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Abstract
Nowadays, as the demand for fuel efficiency is increasing and the manufac-
turing techniques improved to allow the design of laminar wings, the laminar
concepts are being revived and studied, and seen as one of the most promising
techniques to reduce skin friction and hence the overall drag of the airframe. In
order to predict the kind of benefits that could be obtained from such concepts,
computational fluid dynamics (CFD) computations can now be carried out but
it is necessary to be able to predict flow transition from laminar to turbulent
around the lifting surfaces of the aircraft, such as the wing and the horizontal
tail plane. Such capability has been developed in the last years by the French
Aerospace Laboratory (ONERA) with their CFD code elsA, and by the Ger-
man Aerospace Center (DLR) with their CFD code Tau. These two codes are
widely used in Airbus in their CFD campaigns, and this study aims to assess
the capability of the different approaches to predict transition and the benefits
from laminar flow in the overall drag. The methods used, the limitations and
the suggestions for further improvement of the codes will be detailed in this
paper.
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Sammanfattning
Nuförtiden, eftersom efterfrågan på bränsleeffektivitet ökar och tillverknings-
tekniker förbättrats för att tillåta utformningen av laminära vingar, de laminä-
ra begrepp att återupplivas och studeras och ses som en av de mest lovande
teknikerna för att minska ytfriktionen och därmed den totala motståndet hos
skrovet. För att förutsäga den typ av fördelar som kan erhållas från sådana be-
grepp, computational fluid dynamics (CFD) beräkningar kan nu utföras men
det är nödvändigt att kunna förutse övergångsflöde från laminär till turbulent
runt lyftytorna hos flygplanet , såsom kanterna och det horisontella stjärtplan.
En sådan förmåga har utvecklats under de senaste åren av den franskaAerospa-
ce Laboratory (ONERA) med sin CFD kod Elsa och av den tyska Aerospace
Center (DLR) med sin CFD kod Tau. Dessa två koder används allmänt i Air-
bus i deras CFD kampanjer och denna studie syftar till att bedöma förmågan
hos de olika metoder för att förutsäga övergång och fördelarna med laminärt
flöde i den totala drag. De metoder som används, de begränsningar och de för-
slag till ytterligare förbättring av de koder kommer att beskrivas i detalj i detta
dokument.
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Chapter 1

Introduction

As it becomes more and more challenging to increase the overall aircraft per-
formance by more than a few percent by using classical aerodynamic design
techniques, laminar concepts have been revived due to the improvement in
manufacturing techniques, allowing the design of laminar wings, and this is
investigated in order to reduce friction drag. However, when estimating the po-
sition of the transition line along the wing which can be achieved by wind tun-
nel and flight testing (even though it represents some experimental challenges),
it can be very challenging to estimate it using computational fluid dynamics
(CFD) as it requires boundary layer computations and stability analyses using
quantities computed inside the boundary layer.

Several approaches can be used in order to do that: one of them consists
in coupling the Navier-Stokes equations solver with external boundary layers
and stability analysis codes, allowing to compute the needed local quantities
and perform the stability analysis to give new inputs for the main solver. An-
other approach consists in doing these computations directly inside the main
code by using some existing profiles as a database for empirical comparisons
of integral quantities of the boundary layer to increase the efficiency of the
computation. These two approaches should give different advantages and cor-
respond respectively to the method implemented in the CFD codes Tau, with a
coupling to Coco-Lilo boundary layer and stability codes for transition compu-
tations, and elsA. This is not the only difference between these codes as elsA is
usually used for structured meshes and Tau is usually used for hybrid meshes.
This report presents two studies done with these two CFD codes on the same
single-aisle type aircraft geometry provided by Airbus in order to verify their
abilities to predict transition and to estimate the drag benefits which could
be obtained according to this kind of simulations. Some transition concepts
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2 CHAPTER 1. INTRODUCTION

and prediction methods will first be presented together with the way these are
implemented in those two codes, followed by the methods and parameters se-
lected for comparison. Finally, the results obtained will be studied and the
limits of the two codes will be discussed with some suggestions for further
improvement.
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Background

2.1 Transition phenomenon

2.1.1 General information on transition
The transition of a flow from laminar to turbulent is illustrated on figure 2.1,
which was obtained while studying transition in a boundary layer near a flat
plate. On this image,XT andXH represent respectively the start and the end of
the transition region. As explained in [1], the boundary layer thickness δ is in-
creasing during the transition process, while the shape factor H is decreasing.
The friction factorCf is on its side increasing in the transition region, creating
more friction drag in the case of an aircraft. This process is triggered by in-
stabilities that appear in the boundary layer and get amplified along the wing.
In the initial phase of the transition process, two-dimensional extremely regu-
lar waves appear in the boundary layer. They are called Tollmien-Schlichting
waves and could be determined by the linear stability theory for laminar flow.
This shows that a critical Reynolds number exists under which perturbations
are completely damped. Above this value, that is also varying with different
factors such as the shape factor or the pressure gradient, perturbations having
their wavelength in a certain range will become unstable, eventually triggering
transition. This process is a 2D phenomenon and a longitudinal natural pro-
cess. Transition can also be triggered by transversal 3D perturbations, called
Crossflow instability, which appear for swept wings due to the balance between
pressure forces and centrifugal forces.

3
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Figure 2.1: Evolution of the different boundary layer quantities on a flat plate
[1].

2.1.2 Tollmien-Schlichting instability
This instability is longitudinal and described as a two-dimensional phenomenon.
Several steps are observed along the surface inside the boundary layer leading
to transition, process illustrated on the image 2.2. It all starts with an initial
disturbance, leading to the development of two-dimensional wavelike oscil-
lations downstream of it. Then Tollmien-Schlichting waves, corresponding
to primary instabilities, appear a bit further. As the flow keeps on moving
along the surface studied, the wave fronts are deformed and one can see the
formation of Λ-structures corresponding to secondary instabilities. These in-
stabilities grow rapidly before disintegrating. At that moment, one can see the
occurrence of turbulent spots in the boundary layer. When these spots take all
the space inside the boundary layer, it becomes fully turbulent.
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Figure 2.2: Tollmien Schlichting mechanism leading to a fully turbulent
boundary layer [2].

2.1.3 Crossflow instability
Unlike the previous one, this instability is transversal and appearing for three-
dimensional boundary layers, corresponding to the case of a swept wing for ex-
ample. In this scenario, the external velocity vector does not coincide with the
pressure gradient vector. As a first consequence, the streamlines are curved,
but that is not the only effect of this three-dimensional phenomenon. Here,
one can express the balance between the pressure centrifugal forces as:

dp

dy
= −Ke ∗ ρ ∗ U2

e (2.1)

where Ke is the flow curvature.
Inside the boundary layer, the centrifugal force decreases as Ue gets smaller,
however the pressure force stays approximately constant. As a consequence,
the curvatureKe gets larger so the balance is respected and the excess of pres-
sure force generates crossflow on the wing. This process is illustrated on figure
2.3.
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Figure 2.3: Illustration of the Crossflow mechanism [3].

