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An aircraft is a complex system of systems. The engine, as a subsystem, strongly influences
the design of other subsystems in a complex interplay by its performance characteristics,
dimensions and mass. The ability to reliably model the overall aircraft and to find optimal
designs within a short period of time is critical in the conceptual design phase to provide
the basis for sound decision making. However, this is difficult to achieve since simplified
engine models may lead to unreasonable results and more sophisticated models usually require
the consultation of a propulsion expert. Therefore, a hybrid surrogate-based rubber engine
approach is demonstrated that facilitates the exchange of disciplinary knowledge and enables
the convenient integration of detailed engine models into multidisciplinary processes for overall
aircraft design. A rubberized generic geared turbofan with an entry into service in 2035 is
created to equip a long-haul, wide-body aircraft with different suitably sized engines from a
multidimensional design space. In order to generate the training data for the surrogate-based
rubber engine model, a multidisciplinary process for conceptual engine design is employed,
which combines a multi point thermodynamic cycle analysis with flow path sizing, a basic
aerodynamic analysis of turbomachinery, mass estimation on the level of single engine parts
and a model to predict engine emissions. With the rubber engine model integrated into the
aircraft design process, the off-design performance of individual engines is provided on-demand
via tabulated maps, which are calculated in-the-loop. For a long-haul aircraft configuration,
a bypass ratio of 14 is identified as optimal in terms of mission fuel considering snow ball
effects. For growing bypass ratios, the thrust lapse increases leading to higher combustor inlet
temperature and pressure at cruise operation. As a result, nitrogen oxide emissions increase
with BPR for an assumed rich-burn quick-quench lean-burn (RQL) combustor and counteract
savings in carbon dioxide and water emissions leading to minimum climate impact for a bypass
ratio of 11. The minimum direct operating costs are realized for a bypass ratio of 12.

I. Nomenclature

ATR = average temperature response

BPR = bypass ratio

CPACS = common parametric aircraft configuration scheme
CR = cruise

DLRp2 = DLR performance program

DOC = direct operating costs

ATis4 = deviation from outer air temperature
EI = emission index

EIS = entry into service

EOF = end of field

FAR = fuel-to-air ratio

FL = flight level

GTlab = gas turbine laboratory
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LoD = lift-to-drag ratio

MCL = maximum climb

MDAO = multidisciplinary design analysis and optimization
MTO = maximum take-off

MTOM = maximum take-off mass

NOx = nitrogen oxides

nvPM = non-volatile particulate matter
OAD = overall aircraft design

OEM = operating empty mass

OPR = overall pressure ratio

RCE = remote component environment
RQL = rich-burn quick-quench lean-burn

SLS = sea level static

TLARs = top-level aircraft requirements

TOC = top of climb

TSFC = thrust specific fuel consumption

T3 = outlet temperature of high pressure compressor
Ty = combustor outlet temperature

T4 = stator outlet temperature of high pressure turbine
VGVs = variable inlet guide vanes

2ndSeg = second segment

II. Introduction

A. Motivation

The isolated design of a propulsion system or an airframe requires a highly complex, multidisciplinary and
collaborative process. Bringing both together increases the complexity of a design challenge even further. Regardless
whether the main interest lies on the propulsion system or the airframe, knowledge in the other field is of major
importance in order to yield an optimal aircraft design in terms of overall system performance. For conceptual aircraft
design, it is essential to reliably model the entire aircraft while being capable of exploring a large design space in a short
period of time to identify potential design limits and improve decision making. However, this is difficult to achieve
since simplified engine models or the unexperienced use of design tools may lead to unreasonable results and more
sophisticated models usually require the consultation of a propulsion expert. In addition, it is a challenging task to find
an optimally designed propulsion system. Not only the thrust requirements have to be met during all flight regimes
without exceeding thermal and mechanical limits but also geometrical constraints regarding the installation of the
propulsion system have to be considered. Furthermore, the dimensions, mass and fuel consumption of the propulsion
system affect e.g. the drag, required lift and structural design of the overall aircraft as well as the fuel mass required for
a flight mission. Changing airframe specifications in turn impact the engine thrust requirements and may affect the
selection of the thermodynamic cycle which finally leads to a highly coupled design process. Typically, the knowledge
for aircraft design on a conceptual level, including engine design, is distributed among various aircraft and engine
manufacturers or research institutions. In order to find the optimal design, the exchange of disciplinary knowledge is
necessary but difficult to achieve due to the variety of heterogeneous stakeholders. Therefore, innovative approaches are
needed to integrate detailed disciplinary knowledge with respect to propulsion into processes for overall aircraft design
(OAD).

B. State of the Art

Different concepts exist in the literature to integrate conceptual engine design into OAD. Here, these concepts are
classified into the categories: ’scaling-based’, ’direct-integration’ and ’surrogate-based’. The ’scaling-based’ concepts
use a fixed characteristic of a reference engine, e.g. a tabulated engine performance map, that is altered during aircraft
design by applying simple scaling or correction laws. Representative examples for this category can be found in [1H8]].
The model validity decreases due to scaling or correction. In addition, the used reference was designed for a specific set
of requirements and has a certain thermodynamic cycle. Changing thermodynamic cycle parameters is not possible



with a ’scaling-based’ approach.

The approaches grouped into the category ’direct-integration’ couple many disciplinary tools directly by organizing
them in a multidisciplinary workflow and linking in- and outputs. Representative references for ’direct-integration’
strategies are [9-15]. Multidisciplinary processes for the overall system, composed of individual process chains for
the detailed design of all subsystems, offer the advantage of high flexibility and reusability. However, these processes
are complex, computationally expensive and require comprehensive knowledge and experience at usage in order to
avoid mistakes and errors. Furthermore, the provision of subsystem process chains requires sharing of all involved tools
which is usually not possible due to intellectual property concerns of single stakeholders. Also system portability may
be a challenge.

