fan module indicates good fan

efficiency in terms of fan blade clearance as described in section 2.9. As the fan and the

LPT are located on the same rotor (N1 rotor), it is consistent that the LPT module has a

high deviation in EGT margin as well. In order to keep N1 speed constant, the LPT has to

work harder and more fuel is needed to provide the energy.
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Figure 3.6: Deviation of EGT margin per module with marked engines of low LPT module

performance

The same engines are marked yellow again in figure 3.7 to identify their effect on SFC

margin. They show the highest deviation for the LPT module. This relationship is consistent

because high SFC (and therefore negative deviation in SFC margin) leads to high EGT (and

negative deviation in EGT margin). However, it is noticeable that these engines have small

deviation in SFC margin for the fan module. This can be explained by the fact that higher

fan efficiency leads to higher thrust and therefore smaller deviation in SFC margin.

The relationship between fan and LPT module and their effect on EGT margin and SFC

margin suggest that part of this investigation should focus on the fan and LPT. Both

modules show abnormal behaviour compared to pre-vendor engines, therefore it might be
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possible to identify any changes in repair procedures.
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Figure 3.7: Deviation of SFC margin per module with marked engines of low LPT module

performance

Unfortunately this is only a possible explanation for low EGT margin for six post-vendor

engines. The remaining post-vendor engines do not show abnormal behaviour in any module.

With this in mind it is necessary to analyse additional engine data to find possible reasons.

In section 2.11, it is recommended to focus on the HPC module. With a greater sample of

engines, there is no longer an indication that the HPC module of post-vendor engines shows

different behaviour than pre-vendor engines. In addition to this, the previous investigation

of clearances and repair procedures did not indicate a relationship between HPC module

and low EGT margin.
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4 Analysis of test cell data

The analysis of TEMPER data in chapter 3 identified the fan and LPT module performance

as possible reasons for low EGT margin. However it only provides an explanation for six

post-vendor engines (32 %), therefore additional engine data such as fuel flow, thrust, N2

rotor speed and pressure ratios are analysed in this chapter. The presented data in figure

4.1 through 4.5 compares these parameters of both pre-vendor (blue dots) and post-vendor

engines (red dots) to ascertain any differences in engine performance. The spread of pre-

vendor engines is considered as normal based on experience at LTQ Engineering, therefore

post-vendor engines which are not located within the population of pre-vendor engines show

abnormal behaviour. The charts in this chapter are recommended by General Electric as

part of the diagnostics technique to assess engine performance. To simplify the description

and to allow a better comparison the allocated engine numbers are plotted next to the dots.

4.1 SFC margin versus EGT margin

In figure 4.1 SFC margin is plotted versus EGT margin at take-off and hot day conditions

and is used as an indicator for overall engine performance. Normal performance variation

is considered to occur within the two blue lines which represent the normal spread of pre-

vendor engines. The lines are defined by calculating a linear trend line for the pre-vendor

engines and moving it to the outermost located points. Engines which are located in that

band show normal behaviour, i.e. if an engine has high SFC margin it also achieves high

EGT margin because of less fuel burnt. In contrary, engines with low EGT margin have

low SFC margin. This relationship is explained in section 2.3. It is noticeable that ten of

nineteen post-vendor engines are not located in this band. Although most of them have

high SFC margin (low SFC), their EGT margin is not in the required limit (except for

engine #28). This abnormality can be explained by two possible reasons; these ten engines

achieve an abnormal low fuel flow or generate more thrust than necessary. Both reasons

lead to low SFC and therefore to high SFC margin. In the next step, an analysis of fuel

flow and thrust is necessary to determine reasons for poor engine performance. An error in

measurement provides a third possible explanation, whereby it is unlikely that this occurs

to 53 % of post-vendor engines.

As described in section 3.3, six post-vendor engines show abnormal EGT margin deviation

for LPT and fan modules in comparison to pre-vendor engines. These six engines (#14,

#15, #17, #18, #25 and #26) are part of the population beyond the expected band. The

remaining engines are located in the normal band of pre-vendor engines but achieve low

EGT margin except for engine #16, #20 and #24. Low EGT margin is an indicator for

poor core performance.
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Figure 4.1: SFC margin versus EGT margin

4.2 Fuel flow versus thrust

As nine post-vendor engines show abnormal high SFC margin and low EGT margin at

the same time, it is necessary to analyse the two parameters which are used to calculate

SFC; per definition, SFC is the amount of fuel that the engine burns per hour divided

by the amount of thrust that the engine generates. This helps to evaluate whether fuel

flow or thrust are responsible for the low SFC (high SFC margin) and to exclude an error

in measurement as an explanation. Figure 4.2 shows fuel flow versus thrust for pre- and

post-vendor engines. Pre-vendor engines generate 60761 lbf thrust in average whereby the

amount for post-vendor engines is 61141 lbf. This represents higher thrust generation for

post-vendor engines of 0.62 %. The same trend applies to fuel flow. Post-Vendor engines

burn 0.69 % more fuel than pre-vendor engines (21737 lb/h to 21588 lb/h).

The yellow dots are the same post-vendor engines which are located beyond the normal band

of pre-vendor engines in figure 4.1. Except for engine #28, they all have high SFC margin

but do not reach the desired EGT margin of 35.0 ◦C. By comparing the two parameters,

it becomes significant that most of them show higher thrust and fuel consumption. This

explains the higher SFC margin but lower EGT margin; the high fuel consumption leads to

high EGT, however the increased thrust generation results in low SFC and therefore high

SFC margin. The position of engine #28 beyond the normal band of pre-vendor engines is

explained by lower fuel flow but nevertheless higher thrust generation compared to engines

in the same range. The same phenomena occurs to engine #19.
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Figure 4.2: Fuel flow versus thrust

Furthermore two additional engines show a different behaviour; pre-vendor engine #5 and

post-vendor engine #16 which are both located in the normal band in figure 4.1. Engine

#5 achieves lower SFC margin of 5.4 % as well as low EGT margin of only 28.5 ◦C. The

opposite behaviour applies to engine #16. Although it generates high thrust by high fuel

flow, it has an EGT margin of 36.0 ◦C and SFC margin of 6.2 %. It is also noticeable that

the engines #14, #15, #17, #18, #25 and #26 which show abnormal deviation in EGT

margin for the fan and LPT module in figure 3.6 are assigned to high thrust and fuel flow.

The remaining engines show lower thrust levels.

This chart indicates a relationship between high thrust and high fuel flow which causes high

EGT except for engine #26. It is consistent that a higher thrust generation leads to higher

fuel flow, because engine modules have to work harder and therefore need more energy.

