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Abstract

A design optimization methodology is implemented in a multidisciplinary aircraft design framework to
optimize a regional very-high aspect ratio truss-braced wing aircraft layout considering both cost and
emission requirements. A detailed emission model is incorporated to calculate the emission masses and
temperature responses due to the engine emissions. Since the design variables include the mission param-
eters, namely the cruise altitude and cruise Mach number, an engine sizing module based on the thermo-
dynamic cycle is integrated into the design. The results show that the optimum configuration for emission
and cost are quietly different. The emission objective drives the design toward lower cruise altitudes and
Mach numbers (i.e. 20 [kft] and Mach 0.4), while the cost objective drives the design toward higher Mach
numbers and altitudes. The reason is found to be the mechanism by which these emissions are formed and
affect the temperature rise, particularly the altitude at which these emissions are created. At the end, the
effect of engine bypass ratio, and mission profile (cruise altitude and cruise speed) are analyzed.

1. Introduction

As air travel demand is estimated to grow by 3.5% annually, the environmental requirements are becoming more and
more stringent to mitigate the environmental impacts resulting from increased aircraft emissions. Since the tube-and-
wing aircraft configuration has reached a mature state over the decades, the new environmental targets set for the
years 2030 and 2050 can be met by the development of novel configurations. These novel configurations not only
should provide the capability to increase the performance and reduce the emission significantly, but also it should be
economically viable.

Figure 1: Regional Truss-Braced Wing Aircraft

The very-high aspect ratio truss-braced wing aircraft (Figure 1) is one of the most promising configurations
which can reduce fuel burn considerably, and on the other hand, it can incorporate the accumulated know-how, which
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is the result of decades of tube-and-wing aircraft configuration development. Traditionally, aircraft are designed and
optimized for maximum profitability, which has defined the aircraft layout and mission. Considering the emission
requirements in the optimization process will result in different layouts and mission profiles, which should be taken
into account in the design process.

The emission of a conventional narrow-body aircraft and its effect on the global temperature is formulated in [1],
and it was found that the climate-optimum aircraft will have lower cruise altitudes and Mach numbers. Based on this
methodology, the effect of fleet planning and engine design parameters were added to the optimization in [2], and the
optimum planform and mission characteristics for a narrow-body aircraft were computed. With a different emission
methodology, the effect of different technologies on the forward-swept narrow-body aircraft was investigated, and the
wing planform was optimized with respect to cost and emissions in [3]. The aircraft emissions at landing and take-off
(LTO) were optimized in [4] in conjunction with cost and fuel, and emission-optimum aircraft was found to have a
cruise Mach number of 0.41 and an initial cruise altitude of 15 [kft].

In this research, a method for the optimization of the Truss-Braced Wing (TBW) configuration is developed,
which takes into account the required number of aircraft based on the market demand, cruise speed, engine on-design
conditions, and operational costs. The optimization method is implemented on a regional short-range aircraft, and the
effect of design parameters is investigated.

2. Methodology

2.1 Multidisciplinary Framework

A design optimization methodology is developed and implemented in a multidisciplinary aircraft design framework
to optimize a regional very-high aspect ratio truss-braced wing aircraft layout considering both cost and emission
requirements. This framework is capable of sizing the aircraft, weight analysis, engine analysis, performance analysis,
cost analysis, and emission estimation. An aircraft emission analysis module based on existing methodologies is
purposely developed for this design framework, which is capable of calculating various types of emission based on the
mission profile and aircraft performance. The design framework is presented in Figure 2.
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Figure 2: Design and Optimization Framework

The input module parses the input commands and requirements defined by the user, which are stored in a text file.
These input commands are validated, are sent for the solution analysis. The design starts with the sizing analysis, in
which the wing area and engine thrust are sized based on performance requirements extracted from Part 25 regulations.
The computed wing area along with user-defined inputs are then used by the geometrical module, to generate the
aircraft layout, including wing, horizontal tail, vertical tail, and fuselage layout. This generated layout is used by the
aerodynamic module to compute the aerodynamic characteristics over a wide range of Mach numbers and angle-of-
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attacks. In the next step, the sized engine thrust is used to generate the engine performance charts (Thrust and TSFC)
over the range of Mach numbers and altitudes.

