4
% acerospace
* P

Article

Novel Aero-Engine Multi-Disciplinary Preliminary Design

Optimization Framework Accounting for Dynamic System
Operation and Aircraft Mission Performance

Alexios Alexiou, Nikolaos Aretakis, Ioannis Kolias and Konstantinos Mathioudakis *

Citation: Alexiou, A.; Aretakis, N.;
Kolias, I; Mathioudakis, K. Novel
Aero-Engine Multi-Disciplinary
Preliminary Design Optimization
Framework Accounting for Dynamic
System Operation and Aircraft Mission
Performance. Aerospace 2021, 8, 49.
https://doi.org/10.3390/aerospace8020049

Academic Editors: Cengiz Camci and
Ernesto Benini

Received: 14 December 2020
Accepted: 8 February 2021
Published: 12 February 2021

Publisher’s Note: MDPI stays neu-
tral with regard to jurisdictional
claims in published maps and insti-

tutional affiliations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC  BY)
(http://creativecommons.org/licenses

/by/4.0/).

license

Laboratory of Thermal Turbomachines, School of Mechanical Engineering, National Technical University of
Athens, 15780 Athens, Greece; alexioua@mail.ntua.gr (A.A.); naret@mail.ntua.gr (N.A.); jkolias@ltt.ntua.gr (LK.)
* Correspondence: kmathiou@mail.ntua.gr.

Abstract: This paper presents a modular, flexible, extendable and fast-computational framework
that implements a multidisciplinary, varying fidelity, multi-system approach for the conceptual
and preliminary design of novel aero-engines. In its current status, the framework includes mod-
ules for multi-point steady-state engine design, aerodynamic design, engine geometry and weight,
aircraft mission analysis, Nitrogen Oxide (NOx) emissions, control system design and integrated
controller-engine transient-performance analysis. All the modules have been developed in the
same software environment, ensuring consistent and transparent modeling while facilitating code
maintainability, extendibility and integration at modeling and simulation levels. Any simulation
workflow can be defined by appropriately combining the relevant modules. Different types of
analysis can be specified such as sensitivity, design of experiment and optimization. Any combi-
nation of engine parameters can be selected as design variables, and multi-disciplinary require-
ments and constraints at different operating points in the flight envelope can be specified. The
framework implementation is exemplified through the optimization of an ultra-high bypass ratio
geared turbofan engine with a variable area fan nozzle, for which specific aircraft requirements and
technology limits apply. Although the optimum design resulted in double-digit fuel-burn benefits
compared to current technology engines, it did not meet engine-response requirements, high-
lighting the need to include transient-performance assessments as early as possible in the prelim-
inary engine design phase.

Keywords: aero-engine; multi-disciplinary; control system; geared turbofan; optimization; pre-
liminary design; mission analysis

1. Introduction

When answering a request for proposal, engine manufacturers use various model-
ing tools to predict if an engine design will meet the aircraft’s top-level requirements. The
design should be fuel-efficient, have stable operation over the entire flight envelope,
comply with environmental regulations, have acceptable production and maintenance
costs and integrate seamlessly with the aircraft. Fulfilling these objectives requires a
multi-objective optimization procedure in which reliable and robust predictive models of
many engineering disciplines are coupled in an iterative calculation. This entails the ex-
istence of the relevant models and the corresponding integration framework with ap-
propriate simulation functionalities.

Tools with such modeling and simulation capabilities are available in the industry;
for example, MTU’s MOPEDS (MOdular Performance and Engine Design System) [1]
and Pratt & Whitney’s PMDO (Preliminary Multi-Disciplinary Design Optimization) [2].
Tools have also been developed by the research community for the multi-disciplinary
preliminary design assessment of future propulsion systems. These include TERA
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(Techno-Economic Environmental Risk Analysis) [3], GTlab (Gas Turbine Laboratory) [4]
and EDS (Environmental Design Space) [5]. However, these, as well as other [6-9] in-
dustrial and research tools, are of a proprietary nature. Most of them typically combine
models and processes from disparate sources, which may result in physical inconsisten-
cies (e.g., due to differences in working fluid properties, or thermodynamic routines),
may affect numerical robustness (variety of programming languages, numerical solvers
and tolerance depth in nested iterations), while integration is less transparent (models
available in executable or .dll format) and requires an expert user to setup the calculation.
Furthermore, some of them may lack important aspects of the preliminary design process
at the engine component (encompassing any new technologies), system or discipline
level, without having the required flexibility and modularity for proper implementation
and integration. Finally, some tools are too complex for this phase of engine design at the
modeling (higher fidelity codes) and/or calculation (nested iterations between disci-
plines) level, which hinders speed of execution without necessarily improving calcula-
tion accuracy.

In contrast to the aforementioned tools, a framework is proposed in this paper that
ensures code maintainability, consistent physical modeling and transparent integration
of modules by using the same software environment for both the development and sim-
ulation tasks. The framework is fully configurable and extendable at both the modeling
and calculation levels, allowing the development of varying fidelity, multi-disciplinary,
multi-system models and their integration in any user-defined simulation flow. Novel
aspects of the framework include the single-step cycle performance and aerodynamic
multi-point design module, which, compared to other tools, avoids iterations and data
exchange between the two disciplines and reduces computational speed. Furthermore,
the integration of control-system design and engine transient performance assessment as
part of a multi-disciplinary preliminary design calculation has not been reported before
in the public literature. Recent studies on novel propulsion systems have demonstrated
the importance of considering transient performance as early as possible in the prelimi-
nary engine design phase in order to assess response and operability, but did not evalu-
ate it as part of an overall cycle optimization at the aircraft-mission level [10] and with
consideration of the design of the associated control system [11].

