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Mots clés 

Modélisation de la turbulence, turbulence externe, couche limite 

Profil et compétences recherchées  

Formation : Master 2 ou ingénieur + master 2 

Spécificités souhaitées : Formation solide en mécanique des fluides (théorie, en particulier turbulence, et 
méthodes numériques). Goût pour l'analyse physique et pour la programmation.  

Présentation du projet doctoral, contexte et objectif 

 

The physical problems encountered in turbomachinery are very diversified (free-stream turbulence, 
wake/boundary layer interaction, boundary layer separation, heat transfer, multi-species fluid) and 
extremely difficult to solve by classical numerical simulation. One of the main problems encountered 
comes from the interaction of the wakes generated by the blades of the most upstream stage with 
the boundary layers which develop in the other stages (figure 1). In addition, the high level free-
stream turbulence increases the turbulence intensity and Reynolds stresses in the wakes. These 
interactions impact the development of the turbulence across the boundary layers. In such 
situations, standard RANS models are unable to predict both the friction and heat transfers 
coefficients. Though, RANS modeling is still in high demand in the Industry motivating the present 
Ph-D proposal. 

 
 

Figure 1: Illustration of the wake-boundary layer interactions around OGV blades (ACATI configuration) (ZDES simulation) [1]. 

The high turbulence levels coming from the wakes modify the turbulence development across the 
boundary layer. This effect is in some ways related to inner-outer interactions at large Reynolds 
numbers highlighted by Marusic et al. [2][3]. The very-large-scale motions (superstructures) 
encountered in the outer region of boundary layers at large Reynolds numbers were proved to 
modulate the near-wall dynamics of turbulence in the inner region.  An example is illustrated in the 
following figure. 
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Figure 2: Schematic of organized coherent flow motion known as a superstructure and its interaction across the turbulent boundary layer. 

For relevance to engineering systems, where friction Reynolds numbers are of order 𝑂(103) −
𝑂(105), the main contribution to the turbulent kinetic energy production comes from the logarithmic  
region. And so, the predominant kinematics and dynamics that drive the turbulence cascade in high-
Reynolds-number wall-bounded turbulence occurs in the logarithmic region that linked the inner and 
outer regions. In particular, the near wall peak of turbulent kinetic energy, mainly due to the 
streamwise diagonal component of the Reynolds stress tensor, is found to be dependent on the 
friction Reynolds number. This is pointed out in figure 3 taken from Marusic et al. [2] which 
highlights the Reynolds number dependency of the streamwise turbulence intensity. 

 

Figure 3: Streamwise turbulence intensity in a boundary layer for different Reynolds numbers [2]  

 

A strong variation of the streamwise turbulence intensity peak is also experimentally observed by 
Jooss et al. [4] when the level of the freestream turbulence increases. This is illustrated in figure 4 
which also highlights that only the wake boundary layer region shows a freestream turbulence 
dependency.  
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Figure 4: Flat plate mean velocity and streamwise turbulence intensity profiles for different freestream turbulence levels (12.5%, 9.6%, 

7.7%)  (Jooss et al. [4]) 

Standard RANS models are based on the single scale hypothesis, which implies that the inner 
region scales with the Reynolds number. In other words, in wall units, there is a unique solution to 
describe the inner region of the turbulent boundary layer. The inner-outer interactions cannot be 
predicted with models relying on this single scale hypothesis.  
To circumvent this issue in a RANS context, models based on several characteristic turbulent 
scales must be considered. In the past years, a multiple-scale modelling approach was developed 
[5][6] and proved to be a valuable tool for industrial prediction of turbulent non-equilibrium flows. This 
approach makes it possible to separate the scale size modeling by using different transport equations 
for turbulent quantities related to distinct parts of the energy spectrum and thus to overcome the single 
scale hypothesis. This split spectrum scheme improves the prediction of the cascade process of 
turbulent energy, thus introducing time lag in the interactions. 

In practice, the energy spectrum is split into three regions where distinct physical processes take place 
(production, energy transfer, dissipation). The wavenumbers separating these spectral slices are 
chosen a priori regarding the shape of the equilibrium spectrum. As a consequence, multiple-scale 
modelling lacks the possibility to take into account strong shape variations such as those that will be 
encountered in a boundary layer under high level freestream turbulence influence (figure 5).  
 

 
Figure 5: Normalized velocity spectra at the near-wall spectral peak for different freestream turbulence levels (Jooss et al. [4]) 

 

Inspired by the work already done on the multi-scale concept, the objective of the Ph-D thesis will be to 
develop a model or several models allowing solving the large scales and the small scales separately by 
using specific transport equations whose parameters can be adapted according to the Reynolds 
number and the position in the boundary layer. From a practical point of view, the models obtained will 
have to approach the formalism of popular models used in industry (k-omega, k-l, Spalart-Allmaras) in 
order to preserve the numerical properties of the classic models and to be able to evaluate the effect of 
scale separation and energy transfer modelling on the solutions obtained. 
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The doctoral work will mainly focus on the turbulence modelling development and its application to 
freestream turbulence / boundary layer interaction. The following roadmap will help structure the work 
in order to achieve the objectives of the Ph-D: 

- A bibliographic work on the state of the art concerning both multi-scale RANS modeling and the 
physics of boundary layers with high levels of freestream turbulence.  

- The development of turbulence models adapted to the problem under consideration will have to 
be carried out as soon as possible.  

- The analysis, understanding and validation of ongoing developments may be implemented in a 
numerical solver used in the aeronautical industry. 

- During the development phase, simple test cases representative of the physics studied will be 
calculated (flat plate, flat plate wake interaction, two-dimensional simplified turbomachinery 
problems) 

- Once the model(s) is operational and give satisfying results on simple cases, it will have to be 
validated on more complex cases to get as close as possible to the problem of interest to 
turbomachinery manufacturers. 

The main expected output is a new RANS multi-scale turbulence model able to handle non-equilibrium 
situation such as those encountered in industrial turbomachinery applications. 
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Collaborations envisagées 

Collaboration interne DAAA/DMPE. Collaboration externe éventuelle dans le cadre du Doctoral Network dans 
le cas d’une bourse allouée. 
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