However it is not possible to determine whether the fan module or the core modules are

responsible for higher thrust generation.

4.3 Thrust versus EGT margin

As described in the previous section, there is a correlation between high thrust and high

fuel consumption. In figure 4.3, thrust is plotted against EGT margin for pre- and post-

vendor engines. Although this chart does not provide any further explanations, it underlines

the importance of thrust generation on EGT margin in this investigation. It is significant

that engines with a thrust level beyond 61100 lbf achieve EGT margin under 35.0 ◦C. Only

engine #16 fulfils this requirement. The high thrust generation might be an explanation

for low EGT margin for pre-vendor engine #5 and post-vendor engines #11, #14, #15,
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Figure 4.3: Thrust versus EGT margin

#17, #18, #19, #25, #26 and #29. In the further course of this investigation these

engines are referred to as ’high thrust engines’. As the fan produces most of the thrust, it

is reasonable to focus on this module whether any changes in repair procedures have taken

place between pre- and post-vendor engines.

The remaining engines show a lower thrust generation, whereby the EGT margin ranges

from 23.7 ◦C for engine #23 to 47.6 ◦C for engine #6. A correlation between thrust and

EGT margin is not significant for these engines.

4.4 EPR versus EGT margin

Engine pressure ratio is an indicator for the core performance of an engine. It is defined

as the ratio between LPC inlet and HPT outlet pressure. Figure 4.4 shows EPR against

EGT margin. It has to be mentioned that pre-vendor engine #8 is not shown due to data

availability.

Pre-vendor engines are located between an EPR of 7.46 to 7.56 and achieve an average

EPR of 7.51. With an average EPR of 7.50 for post-vendor engines, there is no significant

difference detectable. However, it is noticeable that engines with almost the same EPR

achieve different EGT margin as shown by engines #4 and #10. This big spread must be

accepted as normal. The high thrust engines show a tendency to higher EPR (except for

engine #29). High EPR means poor LPT performance whereby two possible reasons have

to be taken into account. Due to deterioration of turbine blades and/or higher tip clearances

(refer to section 2.9) the LPT needs more energy and therefore higher inlet pressure in order

to keep N1 speed constant. Another explanation for high EPR is highlighted by the fan
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module. High fan efficiency due to small tip clearances or poor fan blade quality demands

more energy extraction of the LPT because it is harder to spin the fan. On the other side

low EPR and low EGT margin are indications of poor HPC/HPT or combustion module

performance. This may be a possible explanation for low EGT margin of engine #22.
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4.5 N2 speed versus HPC pressure ratio

An effective method to assess HPC performance is to plot N2 rotor speed versus the ratio

of HPC discharge static and HPC inlet total pressure (PS3/P25). Higher N2 rotor speed

usually leads to higher pressurisation across the HPC. High pressure ratio also indicates

an effective working HPC which results in lower EGT. Regarding the N2 rotor, low speed

signifies poor HPC and/or HPT performance. Poor fan and/or LPT module performance

is indicated by high rotor speed.

The two parameters are shown in figure 4.5. Due to data availability, engine #19 is not

presented in this chart. The data is unlike previous charts corrected to standard day and

not to hot day conditions. But as all engine data is provided for the same power setting, a

comparison between pre- and post-vendor engines is still meaningful.

The spread of pre-vendor engines is very broad; it ranges from low N2 speed and low

pressure ratio as engine #6 to high N2 speed and high pressure ratio as engine #1. This

relationship is consistent because low N2 speed means that the HPC turns more slowly

which results in low pressurisation. In contrast, high N2 rotor speed leads to high pres-

surisation across the compressor. In figure 2.6 the relationship between SFC and CPR is
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Figure 4.5: N2 rotor speed versus PS3/P25

shown. The trend, that higher pressure ratio leads to less fuel consumption, cannot be

recognised as engines with high pressure ratio achieve low EGT margin (e.g. # 23 and #

25).

The average HPC pressure ratio of post-vendor engines is 12.79 and therefore 0.4 % higher

than of pre-vendor engines (12.74). The comparison of average N2 rotor speed only shows

a difference of 0.1 % (10423 rpm for pre-vendor and 10434 rpm for post-vendor engines).

An interesting comparison is provided by engine #18 and #22. Both operate at nearly the

same N2 rotor speed, therefore the same pressurisation or same pressure ratio is expected.

However engine #18 shows 4 % higher pressure ratio compared to engine #22 and con-

sequently better HPC performance. A similar conclusion can be drawn by comparing engine

#23 and #25. Although both engines achieve nearly the same pressure ratio, engine #25

operates at lower N2 rotor speed which means higher HPC efficiency. However, it has to

be mentioned that the difference in N2 rotor speed is 0.5 %. Therefore the significance is

limited.

The preceding investigation focused on the HPC as the main module responsible for low

EGT margin. This trend cannot be confirmed by analysing the data graphed in figure 4.5.

Only engine #22 shows a significant poorer HPC performance. By comparing the remaining

pre- and post-vendor engines no differences in HPC performance are detectable which give

reasons for focusing on the HPC.
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4.6 Results of the analysed test cell data

This chapter focused on the analysis of test cell data to identify differences between pre-

and post-vendor engines. However the investigation is limited by availability of engine data.

The most significant difference is shown in figure 4.3. Nine of nineteen post-vendor engines

(#11, #14, #15, #17, #18, #19, #25, #26 and #29) generate more thrust by achieving

low EGT margin. These engines burn more fuel which is graphed in figure 4.2. Engines

with high deviation in EGT margin for the fan and LPT module are highlighted in figure

3.6. These six engines belong to the sample of high thrust engines. As the fan is the main

module of thrust generation, the conclusion can be drawn that a change in fan performance

is a reason for the difference between pre- and post-vendor engines. Higher fan efficiency

due to smaller tip clearance results in higher EGT and lower EGT margin as described in

section 2.9. Therefore the analysis of fan module repairs as the next step might obtain an

explanation for low EGT margin.

However this relationship does not apply to all post-vendor engines. A comparison of EPR

is presented in figure 4.4. High thrust engines show a tendency to higher EPR which again

indicates poor fan and LPT module performance. As the LPT module shows high deviation

in EGT margin as described in section 3.3, an analysis of repair procedures of the LPT

module might be an area of interest in the further course of the investigation. Besides that

engine #22 has an abnormal low EPR by achieving low EGT margin. The engine core or

the combustion chamber are possible reasons for poor engine performance.

