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Abstract

The more stringent environmental regulations imposed to air transportation together with the
predicted growth of air travelling, demand a great effort in the development of more fuel efficient
aircraft. In order to answer to these requirements, the design process for new aircraft is evolving.
Nowadays, right from the preliminary studies, all aircraft disciplines are evaluated and are being
incorporated in optimization environments. With the objective of applying Multidisciplinary Design
Optimization (MDO) techniques, a preliminary design tool, MDOGUI, included in the scope of the
EU 7th Framework project NOVEMOR, is being developed by the IST Aerospace Group. To be
added to this tool a medium-fidelity propulsion module capable of modelling turbofan and turboprop
engines was developed. Unlike to other already developed MDO frameworks, the propulsion module
in this case was built from the scratch to be fully integrated with the other modules. The turbofan
and turboprop models included an On-Design analysis, where the initial performance of the engine is
studied for a single Design Point, followed by an Off-Design analysis where the engine performance
is studied along its operating range. In addition, a weight and size models for the turbofan were
defined based on historical data. A comparison of results with information found in literature and
other engine and mission data provided by a NOVEMOR project partner, EmbraerTM, was done for
the model verification. With the ultimate objective of reducing the fuel consumption of the engine, an
optimization process was executed in order to determine the engine Design Point that delivers the most
fuel efficient engine design across a given flight mission profile. From this process, promising results
were obtained, given that reductions of up to 19% on the total fuel burned for a typical regional jet
mission were achieved when comparing a standard engine design to a mission optimized engine design.
Keywords: Engine performance, Turbofan, Turboprop, Multidisciplinary Design Optimization, Fuel
Consumption Minimization, Preliminary Aircraft Design.

1. Introduction

With a continuous growth over the last decades,
air transport industry is expected to maintain this
rising trajectory with an expected 5% growth per
year over the next 15 years. Since the progressive
developments in the aircraft energetic efficiency are
below the rate at which the industry is growing,
the environmental footprint has been increasing. To
fight this problem, Vision 2020 targets objectives of
80% reduction in emissions and 50% reduction in
noise levels [12] [7].

To accomplish those requirements a more com-
plete integration of all design discipline has to be
done to better optimize the performance of the re-
sulting aircraft, having in consideration from the
starting point the objectives for the aircraft’s oper-
ation and the constraints it has to exceed. Follow-
ing this new approach, all systems of the aircraft are
taken into consideration right from the first moment

[12].

In this context it is being developed at Instituto
Superior Técnico a Multidisciplinary Design Opti-
mization (MDO) Framework specially built for the
preliminary design phase. It is being developed un-
der the EU 7th Framework Program NOVEMOR
(NOvel Air Vehicle Configurations: From Flutter-
ing Wings to MORphing Flight) and will include
aerodynamic, structural, propulsion, stability, con-
trol and cost modules. Moreover, with the intention
of building a totally modular framework, new mod-
ules or higher fidelity ones will be possible to add
in the future [1]. The main objective of this tool is
to develop a performance oriented analysis capable
of studying new aircraft configurations.

Given the importance of the propulsive system
for the performance of the aircraft, it is of high im-
portance to be able to take it into consideration at
an early development stage, that explains the main
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objective of this work is the development of mod-
els capable of to estimating the size and weight of
the engines, but specially have to be able to obtain
the fuel consumption of the aircraft for a desired
flight mission (knowing altitude, Mach speed, at-
mospheric conditions and aircraft payload) to be
integrated on a the NOVEMOR MDO tool.

2. Background
2.1. Multidisciplinary Design Optimization

Multidisciplinary Design Optimization (MDO) is
defined as a design methodology where a high level
of interdisciplinary analysis has to be done, with
a constant exchange of data between the various
disciplines to achieve an optimum solution for the
aircraft as a whole and not only for structurally op-
timized wing or an optimized engine. This is espe-
cially significant in order to obtain an aircraft that
is perfectly suited for the mission that it is intended
to follow [13].

There are already some studies involving the use
of MDO approach to an aircraft as a whole, but
it is still more common to find this approach of
optimization to single disciplines or small number
of systems. During the last decades some software
programs have been developed in order to model a
specific discipline of the aircraft design. Following
the actual trend of coupling all the aircraft systems
into a single tool capable of connecting every de-
sign specification some works are being developed
to interconnect those individual tools and to speed
up the data analysis. Within this context, the work
developed in [10] studies the connection of an air-
craft engine design tool (PROOSIS) and an aircraft
preliminary design tool (Pacelab APD).