The Propulsion Object Oriented Simulation Software (PROOSIS) [12] was used as
the development and integration platform in our study. PROOSIS was initially devel-
oped within the integrated EU project VIVACE [13] by a consortium of corporate com-
panies, research institutes and universities. The aim was to build a standard software tool
fulfilling industrial requirements in the area of gas-turbine performance. Further capa-
bilities requested by the tool’s industrial and academic users are gradually incorporated
by the developers, making PROOSIS a state-of-the-art platform for multi-disciplinary,
multi-fidelity and multi-system modeling and simulation of gas turbines [14-17].

The implementation of the framework was demonstrated through the case of an ul-
tra-high bypass ratio geared turbofan engine (UBGF) with a variable-area fan nozzle
(VAN), for a single-aisle aircraft application with entry-into-service (EIS) in 2030. The
fuel burn of an optimized engine design was assessed against contemporary (EIS-2016)
and previous-generation engines (EIS-2000) that currently power the majority of aircraft
worldwide. The importance of integrating transient analysis in preliminary design to
assess performance and operability is highlighted through control and dynamics system
studies. The application example offers new insights into the block-fuel optimization of
geared turbofans for different EIS compared to previous studies (e.g., [18-20]), none of
which contain all the elements of the analysis of the present paper. Such elements are the
simultaneous engine design at the most important flight envelope operating points
(top-of-climb, hot day rolling take-off and cruise), the use of turbomachinery component
design efficiencies based on the integrated thermodynamic cycle and aerodynamic de-
sign calculations, the introduction and scheduling of a variable-area nozzle and the rel-
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evant controller, the sensitivity of the engine design optimization on mission range and,
of course, the subsequent transient assessment.

Section 2 below gives an overview of the framework, references the details of all
modules and briefly describes some of them. Section 3 presents the setup of the applica-
tion example and the results obtained from the mission-level optimization and transi-
ent-performance assessments, demonstrating the key capabilities introduced.

2. Methodology
2.1. Overall Approach

In the context of this work, a computational framework is proposed, encompassing
modules that enable engine design studies at the aircraft-mission level and simultaneous
assessment of transient engine performance and operability. All the development is car-
ried out in PROOSIS. The tool uses the non-standard, non-causal object-oriented EL
language (C++ like) for both modeling and simulations tasks. At the modeling level, EL
describes, through differential-algebraic equations, the physics of any real-world com-
ponent. A standard gas turbine engine component library TURBO [21] has been extended
to combine performance calculations with turbomachinery-component aerodynamic de-
sign, flowpath generation and weight-estimation functionalities [22,23]. Nonconvention-
al components are also created to enable advanced propulsion-concept modeling such as
the variable-area convergent nozzle, the variable-pitch fan [22], the bounda-
ry-layer-ingesting propulsor [24], the open-rotor propeller [25], contra-rotating tur-
bomachinery components [26], etc. These components can then be combined graphically
through their respective icons to build a schematic diagram of an engine concept (geared
turbofan, open rotor, turboelectric, etc.). Engine and aircraft subsystems can also be in-
tegrated around the engine model, e.g., the fuel and oil system, control system, electrical
power system, environmental control system, heat recovery systems, thermal manage-
ment system, active control system [27], etc., creating a multi-system model. Figure 1
shows the schematic diagram for the case of a geared turbofan with a variable-area by-
pass nozzle connected to a basic control system through sensors and actuators. This will
be discussed in more detail in the Application Example section.
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Figure 1. PROOSIS schematic diagram of the geared turbofan with the VAN and control system used in the application

example.
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At the simulation level, EL is used to define and execute different calculations for the
corresponding engine mathematical model. These calculations can range from single
steady-state simulations to multi-point design (MPD) ones in which multi-disciplinary
requirements and constraints must be met simultaneously at different operating points in
the flight envelope [22]. The proposed framework leverages the PROOSIS Functional
Mock-Up Interface (FMI) for co-simulation capability, to combine models and processes
in a single simulation in order to enable complex calculations of novel engine concepts
involving different disciplines and types of analyses in multi-parametric and mul-
ti-objective studies. FMI [28] is a C standard to instantiate and simulate one or more
models. In this context, a model includes both the mathematical model created by con-
necting different components together (i.e., conventional engine performance mathemati-
cal model) and any simulation defined on this model (i.e., engine multi-point design).

PROOSIS can both generate and import functional mock-up units (FMUs). In this
way, a master simulation can be assembled by combining modules (thermodynamic,
aerodynamic and mechanical design; aircraft design and performance; engine
sub-system design; dynamic analysis; noise; lifing; economics, etc.) for a specific engine
configuration as required. The modules are arranged according to the simulation scope.
Each module is self-contained, including the solution of its own mathematical model,
and communication between modules is accomplished through pre-defined input/output
files (XML or ASCII). An explicit scheme is implemented with no iterations between in-
dividual modules. Each module produces a flag to provide information on errors during
execution. The error flag is based on international standards and contains its unique code
number, severity, category, source and text message. The error severity determines how
the simulation will proceed. Different types of analyses can be defined on such a simula-
tion workflow such as sensitivity, design of experiment (DoE), Monte Carlo and optimi-
zation. An example of a simulation workflow is depicted in Figure 2. This consists of
some of the modules currently available in the framework, and is the workflow used in
the Application Example section. The type of analysis (e.g., optimization, DoE) is speci-
fied at the top of the simulation. It controls the design variables and any relevant con-
straints, which can be of a thermodynamic, aerodynamic or structural nature. Fan pres-
sure ratio (FPR), bypass ratio (BPR) and overall pressure ratio (OPR) at top-of-climb
(ToC) are examples of design variables, while compressor discharge temperature (CDT)
and turbine entry temperature (TET) at rolling take-off (RTO) conditions, compressor
last-stage blade height (LSBH), compressor tip relative Mach number and blade tip or
hub speeds are examples of constraint variables. This information feeds the en-
gine-design module that starts the simulation.
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Figure 2. Simulation workflow for engine multi-disciplinary studies at the aircraft-mission level.