The analysis of N2 rotor speed and HPC pressure ratio in figure 4.5 shows normal behaviour

for post-vendor engines compared to pre-vendor engines. Poor HPC performance is only

detectable for engine #22 which is consistent to the comparison of EPR.
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5 Analysis of performed repairs

Based on the analysis in chapter 3 and 4, the performance of the fan and LPT modules have

been identified as possible reasons for low EGT margin. In this part of the investigation

repair procedures for the fan module are analysed to ascertain differences between pre- and

post-vendor engines. The effects of component quality on EGT and SFC are presented in

section 2.9. They provide the basis for analysed repair procedures in this chapter. It has to

be mentioned that it is not possible to analyse all performance effects. The airfoil surface

finish is determined by measuring the airfoil roughness. Small roughness represents better

surface finish due to lower friction. As blade repairs are not performed by LTQ Engineering

itself, no data about airfoil roughness is available. Therefore alternative analyses of the

effect of airfoil finish are required. Furthermore deterioration like erosion, pitting and

contamination with dirt are removed after overhaul and cannot be taken into consideration

for high EGT and SFC. Only clearances are recorded after an overhaul to avoid damage to

blades and cases and to guarantee safe and efficient engine operation.

5.1 Fan tip clearance

The effect of fan blade tip clearance on EGT and SFC is determined by General Electric

and based on experience. Besides the influence on engine performance, the clearance must

be controlled to ensure safe and efficient engine operation. The fan consists of 38 titanium

blades whose dovetail joints are mounted into the fan disk. It is a lose fitting without any

fasteners. The inner fan case is sealed with an abradable shroud. The first layer consists

of a backing sheet of fabric glass, followed by a honeycomb core of phenolic reinforced

polyamid fiber and a lightweight phenolic mircoballon filler. Figure 5.1 displays a part of

the forward fan case and its main components.

 

Mid-span shroud 

Dovetail 

Fan disk 

Abradable shroud 

Figure 5.1: Forward fan case
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Due to the wear of dovetail coating, the loose fitting and the radial forces caused by the

high rotation speed, the fan blades move outwards and decrease the fan blade tip clearance

during operation. Additionally, aerodynamic forces lead to a slight untwist of the blades.

The mid-span shroud is necessary in order to keep the untwist to an minimum. These

two effects lead to grinding of the abradable shroud by the fan blade tips during operation.

Smaller fan blade tip clearance leads to higher fan efficiency, but also an increase in abrasion.

Therefore it is harder to spin the fan. A perfect installation shows minimum tip clearance

without touching the shroud.

As part of the inbound inspection prior to engine overhaul, the fan tip clearance is measured

at two positions; E12 is located in a distance of 10.4 in (264 mm) from the forward flange

of the fan forward casing, E13 has a distance of 13.4 in (340 mm). To simulate engine

operation, both dimensions are measured with the fan blade at 6:00 o’clock position. Due

to the loose fit and gravity force, the blades are seated to their operational position as close

as possible [GE10]. Figure 5.2 displays the positions of E12 and E13.

Figure 5.2: Position of E12 and E13 [GE10]

If the dimensions for E12 and E13 are within limits and the abradable does not show any

damage at the inbound inspection, no repairs are performed. Only the fan blades are

removed and overhauled according to the engine shop manual. The limit for E12 and

E13 position are displayed in table 5.1. The old limit is based on the GE manual. LTQ

Engineering has the allowance of its costumer to exceed this value at 15 %.

Table 5.1: Limits for E12 and E13 fan tip clearance [GE10]

Position Old minimum Old maximum New maximum

E12 0.115 in (2.92 mm) 0.198 in (5.03 mm) 0.228 in (5.78 mm)

E13 0.156 in (3.96 mm) 0.236 in (5.99 mm) 0.271 in (6.89 mm)

After measuring E12 and E13 clearance for each blade, the 38 values for each position are

averaged and represent the fan blade tip clearance. The fan tip clearance does not change if
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the same set of blades is refitted and no repairs on the abradable shroud are performed. In

this situation no clearances are recorded in the outbound inspection and the measurements

of the inbound inspection are used. Figure 5.3 and 5.4 compares E12 and E13 tip clearance

and EGTM margin for pre- and post-vendor engines.
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Figure 5.3: E12 fan blade tip clearance versus EGT margin
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Figure 5.4: E13 fan blade tip clearance versus EGT margin

The blue dots represent the pre-vendor engines, red and yellow dots are post-vendor engines

whereby the yellow ones are high thrust engines. As described in section 2.9, an increase of
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0.02 inch in fan blade tip clearance results in decrease of 0.9 ◦C in EGT. Considering the pre-

vendor engines in figure 5.3 this numerical relationship cannot be confirmed. One example

is given by the comparison of engines #2 and #6. By having almost the same clearance,

these engines show a difference in EGT margin of more than 10 ◦C. Other demonstrative

examples are the comparison between #7 and #10 or between #5 and #10. This broad

spread of pre-vendor engines makes it difficult to find a relationship between EGT margin

and fan blade tip to shroud clearance.

In section 4.3 a relationship between high thrust and small clearance due to higher fan

efficiency is assumed. Considering the yellow dots no confirmation is seen, which becomes

evident by comparing engine #11 with #18. Although both engines almost generate the

same thrust, the difference in clearance amounts to 0.08 in or 66.7 %. Altogether post-

vendor engines show a tendency to higher fan blade tip to shroud clearance which should

result in higher EGT margin instead in lower than pre-vendor engines.

The same relationship is recognised by analysing the E13 clearance in figure 5.4. The spread

is very similar to the previous chart, but it is still not possible to draw a conclusion. Engines

#1 to #3 and #6 to #9 show E13 tip to shroud clearance of 0.20 inch to 0.24 inch and

higher EGT margin. The post-vendor engines in the same range of E13 clearance achieve

low EGT margin at the same time.

By comparing the fan blade tip to shroud clearance it becomes evident that there is no

or just minor effect on EGT margin noticeable. Most of post-vendor engines are located

in the same range as the pre-vendor engines for both measuring points. The remaining

engines show even bigger tip clearance which should lead to higher EGT margin based on

experience of GE. As the post-vendor engines do not show great differences in fan blade tip

clearance compared to pre-vendor engines, this can be eliminated as a reason for low EGT

margin. The only significant difference between pre- and post-vendor engines is related to

the fan blades. By collecting the E12 and E13 clearances, it was also recorded whether the

original fan blades were refitted or replaced. Pre-vendor engines have always been equipped

with the same set of blades. In contrast, fan blades of post-vendor engines are more often

replaced with blades from other engines. However, all fitted fan blades have been repaired,

therefore a coincidence between refitted or replaced blades and low EGT margin is difficult

to proof.

