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IMPACT REDUCTION
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Abstract

This paper studies the climate impact of propeller aircraft which are optimized for either minimum direct op-
erating costs, minimum fuel mass, or minimum average temperature response (ATRqo). The latter parameter
provides a measure of the global warming impact of the aircraft design, considering both CO», and non-CO»
effects. We study turboprop-powered aircraft in particular because these offer higher propulsive efficiency than
turbofan aircraft at low altitudes and low Mach numbers. The propeller aircraft are designed for medium-range
top-level requirements, employing a multidisciplinary design optimization framework. This framework uses a
combination of statistical, empirical, and physics-based methods, which are verified using existing engine and
aircraft data. For this medium-range design case, a climate impact reduction of 16% can be realized when
shifting from the cost design objective to the climate objective. The optimal solutions for the fuel mass and
climate objectives are nearly identical as CO» and other fuel proportional climate effects are the main contrib-
utors. The effects of NOy and contrails are lower than for the turbofan aircraft due to the lower cruise altitude
of the propeller aircraft. Compared to turbofan data, propeller-powered aircraft can achieve a further 33% re-
duction in climate impact, comparing both climate-optimal designs. This reduction is lessened to 23% when
the propeller aircraft is constrained to achieve the same mission block time as the turbofan aircraft. Note that
these reductions in ATR o require a propeller efficiency of 88%. Overall, the results show that the utilization
of propeller-powered aircraft in the medium-range category can further reduce the climate impact compared to
climate-optimal turbofan aircraft designs.

Keywords: Propeller Aircraft Design, MDO, Climate Impact, Global Warming

Nomenclature

Latin Symbols p pressure [N/m?]

A aspect ratio [-] S wing surface area [m?]

b wing span [m] T thrust [kN] or temperature [K]
C work interaction coefficient [-] Tl block time [hours]

CL lift coefficient [-] 14 velocity [m/s]

Cp drag coefficient [-] w weight [kN]

Cp, zero-lift drag coefficient [-] X design vector

D diameter [m]

d distance [m] Greek Symbols

El; emission index of species i [kg/kg] AT surface temperature change [K]
F thrust force [N] Nmech  Mechanical efficiency [-]

h altitude or specific enthalpy [m or J/kg]  Myotal total propulsion efficiency [-]
m mass [kg] Ae shape factor [-]

7 mass flow [kg/s] IT compressor ratio [-]

M Mach number [-] P density [kg/m’]

P power [W] T enthalpy ratio [-]
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Sub- and Superscripts DOC  direct operating cost [USD/(seat-nm)]
0 sea-level condition or initial value GEOM geometry
0.25 measured at quarter-chord HPT high-pressure turbine
amb ambient condition LHV lower heating value of fuel [MJ /kg]
app approach condition LPT low-pressure turbine
eng engine MTOM maximum take-off mass [kg]
s static condition OEM  operating empty mass [kg]
t total condition OPR  overall pressure ratio
tH high-pressure turbine RF radiative forcing [W/m?]
tl low-pressure turbine RPK revenue passenger kilometer
TO take-off condition TIT turbine inlet temperature [mK]
* optimal solution TLAR top-level airplane requirement
TSFC thrust specific fuel consumption [kg/(Ns)]
Acronyms XDSM extended design structure matrix

ATR average temperature response [mK]

1. Introduction

The impact of the aviation industry on global warming has become more and more clear through ded-
icated research in the last decades [1, 2]. The current aviation industry is estimated to be responsible
for 5% of all anthropogenic CO» emitted in the world [3]. Comparing that to the 24% anthropogenic
CO, emitted by the transport industry in total, aviation’s contribution might seem insignificant. The
commercial aviation market was expected to grow around 3% each year before the Corona pandemic
hit the world [4]. This growth is estimated to be even larger when all travel restrictions are lifted in
the future [5]. Additionally, pollution near airports can cause severe health problems, and therefore,
a reduction in aircraft emissions is of great importance [6]. To tackle the health problems, regulations
have been imposed to reduce the landing and take-off (LTO) NOx emissions. The emissions of water
vapor (H20) and soot aerosols also impact global warming [7, 8]. Lastly, aircraft induced cloudiness
(AIC), if persistent, potentially has a large contribution to global warming which is often neglected
[9, 10]. The emissions can be reduced with technological advancements made in the future, how-
ever, it seems that the growth of the industry is outpacing these advancements [11]. Therefore, a
different approach is needed to reduce the climate impact.

Studies on the reduction of emissions have already been performed. Antoine and Kroo [12],
performed an optimization for minimum LTO NOyx emitted, minimum noise, and minimum fuel mass.
This is a simple way to compare the climate impact early in the design phase, however, the approach
lacks other emission types. The same is true for the research by Henderson et al. [13]. A large
number of design variables are used, showing more aircraft design trends for the reduction of the
CO, emitted. These studies have been improved upon by Dallara Schwartz [8] and Proesmans and
Vos [14]. Both studies use core design variables to design medium-range aircraft for minimum climate
impact. The climate impact is measured with the average temperature response (ATR), which takes
both long-lived and short-lived emissions into account. Additionally, the radiative effects due to AIC
are taken into account, which is a great improvement compared to the absolute emissions as the
design objective [15].

From the studies by Dallara Schwartz [8] and Proesmans and Vos [14], which focused on turbofan
aircraft, it is clear that the climate-optimal turbofan aircraft has a lower cruise Mach number (~0.6)
and cruise altitude (=~ 7 km). The combination of the altitude and Mach number reduces the effect
of NOx on the climate and prevents the formation of AIC, specifically persistent contrails. However,
this cruise altitude and Mach number result in a less-efficient cruise flight of turbofan aircraft, which
increases the contribution due to CO.. In these cruise conditions, propeller aircraft are known to
have a larger propulsive efficiency [16]. Propeller aircraft have been studied thoroughly as part of the
AGILE 3.0 project!. Different innovative configurations are tested and their performance and climate
impact are evaluated. For example, the study of Stingo et al. [17] compares a wing-mounted propeller
aircraft with a tail-mounted propeller aircraft. Della Vecchia et al. [18] measure the climate impact of

1See: https://www.agile-project.eu/
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a propeller aircraft using the global warming potential (GWP). However, GWP is not the best metric
without sufficient comparison [19]. Besides the traditional turboprop architecture, the contra-rotating
open rotor (CROR) has regained interest since its main introduction in the advanced turboprop project
by Hager et al. [20]. The regained interest is mainly studied by Guynn et al. [21]. The CROR has
high potential but lacks applications in current aircraft design. Therefore, the turboprop layout is often
preferred in literature.

Although research has shown that climate-optimal turbofan aircraft fly at cruise conditions where
propellers are typically more efficient, it appears that climate-optimal propeller aircraft have not been
studied in detail. Therefore, it is of interest to evaluate the climate impact of a medium-range,
propeller-powered aircraft. This leads to the following research question: "What are the differences in
direct operating costs, mission fuel, and climate impact between an optimized propeller-powered air-
craft and a turbofan-powered aircraft optimized for the same objectives and mission?" This research
question will yield insight into the performance of propeller and their design. As turbofan data is avail-
able, a direct comparison of the values will be made. Next, this study can determine if a propeller
aircraft design is a realistic option to reduce the climate impact on medium-range routes.

