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Abstract

Multidisciplinary design optimization (MDO) is a technique that has found use in the
field of aerospace engineering for aircraft design. It uses optimization to simultaneously
solve design problems with several disciplines involved. In order to predict aircraft
performance an engine performance simulation model, also called “rubber engine”, is
vital. The goal of this project is to validate and integrate a rubber engine model into an
MDO environment.

A method for computer simulation of gas turbine aero engine performance was created.
GasTurb v11, a commercial gas turbine performance simulation software, was selected
for doing the simulation models. The method was validated by applying it to five
different jet engines of different size, different type and different age. It was shown that
the simulation engine model results are close to the engine manufacturer data in terms of
SFC and net thrust during cruise, maximum climb (MCL) and take off (MTO) thrust
ratings. The cruise, take off and climb SFC was in general predicted within 2% error
when compared to engine manufacturer performance data. The take off and climb net
thrust was in general predicted with less than 5% error. The integration of the rubber
engine model with the MDO framework was started and it was demonstrated that the
model can run within the MDO software. Four different jet engine models have been
prepared for use within the optimization software.

The main conclusion is that GasTurb v11 can be used to make accurate jet engine

performance simulation models and that it is possible to incorporate these models into an
MDO environment.
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Nomenclature

Abbreviations and symbols
A, Avrea at station i
BPR Bypass Ratio, BPR =W,, /W,,

D Diameter
DLL Dynamic Link Library

DPP Pressure Loss

ECS Environmental Control System

EIS Entry Into Service

EPR Engine Pressure Ratio, EPR =P, /P,
FHV Fuel Heating Value

Fn Net thrust

FPR Fan Pressure Ratio, FPR = P, /P,

Fram Ram Drag, Fgyy =W, -V,

GTF Geared TurboFan

GUI Graphical User Interface
HP High Pressure

HPC High Pressure Compressor
HPT High Pressure Turbine

IPC Intermediate Pressure Compressor
ISA International Standard Atmosphere
LP Low Pressure

LPC Low Pressure Compressor

LPT Low Pressure Turbine

MDO Multidisciplinary Design Optimization
NGV Nozzle Guide Vane

N Rotor speed
NH High pressure spool speed
N Low pressure spool speed

oGV Outlet Guide Vane
OPR Overall Pressure Ratio, OPR =P, /P,

Pi Total pressure at station i
Psi Static pressure at station i
PLA Power Lever Angle

PR Pressure Ratio

Q Same as FHV

R Specific gas constant

SFC Specific Fuel Consumption
SL Sea Level

SLS Sea Level Static

SOT Stator Outlet Temperature
T; Temperature at station i

TCDS Type Certificate Data Sheet
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Take Off

Top Of Climb
Velocity at station i
Aircraft velocity
Variable Area Fan Nozzle
Fuel mass flow

Mass flow at station i
Heat capacity ratio
Efficiency

Burner Efficiency
Overall Efficiency
Density
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Figure 0.1 Engine stations, two spool mixed flow turbofan engine [1].
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Geared two spool unmixed flow turbofan with booster

Figure 0.3 Engine stations, geared two spool unmixed flow turbofan engine with booster [1].
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1 Introduction

Advanced simulation techniques have become increasingly important in the field of
aerospace engineering for aircraft design. This thesis work deals with incorporating an
existing commercial jet engine performance modeling software into a multidisciplinary
design optimization software framework under development at Bombardier Aerospace.

1.1 Background

Multidisciplinary design optimization is used more and more for predicting aircraft
performance in conceptual design of aircraft. In an MDO software environment, multiple
disciplines, e.g. weight estimation, aerodynamics, engine performance, stability and
control, are incorporated and optimized simultaneously. The advantage of this is that it
captures the interactions between the disciplines and has the possibility of finding an
optimum that is superior to the optimum found if each discipline is optimized separately.

Engine performance for a big range of engine operating conditions is vital for predicting
aircraft performance. Traditionally, tables of engine performance called thrust tables were
provided by engine manufacturers. The thrust tables contain thrust, fuel flow and other
engine parameters for different flight conditions and engine thrust settings.

When an aircraft concept with a new engine is studied, the engine manufacturers need to
be contacted in order to get engine performance data. In order to avoid this, there is a
need for a generic engine model, called “rubber engine”, that can produce the
performance parameters normally found in thrust tables.