In [6], [11], two examples show the development of
gas turbine modelling tools (GasTurb and NEPP)
which coupled with an optimization tool allows for
various studies of the engine performance optimiza-
tion for various design variables and operating con-
ditions.

As seen previously, a full MDO tool including all
main aircraft disciplines is still not extensively used.
That is why, the MDO tool under development at
IST will represent a step forward, given it’s true
multidisciplinary study.

2.2. Aircraft engines

During its first years, the turbojet was only used
for military and experimental applications, and rev-
elled poor reliability and fuel consumption. Only
after a longer development work was done, did the
jet engine finally arrive to civil aviation in the be-
ginning of the 1950s [4].

The jet engine has a layout where the air is sucked
in and compressed by the compressor. Then the
air temperature is raised in the burner by injecting
fuel. The hot air passes through the turbine so that

just the necessary mechanical force to rotate the
compressor can be extracted. The exhaust gas at
high temperature and pressure is then expanded to
the atmospheric conditions on a nozzle producing
a high velocity jet responsible for generating the
thrust necessary for the aircraft to speed-up.

According to the necessities of various aircraft
types, several variants of the initial concept were de-
veloped. For higher power needs, such as supersonic
aircraft, it was introduced the notion of reheating
the fluid, or after-burner, in the exhaust nozzle by
injecting more fuel. For lower speed aircraft it was
developed a combination of exhaust jet and a pro-
peller, known as turboprop engine, delivering the
best propulsive efficiency. For other applications,
such as helicopters, it was developed the turboshaft
engine, where a power turbine is added to extract
power to the helicopter’s rotors. In the turboprop
there was also the need of coupling a gearbox con-
necting the gas turbine to the propeller. This en-
ables the reduction of the propeller’s tip speed at
the same time the turbine works at optimum rota-
tion.

For high subsonic speed aircraft it was developed
the turbofan, where part of the air bypasses the
hot section of the engine (high pressure compres-
sor, combustion chamber and turbine), being only
compressed by a fan or a low pressure turbine. This
approach generates a lower speed jet which provides
better efficiency at the same time reduces noise.
The development trend in terms of turbofan engines
has been the incremental increase on the bypass ra-
tio (BPR), and the consequent increase on the fan
dimensions.

Another evolutionary step on the process of in-
creasing the bypass ratio of the turbofan engine is
the open-rotor. This concept takes the air bypass to
a higher value (50+) by eliminating the casing and
exposing the fan or propeller. The big advantages
of this concept are related with its good propul-
sive efficiency and lower weight and drag than the
conventional solutions. Furthermore, it allows for
efficient cruise speeds of up to Mach 0.8. The main
drawback holding the commercial use of this tech-
nology is the level of noise generated, although it is
believed that this problem can be minimized with
a right optimization of the propeller.

2.3. Propulsion models’ state-of-the-art

By model it is understood the development of an ab-
stract image of a given system so that it represents
its behaviour, but in a simpler way. The creator of
the model has the responsibility to define the depth
and degree of detail desired for it. A balance be-
tween the level of accuracy and complexity of the
model has to be done, given that not every detail
has a beneficial effect on the results to be achieved.
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For a first level of analysis, empirical relations
for various engine parameters can be determined as
function of a given parameter. This approach was
followed in [14]. By using available data of 67 differ-
ent turbofan engines it were obtained relations for
dry weight, length, fan diameter, cruise thrust, air
mass flow, bypass ratio, total pressure ratio, take-
off specific fuel consumption, and cruise specific fuel
consumption as function of take-off thrust. This
approach can be useful in a very early development
phase to calculate some basic information about a
possible engine to be fitted on a given aircraft. How-
ever, it has the drawback of not taking into account
new technologies that can arise and changes on the
trend lines and consequently invalidating the results
and the models.

When referring to the depth of detail of a gas tur-
bine model it can be assumed some different steps
of refinement. The simpler approach is defined as
a 0-D model where components are seen as black
boxes where average flow conditions are only com-
puted for the inlet and outlet of the components.
One of the advantages of using a 0-D model is that
details of the engine geometry are not needed, and it
still present thermodynamically good results with-
out a heavy computational effort. Rising the level
of refinement, a 1-D model adds continuity in one
direction inside the engine. For some studies re-
quiring a better level of detail in one engine compo-
nent, it can be individually modelled as 1-D while
the other components remain modelled as 0-D. In
2-D and 3-D models the engine is described with
higher fidelity as an axisymmetric and as whole re-
spectively. These levels of refinement require a high
computational cost given that CFD analysis has to
be carried out eventually.

