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Abstract
Gas turbines performance prediction has gathered a great investment in recent years. Engine
manufacturers must be deeply involved in mathematical modelling, but users may also have a
significant interest in the use of computational models for investigation of in-service problems. The
present work was developed, in this framework, as a curricular internship at TAP Portugal airline, area
of Maintenance & Engineering (TAP ME).

TAP ME is interested in analysing the performance of the CFM56-3 turbofan, which is the one that
TAP ME customers bring the most to its facilities. In order to simulate the turbofan performance, it will
be used a software called GasTurb, developed by Joachim Kurzke, which makes it easy to evaluate
the thermodynamic cycle of the most common gas turbine architectures, for both Design and OffDesign behaviours. To build the CFM56-3 model data from engines tested on TAP test bed facilities
will be used. The final simulation objective is to obtain the compressors and turbines characteristics,
also known as engine component maps, which are kept secret by the engine manufacturer for
competitive reasons. The engine model will help to detect abnormal behaviour. Therefore it will be a
strong help for TAP engineering team, saving time and resources in the workshop during pre-shop
visit tests.

In this work, it will also be analysed how the eroded compressor blades influence the general engine
performance and the component efficiencies. Finally, the CFM56-3 computational model can be useful
for a large number of secondary studies. The present thesis marks the starting point for future engine
performance prediction at TAP ME.

Key words: turbofan, computational model, performance prediction, component maps, engine
performance, GasTurb
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Resumo
A previsão do desempenho das turbinas de gás tem tido associado um grande investimento nos
últimos anos. Os fabricantes de motores devem estar profundamente envolvidos na modelação
matemática, mas também os utilizadores têm um interesse significativo no uso de modelos
computacionais para a investigação de possíveis problemas em serviço do motor. Neste contexto se
enquadra o presente trabalho, que é desenvolvido como um estágio curricular na companhia aérea
TAP Portugal, na área de Manutenção e Engenharia (TAP ME).
TAP ME está interessada em analisar o desempenho do turbofan CFM56-3, que é o motor que os
clientes da TAP ME mais entregam nas suas instalações. Para simular o desempenho do motor será
utilizado o software GasTurb, desenvolvido por Joachim Kurzke, com o qual é fácil avaliar o ciclo
termodinâmico das arquiteturas mais comuns de turbinas a gás, para os comportamentos nas
condições tanto de On-Design como de Off-Design. Para construir o modelo do CFM56-3 serão
usados dados dos motores testados nas instalações do banco de ensaios da TAP. O objectivo final
da simulação é obter as características dos compressores e turbinas, também chamados mapas de
componentes do motor, os quais são mantidos em segredo pelo fabricante do motor por razões
competitivas. O modelo do motor vai ajudar a detectar comportamentos anormais. Portanto, será uma
forte ajuda para a equipa de engenharia da TAP, economizando tempo e recursos na oficina.
Neste trabalho será analisado como a degradação das pás do compressor influencia o desempenho
geral do motor e a eficiência dos componentes. Finalmente, o modelo computacional CFM56-3
também será útil para um amplo número de estudos secundários. A presente tese marca o ponto de
partida para futuras previsões do desempenho de motores na TAP ME.

Palavras chave: turbofan, modelo computacional, previsão de performance, mapas de componentes,
desempenho de motores, GasTurb
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Chapter 1
Introduction

C

ontinuous improvement in global aviation safety is fundamental to ensuring air transport
continues to play a major role in driving sustainable economic and social development
around the world. For an industry that directly and indirectly supports the employment of 56.6

million people, contributes with over US$2000000 million to global gross domestic product, and carries
over 2500 million passengers and US$5300000 million worth of cargo annually according to the study
Global Aviation Safety Plan performed by International Civil Aviation Organization [ICAO, 2014], safety
must be aviation’s first and overriding priority.

Global air traffic has doubled in size once every 15 years since 1977 and will continue to do so
according to Airbus Global Market forecast 2013-2032 [Airbus, 2013], Figure 1.1. This growth occurs
despite broader recessionary cycles and helps illustrate how aviation investment can be a key factor
supporting economic recovery.

Figure 1.1- Air traffic forecast [Airbus, 2013]
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With air traffic projected to double in the next 15 years, current and emerging safety risks must be
addressed proactively to ensure that this significant capacity expansion is carefully managed and
supported through strategic regulatory and technological developments. It is therefore imperative that
aircraft manufacturers, engine manufacturers and their customers remain focused on establishing,
updating and addressing their safety and environment priorities as they continue to encourage
expansion of their air transport sectors.

The mid-term objective of this thesis is the implementation of a performance prediction system in TAP
Portugal Maintenance, Repair and Overhaul (MRO) facility that will become integrated to the aircraft
engine maintenance of the future. Sustainable growth of the international aviation system will require
the introduction of advanced safety capabilities that increase capacity while maintaining or enhancing
operational safety margins and manage existing and emerging risks. The mid-term objective is
intended to support an operational environment characterized by increased automation and the
integration of advanced capabilities on the ground and in the air.

Maintenance, Repair and Overhaul (MRO) facilities

For a complex system, maintenance actions are necessary to maintain the system in a safe and
functional condition, so that it can fulfil the operational role that it was designed for. Sustainment of
commercial aircraft gas turbine engines in the form of Maintenance, Repair and Overhaul (MRO) is a
primary activity in the lifecycle of a modern commercial aircraft system [Goh, 2003].

There are three main reasons for an engine to make a workshop intervention in an MRO facility: (1) to
solve any problem during operation, such as a bird strike that damages the components and,
therefore, needs to be repaired; (2) planned replacement for end life of certain components (number of
cycles); (3) engine performance loss. Engines present some problems due to the normal aircraft
operation that MRO companies are aware of, as for example, erosion and deposition. The objective is
to minimize these problems for longer engine life.
TAP Maintenance & Engineering (TAP ME) is an MRO solution provider for Airbus, Boeing and
Embraer fleets, focused on TAP and on its customers. The knowledge management resulting from the
support experience of TAP Portugal airline fleet enables their customers to benefit from all the
advantages of a complete set of integrated services ranging from airframe, engines and components,
to the engineering and material support. Engine department is focused on repair, test and overhaul of
the engines shown in Table 1.1.
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Manufacturer

Engine type

CFMI

CFM56-3, -5A, -5B, -5C, -7B

Pratt and Whitney Canada

PW4168A, PW4156A

General Electric

CF6-80C2, CFM80-E2

Table 1.1- Engines repaired and overhauled in TAP ME facilities [TAP, 2013]

The contracts of TAP ME with their customers are established taking into account the level of repair
time and performance. The aim of pass-off performance tests in the test bed of an engine maintenance
shop is to convince the customer that the engine is fit for flight. The test analysis procedure follows a
set of rules which are defined by the engine manufacturer.

The most representative measured parameters to evaluate the engine performance are the Exhaust
Gas Temperature (EGT) and the vibrations level, which are used as indicators of the performance
achieved with work done in a Shop Visit. Particularly, EGT is a pointer used for controlling the engine
integrity and the performance deterioration. For instance, EGT increases when the engine component
efficiency diminishes, consequently the fuel flow should increase to produce the same amount of thrust
(see Lacaille et al. [2013]). Contractually, the engine is restored with a minimum EGT margin after each
repair, but which is far from optimal engine performance. Typically, for a new engine, the EGT margin
may be around 45-50°C, whereas in a maintenance contract, this figure usually drops to around 30°C.

TAP ME shop visits by engine type between the years 2009 and 2013 are shown in Figure 1.2. This
thesis work is focused on the turbofan CFM56-3 due to the fact that this is the engine which presents
the highest activity in TAP ME facilities.

TAP ME Shop Visits
100
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80
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70
60

CF6-80E1

50

CF6-80C2

40
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20

CFM56-5B
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0
2009

2010

2011
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Year

Figure 1.2- TAP ME Shop visits [TAP, 2013]
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CFM56-3

CFM56-3 turbofan engine
Detailed information about the engine can be found in the reference [CFM, 1992]. CFM56-3 is a
turbofan, designed in the second half of the 70s and certified in January 1984, Figure 1.3. As a result
of being an old engine, its performance has decreased over the years. Over time, repaired parts on
the market comply with the minimum requirements of the manufacturer, but they are far from the initial
performance specifications. Reducing maintenance costs by using repaired parts may compromise the
overall engine performance (even when they fulfil the limits of the manual).

Figure 1.3- CFM56-3 configuration [onderzoeksraad.nl]

The CFM56-3 engine is used to power various commercial models of Boeing aircraft. It is available in
several versions with different thrust ratings (known as –B1, –B2 and –C1), enabling installation in all
models of the Boeing 737, except for the model 737-200 (Boeing 737-300/-400/-500). Table 1.2 shows
Take-Off thrust, flat rated temperature at Standard Day conditions, in chronological order of entry into
service.
Engine Version

Thrust [lb1]

B737 Model

CFM56-3-B1

20000

B737-300 and B737-500

CFM56-3-B2

22000

B737-300 and B737-500

CFM56-3-C1

23500

B737-400

CFM56-3-B1 Derated

18500

B737-500

Table 1.2- CFM56-3 versions [CFM, 1992]

1

Pound force. 1 lb equal to 4.44822162 N.
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All versions of CFM56-3 have the same general configuration and similar features. Thrusts range are
obtained from the version of 23500 lb by reducing the engine thrust through a simple pin programming
of the engine. Nowadays TAP does not have CFM56-3 engines in its fleet, but TAP ME has full
capabilities for all the engine versions: inspect, repair and performance analysis on test bed, under
specified contracts with customers.
As an introduction to the study of the engine, and to provide some necessary nomenclature, a brief
description of CFM56-3 composition will be made on a functional basis in order to give an overview of
how the reactor operates. A scheme of CFM56-3 composition is illustrated in Figure 1.3.
The High Pressure Turbine (HPT) is composed with a single stage. It extracts energy from the
combustion process to move the High Pressure Compressor (HPC), which consists of 9 stages. The
power package formed by the HPC and HPT is known as high pressure rotor, which rotates at the
spool speed N2. The combustion chamber is annular, being fed by 20 fuel injectors. The fuel is mixed
with the air from the HPC 9th stage, and the combustion provides energy to the air that will flow
through the turbine stages. On the other hand, the Low Pressure Turbine (LPT), composed by 4
stages, drives the Fan and the Low Pressure Compressor (LPC or booster), which consists of 3
stages. This mechanical set forms the low pressure rotor, which rotates at N1 speed.
The air flow rate through the engine is controlled by 12 Variable Bleed Valves (VBVs) located
circumferentially in the fan structure and between the booster and the HPC. Its objective is to optimize
the engine transient regimes. Also, 4 Variable Stator Vanes (VSVs) may also be located on the first
four HPC static stages. Of these four stages of variable stators, the first one is referred to as Inlet
Guide Vanes (IGVs). These 4 variable stators are followed by 5 fixed stators, the latter being defined
as Outlet Guide Vanes (OGVs). These are located at the entrance of the combustion chamber and
have the purpose of guiding the air coming out of HPC axially.
The engine manufacturer, CFM International, is a 50–50 joint-owned company of SNECMA (France)
and General Electric Aviation –GE– (USA). Both companies are responsible for producing
components and each one has its own final assembly line. GE produces the HPC, the combustor and
the HPT, and SNECMA manufactures the Fan, the exhaust and the LPT.
One of the main characteristics for a turbofan is the Bypass Ratio (BPR), which depends on the path
described by the incoming air captured by the engine inlet, Figure 1.4. A part of the incoming air
passes through the fan and continues on into the engine core and then into the burner, where it is
mixed with fuel and combustion occurs (primary mass flow). Primary flow produces around 20% of the
total engine thrust. The rest of the incoming air passes through the fan peripheral area and bypasses,
or goes around the engine, just like the air through a propeller (secondary mass flow). Secondary
mass flow is responsible for about 80% of the engine thrust. The BPR is defined as the ratio between
the secondary mass flow and the primary mass flow.
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Figure 1.4- CFM56-3 airflow paths [Ribeiro, 2012]

The CFM56-3 turbofan has a BPR equal to 5, according to the reference value provided by engine
manufacturer, and it is composed by two shafts and moreover it works with axial flow. The following
picture shows the turbofan performance advancements since 1950 using the indicator Specific Fuel
Consumption (SFC2) [Kurzke, 2014]. It is illustrated that the current turbofan designs have a high BPR,
which doubles the one of the study case of this thesis.

Figure 1.5- Evolution of aircraft engines in terms of SCF and BPR [Kurzke, 2014]

2

Thrust Specific Fuel Consumption (TSFC) or simply Specific Fuel Consumption (SFC) is defined as the ratio
between fuel flow and thrust.
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1.1- Engine performance simulation
According to the work of Reed et al. [2003], since 1994 maintenance problems have contributed to 42
percent of fatal airline accidents. Naturally, given its importance and impact on safety, availability and
cost of aircraft and engines systems, it follows that the industry still has to seek for the best methods
to conduct MRO operations. It has been estimated that two thirds of the system lifecycle cost is
attributed to operations and sustainment. Furthermore, about forty percent of typical air carrier
maintenance costs are due to engine MRO [Goh, 2003].
In MRO facilities the main objective is to maintain the engine performance throughout the lifetime of
the engine. TAP ME has a test bed to assure that, after engine maintenance (disassemble, repair and
assemble), it is functional and it reaches the performance requirements to be installed on the aircraft,
as per the requirements in the contract with the customer. If during a test some variable has a value
beyond limits, the maintenance and engineering team should act in order to solve the problem.

Despite the fact that test bed facilities are designed to measure the necessary data to assess the
engine condition, the development of the engine performance model has some limitations due to
instrumentation reasons. For instance, there are a lot of variables that cannot be measured. There are
regions of the engine in which the integrity of the sensors would be in danger due to harsh
environments, for instance, at the exit of the combustion chamber. Other limitations are related to the
impracticability of introducing sensors which are not provided by the manufacturer. TAP ME can
manufacture sensors internally, but if this sensor moves downstream, the whole engine may be in
danger and the airline would have to pay all the repair costs.

Current MRO decision support tools focus largely on engine fault diagnosis systems, prognosis and
condition monitoring [Goh, 2003]. This thesis presents a framework for decision support tools for
engine sustainment and how it can be implemented in future TAP ME operations: engine performance
prediction programmes.

The engine model simulation objectives remain the same as the ones that were defined for turbojets
from the 60’s [Sayeed, 1990]: ‘to derive statements about the properties of the system which may be
read across the real situation’ (Barnes, 1970), ‘to improve engineer’s understanding of the influences
on the whole system characteristics of individual system components’ (Gould, 1970) and ‘to save
money’ (Westbrook, 1970).