1.2 Goal

The goal of this thesis is firstly to validate the capabilities of GasTurb, a commercial
engine performance modeling software, concerning the prediction of engine performance
by comparing it to engine performance data for existing engines. Secondly, investigate
the possibility of using GasTurb as a rubber engine integrated into a multidisciplinary
design optimization software framework.

1.3 Methodology

The first phase of the work consisted of reviewing gas turbine theory and application to
aircraft propulsion as well as familiarization with GasTurb, the selected software for gas
turbine performance modeling.

A strategy for generating the necessary output from GasTurb and formatting the output
into the thrust table file format was identified. GasTurb can be run in batch mode where
many points can be calculated in sequence with output to an Excel file. The data in the
Excel file is formatted and exported to the thrust table file format with the help of Excel
macros.



The next step was to validate the software against a number of turbofan engines. The
turbofan engine type was selected because this is the primary selection for propulsion of
civil aircraft. The selected engines were of different size, different type and different age
in an attempt to validate GasTurb for a big range of engines useful for business jets,
regional jets and commercial aircraft, see Table 1.1. Due to the sensitive nature of the
information, the names of the investigated engines are not shown in this report. Because
Advanced Design does conceptual design using new technologies, several of the
investigated engines were proposed engine concepts and demonstrators that were not
certified at the time of writing. The validation consisted of comparing the main
performance parameters SFC and net thrust from the GasTurb model to manufacturer’s
data.

Table 1.1 Table of turbofan engines selected for validation of GasTurb.

Engine Description Take off thrust | Aircraft Type
class
Engine 1 (E1) 2 spool mixed flow | <10 KkIbf Mid-size
turbofan Business Jet
Engine Concept1 (EC1) | 2 spool mixed flow | ~10 Klbf Mid-size Business
turbofan Jet or small
Regional Jet
Engine 2 (E2) 2 spool unmixed flow | ~15 kibf Regional Jet
turbofan
Engine 3 (E3) 2 spool mixed flow | ~15 kibf Large
turbofan Business Jet
Engine 3A (E3A) Derivative of Engine 3 | 15-17 Klbf Large
Business Jet
Engine 4 (E4) 2 spool geared | ~25 Klbf Commercial
unmixed flow Aircraft
turbofan

A method of estimating engine parameters in order to create a GasTurb engine model was
investigated. All GasTurb input parameters for a two spool mixed flow turbofan were
listed and a sensitivity study performed.

Finally, GasTurb was run without the GUI in preparation for integrating it with the MDO
framework. It was linked to Isight, the optimization software. The optimization software
will optimize the objective function subjected to constraints on the design variables. The
work consisted of defining the interface between GasTurb and the optimizer software and
performing calculations to ensure that the same result is obtained when the engine model
is run within the MDO framework. Figure 1.1 shows an overview of the MDO
framework including the engine model.
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1.4 The company and department

The work was performed at the Advanced Design department at Bombardier Aerospace
in Montreal, Quebec, Canada. Bombardier Aerospace is the third largest aircraft company
in the world, designing and manufacturing business jets, commercial jets, commercial

turboprops and special mission aircraft.

Advanced Design’s mission is to lead the development of aircraft design concepts which
enable the product portfolio strategy. This is achieved by performing conceptual design
studies of new, derivative and special mission aircraft as well as investigating innovative

designs and strategic technologies among other things.



2 Engine performance modeling

In this chapter, a strategy for creating a generic two spool turbofan engine model is
presented. It is based on the assumption that the user has information about important
cycle parameters and component characteristics. Some background theory is presented
and explained, but for a more thorough understanding of the thermodynamic principles of
a gas turbine the reader is referred to thermodynamic textbooks such as Fundamentals of
Thermal-Fluid Sciences [2] or aircraft propulsion textbooks such as Aircraft Engine
Design [3].

2.1 Thrust and SFC of a jet engine

In order to understand the following discussion, it is appropriate to introduce the concept
of thrust and SFC of a jet engine that are the two main performance parameters
considered in this work.

2.1.1 Thrust

The principle of creating a propulsive thrust is that air is accelerated. This follows from
Newton’s laws of motion that states that for every force acting on a body there is an
opposite and equal reaction. Thrust can be generated from accelerating a lot of air a small
amount, such as in a propeller/engine combination, or accelerating a small amount of air
to a high velocity, such as in a turbojet engine.

