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Numerical studies of receptivity, stability and transition of
wing and turbine blade boundary layers

Luca De Vincentiis
FLOW, KTH Royal Institute of Technology, Department of Engineering Me-
chanics
SE–100 44 Stockholm, Sweden

Abstract
In the present thesis, receptivity, stability and laminar-turbulent transition of
different boundary-layer flows are addressed and investigated by means of direct
numerical simulations. In particular, flows over a wing and a low-pressure-
turbine (LPT) blade have been the main focus.
Transition in a swept-wing boundary layer in the presence of free-stream tur-
bulence (FST) and a disk-shaped roughness element is studied. In particular,
for the subcritical roughness heights, the absence of FST leads to a stationary
laminar flow, while the small amount of FST typical of a low-noise wind tunnel
will cause the formation of turbulence spots. When FST intensity is increased
by one order of magnitude, the wake is found to transition to turbulent in
the vicinity of the roughness element. We show that the level of FST have a
significant impact on the stability of the wake behind the roughness, which can
explain some experimental observations.
Moreover, the interaction of Tollmien-Schlichting waves with a cylindrical rough-
ness element is considered. The results of such interaction is reported for the
roughness heights which have not been covered previously in the literature. The
effect of initial amplitude and different frequency has been analyzed. Using the
energy budget analysis, we show that the main contribution to the growth of
the waves is associated with the wall-normal gradient of the streamwise velocity.
A major part of the thesis concerns the laminar-turbulent transition process over
a low-pressure-turbine blade. Here, two different levels of FST are considered.
In the low FST intensity, the boundary layer over the suction side of the LPT
blade starts to separate close to the trailing edge leading to the formation of
quasi-two-dimensional Kelvin-Helmholtz vortices. At the high levels of FST,
the flow separation is suppressed, and the transition is caused by the breakup
of the streaks generated inside the boundary layer. The numerical results are
found to agree well with those from the reference experiment.
Different modal-decomposition techniques are used to study the receptivity
of the blade boundary layer to the external disturbances in the case of high
FST. Especially, the roles of the leading-edge receptivity and the continuous
forcing by the FST in the blade passage has been investigated. The growth of
the disturbances highlighted by the modal decomposition is compared with the
one predicted by the optimal disturbance analysis. The work shows that the
influence of the FST in the blade passage plays a central role in the development
of the disturbances, which leads to transition on the suction side.
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Further, the effects of the wakes shed by the upstream turbine blades on the
transition is studied. Here, the upstream blades are modelled by moving bars.
It is found that the suction side of the blade is mainly affected by the presence
of the wakes and the dominant frequency inside the boundary layer corresponds
to that of the passing bars. The boundary-layer profiles exhibit higher mean
velocities close to the surface resulting in higher values of the shear stress
compared to the case without the moving bars, especially in the rear part of the
blade. Moreover, high values of the velocity perturbations are observed inside
the boundary layer and their amplitude changes during a period depending on
the location of the wakes relative to the leading edge.

Key words: boundary layer, stability, transition, receptivity, roughness element,
free-stream turbulence, turbine blade.
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Numeriska studier av mottaglighet, stabilitet och övergång
av ving- och turbinbladgränsskikt

Luca De Vincentiis
FLOW, Kungliga Tekniska högskolan, Institutionen för Teknisk Mekanik
SE-100 44 Stockholm, Sverige