2.2. Engine Design and Off-Design Modules

The design variables are input to the engine design FMU (Engine MPD in Figure 2),
which performs a multi-disciplinary, multi-point design calculation [22]. The user can
specify, at different operating conditions (e.g., ToC, RTO), the top-level aircraft require-
ments (e.g., thrust, bleed and power extraction), reference values of design and technol-
ogy parameters (e.g., turbine blade metal temperatures, AN? structural parameter),
component attributes (e.g., design pressure drop in ducts and burner, mechanical effi-
ciency of shafts), aerodynamic design options of turbomachinery components (e.g.,
flowpath shape and stage-loading options), design Mach number (MN) values at the inlet
and outlet of components, etc., through an external file. The mathematical model consists
of a global Newton-Raphson solver controlling the vector of independent variables
(global design variables and local algebraic variables for each operating point) that will
satisfy closure equations (residues vector), which is obtained from solving the algebraic
problem at each operating point for the corresponding extended mathematical formula-
tion (model internal plus local closure equations for each point). The local closure equa-
tions can be equalities or groups of inequalities. Inequalities deal with the constraints of
the problem. The engine-design calculation executes in less than 2 s using a contempo-
rary desktop PC and produces cycle performance, aerodynamic and mechanical design
results at the specified operating points, as well as component and engine weights [22]
and the nacelle profile drag coefficient [29]. All the engine model design variables (e.g.,
map scaling factors, component areas, duct and burner design pressure drop and cor-
rected mass flows) are used to setup the corresponding off-design model that generates a
surrogate engine performance model. The same off-design model is also used for control
design and transient analysis. If the design calculation fails to converge, then the other
tasks of the simulation chain are not executed, and the calculation proceeds with a new
set of design variables.

The Engine OD FMU (Figure 2) uses the engine-design information and runs an
off-design steady-state analysis for operating points that cover the entire flight envelope.
The mathematical formulation for a turbofan engine configuration (including the geared
one) requires only one handle variable, e.g., thrust, and the initialization of the algebraic
(turbomachinery component auxiliary map parameters, BPR and inlet flow rate) and
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dynamic (fan and high-spool-speed rotational speeds) variables of the model. At the
simulation level, the throttle ratio parameter (TR = TET/TETss) is used as a control vari-
able. The variation of engine thrust FN with flight conditions (altitude ALT and MN) is
determined using the algebraic equations presented in [30] that express thrust lapse a (=
FN/FNGsis) in terms of non-dimensional temperature 0 (= Tt/288.15), non-dimensional
pressure 0 (= Pt/101325) and TR. A nested-loop approach from TR to ALT to MN is fol-
lowed, always starting from the converged high-power setting of TR =1 at sea-level static
(SLS) conditions (ALT = 0, MN = 0). The results (engine performance table) are presented
in the form of a corrected fuel flow rate Wfc (= Wf/$/0) against the corrected net thrust
FNc (= FN/d) and MN. The use of parameters corrected to standard day conditions elim-
inates the effects of altitude (ALT) and ambient conditions. The influence of MN cannot
be eliminated. A graphical example of such a performance matrix in relativized form is
presented in Figure 3, for the case of a current technology engine (similar to Pratt &
Whitney’s PW1100G). The time required to generate this performance matrix depends on
the range and discretization of TR, ALT and MN, with an average time for a single-point
run being less than 0.03 s.

During the engine off-design simulation, landing and take-off (LTO) NOx emissions
are also estimated as described by [31] using a correlation from NASA'’s Ultra-Efficient
Engine Technology Project program:

Elnox = AOXCDP035xexp((CDT-459.67)/300) X (FAR/(1-f))24 1)

The correlation’s constant AQ is estimated from the cycle data (CDT, compressor
discharge pressure (CDP) and fuel-to-air ratio (FAR)) and the Elnox values at ToC, Cruise,
RTO and SLS conditions presented in [32], for an advanced technology geared turbofan
engine with an EIS in the 2030 to 2040 timeframe. Assuming that 20% of combustor inlet
air is used for liner cooling (= f), an average value of A0 = 150 is obtained.

0.8
0.6
0.4

0.2

Relative Corrected Fuel Flow Rate

0 0.2 0.4 0.6 0.8 1
Relative Corrected Thrust

Figure 3. Engine performance matrix for an EIS-2016 engine.