Within the first phase of aircraft design process,
the work of development of the engines start by
knowing the static sea level thrust (TSL), as well
as the assumed behaviour of thrust with altitude
and Mach number [9]. In the first part of the de-
velopment work a parametric cycle analysis has to
be done to obtain a preliminary estimation of per-
formance parameters as a function of design lim-
itations, the flight conditions, and design choices.
In this parametric cycle analysis or on-design (or
Design Point) analysis it is assumed that all engine
choices can still be done. What means that the fi-
nal configuration of the engine will largely depend
on the off-design performance analysis, or simply
performance analysis, across all phases of the flight
envelop. In other words, the best engine to choose
is the one capable of better satisfying all the flying
conditions.

In the GasTurb software [5], off-design calcula-
tions are done using real component maps. These
maps are graphical databases of the performance

of compressors and turbines, relating the corrected
mass flow across the component with its pressure
ratio. Furthermore, these maps show information
about the corrected rotational axle speed and ef-
ficiency and surge margin. To fill the maps with
information either compressor/turbine rig tests are
performed or sophisticated calculation procedures
are used. GasTurb software is a commonly used
tool and several studies have been done with it. It
is a software capable of modelling off-design perfor-
mance, engine behaviour, and even transient oper-
ation. The software is capable of successfully mod-
elling all the most frequently used aero-gas turbines,
for example single and twin-spool turbofan, turbo-
props and turboshafts. Even though only perform-
ing a 0-D study of the engines, it generates good
quality results.

In [3] an MDO process is developed where for
propulsive module it was used the GSP V.10 soft-
ware (Gas Turbine Simulation Program). This soft-
ware exchange his results with the main aircraft de-
sign software, by exporting a matrix with the para-
metric analysis including Mach number and altitude
effects at fixed throttle that is interpolated for the
aircraft designated operating points. The propul-
sion software is based in a 1-D compressible axial
flow model capable of evaluating a large variety of
parameters, such as thrust, mass flow, fuel flow, ex-
haust gas temperature and SFC. Furthermore, it
can also be included options like compressor bleed,
deterioration of one or more components and calcu-
late emission indices.

With the objective of building a standardized
tool for gas turbine simulation, in the context of
the European project VIVACE-ECP it was devel-
oped the PROOSIS software (Propulsion Object
Oriented Simulation Software). The structure of
this tool is described in detail in [2] as well as some
of its functionalities that allow it to be used by pro-
fessional users or as educational tool. It has tools
for single operating point engine, but also has the
tools for multi-point design procedures.

NASA has also developed a software for engine
performance modelling [11]. The NEPP (NASA
Engine Performance Program) evaluates the engine
performance over its flight envelope for various mis-
sion points and it has the capability of optimizing
some parameters at specific mission points. It does
a 0-D, steady-state thermodynamic analysis of tur-
bine engine cycles and with the use of component
performance maps it also models off-design perfor-
mance.

3. Turbofan engine modelling
The designing of an engine starts with obtaining
information from the aerodynamic and structural
modules, the aircraft Drag Polar as well as the ini-
tial definition of take-off weight (WTO) and sea-level
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static thrust (TSL) are generated. This information
supports the development of the objectives for the
propulsive system to achieve, and to a selection of
the correct engine cycle to choose.

The next step of the designing process is the En-
gine Design Point Analysis or On-Design analysis.
In this phase of the project the engine performance
can be parametrically studied at the same time that
it is chosen a Design Point for the engine to be sized
for. This process estimates the performance param-
eters, such as thrust and specific fuel consumption,
as function of the design limitations (maximum tur-
bine inlet temperature and maximum component
efficiencies), flight conditions and design choices,
compressor pressure ratio, fan pressure ratio and
bypass ratio, to name some. This initial sizing for a
design point will then have to be tested in the En-
gine Performance Analysis, or Off-Design Analysis,
to check whether the engine can correctly perform
across all the needed operating conditions of alti-
tude, speed and thrust. This is a iterative process
to find the design point conditions that originates
an engine with the desired performance. After the
results converge the engine performance can be cal-
culated and the sizing, including weight and exter-
nal dimensions, can be estimated. With this values
the total weight of the aircraft and its new Drag
Polar are now known and the final performance of
the aircraft can be calculated.

