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Abstract

This paper aims at presenting an improved version of a MDAO (Multi-Disciplinary Analysis and
Optimization) tool developed by ONERA in order to support the designer during the initial conceptual
design phase of high-speed civil transportation aircrafts. This tool helps to evaluate the long-term
sustainability of operative concepts by providing a 0D sizing (maximum take-off mass, fuel mass, dry
mass, plan surface, volume, lift and thrust requirements, ticket price per passenger...) corresponding
to a specific mission in terms of range (3000 to 18000 km), number of passengers (10 to 300), fuel
(biokerosene, LCH4, LH2). The cruise Mach number (3 to 8), supersonic dynamic pressure (20 to 100
kPa), Kiichemann parameter are design variables that could be frozen or optimized for each mission.
This improved version corrects some weaknesses of the previous version thanks to new models of
aerodynamics, propulsion, masses, ascent and descent phases, and it introduces the supersonic
dynamic pressure as an additional parameter to optimize. After presenting the sizing tool and the
physical and implemented cost models, this paper provides the results and especially discusses the
optimized designs obtained for different missions.
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Nomenclature

a - Acceleration MTOM — Maximum Take-Off Mass
D — Drag PAX — Number of passengers

g — Gravity acceleration S — Surface

y — Flight path angle T — Thrust

Isp — Specific impulse T — Kiichemann parameter

L - Lift V —Volume or Velocity

LF — Load factor z - Altitude

M — Mach number or Mass

1. Simulation tool

The sizing tool is based on the analysis & optimization framework OpenMDAOQ developed by NASA and
the associated GUI WhatsOpt [1] [2] developed by ONERA. WhatsOpt allows the user to integrate easily
all the disciplines which take part in the coupled numerical model as well as their inputs, outputs and
the coupled variables from one discipline to another. Then, WhatsOpt is also able to generate
automatically some code in Python language to adapt the interface of the disciplinary modules to
OpenMDAO framework. WhatsOpt is also embedding many functionalities for the monitoring of the
multidisciplinary process: DOE (Design of Experiment), optimization, post-processing of results. Finally,
as it is coupled with OpenMDAOQO and Python scientific libraries, many solvers are available.

The dedicated WhatsOpt model is composed of a first sub-model which sizes the aircraft accordingly to
the mission and geometric inputs, a second sub-model which provides the lift and thrust requirements
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during the mission for the sized aircraft, and finally a third sub-model which provides Research &
Development, Production, Operational costs associated to the mission and the sized aircraft.
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Fig 1. Multidisciplinary process with WhatsOpt web application

This tool could be used in a pure multidisciplinary analysis mode where range, number of passengers,
type of fuel, Kiichemann parameter, dynamic pressure (supersonic ascent, cruise, descent) are
specified. It could also be used in a multidisciplinary optimization mode where Kiichemann parameter,
cruise Mach number, supersonic dynamic pressure could be parameters to be optimized so as to
minimize maximum take-off mass (MTOM). In this case, a truncated Newton method (TNC) solver is
used as a first step to reduce quickly the solutions space and then a Nelder-Mead solver is used as a
second step to finalize the optimization process.

2. Simulation models

2.1. Physical models

Atmosphere:

The atmosphere model is ISA US 76 model.

Mission:

The mission is composed of the following phases:
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Fig 2. Mission model
Aerothermodynamics:

The lift to drag ratio is set constant during the mission (except during transonic phase) and assessed
thanks to the following formula [3]:

L Mo 1.0128-0.2797In(==-)| . v .
L_& m““”)[ 2 (0-03)l with 7 = ¢~ the Kiichemann parameter
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Propulsion:

The assessment of specific impulse as a function of Mach number and type of fuel is based on quadratic
functions featuring classical generic values:

Specific impulse [s]
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Fig 3. Isp = f(M) for different engines and fuels

Volumes & Surfaces:

M .
Payload volume: V4 00q (m?®) = =222 with p, ;1000 =100 kg.m
Ppayload
M
Fuel volume: Vj,,, (m?) = =2
Pfuel

V. +V .
Total volume: V,pq(m?) = M with n, = 0.7
v

2/3 ..
Plan surface: Sp;q,(m®) = (M) with 7 = 222 the Kiichemann parameter
T Splan

Wet surface: S,..(m®) = K, X S,1an With K,, = f(7) with f a polynomial function depending on the
geometric topology of the vehicle as proposed in the following figure
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Fig 4. K,, = f(z) for different vehicle configurations
Dry mass:
Payload mass: M,4yi0qa(kg) = 200 X PAX with PAX the number of passengers

Systems mass: Mgysrems (kg)=Tsys X MTOM with 7y, = Msystems _ o7

MTOM
Engine mass: Me,gine (kg) = MTOM X Tsealevel \yith FTW = Lsealevel = 8 3 (turbo-ramjet)
ETW Mengine
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Airframe mass: Mo, rrame(kg) = Iser X Syer With the structural index Iy, = w function of the

wet
surface temperature (radiative equilibrium) and the type of thermal management system as proposed
in the following figure:
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Fig 5. I, = f(T,) for different thermal management systems

Fuel mass: Let's define M, and M, the total mass of the aircraft corresponding respectively to the
beginning and ending of a phase of the mission.

_ t1 . . . 1 .
Mpuer = My(e™" = 1) where [ i(t)dt with i(0) = = (E + é)“) + smy(t)>

By supposing that all fuel is consumed at the end of the mission, it is possible to determine the mass
of fuel corresponding to each phase of the mission.

2.2. Costs models

The ticket price only depends on direct and indirect operational costs. The direct operational costs
(DOC) are calculated following the methodology developed initially by NASA [4] and adapted by Polito
for modern high-speed civil transportation aircrafts [5] and different hypothesis for the cost of fuel [6].
Indirect operational costs (IOC) are mainly related to specific airline operating strategies and may vary
from one airline to another. Data provided by IATA [7] and ICAO [8], in use in the aeronautics, are
used as a reference by Polito to assess indirect operational costs. Then, ticket price can be calculated
thanks to the following equation and considering a 10% of operating costs profit margin, and a 75%
load factor [5]:

profit + (DOC + 10C)
LF

Ticket price =

3. Results

This paper will update the results already presented in [9] and especially will refine the optimized sizing
(cruise Mach number, Kichmann parameter, supersonic dynamic pressure) with respect to the
considered mission (range, number of passengers, type of fuel) considering the new physical models
which are likely to change significantly the previous preliminary conclusions.

4. Perspectives

This sizing MDAO model is optimizing the vehicle and its trajectory with respect to the maximum take-
off mass but it is not considering the environmental and economic constraints. So, it is scheduled to be
coupled in the future with a market share model and a climate impact model so as to build a complete
concept of operations MDAO model that will help the designer to choose the best vehicle configuration
and trajectory with respect to all constraints.

An overview of the architecture of this future concept of operations model will complete the results of
the sizing model.
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Fig 6. Architecture of future concept of operations MDAO model
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