2.3. Aircraft Mission Analysis Module

The aircraft mission analysis FMU is based on the Commercial Aircraft Mission
Analysis Computational Model (CAMACM). The tool was originally developed by a
group of authors in 2006 [33], with the latest version [34] written in PROOSIS EL, in
which aircraft performance is a component, and the mission analysis is carried out at the
simulation level. Fuel burn is calculated for a specific point of flight from the engine
performance table generated by the engine OD FMU module at the corresponding oper-
ating condition and thrust. Thrust is evaluated from the aircraft dynamics at each point,
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determined from its aerodynamic performance and kinematic condition. Aircraft per-
formance data are introduced through an aircraft data file, including performance and
operations data provided by EUROCONTROL’s BADA R3.9 [35]. Kinematic conditions
at each point are derived from a user-defined flight envelope detailing the segments and
the procedure with which its mission will be realized. Through the mission definition
file, the user can also specify aircraft type, engine type, payload, mission range or total
fuel load, reserve fuel and other information relevant to the mission and the type of
analysis. Depending on the combination of aircraft and engine types selected, and in
view of the requirement for assessing the impact of new engine designs at the air-
craft-mission level, both aircraft mass and drag can be adjusted if an engine different
from the default one is used. This is accomplished by replacing the default engine mass
with that of the selected engine and correcting the zero-lift drag coefficient to account for
changes in nacelle drag between the default and new engines. No change in thrust re-
quirements is assumed following these changes, although this is in fact an iterative pro-
cedure. The output of this analysis includes, at segment and mission levels, both overall
quantities, e.g., time taken, fuel consumed and range covered, as well as the variation
with time of all the main mission parameters such as altitude, range, flight speed, angle,
drag polars, aircraft weight, thrust and fuel flow. The overall mission fuel burn (FB) is
typically the figure of merit in a calculation for engine-design optimization. For a
three-segment mission (climb-cruise-descent), calculation time is less than 3 s. This
means that depending on the selected quality of the approximate engine performance
model, the overall engine design and mission analysis calculation can be performed
within 10-15s.

The iterative nature of the mission-analysis algorithm, combined with DoE and op-
timization studies, dictates the use of an approximate engine model instead of the full
thermodynamic model, in order to ensure reasonable simulation times. The accuracy of
the approximate model was investigated with a current technology engine (similar to
Pratt & Whitney’s PW1100G-JM) on a single-aisle application (similar to Airbus A320),
and was found to depend on mission distance, varying from 1% for short-range missions
(<1000 km) to 0.2% for long-range ones (> 3000 km). This is attributed to discrepancies
between the two models, mainly in the descent parts of the missions, which constitute a
larger part of the distance traveled in short-range missions. Although the accuracy of the
approximately model can be improved (at the expense of simulation time) by considering
more points in the descent part of the mission, this level of accuracy is considered ac-
ceptable for the type of preliminary design studies performed in this work, since all en-
gine designs are assessed with the same methodology, thus ensuring a consistent and fair
comparison between them.

2.4. Control System Design and Transient Performance Modules

Once an engine design is established, transient performance and operability is as-
sessed within the control design and dynamic system analysis FMU modules (Figure 2).
A basic control system is built around the engine (Figure 1), comprising the power lever
angle (PLA), a proportional-integral (PI) setpoint controller in which either the engine
pressure ratio (EPR) or corrected fan speed (Nfc) can be selected as thrust surrogates, an
acceleration PI controller using CDT as controlling variable, a ratio unit (RU = W{/CDP)
limiter to control deceleration, and finally the relevant min/max logic, which guarantees
the engine remains within its limits. No steady-state (static) controllers are included in
this implementation, since only transient operation is assessed both in terms of operabil-
ity (e.g., compressor surge margin) as well as response (e.g., acceleration from low to
high power within a set time). The control system receives pressure, temperature, rota-
tional speed and fuel-flow-rate signals from components in the engine model that simu-
late sensors. The control system commands an input to the fuel-flow actuator. Variable
geometry actuators are controlled in an open-loop mode. Sensor and actuator dynamics
are accounted for through a first-order lag approach, while a delay can also be specified.
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A detailed description of a turbofan control system in PROOSIS is available in [21]. It
should be noted that in the current implementation, only shaft dynamics are considered,
but the PROOSIS TURBO library is also capable of handling the effects of heat soakage,
tip clearance and volume dynamics [21]. Spool inertias are estimated from dimensions
and weights calculated by the engine-design model.

A single-step steady-state simulation is performed first at different points in the
flight envelope, using a procedure similar to that described for the off-design engine
model. The simulation generates the power-management logic to allow EPR and Nfc to
vary with PLA and MN, linearize the engine model and obtain, in terms of PLA and MN,
the proportional Kp, integral Ki and integral windup IWG gains of the PI controllers
using the Edmunds’ model-matching method [36]. Inputs to the method are the fre-
quency range, the number of approximation points, the damping ratio, the settling time
and the state-space matrices at each operating point. For the acceleration limiter, the
schedule of CDT (non-dimensionalized over fan inlet total temperature Tt2) against the
corrected rotational speed of the high-pressure spool NHc is obtained by imposing a large
transient at each operating point and establishing the CDT value for which the high
pressure compressor (HPC) surge margin is at a certain limit (e.g., 8%). The schedule of
any variable-geometry components is also determined at this stage, depending on the
requirements. An example is presented in the next section for the case of the variable-area
nozzle.

The final FMU module performs a transient maneuver on the engine model with
control system to check compliance with the Federal Aviation Administration’s (FAA)5s
regulation [37]. This is basically to test that the engine can accelerate from 15% to 95% of
rated take-off thrust in no more than 5 s. The maneuver also includes a deceleration part
(back to idle) to check the operation of the relevant controller. Currently, the output of
this assessment does not feed back to the overall engine design, and it is left to the user to
make any necessary adjustments in case of noncompliance.

In the following section, an application case is presented that utilizes all of the above
modules.

3. Application Example

Using the simulation workflow presented in Figure 2, an optimization calculation
was defined in order to establish an optimum UBGF engine with a VAN, as shown in
Figure 1. The objective was to minimize fuel burn for a given aircraft mission, examine
other mission ranges and assess the transient response of the optimum engine design.