Focusing now the attention in the particular case
of the turbofan engine, model presented next will
be oriented for an engine to be applied on a 120-
passenger regional jet. This way, a common two-
spool architecture will be used, paired with a non
mixing nozzle and capable of dealing with power
and air out-takes to supply the aircraft systems.

Firstly in this chapter will be presented the en-
gine Design Point analysis or On-Design analysis,
followed by the Performance or Off-Design analy-
sis. Behind each one one these analyses are models
developed and presented in [8].

3.1. Parametric model (On-Design)

To start the development of the turbofan model, a
definition of the internal stations has to be made. In
Figure 1 are presented all the intermediate stations
and their location. This information will take part
in the nomenclature to be used across the variables
of the model.

These stations are used to limit the entrance and
exit of each component of the engine, as can be seen
in Table 1. In addition, the subscripts that will be
used in the model to describe each component are
defined there.

When dealing with temperature and pressure the
concepts of Total or Stagnation temperature (Tt)
and pressure (Pt) will be primarily used. Both to-

Figure 1: Gas Turbine design system [9]

Table 1: Components of the engine and correspond-
ing stations and subscripts

Station Component Subscript
0 → 2 Diffuser or inlet d
2 → 3 Compressor c
2 → 3’ Fan c’
3’ → 3 High pressure compressor cH
3a → 4 Burner b
4 → 4a Coolant mixer 1 m1
4 → 4c High pressure turbine tH
4 → 5 Turbine t
4b → 4c Coolant mixer 2 m2
5 → 7 Core flow mixer M
7 → 9 Core exhaust nozzle n
3’ → 7’ Fan duct -
7’ → 9’ Bypass exhaust nozzle n’

tal temperature and pressure are function of flow’s
Mach number, M , and ratio of specific heats, γ

For a matter of simplification of the nomenclature
used, the ratio of total pressures and the ratio of
total temperatures will be represented by π and τ
respectively, as:

πi = Total Pressure leaving component i
Total Pressure entering component i ,

τi = Total Temperature leaving component i
Total Temperature entering component i ,

being then applied for diffuser, fan, High Pressure
Compressor (HPC), compressor, coolant mixer 1
and 2, High Pressure Turbine (HPT), Low Pressure
Turbine (LPT), core nozzle and bypass nozzle.

In the burner, an incremental step in enthalpy is
given, so τλ is defined as enthalpy ratio with the
Equation 1:

τλ
.
=
CptTt4
CpcT0

. (1)

Next in the model development it is necessary
to define a set of mass flow rates. The mass flow
parameter, generically defined as m, necessary to
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Table 2: Mass flow rates description, location and
identifying subscript

Subscript Description Location
b Bleed air 3 - 3a
C Core air flow 3’, 3
c1 Cooling air for high pressure turbine nozzle vanes 3-3a, 4-4a
c2 Cooling air for remaining of high pressure turbine 3-3a, 4b-4c
F Fan air flow through bypass duct 3’, 7’
f Fuel flow to burner 3a-4

obtain the rates will have the corresponding sub-
scripts presented in the Table 2.

As seen above and in table 2 the model takes
into consideration the necessary high pressure tur-
bine cooling system. For that, a air flow fraction
ε1 and another ε2 are extracted between stations 3
and 3a and used to cool down the high pressure tur-
bine nozzle guide vanes and remaining high pressure
turbine, respectively.

Respecting the rotating machinery of the engine
two separate efficiencies will be defined, η and e,
isentropic efficiency and polytropic efficiency re-
spectively.

For calculation purposes in this model, the values
of polytropic efficiencies, total pressure losses and
maximum Tt4 will be assume from a table available
in [9].

Regarding the efficiency of the components used
to transmit mechanical power, such as shafts and
gears, the relation used is presented below:

ηm =
Mechanical power output

Mechanical power input
(2)

Having so far defined the essential parameters to
be used in the model it is necessary to specify the
assumptions that will be made. The considerations
are the ones that follow:

• The flow is, on average, steady;

• The flow is one-dimensional at the entry and
exit of each component and at each axial sta-
tion;

• The fluid is considered to behave as a calor-
ically perfect gas, meaning constant values of
Cp, Cv and γ in the diffuser, fan, compressor,
turbine, nozzle and all ducts connecting them;

• Across the burner the values of Cp, Cv, γ and
R vary;

• The low pressure shaft connects the fan with
the low pressure turbine and also provides me-
chanical power to supply the aircraft, PTO;

• The high pressure compressor is connected to
the high pressure turbine by the high pressure
shaft;

• High pressure bleed air and cooling air is ex-
tracted between stations 3 and 3a;

• Flow in the bypass duct is considered isen-
tropic;

• A reduction on etH by the inclusion of turbine
cooling has to be accounted, due to mc1 and
mc2;

• Engine is modelled as having both core and
bypass air nozzles fixed and convergent.