5.2 Condition of fan blades

The blade condition has a significant effect on the fan performance. As described in section

2.9, high airfoil roughness, leading edge erosion, pitting and dirt lead to poor fan efficiency

and therefore to increase in EGT and SFC. In order to identify differences between pre- and

post-vendor engines, the repairs of fan blades are analysed.

As part of the engine disassembly, fan blades are cleaned to remove lubricant, dirt or other
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contaminations and after that inspected in two ways. A fluorescent-penetrant inspection is

carried out to discover small surface defects such as cracks which may not be visible under

normal white-light. Thereto the fan blades are etched and fluorescent penetrating oil is

applied to the parts. Excessive oil is removed and a developer is applied after that. The

developer absorbs the oil and remains in small cracks after water washing. The blade is

inspected under ultraviolet light and defects become visible. The second inspection is visual

and it is performed in order to detect nicks, dents, scratches or dimensional changes.

If defects are within the repairable limits, the appropriate repair is performed to restore the

fan blade. The engine shop manual includes 18 different repair procedures for fan blades.

If a defect is beyond the repairable limit, the part has to be scrapped. After an overhaul

small defects can remain on the blade as long as they are within serviceable limits. It has

to be mentioned that fan blade repairs have not been performed by LTQ Engineering itself.

Therefore no data concerning the airfoil roughness or dimensions is available.

Some repairs have never been performed neither on pre- nor on post-vendor engines. There-

fore they are not described in this investigation. To improve the understanding, figure 5.5

labels the different parts of a fan blade. Table 5.2 shows, how many fan blades have un-

Figure 5.5: Nomenclature of a fan blade[GE10]
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dergone each repair. The first ten engines are pre-vendor, the remaining are post-vendor

engines. Four repairs have always been performed on pre- and post-vendor engines; polish-

ing (repair 003), shotpeening (repair 004), blending of airfoil, platform and shank (repair

005) and replacement of dovetail coating (repair 007). The polish and shotpeen repair are

used to improve the surface finish by decreasing the roughness. The blend repair is per-

formed to remove nicks, dents or scratches with a fine file, silicon carbide cloth or abrasive

stone by not exceeding the maximum blend limits. After that the blades are shotpeened

with steel shot at 15 psi pressure. The surface finish should show an average roughness of

22 microinches. If it does not meet the requirements, the polish repair has to be performed.

A vibratory container with abrasive charged pellets is used and the repair is carried out in

two phases; in the first phase the fan blade is covered in coarse abrasive media for 3 hours.

After that it is inspected and the average surface finish must be at least 35 microinches. If

not, the repair has to be performed again. In the second phase the fan blade is polished by

finish abrasive media for 1 hour. The final surface finish has to be at least 22 microinches

[GE10]. These three repairs are used in order to restore surface finish. As they have been

performed on all pre- and post-vendor engines, airfoil surface finish is eliminated as a reason

of low EGT margin for post-vendor engines.

Repair 007 stipulates the replacement of copper-nickel-indium dovetail coating and solid-

film lubricant. The coating is used as an antifretting surface on the contact areas of the

dovetail. The copper-nickel-indium coating powder is applied to the part by thermal spray-

ing (plasma arc or flame spraying). Finally the dovetail is covered with solid-film lubricant.

It is not very likely that this repair procedure has any effect on EGT or SFC. The coating is

used to minimize dovetail wear and does not affect the airflow. An elimination as a reason

of low EGT margin is additionally justified by the fact that the repair has been performed

on all pre- and post-vendor engines.

Repair 002 (repair of mid-span shroud hardcoat), repair 006 (dovetail/platform seal replace-

ment) and repair 016 (moment-weigh procedure) are performed on most engines. Repair

016 is carried out to determine the moment-weight of a fan blade. The moment-weight is

important for trim balance of the fan rotor assembly. The procedure has been performed

on engines with low as well as high EGT margin. The only exceptions are engines #1, #11

and #20. Therefore there is no indication that it has any effect on EGT.

The repair of mid-span shroud hardcoat (repair 002) is similar to repair 007 (replacement

of dovetail coating) and has been performed on some pre- and post-vendor engines. An

effect of the hardcoat on EGT is not mentioned by GE, therefore this repair is eliminated as

a reason. The same applies to repair 006; there is no indication that it has been performed

only on engines with low or high EGT margin.

The remaining repairs (008 to 012) have been performed a few times on both pre- and

post-vendor engines. Therefore there is no justification to assign one of these repairs as a

reason for low EGT margin.
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Considering the fan blade repairs, no significant differences between pre- and post-vendor

engines are noticeable. All blades have undergone airfoil surface finish restoration (repair

003, 004 and 005). Therefore this is eliminated as a reason for low EGT margin although

no airfoil roughness data is available. The remaining repairs are performed on some pre-

and post-vendor engines. These procedures cannot be considered as a reason for low EGT

margin either because they have been performed on engines with high as well as low EGT

margin. There is no difference in fan blade repairs noticeable between pre- and post-vendor

engines.
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Table 5.2: Quantity of fan blades which have been repaired

Engine
Rep.

002

Rep.

003

Rep.

004

Rep.

005

Rep.

006

Rep.

007

Rep.

008

Rep.

009

Rep.

010

Rep.

011

Rep.

012

Rep.

016

1 38 38 38 38

2 38 38 38 38 38 38 2 38

3 38 38 38 38 38 38 3 38

4 38 38 38 2 38 38

5 38 38 38 38 38 38

6 38 38 38 38 9 38 4 38

7 38 38 38 38 38 38 38

8 38 38 38 38 38 38

9 38 38 38 38 7 38 38 38

10 1 38 38 38 1 38 1 38 1 38

11 38 38 38 38

12 38 38 38 38 3 38 31 38

13 38 38 38 38 38 38 3 38 1 38

14 38 38 38 38 38

15 38 38 38 38 38

16 38 38 38 22 38 18 38

17 38 38 38 38 38

18 38 38 38 38 7 38 9 38

19 4 38 38 38 4 38 38

20 38 38 38 38

21 38 38 38 38 38

22 26 38 38 38 24 38 1 2 1 2 38

23 38 38 38 38 38 38 7 14 8 38

24 38 38 38 38 38 38 4 3 38

25 38 38 38 38 38 38 11 2 38

26 38 38 38 38 38 38 1 2 38

27 38 38 38 38 38

28 38 38 38 38 38 38 38

29 38 38 38 38 38 38 7 38
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6 Discussion of the analysis

The objective of this multi faceted investigation was to identify differences in module per-

formance and repair procedures of pre- and post-vendor engines to determine possible

reasons for low EGT margin. As pre-vendor engines show higher average EGT margin, their

engine data is judged normal. Deviations were seen as an indicator for performance changes

and potential changes in repair procedures.

