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Presentation of the project, context and objectives

For the last thirty years, ONERA has been developing several formulations aiming at decomposing drag,
thrust and torque into their phenomenological contributions [1-4]. Those formulations allow for a near-
field/far-field balance in terms of pressure and friction components (near-field approach) or lift-induced,
viscous and wave components (far-field approach) [1, 2]. Using the near-field approach consists in computing
the aerodynamic force by considering the effect of the airflow on the aircraft, whereas using the far-field
approach comes down to studying the effect of the presence of the aircraft on the surrounding airflow. With
the information provided by the far-field breakdown (lift-induced, viscous and wave contributions),
aerodynamicists and aeronautical engineers may then improve the design of airplanes, engines and propeller
blades. ONERA in particular develops a series of scientific software allowing to assess all those contributions
starting from the analysis of a Computational Fluid Dynamics (CFD) solution.

Figure 1: Physical volumes for viscous and wave drag extraction around the NASA CRM aircraft

Together with his colleague van der Vooren, Destarac laid down the first foundations [1] and developed a
thermodynamic formulation taking over the concept of entropy drag introduced by Oswatitsch several
decades earlier. Over the years, this formulation has demonstrated its robustness and accuracy on many
academic and industrial cases (airfoils, wings and aircraft) and is now a reference method for far-field drag
breakdown. This motivated the development of two additional formulations, based on the same underlying
model, aiming either at decomposing drag in unsteady flows [5] or thrust and resisting torque on propellers
and counter-rotating open rotor configurations [4].

In spite of those fruitful developments, a lingering question of the definition of lift-induced drag remained.
Indeed, van der Vooren and Destarac’s model is based on assumptions that allow to directly define the profile
drag (viscous and wave drag), but the lift-induced drag is defined indirectly. Consequently, the physical
mechanisms of lift-induced drag cannot be straightforwardly analysed with this kind of model.

That is why additional research was carried out on far-field formulations based on the Lamb vector [6-8].
Thus, a novel far-field force formulation was developed at ONERA, referred to as the Kutta-Joukowski-
Maskell-Betz (KJMB) formulation, allowing to directly define the lift-induced drag as well as to evaluate the
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far-field lift. This formulation is promising since it gathers in a single expression a viscous compressible
extension of the theories from classical incompressible aerodynamics: the Kutta-Joukowski circulation
theorem [9, 10], Maskell’s lift-induced drag formula [11] and Betz’s profile drag formula [12].
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Figure 2: Contours of lift-induced and profile drag contributions around the NASA CRM aircraft [13]

So far, the KIMB formulation has been applied to steady flows around airfoils, wings and aircraft
configurations and has shown promising results. The aim of this thesis is to develop a KIMB formulation able
to extract the thrust and the torque exerted on propeller configurations, and to decompose them into lift-
induced and profile contributions. This formulation intends to be applicable to flows being steady in the
rotating frame attached to the propeller blades.

First, the work will take over the improvements recently made on the KJMB formulation regarding the
evaluation of lift-induced drag, in order to revisit the definitions of viscous and wave drag proposed in [13] by
conducting numerical analyses on airfoils, wings and aircraft. The purpose of this task is to achieve a good
level of robustness for the KIMB formulation in the inertial frame before extending the approach to the rotating
frame.

Then, the balance of momentum and torque will be written in the rotating frame in order to identify the terms
related to thrust and torque. The goal is to be able to isolate the terms purely contributing to thrust and those
related to induced and irreversible losses. For this purpose, a blade-section thrust-drag breakdown approach
will have to be developed, inspired from the works of Méheut [4] in order to distinguish the induced losses
from the actual thrust.

Figure 3: Integration volumes for far-field thrust and torque breakdown [4] (left). Isosurfaces of axial vorticity
coloured by relative Mach number (right).

Later on, this theoretical work will be tested and validated on practical CFD cases of increasing complexity,
first on a single propeller, then on an open-fan configuration. The results obtained with the novel KIMB
formulation will be compared to those obtained with that developed by Méheut [4]. These developments will
be implemented in a dedicated analysis software developed at ONERA.
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