Focusing the attention on the performance pa-
rameters, the first parameter to be analysed is the
Thrust,(F ). In the development of the current
model, for a matter of simplicity, the thrust will be
assumed in the nondimensional form of the Specific
Thrust (F/m0):

F

m0V0
=

1

1 + α

{
[1 + f0(1 + α)− β]

V9
V0
− 1

}
+

1

1 + α
[1 + f0(1 + α)− β]

Rt
Rc

T9/T0
V9/V0

(1− P0/P9)

γcM2
0

+
α

1 + α

[
V9′

V0
− 1 +

T9′/T0
V9′/V0

(1− P0/P9′)

γcM2
0

]
,

(3)
where

f0 = f(1− β − ε1 − ε2)/(1 + α), (4)

and f0 is the overall fuel-to-air ratio, with f being
the fuel to air ratio and calculated with:

f =
τλ − τrτc′τcH

hPRηb/(CcpT0)− τλ
(5)

Finally, an important performance parameter to
study is the Specific Fuel Consumption, (S), which
can be calculated by

S =
mf

F
=
mf/m0

F/m0
=

f0
F/m0

. (6)

3.2. Performance model (Off-Design)
After completing the on-design analysis the study
evolves for the Performance Cycle analysis or Off-
Design analysis. The objective here is to use the
outputs of the engine sized for a certain design point
on the on-design analysis and test the engine’s per-
formance across its complete operating envelope.
By iterating the on-design and the off-design anal-
ysis, a choice of the engine with the most balanced
performance to execute a certain flight mission can
be made.

In off-design analysis, the design choices have al-
ready been made (πc, πc′ , α and Tt4max) and the en-
gine performance per unit mass flow have been cal-
culated. Now, variations on flight conditions, throt-
tle settings and nozzle settings are implemented to
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Table 3: Off-Design analysis variables

Component
Variable

Independent Known Dependent
Engine M0, T0,P0 m0, α
Diffuser πd, τd
Fan πc′ , τc′
High pressure compressor πcH , τcH
Burner Tt4 πb
Coolant mixer 1 πm1

High pressure turbine πtH , τtH
Coolant mixer 2 πm2, τm2

Low pressure turbine πtL, τtL
Core Nozzle πn, τn P9/P0

Bypass Nozzle πn′ , τn′ P9′/P0

obtain the performance of the engine for the chosen
circumstances.

To develop this analysis on a turbofan a 10 de-
pendent variables and 4 independent ones problem
is faced, Given that the off-design analysis is not a
direct problem as the on-design analysis, a iterative
process will have to be carried out to obtain values
for the 10 independent variables, which are shown
in Table 3. For this part of the engine model de-
velopment the following assumptions were made, in
addition to the ones presented in on-design model:

• The areas are considered to be constant in ev-
ery engine station;

• The flow is considered to be chocked at the
high pressure turbine entrance nozzle (station
4), at the low pressure turbine entrance nozzle
(station 4c);

• Component efficiencies and total pressure ra-
tios ηc′ , ηcH , ηb, ηtH , ηtL, ηmL, ηmH , ηmP , πb
and πn are considered to remain constant;

• Bleed air, cooling air fractions and power out-
take are considered constant;

• Upstream and downstream of the burner gases
are assumed as calorically perfect and no varia-
tions in γt and Cpt are considered when varying
throttle settings.

Two techniques are crucial in the development of
the off-design model. The first is Referencing, which
allows to replace constants with reference condi-
tions.

The second technique is Mass Flow Parameter
(MFP). Given that engine components performance
is calculated as function of total temperature, total
pressure or Mach number, it is obtained

MFP =
ṁ
√
Tt

PtA
= M

√
γ

R

(
1 +

γ − 1

2
M2

) γ+1
2(1−γ)

= MFP (M,Tt, R).
(7)

In order to solve the problem, the parameters cho-
sen as variables for the iterative process were τc′

and m0. This choice was made after tests where
other variables were tested for iteration and also af-
ter trying to use MATLAB’s own solver. With this
pair of iteration variables the model generated re-
alistic results for a wider range of input conditions
than with the other options.