2.1.4 Other mechanisms triggering transition
The two main mechanisms triggering transition that will be studied in this the-
sis were presented above. However, it is to be kept in mind that they are not
the only ones that exist. Indeed, the attachment line instability can also pro-
voke turbulence on the whole wing. Also, for high external turbulence levels
(at least > 3%), the noise outside of the boundary layer can become dominant
in the transition process, and the external noise can trigger what is called a
by-pass transition. Several other factors can play a role on the transition loca-
tion, such as the presence of roughness on the wing that can directly cause the
flow to turn turbulent, or favorable pressure gradients that delay the transition
occurrence along the wing. However, in the following study, none of these
aspects were studied or considered as they were not relevant. No unexpected
roughness is considered in the CFDmodels used, the wing profile always stays
the same with no attachment line instability and the external turbulence level
will remain too low for by-pass transition to be considered. The presence of
a positive pressure gradient can also lead to separation, and more particularly
to transition in a separation bubble that is illustrated on figure 2.4.
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Figure 2.4: Short bubble transition [4].

Here, one can see a mechanism of short bubble transition, where the flow
becomes unattached at the separation point and reattaches further along the
surface. In between, a bubble is visible with the presence of recirculating flow
inside of it. Sometimes, laminar flow can be found inside the bubble, which
can also be a long bubble depending on the studied case.

2.2 Transition prediction

2.2.1 Linear stability theory and eN method
The most popular method to predict transition is the Linear Stability Theory
described in [5], valid for small disturbances and using an hypothesis of paral-
lel flow. The goal is to investigate the stability of the laminar flow, and hence
to predict the development of small disturbances in the boundary layer. This is
done by first writing the conservation of mass, momentum and energy equa-
tion, together with the properties of the medium air and consider for a first
ansatz the disturbance equations (decomposed into a steady equation and un-
steady disturbances). As only small disturbances are considered, one can then
linearize the equations obtained to get a system of five linear partial differen-
tial equations for the amplitude in velocity (three components), pressure and
temperature. Then, a second ansatz is made as one considers that it is possible
to separate the time dependant part and the space dependant part for the solu-
tions. A last ansatz considers that the z component can be separated from the x
and y components for the space dependant part. If we consider a compressible
flow, one has to solve the following system of differential equations [5]:



8 CHAPTER 2. BACKGROUND

d2

dz2
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W (z)

P (z)

T (z)



= ωC


U(z)

V (z)

W (z)

P (z)

T (z)

 (2.2)

where A, B, C are (5x5) matrices depending on the Reynolds number, the
Mach number and complete boundary layer profiles, U,V,W are the ampli-
tudes of the velocity components, P and T are the amplitudes of the pressure
and temperature, and ω is the natural pulsation of the system. If an incom-
pressible flow is considered, β is equal to 0 and the problem is brought back
to an eigenvalue problem where one equation has to be solved, called the Orr-
Sommerfeld equation.
Solving these stability equations allow to get the local amplification rate a/a0
for unstable waves for each profile studied. Finally, these amplification rates
are integrated along current lines to compute a factor N, and if its value is
above a specific Ncrit defined as:

Acrit = A0e
Ncrit (2.3)

where Acrit/A0 is the global amplification rate at which transition along the
current line starts appearing, then the transition is triggered.
The main issue with this method is that the N-factor does not represent the
absolute amplification on a disturbance in the boundary layer, but it is the am-
plification of an initial disturbance that is depending of the initial disturbances
present in the external environment through a receptivity mechanism usually
unknown. For this reason, it is necessary to use wind tunnel testing or flight
tests to determine the value of this critical N-factor triggering transition, mak-
ing this method a semi-empirical one. It is also necessary to consider that in
three dimensions, the Tollmien-Schlichting waves mechanism and the Cross-
flow mechanism have different N-factors, which means both of them should
be computed and used when computing transition. These issues have been
treated differently in elsA and Tau and will be discussed further.
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2.2.2 Application in CFD
The eN method has been tested with two different approaches: a boundary
layer approach and aReynolds-averagedNavier-Stokes (RANS)CFD approach.
In the first case, it has given accurate results with respect to wind tunnel test-
ing. However, with the latter approach (that is the one used in the CFD codes
Tau and elsA), the results were not as convincing. The reason for this is, while
the meshes used for these codes in the industry are usually fine enough to com-
pute laminar and turbulent friction, they are usually not fine enough to be used
as input for the stability equations. This led to different strategies concerning
the way to handle the prediction of the transition line in CFD.
First of all, there is one common part in the strategy that is used in the two CFD
codes studied for the transition prediction, illustrated in figure 2.5. It consists
in giving geometrical information for pre-processing to the transition module,
then running an iterative process where the transition location is predicted and
giving it back to the flow solver as an input for the computations.

Figure 2.5: Common strategy for transition prediction in CFD.

On this project, we focus on the transitionmodule and in particular, on how
the location of the transition line is computed. Here we consider two different
approaches, one from the German Aerospace Center (DLR) which developed
the Tau code and another one from the French Aerospace Laboratory (ON-
ERA) which developed the elsA code.

2.2.3 Transition computation in Tau
The way Tau is working is detailed on figure 2.6.
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Figure 2.6: Tau transition prediction details for the transition module [6].

The method studied with Tau corresponds to the blue path using a cou-
pling with two external codes: a boundary layer code called Coco and a stabil-
ity code called Lilo. One can see that initial inputs without flow solution and
the flow solution itself are used as inputs for the transition prediction. During
the transition prediction process, the external code Coco is used to compute
the inputs needed for the stability analysis done with Lilo, determining a new
transition line so new laminar and turbulent regions can be created into the
RANS solver. This process is iterative as the transition prediction is called by
the solver until transition lines convergence is reached. Each transition predic-
tion step is executed as follows: line-in-flight cuts are defined for the upper and
the lower surfaces, and the pressure distribution, geometry’s sweep angles and
flow conditions are passed to the boundary layer code. Velocity profiles are
computed and can either be transferred to the stability code or directly evalu-
ated by the transition module for the computation of integral boundary layer
data so an empirical transition criterion can be applied. The stability analy-
sis code performs the eN method to get a series of N-factor curves by using a
2N-factor strategy: these curves are computed independently for the Tollmien-
Schlichting waves and the Crossflow instabilities and are analysed using tran-
sition criteria to get new transition positions for every cut. The interactions
between these waves cannot be evaluated using the linear local stability the-
ory, so a stability diagram where the critical N-factor of one instability form
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depends on the local N-factor of the other stability form is used to model it. If
using an empirical criteria, other ways of using the transition prediction mod-
ule can be explored, such as not using the Coco and Lilo external programs.
However, these alternative approaches will not be used in this work and there-
fore will not be detailed in this paper. An example of stability diagram is
shown on figure 2.7.

Figure 2.7: Example of (NTS ,NCF ) stability diagram used to consider the
interactions between Tollmien-Schlichting and Crossflow waves [7].