This document is structured as follows. First, Section 2. discusses the optimization problem
including the applied constraints. Subsequently, Section 3. describes the design methods. Then
Section 4. focuses on the verification and validation of the methods and Section 5. discusses the
results. Lastly, Section 6.provides the conclusions of the research.

2. Optimization Definition & Setup

To answer the research question introduced above, a multidisciplinary design optimization (MDO)
problem is defined. This section discusses both the optimization problem and the multidisciplinary
structure of the problem. First, Section 2.1 discusses the optimization problem and definition. The
optimization constraints and structure are discussed in Sections 2.2 and 2.3, respectively.

2.1 Optimization Definition

A medium-range propeller aircraft is optimized for three different objective functions, namely the
mission fuel mass (FM or my,g), the direct operating costs (DOC), and the average temperature
response (ATRjoy). The combination of the three objectives yields insight into the costs, fuel used,
and climate impact of the aircraft, as well as the trade-offs made between them. The same objectives
are used by Proesmans and Vos [14] such that a direct comparison with the turbofan data can be
made.

The aircraft designed in this study has a high-wing, T-tail configuration powered by two turboprop
engines. This configuration best represents the current propeller aircraft in operation. As mentioned
before, CROR concepts have potential, but lack applicability in the current aviation market.

To design the aircraft, a short design vector is selected to allow for a sufficiently large design
space. In total, there are two airframe design variables, two engine design variables, and two mission
design variables. These six design variables are summarized in Table 1 together with their respective
bounds. The bounds are chosen such that they allow for technological advancements made in the
future. An example of this is the compressor pressure ratio limit of 25, which is relatively high for a
turboprop. Still the TP400-D6 Turboprop engine used on the AM 400 has a pressure ratio of 25 2.
For this reason, it has been chosen as the upper bound. Additionally, the bounds are chosen such
that the aircraft design is restricted by constraints rather than the imposed bounds.

2.2 Constraints

The constraints limit aerodynamic, geometric, and performance characteristics of the aircraft. The
inequality constraints are not to be exceeded and ensure the aircraft design adheres to the regulations
or restrictions. The constraints regarding the airframe structure are the maximum span, the propeller
ground clearance, and the propeller fuselage clearance. The maximum span is limited by the airport
category. Narrow-body aircraft are often designed for a category C airport 3. The maximum span for

20btained on 23-11-2021 from http: //www.europrop—int .com/the-tp400-d6/
30btained on 13-10-2021 from https://skybrary.aero/articles/icao-aerodrome-reference—code
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Table 1 — Optimization design variables, including the bounds

Design Variable Symbol Variable Type Lower Bound Upper Bound
Aspect ratio [-] A Airframe 7 17
Wing loading [kN/m?] W/S Airframe 2.0 7.0
Compressor pressure ratio [-]  Icompressor Engine 5 25
Turbine inlet temperature [K] TIT Engine 1100 1650
Cruise altitude [km] Neruise Mission 3.0 10.0
Cruise Mach number [-] Mqrjise Mission 0.25 0.80

this category is set to 36 m. The propeller ground clearance and propeller fuselage clearance are
obtained from regulations. These clearances are set to 18 cm and 35 mm, respectively [22].

The other constraints are the limitation on the turbine inlet temperature (TIT) at take-off, the wing
loading, and the cruise lift coefficient. The TIT at take-off is restricted by the engine properties,
because the high temperature can damage the high-pressure turbine, limiting the TIT during take-
off to 2000 K [23]. The wing loading is restricted by the approach velocity of the aircraft, which
depends on the aircraft approach category*. This is dependent on the aircraft itself, e.g. 70 m/s
for a medium-range aircraft [14]. The maximum cruise lift coefficient is based on the buffet onset of
the aircraft (Cp putret), POtentially causing unwanted vibrations. The maximum cruise lift coefficient is
purely dependent on the Mach number, as it is expected that little sweep is achieved. The relation is
obtained from polynomial analysis based on data from Vos and Farokhi [24]. The polynomial used to
calculate the maximum lift coefficient is given in Equation (1).

Cp puttet = —0.3624M7 — 1.8905M +2.0536 (1)
The combination of the constraints and optimization problem is presented mathematically as fol-

lows:
mini;nize F (x) = ATR00 (x),DOC (x) or Ejyel(x)

2
1 V.
subjectto W /Sto < EPO (1a§g> ClLax

b< bmax =36 m,
TITro < TITro, max = 2000 K, )

CLbuffet

1.3 7
dprop-fus = 0.035m,

dprop-ground = 0.183 M,
Xk <x; <af fori=1,2,...,6

CLcruise S

2.3 Optimization Structure

The structure of the optimization problem described is a multidisciplinary design optimization archi-
tecture that consists of several analysis methods combined in order to evaluate the design. The op-
timization architecture can be divided into the aircraft design convergence loop, the cost and climate
analysis modules, and the optimizer. The overview of this architecture is illustrated in the extended
design structure matrix (XDSM) in Figure 1.

Three main distinct parts of the XDSM diagram can be distinguished: first, the main optimizer in
steps 0-10 provides updates of the design vector. Secondly, the aircraft design convergence loop
(steps 1 to 6) ensures each aircraft design is consistent in terms of mass and geometry. Finally, the
extra modules, indicated in steps 7 to 9, evaluate the direct operating costs, the climate impact, and
the constraints discussed in Section 2.2.

4 Obtained on 2-11-2021 from https://www.skybrary.aero/index.php/Approach_Speed_
Categorisation
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E Cost Assumptions Mission Settings
[x J=( 0,10: Optimizer

o A, honises MonuisersW /S o TIT, T, honise: Moruise o A, honises Merise o honise: Moruise J o TIT, Toompressor, Mruises honise = Moruise

1-6: Aircraft
B 7 MTOM MTOM
Synthesizer / |

2: Class 1

Sizing + Aero 1 Pro, LID, MTOM/ /GEOMAC/ { Pro, S, UD / /b, Crcruise

Engine
Thotal Py D,
{ Pro } Properties b
4: Class 2
OEM MTOM, OEM
Ej Mass Estimation *

— MTOM 5: Missi.on
Analysis

3: Propulsion
Sizing

8: Climate

9: Constraints
Figure 1 — XDSM diagram of the MDO framework, adapted from Proesmans and Vos [14]

3. Design & Analysis Methods

This section focuses on the modules included in the optimization structure presented in Figure 1. The
discussion is divided into three parts: the aircraft design convergence loop (Section 3.1), the climate
analysis module (Section 3.2), and the operating cost assessment (Section 3.3).

3.1 Aircraft Design Convergence

The inner convergence loop of the MDO framework designs the aircraft and consists of well-established
conceptual design methods. The structure of the design loop is based on the one used in Proesmans
and Vos [14], and has been adapted such that a propeller engine and different wing and tail configu-
rations can be used. The focus of this section lies on the newly implemented methods which facilitate
the design of propeller aircraft.