7

This kind of tools derives gas turbine behaviour from a mathematical model of the thermodynamic
processes involved, so, the missing variables could be predicted, foreseeing as well the engine
behaviour when a specific component is deteriorated. This information would entail to discern in more
detail if a particular engine element is not working as expected. This tool will provide a strong help to
the engineering team, saving time and resources in the office.

Early efforts to predict aircraft engines performance have been done by a few organizations, the most
notable being NASA, Royal Aircraft Establishment and aero-engine industries, among others. They
develop programs such as DYNGEN, SMOTE, GENENG and DIGISIM to name a few. The only
problem was that all of them relied on compressor and turbine performance maps, which are
dimensionless performance representations of the engine components (compressor and turbine) (see
[NASA, 1972]).
Component maps are experimentally obtained by engine manufacturers during the development
programme of a new aircraft engine. For this purpose, they collect a lot of information on large-scale
experimental tests, known as rig tests. Nonetheless, for reasons of competitiveness, this information is
beyond the scope of the general public and the engine customers. On the rare occasions when it is
published, it is normally several years after the successful completion of the development programme
[Saravanamutto, 1992b].

The power requirement of the rig test makes it impossible for TAP ME to reproduce it, despite the high
technological level of its installations. The secrecy employed by engine manufacturers is a problem for
the development of the airlines’ skills. The lack of knowledge of some important parameters makes it
difficult to understand if the engine is working properly. There may be a situation where the measured
variables have an unacceptable value, but it is not possible to know in advance in what precise point
the engine is going to fail.
According to [Pachidis, 2006], ’the state of the art of the simulation software of the aeronautical
engines is to obtain the component maps experimentally, with empirical adjustments for the OffDesign conditions, which could include variable geometry, gamma corrections and clearances’. A
commercial engine performance modelling software called GasTurb would be suitable for these
purposes.
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GasTurb

GasTurb makes it easy to evaluate the thermodynamic cycle of the most common gas turbine
architectures, both for engine Design and Off-design. It was developed by Joachim Kurzke, a gas
turbine performance specialist who has worked for more than 30 years in the field of gas turbine
simulation and development, both at the university and in industry [Kurzke, 2011]. GasTurb can
provide high-quality predictions for the whole engine performance when it is near to the design point.
However, there is some scepticism because these types of software are considered inaccurate by
being dimension zero (0D), which means that they do not contain information of axial, tangential and
radial gradients.
The solution to the lack of precision would be, for instance, the use of 3D programmes known as CFD
(Computational Fluid Dynamics). However, the complexity, the level of detail and the required
computational power for the construction of a system of three-dimensional simulation make this
alternative impractical. In addition, the use of complex methodologies to simulate the engine behaviour
is not within TAP ME expectations.
In the work developed by Wemming [2010], GasTurb method for computer simulation of gas turbine
aero engines was validated, by applying it to five different jet engines of different size, different type
and different age. GasTurb has the compromise between sophistication and a negligible required
computational power. It has integrated all the thermodynamic laws, as well as the interaction between
the different engine components. Finally, the software has defined several tools which help to
understand the engine behaviour.
A Thesis entitled Performance Analysis of the Family of Aircraft Engines CFM56 by Pedro Ribeiro
[2012] analysed the CFM56-3 performance in the design point using GasTurb. The simulation results
are presented in Table 1.3, which are very close to those obtained experimentally or analytically.
Experimental/Calculated

Simulation

Thrust [kN]

106

100

SFC [g/kN·s]

11,29

11,32

Wf [kg/s]

1,197

1,127

T25 [K]

372

369

T3 [K]

796

744

T4 [K]

1642

1650

T45 [K]

1180

1198

T54 [K]

885

889

p45 [kPa]

569

568

Table 1.3- GasTurb simulation results from [Ribeiro, 2012]
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The following step is the creation of a thermodynamic Off-Design model to simulate the engine
response in different operating conditions, which leads to component maps. Martinjako [2014]
developed a model of the marine gas turbine LM2500+ from General Electric using GasTurb in order
to evaluate and predict the engine performance at Off-Design conditions. The GasTurb predictions
were compared to experimental results from engine manufacturer successfully, demonstrating the
GasTurb capabilities.
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1.2- Thesis objectives and outline
Thesis objectives

The objective of this thesis is to develop and optimize a computational engine model using GasTurb to
engine performance prediction for the turbofan CFM56-3. The engine model will provide a useful help
to TAP ME to understand completely and in detail the engine behaviour, as well as to detect abnormal
behaviours of engines during the Shop Visits and to predict individual component failures. When an
engine has performance values behind expectations, the model could detect which component is not
working properly, saving costs and unnecessary inspections at the MRO. If the model is defined as a
tool on test cell system at mid-term, it can be used to know the particular component influence in the
general engine performance. One of the main problems at component level is the reduction in the
HPC blade chord, because the blades of the three first stages cannot be repaired at chord level. This
aspect is relevant from the economical point of view, because it will be very expensive to have all
blades replaced by new ones at each engine repair. In the present work the influence of the HPC
blade chords in the engine performance will be analysed. The aim is to find a trade-off between engine
performance, manufacturer specifications and safety.

Thesis outline

The remainder of this thesis is presented in FOUR chapters. Chapter 2 presents the TAP ME test bed
features. Chapter 3 presents design, construction and optimization of the CFM56-3 engine model. It
also includes an example of a real model application. Chapter 4 analyses the HPC blade chords
influence in the general engine performance. Chapter 5 summarizes the main conclusions/results of
present work.
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Chapter 2
CFM56-3 in TAP test bed

I

t is known that in the context of aviation, safety is the most important factor. To guarantee the
safety, the airlines and MRO facilities have to become aware that everything is working properly.
For this purpose, these companies have to analyse thoroughly the structural components of the

aircraft, the electrical and electronic systems and the engine performance, among others. These
analyses are done periodically, but they could be done exceptionally if some irregularities are
detected.
The test bed data will be forming the fundamental knowledge to create and develop the engine model.
Taking this into account, first, an introduction as a general overview of the test beds will be presented
such as the different existing types to explain the available instrumentation of the test cell, in order to
understand the thermodynamic variables measured.
On the other hand, for the TAP test bed case, the engine performance will be analysed and the
corrections done automatically in the measured parameters and the limitations of the facilities will be
presented.
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2.1- Purpose of test bed installations
Typically the detailed design and development programme for an engine takes 3–7 years from
inception to service entry according to Walsh et al. [2004]. Designing ‘right first time’ is not practical for
such a high technology product. Development comprises individual component tests followed by
hundreds of hours of engine testing, based on which many design modifications are introduced. The
resulting production engine standard will then comply as closely as possible with the original
specification.
After service entry, production acceptance or production pass-off testing of each individual production
engine is common practice, ensuring that it meets key acceptance criteria. This test is the final check
on component manufacture and engine quality prior to delivery to the customer.
The test cell is an expensive facility provided for the primary purpose of ensuring safe behaviour of
aircraft engines. The engine undergoes a pass-off test which checks its health in accordance with the
repair level. Modern practice includes the possibility of on-wing tests, thus the test facility is often
shared between the flight line and the engine repair shop.
Since the express purpose of the tests is to ensure flight safety, two major aspects of engine operation
are examined. Firstly, the mechanical integrity of the engine is established. This includes possible
hydraulic leaks, loose bolts and vibration levels. Secondly, the static and dynamic performance of the
engine is examined. These tests consist of establishing throttle settings and/or manoeuvres and
recording speeds, pressures, temperatures, among others, for purposes of comparison with
acceptable standards of performance.
During the course of the tests, allowable control adjustments are made and the engine is retested. If
the engine passes all tests, it is declared ready for Installation. If, however, it fails and subsequent
adjustments do not cause it to fall within acceptable limits, it must be partially or completely stripped
and reworked to improve the engine performance (see [Maclsaac, 1992]). In this case it would be
necessary to identify possible causes.
According to the US Department of Transportation, Federal Aviation Administration [2002] in the
Advisory Circular Correlation operation, design and modification of turbofan/jet engine test cells, the
presence of vortices, turbulence, and non-uniform temperatures and pressures in the area
surrounding the engine under test can drastically affect engine performance and test repeatability.
Therefore, all test cell configurations should be designed to provide stable testing conditions and
minimize turbulent flow by minimizing pressure loss and temperature and pressure variations. Under
most environmental conditions, a test cell configuration should not allow recirculation of engine
exhaust gases from the cell exhaust stack into the cell inlet. For these purposes, TAP ME test cell has
the ‘L’ type configuration, Figure 2.1.
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Figure 2.1- Test bed ‘L’ type configuration [US, 2002]

This design has a horizontal intake and a vertical exhaust. Airflow treatment may include at least one
turning vane to turn the intake air uniformly. A grid is installed on the horizontal inlet to assist with
airflow straightening and providing increased noise reduction. The “L” type is the simplest design and
the least costly to build. A horizontal inlet will generally have good flow distribution. This configuration
is sensitive to prevailing wind conditions and loses efficiency and repeatability when the wind changes
direction. This configuration requires a relatively large, unobstructed test area at the engine inlet
station for maximum performance.
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2.2- Types of test beds
Two groups of test facilities could be found following the description of Walsh et al. [2004], if they are
in altitude or at the sea level. Thrust or shaft power test beds may be housed within an Altitude Test
Facility (ATF), which reproduces the inlet conditions resulting from given altitude and flight Mach
number. Unlike a sea level test bed the plant must provide a continuous airflow even without the
engine operating, to maintain reduced pressure and temperature.
On the other hand, sea-level test cells for gas turbine engine can be divided in two groups [AlAlshaikh, 2011]: the outdoor stands and the indoor or enclosed test cell. An outdoor cell consists
basically of an open air stand supporting the engine and providing the thrust measurements. The
immediate test bed area has to be free of obstructions to assure the validity of the thrust
measurements and to avoid flow distortion which can affect the engine performance. Also the thrust
stand is located at a suitable elevation off the ground to eliminate inlet flow interferences. Figure 2.2
(a) and (b) show a general lay-out for outdoor cells and the Rolls Royce new outdoor test facility,
respectively.

(a) Outdoor test facility [Walsh, 2004]

(b) Rolls Royce Outdoor case [mdsaero.com]

Figure 2.2- Outdoor test facility

TAP test bed shown in Figure 2.3 is an indoor test cell. It is a set of buildings consisting of the test-bay
with inlet and outlet channels, the control room (see Figure 2.4), preparation area and the equipment
room. The test bay (or test main chamber) is the section where the engine is located in its thrust
measurement stand during the test. From the control room the engine is fully controlled during the
test. Often, this is also the room where all the data acquisition systems and data reduction processors
are located.
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The preparation room is the area where the engine is set-up prior to the test in order to minimise the
non-running time of the engine inside the test room. The equipment room is dedicated to the storage
of the compressed air for the cell and the engine, fuel for the engine and all the components for
providing the engine with the needed electrical power.

Figure 2.3- TAP indoor test cell facility with a CFM56-5B

Figure 2.4- TAP test bed control room
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2.3- TAP test bed data acquisition
In this section, several items related to the data acquisition in the TAP test bed will be explained. First,
due to the fact that our work is based on experimental data from the test bed, the CFM56-3
instrumentation for data collection in the test bed will be introduced. This involves knowing which
aerodynamic stations are equipped with temperature and pressure sensors. On the other hand, it is
obvious that the data acquisition in the test bed presents some limitations, as for example, engine
stations where sensors cannot be installed or sensors with continuing problems. Consequently, the
test bed limitations should be studied. Finally, last section is about the correction of the
thermodynamic variables measured in the test bed. These corrections are automatically done by the
test bed and its objective is to standardize the results, as it will be explained in Section 2.3.3Correction of the thermodynamic variables measured in TAP test bed.

2.3.1- Data collection in the test bed
Engine testing is very expensive, hence to ensure good quality data is obtained from the beginning,
the importance of the following description given by Walsh et al. [2004] cannot be overemphasised: (1)
the test bed and all instrumentation must be properly calibrated; (2) test planning should include
careful specification of instrumentation requirements according to engine manufacturer; (3) key
measurements must be repeatedly checked during the testing, for instance EGT and vibration levels,
to ensure that data are valid. Engine removal from the test bed must be delayed, and testing repeated,
if it is necessary.

To develop this specific engine model for the CFM56-3, the data obtained from the test bed will be
used. Figure 2.5 illustrates the aerodynamic stations measured in the specific case of the TAP test
bed, namely with temperature and pressure sensors [Henriques, 2011]. The data collected in the test
bed, with the units in which they are measured, appear in Table 2.1.

Figure 2.5- Aerodynamic stations for data collection in TAP test bed [Henriques, 2011]
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Variable
T2

Unit
[ºC]

PT2

[psia3]

N1k4

[rpm]

N2K3

[rpm]

FNK3

[lb]

EGTK3

[ºC]

PS3

[psia]

PT49.5

[psia]

PT25

Position
Total inlet fan temperature.

Accuracy
0.25 ºC

Inlet fan pressure.

Comment

± 0.15%
Full scale

Test cell facility is equipped with
barometers, which measure the
atmospheric pressure. However,
atmospheric pressure is a little
bigger than the inlet fan
pressure. PT2 is obtained from
an equation contained in the
Correlation
Test
Report
(Explained in Chapter 3, Section
3.1), and it is a function of the
low pressure spool speed and
the barometric pressure.

0.25 ºC

Despite of the fact that this
temperature is known
as
Exhaust Gas Temperature, the
sensor is located in the second
stage of the LPT. There are not
sensors
upstream
of
the
aerodynamic station 49.5 due to
harsh conditions. In Figure 2.6,
the EGT sensor is represented.

Spool speed of the low
pressure components (Fan,
LPC and LPT).
Spool speed of the high
pressure components (HPC
and HPT).
Net thrust.

Exhaust Gas Temperature
(T49.5).

Inlet combustion chamber
static pressure.
Total pressure in the second
stage of LPT.

± 0.15%
Full scale
± 0.15%
Full scale

[psia]

Total HPC inlet pressure.

± 0.15%
Full scale

T25
T54
PT54

[ºC]
[ºC]
[psia]

Total HPC inlet temperature.
Total LPT exit temperature.
Total LPT exit pressure.

0.25 ºC
0.25 ºC
± 0.15%
Full scale

H.R.

[%]

SFCK3
W2AR

[pph5]
[pps6]

Data of this station is difficult to
obtain. The sensor is rarely set
due to its high tendency to go
downstream.

Relative humidity.

This parameter is important to
apply standard day corrections
to the measured data.

Specific Fuel Consumption.
Mass flow rate at station 2
corrected for the standard day.

.