In the first step an analysis of TEMPER data has been performed. Pre-vendor engines

achieve an average EGT margin of 39.4 ◦C; the average EGT margin of post-vendor en-

gines is 30.9 ◦C. However it was noticeable that post-vendor engines show lower SFC. Figure

3.6 displayed that six post-vendor engines have an abnormal EGT margin deviation for the

LPT module and show the highest deviation for the fan module. This was the first indicator

that this investigation should focus on these two modules. Furthermore four post-vendor

engines revealed higher deviation for the HPTS module than pre-vendor engines. Due to

the small effect of the HPTS on EGT margin, this module was not analysed in the further

course of the investigation. It has to be mentioned that the significance of TEMPER data

is limited; for all engine test data which has been submitted to the TEMPER software,

the measurement of the LPT inlet pressure (P49) was judged abnormal, indicated by a

warning in the TEMPER report. This warning is shown due to the high deviation to the

baseline model. A malfunction of the pressure probes can be eliminated as the probes had

been replaced. A possible explanation could be the condition of the baseline model; it is

unknown whether this model is based on factory new or overhauled engines. Therefore the

comparison to the baseline is not meaningful. As the warning was given for both pre- and

post-vendor engines, it has to be accepted as normal. Furthermore it has to be mentioned

that it is an analysis probe which does not have any control functions on the engine. An

additional problem arises by considering the MEAS category. Variations of EGT which

cannot be attributed to a particular module are listed in this category. Post-vendor engines

show negative deviation up to 7.0 ◦C. An accurate conclusion can only be drawn if the

deviations are allocated to the engine modules and not to the MEAS category (deviations

should be around 0 ◦C).

The same trend was discovered by analysing SFC margin deviation per module in figure

3.7. Post-vendor engines show abnormal deviation for the HPTS and LPT modules. It was

noticeable that the same post-vendor engines which show high deviation in EGT margin for

the LPT module have the highest negative deviation in SFC margin for the LPT module

as well. On the other side these engines achieve the smallest deviation in SFC margin for

the fan module. As described in section 2.9, high fan efficiency due to small fan blade to

shroud tip clearance increases EGT. At the same time, thrust generation is increased which

leads to small SFC (high SFC margin). Therefore the relationship between deviation in EGT

margin and SFC margin for these engines was seen as consistent and confirms focusing on
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the fan module.

In chapter 4 test cell data was analysed in order to identify further differences between pre-

and post-vendor engines and to find reasons for high deviation in EGT margin for the fan

and LPT modules. It has to be mentioned that this part of the investigation was limited

by data availability. Therefore it was not possible to assess performance for each module;

especially performance estimation of the combustion chamber was not feasible because no

data can be measured due to high temperatures. Differences between pre- and post-vendor

engines caused by this module could not be noticed in this investigation. The flame profile

(shape of the flames in the combustion chamber) has great effect on engine performance.

The combustion chamber of a CFM56 jet engine is shown on the left side of figure 6.1.

On the right side the dome angle (angle VF) is displayed in detail. It is the angle between

combustion chamber and a virtual horizontal axis. The effect of dome angle change in a

 

 

  

Figure 6.1: Combustion chamber (left) and dome angle (right) of the CFM56 [CFM10]

CFM56-7 is shown in figure 6.2. Small changes in dome angle could cause hot spots in the

combustion chamber which leads to performance drop. The dome can be installed with an

angle of 22° to 26° according to the manufacturer. Performance differences caused by this

variation cannot be assessed and provide a possible explanation for low EGT margin.

In addition, engine data was restricted by correction factors. Not all parameters were cor-

rected to the same power setting and condition (hot or standard day). However it was

regarded that a comparison was only done with parameters of the same correction level.

Figure 4.1 displayed that nine post-vendor engines show high SFC margin by achieving low

EGT margin. They are located beyond the expected band of pre-vendor engines. It was

noticeable that all engines with high deviation in EGT margin for the fan and LPT modules

show this abnormality. Again this was interpreted as a confirmation to focus on the fan

module as high fan efficiency in terms of blade to case clearance leads to increase in EGT

(decrease in EGT margin) but decrease in SFC (increase in SFC margin). This is a possible

explanation why these engines are located beyond the normal band.

As SFC is defined as the ratio of burnt fuel to generated thrust, these two parameters were
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Figure 6.2: Hot spots due to change in dome angle [NEW11]

plotted in figure 4.2. It revealed that some post-vendor engines show high fuel consumption

but generate more thrust at the same time. This leads to low SFC and accordingly to high

SFC margin. An interesting relationship was displayed in figure 4.3, where thrust was plot-

ted against EGT margin. Nearly 50 % of post-vendor engines generate more thrust than

pre-vendor engines. As the fan is the main module of thrust generation and the TEMPER

data revealed that some post-vendor engines have higher deviation in EGT margin for the

fan module, the conclusion was drawn that a closer look at the fan module could provide

explanations.

The chart presented in figure 4.4 confirmed that the fan and LPT may be the poor per-

forming modules due to the tendency to higher EPR of high thrust post-vendor engines.

However it has to be mentioned that an overall trend could not be identified; engines with

the same EPR achieve high and low EGT margin (e.g. engines #24 and #25) or achieve

the same EGT margin by having different EPR (e.g. engines #14 and #22). This problem

arises for all comparisons; post-vendor engines show broad spread, hence it was not possible

to identify a clear trend. Moreover the test data itself has to be seen critically; as mentioned

earlier, the TEMPER report gives a warning for all engines that the P49 measurement was

judged abnormal. This has an effect on EPR as it represents the ratio of P49 to P12.

An abnormal P49 measurement leads to defective EPR and therefore reduced significance.

To assess the HPC performance, N2 speed versus PS3/P25 was plotted in figure 4.5. It
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was not possible to identify a clear trend either due to the great spread in HPC pressure

ratio. Only one post-vendor engine shows poorer HPC performance. However all engines

achieve nearly the same N2 rotor speed which indicates that a change in HPC and/or HPT

performance is very small.

It has to be mentioned that the difference between highest and lowest values of a parameter

is around 2.5 % in average. The difference between the highest value of a pre-vendor engine

and the highest value of a post-vendor engine is less than 1.0 % for all parameters. Therefore

the significance is restricted. Table 6.1 shows absolute and percentage deviation between

highest and lowest values and demanded instrument accuracy for main engine parameters.

By assessing engine performance, deviation in terms of accuracy has to be taken into ac-

count. It is obvious that the deviations cannot be explained only by measurement errors.