Assuming that the jet is ideally expanded, Equation 2.1 is valid for a single nozzle jet
engine.

Fy =WV, =WV, Equation 2.1

If the jet is not fully expanded in the nozzle, there is an additional pressure term that
generates thrust. This comes from the difference in static pressure between ambient and
nozzle exit. For a single nozzle engine with the pressure term, Equation 2.2 is valid [3].
For a two nozzle engine, there will be one velocity term and one pressure term for each
nozzle.

I:N :W8V8 _WOVa + AB(Ps,s - Ps,amb) Equation 2.2

The term specific thrust is defined as thrust divided by mass flow. This figure is
important because it is closely related the mean jet speed, which determines the
propulsive efficiency and jet noise. For a specified value of thrust it also determines the
engine physical size [4].

2.1.2 SFC

The term specific fuel consumption, SFC, describes the fuel flow per unit of thrust, see
Equation 2.3.
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The overall efficiency 5o of the engine is defined as the useful work divided with the
input energy from the fuel, Equation 2.4. It is seen that the overall efficiency is inversely
proportional to the SFC for a constant FHV and aircraft velocity. Hence SFC is a measure
of the overall efficiency and the mostly used means of comparing fuel efficiency between
different engines.

Note that a decrease in SFC means reduced fuel consumption. A reduction is SFC is
good, therefore the term improvement is used to describe a reduction in SFC.

_ I:N 'Va _ Va
"~ W, -FHV  SFC-FHV

Mo Equation 2.4

2.1.3 Non-dimensional and corrected quantities

The reason for using non-dimensional quantities is that the performance of different
engine components can be described compactly and usefully. The non-dimensional
quantities are often rewritten on a more compact form that applies for a given component
with specified geometry and is related to a reference pressure Prs = 101.325 kPa and
reference temperature T = 288 K. These quantities are called corrected and allow the
results from a test to be related to other conditions of temperature and pressure. For
example the performance of a compressor can be expressed on the form PR = f (corrected
flow, corrected speed). The definition of non-dimensional and corrected flow and speed
quantities are seen in Equation 2.5, Equation 2.6, Equation 2.7 and Equation 2.8 [5].
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2.2 Two spool turbofan

The two spool turbofan is the prime choice of propulsion for civil aircraft. The main
components of an engine of this type are inlet, fan, HPC, combustion chamber, HPT,
LPT and nozzle.

The engine core consists of the HPC, combustion chamber and HPT. The core is used to
drive the LP system with the fan and LPT in addition to producing thrust through the core
nozzle. In a modern turbofan with high BPR, most of the thrust comes from the air going
through the bypass duct.

The fan compresses the air from the intake and gives air mass flow through the bypass
duct and to the engine core. The HPC compresses the portion of the air going through the
core. The compressed air from the HPC exit is mixed with fuel and ignited in the
combustion chamber. The combustion process is continuous and produces hot exhaust
gases. The exhaust gases are expanded through the HPT and the extracted work is used to
drive the HPC via the high speed shaft. The exhaust gases are expanded further in the
LPT which drives the fan through the low speed shaft. Finally, the gases are expanded
through the nozzle to produce thrust.

2.2.1 Mixed flow turbofan

In a mixed flow engine, the bypass air stream is internally mixed with the core air stream
in a device called mixed and is expanded in a common nozzle. Figure 0.1 shows a two
spool mixed flow engine. This engine type improves the SFC compared to an unmixed
flow engine. The major drawback is the weight penalty from a larger engine nacelle.

2.2.2 Unmixed flow turbofan

In an unmixed flow engine, the bypass stream is not mixed with the core flow and there
are two separate nozzles, the bypass nozzle and the core nozzle. Figure 0.2 shows an
unmixed flow two spool turbofan engine.

2.2.3 Booster/IPC

In order to increase the OPR of an engine, a booster stage can be used. The booster stage
is mounted on the low spool after the fan and before the HPC inlet. Sometimes the
booster is referred to as IPC.