3.1. Aircraft Requirements

Top-level aircraft requirements were obtained assuming a short-range application
similar to Airbus A320, but with improved aerodynamics for an EIS of 2030. Based on the
information provided in [38], a lift-to-drag ratio of 19 was assumed, with a maximum
take-off mass of 78 metric tons. The three operating points considered in the MPD anal-
ysis were ToC, mid-cruise (MCR) and RTO, with net thrust requirements calculated ac-
cording to [39] and [32]. An all-electric application was considered with no customer
bleeds, and thus customer power extraction (PWX) was adjusted accordingly [18]. The
specifications are presented in Table 1.

Table 1. Top-level aircraft specifications.

Operating MN  ALT Temperature Difference from PWX FN
Point ) (m) International Standard Atmosphere (K) (kW) (kN)
ToC 0.78 10668 10 1425 241
MCR 0.78 10668 0 1425 20.1

RTO 0.25 0 15 127.5 94.7
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3.2. Engine Parameters

The cycle design parameters at ToC were FPR, OPR, BPR, specific thrust sFN and
the pressure ratio split parameter between the low and high-pressure compressors nPR.
Typical values were used as design values for duct and burner pressure losses, burner
efficiency and component inlet/outlet Mach numbers, e.g., from [40]. Suitable perfor-
mance maps were selected for the turbomachinery components. The location of the de-
sign point on these maps was defined based on the preliminary off-design calculations to
ensure that all operating points in the flight envelope remained within the maps. To this
effect, a schedule was defined for the variable bleed valves at the exit of the low pressure
compressor (LPC), while the operation of the fan bypass VAN was scheduled so that a
unique fan operating line, near the maximum fan efficiency locus, was obtained. The
latter is described in more detail in Subsection 3.7.

The analysis was performed for fixed aerodynamic design options, as follows. The
PW1100G engine. For the aerodynamic calculations at MCR conditions, the LPC was de-
signed with the constant hub option, assuming constant stage loading while the HPC is
designed with the constant mean diameter option, and assuming an enthalpy change
distribution. For both compressors, a linear distribution of the flow coefficient between
the component inlet and outlet was assumed, and the stage efficiency was established
through a losses approach [23]. A default blockage factor distribution was selected, and
stage reaction was calculated by specifying the absolute flow angle at the stage inlet. For
the turbines, a linear distribution of mean diameter was assumed with constant loading
and symmetrical velocity diagrams. Stage isentropic efficiency was calculated using a
Smith-type chart. For all other compressor and turbine design parameters (e.g., aspect,
blade gap and hub-to-tip ratios), typical values were specified, e.g., from [40]. Fan bypass
polytropic efficiency was assumed to be a function of FPR, according to [41].

For the HPT cooling model, the values corresponding to the advanced set of cooling
technology factors in [42] were considered, with the exception of the second-stage rotor,
for which no film cooling was assumed. The combustion pattern factors were set to 0.1
and 0.05 for the first-stage stator and rotor, respectively, and to 0 for the second stage. No
reduction to cooling air temperature due to pre-swirling was considered. The stage effi-
ciency cooling correction factors were set to 0.1 and 0.2 for the stators and rotors, respec-
tively. In order to set the HPT cooling flows at RTO conditions, the design blade metal
temperature for the HPT stator rows was set to 1320 K, and for rotor rows, to 1220 K.

To establish the high and low-pressure spool rotational speeds, the corresponding
turbine blade stress parameters AN? were set to 30 (at RTO) and 35 (at ToC) 10¢m2-rpm?.
The gearbox ratio was then determined from the fan rotational speed, which was set ac-
cording to a correlation of corrected fan blade tip speed with FPR from [41].

3.3. Mission Details

In order to assess the fuel-burn benefits of the advanced UBGF propulsion concept
in relation to past and current technology engines, a contemporary aircraft application
was considered. Specifically, the aircraft mission was based on an A320 flight between
Athens and Berlin (ATH-BER), for which detailed mission data were available to the
authors [43]. The variation of ALT and MN with time is presented in Figure 4. The flight
distance was 1804 km (974.1 nm), and the flight duration was 2.48 h. A payload of 14,250
kg was assumed (corresponding to 150 passengers), while the fuel reserve was set to 15%
of the total fuel load.
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Figure 4. Variation of MN and ALT with time for the ATH-BER mission.

3.4. Optimization Process

Regarding the optimization strategy, two different algorithms were tested for
searching the design space; the adaptive simulated annealing (ASA) technique [44] and
the in-house evolution algorithm EASY [45]. Independent of which algorithm was used,
re-initializations from different corners of the design space were performed. Once a
global optimum was established, a downhill simplex [46] algorithm was applied to fur-
ther refine the search around it. Finally, a design of experiments was performed to visu-
alize the space around the optimum design point.

The results of any optimization or design space exploration studies are highly de-
pendent on the constraints imposed. In the current study, the main technological limits
are summarized in Table 2. Upper limits were placed on both CDT and TET at RTO
conditions where the maximum values of these parameters occurred. These acted mainly
as surrogates to lifing calculations and to control cooling-air requirements. A lower limit
was placed on the last-stage blade height of the HPC to avoid performance losses asso-
ciated with very small cores. According to [47], the upper limit for a single stage gearbox
is 4.5, and this was used here. Finally, the maximum diameter of the fan was limited to
2.5 m, to minimize integration issues.

Table 2. Optimization constraints.