However it has to be considered that inaccuracy in the measurement system can skew the

conclusions, especially if only small differences between pre- and post-vendor engines ap-

pear. Due to the complexity of jet engines, small deviations can have several reasons and it

Table 6.1: Deviation of engine parameters and instrument accuracy [GE10]

Parameter
Absoulte

deviation

Percentage

deviation

Instrument

Accuracy

N2 rotor speed 83 rpm 0.8 % ±5 rpm

Thrust 1460 lbf 2.4 % ±140 lbf

Fuel flow 537 lb/h 2.7 % ±0.5 % of point

EGT 25.2 ◦C 113 % ±3.0 ◦C

is difficult to detect which module operates in a different way. Furthermore the approach to

identify reasons for low EGT margin only provides a limited view of the problem. The aim of

the investigation was to find reasons for low EGT margin of post-vendor engines. Based on

GE recommendations, TEMPER data and selected engine parameters have been analysed

to identify differences between pre- and post-vendor engines. It is possible that reasons for

low EGT margin are based on small changes in each component and not on great change in

one or two components as assumed in this investigation. These small differences are hardly

noticeable but lead to high deterioration of EGT margin in total.

Furthermore it is conceivable that friction of seals and bearings affect EGT and engine

performance. Their influence does not appear in changes in engine parameters and there-

fore it is difficult to discover. However the drag produced by seals and bearings is very

small, which is shown by spinning the N1 rotor. Not much force is needed to set the fan

and LPT modules in motion by hand and the rotor rotates for a long time before coming

to rest. Therefore it is justified that friction effects of seals and bearings are neglected.

Additionally the gearbox (includes fuel pump, hydraulic pump, lube and scavenge pump,
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starter and generator) causes drag. As the gearboxes for one engine model are the same

and only small differences in drag occur, the effect on engine performance is insignificant.

These two examples show the complexity of engine performance. Numerous small changes

in component performance lead to low EGT margin in total, but it is nearly impossible to

detect them. Moreover the data availability restricts the investigation, e.g. additional drag

of the gearbox is not measured.

Another approach would have been to examine each engine on its own. However as the

problem of low EGT margin is more significant for post-vendor engines, a comparison to

pre-vendor engines is more meaningful. Besides that a detailed analysis of each engine

would require more time and greater resources.

Concentrating only on repair procedures without analysing TEMPER and test cell data

would have been another conceivable approach especially since no clear trends could be

discovered. The effects of each module on EGT and SFC are presented in section 2.9 and

provide a basis for that kind of investigation. However this approach is associated with

the risk that no differences are detected as all repairs are performed according to manual

requirements and dimensions are within limits. To allow a comparison, the behaviour of

pre-vendor engines was judged normal due to high EGT margin of most pre-vendor engines.

All conclusions are based on this assumption although three pre-vendor engines show low

EGT margin. This approach is justified by the fact that a sudden and significant drop in

EGT margin occurred with the change of the overhaul vendor.

It is evident that the possible reasons for low EGT margin are numerous and complex. The

generation of more thrust and the relationship between low EGT margin but high SFC mar-

gin was the most significant difference between pre- and post-vendor engines. Therefore

this investigation focused on the fan as the main module for thrust generation.

Smaller fan blade tip to shroud clearance lead to higher fan efficiency and therefore higher

thrust, but lower EGT margin at the same time. Tip clearances are represented by two

measurements called E12 and E13 and were analysed in section 5.1. It was expected that

engines with higher thrust and low EGT margin have smaller tip clearance. This trend

could not be confirmed as seen in figures 5.3 and 5.4. Due to the broad spread it was

not possible to identify a relationship between high thrust/ low EGT margin and small tip

clearance. Both pre- and post-vendor engines have almost the same clearance by achieving

different EGT margin. Hence the conclusion was drawn that this is not the reason for low

EGT margin. Post-vendor engines show a tendency to higher tip to shroud clearance which

should result in lower EGT (higher EGT margin). As the achievement of required thrust

level has never been a problem, it is recommended that fan blades should be installed with

clearance as big as possible within the limits.

Based on experience, the condition of the fan blades is an issue in terms of EGT and SFC.

Therefore quantity of repair procedures has been analysed in section 5.2. It became evident

that airfoil surface restoring repairs were performed on every engine, so the effect on EGT
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and SFC is the same for pre- and post-vendor engines. It has to be mentioned that no

roughness data of the blades is provided, which would represent a better estimation of the

airfoil surface condition. The remaining repairs were performed on some engines, but it is

unlikely that the replacement of coating on the dovetail or shroud has a great effect on

engine performance. Besides that these repairs were performed on engines with both high

and low EGT margin.

Both analyses do not reveal any relationship between low EGT margin and repair proced-

ures or clearances. The assumption that higher thrust is caused by changes in the fan

rotor assembly could not be confirmed. However a possible explanation may be based on

the shape of the fan blade airfoil, e.g. leading edge contour, which cannot be detected by

analysing the quantity of repairs. Although dimensions are within limits, it is possible that

different overhaul vendors perform the same repair with different results. This is very hard

to proof and requires more data and time.

Finally it has to be mentioned that jet engines are not designed for diagnostics; the available

instrumentation is used in order to ensure safe engine operation and not to assess module

performance. The same problem arises with recorded dimensions; only security relevant

data as clearances are measured. Therefore it is very difficult to identify reasons for low

EGT margin, especially if no obvious changes have occurred.
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7 Recommendations for test cell modifications

Due to the limited availability of engine data it is difficult to assess performance of all engine

modules. Therefore it is reasonable to implement additional test cell instrumentation to

record more data. This chapter gives a description of instrumentation and stations where

it is measured. Furthermore recommendations are given how to install the instrumentation

and which modifications are necessary.

To assure safe engine operation, the performance acceptance test is performed in ’on-wing

condition’. Therefore a cowling for the secondary airpath and an exhaust nozzle behind

the LPT module are fitted to the engine. Additionally a bellmouth inlet is used which

substitutes the engine flight inlet and keeps flow losses due to friction and turbulence to a

minimum [BRÄ09]. Figure 7.1 pictures the three components in the test cell.