By having the engine performance, aerodynamic characteristics, and aircraft weight, it is possible to calculate
the required fuel in the performance module. It should be noted that in the first iteration, where the weight data are not
available, an initial value is selected for essential weight parameters. The calculated fuel weight is used to calculate
the Maximum Take-Off Weight (MTOW). To this aim, semi-empirical formulas are used to estimate the components
and systems’ weight based on the mission requirements and geometrical layout. The newly calculated weight and
aerodynamic data are passed to the convergence modules, which will be used in the next iteration. This process is
repeated by the convergence module until the relative change in take-off weight, wing area, and engine thrust are all
below a given threshold, which is selected to be 107>, The converged aircraft is used to estimate the required number
of aircraft for an estimated required seat-kilometer in the next 30 years. The required number of aircraft and aircraft
information is used in the cost module to calculate the Direct Operating Cost (DOC), and the Life Cycle Cost (LCC).
In the end, the aircraft emission characteristics for the mission and also for its entire life are calculated.

The abovementioned process, which is called Multidisciplinary Design Analysis (MDA) in this research, is in-
cluded in a higher-level optimization loop, which tries to find optimum design and mission variables. The optimization
loop is called Multidisciplinary Design Optimization (MDO).

2.2 Sizing

The required engine thrust and wing area to fulfill the performance requirements, which are based on the mission and
Part-25 requirements, are estimated. The static sea-level required engine thrust, 75,5, and the wing area, Sy, are
computed using the matching diagram.

Engine Thrust In this research, the requirements of approach, climb’s transition segment, the first segment, the sec-
ond segment, the final segment, AEO go-around, OEI go-around, and take-off distance are considered in the matching
diagram.

Wing Area The wing area (S y) is primarily sized by the desired approach speed and the maximum lift coefficient,
CrLmax- The Cp,., 1s computed from the aerodynamic modules, and is updated in every iteration.

The wing area is related to maximum landing weight (Wy), air density at sea-level (p), and the approach speed
(V4) as following:

Wi
Sw=1—F5 6]
%pvichax

2.3 Geometry

The design of geometrical components (wing, fuselage, horizontal tail, and vertical tail) layout is carried out using
statistical and engineering methods presented in [5]. The design of wing planform parameters is related to the cruise
conditions, particularly the Mach number.

2.4 Aerodynamics

The aerodynamic characteristics of the aircraft are computed using a hybrid method combining the Digital DATCOM
[6] and the transonic correction.

The drag up to Mach 0.6 is computed using the DATCOM, and Mach numbers above 0.6, the method is extracted
from [7]. In this method, the wave drag due to compressibility effects at each Mach number (M) is computed from:

Cp, =20(M - M) if M>M, 2)

In which, M., is the critical Mach number. In the original method, the critical Mach number should be computed
for each strip of wing section, but in the presented research a single critical Mach number is calculated for the Mean
Aerodynamic Chord (MAC). The critical Mach number is computed from Equation 3:

1
0.1\3
M. = Mpp - (%) 3)

In this equation, Mpp is the drag divergence Mach number. The Mpp can be computed from [7]:
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t
Mppcos Ags5 + IOCOCS‘; Aos + COS/IC\()‘S = Ka 4

In Equation 4, Ay is the sweep angle of mid-chord, Cy, is the lift coefficient, #/c is the thickness ratio at MAC,
and «4 is the Korn factor. For supercritical airfoils, k4 = 0.95, and for conventional airfoils, k4 = 0.87.

Since the nacelle drag and the effect of the BPR are not considered in the DATCOM method, the nacelle drag is
added separately to the drag buildup, and the method presented in [8] is used to calculate the drag.