When the N-factors couples computed for the different in-flight cuts are
above this stability curve, transition is triggered at the point along the cut where
this crossing happens. The part of the cut located downstream of this point
with respect to the flow direction is set as turbulent. An example of computa-
tion is presented on figure 2.8. In this graph, 4 stability curves are shown: the
two different symbols are corresponding to two types of laminar wings, and
the dashed lines correspond to the solid lines with an offset that was created for
the purpose of the study presented in [8]. Here, one can see that the N-factors
are computed every 5% chord of the considered cut, representing a typical
curve for this kind of laminar design. Transition is predicted around 35% of
the chord when considering the first stability curve crossed by the N-factors
curve computed in the stability analysis.
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Figure 2.8: Example of transition location estimation using a (NTS ,NCF ) sta-
bility curves for Natural laminar flow and Hybrid laminar flow wings and the
computed N-curve using stability analysis [8].

The coupling between a Navier-Stokes code and external codes for bound-
ary layer computations and stability analysis demands significant computa-
tional efforts and also requires hypotheses on the external flow for three di-
mension cases. It is also not efficient for predicting short and long bubble
transition, as Coco cannot handle boundary layer’s computations for separated
flow. Finally, Lilo is using the incompressible linear stability theory by default,
which is less accurate for transition prediction when compressibility effects
come into play. Theoretically, it is possible to handle the compressible effects
with Lilo for transition prediction, but as they are handled by the flow solver
in Tau it is usually not used and there is no guarantee that it is working cor-
rectly. In the end, this led the ONERA to choose a different approach for the
implementation of their transition module.

2.2.4 Transition computation in elsA
ONERA decided to implement transition criteria extended to compressible
flow directly into the Navier-Stokes solver and introduced the concept of inter-
mittency γ. This concept is used to fix regions of laminar and turbulent flow,
and to determine the length of the transition region as it is defined as follows:
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γ =

{
0 in regions of laminar flow
1 in regions of turbulent flow

with a parabolic evolution from 0 to 1 to avoid numerical issues and to model
the start of the transition region.
Transition is computed as follows. Firstly, transition lines are defined, follow-
ing mesh lines and going both on the upper and lower sides of the wing from
the stagnation line. The data necessary for the application of the criteria are
transmitted through these lines in the different mesh’s blocks. Then, it follows
the principle illustrated on figure 2.9.

Figure 2.9: Transition computation process implemented in elsA [1].

Aerodynamics data are initially saved in elsA’s database, represented by
the blue circle. Here, one can see that, for each portion of wall containing at
least a part of a transition line, a data container object is linked. This container
object stores the integral quantities needed for the transition computations on
the wall’s section linked to them. Then, this information is needed along com-
plete transition lines, so the data are moved to another data structure, with data
containers linked to complete transition lines and containing the inputs for the
transition computation module. This transition module uses those boundary
layer’s integral quantities for the application of the empirical transition criteria
and gives back the intermittency along the transition lines when this is needed
for the whole wall’s section. This is why it is then passed back to the data
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containers in the Navier-Stokes solver. Hence, these data containers are used
to stock the input and output data for the transition computation, such as pres-
sure gradient and intermittency. This illustrates the different strategy used in
elsA: the boundary layer and the transition computation are done directly in-
side the Navier-Stokes code, with all necessary quantities transmitted between
the different data structures. The criteria selected can vary depending on the
computations done, and will be described further when detailing the methods
used for elsA computations.
The big difference here is that the N-factors are actually not computed: the
transition criteria used rely on a modelling of the N-factor based on integral
thicknesses, which means that there is a lot of numerical efforts saved com-
pared to the computations done in Tau. In this study, two different criteria will
be used for Tollmien-Schlichting waves and Crossflow instabilities, with the
first one detecting transition applying its location along the transition lines.
The details on how these criteria are used in the code will be detailed in the
methods part for elsA computations.
These different approaches are supposed to make elsA more efficient for the
computational effort, but also a bit less precise than Tau due to the mesh re-
finement as it is working with criteria for the transition prediction and not re-
computing the N-factors in the boundary layers. For Tau, the results are more
precised as a mesh refinement is done with Coco for the boundary layer com-
putation in the direction normal to the wall that is necessary for the stability
computations.
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Methods

3.1 elsA free transition computation

3.1.1 General procedure
As described before, the first step of the elsA computation is to create transition
lines starting from the dividing streamline and following mesh lines on the
upper and lower side of the wing.

For this purpose, when considering a full wing free transition setup (lower
and upper side), two origin lines corresponding to the boundaries of the stagna-
tion lines are defined. To be able to define them, a first turbulent computation
is done to be able to localize this stagnation region. Transition lines will start
from these origins and propagate along the wing, following either the upper
or the lower side. Then, transition fields have to be defined topologically with
different values. Depending on the values fixed for this transition field, the
surface is either initialized with laminar flow, turbulent flow or as a surface
where the transition criteria will be applied for transition computation. This
pre-processing step is very important as it completely defines how the tran-
sition will be computed by the solver, and has to be done for every angle of
attack in parallel. If the angle of attack variation does not imply a significant
displacement of the attachment line, the same pre-processing file can be used
for all the angles of attack. When this is done, it is then possible to launch
a computation as a restart from the turbulent solution with the new transition
setup.

15
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3.1.2 Details on the used transition criteria
As precised before, the N-factors are not computed in elsA in order to avoid
heavy computations, so empirical and semi-empirical transition criteria are
used instead. They are different depending on the type of transition studied,
and in these computations one criterion was used for longitudinal transition
and another one for transversal transition.
The non-local criterion used for longitudinal transition in this study is the
Arnal-Habiballah-Delcourt (AHD) criterion extended to separated boundary
layers and compressible flows: AHD_GL_Comp. It is one of the criteria in
elsA based on systematic stability calculations for similar profiles. The basic
AHD criterion was derived from N-factor curves established for Falkner Skan
attached self-similar velocity profiles, expressed as [9]:

N = N(Rθ −Rθcr ,Λ2) (3.1)

where Rθ is the Reynolds number based on momentum thickness, Rθcr is the
critical Reynolds number from which the first instabilities start to grow and
Λ2 is the Pohlhausen parameter, representative of the pressure gradient and
detailed below in equation 3.3. By using Mack’s relation [9]:

NTransition = NT = −2.4ln(Tu/100) − 8.43 (3.2)

where Tu is the external turbulence level, it is possible to express RθT as a
function of Tu and the pressure gradient. This means that a representation of
the N-factor is directly used instead of the amplification rate for each frequency
found in the boundary layer. The use of Mack’s relation makes it a semi-
empirical criterion. The history effects of the boundary layer are considered by
using a mean pressure gradient parameter Λ2 [1], the average being computed
from the critical point to the current one:

Λ2 =
1

s− scrit

∫ s

scrit

Λ2 ds; Λ2 = − θ2

µeUe

∂p

∂s
(3.3)

By considering the compressibility effects as well in the criterion, it is
finally written the following way:

RθT −Rθcr = Aexp(BΛ2T )[ln(CTu) −DΛ2T ] (3.4)

where A,B,C,D are expressed as functions of the local Mach numberMe. The
separated boundary layers can also be treated since the Gleyzes criterion has
been combined with AHD. In that case, transition is first studied using AHD
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with a compressible correction along the transition line. When the shape fac-
tor Hi, function of the local Pohlhausen parameter, of the boundary layer
goes above a switch value equal to 2.8, the amplification rate computed with
the AHD criterion is fixed and added to the new computation done with the
Gleyzes criterion. This criterion is based on the same concept, using a repre-
sentation of N-factors computed for 2D separated self similar velocity profiles
and takes the following form:

N(s) = Nswitch +

∫ Rθ

Rθswitch

−2.4

B
dRθ (3.5)

whereNswitch is the value of the amplification at the point where the criterion
switches from AHD to Gleyzes, B is a function of Hi and takes different ex-
pressions depending of the value of Hi.