 

Bellmouth inlet 

Cowling 

Exhaust nozzle 

Figure 7.1: Engine installation in the LTQ test cell

7.1 Additional measuring points

The TEMPER data reveals that the fan and LPT modules show high deviation in EGT

margin. Due to data availability it is not possible to assess performance of these two com-

ponents. Therefore pressure and temperature data at inlet and outlet of the modules has

to be recorded. The ratio of inlet and outlet pressure represents efficiency of pressurisation

or work extraction. The temperature ratio is needed to calculate the thermodynamic cycle
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and is used to judge how the component performs compared to the ideal cycle. The meas-

urements which are recorded in the test cell at LTQ Engineering are mentioned in section

2.7. Both pressure and temperature are recorded at the fan inlet (P12 and T12). However

these are the only measurements which are taken in the secondary airpath. To assess fan

performance it would be necessary to record parameters behind the fan module. As the fan

is the only rotating part, it is less important where the additional criteria in the secondary

airpath are recorded. However it has to be mentioned that the airflow is affected by struts

and cowling. This leads to pressure decrease and temperature increase in consequence of

friction. The temperature increase (dissipation) only affects the boundary layer and is very

small compared to temperature change due to compression, energy extraction and combus-

tion. Therefore friction losses are solely described by a decrease in total pressure when the

thermodynamic cycle is calculated [BRÄ09]. As the changes in pressure and temperature

should be the same on all engines due to same cowling, the additional measurements can

be taken anywhere in the secondary airpath. Figure 7.2 shows the CF6-80C2 cowling which

is used at LTQ Engineering. The cowling provides four ports (two on each side) for pressure

 

Ports for pressure and 
temperature measurement 

FWD 

Figure 7.2: CF6-80C2 test cell cowling(right side)

and temperature measurement. These ports can be used to record the additional criteria

in the secondary airpath and no modifications are necessary. This position matches station
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17 (nozzle inlet) in figure 2.2. The number of probes which should be used depends on

the pressure and temperature uniformity at the station. More locations and greater cover-

age lead to more accurate results but demands more time and effort, e.g. for installation,

calibration and overhaul of the instrumentation. Non-uniform pressure distribution is likely

for the fan downstream, therefore more coverage should be employed [WF98]. With this in

mind all four ports should be equipped with instrumentation.

To assess the performance of the LPT module, pressure and temperature measurements

at the component inlet and outlet are necessary. Again both measurements are already

taken at the inlet of the LPT (P49 and T49). Figure 7.3 shows both engine sides and the

available ports for measuring instruments. The only available port behind the LPT is for a

 

Figure 7.3: Available ports on the CF6-80C2 [GE10]

temperature sensor at station 5 (top right on the left picture). Due to significant swirl at

the hot end greater coverage with more than one probe is needed [WF98]. Therefore the

only possible location for additional instrumentation to assess LPT performance is in the

exhaust nozzle (stations 55 to 9). However this requires a modification of the nozzle as no

ports are provided from manufacture.

7.2 Instrumentation

For measurement of pressure and temperature, both sensors are installed in rakes. An

example of the rakes which should be used on the CF6-80C2 engines are shown in figure

7.4. The rake includes six pressure and/or temperature sensors and it is installed with its

axis towards the direction of the gas flow. The six heads are called Kiel heads and they

assure effective measurements despite greater incidence angles. However due to their size

and small wall thickness, they are susceptible to damage during installation and removal

[WF98]. Thermocouple sensors or resistance temperature detectors are the most common
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Figure 7.4: Rake for temperature and pressure measurement

methods to measure temperatures in jet engines whereby they are applicable for different

temperature regions. Thermocouple sensors are temperature sensing devices which use

voltage generation due to temperature difference and different metal alloys. As the tem-

perature at the measuring point increases or decreases, the millivolt value of the sensing

elements increase or decreases accordingly [GE03]. Figure 7.5 shows a schematic diagram

of a thermocouple sensor. The Type K thermocouple sensors are the most common type
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Metals are 
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Figure 7.5: Schematic assembly of a thermocouple sensor (Type K) [WIK11]

for industry applications and are made of chromel and alumel alloy conductors. The func-

tionality is based on the thermoelectric effect or Seebeck effect; a conductor generates emf

whenever it is exposed to gradient in temperature. A second conductor is needed to form

a closed circuit in order to measure this emf. By using dissimilar wires, different voltage

generation is achieved by the conductors and can be measured at the free ends and related

to a temperature due to the linear relationship. It has to be mentioned that the magnitude

of the emf is a function of temperature difference between both junctions and the type of

material. Furthermore the temperature difference is referred to the cold junction; therefore

the reference temperature of the cold junction has to be known or compensation has to be
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used in order to receive an absolute temperature measurement [CHI01].

Thermocouple sensors are the standard instrument to measure temperatures up to 1400 ◦C

whereby they are less accurate than resistance temperature detectors [RAT07]. Further-

more they are characterised by fast response time by temperature changes. Due to high

temperature and exposure to reactive atmosphere, the lifetime of thermocouple sensors

is limited and the simple relationship between temperature and voltage falsifies with time

[CHI01]. The CF6-80C2 jet engine uses eight Type K thermocouple sensors to measure

EGT [GE10].

Resistance temperature detectors are used for smaller temperature range up to 600 ◦C

[RAT07]. They are characterised by high accuracy and high resistance against corrosion

and chemical atmosphere. Their functionality is based on electrical resistance change of a

metal wire (usually platinum) due to temperature change. The platinum wire is wounded

around a ceramic insulator or encapsulated in glass [CHI01]. As the temperature increases

or decreases, the resistance value of the sensing elements increases or decreases accordingly.

In contrast to thermocouple sensors, these detectors require a power source to operate. By

providing constant power supply the resistance change is measured by a change in voltage.

PT200 resistance temperature detectors (platinum wire and resistance of 200 Ω at 0 ◦C)

are used for measuring the HPC inlet temperature on the CF6-80C2 jet engine [GE97].

For measuring the temperature behind the LPT the use of thermocouple sensors due to

their higher temperature range is recommended. With temperature around 550 ◦C they are

the preferred measurement device for high temperatures although resistance temperature

detectors would be the better choice in terms of chemical resistance and accuracy. In the

secondary airpath (station 17) temperature should be measured with resistance temperat-

ure detectors such as PT100 due to lower temperature around 180 ◦C and higher accuracy.

It has to be mentioned that the choice of temperature measurement sensors is only based on

operating range and accuracy and on recommendations by GE. Other determining factors

such as size of the measuring device, time response to temperature changes, stability, self

heating or calibration have not been considered as the temperature range is the most im-

portant criterion [CHI01].

Pitot tubes are used to record total pressure and are installed in rakes as well. A pitot tube

is a simple tube whose tapping points towards the direction of the airflow. The air comes to

rest at the end of the tube and its pressure can be measured. Usually the measured pressure

is an average of several pitot tubes. Therefore the capillary tubes are brought together in

a manifold where its pressure is measured by sensor [WF98]. On the left side of figure 7.6

the rake for fan inlet pressure on a CFM56 is shown. The pressure is determined by the

average of two measurements. The right side displays the capillary tubes which connect

the pitot tube with the manifold (not shown).