For the TBW configuration, the effects of the strut on the drag are added to the computed drag. It was assumed
that the struts provide no lift, and hence will not have any induced drag. The strut friction drag and the wing-strut
interference drag are calculated using correction factors, and the associated form factor and interference factor are
computed using the method provided in [9]. These factors are based on statistical data and the skin friction coefficient.

2.5 Propulsion

Since the two primary mission parameters, e.g. cruise speed and altitude, are design variables for the optimization, an
engine sizing methodology for the required thrust is developed. The thrust of aircraft is provided by two high bypass,
separate exhaust, cooled, twin-spool turbofan engines. The Fan and the low-pressure compressor are in balance with
the low-pressure turbine through a low-pressure spool. On the other hand, the high-pressure compressor and the high-
pressure turbine are connected to the same shaft, referred to as the high-pressure spool. The engine cycle layout is
depicted in Figure 3.

Station | Description
0 Free stream
1 Inlet or diffuser entry
2 Diffuser exit
2a Fan exit/ Bypass duct entry
3 Low pressure compressor exit
3 High pressure compressor exit
3a Burner entry after bleed extraction
4 Burner exit, Nozzle vanes entry
-0 = 4a Nozzle vanes exit, Coolant mixer 1 exit
4b High pressure turbine exit, Nozzle vanes entry
4c Coolant mixer 2 exit, Low pressure turbine entry
5 Low pressure turbine exit
7 Exhaust nozzle entry
9 Exhaust nozzle exit
7 Exhaust nozzle entry of bypass duct
Cooling 9 Exhaust nozzle exit of bypass duct
Power
Extraction

Figure 3: Engine Stations for Engine Cycle Design and Analysis

Engine parametric and performance cycle analysis methodology is based on the method presented by Mattingly
[10, I'1]. Initially, the engine is sized using on-design point data, which is the cruise condition in the current study.
Then, the off-design behavior is obtained for all operating conditions utilizing the design point data.

The main design parameters of the engine are the bypass ratio (BPR), overall pressure ratio (OPR), and turbine
inlet temperature (TIT). The rest of the required design data, including components’ polytropic and isentropic efficien-
cies, cooling fractions, and power extraction, are considered constant for the on-design and off-design conditions. The
pressure losses in the combustion chamber, bypass stream exhaust nozzle, and core stream exhaust nozzle are also con-
stant. The outcome of the performance cycle analysis is the variation of the thrust and thrust specific fuel consumption
(TSFC) at different Mach numbers and flight altitudes.

2.6 Weight
The purpose of the weight module is to calculate the buildup of the maximum take-off weight.

Take-Off Weight The maximum take-off weight of the aircraft is expressed as:

Wro = Woe + Wpp + Wpr 5)

In which, Wr¢ is the maximum take-off weight, Wy is the operating empty weight, Wpp is the design payload
weight, and Wpp is the design fuel weight.
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Design Payload Weight Payload weight is calculated from:

Wpp = Npax X Wpax (6)

Where n,,, is the number of passengers, and W, is the weight of the passenger with its baggage. The number
of passengers is defined by the input requirements, and 90 [kg/ pax] is used for the passenger weight [12].

Operating Empty Weight The operating empty weight is the sum of the manufacturer’s empty weight (Wyg) and
operational items weight (Wy;):

Woe = Wye + Wor @)

The Wy includes the weight of the structure, powerplant, systems, and interiors. The weight of these items
is calculated using a combination of the empirical methods of General Dynamics and Torenbeek method from [13].
Since these systems are similar to conventional designs, except for the wing weight, these methods can be used reliably.
For the estimation of wing weight, a calibrated version of the method provided in [14] is employed. The calibration
is extracted from high-fidelity finite element analysis and is incorporated into the equation as a constant correction
coeflicient. For this application, this coefficient has been found to be 0.9. In the engine weight estimation, the effect of
bypass ratio is considered using the method provided in [15].