3.1.1 Class | Sizing

The design process starts with the statistical estimation of the maximum take-off mass (MTOM) which
is the sum of the operative empty mass (OEM), fuel mass, and the required payload mass. The OEM
is written in terms of the MTOM, while the fuel mass is obtained from the fuel fraction method which
uses the Breguet range and endurance equations [25]. The statistical relation used for the OEM in
the first iteration is given in Equation (3).

OEM = 0.563- MTOM + 1243.14 3)

Using the estimated MTOM of the aircraft, the wing area and take-off power (Pr¢) are calculated by
using a loading diagram [25]. The loading requirements used are the take-off condition, the cruise
condition, the one-engine-inoperative (OEI) climb rate (cr) condition and the OEI climb gradient (cg)
condition. The latter requirement is implemented for take-off and landing conditions. While the wing
loading is a design variable, the power loading is calculated according to Equation (4). Note that the
aerodynamic values of the aircraft in the first iteration are obtained from statistics.

W/P=min[W/Pro(W/S), W /Puiise(W/S), W/Porori(W/S), W/Pegori(W/S)] (4)

With the wing area and take-off power known, a conceptual geometry of the aircraft can be con-
structed. Using statistical relations from Torenbeek [16] and Raymer [25], this geometry is used to
update the aerodynamic properties of the aircraft. Assuming a parabolic drag polar, the zero-lift drag
coefficient is estimated by splitting the aircraft up in different elements as follows:

1 S S
Cp, =), [CD,J‘;» A ( We[) ] +Cp +Cppy o (5)
e Sref e Sref
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The flat plate skin friction coefficient (Cp f,) is estimated for the specific Reynolds. The skin friction co-
efficient is then corrected with the compressibility factor and a shape factor (4.). The latter is different
for different types of aircraft elements, e.g. a cylinder for the fuselage or a wing element for the wing.
Lastly, the excrescence drag is added. For the size-independent excrescence drag coefficient (Cp g,)
it is taken as 1.5% of the zero-lift drag coefficient, while the size-dependent coefficient (Cp g,) is 3.5%
per reference area. The determination of the zero-lift drag coefficient is summarized in Equation (5).
Separately, the Oswald efficiency factor is updated with the help of a statistical relation in Obert [26],
where the Oswald factor is considered to be a function of the aspect ratio.

3.1.2 Propulsion

The propulsion module characterizes this study, due to the limited consideration of propeller propul-
sion in aircraft climate impact studies. An accurate module to estimate the performance of the engine
is necessary, as it directly impacts the performance of the aircraft. A three-spool engine, similar to
the PW127, is modeled as a two-spool engine. We assume that the high-pressure turbine drives the
compressor stages, while a low-pressure turbine drives the propeller. This leads to one compressor,
a high-pressure turbine (HPT) and a low-pressure turbine (LPT). The latter is the free power turbine
that drives the gearbox and propeller. This simplification leads to the two design variables for the
engine (I1., TIT). We employ the methods of Mattingly et al. [23] for the thermodynamic on- and off-
design analysis of the engine. The efficiencies are also obtained from the same book. Additionally,
no power off-take or cooling flows are assumed in the current analysis.

The propeller engine analysis makes use of the work interaction coefficient (C), which has a pro-
peller and core component. Equation (6) shows the definition for the work interaction coefficient,
where P is the power, n represents the efficiency of the propeller, V is the aircraft velocity, F is
the thrust, ri1y is the air mass flow and Ay is the free-stream specific enthalpy. The work interaction
coefficient is used to calculate the engine properties such as the thrust specific fuel consumption
(TSFC) and the thermal and propulsive efficiencies. During both the on-design point (parametric)
analysis and the off-design point (performance) analysis, the variable specific heat model by Walsh
and Fletcher is used [27].

Porop * Mprop | Feore*V . Forop' V' Feore -V

Cintal = C Ceore = - ©
total prop + Ccore titg - ho + mg - ho mg - ho * it - ho ©)

We noticed that the approach from literature is numerically unstable for the performance analysis and
that mistakes in the equations are present in both analyses. The former problem is resolved by adding
a simple numerical stabilizer. This makes the analysis numerically stable, but also more computa-
tionally expensive. The stabilizer uses both the newly calculated exit Mach number (M caicylated) @nd
the exit Mach number from an earlier iteration (M prev) to calculate the new value. The linear propor-
tional gains (k, k») fasten or slow down the calculation dependent on their values. The implemented
numerical stabilizer is shown in Equation (7).

M9,new = kl 'M9,calculated + kz 'M9,prev (7)

The relations in the book for the work interactions coefficients are corrected by deriving the formulas
from the power balance and from the definitions. This results in the following equations for the
calculation of the work interaction coefficients (Equations (8) and (9)), the thermal and propulsive
efficiency (Equations (10) and (11)), and the TSFC (Equation (12)):

Cprop = (14 f) - Tgearbox * Mprop * (Thmech,LPT * Teompressor * Tinlet * @ (1 — %)) (8)
Vi R )
Coore = o+ | (1) Vo= Yo+ (1) oo <1— ; 0)] (9)
5,0 V9 Pio
C
Mthermal = f-tl(_);jlv “hy (10)
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Ciotal - 15,0
. (11)
heo 222+ [(1+ f)- Vg — V¢

Tprop
/W

Crotal * s 0
In the above equations, f is the fuel-to-air ratio, which is the ratio between the fuel mass flow added
in the combustor and the air mass flow entering the combustor. The parameter n represents the
efficiency of the various components through which the power is transferred from the turbine. The
enthalpy ratio over a component is denoted by 7. The parameters T, p, and R are the temperature,
pressure, and gas constant, where the subscripts s and ¢ indicate static or total conditions. The
subscripts 0 and 9 correspond to the free-stream conditions and the exhaust exit station, respectively.

The result from the parametric and performance analysis helps to determine the size and the
mass of the engine. The geometry of both the engine nacelle and the engine is determined using
relations obtained from the lecture slides by Vos et al. [28], based on the take-off power of the engine.
The same is true for the mass of the engine, where Equation (13) is used [29].

Mengine = 1O'P'(r)0266 (13)

TNpropulsive =

TSFC = (12)

The propeller diameter is found with a similar relation [30]. Note that the propeller size and the
rotations per minute (RPM) effects on the propeller efficiency are taken into account. The propeller
efficiency is assumed to be only dependent on the free-stream Mach number [23, 31]. This propeller
efficiency is assumed to be 88% in cruise, which is higher than currently achievable values, however,
technological advancements are taken into account [25, 29].

3.1.3 Class Il Mass Estimation

The Class Il mass estimation updates the OEM of the aircraft using methods which are dependent
on the aircraft configuration and size. The aircraft is divided into separate structural groups and
each contribution to the aircraft weight is estimated separately. Here the weight differences between
the design for different objectives due to the different wing, tail, and engine configuration become
apparent. For this study, the methods explained in Torenbeek [16] are used.

The difference with the turbofan configuration is that the aircraft has a high-wing and T-tail instead
of a low-wing and conventional tail configuration. The high-wing position increases the weight of the
wing-fuselage connection by two-thirds [16]. The main landing gear is stowed in the fuselage, and
thus a belly fairing is needed, which adds 7% to the fuselage weight. Lastly, the vertical tail needs to
be strengthened to accommodate the horizontal tail that is placed on top of the vertical tail.