2.2.4 Geared turbofan

In a geared turbofan, the fan is connected to the LP spool through a gearbox. This has the
advantage of decoupling the fan from the rest of the low spool turbomachinery, making it
possible to run the fan at a slow speed and the booster and LPT at a high speed. A geared
turbofan can be either mixed or unmixed flow. An unmixed flow two spool GTF with a
booster is seen in Figure 0.3.

In order to increase the propulsive efficiency and improve the SFC of the engine, an
engine with low specific thrust is desirable. This translates into high BPR and low FPR



[4]. In order to reach a specified level of thrust at high values of BPR, the fan diameter
needs to be big and subsequently, the fan rotational speed has to be low in order to avoid
too high tip speeds with the associated transonic losses and efficiency loss. High
rotational speed of the LPT allows for higher component efficiency levels and larger
work extraction per stage. This allows for fewer LPT stages and a considerable reduction
in aerofoil sections and overall parts count, decreasing mass and cost [6]. These are the
main reasons for connecting the LPT to the fan through a gearbox.

2.2.5 Installation losses

The different definitions of engine thrust are important. Equation 2.2 gives what is called
the uninstalled thrust. When considering the whole propulsion system and the interactions
between engine, nacelle and aircraft, a need for a more detailed definition of thrust arises.

The term net thrust is used to describe the summation of forces acting on the internal
surfaces of the nacelle and engine, including forces exerted by the internal airflow on
core cowling and nozzle plugs. The forces on the core cowling and nozzle plugs is called
scrubbing drag, illustrated in Figure 2.1. The summation of forces acting on the outside
of the engine nacelle is accounted for as drag and is not included in the engine model.

—————

PYLON SCRUBBING
gg AND PRESSURE DRAG
s

PLUG SCRUBBING
AND PRESSURE DRAG

CORE COWL SCRUBBING
AND PRESSURE DRAG

Figure 2.1 Scrubbing drag [7].

When comparing an engine in a testbed with an installed engine on an aircraft, there are a
few differences in engine operation and behavior. The installation losses considered in
this thesis are intake pressure loss, compressor bleed air, fan bleed air and power offtake.
There are other installation losses, for example inlet flow distortion, that was neglected
because their influence is small and it was deemed to be excessively detailed with too
many hard to find input parameters for a conceptual design tool. The scrubbing drag is
not modeled directly in GasTurb but is taken into account indirectly by the calibration of
the generic engine model to available data. Also, the scrubbing drag only applies to
unmixed flow engines and most of the investigated engines were of the mixed flow type.

The engine air intake is designed to have a pressure recovery close to one at design
conditions. At off-design such as take off with low Mach numbers and high air mass flow
rate through the inlet, the intake pressure recovery will be lower than one, which means
that there is a pressure loss through the air intake.



Power is taken from the engine through a gearbox to drive accessory components such as
generator and hydraulic pump. This is called the power offtake.

Compressor bleed air is typically used for wing and engine nacelle anti-icing and in the
aircraft ECS for pressurization of the cabin and temperature control. There are often two
compressor bleed ports at different locations in the HPC to adapt the compressor delivery
pressure and temperature to the bleed air system need at different engine and aircraft
operating conditions.

On some engine models, fan bleed air is used in the bleed air system. The fan bleed air
goes through a heat exchanger (called precooler) where it cools the compressor bleed air
to meet the bleed air system requirements.

The term installed net thrust is the net thrust the engine produces when all installation
losses are considered. This is what is given from engine deck software.

2.2.6 Flight envelope

The engine flight envelope describes the combinations of altitude, Mach number and
ambient temperature where the engine is certified to operate. The engine flight envelope
must be bigger than the aircraft envelope in order to guarantee thrust throughout the
whole aircraft flight envelope. The flight envelope of a commercial jet engine is seen in
Figure 2.2.

2.2.7 Engine rating structure

The thrust of a modern engine is governed by a rating structure. The rating structure
translates a power lever angle (PLA) setting in the aircraft cockpit to a certain level of
thrust for a given ambient condition. For contemporary engines, this is attained by an
electronic engine control system that is controlling engine parameters according to PLA,
ambient conditions and thrust management tables.

2.2.7.1 Maximum Take Off (MTO)

The MTO rating is the maximum net thrust the engine can produce, used for take off,
discontinued approach and baulked landing without exceeding permitted engine
parameters values. The limiting engine parameters are normally one of the engine spool
speeds, compressor delivery pressure or burner exit temperature. The MTO rating is only
available in a part of the flight envelope consistent with take off conditions and the use of
this rating is time limited.