The criterion used for predicting transversal transition is a local one called
_C1, due to Coustols and Arnal, and empirical with a compressibility correc-
tion. This transversal transition is predicted when the Reynolds number based
on the boundary layer transversal displacement thickness Rδ2 is above a Rδ2T ,
with [9]:

Rδ2T = 150 if Hi ≤ 2.31 (3.6)

Rδ2T =
300

Π
arctan(

0.106

(Hi − 2.3)2.092
)(1+

γ − 1

2
M2

e ) if Hi > 2.31 (3.7)

This local criterion is based on a trusted correlation with different experiments
that were done. This means that it is not based on exact stability calculations
and that it is not directly correlated to the external turbulence level. This will
be later discussed as a limitation for the comparison with Tau results.

3.1.3 Physical and numerical parameters
The geometry used for the study is shown on figure 3.1. Here, a half-model
with a vertical tailplane, without horizontal tailplane and one engine of a
single-aisle type aircraft is used for the CFD computations.
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Figure 3.1: Geometry used for the study.

For this aircraft, the goal is to compute several polars at different Mach
numbers to observe the benefits that could be obtained from the presence of
laminar flow in the boundary layer of the wing. These polars will be computed
at each Mach number for two cases: one case where the whole boundary layer
is considered to be turbulent, and another one where the code runs free transi-
tion prediction on the parts of interest. Hence, the conditions shown in table
3.1 were selected for the study. The angles of attack were selected in order
to cover the lift range that the aircraft would cover in actual cruise flight con-
ditions. For convergence issues, the same angles of attack were not always
selected for each Mach number, but this is not considered as an issue since the
goal is to have the trends for the evolution of the aerodynamics coefficients,
and the step between the different values is considered fine enough to have an
overview of it.
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Table 3.1: Flight conditions studied with elsA.
hhhhhhhhhhhhhhhhhhhhhhAngle of attack number

Mach number
0.70 0.77 0.78 0.79

AoA1 0.8 0.8 0.8 0.8
AoA2 1.0 1.0 1.0 1.0
AoA3 1.2 1.2 1.2 1.2
AoA4 1.4 1.4 1.4 1.4
AoA5 1.6 1.6 1.6 1.6
AoA6 1.7 1.7 1.7 1.8
AoA7 1.8 1.8 1.8 2.0
AoA8 1.9 1.9 1.9 2.2
AoA9 2.0 2.0 2.0 2.25
AoA10 2.1 2.1 2.1 2.3
AoA11 2.2 2.4 2.2 2.35
AoA12 3.0 2.6 2.4 2.4
AoA13 X 3.8 2.6 2.45
AoA14 X X X 2.6
AoA15 X X X 2.8
AoA16 X X X 3.0

It has also been decided to run the computations with the engine on and
with thrust for level flight. The engines parameters fixed at the boundary con-
ditions for the computations were considered as constant at a fixedMach num-
ber for all the angles of attack, and adapted when changing the Mach number.

Finally, the global physical and numerical parameters used for the simula-
tion such as the flight conditions or the reference values used for the compu-
tation of the coefficients for example are presented in table 3.2.
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Table 3.2: Global parameters used in elsA.

Unitary Reynolds number 6.1Mio/m

Turbulence model Spalart-Allmaras
Temperature 298.37 K
External turbulence level for transition computations 0.1 %

Corresponding Ncrit for Tollmien-Schlichting(TS) waves 8.15
TS waves transition criteria AHD_GL_Comp
Crossflow transition criteria Crossflow_C1

3.1.4 Strategy adopted for the CFD campaign
As mentioned in section 3.1.1, a first turbulent computation has to be done
before being able to launch a transition computation. Here, it has been decided
to run the computations in 3 different steps illustrated on figure 3.2 and detailed
in table 3.3. For more efficient convergence purpose, a multigrid 3 setup is
used on the initialization and on the first restarts. This setup consists in doing
the computation in three stages, where the final stage is the actual mesh used
for computations, and the two stages before are run on coarser ones. Finally,
a multigrid 1 setup is used with a large number of iterations to make sure
that all the aerodynamic quantities converged correctly. This strategy has also
been done for the turbulent case to compare simulations with iso number of
iterations.
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Figure 3.2: Process followed for computing each angle of attack of the polar.

Table 3.3: Convergence strategy for elsA computations.

Computation Multigrid Iterations Transition iterations
Turbulent initialization MG3 5000 X
Restart transition step 1 MG3 5000 4000
Restart transition step 2 MG1 20000 4000
Restart turbulent step 1 MG3 5000 X
Restart turbulent step 2 MG1 20000 X

One can also notice that the transition prediction module is not running
through the whole simulations. Some iterations are left without transition
computations to let the flow solution converge towards its final state. This
number of iterations is significant in the last step because the multigrid 1 setup
may need a high number of iterations to converge.
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3.2 Tau/Coco-Lilo free transition computation

3.2.1 General procedure
The procedure in Tau is a bit different than the one presented before. It is still
necessary to precise the surfaces where the transition has to be computed as
a pre-processing, however this definition is not done topologically but rather
using the boundary conditions on which transition will be computed. The user
must manually define closed in-flight cuts as an input for the solver along the
wing on which the transition will be computed. Then, the location of the tran-
sition line will be computed on these cuts, and interpolated with a linear func-
tion in between. This also means that the cuts cannot be defined on locations
where holes are present such as flap-track fairings or engines’ locations (this
will be illustrated and discussed in the limitations part) and that the number
of cuts is defined by the user. When this pre-processing is done for one Mach
number, all the angles of attack for the polar are computed with the process
which is detailed in section 3.2.3 without redoing this pre-processing.

3.2.2 Physical and numerical parameters
The same geometry was used for the comparison with the computations done
on elsA, but with a different mesh. The reason for this is that, usually, struc-
tured meshes are used on elsA and hybrid meshes are used for Tau, so their
definition are different. However, the impact of the different meshes are con-
sidered to be irrelevant because the benefits of the laminar flow’s presence will
be evaluated as an increment from the turbulent flow simulations, so we con-
sider the numerical errors due to the mesh to be minimized when computing
the increments. For the comparison, the flight conditions computed were also
the same. Concerning the engines, the same boundary conditions were used,
but the values of the different parameters were adapted in order to get some-
thing equivalent to what was used in the elsA computations, as the definition
of these parameters are slightly different. Finally, the global parameters are
presented in table 3.4.
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Table 3.4: Global parameters used in Tau.