The concepts of the ’surrogate-based’ category separate the phases engine design and engine selection: in a
pre-processing step various engine designs are generated to populate a predefined design space that is spanned by engine
requirements and major design parameters. Based on this data, surrogate models are fitted and integrated into the OAD
process as a substitute of the sub-process for engine design. The surrogate-based engine representation enables the
selection of different suitably sized engine designs. For example, Lammen et al. [16] presented a surrogate-based rubber
engine model that allows the selection of different thermodynamic cycles and provides off-design performance for single
predefined operating points. Seitz et al. [17] created a purely surrogate-based rubber engine model that can provide
the continuous operational performance over the flight envelope for each engine individually. HaBy et al. [18]], author
of this paper, presented a concept for a hybrid surrogate-based approach that combines aspects of ’direct-integration’
with a ’surrogate-based’ concept. This hybrid concept uses surrogate models to store design information for a range
of different engine designs. When a specific design is selected, the corresponding information is transferred to an
embedded tool for thermodynamic cycle analysis that enables the calculation of off-design performance on demand.
Recently, Di Stasio et al. [19] published an approach that uses surrogate models to predict engine performance at single
predefined operating conditions to subsequently scale a reference engine map.

C. Objectives and Research Questions

The purpose of this publication is to present the application of the hybrid surrogate-based rubber engine approach
that was proposed by HaBy et al. in [[18]. Therefore, a rubberized generic geared turbofan with an entry into service in
2035 is integrated into a collaborative workflow for OAD to equip a long-haul, wide-body aircraft with different suitably
sized engines from a multidimensional design space. With this work, the following research questions are addressed:

1) How can comprehensive disciplinary expertise be conveniently integrated into a multidisciplinary workflow for
OAD in order to find the optimal propulsion system?

2) What is the optimal bypass ratio (BPR) in terms of mission fuel burn for a geared turbofan powering a long-haul,
wide-body aircraft with entry into service (EIS) in 2035? How do the counteracting trends of thrust specific fuel
consumption and parasitic aerodynamic losses due to larger dimensions and additional mass evolve with the
BPR?

3) How does the selection of the BPR affects the emission of nitrogen oxides (NOx) and non-volatile particulate
matter (nvPM) respectively soot? Which BPR is optimal in terms of climate impact?

4) How does the BPR influence direct operating costs (DOC)?

II1. Methodology

A. Rubber Engine Concept

A hybrid surrogate-based rubber engine approach is employed according to the description in [18] and as depicted
in Fig. [I] The model is created in a pre-processing step, separating engine design and engine selection. During the
model creation phase, different engine designs are generated to populate a predefined design space using a certain
sampling strategy. The multi-dimensional design space is spanned by requirements arising from OAD, e.g. the thrust
demand at sizing operating conditions, and by important engine design parameters, e.g. the bypass ratio. Therefore, a
multidisciplinary engine design process is required that provides information on e.g. thermodynamics, geometry, mass
and center of gravity. Based on the generated sample set, surrogate models are trained to predict the characteristic
engine parameters. In the application phase, the rubber engine model enables the selection of a specific engine from the
covered continuous design space for a given set of input parameter values. The surrogate models are then evaluated
with these input values. The outputs of the surrogate models are grouped into two categories: The first category



comprises engine parameters that are constant for a specific engine design and are independent of the operating state of
the engine, e.g. dimensions, mass, center of gravity. When an engine is selected, the rubber engine model provides
these parameters directly after surrogate model evaluation at the model interface (cf. Fig. [T). The second category
includes a set of thermodynamic design parameters that uniquely define each engine and its operational limits for
different ratings, e.g. bypass ratio, pressure ratios, efficiencies, maximum temperatures. Parameters of the second
category are internally transferred after surrogate evaluation to initialize an embedded tool for thermodynamic cycle
analysis. With this tool the off-design performance of the selected engine is calculated on-demand during application
in OAD. Not only the performance of single operating points given by a set of flight conditions and a power setting
can be calculated in-the-loop but also engine performance maps considering different ratings and the corresponding
thermal and mechanical limits as well as power and bleed off-takes. The thermodynamic data is internally passed to an
embedded model for emission calculation which provides engine emissions corresponding to engine performance at the
rubber engine model interface.
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Fig. 1 Hybrid surrogate-based rubber engine model concept.

Applied in the OAD context, the rubberized engine enables the consideration of detailed interactions between the
airframe and propulsion unit based on sophisticated, approved models. To achieve this, the complexity of the OAD
process is not drastically increased due to the encapsulation of engine design in a preprocessing step. The hybrid
surrogate-based approach is suitable whether the propulsion system architecture is a conventional turbofan engine or is
based on a disruptive concept. A high degree of standardization and reusability can be achieved by using an abstract
interface of the rubber engine model and a common language for data exchange. Thereby, the design of overall systems
is accelerated and optimal design decisions are enabled based on fast and standardized transfer of complex knowledge
without sharing complex process chains.

B. Engine Design Process

The hybrid surrogate-based rubber engine concept will be demonstrated for a generic unmixed geared turbofan
engine with EIS = 2035. In order to generate the training data for the surrogate-based rubber engine model, an iterative
process for conceptual design is set up using the virtual propulsion framework GTlab (Gas Turbine Laboratory) [20-22].
The multidisciplinary design process combines a multi point thermodynamic cycle analysis with a knowledge-based
method for flow path sizing [23]], a basic aerodynamic analysis of turbo machinery [24]], mass estimation on the level
of single engine parts [23] and a model for the prediction of engine emissions. The dependencies between different
disciplines in the conceptual engine design process are depicted by means of a flow chart in Fig. [2]

All disciplinary models are initialized based on the characteristics of a reference engine. For this paper, the reference
is a generic unmixed geared turbofan model similar to the Pratt & Whitney PW1100G with EIS = 2016. The conceptual
engine design process is calibrated using publicly available data of the existing engine [25427] and then the reference
model is scaled up to reach the targeted thrust category of a long-haul aircraft configuration. In order to account for
technological improvements for an entry into service in the year 2035, assumptions are introduced, e.g. for temperature
limits, fan flow capacity, cooling air demand and turbo machinery efficiencies. In the following, the respective models
and assumptions are briefly described.
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Engine performance is calculated with the program DLRp2 (DLR Performance Program), which is part of the
GTlab framework. The schematic of the used engine performance model is shown in figure[3] The thermodynamic
model considers relevant sizing operating points in a multi design point approach. In the high-speed regime, cruise
(CR) and top of climb (TOC) are taken into account. For low-speed operation, maximum take-off (MTO) at sea level
static (SLS) as well as end of field (EOF) and second segment (2ndSeg) with one engine inoperative are considered.
Design laws are implemented to ensure feasible engine cycles that comply with requirements and the thermodynamic
cycle is iteratively adjusted until the assumed technological limits are met. Exemplary thermodynamic cycle data is

disk load acceptable?