Limit Value

Parameter Unit Upper Lower
RTO compressor discharge temperature (CDT) K 950
RTO turbine entry temperature (TET) K 1850
HPC last stage blade height (LSBH) mm 13.5
Gearbox ratio - 4.5
Fan diameter m 2.5

3.5. Optimization Results

The main results of an optimization calculation for minimum FB (single-objective)
are presented in Table 3. An ultra-high BPR value of 18.3 was obtained at ToC conditions.
OPR at ToC reached the maximum value (50.3) that can be attained without violating the
RTO CDT constraint of 950K. The optimum value of FPR (at ToC) was found to be 1.3,
requiring the VAN to open by almost 13% at RTO compared to the ToC area, in order to
keep the fan operating on its unique line. The combination of sEN (78.3 m/s), fan inlet
MN (0.6) and fan hub-to-tip ratio (0.32) resulted in a fan tip diameter of 2.4 m and a
propulsive efficiency of 83.5%. The efficient, high-rotational-speed LPC led the optimizer
to a high work split (0.371), with an LPC pressure ratio (PR) of 3.6 and an HPC PR of 11.9,
at ToC. This pressure ratio split lies between those typically found in conventional
two-spool and three-spool configurations, as also suggested by Epstein [48]. The choices
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of AN? values and fan corrected tip speed led to a gearbox ratio of almost 4.2, while to
maintain RTO turbine blade metal temperatures at the imposed value, 10.7% of the
compressor discharge flow (WcQW3) must be extracted for HPT cooling. The high fan
polytropic efficiency (95.7%) and LPT isentropic efficiency (93.3%) resulted in a high
transfer efficiency (86.7%) and a specific fuel consumption (SFC) of 13.4 g/(kN-s) at MCR.
TET at RTO was close to the level of current-technology engines (1795 K). As discussed
by Cumpsty [39], the high thrust lapse rate of ultra-high bypass ratio engines leads to
higher pressure ratios and temperatures (and hence thermal efficiency, but also NOx
emissions) at cruise and climb, and reduced turbine-entry temperatures (TET) at take-off
(derated engine). Becker et al. [18] stated that this may be beneficial to hot end compo-
nent lifing in terms of thermal fatigue, but could increase HPT creep, so hot section life
and maintenance requirements must be carefully assessed, especially for short-range
aircraft applications, which typically operate at high-power conditions for a large part of
their operational life. Alternatively, as suggested by Ivey [49], the excess power available
at take-off can be used to reduce take-off distances, allow for steeper climb rates or enable
the engine to be installed on a larger aircraft. LTO NOx emissions, expressed as mass of
NOx (Dy) over rated thrust at SLS (Foo), were 6.2 g/kN, which is 90% of the CAEP-8 limit
[50].

FB for the optimum UBGF engine design was found to be 5019 kg, which is 12.9%
lower than the FB obtained (5759 kg) if the same mission was simulated using a cur-
rent-technology engine (e.g., similar to a geared turbofan engine of EIS-2016). Using the
EIS-2000 engine model (similar to IAE’s V2500) reported in [43] and performing the same
mission again, an FB value of 6709 kg was obtained. This was a 25.2% reduction, a value
consistent with that reported in [32]. The UBGF FB benefit over the EIS-2000 and EIS-2016
engines was due to its lower SFC, as shown in Figure 5, in which the SFC-FN variation at
SLS conditions for all three engines is presented. Also included in the figure are the data
available in the ICAO emission databank [51] for two existing engines that serve to
demonstrate the quality of the produced engine performance models (< 0.2% difference
for both engines, except for the idle performance of the EIS-2000, which was 3.5%).

Finally, Figure 6 shows the resulting main gas flowpath. The pod engine weight was
estimated to be 3244 kg, while the LSBH was 14.3 mm.
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Figure 5. EIS-2000, EIS-2016 and UBGF SFC-EN variations at SLS.
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Table 3. Optimization results.

or Parameter Units Value
OPR - 50.3
BPR - 18.3
FPR - 1.30
ToC LPCPR - 3.58
HPC PR - 11.88
nPR - 0.371
sFN m/s 78.3
Fan polytropic efficiency - 0.957
LPC polytropic efficiency - 0.906
HPC polytropic efficiency - 0.903
HPT isentropic efficiency - 0.917
MCR LPT isentropic efficiency - 0.933
SFC g/(kN-s) 13.431
Propulsive efficiency - 0.835
Core efficiency - 0.552
Transfer efficiency - 0.867
CDT K 950.0
TET K 1795.2
RTO Change in VAN % 12.95
WcQW3 % 10.7
Gear ratio - 4.2
Fan diameter m 2.40
N/A Engine weight kg 3244
HPC LSBH mm 14.3
Dp/Foo g/kN 6.16
Fuel burn kg 5019.2
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Figure 6. Main gas flowpath for the optimum engine design.

The design space around the optimal solution was investigated through a DoE
study. The optimal Latin hypercube sampling method [52] was used to verify the location
of the optimal design in the range of + 5% around it, for all five cycle design variables.
Figure 7 shows a contour plot of FB with design variables OPR and BPR at ToC (as %
change from the corresponding optimum value) in which the minimum value of FB oc-
curs at a higher value of OPR compared to the established optimum one. Overlaying the
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CDT isolines (dashed lines) on the plot confirmed that the location of the optimum was
established by the imposed CDT limit at RTO (950 K). Figure 8 exemplifies the strong
correlation between AFPR and AsFN (~one to one), with the FB optimum values occur-
ring at the point at which the trends of propulsive and transfer efficiency, engine weight
and nacelle drag balanced out.