Unitary Reynolds number 6.1Mio/m

Turbulence model Menter-SST
Temperature 298.37 K
Ncrit for Crossflow Default
Ncrit for Tollmien-Schlichting waves 8.15

A few differences can be observed with the computations done with elsA.
First of all, the turbulence model used as best practice with Tau is the k-ω
Menter SST model. Furthermore, due to the different approach used in Tau
for transition prediction, the external turbulence level is not fixed but rather
both critical N-factors for crossflow and Tollmien-Schlichting waves are fixed.
Here, the critical N-factor for 2D instabilities was changed to correspond to the
one that is used in elsA, computed using the external turbulence level and the
Mack relation. However, there is no direct link between this parameter and the
crossflow N-factor used in Tau. In fact correlations with experiments are used
for the C1 criterion in elsA, so it has been decided to keep the initial value used
in Tau by default, knowing this would be a limitation for the comparison of
the results when the crossflow instability would be the one to trigger transition
first.

3.2.3 Strategy adopted for the CFD campaign
For Tau free transition computations, a multigrid 3 setup is used for computing
the results for the first angle of attack of the polar. This process is illustrated
in figure 3.3 and detailed in table 3.5.
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Figure 3.3: Process done for computing one full polar at fixed Mach number
with Tau.

Table 3.5: Convergence strategy for Tau computations.

Turbulent Transition
Multigrid MG3 MG3
First MG stage iterations 1000 1000
Second MG stage iterations 1000 1000
Samples for convergence criterion 500 500
Number of in-flight cuts defined X 126

On the first and second stages, the transition line location is fixed by the
user in order to have an initial flow solution from which the computation with
transition prediction will start. Then, the solution is computed with the actual
mesh for the first angle of attack of the polar, a solution that is reused as a
starting state for the second angle of attack, and this process keeps iterating
until the last angle of attack. So, for a given Mach number, the transition pre-
processing has to be done only once and is used for all the angles of attack
computed in series by the code.
For the computations of the different angles of attack for the final polar, a
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Cauchy convergence criterion is applied on a certain number of the last itera-
tions done. If the criterion is respected on this sample, then the computation
is considered to be converged and stops. Hence, instead of keeping the same
number of iterations for the different computations here, the number of sam-
ples used for the application of the convergence criterion will be fixed to a
unique value. The number of iterations is only fixed for the initialization of
the computation with the two first stages of the multigrid 3 setup according to
the best internal practices.



Chapter 4

Results

In this whole section, part of the results are normalized. Hence, for the con-
tour plots, if no scale is shown the red color will always correspond to 100%
of the maximum value and the blue color to 0% of it. Considering the plots for
the aerodynamic coefficients, in order to be able to have a correct comparison,
all of the results are normalized using the results obtained at one reference
computation and expressed as percentages of it. This reference state corre-
sponds to the results obtained with an elsA free transition computation on the
upper wing only at a Mach of 0.77 and an angle of attack of 2.1 degrees. All
the data presented in these results are not trimmed. When plotting increments
of the results between a turbulent and a free transition setup, the results were
computed as follows:

Increment ∆ = Transition result(%) - Turbulent result(%)

with these states corresponding to one polar at fixed Mach number. Finally,
the values for the pitching moment of the aircraft which will be displayed are
initially negative. The normalization will make them positive, so what will be
appearing for it is corresponding to the evolution of the absolute value. Hence,
any increase for the pitching moment actually corresponds to a decrease of it,
and the opposite is true as well.
Using Airbus internal post-processing tools, it is possible to estimate the dif-
ferent components of the drag from the simulations for all the cases. This
decomposition is based on the far-field drag theory [10], and it has been done
with four components studied: the wave drag directly linked to the presence
of a shock on the wing, the viscous pressure drag due to the development of
the boundary layer and the related dissipation and total pressure loss in it, the
induced drag related to the lift distribution on the wing and finally the fric-
tion drag due to the friction inside the boundary layer. The total drag is equal

26
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to the sum of these four components in this study. Then, this has been plot-
ted in two different ways: the absolute values for the curves in turbulent and
transition simulations on one graph, and the increments of the different com-
ponents from turbulent to transition on the other. The absolute values will be
displayed so one is able to see the global trends for their evolutions, and will
appear separately for each solver as they will not be used for the comparison.
The increments will be used to see the actual benefits obtained from the pres-
ence of laminar flow in the boundary layer and will directly appear for the
comparison between elsA and Tau’s predictions.

4.1 ElsA computations

4.1.1 Presentation of a test case
The goal of this section is to present an example of setup used and the kind of
convergence reached as a template for all the other computations done. The
case selected was computed for a Mach number of 0.78 and an angle of attack
of 2.2 degrees.
First of all, the convergence on residuals, lift, drag and pitching moment coef-
ficients were monitored to check that the simulations converged correctly. An
example of residuals convergence is presented on figure 4.1 for the last step of
a transition computation case. One can see that the residuals are fluctuating
a lot while the transition is computed, so during the 4000 first iterations, but
then it stabilizes around a constant value for the rest of the computation.
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Figure 4.1: Continuity equation’s residuals convergence with respect to the
number of iterations for a free transition case at M=0.78 and AoA = 2.2 de-
grees.

The definition of the TRANSITION field used in this case is presented in
figure 4.2. For more visibility, only the wing was plotted to display this field,
with the pylon and flap-track fairings cut out.
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(a) Front view

(b) Top view (c) Bottom view

Figure 4.2: Transition field definition.

Here, the turbulent initialization of the flow corresponds to the green areas,
the parts where the transition criteria are applied correspond to the yellow and
red parts, and the blue part which can be seen on the front view correspond to
the stagnation line. Even though the scale is continuous, only the values corre-
sponding to these 4 colors are fixed as described earlier. Around the flap-track
fairings and the pylon of the aircraft, the flow is directly imposed as turbulent.
For the pylon, this is due to the fact that no laminarity was expected in this
region. However, concerning the flap-track fairings adjacent faces, the flow
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was imposed turbulent because these faces are not totally coincident with the
rest of the wing’s faces, so patched joints were applied in-between to have
a clean geometry. The issue is however that the information is not transmit-
ted correctly along the transition lines going from the stagnation line through
patched joints, so the transition location can not be computed on these faces.
This highlights a first limitation of the free transition prediction module in
elsA. Using this setup, the results for the friction contour and the intermit-
tency field were computed and are shown on figures 4.3 and 4.4.

(a) Bottom view

(b) Top view

Figure 4.3: Friction modulus contour at M=0.78 and AoA=2.2 degrees.
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Figure 4.4: Intermittency field for a free transition case at M=0.78 and
AoA=2.2 degrees. The blue color corresponds to laminar flow and the red
one to turbulent flow.