Table 2.1- Variables measured in TAP test bed

3Absolute

pounds per square inch. 1 psia is equal to 6.89475729 kPa.

4Parameters

with the symbol K1, K2 or K3 mean that have been introduced corrections in the measurement for
humidity, condensation and other effects of the installation which affect to the engine performance. This issue will
be treated in the Section 2.3.3- Corrections of the thermodynamic variables measured in TAP test bed.
5Pound

per hour. 1 pph is equal to 0.45359237 kg/h.

6Pound

per second. 1 pps is equal to 0.45359237 kg/s.
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Figure 2.6- EGT Sensor [Henriques, 2011]

Pressures are measured for a number of reasons Walsh et al. [2004]: (1) determination of overall
engine performance requires ambient or cell pressure so that parameters can be referred back to
standard conditions; (2) engine station pressures help define component performance, e.g. pressure
ratios, surge margins and flow capacities; (3) mass flow measurement is based on the local difference
between total and static pressure levels.

On the other hand, measurement of temperatures provides the following information on engine and
component performance: (1) determination of overall engine performance requires inlet temperature
so that parameters can be referred back to standard conditions; (2) the local temperatures to a
component are required to define its performance, i.e. efficiency and flow capacity; (3) temperatures
are required to ensure the engine is not operated beyond the stipulated limits for mechanical integrity;
(4) mass flow measurement utilizes temperature levels.

The previous data collected need to be corrected with the objective to standardize the results, as it will
be explained in Section 2.3.3- Correction of the thermodynamic variables measured in TAP test bed.
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2.3.2- Test bed limitations
It must be taken into account that there are test bed limitations, because the engine model will be
based on experimental test bed data. These limitations refer to pressures or temperatures which
cannot be measured correctly, sensors which normally fail or aerodynamic station where it is not
possible to locate sensors, among others. TAP test bed limitations that affected the present study the
most will be highlighted:


The total mass flow at the engine inlet is measured, but the primary or core mass flow is
difficult to calculate accurately. This parameter would be useful to obtain the combustion
chamber exit temperature or the bleed flow between the Booster and the HPC. The BPR
according to the engine manufacturer is 5. Therefore, this value could be used to calculate
the core mass flow once the engine inlet mass flow is known. However, this premise is not
correct. The value 5 is only a reference and the engine manufacturer does not specify
under what conditions it occurs. Finally, it is not possible currently to obtain the core mass
flow accurately (see the thesis work of Falcão de Campos [2012]).



The average temperature at the exit of the combustion chamber is the most difficult
parameter to obtain experimentally. This is a consequence of two main aspects which
affect a hypothetical temperature sensor. First, strong temperature gradients, because the
combustion exit plane is far from uniform. Second, in this area there are extremely high
temperatures and pressures, which are limited by the materials of the turbine. The
required sensor to measure the temperature at the combustion chamber exit has to be
technologically developed and, obviously, TAP ME does not have this equipment available
(contrary to manufacturer facilities which are used to develop new reactors). This average
temperature would be a fundamental parameter to study the gas turbine from the
thermodynamic point of view according to Philpot [1992], because it defines the beginning
of the expansion, namely, the available work.



The previous item could be extrapolated to the entire HPT and to the LPT entry. The first
thermodynamic station with sensors downstream of the combustion chamber is to
measure EGT for TAP ME case, which has a great importance in the engine performance,
as it will be explained in the Chapter 3, Section 3.1- CFM56-3 Correlation Test Report.
This limitation prevents the isolation of the HPT and the LPT to study its independent
relationship with the engine performance. TAP could introduce sensors not provided by
the engine manufacturer, but it is a risk which cannot be assumed.



There are no sensors for temperature and pressure in the secondary flow duct. It is
possible to place sensors in this area, Figure 2.7, but normally they are not there during
the acceptance tests after a shop visit.
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Figure 2.7- Sensors which could be installed in secondary flow path [Henriques, 2011]



The sensors located at aerodynamic station 25, namely, between the Booster and the
HPC, are not working properly or are not placed in the majority of tests (only 9.1% of the
tests done, according to TAP ME database, have the corresponding values for pressure
and temperature). Upon the request of engineering it is possible to place a total
temperature and a total pressure sensor in engine station 25, but they are not there
usually during the acceptance tests, because it is very problematic (see [Henriques,
2011]). One of the problems that affect the temperature T25 sensor is related to the
pressure tube which connects the sensor to the engine support, which is shown in Figure
2.8. This tube instead of being flexible is rigid, which makes it to eventually break during
assembly and disassembly. However, T25 could be calculated using the Engine Shop
Manual [CFM, 2013] methodology (which studies the VSV and VBV behaviour for the
CFM56-3) from the fan speed N1 and the inlet engine temperature T2, but the result will
have an associated error that is difficult to control.

Figure 2.8- T25 sensor problem [Henriques, 2011]

21

The last consideration which regards the temperature and pressure between the Booster and the HPC
limits this study. To calculate the HPC efficiency it is essential to know the thermodynamic conditions
–pressure and temperature– at the HPC inlet (station 25) and at the HPC exit (station 3), see
Equations (3.8) – (3.11). Consistent assumptions must be made, although the results are inevitably
conditioned.

2.3.3- Correction of the thermodynamic variables measured in TAP test
bed
In this section the procedure done in the test bed to analyse the CFM56-3 performance data will be
described. This analysis will be based on the Engine Shop Manual [CFM, 2011], where all the aspects
are detailed concerning the test bed measurements.
When a company analyses the engine performance in a test bed, they obtain a set of operating
variables, which are necessary to evaluate the engine health. The objectives of these companies are
to compare these variables with the expected values that the engine could offer, according to the data
provided by the engine manufacturer. Through this procedure, airlines can detect irregularities in
engine operation and anticipate possible component failures.
In order to achieve a comparison between expected variables and measured variables, it is required to
standardize the latter. First, ambient conditions have a significant impact, for example, on the
temperatures and pressures in the flow path and on the fuel flow of any gas turbine. Making observed
data comparable requires a correction of the raw data to sea level Standard Day conditions [Kurzke,
2003]. This is evident because each test is done under specific conditions, for instance, regarding
humidity and condensation. On the other hand, each engine tested in the test bed is subject to effects
of the particular installation, and these conditions also affect the measurements.

With the aim of comparing performance parameters between various test facilities or conditions within
the same test facility, TAP have to correct or normalize the performance parameters to a common
reference when they develop the engine performance in the test bed. The US Department of
Transportation, Federal Aviation Administration [2002] in the Advisory Circular Correlation operation,
design and modification of turbofan/jet engine test cells explains in detail these aspects. The purpose
of correcting measured data from a gas turbine test is to make the results comparable with those from
other engines or with acceptance test criteria, for example.
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Standard Day Corrections
These corrections refer to temperature, humidity and condensation effects, and leads to standard day
data. Each variable is assigned with several correction factors for temperature, humidity and
condensation. These factors depend on the external conditions in which the particular test is done, as
for example, the ambient temperature, the dry bulb temperature and the relative humidity.
The test bed applies this correction to the fan speed (N1), thrust (FN), fuel flow (WF), exhaust gas
temperature (EGT) and core speed (N2). On the other hand, the corrected total airflow (W2A) is also
submitted to a pressure correction. Therefore, the standard day data are corrected for the external
influences of humidity, temperature and condensation. We obtain the corrected data with the symbol
R. Equation (2.1) shows the Standard Day correction for the EGT, where EGTM is the measured
value in the test bed, 𝜃2 is the temperature ratio

𝑇2𝑀𝐸𝐴𝑆𝑈𝑅𝐸𝐷
,
288.15

1 .91

(𝜃 ) is the inlet temperature
2

correction factor, KHEGT and KCONDT are the humidity and condensation correction factors,
respectively.

𝐸𝐺𝑇𝑅 =

𝐸𝐺𝑇
𝜃2.91

1 .91

= 𝐸𝐺𝑇𝑀𝑥 (𝜃 )
2

𝑥𝐾𝐻𝐸𝐺𝑇𝑥𝐾𝐶𝑂𝑁𝐷𝑇

(2.1)

Adjustments for performance calculations
In Engine Shop Manual [CFM, 2011] adjustments can be found for performance calculations, which
are: HPT clearance control correction and facility modifiers, adjustments due to test cell installation
effects, standard day adjusted to rated fan speed and hot day performance. In this section a brief
explanation will be given of the meaning of these corrections to which the parameters are subjected.
The HPT Clearance Control (HPTCC) is the system responsible for the position of clearance control
valve. Its function is to monitor the mass flow bleed from the compressor and its temperature to
refrigerate the HPT in order to minimize Tip Clearance problems. During the transient operation, flow
is bled from the fifth HPC stage to compensate the thermal expansion undergone by the HPT case
due to the high exit temperature of the combustion chamber. If this expansion occurred, it could have
catastrophic consequences because the blades would rub the casing wall. On the other hand, during
steady operation, mass flow is bled from the ninth HPC stage (hottest) to optimize the HPT efficiency,
by reducing the blade tip clearance. The HPTCC correction factor considers this effect, but its
influence in the final result is negligible: about 1%.
Meanwhile, the Facility Modifiers are correction factors whose objective is to obtain the engine
parameters as if they had been measured at the engine manufacturer facilities. For this purpose, the
engine manufacturers come to TAP test bed and measure the Facility Modifiers for that particular
installation. Facility Modifiers, which will be explained in Section 3.1- CFM56-3 Correlation Test
Report, depend on the thrust at standard day conditions (FNR) measured in the customer’s facilities.
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Applying the HPT clearance control and facility modifiers correction factors, the data with the symbol
K1 are obtained. At that point, the data are corrected for all external influences, because the Facility
Modifiers are added to the condensation, humidity and temperature corrections. Equation (2.2) shows
the K1 correction for the EGT, where

𝐸𝐺𝑇
𝜃2.91

is the EGT corrected to Standard Day, FMEGT is the Facility

Modifiers correction and KTCCT is the HPT Clearance Control correction factor.

𝐸𝐺𝑇𝐾1 =

𝐸𝐺𝑇
𝑥𝐹𝑀𝐸𝐺𝑇𝑥𝐾𝑇𝐶𝐶𝑇
𝜃2.91

(2.2)

The following correction that is done in the test bed refers to the influence of the inlet air and to the
test cell nozzle, as well as the presence of the CSD oil cooler. Therefore, this correction implies to
adjust the standard day parameters K1 to compensate the installation effects. The objective is to
simulate the aircraft conditions. In that way, the new corrected data which have the symbol K2 are
acquired. Equation (2.3) illustrates the K2 correction for the EGT, where 𝐸𝐺𝑇 𝐴𝐷𝐽 is the sum of the
acceptance adjustments for exhaust configuration, CSD oil cooler and bellmouth, whose values
depend on the corrected fan speed N1R.

𝐸𝐺𝑇𝐾2 = 𝐸𝐺𝑇𝐾1 + 𝐸𝐺𝑇 𝐴𝐷𝐽

(2.3)

On the other hand, the data adjustment to rated fan speed is related to the impossibility that the
engine speed goes up always to the N1 tabulated. For example, if the ambient temperature is higher
than 30ºC then N1<<N1TABULATED. By applying this correction the parameters with the symbol K3 are
obtained. Equation (2.4) and (2.5) show the K3 correction for the EGT, where 𝑁1 𝑅𝐴𝑇𝐸𝐷 represents
the required corrected fan speed for test power setting (tabulated), 𝑁1 𝐴𝐶𝑇𝑈𝐴𝐿 is the test corrected
𝛥𝐸𝐺𝑇
)
𝛥𝑁1

fan speed (N1R) and (

is the EGT variation for each rpm, whose value also is tabulated as a

function of N1R.

𝐸𝐺𝑇𝐾3 = 𝐸𝐺𝑇𝐾2 + 𝐷𝐸𝐿𝑁1𝑥 (

𝛥𝐸𝐺𝑇
)
𝛥𝑁1

(2.4)

𝐷𝐸𝐿𝑁1 = 𝑁1 𝑅𝐴𝑇𝐸𝐷 − 𝑁1 𝐴𝐶𝑇𝑈𝐴𝐿

(2.5)

Finally, the Hot Day performance corrections (HD) are necessary for the engine acceptance, by
comparing the results with the performance acceptance checks tabulated in Engine Shop Manual
[CFM, 2011] (see Figure 3.3). Equation (2.6) illustrates the HD correction, where (𝜃2 )𝐻𝐷

.91

is the

correction factor for Standard Day to Hot Day ambient temperature and it is equal to 1.0473 for TO
and 1.0315 for MC.

𝐸𝐺𝑇𝐻𝐷 (º𝐶) = (𝐸𝐺𝑇𝐾3𝑥(𝜃2 )𝐻𝐷
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.91

𝑥𝐾𝑇𝐶𝐶𝑇) − 273.16 𝐾

(2.6)

In Figure 2.9 (a) and (b), from TAP database, it can be appreciated in the EGT (unique temperature
corrected automatically in the test bed) the influence of each correction factor named above, for TakeOff (TO) and Maximum Continuous (MC) conditions. It has been done for the engine version CFM563C. Using the average from all the available tests in the TAP database these values may be acquired.
Therefore, the behaviour shown could be considered as a reference.

EGT Study TO
835

EGT [ºC]

830

829,2
EGT

825

821,3

820

821

EGTR

817,8

EGTK1
815,4

EGTK2

815

EGTK3
810
805
(a) For TO conditions

EGT Study MC
799

EGT [ºC]

797

796,7
EGT
794,2

795

793,7

793

EGTK1
791,4

791

EGTR

790,6

EGTK2
EGTK3

789
787

(b) For MC conditions
Figure 2.9- Influence of corrections on EGT
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Performance Troubleshooting
In this section of the Engine Shop Manual [CFM, 2011], several reasons which explain a poor
component performance can be found. When TAP receives an engine, it is tested to evaluate its state.
If the engine has not performed as expected, giving an unanticipated or otherwise unsatisfactory
result, it is subjected to a Troubleshooting Test. This provides the engineering with the data necessary
to calculate the engine component efficiencies and therefore in what precise point the engine fails,
ensuring a more precise Shop Visit intervention. However, this procedure substantially increases the
cost of maintenance process. For this reason, this kind of tests has a minor presence in comparison to
the acceptance tests as Table 2.2 shows [TAP, 2013].
With more solid data about the influence of the component efficiency in the overall engine efficiency,
the optimization of the engine maintenance will be available without going to the troubleshooting test.
This aspect will be one of the main applications of the CFM56-3 thermodynamic model.
Year

Total tests

Acceptance Tests

Troubleshooting tests

Other

%Troubleshooting

2009

128

106

12

10

9.38

2010

116

98

6

10

5.17

2011

94

79

8

5

8.51

2012

87

76

5

3

5.75

2013

88

67

6

10

6.82

Table 2.2- Troubleshooting tests [TAP, 2013]

26

Chapter 3
Thermodynamic modelling of the
CFM56-3 using GasTurb

F

ull performance simulations are created by the developers of any new gas turbine based on a
vast amount of test data gathered during engine development. The details of these
simulations are generally kept secret and only those parameters that are used for control

purposes are accessible to engine customers and outsiders. Many companies, as for example TAP
ME, want to implement engine performance prediction and life monitoring to understand in detail the
engine behaviour.