Mass Estimation

Fig. 2 Flow chart of the engine conceptual design process.

given in table[I] for BPR = 14.

* The overall pressure ratio is adjusted until the maximum outlet temperature of the compressor section reaches
T5 = 1000 K. Depending on the thrust requirements, this limit is reached either for MTO-SLS, EOF or 2ndSeg.
Additionally, the blade height of the last compressor stage is required to be at least 13 mm. However, the blade
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Fig.3 Schematic of the engine performance model.

height limit is not critical for the herein considered thrust category.

* The fuel-to-air ratio is adjusted to reach a stator outlet temperature of the first high-pressure turbine stage (741)
either at TOC with Ty; = 1725 K (MCL Rating) or at a low-speed operating condition with 74; = 2050 K (MTO

Rating) depending on which case is more critical.

* The cooling air demand for high-pressure turbine stages is modelled according to a correlation of Grieb [28].
The relative cooling air demand relates the mass flow of cooling air to the inlet mass flow into the stage and is
modelled as a function of the cooling air temperature and the stator outlet temperature. For EIS = 2035, it is
assumed that shell and spar stator blades using ceramic matrix composites [29] reduce the relative cooling air

demand for the first and second stage by 5 and 2 %-points, respectively.




The maximum flow capacity of the fan is set to 218 [kg/s/m?] and is either reached at TOC, EOF or 2ndSeg. The
specification of flow capacity defines the Mach number at the fan inlet plane.

The fan pressure ratio is adjusted to reach the ideal nozzle velocity ratio of an unmixed turbofan engine, which
equals the transmission efficiency. Meeting this conditions ensures an optimal thrust split between the bypass and
core nozzle.

The pressure loss in the bypass duct is modelled as a function of the duct inlet Mach number. The used correlation
was deduced from CFD analysis of a representative geometry for a high-bypass engine.

Design values for turbo component efficiencies at cruise are set based on a simplified aerodynamic analysis and
a semi-empirical correlation for turbomachinery (cf. [[ILB). Off-design efficiencies are predicted by means of
generic component maps.To account for varying inlet conditions in dependence on the flight altitude, a correction
is applied based on the Reynolds number index.

Table 1 Thermodynamic cycle data for BPR = 14.

Parameter Unit Cruise  Top of Climb  Max. Take-off ~ End Of Field  2nd Segment
Flight Mach Number [-] 0.83 0.81 0.00 0.24 0.24
Flight Altitude [m] 10924 10058 0 11 122
ATrsaA [K] 0 10 15 15 15
Thrust [kN] 454 56.6 314.1 225.7 243.5
Fan Inlet Mach Number [-] 0.66 0.68 0.58 0.58 0.61
Fan Pressure Ratio [-] 1.38 1.40 1.39 1.37 1.40
BPR [-] 14.00 13.18 13.09 13.56 13.27
OPR [-] 52.7 57.4 514 494 53.0
T3 K] 829 901 984 981 1000
Tu K] 1597 1725 1910 1897 1942
TSFC [g/kNs] 14.41 14.91 6.62 9.12 9.16
Flow Path Sizing

A knowledge-based approach for flow path sizing as described by HiBy et al. [23] is applied to establish the
engine geometry. Dimensionless characteristic information on single turbo components are extracted from the general
arrangement of the PW1100G published in [27]. These geometrical characteristics are used in combination with
the calculated thermodynamic cycle data to predict the geometry of single turbo components. Then, the component
geometries are arranged to form the overall engine flow path and spool speeds are determined. The flow path for
BPR = 14 is exemplary shown in figure 4]

The Mach numbers at the inlet and outlet of each turbo component are held constant for cruise operation. By
specifying Mach numbers, the flow areas can be calculated for a given mass flow and thermodynamic fluid state.
The radial location of components is calculated based on constant hub-to-tip or mean-line radius ratios.

The blade geometry is established with constant aspect ratios, taper ratios and relative gaps as well as the extracted
mean-line and annulus height characteristic of the reference.

The number of compressor stages is selected to keep the aerodynamic loading limited. The high- and low-pressure
turbines are assumed to have two and four stages, respectively. Less stages for the low-pressure turbine would be
possible with respect to aerodynamic loading but will degrade efficiency to an unacceptable degree for high BPRs.
The length of the nacelle is set by the core engine since the relative location of the bypass nozzle with respect to
the low-pressure turbine is maintained. The thickness of the nacelle is scaled with its length.

The rotational speed of the fan is determined by a correlation of Grieb [28]] that relates the reduced circumferential
tip speed to the fan pressure ratio. The rotational speed of the high- and low-pressure shafts is set to reach a
maximum allowed blade pull stress of the turbines. Then, the fan and low-pressure shaft speeds define the gear
ratio.



Fig. 4 Exemplary flow path for an engine with BPR = 14.

Basic Aerodynamic Analysis and Efficiency Correlation

Based on the geometrical model and thermodynamic cycle data, a basic aerodynamic analysis is conducted to
estimate velocity triangles and the corresponding stage flow and loading coefficients. Then polytropic design efficiencies
of turbo components at cruise operation are estimated by means of a correlation approach [24] and are updated in the
thermodynamic cycle model.

* The fan efficiency is modelled as a function of the fan pressure ratio and the fan face Mach number.

* For turbomachinery of the core engine, Smith charts are used to obtain a baseline efficiency in dependence on
inlet-outlet-averaged flow and loading coefficients. The applied compressor loss model accounts for the effect of
inlet Mach number.

* Varying inlet conditions are addressed by a correction based on the Reynolds number index.

* The effect of component size is considered by adding a correction term according to the corrected inlet mass flow.

* For turbines, the reduction of efficiency due to cooling air is taken into account.

* To account for technological component maturity, an efficiency delta based on the entry into service is added.