BlockFuel: 5019 5023 5027 5031

N
LB L e L

% Change in OPR
o

4 2 0 2 4
%Change in BPR

Figure 7. FB Contour plot with OPR and BPR at ToC and CDT isolines (dashed lines) at MCR.

BN |

BlockFuel: 5030 5060 5090 $120

% Change in sFN

% Change in FPR

Figure 8. FB contour plot with FPR and sFN at ToC and isolines of transfer (dashed-dotted lines)
and propulsive (dashed lines) efficiency at MCR.

3.6. Mission Range Analysis

Having established an optimum UBGF engine design for a specific mission, four
additional missions were simulated with the ATH-BER mission-optimized UBGF engine
and the conventional EIS-2000 [43] and EIS-2016 (Figure 3) engines. The missions exam-
ined included very short range (e.g., Paris (CDG) to Toulouse (TLS) of 605 km), average
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short range (e.g., London (LGW) to Barcelona (BCN) of 1109 km), long range (e.g., New
York (JEK) to Los Angeles (LAX) of 3983 km) and very long range distances (e.g.,
Frankfurt (FRA) to Atlanta (ATL) of 7426 km). For all missions, the A320 aircraft data
were used and assumed the same payload (14,250 kg) and reserve fuel (15%) as for the
ATH-BER mission. The changes in aircraft weight and drag due to different engines
were accounted for as described in the Methodology section. Figure 9 demonstrates that
FB savings of over 25% were obtained for all four missions when using the ATH-
BER-optimized UBGF engine instead of the EIS-2000 one. Compared to the EIS-2016 en-
gine, there was a dependence on mission distance, with FB benefits varying from 13.9%
for the very short range to 11.5% for the very long range. Similarly, the FB benefits of using
the EIS-2016 over the EIS-2000 engine depended on distance, and varied from 14% for the
very short range to 16% for very long distances. These numbers were consistent with ob-
servations from the industry regarding the benefits of current-technology engines [53].

LGW-BCN ATH-BER JFK-LAX FRA-ATL

0%

-5%

-10%

o -11.5%
-13.3% 1-12.9% -12.3%

-15%

Fuel Burn Saving

-20%

-25%

-25.2% -25.4%

26.1% -25.8% -25.9%

-30% O UBGEF relative to EIS2000 2z UBGF relative to EIS2016
Figure 9. FB savings when using the optimized UBGF engine relative to the conventional EIS-2000
and EIS-2016 engines.

Starting with the ATH-BER mission-optimized UBGF engine design, an optimiza-
tion was performed for each of the other four missions separately in order to establish if
further FB benefits were possible. The results showed that only a small improvement was
possible for the very short range (—0.17%) and very long range (—0.24%) missions. In the
former case, this was achieved via increasing BPR by more than 4% through making the
core smaller and lighter (—40 kg) but also hotter (+30 K in RTO TET), resulting in higher
LTO NOx emissions (+0.4 g/kN). On the other hand, the long range mission benefited
from a 3.5% reduction in sFN that led to a larger (+5 cm in fan diameter) and heavier
(+165 kg) engine, but with improved propulsive efficiency (+1.2%) and cruise SFC
(-0.22%), and lower LTO NOx emissions (-0.9 g/kN). Since optimizing the engine for
each mission separately did not produce any significant FB benefit, a multi-objective op-
timization (MOO) was performed next, in which the target was to simultaneously mini-
mize FB for the very short range and the long range cases. A set of non-dominated solu-
tions (Pareto Front) was obtained (7 points) in which all solutions were achieved by re-
ducing FPR and sFN and increasing BPR. Using the engine designs corresponding to
each point in the Pareto Front, all five missions were simulated. Compared to the ATH-
BER mission-optimized engine design, there were small (< 0.1%) FB savings for the two
missions for which the MOO was carried out, but an increase in FB for the other three
missions.

Based on the assumptions and simplifications in the implemented models, the im-
posed performance specifications and technology limits, and without considering ex-
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plicitly the influence of other important disciplines in the engine-design process (e.g.,
lifing, costs, noise), the above analyses indicate that for an aircraft operating over a wide
range of distances, it is sufficient to optimize engine performance for minimum FB con-
sidering only a single, average-distance mission.

3.7. Transient-Performance Assessment

For the bypass stream, a VAN was used to avoid fan stability issues at low flight
speeds when the nozzle unchoked and the fan operating line was displaced to reduced
mass flows and closer to the surge line. The VAN moved the operating line away from
surge, while the fan map (and surge line) was not affected. Specifically, at low flight
speeds, the fan nozzle throat area increased to allow more airflow to pass through it, thus
moving the fan operating point to higher flow capacities. In addition to extending the
fan’s stable operating range, the VAN also provided an additional degree of freedom for
engine optimization, at the expense of added weight, mechanical complexity and
maintenance cost. Thus a VAN schedule is required that produces a larger area at
take-off to provide additional surge margin and a smaller area at cruise for improved
performance. The approach proposed in [54] was implemented, where the VAN area was
designed to keep the fan map operating line close to maximum efficiency during
steady-state operation. Nfc was used as the scheduling parameter, representing the
power level. Figure 10 shows the variation of dA (change in nozzle area) with Nf. relative
to design for different values of MN (i.e., the VAN schedule).
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Figure 10. UBGF VAN schedule.