In the present chapter the steps to develop an engine model for the CFM56-3 using GasTurb will be
covered. In this case, obviously, the simulation of the gas turbine will be developed by an outsider
(TAP ME), therefore it can only be based on a limited amount of information from the test bed [Kurzke,
2005]. This is the main limitation to the model development to be faced.
The amount of data available and their suitability for creating a cycle simulation is very different
depending on the source: marketing brochures, official engine specifications, measurements made by
the gas turbine user, excerpts of an engine design table, among others. Data from the CFM56-3
Correlation Test Report prepared by Comperat et al. [CFM, 1991] is used as explained hereafter.
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3.1- CFM56-3 Correlation Test Report
To develop the simulation it is needed an engine that could represent the CFM56-3 behaviour and
with the most instrumentation data possible. The standard performance tests in an engine
maintenance shop are often limited to only two operating points: maximum continuous (MC) and takeoff (TO). If the calibrated operating range of the model was based only on these two operating points it
would be very limiting because they are close to each other in the compressor and turbine maps. A
better basis for calibrating a performance model is the test cell calibration report. It contains consistent
data for the full operating range from idle to take-off. As a result, it will be used the CFM56-3
Correlation Test Report data [CFM, 1991] to develop an engine reference model using GasTurb.
The correlation engine is an engine of known and repeatable performance, equipped with extra
instrumentation, designated to be used for test cell correlation because all test facilities affect the
testing environment and influence the data obtained during testing. Correlation tests are procedures
that compare data from the OEM (Original Equipment Manufacturer) test facility and the MRO
(Maintenance, Repair and Overhaul) test facility with the same engine.
Correlations are performed with an OEM-provided procedure to obtain data points at predetermined
power levels. One of the main advantages to use data from the Correlation Test Report to develop the
model is the large number of different operating points, in this case 44 N1R readings between 3000
rpm and 4855 rpm. This fact allows to obtain a model suited for the entire operating range.
The purpose of the correction test procedure is to calculate the Facility Modifiers for the parameter
correction process, Figure 3.1. As it was explained in Section 2.3.3- Correction of the thermodynamic
variables measured in TAP test bed, this kind of correction results in the acronym K1 accompanying
the corresponding measured variable.

Figure 3.1- Correlation Test Procedure
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The last correlation of the engines CFM56-3 was made in 1991. It was performed with the CFM56-3C
version, but the results are extrapolated to all CFM56-3 versions. The correlation data offers some
advantages, as for example, many instrumentation measures, A187 and A88 measurements and
sensor calibration procedures done before correlation test, as well as guaranteed stable performance
of the engine.
The engine used in the Correlation Test Report is the best option to develop the thermodynamic
simulation in GasTurb. The reason, apart from the larger number of monitoring sensors than during
the acceptance tests and the range of operating points tested, is that this engine is used exclusively
for this kind of test, and consequently it is not as degraded as the engines employed to power aircraft.
Actually, it presents a minimal level of degradation. Thus, the model parameters would represent the
optimal value for each one, including component efficiencies. By this way, it is viable to discern
differences between engines tested and an optimal engine from simulation.

EGT Margin estimation of Correlation Engine
One of the most representative parameters for the engine performance is the EGT, which is the most
useful temperature from the engine hot section. The value of burner exit temperature (engine station
4) is affected by the amount of cooling air employed from the HPC, which is unknown. LPT inlet
temperature (station 45) is affected by the secondary air system and by possible sensor biases. Figure
3.2 [Kurzke, 2014] shows HPT schedule (stator, from station 4 to 41, and rotor, from station 41 to 45).
At the engine exhaust (although EGT is measured in the second LPT stage) all the internal secondary
air flows have joined the main stream again (except the overboard leakage). Therefore the EGT is
independent of the secondary air system.

Figure 3.2- HPT air system schedule [Kurzke, 2014]

7

Geometric core nozzle throat area [m2]

8

Geometric bypass nozzle throat area [m2]
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EGT is used to define an indicator known as EGT Margin, which is the difference between the
measured (and corrected) EGT and the EGT from the Performance Acceptance Checks from Engine
Shop Manual [CFM, 2011], which are shown in Figure 3.2. This indicator is defined in Maximum
Continuous (MC) and Take Off (TO) operating points for the three CFM56-3 versions. There are two
specific types of EGT Margin:

𝐸𝐺𝑇 𝑀𝑎𝑟𝑔𝑖𝑛 𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝐷𝑎𝑦 = 𝐸𝐺𝑇𝑆𝐷 (𝑓𝑟𝑜𝑚 𝑒𝑛𝑔𝑖𝑛𝑒 𝑚𝑎𝑛𝑢𝑎𝑙) − 𝐸𝐺𝑇𝐾3 (𝑡𝑒𝑠𝑡𝑒𝑑)

(3.1)

𝐸𝐺𝑇 𝑀𝑎𝑟𝑔𝑖𝑛 𝐻𝑜𝑡 𝐷𝑎𝑦 = 𝐸𝐺𝑇𝐻𝐷 (𝑓𝑟𝑜𝑚 𝑒𝑛𝑔𝑖𝑛𝑒 𝑚𝑎𝑛𝑢𝑎𝑙) − 𝐸𝐺𝑇𝐻𝐷 (𝑡𝑒𝑠𝑡𝑒𝑑)

(3.2)

Figure 3.3- Acceptance checks for CFM56-3C version [CFM, 2011]

During TAP ME activity, an engine is considered a good engine if it has an EGT Margin Hot Day
greater than 30ºC. Therefore, it would be recommendable to check that the Correlation Engine is
suited to develop the model by estimating its EGT Margin. The problem is that among all Correlation
Test data it is not possible to obtain both the EGTK3 and EGTHD. The closest value which appears is
EGTR (Equation 2.1). As it can be seen in Figures 2.9 (a) and (b), the difference between EGTR and
EGTK3 is in average 3.2ºC (0.39%) in TO and 2.3ºC (0.29%) in MC. Therefore EGTR can be used as
a reference to estimate EGT Margin Standard Day. Calculation will be made to MC regime.
From the Correlation Test Report the closest operating point to MC corresponds to N1R equal to
4816.5 rpm. The Associated EGTR value is 785.1 ºC. The EGT Margin Standard Day estimation could
be calculated as follows:

𝐸𝐺𝑇 𝑀𝑎𝑟𝑔𝑖𝑛 𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝐷𝑎𝑦 ′ = 830 − 785.1 = 44.9 º𝐶
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(3.3)

However, the indicator of interest for TAP ME to evaluate engine performance is EGTHD. As above
mentioned, this value cannot be calculated from the Correlation Test Report. TAP database has 55
CFM56-3C tests in MC. The average value for the EGT Margin Hot Day and EGT Margin Standard
Day can be calculated in order to appreciate if the difference between them is significant:

𝐸𝐺𝑇 𝑀𝑎𝑟𝑔𝑖𝑛 𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝐷𝑎𝑦 𝐴𝑣. = 36.35 º𝐶

(3.4)

𝐸𝐺𝑇 𝑀𝑎𝑟𝑔𝑖𝑛 𝐻𝑜𝑡 𝐷𝑎𝑦 𝐴𝑣. = 37.75 º𝐶

(3.5)

Analysing Figure 2.9 and Equations (3.3), (3.4), (3.5), it can be concluded that the EGTHD Margin for
the Correlation Engine in MC is estimated at 44ºC. Therefore the indicator EGT Margin HD complies
largely with the criterion of 30ºC.

3.2- On-Design Conditions
Before calculations it must be decided which type of gas turbine will be used for the study (Figure 3.4).
To perform the simulation of the engine CFM56-3, the option Two Spool Unmixed Flow Turbofan is
not selected because this configuration does not integrate the booster. This problem is solved with the
configuration Geared Unmixed Flow Turbofan (Figure 3.5) through the introduction of a pressure ratio
and a transmission ratio for the inner fan equal to unity, following the GasTurb manual [Kurzke, 2011].
This fact implies a great advantage because the fan pressure ratio of the core is an unknown variable
from the test bed data.

The first step is to simulate the CFM56-3 Cycle Reference Point, known as On-Design according to
GasTurb nomenclature. The objective of the On-Design simulation is to calculate a simple
thermodynamic cycle in which the engine geometry and the capacity of its components are defined. In
particular, gas turbines with different geometry (several thermodynamic cycles) are compared to
define the cycle design point. The losses are derived from comparison with other machines.

Actually, any point of high rotation is suitable to simulate the On-Design conditions. This is because at
high rotation the engine could be considered with fixed geometry, where the Variable Bleed Valves
(VBVs) and the Variable Stator Vanes (VSVs), located between the HPC and the LPC, are closed. In
this case, the operating point chosen for the design mode calculation was that with the highest fan
speed. This point corresponds to the corrected low pressure spool speed N1R=4855 rpm [CFM,
1991]. Using also a high power point is usually best for measurements accuracy reasons [Kurzke,
2005].
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Finally, the design point used in the program may not match with the point chosen by the engine
manufacturer to design the engine, which is usually the point with the best efficiency during an aircraft
operation.

Figure 3.4- GasTurb engine configurations

Figure 3.5- Geared unmixed flow turbofan, GasTurb generic configuration
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3.2.1- Internal Air System
To develop this initial thermodynamic simulation, the internal air system configuration of the engine
must be introduced. A reactor as the CFM56-3 is a thermodynamic machine that bases its operation in
air handling, where most of it is used to produce thrust. The remaining air mass does not contribute
directly to the production of propulsion of the engine, having other equally important purposes, such as
cooling of various components, pressurizing the sumps, clearance control and cabin pressurization of
the aircraft, among others [Leite, 1992].
Unfortunately, not only due to the impossibility of measuring these flows by high geometric complexity
of the engine, but also by the fact that all these parameters are part of the know-how of manufacturers
and therefore they are kept in absolute secrecy, it proved impossible to determine with precision the
entire air circuit. The only solution is to do an estimation by consulting the specialized bibliography
which is open to the general public, as for example Walsh et al. [2004]. In Table 3.1 the assumed
values for the CFM56-3 internal air system can be seen. These values correspond to high operating
regimens, and those will be used to develop the engine model. The assumed bleed flow could be up
to 25% of the primary flow according to Philpot [1992]. The references used may seem old, but it is
necessary to remember that the engine CFM56-3 was certified in 1984.
CFM56-3 Internal Air System
Description

Mass flow (%)

Point of extraction

HPTCC9

10

Booster discharge

NGVs10 HPT

6

Ninth HPC stage

Rotor HPT

5

Ninth HPC stage

NGVs LPT

2

Fifth HPC stage

Table 3.1- CFM56-3 Internal air system configuration [Philpot, 1992]

As it was mentioned by Joachim Kurzke [2005], it is not recommended to create sophisticated models
using GasTurb with many details of the internal air system, disk windage and gearbox losses if there is
no reliable information about these elements. Therefore, in the programme, the internal air system
configuration according to the typical values from bibliography is introduced (Figure 3.6).

9

HPTCC: high pressure turbine clearance control. Explained in Section 2.3.3- Correction of the thermodynamic
variables measured in TAP test bed and in Section 3.3.1- Considerations to take into account.
10

NGV: turbine nozzles (Nozzle Guide Vanes). Very robust airfoils, with greater curvature, grouped in segments
of two units. Its main function is to transform the axial gas flow from the combustion chamber in tangential flow,
with increased speed and absolute pressure decrease, and send it to the HPT rotor, against their shovels with an
optimal incidence.
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(a) GasTurb inputs

(b) GasTurb inputs illustration
Figure 3.6- CFM56-3 internal air system configuration in GasTurb
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3.2.2- Data processing and On-Design simulation
In the Correlation Test Report it is found data with different characteristics: raw data and calculated
data. This information needs to be properly processed for calibrating the reference engine
thermodynamic cycle in a consistent way. It also will be explained relevant items and considerations
which regard the particular TAP test bed and its instrumentation: how to obtain T25 and the influence
of humidity and condensation in the final results.

Raw data from Correlation Test Report
In this document it is found data which are not corrected to Standard Day conditions, called Raw Data,
which is shown in Figure 3.8. This is because temperatures and pressures are not corrected
automatically in TAP test bed, except the EGT. As commented in Section 3.1- Correlation Test Report,
this temperature is used to discern if an engine is working properly through the EGT Margin definition.

Figure 3.7- Raw data from Correlation Test Report [CFM, 1991]

To develop the engine model in the Design Point the raw data must be corrected to the Standard Day
conditions. As mentioned in Chapter 2, measurements are taken at various ambient pressures and
temperatures, and the performance of any gas turbine varies a lot with ambient pressure and
temperature. Over a series of engine tests, for example, before and after introducing a component
modification, ambient conditions may vary widely. To make the measurements comparable all the data
need to be corrected to standard day conditions [Kurzke, 2003] and the data may be compared on an
‘apples with apples’ basis (see Walsh et al. [2004]).
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To correct raw data to Standard Day conditions the following common gas turbine parameter
correction is applied [Kurzke, 2003]), Equations (3.6) and (3.7), which serve indifferently for static
conditions or for total conditions. In these equations, the values for the ISA correction are TambDP =

15ºC = 288,15 K and pambDP = 101325 Pa = 14,696 psi. On the other hand, T2TEST and p2TEST
refer to engine inlet conditions.