Mass Estimation

The dry bare engine mass is modelled on the level of parts with respect to the flow path geometry, thermodynamic
cycle data, selected material and spool speeds. Individual masses are estimated for blades, disks, connecting devices,
casings, shafts, frames and ducts as well as for the gearbox. The procedure is presented by HéaBy et al. [23]] and follows
the approach of Pera et al. [30] and Klees et al. [31]]. Compared to [23]], re-calibrated correlations for disks and frames
are applied, a model for the mass of variable inlet guide vanes (VGVs) is introduced, double casing structures are
accounted for and the shaft mass is calculated according to Bretscheider [32]. The nacelle, pylon, nozzles, thrust reverser,
anti-icing system and fuel supply to the engine interface are considered to be aircraft components and are modelled with
the tool openAD (cf. [ILC). A representative mass breakdown of the engine for BPR = 14 is presented in table 2]

* A composite casing and liner assembly is assumed for the fan. A light weight casing enables the implementation of
higher bypass ratios and larger fan diameters since additional mass is limited due to the low density of composite
materials.

* Also for the fan rotor and bypass stator blades composite materials are assumed. Aluminium is used for the fan
stator blades in the core section.

e Titanium is assumed for the booster. The high-pressure compressor stages with a maximum inlet temperature
below 680 K are made of Titanium and above this threshold Nickel-base alloy is used.

* The first four stages of the high-pressure compressor are equipped with variable inlet guide vanes and corresponding
devices for pitch control.

* Nickel-base alloy is assumed for the high- and low-pressure turbine. For the last stages of the low-pressure turbine,
titanium aluminide alloy is used when the maximum operating temperature is less than 1000 K.

* The high-pressure compressor and turbine are modelled with a double casing structure.

Emission Prediction

The emission index (EI) relates the emitted amount of a species to the amount of fuel burned. The emission index of
carbon dioxide (CO2) and water (H20) only depends on the composition of the fuel. The emission indicies for nitrogen
oxides (NOx) and non-volatile particulate matter (nvPM) respectively soot depend not only on the fuel properties
but also on the temperature and pressure during operation of the engine. In order to model EINOx and EInvPM, a



Table 2 Mass breakdown on component level and share of different parts for BPR = 14.

Total Share | Rotor Stator Disk  Connecting Casing Sealing VGV  Inlet Cone
Component [kg] [%] [%] [%] [%] [%] [%] [%] [%] [%]
Fan 1219 18.1 17.8 15.1 8.1 0.0 58.1 0.9
Fan Frame and ICD 1 255 3.8
Booster 384 5.7 9.2 29.0 24.9 6.5 30.5 0.0 0.0
Intermediate Frame and ICD 2 141 2.1
HPC 535 7.9 5.4 8.6 235 4.8 434 2.6 11.7
Combustor 95 1.4
HPT 297 44 6.1 7.8 37.4 2.0 38.4 8.4 0.0
ITD 17 0.3
LPT IGV Frame 34 0.5
LPT 903 13.4 10.5 24.5 26.3 3.7 26.6 8.4 0.0
TEC Duct and Frame 121 1.8
HP Shaft 28 0.4
LP Shaft 307 4.5
Gearbox 738 11.0
Accessories 765 114
Not Modelled 902 13.4
Bare Engine 6742 100.0

reference combustor characteristic is employed that was calibrated using certification data from the ICAO aircraft
engine emissions database [26]. The combustor Talon X Block-D of the PW1100G-JM [33]], which features a rich-burn
quick-quench lean-burn (RQL) combustor concept, is selected to calibrate the emission model. For this study, a constant
RQL-combustor technology is assumed and no redesign of the combustor is considered.

» Kerosene Jet A-1 with a fuel heating value of 43.25 MJ/kg is assumed. The corresponding emission indicies are
EIH20 = 1239 g/kg for water and EICO2 = 3156 g/kg for carbon dioxide.

* The p3-T3-method is applied for the prediction of EINOx [34]]. The available emission data for calibration is
extrapolated on a physical basis using the method presented by Stopler [35] to obtain a reference function that
covers a larger temperature range in terms of 73.

* The method according to Ddpelheuer [36] is applied to model EInvPM (soot) in terms of total particle mass. The
particle number is then modelled as a function of particle mass and diameter. The particle diameter is correlated
with T3.

C. Aircraft Design Process

A long-haul, wide-body aircraft is chosen as reference. The so-called D300-XRF1 reference aircraft designed by
DLR [37] enables a differentiated evaluation of new technologies by providing a high degree of consistency within the
aircraft design. The D300-XRF1 is designed for 300 passengers with a 3-class cabin layout resulting in a fuselage with
a length of 63.9 m. The ICAO aerodrome category E applies to the D300-XRF1 aircraft with a wingspan of 58 m and an
aspect ratio of 8.98 (cf. Fig. [5).

By forecasting evolutionary technological improvements for the expected market maturity EIS = 2035, the reference
aircraft is improved. It is assumed that mass reductions of 15 % in the wing structure, 10 % in the fuselage structure,
and 20 % in the empennage structure are achievable due to advances in manufacturing and assembly methods as well as
due to the extended use of composite materials. Additionally, an improvement of the aerodynamic performance by
additional winglets and further optimization of airfoils is assumed resulting in an average lift-to-drag ratio (LoD) close
to 20 at cruise operation.
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Fig. 5 Geometry of the reference aircraft D300-XRF1 [37].

The top-level aircraft requirements (TLARs) for the considered future aircraft are listed in Table 3] Two flight
missions with different range are analyzed: The design mission with a range of 5500 NM and a payload of 31.5t
consisting of 300 passengers with 105 kg each. The typical mission is the most flown mission according to [38] and
has a range of 4000 NM with a payload of 31.8 t. Both missions are flown with a Mach number of 0.83 at cruise. The
required initial cruise altitude for the design mission is specified with flight level (FL) 330. For the typical mission, the
most efficient initial cruise altitude is selected considering allowed flight levels.