Design Fuel Weight The Wy is the required fuel to fulfill the assigned mission based on the required range and
mission profile (cruise altitude and speed). This parameter is calculated in the performance module of the code. This
module calculates the performance parameters, including fuel, range, and endurance, for different kinds of phases. The
performance analysis considers the variation of thrust, specific fuel consumption, lift, and drag coefficient with Mach
number and altitude. The balance of the external acting forces on the aircraft has been taken into account at each time
step. Also, this module is capable of finding the cruise phase range based on the required mission range in an iterative
process. For further details and validations, interested readers are referred to the mentioned paper [16].

2.7 Cost Analysis
When the MDA loop is converged, the cost analysis is performed to calculate the operating and life-cycle costs.

Life-Cycle Cost The aircraft cost analysis is mainly based on the method presented in [17], and minor modifications
are implemented. A short description of the method is presented here, and for more details, readers are referred to the
original reference. The aircraft life-cycle cost, the parameter C; ¢, consists of:

Crc = Crpre + Caco + Cops (®

In which Cgprg is the design, development, and engineering cost, C4co is the acquisition cost, and Cops is the
operation cost. The development cost Crprg includes engineering, tests, prototype aircraft manufacturing, tests, and
certification costs. In the development phase, the number of prototypes is assumed to be 4. The engine cost is related
to take-off thrust using the statistical formula from [9] (C Pl is the consumer price index relative to the year 2012):

Coongine = 1035.9 X TIE350[Ib ] x CPIL1, )

Fleet Planning One of the parameters that affect costs, particularly the life-cycle cost, is the number of aircraft.
Basically, it is common to consider the number of aircraft fixed for the design of aircraft. But, in the real case, the
market demand defines the number of aircraft. For example, low-speed flying aircraft may have better performance in
terms of fuel consumption and DOC compared to high-speed aircraft. But, on the other hand, high-speed aircraft can
carry more passengers, hence it has more productivity. For this reason, to transport the same number of passengers
less number of high-speed aircraft and flights are required. To quantify this scenario, it is assumed that this aircraft is
designed to provide a fixed number of Available Seat-Kilometers (AS K(#)) in the first year. This demand is increased
annually by CAGR (Compound Annual Growth Rate). The market demand in terms Available Seat-Kilometer (AS K)
at year ¢ is calculated from:

ASK(f) = ASK(ty) x CAGR"™ (10)

In this research, the analysis is performed for 30 years, i.e. f,,4x = fo + 29, the initial demand AS K(¢y) is assumed
to be 500 [Billion], and the annual growth CAGR is selected as 3%.
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By knowing the demand each year, the yearly number of required aircraft (Nac(¢)) and total flights of the fleet
(N fiigni(t)) can be computed from:

_ AS K(t) [km]
Nacl) = N U TR X Vs o] (5
Ujalh
N (1) = #{h} X Nac(1) (11b)

In Equation 11, N, is the number of passengers of the aircraft, Uy is the annual utilization of each aircraft, Vg
is the block velocity, and Ep is the block time of the aircraft in the design mission. The Uy is assumed to have a fixed
value of 2400 [A4], and Vg and Ep are computed from the performance module.

Direct Operating Cost The Direct Operating Cost (DOC), is the sum of operational costs: Flight (fuel cost and crew
cost), maintenance, depreciation, fees, and finance costs. The method presented by Roskam in [17] is used for the
calculation of DOC.

2.8 Emission Analysis
The emission analysis module calculates the emission of aircraft according to the mission profile, performance, number
of flights, and number of aircraft. The primary source of aircraft emissions is the powerplant and engines. Aircraft

engines are the sole source of Carbon Dioxide (CO;) and Nitrogen Oxides (NO,), and the primary source of noise
emissions. In this research, the engine emissions are calculated, but noise is not included in any of the analyses.

Ideal Combustion Process In the combustion of pure fossil fuels (such as Kerosene), only CO, and water vapor
(H,0) are generated, see Figure 4.