𝑝𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 = 𝑝𝑟𝑒𝑎𝑑 𝑥

𝑝𝑎𝑚𝑏𝑆𝐷
𝑝2𝑇𝐸𝑆𝑇

(3.6)

𝑇𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 = 𝑇𝑟𝑒𝑎𝑑 𝑥

𝑇𝑎𝑚𝑏𝑆𝐷
𝑇2𝑇𝐸𝑆𝑇

(3.7)

The corrections of the raw data using Equations (3.6) and (3.7) to Standard Day at the operating point
chosen to simulate On-Design conditions (N1R=4855 rpm) are shown:
Variable

Unit

Raw data

Corrected data

𝑃𝑇25

kPa

218.43

219.94

𝑇3

K

796.15

786.19

𝑇5

K

883.95

872.89

𝑇25

K

377.42

372.7

𝑃𝑇5

kPa

147.61

148.63

𝑃𝑇16

kPa

166.44

167.59

Table 3.2- Raw data to Corrected data [CFM, 1991] and [Kurzke, 2003]
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T25 case
In the Correlation Test Report there are not available information about the temperature T 25. CFM
provided a sensor for this purpose, but it does not work properly once it has been used in a few tests,
as it was commented in the Section 2.3.2- Test bed limitations.
This temperature between LPC and HPC is essential to calculate the HPC isentropic efficiency, as
Equation 3.11 illustrates based on the first and second law of the thermodynamics, that can be found
for example in Moran et al. [2006]. Subscript 0 refers to total conditions for pressure and temperature
[K or Pa], ṁ is the mass flow rate [kg/s], 𝑐𝑝 is the specific heat capacity [J/(kg·K)] (at constant
pressure), 𝛾 is the adiabatic index [-] and Ŵ𝑖𝑑𝑒𝑎𝑙 [J/s] is the power that the compressor supplies to the
fluid (real or ideal). Finally, 𝛾 and 𝑐𝑝 depend on the temperature, effect that GasTurb considers.
𝛾(𝑇)−1

𝑇03𝑆
𝑇025

=

𝑝
𝛾(𝑇)
(𝑝 03 )
025

(3.8)

Ŵ𝑖𝑑𝑒𝑎𝑙 = ṁ · 𝑐𝑝(𝑇) · (𝑇03𝑆 − 𝑇025 )

(3.9)

Ŵ𝑟𝑒𝑎𝑙 = ṁ · 𝑐𝑝(𝑇) · (𝑇03 − 𝑇025 )

(3.10)

𝜂𝐻𝑃𝐶 =

Ŵ𝑖𝑑𝑒𝑎𝑙
Ŵ𝑟𝑒𝑎𝑙

(3.11)

In the particular case of T25 and P25 at the HPC entry, they depend on the flight condition as well as
on the power level. To develop the model it will be attempted to model T25 using [CFM, 2013], in which
there is a methodology to calculate this temperature. This procedure was developed by the engine
manufacturer company because they are aware of the difficulty to measure T 25 due to the sensor
employed. The process consists in obtaining ΔT25 (T25 increases) from a particular low pressure
spool speed N1. The temperature between Booster and HPC will be ΔT25 added to the engine inlet
temperature T2.
To raise awareness that this is the right path, T25 calculated from [CFM, 2013] will be compared with
the information provided by this sensor during TAP acceptance tests, although it was installed only in
9.1 % of the tests. Figure 3.8 illustrates that there is no significant difference between T 25 calculated
using CFM [2013] procedure and T25 from TAP ME test bed sensors. It must be realized that T25 from
Acceptance Tests only appears at high power, namely MC and TO, because it is the most important
points from engine performance point of view. The EGT Margin can only be calculated for these
points.
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Figure 3.8- T25 Comparison

Calculated and corrected data from Correlation Test Report
In the Correlation Test Report, apart from the raw data, it can also be found Calculated and Corrected
data, which are shown in Figure 3.9. This kind of data are corrected to Standard Day conditions
according to engine manufacturer procedure (acronym R), which means that the parameters are
corrected to the external influences of humidity, temperature and condensation (see Equation (2.1) for
the EGT case).
However, the customer corrected data, contrary to the raw data, can be subject to Facility Modifiers
correction (FM), obtained from the Correlation Test Report, and HPT Clearance Control correction
factor (KTCC), as shown in Equations (3.12) – (3.16) from [CFM, 2011]. The resulting data is
corrected for all external influences, as it can be seen in the Equations (2.1) and (2.2) for the EGTK1
case.

𝐹𝑁𝐾1 = 𝐹𝑁𝑅 · 𝐹𝑀𝐹𝑁

(3.12)

𝑊𝐹𝐾1 = 𝑊𝐹𝑅 · 𝐹𝑀𝑊𝐹 · 𝐾𝑇𝐶𝐶𝑊

(3.13)

𝐸𝐺𝑇𝐾1 = 𝐸𝐺𝑇𝑅 · 𝐹𝑀𝐸𝐺𝑇 · 𝐾𝑇𝐶𝐶𝑇

(3.14)

𝑁2𝐾1 = 𝑁2𝑅 · 𝐹𝑀𝑁2 · 𝐾𝑇𝐶𝐶𝑁

(3.15)

𝑊2𝐾1 = 𝑊2𝐴𝑅 · 𝐹𝑀𝐸𝐺𝑇 · 𝐾𝑇𝐶𝐶𝑊2

(3.16)
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Figure 3.9- Calculated and corrected data from Correlation Test Report [CFM, 1991]

As it was indicated in Section 2.3.3- Correction of the thermodynamic variables measured in TAP test
bed, HPTCC correction factor will be ignored because its influence on the final result represents only
1% and the procedure to obtain the coefficients is complex and laborious [CFM, 2011]. Therefore the
Standard Day data will be corrected using the Facility Modifiers exclusively. It is recommended to
apply this correction to be consistent with the difference between TAP ME and OEM facilities. The
results for the operating point chosen to develop the engine design point simulation are shown in
Equations (3.17) – (3.21).

𝐹𝑁𝐾1 = 𝐹𝑁𝑅 · 𝐹𝑀𝐹𝑁 = 99.65 𝑘𝑁

(3.17)

𝑊𝐹𝐾1 = 𝑊𝐹𝑅 · 𝐹𝑀𝑊𝐹 · 𝐾𝑇𝐶𝐶𝑊 = 1.0941 𝑘𝑔/𝑠

(3.18)

𝐸𝐺𝑇𝐾1 = 𝐸𝐺𝑇𝑅 · 𝐹𝑀𝐸𝐺𝑇 · 𝐾𝑇𝐶𝐶𝑇 = 1064.65

(3.19)

𝑁2𝐾1 = 𝑁2𝑅 · 𝐹𝑀𝑁2 · 𝐾𝑇𝐶𝐶𝑁 = 14276.84 𝑟𝑝𝑚

(3.20)

𝑊2𝐾1 = 𝑊2𝐴𝑅 · 𝐹𝑀𝐸𝐺𝑇 · 𝐾𝑇𝐶𝐶𝑊2 = 314.71 𝑘𝑔/𝑠

(3.21)
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Influence of condensation and humidity in the results
In this section, it will be compared the corrected data to Standard Day Conditions by TAP Test Bed
(acronym R) -Equation (2.1) shows the procedure for the EGT-, with the traditional data correction
using Equation (3.7). The comparison is based on the average EGT from TAP database which
contains Acceptance Tests data, the only automatically corrected temperature in the test cell.

𝐸𝐺𝑇𝑅 =

𝐸𝐺𝑇
𝜃2.91

1 .91

= 𝐸𝐺𝑇𝑀𝑥 (𝜃 )
2

𝑥𝐾𝐻𝐸𝐺𝑇𝑥𝐾𝐶𝑂𝑁𝐷𝑇

(2.1)

In Equation (2.1) other correction factors appear, apart from the temperature correction, which are
KHEGT and KCONDT. These factors correct the EGT in addition to humidity and condensation,
respectively. They depend on a large number of secondary variables, as for example: humidity grains,
dry bulb temperature, relative humidity, corrected fan speed and ambient temperature of the test cell.
The procedure to obtain humidity and condensation factors is available in [CFM, 2011]. To the rest of
temperatures and pressures these coefficients cannot be obtained due to the insufficient data
available in the Correlation Test Report.
Equation (3.7) does not correct the data to condensation and humidity influences. To raise awareness
about this simplification, the corrected EGT subject to test bed adjustments for temperature, humidity
and condensation (EGTR) will be compared with the EGT corrected using Equation (3.7)
(EGT_CORR). This way, it can be seen if the condensation and humidity corrections are relevant or
not.

The comparison is shown in Figure 3.15 (a) and (b) for the version CFM56-3C. If these figures are
analysed, it can be observed that the values of EGTR and EGT_CORR are very close. In particular,
during TO operation the error between them is 0.41% and in MC operation it is 0.25%, therefore
practically zero in both cases.

These results are consistent with other studies conducted on factors affecting gas turbine
performance, for instance Kurzke [2014] and Brooks from GE [2010], in where this effect was thought
to be too small to be considered. However, with the increasing size of gas turbines and the utilization
of humidity to bias water and steam injection for NOx control, this effect has greater significance.
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EGT Study for CFM56-3C in TO regime
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EGT Study for CFM56-3C in MC regime
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Figure 3.10 – EGT Study for the CFM56-3
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Other relevant data from the Correlation Test Report
Apart from Raw Data and Calculated and Corrected data, in the Correlation Test Report other relevant
data to define the CFM56-3 cycle design point are present, such as engine pressure ratio, PS3/P2 and
the geometrical parameters A18 and A8, which are the geometric (core) nozzle throat area and the
geometric bypass nozzle throat area, respectively. This last information, which appears in Table 3.3, is
particularly relevant because the goal of the On-Design simulation is to define the engine geometry
and flow capacities. In Figure 3.6 the nomenclature can be consulted.
Variable

Unit

Value

𝐴18

m2

0.74236

𝐴8

m2

0.2933

𝑃𝑆3/𝑃2

-

23.4

𝑃5/𝑃2

-

1.461

Table 3.3- Pressure ratios and geometric information from CFM56-3 Correlation Test Report

Cycle Design Point iterations
With all the thermodynamic parameters calculated previously, it is possible to simulate the Design
Cycle Point in GasTurb. For this purpose, the steps detailed in How to create a performance model of
a gas turbine from a limited amount of information [Kurzke, 2005] will be followed.
The process to simulate the engine cycle design point consists in iterating (varying) unknown output
quantities in such a way that the given value (target) is achieved. Any gas turbine simulator requires
iteration, but sometimes convergence problems are encountered, the reasons are the following:
inadequate error definition, bad estimates for the iteration variables and variable has no influence on
the iteration error. Using the known values from the Correlation Test Report as iteration targets, Table
3.2, Table 3.3 and Equations (3.17) - (3.21), the iteration can be performed (see Figure 3.11) to obtain
unknown thermodynamic and geometrical information11.

Figure 3.11 – GasTurb iterations to simulate the CFM56-3 Design Point
11

GasTurb nomenclature: Fan is called LPC (Low Pressure Compressor) and the Booster or LPC is also called
IPC (Intermediate Pressure Compressor).
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One of the main advantages of GasTurb is the possibility to do all the iterations that the customer
wants. The selection of the used iteration targets is based on the data known from the test bed, but it
is necessary to apply the thermodynamic knowledge to establish the iterations. The programme is only
a tool; it cannot think for ourselves.
The different iterations are interdependent between them, for instance, if the pressure P25 is varied
the HPC efficiency also will change (Equation 3.11), although this variable is related explicitly to
booster pressure ratio (Figure 3.11).
It is important to explain the reason to iterate the BPR, because according to the engine manufacturer
it is equal to 5. However, this is only a representative value which is difficult to check in the test bed.
BPR=5 must be very close to reality, but there may be slight variations. It is sufficient that the average
chord of the 38 fan blades varies lightly. In the thesis work of Falcão de Campos at TAP [2012], it was
intended to calculated the CFM56-3 airflows using the conservation of mass and chemical species,
but the results indicate a large overestimation of the airflow, most significant at lower engine power
settings (up to 650% of error). Falcão de Campos [2012] explained possible sources of error: dilution
of atmospheric air that wasn’t accounted for, possible leakage holes or bad connections at sampling
line. In the present thesis work, through the GasTurb engine model, it would be possible to estimate
accurately the primary and secondary mass flows in the whole range of power settings.

EGT definition in GasTurb
In GasTurb there is a tool to create thermodynamic parameters which are not implemented in the
programme: ‘composed values’. It was employed ‘composed values’ to define the EGT. It is possible
to read the EGT data from the model using the temperatures of the stations 45 (LPT inlet) and 5 (LPT
exit). To define the EGT it is employed the following experimental function, which is suited for the
engine family CFM56 [Kurzke, 2014]:

𝐸𝐺𝑇 = 0.967 · (𝑇45 − 0.27 · (𝑇45 − 𝑇5))

(3.22)

EGT would help to define the efficiencies (also geometry) on the turbine side for the Design Cycle
mode. Moreover, later when the thermodynamic model is used, it is equally important to retrieve the
EGT values. The variation of this parameter shows the effects of the degradation or maintenance
actions taken during Shop Visits. Knowing the EGT is helpful because its value is not affected by the
internal air system of the gas generator (for example, T 4T is affected by the engine air system).
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Power Off-Take
The Power Off-Take is the power bled from the engine to secondary uses during a flight. This affects
the power balance between turbine and compressor. Some of its applications could be aircraft
hydropower, aircraft electricity and compressed air for conditioning the passenger cabin. This value
has to be introduced in GasTurb to carry out the simulation. Nevertheless, when an engine is tested in
the test bed the Power Off-Take is equal to zero.

GasTurb On-Design results
For the Basic Data the values appeared in Figure 3.12 are used. On the other hand, it is introduced as
Mass Flow the corrected value W2K1 (Equation (3.21)), as Nominal LP Spool Speed that which
corresponds to the operating chosen point (N1R=4855 rpm) and as Nominal HP Spool Speed the
value N2R=14366 rpm. For the component efficiencies the values come from the iterations. However,
for instrumentation reasons, it is not viable to obtain the Fan efficiency and the HPT efficiency, so they
are considered as the following typical values: outer Fan (LPC following GasTurb nomenclature) equal
to 0.85, inner Fan equal to 0.88 and isentropic HPT efficiency equal to 0.86. These values may seem
high, but it must be remembered the characteristics of the engine used in the Correlation Test Report,
which presents minimal component degradation.
Using the basic data, the internal air system configuration and the iterations explained, the results for
the engine design point appear in Figure 3.13. It could be appreciate the temperatures, pressures and
mass flows in all aerodynamic stations, the components efficiencies (isentropic and polytropic), as well
as the pressure ratio of each component. The Reynolds corrections (RNI) are established
automatically by GasTurb based on similar turbomachines.
In Table 3.4 it is shown the comparison between the GasTurb results for the engine Design Point and
the data known from the Correlation Test Report (one that has not been used to define the iterations).
It has been obtained a full agreement, which demonstrates that the given data are consistent with the
laws of physics. Besides, it is found that the function chosen to define the EGT as a ‘composed value’
in the programme is well suited.
GasTurb results

Correlation Test Data

BPR [-]

5.28

5 (reference)

P16/P2 [-]

1.654

1.654

SFC [g/(kN·s)]

10.98

10.98

P5 [kPa]

148.04

148.63

EGT [K]

1064.56

1064.65

PS3 [kPa]

2371.01

2371.01

Table 3.4- Comparison between Gasturb and known data for the CFM56-3 Design Point
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Figure 3.12- GasTurb input: Basic data for CFM56-3 Design Point

Figure 3.13- GasTurb output: Single Cycle Results
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3.3- Off-Design Conditions
After having found a cycle design point, in which the match between the given data and the simulation
is suited, the Off-Design simulations can be started, namely, engine conditions which deviated from
the projected point. Actually, the cycle reference point is the anchor point for all the Off-Design
simulation. Off-Design performance must consider the behaviour of the engine over a wide range of
conditions which may vary either as a result of variable power settings, ambient conditions or flight
conditions (see [Saravanamutto, 1992a]).