Table 3 Top-Level Aircraft Requirements (TLARs)

Parameter Unit | Value
Technology Status Year | 2035
Design Mission Range NM | 5500
Typical Mission Range NM | 4000
Design Cruise Mach Number - 0.83
Service Ceiling ft 43000
Number of Passengers (3 Class Standard Layout) - 300
Design Mission Payload (105 kg/PAX) t 31.5
Typical Mission Payload t 31.8

The OAD process (cf. Fig. [6) is set up in the workflow-driven integration platform RCE (Remote Component
Environment) [39], which provides a framework for collaborative integration and combination of multiple tools. Within
this multidisciplinary design analysis and optimization (MDAO) process, the various sub-processes communicate
with each other via their inputs and outputs in the common language known as the "Common Parametric Aircraft
Configuration Schema" (CPACS) [40, 41]]. CPACS provides a data definition for the overall aircraft characteristics, i.e.
geometry, aerodynamics, propulsion, masses and performance, and supports the exchange of information between the
individual sub-processes. In the following, the OAD process used in this publication is briefly described and for more
details it is referred to Frohler et al. [37].
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Fig. 6 Conceptual overall aircraft design process.

To initialize the OAD process, the level-0 conceptual design tool openAD [42] is used, which produces an initial
geometry definition and an initial performance estimate of the aircraft based on the TLARs and design parameters.
Subsequently, level-1 disciplinary tools with higher fidelity are used to refine the initial openAD results. In the engine
design subprocess, the rubber engine model is integrated and provides the engine performance. In parallel, DLR’s
in-house tool Lifting-Line [43]] is used to calculate the aerodynamic polars for the entire flight envelope, which is based
on potential flow theory. In addition, handbook methods are used to approximate the viscous drag using (semi-)empirical
methods [44} 45]. The empennage is calibrated and sized based on the volume coefficient of the reference aircraft,
which is calculated using the empennage reference area and lever arm. While the size of the empennage is influenced
by the thrust and diameter of the engine, the expected changes are relatively small and the volume coefficient for the
VTPs is kept constant. The engine and aerodynamic performances are then transferred to the mission calculation of the
aircraft, which estimates the high-speed mission performance and energy consumption of a selected payload-range
combination [42]. For each block mission, an additional reserve mission with a range of 200 NM is calculated and
contingency fuel of 5 % is added. As a final step, the higher fidelity results are fed back into openAD as a synthesis to
obtain a consistent aircraft design. The post-processing in the context of this publication includes an assessment of the
climate impact according to [46] and an evaluation of the direct operating costs (DOC) according to [47].

D. Approach for Rubber Engine Integration

Model Creation

The covered design space for the demonstration case is spanned by two thrust requirements and the BPR at mid
cruise. The first thrust is specified for TOC conditions. The second thrust is given by the thrust ratio relating MTO-SLS
to TOC operation. The individual parameter ranges are given in Tab. 4] Specifying one absolute thrust and ratios for
other operating conditions has the advantage that all thrusts are automatically scaled when the total system size changes.
Thereby, unrealistic thrust combinations that will never be requested are avoided. The thrust at TOC and MTO are the
most relevant for engine sizing and affect the selection of the thermodynamic cycle since different technological limits
are hit at each condition. The thrust for the remaining operating conditions cruise, EOF and 2ndSeg are established by
assuming constant thrust ratios with respect to TOC respectively MTO-SLS.

For the creation of the hybrid surrogate-based rubber engine model, the conceptual engine design workflow (cf. Sec.
[IB) is used to generate the required training data. The parameter space is populated with engine designs using a
full-factorial sampling strategy with 5 equally distributed samples per dimension and 125 samples in total. For surrogate
modelling, the toolbox ’Surrogate Modeling for AeRo Data Toolbox in python’ (SMARTYy) [48150] is used. A cubic
radial-basis-function kernel with quadratic trend functions and without regression is selected to create the surrogates for
the rubber engine model.
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Table 4 Parameter space covered by the rubber engine model.

Parameter Unit Min. Max.
Thrust at TOC [kN] 50.0 70.0
Thrust Ratio MTO-SLS to TOC [-] 4.5 6.0

BPR at cruise [-] 8.0 18.0

For each combination of model inputs, the surrogates output all relevant parameters that uniquely define the
corresponding engine design. To define the thermodynamic cycle of a specific engine, a consistent parameter set is
provided comprising the engine mass flow, fan inlet Mach number, compressor pressure ratios, fuel-to-air-ratio, relative
cooling air demand, spool speeds, gear ratio, pressure loss in the bypass duct and turbomachinery efficiencies. Other
parameters of the engine performance model are not varied within the thermodynamic cycle design and remain constant.
In order to restrict the operational range of each engine, also limiting values for engine parameters are output of the
surrogates, e.g. rotational shaft speed, temperatures, pressures. Further outputs are the total dry engine mass, center of
gravity and fan tip radius, as well as the maximum radius, wetted area and length of the nacelle.

Calculation of Engine Performance Maps

After specifying input parameters for the rubber engine model, the internal surrogates are evaluated and the tool
for performance analysis is initialized according to the selected engine design. Then engine performance maps are
calculated and provided for the overall aircraft design process. For the map calculation, a flight envelope is defined (cf.
Fig. [7a) by maximum ceiling altitudes for low- and high-speed operation, a maximum flight Mach number and bounds
for the calibrated air speed to represent the structural and stall limits of the aircraft. The operating range inside the flight
envelope is discretized by specifying mandatory altitudes and mach numbers in combination with maximum allowed
step sizes. Mandatory values comprise typical flight levels and Mach numbers to minimize interpolation errors when
the map is applied. Therefore, the discretisation points are not necessarily distributed equally in the flight envelope (cf.
Fig. [7a)). For each discrete combination of Mach number and altitude, an operating line is calculated by varying the
engine power. The operating line is restricted by the idle rating at low and by a maximum rating at high power. The idle
rating is defined by minimum required values for the relative corrected fan speed and the pressure ratio of the core
nozzle. To limit the power to the top, the MCL rating for unlimited use and the MTO rating, which is time limited to 5
min, are considered. For both, maximum values for the relative corrected fan speed, absolute rotational speed of the
low-pressure shaft and the stator outlet temperature 74 are set according to the output of surrogate models.
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Fig. 7 Engine performance map calculated with the rubber engine model for BPR = 14.
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Exemplary, the maximum available thrust for the MCL rating is shown in figure [7b|for BPR = 14. For the MTO
rating, the thrust is flat rated with a kink point at a deviation from the outer air temperature (AT7s4) of 15 K. Two maps
are calculated: The first map contains the operating range between idle and MTO for the low speed envelope. The
second map provides the range between idle and MCL for the full flight envelope. In total, 15000 engine operating
points are calculated in less than 6 min on a modern personal computer using one core. The rubber engine model
does not slow down the used OAD workflow since another tool running in parallel requires more time for execution.
By changing the performance map resolution, the execution time of the rubber engine model can be adapted to the
individual needs of an OAD process.