The OEM is updated, such that a new MTOM can be generated. This updated MTOM is used in
the subsequent modules and design iterations.

3.2 Climate Impact Evaluation

The determination of the climate impact is an intricate task and ideally a metric is used that directly
measures the future costs and damages caused by the change in the global climate. These metrics
do exist, but are highly uncertain and for that reason the previously mentioned ATR metric is used in
this study [8]. Note that the 5-step question process from Grewe and Dahlmann [15] is adhered to for
the computation of this metric.

To calculate the ATR of a particular aircraft design, a hypothetical fleet scenario is used. The
aircraft designed for each objective will be introduced into the market in the year of 2020, to allow for
a direct comparison with the climate data from the turbofan aircraft. Each aircraft in the fleet will have
a lifetime of 35 years and the maximum productivity (and fleet size) must be reached in the years
2050-2055 [14, 32]. The hypothetical scenario is explained in more detail in Section 5.1.

Equation (14) defines the average temperature response over a given time horizon H, which is
set to 100 years in this study. This allows for the full picture of the different climate effects, both short-
lived and long-lived. Within Equation (14), AT (¢) is the sea level temperature change of the earth at
time ¢.

H
ATRy = [ AT (14)
H Jo

7
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For the calculation of the temperature change AT (¢) all climate effects (CO2, NOx, SO4, H20, soot
and contrails) are evaluated using a linearised climate model [14, 33]. The amount of emitted gas is
calculated with the help of the emission index (El), which indicates how much is emitted per kg of fuel
burned. For the emitted amount of the various gasses the emission index is overall set to constant.
This assumption is true for CO- as the El is independent of the throttle setting. The same is true for
sulfate (SO4) and water vapor (H20). Soot however depends on the throttle setting of the engine, but
has such a small climate impact relative to the other effects that a constant El is assumed [33]. The
constants emissions are gathered in Table 2.

Table 2 — Emission indices for various emission species

CO, NOx H>.O SO, Soot

El [kg/kg] 3.16 See Equation (15) 1.26 2.0-107* 4.0-1073

The emission index of NOx does vary with the engine operation. The impact of NOx can be quite
high for both the cooling effects, which are the methane and ozone reduction in the long term, and
warming effect, namely ozone formation in the short term. For this reason the p3-T3 method is used
to simulate the throttle setting of the engine, as shown in Equation (15) [8]. This method uses the
compressor exit pressure (p;3) and temperature (7; 3) to calculate the El of NOx.

0.4
T; H,
Elnoy = 0.0986 - (1”3> -exp( 3 o> (19

101325 1944 532

Aircraft induced cloudiness (AIC) is not emitted but formed and does have the potential to have a
great climate impact. When the right conditions are met, a long and persistent contrail can form,
which greatly increases the climate impact for the mission flown. For contrails, the length of the
contrail during the mission is determined and the radiative forcing (RF) due to the contrail formation
is calculated [14, 34] by multiplying this length with the radiative efficiency. The exact conditions for
contrail formation can be found in Schumann [34].

Similar to how the length is summed, the amount of emitted gas for each type is summed and
the RF for each type of emission is determined. This RF is normalized such that a doubling in CO»
concentration corresponds to a normalized RF of one. That normalized RF (RF*) is integrated in a
convolution integral to model the temperature response of the earth. This process is summarized in
Figure 2. Note that for NOx and AIC, a altitude dependent forcing factor is added to model the altitude
dependency of these non-CO;, effects [2, 8].

COy, Hy0, NOx

. Temperature
Emissions Radiative Forcing Normalised RF Change
Ei(t) RF;(t) RF; (t)
S0y, Soot AT(t)
Mission Profile /

si(h)

Figure 2 — Workflow to determine the sea-level temperature change, adapted from Dallara
Schwartz [35]

3.3 Direct Operating Costs

The cost estimation module estimates the direct operating costs (DOC) of the aircraft. The DOC are
calculated based on the methods discussed in Roskam [36]. The DOC are expressed in USD/(seat-
nm) to be able to compare it in future studies as well.

8
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The DOC are divided into five categories, which are the flight costs, the maintenance costs, the
depreciation costs, operational fees, and the financing costs. Regarding the flight costs, the main
contributors are the fuel and oil costs, and the crew costs. For the latter, cabin crew, pilot and co-
pilot salaries in the year 2030 have been integrated to take as an average over the next years, using
a yearly inflation rate of 2%. For the fuel price the same yearly inflation was used to estimate the
kerosene price in the year 2030, which results in $2.71 per US gallon®.

The maintenance costs, which are dependent on the utilization of the aircraft, consist of the
labor for the airframe and engine and the spare material costs. This requires an estimation of the
aircraft price, which is done based on the relation from Proesmans and Vos [14] for the medium-
range design case. As the engine has a propeller, its price needs to be added to the price of the
engine. Equation (16) and Equation (17) show the price estimation for both the engine and propeller,
respectively. Note that the inclusion of the 3.32 factor is total inflation rate between 1980 and 2021°.
Also, the scaling factor (sf) is used to incorporate different engine sizes.

Pongine.2021 = 3.32-2160000 - (0.533 - sf+0.467) (16)

Porop,2021 = 3.32- 100-7746+1.1432-1og o (Pro) 17)

For the depreciation costs, the calculations are based on a linear depreciation for the airframe, sys-
tems and the engine over the next 20 years of the usage of the aircraft. Spare parts are also taken
into account. Lastly, the finance costs and the fee costs, which both are assumed as a percentage of
the total DOC. The finance costs are assumed 7% of the total DOC, while the fee costs are dependent
on the MTOM of the designed aircraft [36].

4. Verification

With the aircraft design methods in place, it is important to ensure the correct workings and imple-
mentation. For this, a verification step is performed. Both the propulsion module and the aircraft
design convergence verification are discussed in Sections 4.1 and 4.2, respectively.

4.1 Propulsion Module

The propulsion module has to be verified for both the parametric and performance analyses, which
are the on-design and off-design point calculations, respectively. The GasTurb 14 program is used
for this verification. Additionally, the paper by Ding [37] is used to verify the parametric analysis. The
combination will be sufficient to give insight into whether the module’s output is correct.

The parametric analysis in the paper of Ding [37] considers various mission conditions for the on-
design point. The percentage differences between the paper and our model lie between -2% and 5%
over all the ten different mission settings which the paper analyses. This difference is seen as accept-
able during this conceptual study. Figure 10 shows the results of the ten parametric analyses with the
paper by Din¢ [37]. The second parametric analysis verification is done with the GasTurb 14 program,
of which the input parameters are found Table 3. The result of the on-design verification is observed
in the second column of Table 4. The data shows good agreement, as the maximum absolute differ-
ence percentage is the TSFC which is only 0.1 g/(kNs), which is accurate for the conceptual design
phase considered in this study. Since this is a marginal thrust difference, the parametric analysis is
deemed verified.