This study deals with the behaviour of a gas turbine with known geometry. In these cases, losses vary
with the operating conditions. Off-Design simulation results are an approximation of the engine
component maps. Since the genuine component maps from the engine manufacturer are not
accessible, one would need a lot of detailed geometrical information which is normally not accessible
outside the OEMs [Kurzke, 2008], it is necessary to predict the component efficiencies at conditions
deviating from the cycle design point using the model [Kurzke, 2005].
TAP is interested in knowing this information because it would be useful for saving human and
technical resources in maintenance. If an engine has an unusual behaviour, through the knowledge of
the component efficiency in all operating points, which appears in component maps, it is possible to
know which element fails without doing a general inspection.
The component maps present the relationship between the mass flow, pressure ratio, efficiency and
rotational speed for all the operation range of a particular component. In Figures 3.14 (a) and (b) it is
shown a compressor map and a turbine map for a generic turbofan, respectively.

(a)- Generic HPC Map
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(b)- Generic HPT Map
Figure 3.14- Generic GasTurb component maps

The compressor and turbine characteristics define the component’s performance. For a component of
fixed geometry, the characteristic map is unique. To a first order, changing physical inlet conditions do
not change the component characteristics. This is of crucial importance in the application of
component maps to predict the overall engine performance. For a compressor, for example, defining
referred speed and referred mass flow fixes pressure ratio and efficiency; an operating point may then
be plotted onto the characteristic. Once two suitable parameter groups are defined then all others are
fixed according to Walsh et al. [2004].
The objective is to create a performance model of the CFM56-3 engine. The method, described in
[Kurzke, 2005], consists in using maps of similar compressors, respectively, turbines and to adapt
them to the available data from the Correlation Test Report, namely, temperatures, pressures and
mass flows. Compressor and turbine maps are added and scaled such that they fit exactly to the cycle
reference point.

Before starting the calculations, it is necessary to explain several considerations which can be
modelled using GasTurb for the Off-Design effects: Variable Stator Vanes, Variable Bleed Schedule
and HPT Tip Clearance Control.
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3.3.1- Considerations to develop the engine model: VBV, VSV and Tip
Clearance Control
Sophisticated performance codes used by the gas turbine manufacturers can contain a lot of detail,
such as models of the internal air system with a multitude of gas paths, Reynolds corrections to maps,
tip clearance and blade untwist models, gearbox and accessory simulations, among others. It is
recommended to begin the model creation process with a simple model which includes only a rough
estimation of the internal air system and the parasitic losses described as a percentage of the spool
power, characteristics which are integrated in GasTurb. Additional secondary effects should be
considered only if it is proven that the required accuracy is not achievable. In this section, several
necessary aspects to develop the thermodynamic model will be explained: Variable Stator Vanes
(VSVs), Variable Bleed Valves (VBVs) and HPT Tip Clearance Control.
Following Saravanamutto [1992b], the use of variable bleed schedule and variable stator vanes are
possible methods of alleviating the choking problem which results at reduced power settings, due to
the fact that the pressure ratio will be much lower and this will result in very high axial velocities
towards the rear of the compressor. These mechanisms, which operate at low spool speed, are also
related to the fact of considering the engine with variable geometry or fixed geometry for all operating
points. Therefore, if the final decision is not to model these aspects, and consider the engine with fixed
geometry, it would not be possible to use all the data available from Correlation Test Report to adapt
the turbofan model. In that case, only the points at high spool speed, in which the valves and vanes
are closed, would be taken into consideration.
In Annex 1, it is illustrated that in the majority of the operating points from the Correlation Test Report
the engine should be considered with variable geometry. The open valve or vane (variable geometry)
appear in red colour and the closed valve or vane (fixed geometry) in green colour. The information
about VSV and VBV schedule is available in the Engine Shop Manual [CFM, 2013].
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Variable Stator Vanes
First, the Inlet Guide Vanes (IGVs) are located at the HPC inlet. They work as entry gates in order to
regulate the flow of air that is admitted. Second, the Variable Stator Vanes (VSVs) can be found,
which are located in the first three stages of the HPC. They form the stators of these stages. Their
objective is to optimize the HPC performance for each combined state of spool speed N2 and air
density. In Figure 3.17, the VSV for the CFM56-3 can be viewed.

Figure 3.15- VSVs CFM56-3 [Reagan, GE reports]

The VSVs’ position is determined by a control system which makes them follow a schedule. During the
model creation process in GasTurb, it is assumed that the VSVs follow the nominal schedule, which is
specified in the engine manual [CFM, 2013], Figure 3.18. As a result, it is possible to adapt the model
without additional considerations, because the variable geometry effect is implicit among the data.

Once the engine modelling is completed, the deviations from the nominal schedule may be simulated,
which depend on the VSVs calibration during the test. The corresponding input is called in GasTurb
nomenclature Compressor Delta VG Setting [º]. In Figure 3.16 it is shown an example of VSV
modelling process, where the deviation (red line) is 10º with respect to the nominal schedule (blue
line).
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Figure 3.16- VSVs behaviour during the model development and deviations from nominal schedule [Kurzke, 2014]

The deviations of the VSVs from nominal schedule have a secondary relevance. The effect of closing
the VSVs relative to the nominal schedule will shift the whole compressor map as shown in Figure
3.17 (a). The two operating lines calculated for VSV=nominal and VSV= -10° are virtually at the same
position in the map. Except for a very small change in local efficiency nothing changes with VSVs
position in the compressor map along the operating line, except the speed value. However, this has no
influence on the thermodynamic cycle calculation. Correlations that define the position of the operating
line in the compressor map do not employ the spool speed. Whether the speed line that crosses the
operating line at pressure ratio 10 is labelled as N=0.9 or as N=0.95 does not make any difference
[Kurzke, 2008]. Regarding the turbine, closing the compressor VSVs results in higher corrected spool
speed, but turbine corrected pressure ratio remains unchanged, as Figure 3.17 (b) illustrates.

(a) Example of effect in compressor map

(b) Example of effect in turbine map

Figure 3.17- VSVs deviations from nominal schedule [Kurzke, 2008]
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To analyse the VSV behaviour for the CFM56-3 it is consulted the engine manual which explains the
VSVs schedule [CFM, 2013]. In Figure 3.18 it can be seen that the deviations from the nominal
schedule were small during calibration, in particular 2.5º. Therefore, the model is adapted to the given
data and it is not necessary to use the deviation from nominal schedule feature in GasTurb. As it was
explained above, this simplification has no effect on the Off-Design calculations.

Figure 3.18- CFM56-3 VSVs Schedule [CFM, 2013]
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Variable Bleed valves
The CFM56-3 Variable Bleed Valves are located between the Booster and the HPC. Its main function
is to regulate the primary flow which enters in the HPC, in order to optimize the compressor efficiency
and the fuel flow employed during the combustion process at low spool speed. Bleed schedule affect
the mass flow continuity, therefore bleed has an influence on the position of the operating lines in the
component maps.
In order to model the VBVs behaviour in GasTurb a tool called Bleed Schedule should be used. The
procedure consists of introducing in the software the spool speed at which the valves open, the spool
speed at which they close and the maximum handling bleed in percentage. The values for this
particular case, obtained from engine manual [CFM, 2013], are shown in Figure 3.19 from GasTurb
windows. The maximum handling bleed cannot be measured or calculated from test bed data.
However, all values between 20% and 30% are suitable for the engine type.

Figure 3.19- GasTurb modelling process for engine bleed schedule

HPT tip clearance control
The HPT Clearance Control, which was explained in the Section 2.3.3- Correction of the
thermodynamic variables measured in TAP test bed, could also be modelled easily in GasTurb. During
the Off-Design simulation process, the model must be adjusted to the available data from the CFM563 Correlation Test Report. For the data it is known if the HPT Tip Clearance Control is switched on or
off. Later, a Modifier12 for HPT Efficiency can be used if the HPT Tip Clearance Control setting is
different from the one assumed in the model.

12Modifiers

tool are input data in the GasTurb Off-Design windows. This tool is employed to vary the model once it
has been created to appreciate the effects of the modification in the whole engine: temperatures, pressures and
component maps. This tool will be useful by TAP ME at mid-term.

52

3.3.2- CFM56-3 Off-Design model
During the Off-Design simulation, the geometric parameters of the engine must be kept. This means
that the design point defined in the On-Design simulation cannot be changed. The objective is to
develop a thermodynamic model for the CFM56-3 engine to simulate the component degradation and
the consequent effects of the maintenance procedures.
For a first shot GasTurb use Standard Maps for the Off-Design simulation, that are selected from
similar turbomachines and with similar design. Actually, the standard maps from GasTurb are all from
axial flow machines, therefore they are a suitable starting point. When switching the Off-Design in
GasTurb, the component maps are scaled in such a way that they fit to the cycle design point defined
in the On-Design simulation. However, part load SFC depends primarily on compressor efficiency.
This means that the rest of the operating points from the CFM56-3 Correlation Test Report do not
match with the GasTurb model due to the use of generic component maps.
All the 44 operating points from the Correlation Test Report are going to be used to adapt the generic
GasTurb model for the Off-Design effects, which means to adapt the standard component maps from
the programme.
Test bed data could be introduced in GasTurb using the file format .tst, whose structure is illustrated in
Figure 3.20. With this kind of documents it is possible to compare the experimental data with the
GasTurb model. This is done by reading the comparative figures from the file before calculating an
operating line, and then plotting them together with the model results from a single operating line.
Therefore, the data from the Correlation Test Report have to be defined in .tst format so that it can be
used in the programme.

Figure 3.20- GasTurb file with test bed data
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For comparison of the model with test bed data it is recommendable to use global parameters like
pressure ratio, total mass flow or thrust. As the final check of the model, the comparison between SFC
and thrust is selected with the measured values in the operating line. It is selected the SFC because,
for a given flight condition, it is equivalent to the thermal efficiency of the engine. The correlation
engine data (purple points) are represented with the generic GasTurb model (yellow points) before
adapting anything, in Figure 3.21. Yellow points will be used throughout the remainder of the text to
represent the model in subsequent charts.

Figure 3.21- Comparison in the operating line between test bed data (purple points) and GasTurb model (yellow points)

As Figure 3.21 illustrates, with the standard setting of the cycle reference point in the maps the
agreement between measured and simulated SFC at part load is poor. Also it is observed that the
data from the simulation is coincident with the given data in the cycle design point (red mark).
Therefore, at the Off-Design points there is obviously some model improvement potential. The
standard GasTurb thermodynamic model (thus standard maps) needs to be adapted to fit with test
bed data. How to do it for multispool engines is described in the article written by Joachim Kurzke The
importance of component maps for gas turbine performance simulations [2008]. This thesis is going to
follow this procedure to obtain a suited turbofan model.
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In summary, the adaptation process consists of adjusting separately the two correlations which yield
each component map: Corrected mass flow – Efficiency and Corrected mass flow – Relative
Corrected spool speed. This is done easily in GasTurb by editing the efficiency and the spool speed
values along the operating line.
Among the available data to adapt the generic component maps, are the spool speeds N1 and N2.
The relevance of these parameters in the simulation process may look great, but this is misleading:
spool speeds are only of secondary importance for creating a model whatever their measurement
accuracy is. This is due to the fact that spool speed is not a relevant parameter from the
thermodynamic point of view, which means that it is not needed for the calculation of cycle efficiency,
thrust or shaft power delivered.
Therefore it is necessary to begin with the Corrected mass flow – Efficiency correlation. The main
problem is that the component efficiencies are not available among the given data. However, if the
model agrees with all temperatures and pressures then the efficiencies are automatically correct.
Next, it is necessary to adjust the correlation Corrected mass flow – Relative Corrected Spool Speed,
which is easily adjustable when component efficiencies are correct. It is done by editing the speed
lines distribution on the Fan and HPC maps. Obviously, the fan and booster will have the same speed
distribution due to the turbofan configuration.
A compatible alternative to adapt the model is by shifting the location of the cycle reference point in
each standard component map, selecting the best compromise. This has no effect on the cycle design
point features, only on the part load efficiency distribution for each component map:


If the Cycle Reference Point is in a map region with poor efficiency, then efficiency will
increase towards part load.



If the Cycle Reference Point is in a map region at the peak efficiency, then efficiency will
decrease towards part load.