Convergence Strategy

The overall aircraft design workflow implements a fixed point iteration approach in order to achieve convergence of
involved disciplines and tools on level 1 (cf. Fig. [6). The engine selection and performance map calculation is executed
in parallel to the aerodynamic analysis and subsequently the flight mission is calculated. The results of disciplinary
tools are fed back into the aircraft model and the convergence status is checked by comparing new values with previous
ones. The convergence criteria is that the changes in maximum take-off mass (MTOM), operating empty mass (OEM),
lift coefficient and drag coefficient at mid cruise are below a threshold of € < 107*. With respect to the engine model,
the history of requested thrusts at TOC is tracked. A thrust damping is activated when the relative change in thrust at
TOC exceeds 2 %. Then the new thrust value is calculated with a = 0.4 according to equation I}

X, . a

. previous

Xhew = Xnew ( ) (D
new

When the required initial flight level FLL330 is not reached for the design mission due to a lack of thrust, the
new thrust value is increased by applying a growth factor of 1.05. An exemplary residual plot is shown in figure
Convergence is usually reached after 5 to 10 iterations depending on the start values. One iteration requires ~ 12 min
and therefore, each aircraft configuration converges after one to two hours of execution.

mTOM

mZFM

mMLM

mOEM

mEM

h_midCr
Thrust_midCr
LoD_midCr
tsfc_midCr
cLMidCR
cDMIdCR
mFuelCR
INacelle

dFan

dNacelle
mGasTurbine
thrustDesignPoint
thrustlSAinstalled

Residual [-]
>
|

-5

1 2 3 4 5 6 7 8
Steps [-]

Fig. 8 Exemplary residual plot showing the convergence history.

IV. Results and Discussion
In order to demonstrate the hybrid surrogate-based rubber engine model approach, an overall aircraft design study
with focus on the propulsion system is performed. The demonstration case aims at identifying the optimal BPR in
terms of mission fuel burn considering snow ball effects. In particular, the conflict between size and mass of a geared
turbofan engine on the one hand and the selection of the BPR for increased efficiency on the other hand is addressed for
a long-haul wide-body aircraft with entry into service in 2035. In addition, it is presented how the selection of the BPR
affects NOx and nvPM emissions, climate impact and DOC. The results of the OAD workflow with an integrated rubber
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engine model are presented in the following sections and the key driving interactions between the airframe and engine
are discussed. For the typical mission, the flight altitude and Mach number are shown for three different bypass ratios at
mid cruise in figure[9] For all bypass ratios, the best initial cruise altitude is FL 330 and two step climbs are made in
the course of the mission. The ground distance where the step climb takes place increases with the bypass ratio. The
respective payload range diagrams are depicted in figure[T0] with marked design and typical missions.
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Fig. 9 Flight altitude and Mach number for different design bypass ratios at cruise for the typical mission.
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Fig. 10 Payload range diagram for different bypass ratios.

A. Overall Aircraft Parameters

The resulting trends of overall aircraft parameters for a variation of BPR at mid cruise are shown in figure[TT} All
parameter variations are presented relative to the configuration with BPR = 14.3. The maximum take-off mass, engine
and aircraft efficiency and the resulting block fuel for the typical flight mission are shown in figure[TTa] The thrust
specific fuel consumption (TSFC) of the engine and the lift-to-drag ratio (LoD) of the aircraft are averaged for the cruise
segment. With an increasing BPR, the engine accelerates a larger mass flow at a lower fan pressure ratio leading to
smaller nozzle velocities. The smaller difference between flight and jet velocities results in an improved propulsive
efficiency and thrust specific fuel consumption (TSFC). This positive effect is observable especially for small BPRs and
declines degressively (cf. Fig. [[Ta). The TSFC for the flight trajectories is shown in figure[T2a] A reduction of 4 % in
TSFC is achieved for the average cruise segment increasing BPR from =~ 10 to 14 whereas the further increase to BPR ~
18 has a small effect with less than 1 %.
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Fig. 11 Variation of overall aircraft parameters and thrust with the design bypass ratio at cruise.

The overall aircraft lift-to-drag-ratio (LoD) averaged for the cruise segment slightly decreases for larger BPRs since
a larger wetted area of the nacelle leads to more drag counts (cf. Fig. [[Ta). The trend of LoD along the typical mission
is presented in figure[I2b] For a constant flight level at cruise, the aircraft burns fuel and loses mass resulting in less
required lift, smaller angles of attack and a decrease in LoD. At a certain point, a step climb to a more efficient cruise
altitude is made. Compared to this effect, the impact of BPR on aerodynamic efficiency respectively LoD is small.

The maximum take-off mass (MTOM) and the required thrusts (cf. Fig. [TTb) reach a minimum for BPR ~ 12. For
lower BPRs, the trends in MTOM and thrust demand are dominated by the required fuel mass that changes significantly
due to the strong gradient in TSFC. For higher BPRs, the growing engine size adds additional mass and required lift as
well as parasitic drag whereas the benefit in TSFC levels out. As a result, the operating empty mass (OEM) changes less
than MTOM for BPR < 12 and vice versa for BPR > 12. However, the maximum variation in thrust is small with less
than 3.5 % for the investigated range of BPRs. The course of thrust for the typical mission is visualized in figure [[2¢]

The minimum mission block fuel for the typical mission occurs at BPR = 14-15. From there, a further reduction in
TSFC with BPR is outweighed by additional mass and drag leading to more block fuel. For high bypass ratios with
BPR > 15-16, a variable fan or nozzle is required to maintain a sufficient surge margin during low speed operation, e.g.
take-off. The additional hardware would also add mass which is not accounted for here. Hence, the increase in fuel burn
for BPR > 15 is expected to be more significant than observed here. The overall aircraft mass as a function of ground
distance is shown in figure [[2d] for the typical mission. The change in aircraft mass corresponds to the amount of fuel
burned. The trajectory for BPR = 14 has the lowest aircraft mass at take-off to accomplish the flight mission since the
engine was selected for optimal block fuel. However, the landing mass is almost the same as for BPR = 10 since the
OEMs differ by only ~ 0.5 %. The course for BPR = 18 is offset compared to BPR = 14 since the OEM is = 2 % higher
and almost the same amount of fuel is burned during the mission.