The performance analysis is quite crucial since it is used much more often during the numerical
mission analysis. This analysis is required to assess the climate impact. The engine defined by the
variables in the second column of Table 3, is used to determine the off-design point performance
of the engine. Two different performance analyses are performed. The results are shown for both
analyses in Table 4. For the two different off-design points, the overall percentage difference for the
first mission is between -2.9% and 3.2%. For the second mission, the differences lie between -2.4%
and +2.2%. This is quite accurate given the conceptual design stage. It is important to note that

50btained from: https://www.indexmundi.com/commodities/?commodity=jet-fuelsmonths=60
8Inflation value obtained on 19-11-2021 at https://www.officialdata.org/us/inflation/1980?amount=1
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Table 3 — Input parameters for the Gasturb parametric and the two performance analysis
verification

Input Parameter On-Design Off-Design #1 Off-Design #2

IMeompressor [-] 15 N.A N.A
M ] 0.6 0.1 0.3
TIT [K] 1450 1450 1500
h [km] 6.0 0.0 3.0
Ps.amb [kPa] 471 101.3 70.1
T amb [K] 249 288 269

the book where the methodology was obtained contained mistakes and the results of this verification
indicate that the mistakes were rectified correctly.

Table 4 — Engine performance verification for GasTurb on-design and two off-design points

On-Design Off-Design #1 Off-Design #2
Parameter Framework GasTurb Diff. Framework GasTurb Diff. Framework GasTurb Diff.
T, 5 [10°K] 0.81 0.81 +0.14% 0.87 0.86 +0.93% 0.87 0.86 +0.77%
pr.s [kPa] 265 265 +0.15% 110 110 +0.94% 78.9 78.6 +0.43%
g [kg/s] N.A. N.A. N.A. 4.52 4.51 +0.13% 3.79 3.79 -0.17%
TSFC [g/(kNs)] 12.7 12.6 +0.78% 414 4.01 +3.2% 712 6.90 +2.8%
Fiotal [kN] 59 5.9 -0.77% 26.0 27.3 +4.8% 13.6 13.9 -2.5%

4.2 Aircraft Design Convergence

The verification of the multidisciplinary aircraft design loop is done by comparing the aircraft geometric
aspects and weights of reference aircraft to those predicted by the model. The reference aircraft are
the ATR 72-600 and the De Havilland Canada Dash 8-400. The top-level aircraft requirements (TLAR)
of both aircraft are summarized in Table 16. For the Dash 8 aircraft, it is important to note that an
extra five meters were added to the length of the fuselage cabin to incorporate the extra length in the
cabin, which does not seem to be present in other turboprop aircraft [38].

Table 5 shows the overview of the values for both the ATR 727 and the Dash 8 [38]. The table
shows the three main mass groups, the wing area and fuselage diameter and length for both aircraft.
The presented values differ by a maximum of 4.3% for the OEM of the ATR 72, which is deemed
within the limits for validation. The values of the Dash 8 are more accurate with a maximum absolute
percentage difference of 1.6% in the wing area.

The mission performance of the aircraft is also of interest. The payload-range diagram is used for
the verification of the performance. The diagrams are shown in Figure 3 and Figure 4 for the ATR 72
and Dash 8 [38], respectively. Overall, good similarity is achieved, especially for the ATR up until the
point where maximum fuel mass is reached. After this point, the slope is underestimated. For the
Dash 8 aircraft, the increase in range according to a payload mass reduction is underestimated. The
maximum range, however, is quite accurately determined.

7 ATR 72 data: obtained on 21-09-2021 from https://customer. janes.com/JAWADevelopmentProduction/
Display/JAWA0440-JAWA
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Table 5 — Validation of ATR-72 and DHC-8 400 parameters with the MDO framework

ATR 72-600’ Dash 8-400 [38]

Parameter Framework Reference Diff. Framework Reference Diff.

MTOM [metric ton] 23.6 2.30 +2.6% 27.5 27.6 -0.3%
OEM [metric ton] 13.9 13.3 +4.3% 17.1 17.1 +0.15%
Fuel Mass [metric ton] 2.2 2.19 +1.5% 2.6 2.61 -1.3%
Wing Area [m?] 62.7 61.0 +3.5% 62.1 63.1 -1.5%
Fuselage Length [m] 28.0 27.2 +3.1% 33.4 32.8 +1.6%
Fuselage Diameter [m] 2.82 2.9 -2.4% 2.74 2.69 +1.5%

— (M=0.44, h=5.18 km) .
----Real P-R envelope \

—— (M=0.53, h=7.62 km)
----Real P-R envelope

Payload mass [metric tonnes]
Payload mass [metric tonnes]

0 I I T ' 0 \ T T
0 1.0 2.0 3.0 4.0 0 1.0 2.0 3.0 4.0
Mission range [km] Mission range [km]
Figure 3 — Payload-Range diagram comparison Figure 4 — Payload-range diagram comparison
for the ATR 72-600 for the Dash 8-400
5. Results

This section discusses the results of the optimization performed for the three distinct objective func-
tions. In addition, we compare these propeller-powered aircraft to their turbofan counterparts. Through-
out the discussion, the objective for which the aircraft is optimized is indicated with an asterisk (*):
the fuel mass objective is denoted with FM*, the cost objective with DOC*, and the climate objective
with ATR7,-

5.1 Aircraft Design Case Specification

The case of interest in this study is a medium-range, narrow-body aircraft design. This requirements
specification allows for a direct comparison with turbofan aircraft that are designed for the same
three objectives and TLARs. Table 6 summarizes these requirements. In addition to these TLARSs,
performance requirements are set which are considered in the selection of the power loading W /P
and wing loading W/S. These are for the OEI climb rate, the OEI climb gradient, and the take-off
length. The former and latter are 0.762 m/s and 2100 m, respectively. The climb gradient loading
requirement is set to 2.1% and 2.4% for take-off and landing segments, respectively.

The direct operating costs, mission fuel, and ATRq objectives are evaluated for one reference
mission in the payload-range envelope of the medium-range aircraft. The aircraft transports a payload
of 13000 kg over a range of 1852 km (see Table 6). This reference mission is selected from research
by Husemann et al. [39], which shows that medium-range aircraft often operate near this point.

The climate impact is assessed for a future hypothetical scenario considering a fleet of only
medium-range aircraft. This future fleet acts over a period of 100 years (2020 to 2120) and as-
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sumes equal productivity (i.e. equal number of flights) for all optimization objectives. The constant
productivity scenario is preferred to a constant fleet scenario since in the latter case the optimizer
minimizes the climate impact by reducing the number of flights, making the comparison between ob-
jectives unfair. The constant productivity assumption implies that the number of required aircraft can
vary with the design objective. This is graphically shown in Figure 9 for the optimized propeller air-
craft. The scenario variables are added to Table 6. More information about the future fleet scenarios
can be found in Reference [14].