The procedure is done in this order: Fan (called LPC according to GasTurb nomenclature), Booster
(also called Intermediate Pressure Compressor –IPC– in GasTurb nomenclature), HPC, HPT and
LPT. It is important to find a good match between the map and engine design pressure ratios,
because the map shape depends on it. On the other hand, the design point in turbine maps must be
near to the optimum efficiency. For the compressors case the operating line needs to have sufficient
surge margin in order to have a properly designed engine/model.
Finally, after adjusting the correlations for each component for the Off-Design effects, the
thermodynamic model can simulate with great precision the results for the whole engine in comparison
with Correlation Test Report data along the Operating Line, as shown in Figure 3.22 from GasTurb
output.
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Figure 3.22- Comparison between GasTurb model and correlation test data: SFC vs. Thrust

The rest of pressures and temperatures from the model in the operating line also match with
Correlation Test Report data after the adjustments, as Figure 3.23 (a) – (l) illustrates with the GasTurb
output:

(a) - Engine pressure ratio (P5/P2) vs. W2Rstd

13

13

(b) - PS3/P2 vs. W2Rstd

W2Rstd refers to engine inlet mass flow corrected to Standard Day –in this case correction K1–.
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(c) – P16/P2 vs. W2Rstd

(d) – T25 vs. W2Rstd

(e) – P25 vs. W2Rstd

(f) – T3 vs. W2Rstd

(g) – PS3 vs. W2Rstd

(h) – EGT vs. W2Rstd
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(i) – T5 vs. W2Rstd

(j) – P5 vs. W2Rstd

(k) – Relative low pressure spool speed

(l) - Relative high pressure spool speed

Figure 3.23- GasTurb outputs: Off-Design results

On the other hand, the component maps obtained for the CFM56-3 engine model, with the respective
operating line, are presented in Figure 24 (a) – (d):

(a) – CFM56-3 Fan map

(b) – CFM56-3 Booster map
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(c) – CFM56-3 HPC map

(d) – CFM56-3 HPT map

(e) –CFM56-3 LPT map

Figure 3.24- GasTurb outputs: CFM56-3 Component maps

Once the model is suited using the available data, temperatures and pressures are obtained in all
aerodynamic stations for all the engine operating points. This is important because there are
temperatures and pressures which cannot be measured in the test bed. For example, Figure 25 shows
the temperature at the combustion chamber exit T4. Furthermore, in this thesis a consistent reference
for the component efficiencies in the whole operating range has been estimated, which could have
powerful uses for TAP ME, as it will be explained in Section 3.4- Engine model applications. For
instance, Figure 26 shows the HPC isentropic efficiency.
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Figure 3.25- GasTurb model: T4

Figure 3.26- GasTurb model: HPC isentropic efficiency

Kurzke’s opinion about the model: ‘’Congratulations! I think you have found a reasonable model which
is suited for "What if?" studies. There is always room for improvement. This would require more time
and some more information about the engine and how it is controlled. But there is also a time to
stop!’’.
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3.4- Engine model applications
Once the model is done and it matches with test bed data, it can be used to simulate degradation
effects. This means simulating the degradation of a component characteristic, for example HPC
efficiency or HPC capacity14, and to appreciate the consequences on the entire engine. This allows to
understand the engine behaviour in depth. The GasTurb tool used is called Modifiers. Another
application consists in comparing the model with test bed data at component level (efficiencies and
capacities), by which it is possible to appreciate if some component is not working properly during a
shop visit. The GasTurb tool when carrying out this study is known as a Model Based Test Analysis
(see [Kurzke, 2013] Gas turbine: Design and performance model based test analysis). Therefore
these analyses are both related to the engine component degradation, which can be simulated or
ascertained.
Gas turbine degradation could be the consequence of several sources, cited by Kurz et al. [2007]:
fouling, which is caused by the adherence of particles to airfoils and annulus surfaces; hot corrosion,
which is a loss or deterioration of material from flow path components caused by chemical reactions
between the component and certain contaminants, such as salts, mineral acids, or reactive gases;
corrosion, which is caused by inlet air contaminants and by fuel and combustion derived
contaminants; erosion, which is the abrasive removal of material from the flow path by hard or
incompressible particles impinging on flow surfaces; damage, which is often caused by large foreign
objects striking the flow path components; abrasion, caused when a rotating surface rubs on a
stationary surface.
The Modifiers and Model Based Test Analysis studies make sense due to the correlation engine
features, which presents minimal degradation at component level. For this reason, in practice the
model presents the optimal component efficiencies for the CFM56-3 engine.

Model Based Test Analysis
One of the real applications of the model is the GasTurb tool known as Model Based Test Analysis or
simply AnSys (Analysis by Synthesis). This tool incorporates the advantages from analysis and
synthesis programmes. Briefly, analysis programmes calculate component performance parameters
using directly measured parameters and the laws of conservation of mass and energy. On the other
hand, synthesis programs use predictions of component performance and find by iteration operating
points in the maps that satisfy the laws of conservation of mass and energy, according to Brooks [GE,
2010]. Analysis by Synthesis technique is a standard performance analysis method widely used in
industry.

14A

degradation in HPC capacity means that for the same spool speed, both the HPC pressure ratio and HPC
mass flow decrease. One of the main responsible parameters is the Tip Clearance.
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Model Based Test Analysis allows to estimate the component performance for any engine tested on
TAP ME facilities. Entering in the program the required data from test cell, the results are deviations
from the model regarding efficiencies and capacities for each component. Actually, changes made to
the component performance assumptions to reproduce the measurements are the analysis results
(factors which make the model and the measured data coincident). The analysis of these results can
provide useful information on engine component operation and on the phenomena responsible for the
observed deviations from predicted engine behaviour, as cited by Xavier Canalias et al. in the article
entitled Generation of physically based analysis factors to improve synthesis models of the jet engines
[Canalias, 2005]. Input parameters are divided into measurements used to define the power level of
the engine and measurements needed to define environmental conditions. Figure 3.27 shows an
example for a turbojet case of Model Based Test Analysis results.

Figure 3.27- Model based test analysis example [Kurzke, 2011]

One of the problems to perform this analysis is the limited amount of information from the test cell. It
would be advisable to have available the highest possible engine instrumentation in order to obtain the
required temperatures and pressures which GasTurb uses to estimate the isentropic efficiency of each
component. Some of these limitations are going to be discussed.
TAP test bed instrumentation imposed by CFM does not include the placement of sensors in several
areas required to component efficiency calculation. This occurs in the section between the Fan and
booster, which makes it difficult to isolate thermodynamically these two components. To calculate
separately Fan and booster efficiencies it would be necessary to have instrumentation in the discharge
area of the secondary Fan flow. Figure 3.28 shows sensors of static temperature (TS17) and total
pressure (pT17) in this section. Through this procedure it would be possible to get the fan efficiency, but
only one engine was instrumented and tested for this purpose, [Henriques, 2011]. The solution is to
estimate the isentropic efficiency of the process as a single component (ηLPT).
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Figure 3.28- Fan instrumentation

On the other hand, regarding the LPT, it is instrumented on its second stage (engine station 49.5) and
on its exit (station 54), which is illustrated in Figure 3.29. This fact prevents the calculation of the entire
component efficiency. It could be calculated the partial LPT efficiency between the second and the
fourth stages, but this result would not have a correct thermodynamic meaning. This value could be
used as a reference value between the different tests done in the test bed.

Figure 3.29- LPT instrumentation

In order to calculate the entire LPT efficiency it would be necessary to monitor the LPT inlet to obtain
the pressure pS42 and the temperature TS42. The total parameters cannot be obtained using sensors
due to the risk of disintegration. They are estimated using the static values and with the speed
measurement.
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3.4.1- Modifiers tool example
In this section an application of the turbofan model will be exemplified briefly: Modifiers. First, it is
needed to create a representative engine CFM56-3 to compare it with the model: the standard engine.
For this purpose, data from TAP acceptance tests database will be used. The standard engine will be
defined using average data from the best engines tested. The criterion to select the best engine will be
EGT Hot Day Margin > 30ºC.
To develop the standard engine data is selected from the engine version CFM56-3-C15. This is
because it is the most tested version in TAP ME facilities, as shown in Figure 3.30. The reason is that
this version delivers more power than the versions B1 or B2, and due to this fact this engine requires
more maintenance.

Percentage of tests done with each version
of the engine CFM56-3
Total: 144 tests for TO or MC
B1

7,6%
18,6%

B2
C1

73,8%

Figure 3.30- Percentage of tests done with each CFM56-3 engine version

Modifiers tool enables to modify the efficiencies of the Fan, Booster, HPC and turbines, as well as flow
capacities. The aim is that the simulation matches exactly with the new input data. Once this is done,
the model maps degradation can be appreciated and therefore conclusions may be drawn.

15The

CFM56-3 Correlation Test data, with which the engine model was done, can be extrapolated for all CFM563 versions.
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This type of analysis is very complex if the whole engine is studied as a single element, because it is
made of different components which interact between them. The present study will be focused on the
HPC because is the engine component related with the blade chord analysis done in Chapter 4.

From TAP database there are two representative operating points: TO and MC. Using the application
GasTurb Details it will be possible to estimate the HPC efficiency for these points. The required
standard engine values for this purpose are shown in the Table 3.5.

TO

MC

PT25 [kPa]

229.63

221.16

T25 [K]

371.01

366.52

PT3 [kPa]

2476.42

2339.82

T3 [K]

789.76

776.05

Table 3.5- Standard engine main data

It was obtained a HPC efficiency (e253is according to GasTurb nomenclature) of 0.8193 for TO and
0.8202 for MC. The comparison between standard engine and model is shown in Figure 3.31. It is
verified that the model based on Correlation Test Report has better HPC efficiency than the best
engines from test bed database. The model will be degraded to appreciate what happens. Due to the
fact that a single element is analysed, HPC, the HPC Efficiency or the HPC capacity among Modifiers
options could be modified, Figure 3.32. Degradation in the HPC capacity means that, for the same
spool speed, the pressure ratio and the mass flow through the compressor decrease, which is mainly
due to the Tip Clearance.

Figure 3.31- Comparison of HPC isentropic efficiency between model and test bed data
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Figure 3.32- GasTurb ‘Modifiers’ option to degrade the engine model

Degrading the HPC Efficiency by using Delta HPC Efficiency equal to -3%, the model and test bed
data match perfectly, as shown in Figure 3.33 (a). This action modifies the operating line in the HPC
map in comparison with the optimal case from the correlation engine model (2nd operating line vs.
Reference line in Figure 3.33), as illustrated in Figure 3.33 (b) (with zoom). In fact, the operating points
of the deteriorated engine were consistently at lower flow coefficients than for the clean engine.
Besides, a reduction of the surge margin is observed, as it is indicated by Kurz et al. [2007]. Finally, in
the LPT it is noted that the degradation in the HPC efficiency by 3% results in lower corrected spool
speed, but turbine corrected pressure ratio remains unaltered, Figure 3.33 (c). The analysis from TAP
database is limited, since there are only two operating points which are close to each other, MC and
TO.

(a)– Effect in HPC efficiency
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(b)– Effect in HPC map (zoom)

(c)– Effect in LPT map
Figure 3.33- Model degradation

67

Chapter 4
HPC blade chord influence in
CFM56-3 performance

D

ue to the normal aircraft operation, the compressor blades of the fan, Booster and HPC are
eroded. As a consequence, the engine performance decreases, for example EGT and HPC
Efficiency, which has great relevance. In the CFM56-3 case it is necessary to consider this

effect because the engine is old. The blade chord reduction implicates its replacement, if the engine
does not reach its specifications, since the published performance can no longer be guarantee .
Studies in this area have been done for decades.

Turbomachinery erosion is affected by many factors such as the ingested particles, gas flowpath,
blade geometry, operating conditions and blade material. One of the main reasons is the particle
ingestion. Aircraft engines can encounter particles transported by sand storms to several thousand
feet altitude. Examination of disassembled rotor blades after sand ingestion revealed blunted leading
edges, sharpened trailing edges, reduced blade chords and increased pressure surface roughness. In
the study from Sugano et al. [1982] it was determined that blade chord reduction and material removal
from the pressure surface increased with particle size.

In addition to safety considerations, the damage resulting from turbomachinery erosion has serious
consequences from both engineering and economic standpoints. According to Kleinert in the study
called Turbofan engine maintenance for fuel and hardware conservation [1990], erosion is the primary
cause for fuel consumption increase in modern turbofan engines. Measurements of isolated
compressor and cascade performance following erosion cycles reduction in compressor adiabatic
efficiency and stage loading and increase in cascade total pressure losses. This result was
demonstrated by Grant et al. in ‘Erosion prediction in turbomachinery resulting from environmental
particles’ [1975] and Hamed et al. in the study called ‘Erosion and deposition in turbomachinery’
[2006].
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In this Chapter the HPC blade chord influence in the engine performance will be analysed. To study
the influence of the compressor blade chord in the engine performance it is necessary to perform
back-to-back tests of the same engine. This means a test which compares performance parameters
measured on the same engine in the same facility, typically before and after a repair or modification to
a test facility and/or engine test hardware, according to the definition provided by the Advisory Circular
from US Department of Transportation [2002]. In the specific case of TAP ME, the tests have been
done before and after changing the HPC blades in the CFM56-3 engine, in particular the first three
stages.
It is possible to define a limit for the blade chord below which the engine performance is not useful.
Apart from this minimum limit, a maximum limit (new blade) can be found. This maximum chord limit
represents the optimal value corresponding to a new blade. Between the minimum blade chord limit
and the maximum limit, there is a wide range of blade chords.
In the case of the CFM56-3 engine, in the three first stages of the HPC it is not possible to add
material to compensate the blade chord reduction, as in the rest of the stages. The unique solution is
to change the degraded blade and place a new blade.
There are two possible ways to develop the analysis. First, having the blade chord measurements for
the same engine before and after the modifications. With this information it could be easy to study the
blade chord influence in any part of the engine, because the only difference appears in the HPC
blades, keeping the rest of the components (Fan, Booster, HPT and LPT) unchanged. Therefore, it is
possible to know how the compressor blades affect the overall compressor efficiency, the EGT and
the turbine efficiencies, among others.

Second, having the blade chord measurements from different engines, in which case the study would
be limited. The difference between them in the HPC efficiency (or capacity) is the only viable analysis.
This is obvious because the rest of the parameters measured are affected by more elements. For
example, it would not be possible to do a correlation between an HPC blade chord and EGT, since the
EGT is also affected by combustion chamber, secondary air system configuration and turbines.
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4.1- Framework
The HPC of the CFM56-3 has nine stages, as explained in Chapter 1. This study of the HPC blades is
focused on the first three stages, which is due to the compressor configuration (see CFM56-3 Basic
Engine [CFM, 1992]).

HPC blades have quite different configurations with each other depending on the stage in which they
are installed. Blades from first to third stage have axial dovetails and ribs16 in the middle of the airfoil,
which makes these blades unmistakable. Nevertheless, blades from the fourth to ninth stage are very
similar between them. All of them have circumferential dovetails and they are made with a nickel alloy
(Inconel). Obviously, their size is smaller when the respective stage approaches the combustion
chamber.

Blades of the first three stages are made of titanium, and they are installed on slots with RTV applied
in dovetails, in order to reduce air leakage over the blades. All blades are replaceable without
disassembling the rotor. This is the reason why this study focuses on the first three HPC stages,
because they are easily replaceable. Actually, some blades of each stage can be substituted without
works of removal and disassembly of the engine. It can be done through a process of opening the
HPC stators, which is called top casting or just topping. Figure 4.1 illustrates HPC rotor configuration
and Table 4.1 the distribution of the number of blades.

Figure 4.1- HPC blade configuration [CFM, 1992]

16

Mechanical reinforcement of the blades.
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Stage

Number of blades

1

38

2

53

3

60

4

68

5

75

6

82

7

82

8

80

9
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Table 4.1- CFM56-3 HPC configuration [CFM, 1992]

The HPC blades are acceptable if they have a larger chord than the minimum required, which is
established by the engine manufacturer. The tool used for measuring the blades will be commented:
Go/No Go tool, Figure 4.2.
According to CFM, the compressor blade chord is measured as Figure 4.3 illustrates, where the
distance between pins (Dim Y) is equal to the E.S.M. minimal blade chord defined by the engine
manufacturer. If chord measurement < Dim Y, then scrap and the blade is not functional. On the
contrary, If chord measurement > Dim Y, then it is above limit.