The MTO rating is associated with the aircraft certification requirements as well as
operational requirements. However, in reality the take offs are often done using a lower
thrust than the MTO rating gives in order to reduce engine wear (increase engine life) and
reduce noise.
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Figure 2.2 Flight envelope of a commercial jet engine. Source EC1 engine deck documentation.

Engine flat rating is an important concept for the MTO rating. Ideally, one would like to
have a constant amount of thrust independent of ambient temperature. However, as
ambient temperature increases, the temperatures in the hot section of the engine increase.
To avoid damage to the engine the maximum temperatures must be limited because of



material limitations. This means that at high ambient temperatures, the MTO rating thrust
drops off. This can be seen in Figure 2.3 where Engine 1 engine deck Fy, ITT and P3 is
plotted as function of ambient temperature. The consequence of the reduced thrust is that
the aircraft might be forced to leave payload behind in order to take off safely at hot days.
The ambient temperature where the thrust starts to decrease is called the flat rating point
or the kink point and is given in relation to ISA. An engine is typically flat rated to
ISA+15K, which is equivalent to the temperature 30°C.

E1l engine deck, installed, MTO, SL, M0.0

Net thrust [Ibf]

Temperature [°C] or Pressure [psia]

—=—Netthrust [Ibf]
——ITT[°C]

——P3[psia]

Delta T from ISA [K]

Figure 2.3 Engine 1 engine deck Fy, ITT and P; plotted against ambient temperature.

2.2.7.2 Maximum continuous (MCT)

The MCT rating is the maximum rating approved for unrestricted periods of use. It is
intended for use in extreme circumstances such as engine failure on multi engine aircraft.
It is also the rating that provides the highest amount of thrust outside of the TO envelope.
This rating is associated with the aircraft certification requirements.

2.2.7.3 Maximum Climb (MCL)

The MCL rating is an operational rating that gives the maximum net thrust for use in
climb.

2.2.7.4 Maximum Cruise (MCR)

The MCR rating is an operational rating that gives the maximum net thrust for use in
cruise.
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2.2.7.5 Flight Idle

The flight idle rating is the minimum thrust produced by the engine in flight conditions. It
is determined by compressor and combustor stability as well as engine spool up time for
missed approach conditions.

2.2.8 Engine control system

“Control systems must be designed to prevent aircraft engines from destroying
themselves” [3]. The main functions of an engine control system are to produce the
commanded amount of thrust in a repeatable way for both transient and steady operating
conditions while maintaining stable engine operation within safe mechanical operating
limits over the whole flight envelope. A modern jet engine has an electronic engine
control system that is controlling engine parameters according to PLA, ambient
conditions and thrust management tables. Because of the complexity of an electronic
engine control system, it is difficult to model the thrust rating structure of a modern
engine.

Going back to Equation 2.2, the net thrust consists of a difference in momentum and a
difference in pressure. These properties are difficult to measure in flight and it is
therefore not practical to use the engine net thrust directly in the control system. Instead,
the thrust has to be related to another engine parameter that is measurable [3]. The most
practical measure of the engine thrust is to relate it to the operating line in a fan map.
Both rotational speed and pressure ratios are readily measured in the fan which has
benign environmental conditions compared to the hot parts further back in the engine.
The corrected fan speed correlates very well to engine mass flow and is therefore a useful
parameter for controlling the thrust. A typical control system for a commercial engine
attains the thrust ratings by controlling the corrected fan speed as function of ambient
temperature, altitude and Mach number, with corrections applied to take the bleed air and
power offtakes into account.

2.3 Engine data

In order to make reasonable engine performance prediction models, data about the engine
parameters such as OPR, BPR, FPR, SOT, component efficiencies, pressure losses,
internal cooling flows and nozzle coefficients are needed. In general, the more
information available, the better the engine model.

In order to calibrate an engine simulation model and make comparisons of the predicted
performance, reliable data for the engine performance is needed.