Table 6 — Aircraft design requirements, reference mission data, and future fleet scenario variables
for the medium-range aircraft

Parameter [Unit] Value
Maximum structural payload [kg] 18200
Harmonic Range [km] 3200
Approach speed [m/s] 70

Reference mission payload [kg] 13000
Reference mission range [km] 1852
Yearly utilization [hrs/year] 3900

Productivity»so_20s5s [RPK per year] 3.95-10'2

5.2 Optimization Results

Employing the above case setup, we optimized the propeller aircraft separately for their operating
costs (DOC*), fuel mass (FM*), and climate impact (ATR],). Table 7 shows the optimization results
for these three objectives. Each row in the table shows the results for one of the three aircraft.
Interestingly, the results for the fuel- and climate-optimal aircraft are nearly identical, even when non-
CO:, effects are considered. This result is different from the turbofan aircraft design solutions, where
the two objectives appear to be conflicting. When shifting from the DOC objective to the fuel mass or
climate objective, a reduction in ATR ¢ of 15.9% can be obtained. In addition, the mission fuel mass
reduces by 15.5%. However, this change in design comes at a penalty of 21% in direct operating
costs.

Table 7 — Optimized objective functions for medium-range, propeller-powered aircraft, assuming
constant productivity

Absolute Value Relative Difference

Objective Mfye] [kg] DOC [$/seat-nm] ATR99 [mK] Mfye] DOC ATRiyp

FM* 4.9-102 0.23 7.4 NA +21% +0.0%
DOC* 5.8102 0.19 8.8 +18% NA  +18%
ATR:, 4.9-102 0.23 7.4 +0.0% +21%  N.A

The difference in objective function values is a direct consequence of the chosen design variable
values. An overview of the design variables for each optimal design is shown in Table 8. In the
overview the overlap between the FM* and ATRj, aircraft is evident. The main differences with the
DOC-optimal solution are the cruise altitude and cruise Mach number. The higher Mach number re-
sults in lower block time, reducing the crew costs. As a consequence, the cruise altitude is increased
to reduce the drag during cruise and maintain a suitable lift-to-drag ratio. The wing loading and as-
pect ratio are limited for all objectives, by the approach speed and span constraints, respectively. An
even higher aspect ratio is desired, but cannot be selected due to the span constraint of 36 m. The
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compressor pressure ratio lies on the upper bound. Furthermore, the engine design point is taken at
cruise and therefore the higher TIT for the DOC objective is due to the relatively lower throttle setting
with the constraining TIT at take-off. This enables a higher TIT in the cruise segment.

Table 8 — Optimal design variables values for Table 9 — Aircraft parameters and

the medium-range design case, assuming characteristics for the medium-range design

constant productivity case, assuming constant productivity
Design Variable FM* DOC* ATR;j, Parameter FM* DOC* ATR;j,,
W/S [kN/m?] 584 5.84 5.84 MTOM [metric ton] 55.2 58.1 55.3
A[] 139 12.0 13.9 OEM [metric ton] 286 301 28.5
TIT [K] 1412 1564 1415 S [m’] 92 97 93
Ieompressor [7] 25 25 o5 W/P [N/W] 0.053 0.043 0.053
hansise [k] 48 25 50 TSFCeuise [g/(kKNs)] 7.7 10.6 7.6
Menise [ 039 061 040 toiook [N} >2 89 53
Nac max [10°#] 220 16.4 22.1

Elnoy cruise [kg/kg] 0.011 0.0098 0.011

The aircraft characteristics of the three optimal solutions are summarized in Table 9. The differ-
ences between the FM* and ATR;, are minor, e.g. in the MTOM, OEM and wing area. It is expected
that these differences are due to the numerical setup of the aircraft design convergence and opti-
mization. Due to the increase in cruise Mach number, the block time of the DOC-optimal aircraft
is reduced significantly, which also reduces the maximum number of aircraft required in the fleet,
Nacmax- This difference in fleet size is also shown in Figure 9. The top-views geometries are illus-
trated in Figure 5. The largest differences between the DOC* aircraft and either the FM* or ATRj,
solutions are the span, the propeller diameter, and the nacelle size. However, as all aircraft fly rel-
atively low Mach number, no wing sweep is required. This causes the wing planform to be nearly
identical for all objectives.

20
FM*
DOC*
10 “ ATR]
E 0
>
N H
—-20 T T T T I
0 10 20 30 40

X [m]

Figure 5 — Optimal aircraft geometry comparison for the medium-range design case,
assuming constant productivity

Figure 6 presents the temperature response AT of each optimized aircraft design over the 100
years under consideration. It is clear that the fuel- and climate-optimal aircraft have a nearly iden-
tical temperature response. Blue and green dots have been added to clarify this overlap. From the
shape of the temperature response and the analysis of the contribution of each climate agent to the
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ATR 0, it is clear that the main contribution for low-flying propeller aircraft follows from fuel propor-
tional emissions and long-lived species, which indicates CO, effects are dominant. CO, emissions
are characterized by a constant emission index and are altitude independent [2, 7]. Also, the water
vapor emissions contribute to the climate impact. Although the radiative effect of H,O varies with al-
titude, this is not modeled in the current analysis. Nevertheless, due to low cruise altitude, the effects
due to H>O are expected to be short-term and small compared to the contribution of CO». Since both
CO2 and H2O emissions scale linearly with fuel consumption, the higher temperature response of the
DOC* aircraft is noticeable in Figure 6.

154 o FM*
—— DOC*
I ATR,,
£
&~
< 5
0 |

[ [ [ [ [ [ [ [ [ [ [
2020 2030 2040 2050 2060 2070 2080 2090 2100 2110 2120
Year

Figure 6 — Sea-level temperature change for the medium-range, turboprop aircraft,
assuming constant productivity

The climate impact of NOx is more complex. The difference in Elxo, for the objectives is caused
by different atmospheric conditions, namely temperature and pressure which vary with cruise altitude.
While the total emitted NOx is similar for the three optimized aircraft, the effects of the DOC-optimal
aircraft are more significant due to the altitude forcing factor [35]. This is true for the cooling and
warming effects of NOx.

The last climate effect is the formation of contrails. Under certain conditions, non-persistent con-
trails may form, but we assume these have no direct influence on the climate. Combining both the
knowledge that the NOx effects are minimal and that persistent contrails do not form in the current
case study, this leads to the conclusion that the climate impact is only due to fuel proportional emis-
sions. Hence, in the current optimization structure, minimum fuel mass leads directly to the minimum
climate impact as well.

Shifting between the objectives does not only have an impact on the objective values but also on
the necessary fleet size as the block time changes with the selective objective function (Table 9). The
constant productivity setup results in more aircraft for the FM* and ATRj, objectives. The fleet size
and constant productivity over the set time horizon of 100 years are illustrated in Figure 9. This results
in a maximum fleet size of approximately 22 thousand aircraft for both the FM* and ATRj, objectives
and 16.4 thousand aircraft for the DOC objective. This is a difference of 5600 aircraft or an increase
of 34% between the DOC and the other objectives. To put this into perspective, the productivity rate
of the A320 is approximately 540 aircraft per year®. Note that the increase in produced aircraft also
increases the climate impact, however, the assessment of this impact is out of the scope of this paper.