Ideal CombUﬁion Molar: C,H,,+17.75 0, -12 CO,+5.75 H,0
Weight (gr.): 167 + 568 — 408 + 103.5

C12H23

l
T

C,H,+S
CO,+H,O0+N,+NO_+CO +S50, +C +UHC
Real Combustion

Figure 4: Products of Combustion Process

O, =)

O, +N ==

The combustion formula is as follows:
CpHy; + 17750, — 12C0O, + 5. 75 H,0 (12)

Real Combustion Process But in reality, the combustion process is more complex due to many reasons:

1. Fuels are not pure and contain Sulfur (S) elements. In the combustion process, Sulfur is reacted with Oxygen
(03), and Sulfur Oxides (SO,) are produced.

2. Incomplete combustion results in secondary substances, such as Unburned Hydrocarbons (UHC), Carbon Monox-
ide (CO), and soot.
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Table 1: Parameters of Emission Species

Species CO, H,O NO, O3 CHy SOy Soot Contrails
f 1.00 1.14 - 1.37 1.18 0.9 0.7 0.59
El [kg/kg] 3.16 126 [1] - - 4%107° 2x107* -

3. High temperature combustion oxides the Nitrogen (N,), which will result in Nitrogen Oxides (NO,).

It is worth mentioning, that around 0.4% of combustion products are the result of non-ideal combustion. The
non-ideal combustion formula, without considering the stoichiometric ratios, is as follows:

(C12Hpz + S) + (O3 + Np) — CO; + H,O + N + NO, + CO + SO, + Soot + UHC (13)

Temperature Response In this research it was decided to use the Average Temperature Response (ATR) [18, 19] as
a parameter representing the climate impact. This parameter, which has units of temperature (such as mK), shows the
increment in the surface temperature of the earth due to pollution of the aircraft over its entire operation. ATR for a
period of t,,,, years is calculated from:

1 Tmax
ATR,, , = ; f AT (t)dt 14)
max Jiy

In Equation 14 the ¢ expressed is in years, f is the first year in the period, and t,,,, is the last year in the period,
and AT (z) is the temperature change in each year due emissions produced from the first up to that year. The temperature
change is computed from [20]:

!
AT(t) = f G(t—1t)X RF*(t)dt (15)
0]
In Equation 15, RF™ is the normalized radiative forcing (RF), and is equal to one for a doubling in the atmospheric
carbon dioxide concentration as compared to preindustrial times, i.e. year 1800.

Radiative Forcing The total normalized radiative forcing is the sum of the normalized radiative forcing of all species:

RF(¥)
RF*(t) = RF;
(0 = Z (0 = Zf R 6

for i= CO,, H,0, SO4, NO, (CHy4, O31, O3s), Soot, contrails

Parameter f; is the efficacy of each element compared to the effects of CO,, and is equal to the ratio between the
climate sensitivity of these species and the climate sensitivity of CO,. The values for this parameter for many species
are presented in Table 1.

Emission Index To calculate the radiative forcing of each pollutant element, the produced mass of that element is
required. These masses are calculated using the engine performance and engine characteristics. The engine emission is
characterized using the parameter "Emission Index", E1, which is the mass of produced emission per 1 kg of consumed
fuel:
er =" (17)
mr

In this equation, EJ; is the emission index of substance i (such as CO, CO,, etc.), m; is the mass of produced
emission, and mp is the mass of consumed fuel. For ideal combustion products, the stoichiometric ratio will be used
to calculate the emission index. For non-ideal combustion products, many methods have been developed that can
calculate the emission index.

The emissions indices for many combustion products, such as CO,, H,O, and SO, are only related to the engine
fuel consumption, and are approximately constant throughout the flight of the aircraft. But, emissions of NO,, CO,
UHC, and soot are highly dependent on many variables, specifically the flight conditions and engine throttle [21]. The
emission index for the species is presented in Table 1.
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Carbon Dioxide CO, emissions are the primary pollutant product of the combustion process and have the most
significant effect on the atmosphere. The emission mass of carbon dioxide is directly related to the fuel flow, with an
approximate emission index of 3.160 [kg/kg] for kerosene fuel. To calculate the radiative forcing of the CO; at each
year, a method presented in [20] is implemented. In this method, the change concentration of CO, at year each year,
denoted by Ay(¢), is calculated from:

!
Axcoa(t) = f Gyeon(t =) X Ecop(t)dt’
fo

5 (18)
GXcoz(I) = Z @; X e’
i=1

The Ecpy(f) in Equation 18 is the emission mass of CO; in year ¢, which is calculated from the emission index.
The values for a; and 7; are used from [20]. The normalized radiative forcing of the CO, is then can be calculated
from:

1
RF}p(D) = — 1n(

Xco20 + Axcor(h)
In2

XC02,0

19

The yco2,0 in Equation 19 is the background concentration and is equal to equal to 380 ppmv (parts per million
volume).

Water Vapour Water (H,O) vapor is the next primary product of engine combustion, which is a greenhouse gas.
Similar to CO,, the water vapor mass can be calculated from the constant emission index of , 1.260 [kg/kg]. The
radiative forcing of the water vapor is calculated from:

RFref
ref

RFref
RF0() = T Emo()
ref /H20

) =743x 107" [W/ne/kg] (20)
H20

Soot Since the produced Soot has a small contribution, the EI for soot is assumed to be constant, though it can vary
with engine operating conditions. The emission index for soot is selected as 2.0 x 10™*[kg/kg] [22]. The radiative
forcing of the soot is calculated from:

RF,, RF,, )
5 ! ) Esoor(t) ( 5 ! ) =5.0x107""  [Wm/kg] 1)
ref /S oot ref /Soor

RFgo0/(1) = (

Sulfur Oxides Due to the high reactivity of Sulfur (S), the presence of Sulfur in aircraft fuel results in Sulfur Oxides
(S0O,) in the combustion products. In these emissions, 95% are Sulfur Dioxide (SO,), and the remaining are Sulfur
Trioxide (SO3). The SO; reacts with the water vapor in the exhaust, and forms Sulfuric acid (H,SO4). The emission
index for SO is selected as 4.0 x 107 [kg/kg] [22]. It should be mentioned that the SO,4 has cooling effects, and the
radiative forcing has a negative sign. The radiative forcing of the SOy is calculated from:

RFref
Eref

RFref
RFgp4(t) = E Esos(t)
ref Isoa4

) =-1.0x 1071 [Wwe/kg] (22)
504

Oxides of Nitrogen Oxides of Nitrogen include many gaseous nitrogen oxides, and among them Nitric Oxide (NO)
and Nitrogen Dioxide (NO;) emissions are typically grouped as NO,. However NO, are not greenhouse gas, but it
has an indirect effect on global warming. NO, emissions are produced in the combustion chamber, particularly in the
highest temperature of it. Since the combustion chamber temperature is dependent on ambient conditions (pressure
and temperature) and fuel-air mass ratio. When the equivalence ratio is equal to 1, the NO, production reaches its
maximum. The NO, emission index is highest at maximum throttle (at take-off), and would be at minimum at idle
throttles [21]. For this reason (dependency on ambient conditions and throttle), the emission index calculation of NO,
is not as straightforward as it was for the aforementioned species.

To estimate the emission index of NO,, many methods are developed. The ICAO engines emission database
provides the emission indices at take-off and landing, while the values for the cruise phase are not published. The
Boeing’s fuel flow method presented in [23], uses the ICAO’s engine emission database, to find the emission at the
desired conditions. Dallara developed an analytical expression based on combustion chamber conditions (pressure and
temperature) [1]. In this research the Dallara method is used:
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04 T H
DT3a ) —ex ( T3a _0) 23)

101325 P\To44 " 532
In which, T3, and pr3, are the total temperature and pressure before the combustion chamber, and Hj is the
specific humidity. The specific humidity is calculated from [24], and Tr3, and pr3, are calculated from the engine
cycle (see subsection 2.5).
The NO, has no direct effect on global warming, but its effect on greenhouse gases should be considered. The
NO, depletes the CH4 (Methane) and O3y, (long-lived Ozone) in the long-term, which has a cooling effect. On the other
hand, the NO, will increases the O3g (short-lived Ozone), which has a warming effect.