As expected, one can see that there are zones with less friction which ap-
pear in the free transition case, corresponding to the locations where the flow
is laminar. On the upper side, around the nacelle extremities, it also seems
that there are peaks of laminarity extents. This is due to the interference of
the wake of the engine inside the boundary layer at these points. However, on
the lower side between the two outer flap-track fairings, it seems there is a dis-
continuity in the laminar extent which is not especially expected. This issue
will be investigated in the next part since it has an impact on the aerodynamic
coefficients. Overall, one can see that the laminar extent is very regular on the
upper wing, but the biggest extent is situated on the lower side in the outer part
of it. The pressure contours for this case are shown on figure 4.5.
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(a) Bottom view

(b) Top view

Figure 4.5: -Cp contour at M=0.78 and AoA=2.2 degrees.

Very slight changes can be observed here, but this will be studied more in
detail with the results for the aerodynamic coefficients. On the outer part of the
upper wing near the leading edge for example, one can see a small orange area
in the middle of the yellow one in the free transition case that is not appearing
in the turbulent case.



CHAPTER 4. RESULTS 33

4.1.2 Aerodynamic coefficients: full wing free transi-
tion

The results of this section have been normalized using the process presented
at the beginning of the chapter with the reference state at a Mach of 0.77 and
an angle of attack of 2.1 degrees. As this setup was not the final one used,
the increments will not be compared with those of Tau in a full wing setup
for transition computation. The increments showing the actual benefits in this
configuration from the presence of laminar flow can be found in the appendix
section. The results for the absolute values of the interesting aerodynamic
coefficients can be found on figures 4.6 and 4.7.
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(a) Wave drag coefficient evolution with
respect to CL.

(b) Viscous pressure drag coefficient
evolution with respect to CL.

(c) Friction drag coefficient evolution
with respect to CL.

(d) Pitching moment coefficient evolu-
tion with respect to CL.

Figure 4.6: Evolution of the wave drag (a), viscous pressure drag (b), friction
drag (c) and pitching moment (d) coefficients with respect to CL. Turbulent
and transition cases computed with an elsA full wing transition setup.
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(a) Lift-induced drag coefficient evolu-
tion with respect to CL.

(b) Centre of lift position evolution with
respect to CL.

(c) Total drag coefficient evolution with
respect to CL.

(d) Lift coefficient evolution with re-
spect to the angle of attack.

Figure 4.7: Evolution of the lift-induced drag coefficient (a), center of lift
position (b), total drag coefficient (c) with respect to CL, and evolution of the
lift coefficient (d) with respect to the angle of attack. Turbulent and transition
cases computed with an elsA full wing transition setup.

Here, one can see that benefits which were expected on the friction drag
are indeed obtained. However, this is not the only aerodynamic coefficient
impacted: benefits are also found on the wave drag and the viscous pressure
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drag. The pitching moment is also lower in the case of free transition, in this
case higher as a consequence of the normalization, which means that part of
the benefits will be lost due to a higher trim drag. The lift-induced drag is
also impacted by the presence of laminar flow: one can see that the center of
lift is moving outboard, resulting in a lower induced drag for the case of free
transition. The lift coefficient is slightly higher as well compared to the turbu-
lent case, which was expected as part of the benefits. Finally, free transition
computation results in a total drag which is lower as expected.
However, this setup was not selected as the final one for deeper analysis and
comparison with Tau. The reason for this can be found on the evolution of the
friction drag at the lower CL: one can see that a bump seems to be appearing
in the values for lower CL, which is completely not expected. An analysis of
the friction modulus field has been performed for several angles of attack com-
puted at a Mach number of 0.7 and several pictures of it are shown on figure
4.8.

(a) Angle of attack of 0.8 degrees. (b) Angle of attack of 1.4 degrees.

(c) Angle of attack of 1.9 degrees. (d) Angle of attack of 2.1 degrees.

Figure 4.8: Evolution of the friction modulus field at different angles of attack
with M=0.70.

On this figure, one can see that the laminarity extent seems to be evolving
continuously on the outer wing, which is satisfying. However, between the
flap-track fairings in the middle region of the lower wing, its evolution is not
really physical. Indeed, between figures (a) and (b), the extent of laminarity
decreases. However, between (b) and (c), it increases again, with holes in the
laminar regions making it discontinuous. The code seems to have difficulties
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to predict transition correctly in that region, leading to errors and probably to
the bump observed in the results for friction drag. The assumed reason for it
is that in this part of the mesh, less than 33 mesh nodes are present inside the
boundary layer, when 33 to 40 would be needed to ensure correct computa-
tions. To make sure that this was the reason for the presence of the bump in
the results, it has then been decided to switch to an upper wing transition setup
for the analysis, where the whole lower wing is initiated as turbulent, the lower
wing considered here being the part below the stagnation line.

4.1.3 Aerodynamic coefficients: upper wing free tran-
sition

The results obtained using this setup are shown on figures 4.9, 4.10 and 4.11.

(a) Wave drag coefficient evolution with
respect to CL.

(b) Viscous pressure drag coefficient
evolution with respect to CL.

Figure 4.9: Evolution of the wave drag (a) and viscous pressure drag (b) coef-
ficients with respect to CL. Turbulent and transition cases computed with an
elsA upper wing transition setup.
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(a) Friction drag coefficient evolution
with respect to CL.

(b) Pitching moment coefficient evolu-
tion with respect to CL.

(c) Lift-induced drag coefficient evolu-
tion with respect to CL.

(d) Centre of lift position evolution with
respect to CL.

Figure 4.10: Evolution of the friction drag (a), pitching moment (b), lift-
induced drag (c) coefficients and centre of lift position (d) with respect to CL.
Turbulent and transition cases computed with an elsA upper wing transition
setup.
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(a) Lift coefficient evolution with re-
spect to the angle of attack.

(b) Total drag coefficient evolution with
respect to CL.

Figure 4.11: Evolution of the lift (a) and total drag (b) coefficients with respect
to the angle of attack and CL, respectively. Turbulent and transition cases
computed with an elsA upper wing transition setup.

A first observation which can be made is that the bump that was present on
the friction drag with the full wing transition setup disappeared, confirming
that the reason for this were the issues in the transition computations on the
lower wing. Furthermore, several interesting results can be observed here.
First of all, the general trends which were observed with the previous setup
are the same. As the data are not trimmed here, and since one can see that a
lower pitching moment is obtained in the case of free transition, part of the
benefits will be lost due to a higher trim drag when trimming the data. The
benefits for the friction drag decreased a bit due to the less extended part of
laminarity on the wing. Previous studies already estimated that the presence
of laminar flow would change the shock location, pushing it further along the
wing’s chord, and also highlighted that the benefits in drag would also come
from an healthier boundary layer in the free transition case, leading to viscous
drag benefits not only in the laminar zones but also from its influence in the
downstream region.These benefits can be seen here, and the shock position
for two cuts with one particular Mach number and lift coefficient are shown
on figure 4.12.
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(a) Cut at 70% of the span (b) Cut at 80% of the span.

Figure 4.12: Comparison of pressure distributions for two cuts of the wing at
M=0.79 and CL=0.65 with elsA.