5.3 Comparison with Turbofan Aircraft

In order to put the results of the optimization into perspective and study which propulsion type is
preferred to reduce the global warming impact of aviation, the propeller aircraft are directly compared
to their turbofan-powered counterparts. The TLAR, reference mission, and constant productivity sce-
nario are exactly the same as for the propeller aircraft. Table 10 shows the direct comparison of the
objective functions between the two types of aircraft. Note that the objectives are now in the columns

8A320 Production rate: Data obtained on 16-1-2022 from https://www.airbus.com/en/newsroom/
press—-releases/2021-01-airbus—updates-production-rates-in-response-to-market-environment
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rather than the rows. From the table, it is clear that generally speaking the turboprop has a lower
ATR00, as a reduction of 33% is realized between both ATR;],-optimized aircraft. This is reduced
to 20% when comparing it to the DOC turboprop objective. The cost benefit of the DOC turboprop
objective however is unanticipated. The current cost benefit contradicts the current utilization of tur-
bofan aircraft on medium-range routes. For that reason, the current cost prediction for the turboprop
is underestimated, by the current assumptions. However, since the range of the reference mission is
relatively short (1852 km), the difference in block time and time-related cost between the two aircraft
types is limited. In addition, the propeller efficiency of 88% reduces the fuel costs more than current
technology allows. For longer ranges, it is expected that the advantage of the faster cruise flight of
turbofan aircraft becomes more apparent. Nevertheless, the cost estimation must thus be looked at
critically.

Table 10 — Objective function values comparison between the optimal turboprop and turbofan aircraft

Turboprop Turbofan
Value FM* DOC* ATR;,, FM~ DOC* ATR;,,
Miyel [kg] 49-10° 5.8-10° 4.9.10° 7.2.10° 7.7.10> 7.7-10°
DOC [$/seat-nm]  0.23 0.19 0.23 0.22 0.20 0.23
ATR oo [mK] 7.4 8.8 7.4 26 26 11
tbiock [Nrs] 5.2 3.9 5.3 3.6 3.4 3.9
Elnoy [kg/ke] 0.011 0.0098 0.011 0.025 0.011 0.017

The difference in block time per mission, as seen in Table 10, has a direct consequence on the
fleet size of the objectives between the two aircraft types. This is better illustrated in Figure 7. This
figure shows the difference in fleet size between the objectives for both the turboprop (Figure 7a) and
the turbofan aircraft (Figure 7b). For example the FM* or ATRj,,, turboprop needs approximately 5500
more aircraft than the ATRj,, turbofan objective. Intuitively, this causes an extra climate impact, but
that is out of the scope of this study. As this fleet size discrepancy results in a skewed comparison
between the two aircraft types, an extra constraint is added in the next section. A block time constraint
can limit the maximum block time to four hours and make the climate impact comparison fairer with
the current flight times.

5.4 Block Time Constraint

The addition of the block time constraint partly eliminates the large difference in fleet size eminent
between the different objectives. Note that the DOC* turboprop aircraft remains the same, as the
block time per flight is already below four hours. The fuel- and climate-optimal turboprop aircraft
change as a result of this constraint.

The new comparison with the turbofan objectives is shown in Table 11. Due to the extra block
time constraint, there is a clear increase in the fuel mass and ATR;q for both the FM* and ATR;,
turboprop objectives. For example, the fuel mass for the two objectives is increased from 4.9-10° kg
to 5.7-10° kg, which is still significantly lower than the FM* turbofan aircraft. Additionally, the costs
per flight are lowered, while the ATR;q is increased. Generally speaking, the difference between
all turboprop objectives becomes smaller and more overlap can be observed between the objective
values.

The climate impact benefit observed for the turboprop ATRj,, and FM* objective is quite optimistic.
There are two reasons for this optimistic result: the high propeller efficiency during the cruise segment
(88%) assumed and the approach taken for the engine analysis which makes every combination of
the compressor pressure ratio and the TIT optimal. A sensitivity analysis is performed in Section 5.5
to study the impact of the assumed propeller efficiency on the results.

When compared to the turbofan objectives the benefit from utilizing turboprop aircraft is signifi-
cantly smaller. The benefit is reduced to 22%, with a 15% reduction in costs, but, as mentioned, the
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Figure 7 — Fleet size comparison between the turboprop and turbofan aircraft, assuming constant
productivity

Table 11 — Objective function values comparison between the turboprop aircraft with the
block time constraint applied, and turbofan aircraft

Turboprop Turbofan
Value FM* DOC* ATR;, FM* DOC* ATR;,,
miel [kg] 5.7.10> 5.810° 5.7.10° 7.2.10> 7.3.10° 7.7-10°
DOC [$/seat-nm] 0.19 0.19 0.20 0.22 0.20 0.23
ATRjg [mK] 8.6 8.8 8.5 26 26 11
tbiock [Nrs] 4.0 3.9 4.0 3.6 3.4 3.9

Elnoy cruise [kg/kg]  0.0099 0.0098 0.0099 0.025 0.011  0.017

latter must be looked at critically. The difference in maximum fleet size between the two aircraft types
is also reduced and is small between the turboprop aircraft and the climate-optimal turbofan aircraft.

The primary changes to the design variables for the FM* and ATRj,, design solutions are the
cruise altitude and the cruise Mach number. The overview of the design variables is shown in Ta-
ble 12. For the FM* turboprop objective, the higher cruise Mach number changes the cruise altitude
as well. The lower air density is better for the faster velocity. The ATR], objective has a lower cruise
altitude to decrease the effect of NOx. The overall difference between them is however minimal.

The temperature change over the time horizon of 100 years is compared in Figure 8. The long-
term CO, effects have increased due to the increase in fuel consumption. Regarding NOy, the
increase in cruise altitude results in a higher forcing factor for all NOx effects and thus a higher
contribution to ATR; o per kilogram of fuel. Even though the cruise altitude has increased, persis-
tent contrails do not form at the selected altitude and thus still do not contribute to the temperature
increase for the turboprop aircraft.
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Table 12 — Optimal design variables for the medium-range design case with the block time
constraint applied

Design Variable FM* DOC* ATR*g

W/S [kN/mz] 5.84 5.84 5.84
Al-] 13.3 12.1 13.1
TIT [K] 1520 1564 1501
Meompressor [-] 25 25 25
hcruise [km] 8.2 7.5 7.2
Meryise [-] 0.60 0.61 0.58
40 - Turbofan Turboprop
—o— FM* o FM*
——DOC* --- DOC*
30 | —=—ATR!y, - a- ATR}y,
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Figure 8 — Sea-level temperature change comparison between the turboprop aircraft with
the block time constraint applied, and the turbofan aircraft

5.5 Sensitivity Analysis

The performance of the turboprop aircraft in the previous sections showed an optimistic benefit from
utilizing the turboprop aircraft on the medium-range route. To put these results into perspective,
a sensitivity analysis is performed in this section. This is done for the standard turboprop aircraft
analysis and the analysis with the block time constraint. The maximum propeller efficiency is varied
between 70% and 90%. This gives a distinct range and clarifies the impact the propeller efficiency
has on the objective values and the design variables.

The impact of the propeller efficiency on the design variables and objective values is shown in
Table 13. The impact of the propeller efficiency is clear: as the propeller becomes more efficient, the
aircraft performs better in all objectives. The mission fuel mass, the direct operating costs and the
climate impact all decrease with increasing propeller efficiency. It is interesting to see that in order
to have a comparable climate impact to that of the ATRj,, turbofan aircraft, a propeller efficiency of
approximately 75% is required. This gives a threshold that needs to be met to have a lower climate
impact than turbofan-powered aircraft.