Elno, = 0.0986 x (

Methane The radiative forcing of Methane is computed using:

!
RFcpa(t, H) = SCH4(H)f Gena(t — 1) X Enox(t)dt’
% (24)

Gena(H) = =516 x 1078 x ™ [W/m2 [kg]

The parameter H in Equation 24 is the altitude at which NO, is generated. Forcing factor scy4(H) represents the
altitude effect and is computed from Figure 5.

Variation of Forcing Factor with Altitude

45

40

Altitude [Kft]
N w w
[6)] o (3]

N
(=)
P—x

15 | ‘ ‘ |
0 0.5 1 1.5 2 25
Forcing Factor, s [-]

Figure 5: Variation of Forcing Factors with Altitude

Long-Lived Ozone The radiative forcing of O3y, is computed using:

!
RF03.(1, H) = SOSL(H)f Gosr(t —1') X Enox(f')dt’
)

(25)
Gosr(H) = =121 x 10783 x e [W/u2/kg|
Short-Lived Ozone The radiative forcing of Osg is computed using:
RF s RFf 1
RF 035 (t, H) = 5035 (H) f Epss(1) =1.01x10 (26)
ref 103s ref ]03s

Contrails and Aviation-Induced Cloudiness Aviation-Induced Cloudiness (AIC) refers to the combination of con-
trails and aviation-induced cirrus clouds. The warming effect of AIC is computed from [19]:

RF ref

ref
In which, Lyjc is the total range of all aircraft in a year.

. RF,;\ s
arc(® L_ =1.19x 10 [ /m /m] (27)
AIC ref ] H20

RF 51c(t) = SAIC(H)(
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2.9 Optimization

Optimization Framework A surrogate optimization methodology based on the Design of Experiment (DoE), Neural
Network (NN), and Genetic Algorithm (GA) is implemented to find the results. The overall scheme of this framework
is presented in Figure 6.

Simulate Rasult
MDA Dat:ase
Su rrog ate Neural
Neural Network Net;Ofk
Optimize Optimum
Genetic Algorithm Solution

Updated . Validated
et Validate Solution

y

Figure 6: Variation of Forcing Factors with Altitude

Design Variables In the optimization process, the independent design variables are wing span, strut-wing spanwise
location, engine bypass ratio, cruise altitude and cruise Mach number. It should be mentioned that there are many other
layout parameters, which are dependent variables and are computed based on the independent variables. For example,
the wing sweep angle and wing taper ratio are related to the cruise Mach number and wing aspect ratio. The limit and
initial value for the design variables are presented in Table 2.

Table 2: Design Variables for MDO

Variable Lower Limit Upper Limit Notes

Wing Tip Y [m] 14.0 24.0 Represents Span and Aspect Ratio
Strut Tip Spanwise [%] 50% 75% Upper Limit due Stability

Cruise Altitude [kft] 18.0 42.0

Cruise Mach Number [-] 0.4 0.8

Engine Bypass Ratio [-] 6.0 16.0

Design Objectives In this research, cost (both DOC and LCC), weight (MTOW), and emission (ATR) are selected
as the objective functions.

Design of Experiments A population of samples is randomly generated using the Latin Hypercube method, and
these samples will be used to populate the database. In this research, 200 samples were generated. Each set of design
variables is used in the MDA process, and the objective functions are calculated.

Neural Network Neural Network (NN) method is implemented to create and train a surrogate model. This surrogate
model is used to guess the objective function based on any set of desired design variables. The network has one hidden
layer and 50 neurons.

Genetic Algorithm A Genetic Algorithm (GA) is then used to find the optimum solution by using the developed
surrogate NN model. Since the design framework is developed in MATLAB, existing functions and toolboxes from
MATLAB are used for NN and GA, and auxiliary functions and codes are added to pass the information to these
modules.
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3. Results

The optimum point for each objective is presented in Table 3. Minimum ATR is achieved at a higher bypass ratio, higher
aspect ratio, lower cruise altitude, and lower cruise Mach number. In contrast, lower DOC and LCC are achieved at
higher cruise altitudes and cruise Mach numbers. As the cruise speed increases, the wing aspect ratio is reduced, and
the optimum points tend to lower the bypass ratio. One of the reasons for a lower bypass ratio at higher speed is that a
lower bypass ratio reduces the nacelle drag.