2.3.1 Openly available sources

The main openly available sources are engine manufacturer public reports and
homepages, publications like Jane’s All the World’s Aircraft [8] and engine certification
documents, e.g. EASA TCDS [9], FAA TCDS [10], ICAO Engine Emissions Databank
[11]. The drawback is that there is limited information available and that only certified
engines are in the databases which make it hard to find information on new engines.
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2.3.2 Proprietary information from Bombardier and engine
manufacturers

In the role as an intern at Advanced Design at Bombardier, there was proprietary
information from engine manufacturers available. The information comprised of thrust
tables, technical reports, presentations, engine manuals, engine deck software, engine
deck software manuals and the knowledge of the experienced engineers at Bombardier.

An engine deck is an analytic steady state engine performance prediction software that
Bombardier can obtain from engine manufacturers when a new or improved aircraft
design is proposed. The engine deck provides the engine performance in the engine
operating envelope.

The engine deck output variables vary from engine to engine, but in general, the engine
manufacturers tend to hide the design parameters of their engines, especially burner exit
temperature. Some engine decks output details like cooling flows, component efficiencies
and nozzle coefficients but most engine decks hide those parameters for the user.

The engine decks are used for creating thrust tables. A thrust table contain the most
important performance parameters i.e. fuel flow, net thrust, ram drag and T4, for different
altitudes, Mach numbers, ISA values and engine thrust ratings.

The preferred source of information is an engine deck because the user can specify the
flight conditions and installation losses. For some engines, there were no engine decks
available and the information in the thrust tables was used. This can cause problems since
the thrust tables do not always specify the assumptions regarding humidity, FHV and
installation losses.

2.4 Design point

The engine design point is where all of the engine components are matched at their
design condition and perform at their design pressure ratio, efficiency and flow. For
subsonic transport type aircraft the design point is typically at TOC or TO [12]. All other
conditions are called off-design. At off-design the component pressure ratio, efficiency
and flow are different from the design point values.

The real engine design point is not known in general, therefore an assumed design point
have to be guessed in order to make a model of a particular engine. The choice of
assumed design point is dictated by the availability and quality of data about engine
parameters.

To make an engine model, the model parameters should be matched to the known engine
parameters at the assumed design point. The main parameters that describe a turbofan are
OPR, burner exit temperature, component performance, FPR, engine total mass flow and
BPR.
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The OPR, the burner exit temperature and component efficiencies define the
thermodynamic cycle and the thermodynamic efficiency of the engine core. The total
engine mass flow gives the physical size of the engine together with the BPR which
defines the relative size of the engine core to the overall engine. The BPR and FPR are
important for the engine propulsive efficiency. In addition to the component efficiencies,
there are other component performance parameters such as pressure losses, nozzle
coefficients and shaft mechanical efficiencies. Also cooling flows and installation losses
have to be defined in order to get a complete engine model.

The internal engine cooling is very important for the SFC. Unfortunately, it is very hard
to find reliable data about the internal cooling flows. If better values not are available, a
cooling flow model derived by Shakariyants [13] based on statistical data was used. This
model gives the cooling flow as a function of the SOT and employs a technology level
factor t and a model constant k. The model is seen in Equation 2.9 and Equation 2.10 and
itis visualized in Figure 2.4.
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Figure 2.4 NGV and blade cooling as a function of SOT and technology level.
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2.4.1 Calibration

If the engine model parameter values are unknown they must be approximated within
reasonable limits decided by statistical data for other engines and engineering judgment.
If the important engine model output variables not are in agreement with the available
engine data for the assumed design point, the approximated parameters should be
adjusted to obtain a reasonable engine model. The parameters considered important are
Fn, Fram @and We. Due to the definition of SFC and Frawm, this ensures that the model
predicts the correct SFC and inlet air mass flow. This process is effectively a calibration
of the engine model to available data at the assumed design point and reduces the
uncertainty in the unknown input parameters.

2.5 Off-design calculation

All conditions other than the design point are called off-design. At off-design the
component pressure ratio, efficiency and flow are different from the design point values.

2.5.1 Compressor maps

A component map describes the characteristics in terms of mass flow, pressure ratio,
efficiency and limits of stable operation of a component over its operating range of
corrected speeds. Component maps are used at off-design conditions where the
component performance is different from its design point value. GasTurb has a set of
default component maps for compressors and turbines, but in order to predict the
performance of a given engine accurately, correct component maps are needed. It is very
difficult to obtain component maps as they are engine manufacturer proprietary
information.
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Figure 2.5 The default GasTurb fan map with scaling factors applied [1].
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An example of a fan map is seen in Figure 2.5. The map shows pressure ratio as a
function of corrected mass flow for lines of constant corrected speed. Each point on a
specific corrected speed line is defined by a B-value in the interval [0, 1]. B = 0 is the
point with the smallest pressure ratio, the point furthest down on the speed line. The
surge line seen in the figure relates to the limit of stable operation. Surge means that the
local angle of attack at the compressor blades is too high and the compressor blades stall.
If surge occurs, the pressure ratio drops significantly.