Considering the design variables shown in Table 13, the differences appear to be limited. The
climate optimal cruise conditions are independent of the propeller efficiency and thus are constant.
The aspect ratio and the TIT however both increase with an increase in propeller efficiency. The
former is caused by the easier conversion from propeller power to thrust and thus a lower throttle
setting is needed during the take-off segment. This allows for a higher TIT during the cruise segment.
The increase in aspect ratio with increasing propeller efficiency is due to the reduction of wing area
in the same trend in combination with the active span constraint.

With the block time constraint applied to the optimization, as shown in Table 14, the same trends
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Table 13 — The objective functions and design variables for the ATRj,, turboprop aircraft
for various propeller efficiencies

Parameter Nprop = 0.70  TMprop =0.75  TNprop = 0.80  Nprop = 0.85  Tprop = 0.88  Mprep = 0.90
Miel [kg] 9.6-10° 7.5-103 6.4-103 5.4.10° 4.9-10° 4.7-10°
DOC [$/seat-nm] 0.28 0.26 0.25 0.24 0.23 0.22
ATR g0 [mK] 12 11 9.4 8.0 7.4 7.0
W/S [kN/m?] 5.8 5.8 5.8 5.8 5.8 5.8
Al[-] 11.2 12.1 12.9 13.6 13.9 14.1
TIT [K] 1402 1407 1412 1414 1415 1416
Heompressor [-] 25 25 25 25 25 25
Neruise [km] 5.0 5.0 5.0 5.0 5.0 5.0
Mcruise [-] 0.40 0.40 0.40 0.40 0.40 0.40

are observed as seen in Table 13. Interestingly, the propeller efficiency threshold to perform better
than the turbofan alternative has shifted from 75% to 80%.

Table 14 — The objective functions and design variables for the ATR;, turboprop aircraft
with the block time constraint applied, for various propeller efficiencies

Paremeter Nprop = 0.70  Mprop = 0.75  Nprop = 0.80  Nprop = 0.85  TNprop = 0.88  Nprop = 0.90
Miyel [kg] 11-10° 8.7-10° 7.3-10° 6.2:10° 5.7-10° 5.3-10°
DOC [$/seat-nm] 0.25 0.23 0.21 0.20 0.20 0.19
ATR 00 [mK] 14 12 11 9.3 8.5 8.1
W/S [kN/m?] 5.8 5.8 5.8 5.8 5.8 5.8
Al 10.8 11.7 12.4 12.9 13.2 13.5
TIT [K] 1510 1528 1540 1550 1555 1560
Heompressor [-] 25 25 25 25 25 25
heruise [km] 7.4 7.4 7.4 7.4 7.4 7.4
Meruise [-] 0.59 0.59 0.59 0.59 0.59 0.59

6. Conclusion & Recommendations

The objective of this paper was to investigate the usage of propeller-based propulsion on medium-
range aircraft to reduce the climate impact of the aviation industry in the future. Since climate-
optimized turbofan aircraft fly at cruise altitude and Mach numbers where turboprop engines typi-
cally offer higher propulsive efficiency, both propulsion types are compared. We carried out single-
objective optimizations using airframe, engine, and mission design variables. The aircraft were de-
signed and optimized using a multidisciplinary design optimization framework.

The optimization results showed that, for fixed fleet productivity, the climate impact measured by
ATR ;00 can be reduced by 16% by shifting from a cost objective to a climate objective for a medium-
range propeller aircraft. Interestingly, the same value is obtained when shifting to the fuel mass
objective. The climate impact objective and fuel mass objectives were found to be equivalent as
the climate impact is mainly caused by CO2 emissions. Compared to a turbofan aircraft, the result
showed a clear reduction of 33% between both aircraft optimized for the climate objective. Compared
to the cost-optimal turbofan aircraft, we estimate that the climate-optimal turboprop aircraft can reduce
the climate impact by approximately 71%, although uncertainties are present.
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Since the climate-optimal turboprop aircraft has a longer block time, the comparison with the
turbofan alternative is skewed. When we constrain the mission block time to four hours for the
medium-range propeller concept, the reduction potential in ATR;oo of turboprop aircraft is limited
to 23% instead of 33%. In addition, the aforementioned reductions in climate impact require a pro-
peller efficiency of 88%, which is higher than the currently available technology. A sensitivity analysis
indicates that a propeller aircraft becomes preferred to the turbofan counterpart when a propeller
efficiency of approximately 75% is reached.

This study can be further improved in the future. The first thing is a more advanced propulsion
module. The rotations per minute (RPM) and propeller size do not affect the propeller performance
in the current model. However, these parameters can strongly influence the propeller efficiency.
Regarding future studies, it would be interesting to include a multi-objective optimization for both cost
and climate impact objectives. Employing the turboprop and turbofan in a route network can shed a
light on how to optimally allocate both aircraft types. Lastly, the use of more advanced climate models
is recommended to estimate the climate impact more accurately.
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A Future Fleet Scenario: Constant Productivity
Figure 9 shows the change in fleet size required to maintain the same productivity for all objectives.
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Figure 9 — Fleet size and number of flights performed for the medium-range design case, assuming
constant productivity
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B Verification Values

The general input parameters for the GasTurb on-design point and off-design point are given in Ta-
ble 15, while the input parameters for the design convergence loop are provided in Table 16. Addi-
tionally, Figure 10 shows the percentage difference the on-design point performance verification with
the data from Reference [37].

Table 15 — GasTurb parametric and performance analysis input parameters

Parameter Value ‘ Parameter Value

injet [+] 0.99 | nupr [ 0.85
Heombustor -] 0.97 | Mmech HeT [] 0.95
Moutlet ['] 0.98 Timech,LPT ['] 0.975
Ncombustor [~ 0.97 | Nprop [-] 0.9
neet [-] 0.90 | LHV [MJ/kg] 43.124
Pott-take [KW] 0.0 | Cooling [%] 0.0

Table 16 — Aircraft design convergence verification input parameters

Parameter ATR 72-600 Dash 8-400
Harmonic Range [km] 987 955
Maximum Structural Payload [kg] 7500 7800
Cruise mach number [-] 0.44 0.53
Cruise altitude [m] 5180 7620
Take-off length [m] 1278 1268
Aspect Ratio [-] 12 12.8
W /Sto [N/m?] 3697 4351
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Figure 10 — Parametric analysis verification of four specific engine parameters with data
provided in the paper by Ding [37]

22



	Introduction
	Optimization Definition & Setup
	Optimization Definition
	Constraints
	Optimization Structure

	Design & Analysis Methods
	Aircraft Design Convergence
	Class I Sizing
	Propulsion
	Class II Mass Estimation

	Climate Impact Evaluation
	Direct Operating Costs

	Verification
	Propulsion Module
	Aircraft Design Convergence

	Results
	Aircraft Design Case Specification
	Optimization Results
	Comparison with Turbofan Aircraft
	Block Time Constraint
	Sensitivity Analysis

	Conclusion & Recommendations
	Copyright Statement
	Acknowledgements
	Contact Author Email Address
	Future Fleet Scenario: Constant Productivity
	Verification Values