In addition for these on and off-design analyses
for the turbofan, even though has not been pre-
sented in detail a turboprop model has also been
implemented. The model used was also presented
in [8], as the turbofan one, and follow very similar
assumptions and approaches, with both on-design
and off-design analyses being done.

3.3. Weight and size model

After the completion of the performance study of
the engine, it is now possible estimate its dimen-
sions. Given that the performance model of this
engine is set for a preliminary phase, the weight
and size model has to fit into this same phase. That
is why the approach chosen was to define a set of
equations relating some engine design choices with
dimensions, based on historic data for turbofan en-
gines.

For the current model development, the same en-
gine’s database presented in [14] was used but, due
to the fact that the information dates from 1996, a
series of new turbofan engines have since then been
introduced to the market. This way information
of further 15 turbofan engines was included to the
database, adding to the 67 already included.

With this information the first relation defined
was a correlation between the maximum take-off
thrust and engine weight. A good relation between
the two parameters was observed, showing that the
increase in take-off thrust leads to a linear increase
in weight. Although a good relation was established
with maximum take-off thrust, it is important to
further analyse how engine weight varies with other
design variables, specially the ones the engine de-
signer can independently choose.With this in mind
it was studied a new relation between BPR and
weight. It was drawn using data from the 16 newer
engines, due to the fact that using the complete
set of data a trend line was difficult to be defined.
Next, a correlation between the weight and the over-
all pressure ratio was tested, also using only the 16
newer engines for the same reason.

Having these three relations, the desired objec-
tive is to create a single equation capable of taking
in to consideration all three contributions to the en-
gine’s total weight. The approach followed to stab-
lish this complete equation was to select a set of 9
different turbofan engines of diverse sizes and char-
acteristics, but having in common the fact of pow-
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ering currently under production aircraft. Then,
5 possible equation configurations were analysed,
then with them and the 9 engines, it was used
the MS Office Excel GRG non linear solver to find
the equation (and its parameters) that originated a
minimum for the ∆W =

∑
|Wreal−Wmodel|, where

Wreal is the real weight of the engine and Wmodel is
the weight calculated by the equations of the model.
After running this procedure, it was chosen as best
solution the following equation to model the total
engine weight:

W (lbm) = 0, 90494[0.1626FTO(lbf) + 546.46]0,99631

+0, 18671[13922ln(α)− 16981]1,00884

−0, 09166[−23.165π2
c + 2135πc − 34806]1,00445.

(8)
With the database information further relations
were established for engine Length (L), engine Fan
Diameter (D) and overall air mass flow (mO) as
function of maximum take-off thrust

4. Model Results and Validation
After being described in Chapter 3 and imple-
mented in MATLAB, a presentation of results ex-
tracted from the models and its validation need to
be done.

4.1. On-design and Off-design analysis results
The first results to present are outputs from the
on-design analysis. Validating them helps assuring
that the starting point of the model’s performance
calculation is correct.

Doing a comparative analysis of the results ob-
tained using the model for on-design analysis and
the results presented in [8], with the same set of in-
puts, it was observed for Specific Thrust and Spe-
cific Fuel Consumption that they are very similar
between them, presenting the same tendencies as
OPR or BPR vary. This comparison served to val-
idate the on-design implemented model.

After the on-design analysis the presentation of
the results and their validation can similarly be
done for the Off-design model.

As done in the case of the on-design analysis, as a
way of verifying the obtained results, a comparison
between the results from the model and the results
presented in the literature was done. Generically,
they presented the same parameters behaviour but
with a difference on the SFC results of around 10%.
This difference may be influenced by differences on
the iterative process used for the off-design calcula-
tion.

4.2. Model application for GE CF34-10E and re-
sults comparison

To further show the capabilities of the model and
validate its results the case of the General Electric
CF34-10E engine designed for a DP at sea-level and
static thrust (alt = 0ft and M = 0.01) was studied.

After running the on and off-design analyses, the
graphs contained in Figures 2 and 3 were obtained.
In the first one a variation of the full throttle thrust
generated by changing the aircraft flying conditions
(Mach number and altitude) can be seen, whereas
in the second one the variation of the engine fuel
flow as function of the same flight conditions is pre-
sented. At the same time the graphs also present
a comparison with data sourced from an Embraer
engine deck. Even though the engine in question is
not identified it presents the same maximum thrust,
size and weight as the GE CF34-10E. Comparing
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the results on Figure 2 it is possible to see the corre-
spondence between them, with differences specially
at higher values of Mach number. These differences
may occur due to the fact that Embraer’s sourced
engine DP is unknown and therefore possibly dif-
ferent from the DP chosen for the model-calculated
results. In the case of the graph in Figures 3 a better
agreement between both sources can be observed.