In addition to the VAN schedule calculation, the control design FMU module per-
formed automatic linearization of the engine model, calculated the gains of the setpoint
and acceleration PI controllers and established an acceleration limiter schedule. The
quality of the linearization process (< 1% difference) was confirmed by comparing the
output variables from a piecewise linear dynamic model (PLDM) with the corresponding
nonlinear models, for a square cycle (30 < PLA < 80) at SLS conditions. The PLDM was
constructed by connecting together the linear models at each operating point, based on
the methodology described in [55].

The gain scheduling procedure generated the required 2D tables of the setpoint pa-
rameters EPR and Nfc and the gains (Kp, Ki and IWG) of the setpoint (EPR, Nfc) and ac-
celeration (CDT) PI controllers in terms of MN and PLA. The importance of gain sched-
uling is demonstrated in Figure 11, which presents the variation of Kp and Ki gains of the
Nfe PI controller. Finally, the acceleration schedule was established to keep the operating
line on the HPC within a specified surge margin limit. A low limit of 8% was selected in
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this study due to the significant mismatch between the fan’s low-pressure (> 300 kg-m?)
and high-pressure spool inertias (< 5 kg-m?).

2.5
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0
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Figure 11. Kp and Ki gains of the Nfc setpoint controller.

For this engine model and control system, a 30 s square cycle simulation was per-
formed at SLS conditions (initially not considering VAN dynamics), which included both
the FAA certification acceleration maneuver and a corresponding deceleration part.
During this maneuver, both the acceleration and the deceleration limiters were active
during parts of the corresponding phases of the transient simulation. Hence, the actual
EPR (setpoint control for this simulation) did not follow the commanded value (Figure
12a). More specifically, from the start of the acceleration phase, CDT followed the accel-
eration limiter schedule (Figure 12b) in order to keep the HPC surge margin above the
minimum value of 8% (Figure 12c). This caused a slower thrust response (Figure 12d),
and as a result, the current engine design does not meet the FAA 5 s rule, albeit by a small
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Figure 12. Square cycle simulation results: (a) EPR and command; (b) CDT and limit; (c) operating
line on HPC map; (d) net thrust variation.
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The implementation of a VAN system for this kind of engine is still under research,
because the conventional approach of electrical and hydraulic systems is not a feasible
solution for civil aviation due to high complexity and weight. A proposed solution is the
adoption of shape-memory alloys, whose shape is temperature-dependent. This ability of
the alloy is used to control the mechanical system that regulates the movement of a slid-
ing ring that controls the nozzle area pedals [10]. However, an issue that has arisen is the
slow response of this system, which can take 9.8 s from nominal to full stroke displace-
ment and 25 s to again reach the initial state; this system is still under development. To
simulate VAN dynamics, a first-order lag approach was used. Based on a settling time of
9.8 5, the time constant used in the relevant actuator component was 2.45 s. Simulating an
abrupt square cycle as before, but including VAN dynamics through a first-order lag,
delayed the opening and closing of the nozzle, as depicted in Figure 13. As a conse-
quence, there was a slower thrust response during the transient phases, with a net dif-
ference in FN in the order of 1%. The lag also affected the fan operating line by causing a
drop in the surge margin during acceleration, since the nozzle area did not open ac-
cording to the design schedule in order to reduce the pressure ratio.
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Figure 13. Change in VAN response with VAN dynamics.

4. Summary and Conclusions

To quickly and accurately evaluate alternative aero-engine designs, appropriate
preliminary design tools are necessary that are capable of capturing the effects of new
technologies on engine performance and assess their feasibility in a multi-disciplinary
and multi-point operational context.

The framework presented in this paper enables the capability to explore the design
space and optimize the performance of virtually any future propulsion concept. Its ro-
bustness, flexibility, modularity and extendibility, along with the use of an established
state-of-the-art simulation environment, guarantee its long-term applicability. Thus, the
developed tool is an ideal platform for collaborative work on assessing innovative engine
configurations and can be used by different stakeholders in the aeronautical industry,
including aircraft and engine manufacturers, research centers, academia and even gov-
ernments, for setting up environmental policies or prioritizing research.

The framework developed was used to optimize the design of an ultra-high bypass
ratio geared turbofan configuration with a variable-area nozzle, for short/medium-range
applications and an EIS-2030. The objective was to minimize the amount of fuel burn, an
objective that led to both minimum CO: production and fuel costs. Optimizations were
performed for representative civil aircraft missions (range from 600 to 7500 km). Based
on the technology-level assumptions made and the constraints imposed in the design,
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References

fuel-burn reduction (and therefore CO: emissions) in excess of 12% are anticipated,
compared to conventional EIS-2016 engines, due to the improvement in engine efficiency.

Our study showed that single- or multi-objective optimization at different mission
distances did not lead to designs that bring significant further FB benefits compared to
the engine design optimized over an average distance mission.

For this optimum design, a control system was designed that consisted of pow-
er-management and protection-logic parts. A square cycle simulation was then per-
formed to test compliance with regulations and to assess the effects of VAN dynamics.
The results stressed the importance of evaluating transient performance as early in the
engine development phase as possible to avoid costly redesigns later, since, as demon-
strated herein, an optimum design in terms of fuel burn may not meet engine-response
requirements.

The value of the results obtained from the procedure described here would increase
if the underlying calculations are more accurately performed. For example, using a
physics-based approach for weight calculation, enhancing the coupling of aerodynamic
and performance disciplines through turbomachinery map generation (instead of using
generic ones), including additional operational points in the design calculations (e.g.,
idle), considering additional dynamic effects in transient performance and integrating
dynamic system analysis in the overall optimization scheme could be beneficial. The
authors’ group is working toward incorporating such improvements.
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