The selected BPR also impacts the payload range diagram as shown in figure[T0] Since all aircraft are designed for
the same design mission, the payload range characteristic do not alter much with BPR. Only on the lower right side
of the payload range diagram (payload < 24 t), the maximum range for a given payload increases continuously for
a growing bypass ratio. In this region of operation, the tank is completely filled with fuel at take-off and therefore,
the sensitivity with respect to TSFC is higher compared to the design or typical mission. As a result, the maximum
achievable range occurs for BPR = 18, even if BPR = 14 is superior for the design and typical mission. However, the
lower right region in the payload range diagram is of minor importance for usual operation.
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Fig. 12 Overall aircraft parameters for different bypass ratios at cruise for the typical mission.

B. Dimensions and Mass

The relative change of engine related dimensions and mass with BPR is shown in figure[T3a] Engine flow paths for
BPR = 10, 14 and 18 are compared in figure [I4]to discuss geometrical changes.
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Fig. 13 Variation of dimensions and mass with the bypass ratio at cruise.
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The engine mass flow increases with BPR while the maximum flow capacity is kept constant. As a result, the fan tip
radius grows with BPR. The length of the nacelle is modelled in dependence on the engine length (cf. Sec. [[ILB) and
has a minimum at BPR ~ 12.The engine length is affected by several aspects: First, the axial length of turbo components
change differently for a variation of BPR. Constant blade aspect ratios are maintained for all blades. Hence, the length
of a component depends on its blade height. The fan blade height and therefore, the axial length of the fan increase with
BPR (cf. Fig. [I4). For a constant Mach number, the blade height at the booster inlet depends on the mass flow rate
and the fan pressure ratio. For a higher BPR, the fan pressure ratio and mass flow decrease but the blade height at the
booster inlet increase. Second, additional stages for the booster and high-pressure compressor are required at lower
BPRs to keep the aerodynamic loading below the assumed limits (cf. Fig. [I4). This leads to a longer engine for BPR =
10 compared to BPR = 14 even if the fan is larger for the latter one. The maximum nacelle diameter grows continuously
with BPR since it mainly depends on the fan tip radius. The nacelle thickness is scaled with nacelle length whereby the
trend of an increasing nacelle diameter with BPR is mitigated for lower BPRs. The trend of the dry bare engine mass is
mainly driven by the fan and gear box mass. From BPR =9 to 18, the related mass increases almost by a factor of 2.
For BPR < 12, the increase in engine mass is related to slightly larger cores with additional stages for the booster and
high-pressure compressor.

Fig. 14 Comparison of engine geometry for the bypass ratios 10, 14 and 18.

The relative change in the mass of airframe components is shown in figure[I3b] The fuselage mass and geometry
remains the same for the presented study since the same number of passengers and payload is transported. The mass of
the wings, horizontal and vertical tail planes and the pylons follow the trend of required thrust and MTOM. For Example,
when a mass increment is added to the aircraft, more lift and wing area are required leading to more drag and required
thrust. As a result, all components grow in size and mass until lift, drag and thrust are balanced. The mass of the landing
gear depends on its length and the aircraft’s landing mass. The required length of the landing gear increases with BPR
to ensure a sufficient ground distance of the nacelle (cf. Fig. [I3). The OEM which indicates the trend of the landing
mass reaches its minimum at BPR ~ 12. In total, both effects lead to a minimum landing gear mass at BPR ~ 11.

Fig. 15 Comparison of aircraft geometry for BPR = 10 and 18.
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C. Emissions

The emission assessment for CO2 and H2O is straight forward since complete combustion can be assumed and the
emissions are directly proportional to the fuel flow. However, the prediction of NOx and nvPM (soot) emissions during
conceptual design is more uncertain. The forecast of future combustion technology is even more challenging since
NOx and nvPM emissions are related in a strongly non-linear manner with the concrete geometry of the combustor, the
flow field and the mixing of air and fuel. Here, a correlation-based approach is used that was calibrated using a fixed
characteristic of a RQL-combustor. Differences have to be expected for other combustor types, e.g. lean-burn. No
redesign or technological improvement is assumed. Therefore, the presented trends for NOx and nvPM aim at giving an
insight into the general physical interrelations and do not claim to represent exact values.

For a RQL combustor, there are three typical zones: First, the combustion is fuel-rich to ensure operational stability.
Due to the excess of air the combustion temperature and NOx production are limited. Second, air is rapidly added and
mixed with the combusting gas in the quenching zone to quickly make the transition to fuel-lean conditions. In the
mixing zone, regions with or close to the stoichiometric ratio are not avoidable. There, high NOx production rates occur
due to high local temperatures. In the third zone, the combustion is fuel-lean and the NOx production rate is small.
The FAR exponent of the p3-T3-method [34] is typically set to zero for a RQL concept since the quenching zone is
dominating NOx production and cannot be avoided with a change in the global FAR of the combustor.

The production of NOx and nvPM emissions is directly connected to the thermodynamic parameters at the combustion
chamber. The relative change in average cruise values for the inlet temperature T3, fuel to air ratio (FAR), the combustor
outlet temperature T4 and the overall pressure ratio (OPR) are shown for the typical mission in figure [I6a] The inlet
pressure level is indicated by OPR since ambient conditions are the same for all shown data points.
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Fig. 16 Trend of thermodynamic parameters and emissions for a RQL-combustor concept with the design
bypass ratio at cruise.