One can see that in the case of transition, for each cut, the shock is indeed
delayed and that the final pressure coefficient reached at the trailing edge is
also different. This shows that laminarity indeed has an impact on wave drag
and viscous pressure drag from its influence in the downstream region. All of
the benefits and changes for the different coefficients will directly be analysed
and compared in the comparison section of this chapter.

4.2 Tau/Coco-Lilo computations

4.2.1 Presentation of a test case
Here again, the residuals of lift, drag and pitching moment coefficients were
monitored to check that the simulations converged. The convergence for Tau
residuals is illustrated on figure 4.13. The initial oscillations show that the
computation is switching from the previous angle of attack to 2.2 degrees be-
fore it stabilizes around a constant value for the rest of the computation.



CHAPTER 4. RESULTS 41

Figure 4.13: Continuity equation’s residuals convergence with respect to the
number of iterations done for a free transition case at M=0.78 and AoA = 2.2
degrees with Tau.

As precised before, in Tau/Coco-Lilo, it is not necessary to define a tran-
sition field as in elsA, but the user must define in-flight cuts manually as tran-
sition lines for the input. The cuts defined for this test case and all the other
computations are shown on figure 4.14, together with the transition line that
was obtained for this particular case.
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Figure 4.14: In-flight cuts defined in black, with the transition line displayed
in blue above it.

One can already notice that the extent of laminarity compared to the same
case computed in elsA is much more limited, especially inboard between the
fuselage and the nacelle, so differences in the results can already be expected
from there with less impact from laminar benefits with Tau. The correspond-
ing friction modulus and pressure coefficient contours are not displayed here,
as the same kind of observations were made on them as with elsA: a small
change in pressure distribution is observed while zones with less friction ap-
pear in the laminar zones compared to the turbulent case.

4.2.2 Aerodynamic coefficients: upper wing free tran-
sition

The results obtained with Tau/Coco-Lilo are presented in figures 4.15 and
4.16.
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(a) Wave drag coefficient evolution with
respect to CL.

(b) Viscous pressure drag coefficient
evolution with respect to CL.

(c) Friction drag coefficient evolution
with respect to CL.

(d) Pitching moment coefficient evolu-
tion with respect to CL.

Figure 4.15: Evolution of the wave drag (a), viscous pressure drag (b), friction
drag (c) and pitchingmoment (d) coefficients with respect to CL. Turbulent and
transition cases computed with a Tau/Coco-Lilo upper wing transition setup.
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(a) Lift-induced drag coefficient evolu-
tion with respect to CL.

(b) Total drag coefficient evolution with
respect to CL.

(c) Lift coefficient evolution with respect
to the angle of attack.

Figure 4.16: Evolution of the lift-induced drag (a), total drag (b) coefficients
with respect to CL and lift (c) coefficient with respect to the angle of attack.
Turbulent and transition cases computed with a Tau/Coco-Lilo upper wing
transition setup.

It is interesting to notice that the same kind of trends are observed as with
elsA. The same cuts as those to highlight the impact of the laminar extent on
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the shock were used to plot the pressure coefficient on figure 4.17. Here again,
one can see that the shock is delayed for free transition computations compared
to turbulent ones, with a different final Cp value reached.

(a) Cut at 70% of the span (b) Cut at 80% of the span.

Figure 4.17: Comparison of pressure distributions for two cuts of the wing at
M=0.79 and CL=0.65 with Tau.

However, the absolute values are different for the aerodynamic compo-
nents. These differences are due to the fact that even though we use the same
geometry, different meshes are used for the computations together with dif-
ferent turbulence models. Some difference could also be due to the fact that
we are using completely different CFD codes as well. In order to limit these
differences, what will be compared for Tau and elsA are the increments of the
different coefficients between turbulent and transition computations, using tur-
bulent states as references. This way, it is considered that the numerical errors
will be minimized from the substraction between the solutions.

4.3 Comparison of the results
To reduce the impact of the differences due to the use of different meshes and
turbulence models, it has been decided to directly compare the increments for
the upper wing transition setup computations with elsA and Tau. Figures 4.18,
4.19, 4.20 and 4.21 show the increments for elsA on the left and Tau on the
right for the different aerodynamic coefficients and the total drag of the aircraft.
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(a) Wave drag increments with respect to CL.

(b) Viscous pressure drag increments with respect to CL.

Figure 4.18: Comparison of the benefits for the wave drag (a) and viscous pres-
sure drag (b) coefficients using turbulent computations for references. elsA
increments on the left and Tau increments on the right.
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(a) Friction drag increments with respect to CL.

(b) Pitching moment increments with respect to CL.

Figure 4.19: Comparison of the benefits for the friction drag (a) and pitch-
ing moment (b) coefficients using turbulent computations for references. elsA
increments on the left and Tau increments on the right.
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(a) Lift-induced drag increments with respect to CL.

(b) Lift coefficient increments with respect to the angle of attack.

Figure 4.20: Comparison of the benefits for the lift-induced drag (a) and lift
(b) coefficients using turbulent computations for references. elsA increments
on the left and Tau increments on the right.
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Figure 4.21: Comparison of the benefits for the total drag coefficient using
turbulent computations for references. elsA increments on the left and Tau
increments on the right.

One can see that overall, the trends predicted are the same for the different
quantities presented. However, the benefits and changes predicted by Tau are
generally lower than those predicted by elsA. On the one hand, with elsA, one
can expect up to 125% of benefits from the wave drag, 16% on the viscous
pressure drag, 0.8% of friction benefits, and 2.2% on the lift. With Tau, one
can see up to 65% of benefits from the wave drag, 11% on the viscous pressure
drag, 0.4% of friction benefits and 1.1% on the lift. So, on these quantities,
elsA predicts more or less twice the benefits predicted by Tau. The very high
values for the wave drag are due to the fact that the chosen reference case cor-
responds to a case where there is limited wave drag. The induced drag and
pitching moment differences are higher in absolute values, but lower with the
actual ones, with only 1% maximum difference between the two predictions
for the pitching moment coefficient and almost no difference in the induced
drag predictions.
This is first a direct impact of the difference in the numerical setup used, and
also of the differences in the transition prediction methods used in the two
codes. Concerning the wave drag and the viscous pressure drag benefits for
example, the compressibility effects are not considered in Tau’s results for the
free transition computations since the incompressible stability theory is the
one used in Lilo. They are considered in elsA through the implementation of
extensions of the criteria, with an extension for the 2D criterion and a com-
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pressibility correction for the 3D one. Hence, differences in the wave drag
benefits are expected as compressibility effects tend to stabilize the boundary
layer, which means that transition will occur further downstream than if in-
compressible hypothesis is used. This is what can be seen in the wave drag for
example: when the lift coefficient increases and the shock is stronger, the dif-
ferences between the two predictions are higher than at low CL. However, this
would not explain the differences for the very different laminar extent on the
wing, especially inboard. On this case, it is important to remember that elsA is
using correlations to estimate if the transition is triggered or not for crossflow,
while in Tau a critical N-factor is fixed for the 3D instabilities. The default
value, which was used here, was selected as a lower limit in order to underes-
timate the laminar extent when transition is triggered by crossflow. Hence, it
is also expected when the crossflow instabilities trigger transition to have less
benefits and impact from the laminar extent on the aerodynamic coefficients.
Finally, as different codes, turbulent models and meshes are used, differences
are to be expected on the final results from these different setup. But one can
see that overall, on the total drag of the aircraft, the differences are very limited
below CL=0.6, which corresponds to a maximum difference of roughly 0.5%
between the predictions for the benefits done in elsA and Tau.
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Discussion