2.5.1.1 Map scaling factors

In order to align the generic map to the assumed design point of a particular engine
model, scaling factors have to be used for the mass flow, pressure ratio and efficiency.

As an example, assume that the engine assumed design point has a corrected mass flow
of 100 kg/s and the default map scaling point in the unscaled map has a corrected mass
flow of 35 kg/s. This gives a mass flow scaling factor of 100/35 = 2.9 if no correction is
made for Reynolds number effects. A similar procedure is done for the pressure ratio and
efficiency. A Reynolds number factor can be applied to the flow and efficiency scaling
factors to take into account viscous effects affecting flow and efficiency. This procedure
is described in NATO RTO-TR-044 [14] or GasTurb user manual [1]. The details of the
Reynolds number effects on a compressor map were deemed too detailed for the scope of
this work and the default GasTurb Reynolds corrections were used in all calculations.

Ideally, the map scaling factors are close to one, meaning that the component map used is
similar to the component that is modeled. For example, it is not a reasonable approach to
scale a single stage fan map for use as a multi stage HPC map.

2.5.1.2 Calibration of map scaling point

Because a generic map that do not reflect the real compressor characteristics is used, the
map scaling point should be calibrated in order to fit the engine model to available
performance data. This is done by changing the corrected mass flow — efficiency
correlation and the corrected mass flow — corrected speed correlation. This procedure is
described by Shakariyants [13] as a procedure based on the work of Kurzke.

2.5.1.3 Corrected mass flow — efficiency correlation

The map scaling point is the cycle design point position in the map. This is illustrated in
Figure 2.5 where the circle is the cycle design point of the scaled map and the square is
the original cycle design point of the unscaled map. The map scaling point affects the
corrected mass flow — efficiency correlation at off-design condition calculations. If the
map scaling point lies at a high corrected speed, any further increase in speed will have
quickly falling component efficiency. This is the case for the default GasTurb design
point which is for a high power setting, i.e. high corrected speed. If the map scaling point
is moved to a lower corrected speed, in the region of higher efficiency, an increase of
corrected speed will have a smaller efficiency drop off. Due to the higher component
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efficiencies, the SFC would be lower with the new map scaling point when the engine is
run at high power settings.

This corrected mass flow — efficiency correction can be readily seen in a SFC/FN chart,
see Figure 2.6.
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Figure 2.6 Engine 3 SFC plotted as a function of Fy. Thrust table data is compared to the default
map scaling points and the calibrated, moved, map scaling points.

2.5.1.4 Corrected mass flow — corrected speed correlation

After the corrected mass flow — efficiency correlation is finished, the corrected mass flow
— corrected speed correlation should be adjusted by re-labeling the speed lines in the
component map. Because data on corrected mass flow is not generally available, net
thrust can be used instead as it yields basically the same result. The component efficiency
is not affected at a given corrected mass flow and pressure ratio. Hence the SFC/FN chart
in Figure 2.6 is not affected. The effect on net thrust and corrected speed can be seen in
Figure 2.7.

2.5.2 Turbine maps

Similarly as for the compressor component maps, there are turbine maps that describe the
turbine characteristics. The operating range for a turbine is smaller than for a compressor
and the turbine map scaling point has less impact on performance than the compressor
map scaling point. Therefore, the turbine map scaling points are left at their default
values.
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Figure 2.7 Engine 3 Fy plotted against corrected fan speed. Thrust table compared to GasTurb
results showing the effect of the corrected Fy — fan speed correlation.

2.6 Engine control system limits

Intuitively, one might think that a given rating would correspond to a simple parameter,
e.g. MTO is given by a high spool speed of 100% over the whole flight envelope.
Unfortunately, this is not the case and in order to model the net thrust at the MTO and
MCL ratings, a control system with limits on physical parameters wa