In parallel to the on and off-design analyses the
calculations of the engine weight and length was
also done using the model developed, with the re-
sults being presented in the table 4. Comparing
the calculated results with the weight and length of
the real engine it is possible to see that the weights
differ less than 10%, while the value of the calcu-
lated length has a bigger difference to the real one.
These differences are motivated by the low fidelity
of the model behind the calculation of the weight
and specifically the length.
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Table 4: Weight and Length comparison between
modelled and real engine

Weight (kg) Length (m)
Modelled engine 1 843,22 2,91
Real engine 1678 3,68
Error (%) 9,85 21,00

4.3. Application of a modelled engine to a flight
mission

To further test the developed model another study
was made. This time a flight mission was defined
and, using the model, the turbofan performance
needed to accomplish the required thrust, velocity
and altitude was calculated. The flight profile cho-
sen to test the engines was based in previously stud-
ied missions with the MDOGUI software. The mis-
sion profile can be seen in Figures 4, 5 and 6. The
mission is defined to a total of 600 nm, with 500
nm being calculated with the engine model. The
remaining 100 nm correspond to the descend phase.

Presented in Figures 7 and 8 are, respectively, the
graphs with Turbine Inlet Temperature (TIT) and
Fuel Flow along the mission travelled distance.
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Figure 4: Mach number variation along mission
travelled distance.
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Figure 5: Altitude variation along mission travelled
distance.
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Figure 6: Thrust variation along mission travelled
distance.

Given that there wasn’t information to be com-
puted on the model about the taxi-out, take-off and
initial climbing, approach and landing and taxi-in,
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Figure 7: Turbine inlet temperature (Tt4) variation
along mission travelled distance.
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Figure 8: Fuel flow variation along mission travelled
distance.

guideline values already considered in the NOVE-
MOR project were used.

Finally, for this flight mission using the developed
model a block fuel of 2981kg was calculated. This
calculated value was assumed for the 600 nm mis-
sion and considering an aircraft take-off weight of
47700 kg. For a similar 600 nm mission, but using
the EmbraerTM’s sourced engine performance data
the aircraft burned 2991kg of fuel, although for a
take-off weight of approximately 51500 kg. The dif-
ferent values of take-off weight does not allow for
a rigorous comparison of both results, still it can
be concluded that they show that the model is able
to predict with a good approximation the total fuel
burned across a certain flight mission.

4.4. On-design and Off-design analysis results for
the Turboprop model

As it was done for the turbofan, in the turboprop
case results of the on and off-design analyses were
obtained and compared with the results available in
[8].

For both analyses, strong similarities between the
two sources results were found, with trends and ab-
solute values agreement. This way, it was possible
to validate the turboprop engine model and gener-
ate confidence for extensively using it.

5. Optimization of a turbofan mission’s fuel
consumption

The objectives of the propulsion model is to be used
dor optimization studies of an engine performance
as function of its design choices in a given mission.
This way an optimization routine for a mission’s
fuel consumption minimization will be done.

For a simplified analysis of the process, the op-
timization routine can be divided in two separate
segments: the first segment d is where the opti-
mization process takes place; the second segment is
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where the mission profile is calculated for each DP
inputs and the final choice of optimum DP is made.

5.1. Optimization of engine design variables for a
Design Point

The first segment of this complete optimization pro-
cess has as objective optimizing the design variables
(alpha, πc, πc′ and m0) that generate the lowest
values of fuel consumption and weight for a certain
Design Point.

With the objective of doing a comparison be-
tween different DPs, 17 DPs covering a wide range
of the engine operating envelop were chosen. Addi-
tionally, for all the next optimization computations,
the engine data inputs used were the ones already
employed for representing the GE CF34-10E (ex-
cept for the DP data inputs). To help with the cal-
culations, a simple 5-point mission flight has also to
be included in the inputs. For those 5 points, in-
formation corresponding to the altitude, the Mach
number and the minimum thrust required for the
engine have to be included. They were selected
to try to define 5 generic phases of the flight and
as a way of limiting the minimum performance of
the optimized engine to the performance of the GE
CF34-10E.