5.1 Limitations of the codes
Several limitations were highlighted all along this paper, the goal of this sec-
tion is to give a summary of these limitations for both codes.
First of all, elsA presents several limitations in transition computations. The
first one is that, when non-coincident joints are used, the information cannot be
transmitted through these joints and transition cannot be computed. Further-
more, the transition prediction module requires 33 to 40 points in the boundary
layer on the whole wing to ensure correct results, and this does not correspond
to Airbus best practice so far. So in case this should be used in the future the
user should make sure that this requirement is respected in the parts of the
wing where transition is expected to be computed. Another limitation in elsA
is that the stagnation line may have to be manually adjusted when moving the
angle of attack, depending on the increment and its impact on this line’s loca-
tion. It is also an issue by itself for faces with curvature such as in the nacelle
region for example, since the stagnation line is straight but the iso-values of
the topological indices are not. The faces also need to be associated to a tran-
sition and an origin field that are defined topologically for each face, which
may be not very convenient for geometries with a lot of faces as this gives a
very long pre-processing file to write down. This is not an issue anymore with
the latest version of elsA, although it is not used inside Airbus yet. Finally, as
the criteria used are empirical or semi-empirical, they also present limitations
for their range of application which were not reached in this study but which
is important to keep in mind. The AHD_GL_Comp criterion can only be used
for M < 4, starts being less accurate and cannot be used when Tu > 1%. The
_C1 criterion for crossflow cannot be used forHi > 2.6, and needs special care
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before being used when crossflow transition is expected further than the first
10% of the wing, usually corresponding to the case of laminar wings, and is
not linked to an external turbulence level. This last point makes it difficult
to compare the results to wind tunnel testing as the external turbulent level is
usually different from the one found in cruise flight conditions. However, this
is also normal physically speaking that this direct link does not exist as the
phenomenon is different than the Tollmien-Schlichting waves.
Concerning Tau, other kind of limitations were observed. First of all, the in-
flight cuts must be defined manually all along the wing, but have to be closed
cuts, which means transition can not be computed on cuts containing holes
for the flap-track fairings or the nacelle for the wing. This means that there
are "holes" in the cuts defined all along the wing between which the transition
line location is interpolated with a linear function and not computed. This
"forces" a clean transition line when it would be interesting to see how the na-
celle wake has an impact on transition for example. Other limitations are that
compressible effects are not considered in Tau transition module since the in-
compressible stability theory is used with Lilo, and transition inside short and
long separated bubble is not handled. Here as well, the critical N-factor for
crossflow is not linked to an external turbulence level. Finally, it is interesting
to be able to arbitrarily fix the critical N-factors in Tau, however the default
values are underestimating the extent of laminarity on the wing so it would
require an iterative process in which the user changes these factors according
to an experiment such as flight test to estimate the correct values.

5.2 Suggestions for further improvement and
research

For further improvements, it would be interesting to review the meshing best
practice when one considers using it for elsA free transition computations.
These new best practice could consist in limiting as much as possible the num-
ber of different faces which are present on the wing, and try to have the same
topological quantities evolving in the same direction along the wing to get a
simpler definition when doing the pre-processing from the turbulent initializa-
tion. In addition to that, one could make sure that enough points are present
in the boundary layers on parts of the wing where transition is expected, and
avoid any joint patches in these regions as well. Considering the use of Tau, it
could be great to find a way to compute transition on any cut along the wing to
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avoid a forced linear evolution of the transition location on surfaces containing
hole for external devices. This can also be an issue when reaching the wing
tip since two parts of the wing can end up in the same cut plane.

For further research, it could be interesting to compare the results pre-
sented in this report to actual flight test experiments to evaluate how good the
criteria implemented in elsA predict the transition along the wing, and to es-
timate to which N-factor this would correspond using Tau. It would also be
interesting to create a mesh following elsA’s needs for transition prediction
and run again a full wing free transition prediction setup, since most of the
laminarity seemed to be situated on the lower wing. This could be compared
to another Tau transition prediction on the full wing to observe the differences
on the lower side’s transition prediction, as this was not studied at all with Tau
here. An alternative setup would be to only compute free transition on the
outer part of the lower wing together with the upper one, since the evolution
of laminarity there seemed to be correct. Another point that was not studied
here is the presence of laminarity on the nacelle: experiments shown that lam-
inar flow can be found here, so it might be interesting to evaluate the benefits
from this as well. One could also try computations with different Reynolds
number at constant Mach number to see how this affects the results as well.
A lower Reynolds should result in a larger laminar extent, and the opposite
should be true as well. Also, since it is actually possible to fix a same N-factor
for longitudinal instabilities for the two codes, one could try to deactivate the
crossflow criterion in elsA and put the critical N-factor for crossflow to a very
high value in Tau. This would guarantee that only Tollmien-Schlichting waves
would trigger transition for both code, and allow to compare their prediction
at least for 2D instabilities.



Chapter 6

Conclusion

Both approaches used in elsA and Tau have their strengths and weaknesses.
The way it is implemented in elsA gives a less clean but overall satisfactory
convergence in the results. It has the advantage to consider compressible ef-
fects for the 2D and 3D instabilities and is able to handle the case of transition
inside a separated bubble as well. Furthermore, it is interesting to use existing
correlations with transition criteria to get the transition line location as correct
as possible, when in Tau this is up to what N-factors the user is specifying.
However, in that particular case, it was not possible to compare the results
with experiments to see how precise these correlations are. To finish, it is im-
portant to keep in mind that, even though it seems that it is possible to predict
transition in boundary layers with CFD, there are still a lot of challenges ahead
that need to be addressed. Reality is different from simulations, and the pres-
ence of insects on the wing for example or imperfections on the surface, which
are not considered in this paper, can trigger turbulence and cause the appear-
ance of turbulent wedges, causing a loss of laminarity on the wing which can
be significant. These are just a few examples among many, and the step be-
tween perfect conditions simulations and reality is a challenge by itself which
needs to be overcome.
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Appendix A

Results for aerodynamic coeffi-
cients with a full wing transition
setup using elsA

(a) Wave drag increment. (b) Viscous pressure drag increment.
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(c) Friction drag increment. (d) Pitching moment increment.

(e) Lift-induced drag increment. (f) Centre of lift position increment.
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(g) Lift coefficient increment. (h) Total drag increment.

Figure A.1: Increments of aerodynamic coefficients computed using turbulent
cases as references with an elsA full wing transition setup.
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