𝐷𝑖𝑚 𝑌 = 𝐸. 𝑆. 𝑀. 𝑀𝑖𝑛𝑖𝑚𝑎𝑙 𝐵𝑙𝑎𝑑𝑒 𝑐ℎ𝑜𝑟𝑑

Figure 4.2- Go/No Go tool [NOVA, 2013]

(4.1)

Figure 4.3- HPC blade chord measurement by CFM [NOVA, 2013]

However, with the work developed by André Silva, André Reis and Valdemar Duarte [NOVA, 2013],
some improvements were made in the previous tool to classify the different blade chord
measurements, Figure 4.4. In this case there are two additional lengths: Dim P and Dim X. Dim P
refers to a blade chord which has the acceptance percentage defined by the engine manufacturer.
Dim P is defined as follows:

𝐷𝑖𝑚 𝑃 = (𝐸. 𝑆. 𝑀. 𝑀𝑖𝑛𝑖𝑚𝑎𝑙 𝐵𝑙𝑎𝑑𝑒 𝑐ℎ𝑜𝑟𝑑 + 0. 𝑋 · 𝛥𝐶ℎ𝑜𝑟𝑑)

(4.2)

Where 𝛥𝐶ℎ𝑜𝑟𝑑 is defined as the difference between new blade chord and E.S.M. Minimal Blade
Chord, while 0.X is the acceptance percentage, which varies at each stage. On the other hand, Dim X
refers to a blade whose chord measurement is above the required percentage. This allows the
classification of the different blades according to their chord as follows:

𝐼𝑓 𝑏𝑙𝑎𝑑𝑒 𝑐ℎ𝑜𝑟𝑑 < 𝐷𝑖𝑚 𝑌 → 𝐶𝑙𝑎𝑠𝑠 𝑆 (𝑠𝑐𝑟𝑎𝑝)

(4.3)

𝐼𝑓 𝐷𝑖𝑚 𝑌 < 𝑏𝑙𝑎𝑑𝑒 𝑐ℎ𝑜𝑟𝑑 < 𝐷𝑖𝑚 𝑃 → 𝐶𝑙𝑎𝑠𝑠 𝐵 )

(4.4)

𝐼𝑓 𝐷𝑖𝑚 𝑋 < 𝑏𝑙𝑎𝑑𝑒 𝑐ℎ𝑜𝑟𝑑 → 𝐶𝑙𝑎𝑠𝑠 𝐴

(4.5)
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Figure 4.4 – Blade chord measurement with tool modifications [NOVA, 2013]

For example, for the first and second HPC stages the percentage 0·X it is equal to 0·4, and for the
third stage it is equal to 0.45·X. From several engines measured, the classification shown in Figure 4.5
for the first HPC stage is obtained:

Figure 4.5- Blade chord length classification [NOVA, 2013]

Figure 4.6- Tool pins location [NOVA, 2013]

To pass from the initial configuration recommended by CFM to the alternative configuration explained
above, it is essential to make modifications only in the pins and not in the tool. Figure 4.6 shows the
pins location. The material of the pins is a rigid polymer, because if the material was stainless steel for
example, it would harm the blades. As a result, in the right pin it is essential to modify its height
according to the percentage of the acceptance criteria defined. Nevertheless, after several uses of the
tool the pins become worn. Due to the extra height of the right pin, this will have greater erosion as a
consequence of the friction caused by the blade.
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4.2- Correlation analysis between HPC blade chord and engine
performance
TAP has a database with HPC blade chord measurements (first three stages) for 7 engines CFM563C. In addition, there are also data available from test bed report with thermodynamic information.
However, only two tests correspond to the same engine with different HPC blades, namely, back-toback test. This is because the back-to-back tests are very expensive and they cannot be made
frequently. Therefore, first, this study will focus on this engine, which will be called Engine A.
Engine A was tested with all repaired HPC blades (OVH) and with all new HPC blades. In Table 4.2
the blade chord difference between the two cases can be appreciated.
Total chord OVH [in]

Total chord NEW [in]

Increase [in]

STAGE 1 [in]

86,473

90,499

4,026

STAGE 2 [in]

86,467

90,377

3,91

STAGE 3 [in]

77,868

79,902

2,034

Total chord added

9,97

Table 4.2- Blade chord measurements for Engine A

From the Engine A performance report, there are data which appear in Figure 4.7 (green colour).
There is no available information about T25 and P25, owing to the problems associated to these
sensors explained in Chapter 2. Without these parameters it is not possible to calculate accurately the
HPC Efficiency (see Equations 3.8 – 3.11).

Figure 4.7- Data available from test bed report for the Engine A

It is possible to calculate a reference value for T25 from [CFM, 2013] and P25 could be obtained from
CFM56-3 Correlation Test Report [CFM, 1991] using a correlation between P25 and N1R, Figure 4.8.
However, HPC Efficiency was estimated in this way and the results were meaningless, because T25 is
only an approximation and P25 correlation corresponds to a different engine.
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(PT25/PT2)*1000=f(N1R)

(PT25/PT)*1000

2450

y = 0,4454x + 13,054
R² = 0,9953

2250
2050
1850
1650
1450
1250
2750

3250

3750

4250

4750

5250

N1R (rpm)

Figure 4.8- PT25 estimation from Correlation Test Report [CFM, 1991]

Therefore, for Engine A, it is not possible to calculate HPC efficiency accurately. However, due to the
fact that the same engine was tested only modifying HPC blades, it will be possible to analyse HPC
influence on other engine characteristics, as for example Overall Compressor Efficiency or EGT, and
draw conclusions, because the engine maintains the same Fan, Booster, Combustion Chamber and
turbines.
Overall compressor efficiency is calculated based on the engine inlet conditions (station 2) and on the
HPC exit conditions (station 3). This definition considers the Fan, the Booster and the HPC as a single
element. In order to calculate Overall Compressor Efficiency, an application of GasTurb called
GasTurb Details is used. The results are shown in Table 4.3 for TO and MC regimes, which are the
most important regimes of all tested (Min Idle and Approximation Idle are the other). It can be seen
that Engine A with new HPC blades has a slight increase for the Overall Compressor Efficiency, this is
obvious. It is appreciated that the influence of replacing all eroded blades by new blades is not
significant in the total compression process.
η2-3 Repaired blades

η2-3 New blades

TO

82,79%

82,88%

MC

82,95%

83,28%

Table 4.3- Overall compressor efficiency comparison back-to-back test for TO and MC
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On the other hand, the influence of the HPC blade chord on EGTK1 is illustrated in Figure 4.9. EGT
with K1 correction is presented in order to compare it with the engine model developed in GasTurb.

EGTK1=f(W2K1)
1120

EGTK1 [K]

1100
1080
1060

OVH

1040

NEW

1020

ENGINE MODEL

1000
295

300

305

310

315

320

W2K1 [kg/s]

Figure 4.9- EGT comparison back-to-back test

From the previous information it can only be concluded that an increment of 9.97 in in the first three
stages of the HPC implies an increase of practically 11 ºC in EGTK1, which is maintained constant in
any rotation regime. This is the same conclusion reached by [NOVA, 2013].
However, taking into account the given data, it is difficult to predict the influence of each HPC stage in
the EGT. To obtain this information, tests in which only one variable is changed are needed, in this
case, the HPC blades of the single stage. This scenario would be ideal, because it is possible to
determine if there is a synergistic effect, or to know if it is necessary to change the first three stages to
achieve the required values. The cost of this kind of tests is the main drawback.
The analysis and the conclusions drawn for the HPC influence on EGT and on Overall Compressor
Efficiency cannot be extrapolated to other engines CFM56-3. This is because Overall Compressor
Efficiency not only depends on HPC, but also depends on Fan and Booster. On the other hand, EGT
not only depends on HPC, but also depends on Fan, Booster, Combustion Chamber and turbines.
Therefore, general conclusions cannot be obtained. The only solution is to focus the analysis on the
correlation between HPC blade chord and HPC Efficiency.
It is vital to focus the study on engines with HPC blade chord measurements and with P25 and T25
measurements from the test bed. There are two engines with the previous requirements from TAP
database. These engines are identified as B and C. The information from HPC blade chord
measurements is present in Table 4.4. It would be necessary to have a much larger sample for further
study.
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Total chord
stage 1 (in)

Total chord
stage 2 (in)

Total chord
stage 3 (in)

Engine B

87,014

86,919

79,037

Engine C

86,699

87,458

77.462

Table 4.4- Comparison of HPC blade chord between Engine B and Engine C

Next, the HPC Efficiency for the studied engines and for the model developed in GasTurb will be
presented, Figure 4.10. The aim is to find a behavioral pattern between efficiency results and HPC
blade chord measurements.

Figure 4.10- HPC Efficiency comparison between Engine B, Engine C and GasTurb model

The first HPC stage has more chord for Engine B, and it seems to have an influence on the HPC
Efficiency at high operating regimes (TO and MC). With only an increase of 0.315 inches in the total
blade chord at this stage, the HPC Efficiency improves 2%. However, this difference is smaller as the
operating regime becomes lower.
At low engine speeds it is observed a trend reversal, in which Engine C has a higher HPC efficiency.
This indicates that in low power regimes the second HPC stage has a greater influence on the HPC
Efficiency than the first stage. Nevertheless, these low operating points are not relevant from the
engine performance point of view.
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Chapter 5
Conclusions and future work

T

his chapter aims primarily at presenting the achievements of the work developed in this
dissertation, list the difficulties experienced throughout the way and propose a list of
suggestions and recommendations for future work prospects.

Throughout this work, the objective of TAP Maintenance & Engineering was to develop a tool for
performance prediction for the CFM56-3 turbofan engine. GasTurb tool enables to optimize the
maintenance in order to thoroughly understand the engine, as well as to discern how the engine
performance deteriorates over time and which parts and maintenance tasks are critical for the engine
performance restoration.
For this purpose, GasTurb software was used due to its compromise between simplicity and accuracy
to calculate engine performance in the whole operating range. To develop the CFM56-3 performance
model in GasTurb, data from a representative engine is needed. Correlation Test Report data was
chosen and properly processed because it contains reliable information; the test was done with the
most instrumentation possible; there is available data of all operating range; and the engine used has
components with minimal level of degradation. The bibliography recommends doing the engine model
as simple as possible. However, in this case there are operating points of low power among the data,
and therefore the Variable Stator Vanes and Variable Bleed schedules are needed to perform the
simulation.

During the CFM56-3 modelling, experimental data fitted accurately with GasTurb results, both for
Design and Off-Design conditions. The Design conditions agreement enables to define the engine
geometry, as well as the flow capacities. On the other hand, component maps are obtained from the
Off-Design simulation, which allows to estimate the component efficiencies for all operating points.
The simulation enables to known variables that cannot be measured in the test bed, as well as to
predict the engine behaviour during a given mission or during transient operation.
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The GasTurb engine model developed is a starting point for future works in this area. For example, the
programme tool called ‘Model based test analysis’ could be used to study the engine health. This tool
allows to compare an engine tested in TAP ME facilities with the model, which enables to discern if all
engine components are working properly. Extended test cell instrumentation is required for improving
analysis. For instance, if the HPC efficiency for a tested engine is unusually low in comparison with the
model, the solution would be to repair this compressor to get an engine performance within limits.
Therefore, using this tool, TAP engineering team could detect an irregularity in a particular component
without the necessity to study the whole engine or to perform troubleshooting tests, saving technical
and economic resources.
The GasTurb tool called ‘Modifiers’ can also be used to analyse the engine response when a
particular component is degraded. This function allows to degrade the component efficiencies and
component capacities of the model. It is possible to modify the compressor and turbines efficiencies
and capacities, the core and bypass nozzle area, the interduct losses, the different pressure ratios
(compressors, turbines and combustion chamber) and the bypass ratio. In this way it is possible to
discern interactions between different engine components, for example examining what happens in the
engine operating line with respect to the model when a single component is eroded due to normal
aircraft operation. This could be done experimentally by back-to-back tests, but it is difficult due to high
costs.

This thesis approached the experimental study of HPC blade chord influence in engine performance.
This was done using data from a back-to-back test in which the same engine was tested with repaired
and new HPC blades, maintaining exactly the same Fan, Booster and turbines. The HPC blade chord
influence in the overall compressor efficiency and in the Exhaust Gas Temperature was analysed. The
available blade chord measurements correspond to the first three HPC stages, therefore the
interaction of each stage in the engine performance cannot be estimated. A back-to-back test in which
a single HPC stage is changed every time would be the optimal way to analyse the HPC blades
influence in the engine performance. This study would suggest that if it is necessary to change the
HPC blades for all the stages, or moreover, if only modifying the first stage is enough to get the
required engine performance. To analyse deeper the engine behaviour with HPC eroded blades, as for
example at HPC efficiencies level, more test cell instrumentation is needed. The HPC blade chord
influence on the HPC efficiency could be done in a comparative way for different engines, by
considering the HPC as an isolated element.

The present thesis has marked the way forward and it has provided to TAP Maintenance &
Engineering a useful engine model, which has several tools to solve the test bed limitations,
performing more extensive studies with less financial and human resources.
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Annex 1
N1R (rpm)
2990,944
2995,902
3003,958
3008,748
3191,392
3195,392
3204,505
3206,972
3592,419
3593,559
3613,635
3616,295
3828,21
3828,21
3853,051
3855,447
4171,447
4172,829
4200,637
4204,491
4414,197
4414,449
4416,539
4420,34
4592,667
4593,815
4609,924
4695,36
4698,984
4699,89
4714,1
4714,306
4725,885
4727,532
4816,511
4816,528
4822,973
4848,802
4853,099
4854,574
4855,099

N2R (rpm) N2RK1 (rpm)
12352,481
12337
12354,168
12338
12362,128
12345
12362,27
12345
12518,525
12490
12518,696
12490
12536,136
12507
12536,403
12508
12856,024
12830
12854,657
12829
12881,851
12857
12884,825
12860
13071,368
13064
13072,137
13065
13091,075
13086
13095,051
13090
13363,155
13395
13362,088
13394
13393,1
13427
13393,502
13428
13639,61
13679
13641,126
13681
13693,211
13733
13641,807
13681
13917,726
13926
13916,463
13924
13929,805
13932
14093,043
14057
14090,569
14053
14090,098
14052
14127,846
14081
14132,602
14086
14138,342
14085
14142,749
14088
14309,007
14187
14304,911
14183
14315,133
14187
14363,736
14211
14369,332
14212
14368,108
14209
14365,505
14206

VSV

VBV

CFM56-3 operating points with fixed or variable geometry: VSV and VBV
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