Pressure transducers are the most common device to measure pressure. They are elec-

tromechanical devices which convert pressure to an electrical signal. The sensor consists
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of two chambers which are separated by a thin, elastic diaphragm. Usually they are made

of beryllium, copper, phosphor bronze or stainless steel sheets. The pressure difference

between both chambers (total pressure of the airflow on one side and barometric pressure

on the other) causes movement of the diaphragm. This displacement is amplified using a

mechanical, electrical, electronic, or optical system [RAT07]. Figure 7.7 shows a schematic

pressure capsule with strain gauges mounted to the diaphragm.

 

Figure 7.6: Pressure rake (left) and capillary tubes (right)

Figure 7.7: Pressure transducer (strain-gauge-type) [RAT07]
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7.3 Modifications

After determination of measurement stations and description of instrumentation, this sec-

tion gives recommendations and instructions as to which modifications have to be performed

to record additional criteria. As mentioned before the recording of pressure and temperat-

ure in the bypass (station 17) does not require any modifications due to the use of existing

ports. However recording additional criteria behind the LPT requires hardware changes. As

modifications on the engine itself are not allowed due to certification regulations, only test

cell equipment such as the exhaust nozzle can be modified for the implementation. Figure

7.8 shows the exhaust nozzle of the CF6-80C2 which is used at the LTQ test cell.

A similar modification has been performed on the CFM56-5C jet engine exhaust nozzle

at Lufthansa Technik in Hamburg. Eight additional rakes have been implemented in the

exhaust nozzle to measure temperature at station 55. Based on experience which has been

gained during several test runs, pressure measurement behind the LPT causes problems in

terms of accuracy due to significant swirl and pressure differences. Therefore the results

of pressure measurement are not meaningful and cannot be used to calculate the thermo-

dynamic cycle or to assess module performance. Besides that the pressure value is not

required to calculate the thermodynamic model if all other measurements are taken into

account. Hence only additional thermocouple sensors at station 55 should be integrated in

the CF6-80C2. Measurements have shown that the four rakes should be enough to achieve

satisfying and significant results if only temperature is measured. The integration of addi-

 

 

 

 

 

Possible positions 
for rakes 

Figure 7.8: CF6-80C2 exhaust nozzle uninstalled (left side) and installed (right side)

tional instrumentation does not pose a problem in terms of spare channels or connectors in

the test cell. However there are some points which should be considered before performing

any modifications. Due to the high temperature behind the LPT, the connectors of the

sensors should not be located in this area. Therefore cables must be long enough to reach

connectors in the cooler areas of the engine.

Furthermore it should be possible to seal the ports for the rakes if the additional equipment
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is not used in order to avoid parasitic airflow through the exhaust nozzle. Additionally a

flush surface inside of the nozzle should be provided; otherwise vortices could appear and

affect engine performance.

Another problem arises with cables of the temperature sensors. As the exhaust nozzle does

not provide any channels to cover the cables, it has to be avoided that they interfere with

the secondary airflow. It may be possible to hide the cables in the small cavity between

outer and inner nozzle cover as seen in figure 7.8 and 7.9 in more detail. Additionally the

 

Cavity of 20mm 

Figure 7.9: Exhaust nozzle cable installation

installation of the base plates of the rake could cause problems due to wall thickness. The

inner exhaust nozzle wall is very thin and as a result is easily damaged or cracked. This is

even more likely due to high temperature gradient. Perhaps reinforcement of the wall in

the cavity can solve the problem.

These recommendations are based on experience of previous modifications and assessment

of the exhaust nozzle. As there are no drawings, rakes or additional data available, it is

difficult to predict possible issues.
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8 Further examinations

It is recommended that future work focuses on the reasons for higher thrust generation as

this is the most obvious difference between pre- and post-vendor engines. With recording

pressure and temperature behind the fan it should be possible to determine whether higher

thrust is based on fan performance as assumed in this investigation. As fan blade tip to

shroud clearance and repair procedures did not reveal any substantial reasons for high thrust

and low EGT margin, additional monitoring and documenting of fan blade parameters such

as chord length, leading edge contour or surface roughness may be useful.

Due to time and complexity it was not possible to analyse repair procedures for the LPT

module. As this module shows high negative deviation it would be interesting to consider

whether it is possible to identify any correlations between LPT and low EGT margin.

Therefore conceivable examinations are clearance and airfoil surface finish of LPT blades.

The data availability is the same as for the fan module; clearances are always recorded,

although no data concerning airfoil quality is provided. Hence other methods have to be

used to assess the airfoil quality. Furthermore additional information are gained as a result

of test cell modifications. Although pressure cannot be measured behind the LPT due to

accuracy, the recording of temperature allows better understanding of the thermodynamic

cycle and a more accurate calculation.

The modification of the exhaust nozzle should be the next step in order to gain additional

data as soon as possible. It is reasonable to manufacture samples of the cut out in order

to find the best way and avoid damage to the nozzle.
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Appendix

A.1 Engine monitoring report

The following pages show the ’on wing’ history and monitoring report of a CFM56-3C-1 jet

engine which is provided by the engine operated. The report includes general information

about the engine as date and reason for removal, time since new (TSN), cycles since

last visit (CSLV) and last test results. The ’on wing’ history (pages 1 and 2) contains

performed maintenance work and warnings which have occurred during operation. The

numerous warnings of high EGT (and therefore reduced EGT margin) have been the reason

for removal. The tabular report lists monitored engine data of the last days before removal

for takeoff (page 3) and cruise conditions (page 5). A graphic representation of the data is

given on page 4 (takeoff) and page 6 (cruise).
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A.2 TEMPER report

As part of this investigation is based on TEMPER reports, the results of the takeoff power

setting estimation for engine # 28 are presented on the following pages. Usually TEMPER

reports provide additional results for the maximum continuous power setting. However they

are not shown because they are not analysed in this investigation.

On the first two pages the measured engine data and its corrections are listed. This data

was used in chapter 4 to identify additional reasons for low EGT margin. The bar chart on

page 2 shows the deviation in EGT margin as it was presented in section 3.1. The deviation

in SFC margin is given on the top of page 3. Additionally the ’hardware and measurement

status’ are illustrated on that page. Both results have not been used in this investigation.

The input data which has been submitted to the TEMPER software is shown on page 4

and top of page 5. The value ’-5555’ means that no data was provided. The second half of

page 5 presents the values for deviation in SFC and EGT margin. The column ’CRSFC’ lists

the values for SFC margin deviation; EGT margin deviation is shown in column ’HDEGT’.
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