Table 3: Optimum Point

Parameter ATR DOC LCC MTOW
Wing Tip Y [m] 1934 1792  17.11 15.20
Strut Tip Spanwise [%] 69% 70% 73% 67%
Cruise Altitude [kft] 19.95 38.16  37.90 21.34

Cruise Mach Number [-] 043 0.65 0.73 0.41
Engine Bypass Ratio [-] 13.95 7.01 6.48 8.58

ATR [mK] 0.309 0.824  0.908 0.333
DOC [USD/pax/trim] 197.8 155.8 156.6 191.6
LCC [BUSD] 3287.4 2559.0 2555.5 3170.0
MTOW [kg] 28,041 26,491 27,989 24,706

The temperature response of the LCC-Optimum and ATR-Optimum designs are presented in Figure 7. As can
be seen, flying in higher altitudes, results in considerably higher temperature rise due to aviation-induced cloudiness.
Also, as be seen from Figure 5, the AIC and O3S increase at higher altitudes.

Temperature Response

: 1.8 Temperature Response
-Heating )
| 1.6 |
14+¢
z <
; E 121
: ()
m D
c : !
m ©
| G
9 ) 0.8
| 2
E © 0.6
| [}
| g
| [0} 0.4
'_ [
0.2},
o —
-Cooling
0.2 L L L L i 024 ‘ | ‘ ‘ ‘
2025 2030 2035 2040 2045 2050 2025 2030 2035 y 2040 2045 2050
Year [-] .
(a) ATR-Optimum (b) LCC-Optimum

Figure 7: Temperature Rise of Optimum Solutions

The pareto front for LCC, ATR, MTOW, and cruise L/D is presented in Figure 8. As can be seen from Figure 8a,
higher cruise altitude, results in higher ATR, while the LCC cost is generally would be lower. The higher speed at
higher cruise altitudes can reduce the required number of aircraft, which will reduce the costs. On the other hand, the
higher cruise altitude will reduce the AIC warming effects significantly. In contrast, the variation of L/D with MTOW
is more dependent on the airframe design, rather than the mission characteristics. As can be seen from Figure 8b and
Figure 8c, as the wing aspect ratio increases, the cruise L/D increases accordingly. But, the MTOW initially decreases
due reduction in mission fuel, but beyond a point, the wing weight penalty outweighs the fuel reductions and the wing
weight increases. The increment in engine BPR results in an increment in both LCC and engine weight, see Figure 8d.
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Figure 8: Pareto Front

4. Conclusion

A methodology for optimizing aircraft mission and wing planform with respect to emission and cost objectives is
developed. This methodology is implemented through a multidisciplinary design and optimization framework and is
applied to regional truss-braced wing twin-turbofan aircraft. The optimization results show that the cost and emis-
sion requirements drive the design toward quite different configurations. The emission requirements, parametrized
in average temperature response (ATR), will result in low-flying aircraft, e.g. lower cruise altitudes and lower cruise
Mach number. On the other hand, the cost requirements, represented by DOC and LCC, will tend to aircraft with
configurations suitable for flying at high altitudes and Mach numbers.

Though it has been tried to capture all possible effects of emission, particularly those that can affect the design
at conceptual design, but there are still gaps that require more detailed investigation. The aviation-induced cloudiness
model used does not consider the actual environmental conditions at which contrail is formed. In the analysis, it is
assumed that the aircraft is flown only in one mission, which is the design mission. But in reality, the majority of
flights are done with lower payload and range. A more detailed aerodynamic module may be used to increase the
accuracy of the aerodynamic module over the range of Mach numbers. The engine cycle module can be improved to
consider the RPM and more details of the thermodynamic cycle.
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