The combustor outlet temperature T4 does barely change with BPR since all engines are designed for the same T4
at TOC, which is relatively close to cruise conditions. In contrast, the thrust lapse effect grows with the BPR, i.e. the
loss in thrust from sea level to cruise operation for a similar operating state of the engine becomes larger. Therefore,
with increasing BPR, the engine has to be operated at a higher relative load at cruise conditions to provide the required
thrust. Since a low speed operating point during take-off is sizing for OPR with T3 ;,4x = 1000 K, the inlet pressure and
temperature of the combustor at cruise significantly increase with BPR. The fuel-to-air ratio FAR decreases since less
fuel has to be added in relation to the air mass flow to reach the almost constant Tj.

The average emissions at the cruise segment are shown in figure [I6b] The emission of CO2 and H20 follow the fuel
flow and reach a minimum between BPR = 14-15. Nitrogen oxide emissions increase significantly with BPR since
higher levels of combustor inlet pressure and temperature are present for cruise operation driven by the thermodynamic
cycle. In the case of a lean-burn combustor, it can be expected that NOx emissions decline when FAR is reduced.
However, an elevated level of inlet temperature and pressure would also lead to more NOx for lean-burn combustion.
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Therefore, the presented trends in NOx are only valid for a RQL combustor. The mass and number of emitted nvPM
reduce with increasing BPR since higher temperature and pressure as well as a smaller FAR lead to higher decay rates at
cruise.

D. Climate Impact

In order to assess how the selection of BPR affects climate impact, the average temperature response (ATR) is
calculated according to [46] for each aircraft configuration considering a time period of 100 years. Individual values
of ATR for CO2, NOx, H20, soot and aircraft induced cloudiness (AIC) are estimated. The change of ATR with the
engine’s BPR is shown in figure[T7a] The magnitude of single effects with respect to the total ATR is presented in figure
[I'7b] for BPR = 14. The climate impact of CO2 and H20 shows the same trend as the fuel flow. The effect of soot also
follows this trend since the tool for ATR calculation could not process the predicted nvPM emissions and a constant
emission index was assumed. However, the direct effect of soot emissions is neglectable (cf. Fig. [I7b). The cooling
and warming effect of NOx emissions increase both with BPR. The warming effect of NOx emissions outweighs the
cooling effect resulting in a positive ATR in total. Therefore, the climate impact caused by NOx increase with BPR. The
change of ATR related to AIC almost remains the same since all aircraft are operated at the same flight levels during the
typical mission. Aircraft induced cloudiness will be affected by the number of emitted soot particles since these serve
as nuclei during condensation processes. Hence, less emitted particles reduce the chance of contrail formation. This
effect is not accounted for here. In total, the minimum ATR is reached for BPRs between 11 and 12. Please note, the
presented climate impact in terms of ATR is subject to uncertainty since a prediction approach is used that introduces
simplifications in order be applicable for conceptual design.
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Fig. 17 Relative change of climate impact in terms of ATR with the bypass ratio for the typical mission.

E. Direct Operating Costs

The direct operating costs (DOC) comprise fees as well as maintenance, crew, capital and fuel costs. The relative
change in DOC with the selected engine BPR is depicted in figure for the typical mission. The share of different
cost categories is shown for BPR = 14 in figure[I8b] Costs for capital, energy and fees make up the largest portions. For
variations of BPR, the energy costs follow the trend of block fuel. The costs for crew remain almost unchanged since the
same mission is flown at a constant Mach number and flight time do barely change. The other cost categories follow the
MTOM. In total, minimum DOC is reached for BPR = 12-13. However, the prediction of costs is uncertain and rather
indicates a rough trend.
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Fig. 18 Impact of the engine BPR on direct operating costs (DOC) for the typical mission.

V. Conclusion

The concept of a hybrid surrogate-based rubber engine model is demonstrated for a long-haul tube-and-wing
aircraft configuration with entry into service in 2035. The rubber engine concept uses surrogate-models to store
design information for a range of different engine designs. When a concrete engine is selected, an embedded tool for
thermodynamic analysis is initialized corresponding to the surrogate outputs and engine performance as well as emissions
are calculated on-demand. For the demonstration case, a generic rubber engine model for a geared turbofan architecture
is integrated into a conceptual workflow for overall aircraft design. The rubberized model enables the selection of
different engine designs in terms of bypass ratio and required thrust at top of climb and maximum take-off. To generate
training data for the surrogate models, a conceptual engine design process is applied that comprises thermodynamic
cycle calculation, flow path sizing, simplified aerodynamic analysis, correlation-based efficiency prediction, engine
mass estimation and emission calculation.

With the rubber engine model integrated into the aircraft design workflow, a bypass ratio study on overall system
level is conducted to investigate the resulting trends in block fuel, emissions, climate impact and direct operating costs.
For an increasing bypass ratio, engine efficiency is improved but nacelle diameter and engine mass grow and counteract
the fuel benefit. Here, a bypass ratio of 14 to 15 is found for optimal block fuel considering the most flown mission. The
minimum in maximum take-off mass is located at lower bypass ratios between 12 and 13. Carbon dioxide and water
emissions follow the trend of block fuel. However, nitrogen oxide emissions significantly increase with the selected
bypass ratio for an assumed RQL combustor. For a similar operating state of the engine, the available thrust decreases
with flight altitude. This thrust lapse effect is more distinct for higher bypass ratios. Since the sizing operating condition
for the overall pressure ratio is during take-off, the combustor’s inlet pressure and temperature at cruise increase with
BPR in order to provide the required thrust. This leads to more NOx emissions at cruise predicted with the RQL
combustor model. In contrast, the emission of non-volatile particulate matter at cruise is reduced since higher load
favors the decay rate of particles. In terms of climate impact, the average temperature response has a minimum close to
a bypass ratio of 11. For higher bypass ratios, CO2 and H2O emissions can be further reduced but increasing NOx
emissions counteract the positive effect on climate. A bypass ratio close to 12 is optimal with respect to direct operating
costs since the impact of maximum take-off mass on costs outweighs fuel savings for higher bypass ratios.

In the future, the hybrid surrogate-based rubber engine approach will be used to provide different engine designs
and the corresponding operating characteristics for various projects within DLR. This enables collaborative and
multidisciplinary research by an efficient exchange of disciplinary knowledge. In addition, the herein presented study
will be extended to investigate the impact of overall pressure ratio and turbine inlet temperature on the aircraft’s key
performance indicators. Additionally, the trend of NOx emissions with the engine’s bypass ratio will be compared for
different combustor types.
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