For each DP the MATLAB function fmincon will
be applied and it will try to find a set of alpha, πc,
πc′ and m0 which minimizes the objective function:

Object. fun. = 0.91
FF cumulative

2500
+ 0.09

W

8500
, (9)

where FF cumulative is a weighted sum of fuel
flows on each of the five points of the mission
(FFcumulative = 0.1FF 1 + 0.1FF 2 + 0.1FF 3 +
0.2FF 4 + 0.5FF 5) to give special relevance for the
point corresponding to the cruise phase. The def-
inition of the objective function shown above was
the result of a process of various simulations to try
to determine the coefficients 2500 and 8500, so that
the variables FF cumulative and W could be com-
pared in the same order of size. The coefficients
0.91 and 0.09 were defined this way to give superi-
ority to an engine lower fuel consumption over its
weight. These coefficients were defined using infor-
mation contained in the NOVEMOR studies stat-
ing the relative weight of the engines and fuel on the
aircraft total weight and so understand how signif-
icant an increase in engine weight is for the total
fuel consumption.

At the same time that the optimization is being
run on the previously presented On and Off-design
analyses codes, a parallel set of Off-design analy-
sis is also being executed to check if the inputs set
by the optimization function correctly generate an
engine capable of accomplishing with the minimum
thrust required at each of the five points of the mis-
sion. Only if this five constraints are satisfied the

inputs can lead to an objective function evaluation.

5.2. Optimization of fuel consumption on a given
flight mission

After having determined the design variables α, πc,
πc′ and m0 calculated for each DP, the computation
of the flight mission is now possible. Once again the
same 600 nm mission described before will be used.

In the flight mission results calculation, the first
step to be done is, once again, the computation of
the on-design analysis with all the DP inputs com-
pletely defined. Then, the off-design analysis will be
responsible for the calculation of the performance
of the engines. At the same time, the weight and
length of the engine is once again calculated using
the maximum values of BPR and OPR calculated
in the off-design analysis. From the 17 DPs can be
made a selection of the best one to be selected to
develop the engine. This step is made by selecting
the DP that minimizes the following equation:

Best DP = 0.91
Block FuelDP

Block FuelMAX
+ 0.09

WDP

WMAX
,

(10)
where Block FuelDP and WDP are the fuel flow
and weight for the DP being analysed and
Block FuelMAX and WMAX is the maximum value
of each variable calculated for any of the 17 DPs.

In the particular case of a optimization process
which have been computed using an Internal Point
algorithm (with 200 iterations, 500 function evalu-
ations and [α = 4,πc = 40,πc′ = 1.6,m0 = 150] as
starting values), the best engine DP to be chosen
for this mission is the one designed for an altitude
of 5000 ft and a static operation. An engine de-
signed for this DP had a total block fuel of 2425 kg
for the mission. Comparing this result with the one
achieved for the standard engine of 2991 kg, there
is a decrease of 19% on the fuel burned to conduct
the mission.

As matter of comparison it can be seen in Fig-
ure 9 two graphics comparing the fuel flow of the
optimized engine with the standard GE CF34-10E.
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Figure 9: Comparison of fuel flow variation along
mission travelled distance for the optimized and the
original engine.

Looking at the results presented, it is possible to
see that this optimization can present very promis-
ing results. In spite of that, this process has still
the limitation of having only taken into considera-
tion one mission profile, while the real aircraft will

9



end up facing a series of different flight missions
on its daily service. With this idea in mind the
optimization code can in the future be updated to
accomplish this objective.

6. Conclusions

Contrarily to what is the standard in other MDO
frameworks where the propulsive system is studied
by using a commercial software connected to the
main aircraft optimization tool in this particular
case the objective was to have the module fully in-
tegrated in the tool.

The model developed has proved to have the abil-
ity of calculating the performance of a two-spool
Turbofan engine across a flight mission profile and
further enable more detailed studies of individual
variables as a function of the design choices and the
flight conditions. At the same time a similarly ca-
pable model was also developed for the Turboprop
engine.

With the goal of optimizing the fuel consump-
tion for a given mission, the model was tested in
a optimization process that determined for 17 pos-
sible DP’s the values of BPR, OPR, fan pressure
ratio and overall mass flow that reduce the fuel
consumption and engine weight. Then, each DP
and its design variables defined were applied to the
same 600 nm mission. This process allowed to de-
termine that, for that same mission, an optimum
DP existed when the engine was sized for 5000 ft
at static-thrust condition. This way a 19% decrease
in the Block Fuel comparing to the standard engine
was achieved.

With the results from the optimization process
and all previous steps, the importance and the ca-
pabilities of this model were proved, with the most
significant achievement being the ability to reach a
double-digit efficiency increase.
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