Sammanfattning
I denna avhandling undersöker vi receptivitet, stabilitet och laminär-turbulent
omslag i olika gränsskiktsflöden med hjälp av direkta numeriska simuleringar.
Vårt huvudfokus har varit flöden över en vinge och ett lågtryckturbinblad
(LPT).
Laminär-turbulent omslag i gränsskiktet över en svept vinge i närvaro av
friströmturbulens (FST) och ytråhetselement har studerats. I fallen med de
subkritiska ytråhetselementen leder frånvaron av FST till ett stationärt laminärt
flöde, medan en låg nivå av FST som är typisk för en ’tyst’ vindtunnel kommer
att orsaka bildning av turbulenta fläckar. När FST-intensiteten ökas med en
storleksordning, övergår flödet i vaken till turbulens i närheten av elementet.
Vi visar att nivån på FST har en stor inverkan på stabiliteten av vaken bakom
elementet, vilket kan förklara experimentella observationer.
Vidare studerar vi interaktionen mellan Tollmien-Schlichting-vågor och ett cy-
lindriskt ytråhetselementen. Här betraktar vi element med höjder större än
vad tidigare har undersökts i litteraturen. Effekten av initial amplituden och
vågfrekvensen har analyserats. Med hjälp av energibudgetanalysen visar vi att
det huvudsakliga bidraget till vågens tillväxt är förknippat med den väggnormala
gradienten av hastighetskomponeten i flödetsriktning.
En stor del av avhandlingen berör processen av laminär-turbulent omslag över ett
lågtrycks-turbinblad. Bland annat undersöker vi effekter av FST-intensiteten. I
fallet med låg FST-intensitet börjar gränsskiktet över sugsidan av LPT-bladet se-
parera nära den bakre kanten vilket leder till bildandet av kvasi-tvådimensionella
Kelvin-Helmholtz-virvlar. Vid höga nivåer av FST undertrycks separationen
och omslaget till turbulent flöde orsakas av de stråk som genereras inuti gräns-
skiktet. De numeriska resultaten visar sig överensstämma väl med resultaten
från referensexperimentet.
Olika metoder för modal dekomposition har använts för att studera gräns-
skiktets receptivitet med avseende på de yttre störningarna i fallen med hög
FST-intensitet. Speciellt har rollen av framkantreceptivitet och den kontinuerliga
påtvingningen av FST undersökts. Tillväxten av störningar i de dominanta mo-
derna har jämförts med de av så kallade optimala störningar. Vår undersökning
visar att påverkan av FST i bladpassagen spelar en central roll i utvecklingen
av störningarna som leder till omslag på sugsidan av bladet.
Vidare har vi studerat effekterna av de vakflöden som orsakas av turbinbladen
uppströms på gränsskiktet. Här modelleras bladen uppströms med rörliga cy-
lindrar. Man har funnit att huvudsakligen är bladets sugsida som påverkas av
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vakflöden och den dominanta frekvensen inuti gränsskiktet motsvarar den för
passage av cylindrarna. Gränsskiktsprofilerna på sugsidan visar högre medel-
hastigheter nära ytan vilket resulterar i de högre värdena för skjuvspänningen
jämfört med fallet utan rörliga cylindrar, speciellt i bladets bakre del. Dessutom
observeras höga värden för hastighetsstörningarna inuti gränsskiktet och deras
amplitud förändras under en period beroende på vakflödets läge i förhållande
till framkanten.

Nyckelord: gränsskikt, stabilitet, laminär-turbulent omslag, receptivitet, ytrå-
hetselement, friströmturbulens, turbinblad.
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Preface

This thesis deals with stability, receptivity and transition. A brief introduction
on the basic concepts and methods and an overview of the results is given in the
first part. In the second part, the following 5 papers are presented. The papers
are adjusted to comply with the present thesis format for consistency, but their
contents have not been altered as compared with their original counterparts.

Paper 1. L. De Vincentiis, D. S. Henningson & A. Hanifi. Transition
in an infinite swept-wing boundary layer subject to surface roughness and free-
stream turbulence. Under review for J. Fluid Mech.

Paper 2. L. De Vincentiis, D. S. Henningson & A. Hanifi. Numer-
ical studies of the interaction of a cylindrical roughness element and a two-
dimensional Tollmien–Schlichting wave. To be submitted.

Paper 3. K. Ðurović, L. De Vincentiis, D. Simoni, D. Lengani, J. O.
Pralits, D. S. Henningson, & A. Hanifi, 2021. Free-stream Turbulence in
Low-Pressure Turbines. J. Turb. 143 (081015).

Paper 4. D. Lengani, D. Simoni, J. O. Pralits, K. Ðurović, L. De
Vincentiis, D. S. Henningson & A. Hanifi. On the receptivity of low-
pressure turbine blades. Under review for J. Fluid Mech.

Paper 5. L. De Vincentiis, K. Ðurović, D. Lengani, D. Simoni, J. O.
Pralits, D. S. Henningson, & A. Hanifi. Effects of upstream wakes on the
boundary layer over a low-pressure turbine blade. To be submitted.
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Luca De Vincentiis
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Part I

Overview and summary





Chapter 1

Introduction

One of the main goals in the aerodynamic design of an aircraft is to reduce
the overall drag. Friction drag stands for more than half of the total drag, and
almost 20% is due to the friction forces acting on the wing surface (Schrauf 2005).
In a flow, the friction forces are due to the overall effect of the shear stress acting
on the surfaces. In a Newtonian fluid, like air or water, this is proportional to
the gradient of the streamwise velocity in the wall normal direction. Therefore,
the behaviour of the flow in the vicinity of the surface plays a major role. This
region is called boundary layer and is where the viscous effects are relevant.
Whether the boundary layer is found to be laminar or turbulent, it affects the
value of the shear stress significantly as the turbulent boundary layer exhibits
higher values of wall normal velocity gradients. A possible approach to reduce
the total friction drag is to increase the portion of laminar flow by delaying
the boundary layer transition to turbulence. In order to successfully reach this
goal, profound knowledge of the possible transition mechanisms is required. In
figure 1.1 different paths towards turbulence are schematically presented as
suggested by Morkovin (1994). The vertical arrows from left to right indicate
the possible paths as the amplitude of the environmental noise increases. The
free-stream disturbances penetrate the boundary layer through a process called
receptivity. This process determines the initial amplitude, shape and phase of
the boundary-layer disturbances. Depending on the stability characteristic of
the boundary layer, these initial disturbances decay or grow and can potentially
reach amplitudes that cause the boundary layer to transition to turbulence.
In low-noise environments, the initial amplitudes of disturbances are small
and their growth can be described using linearized theories. Path "A" in
figure 1.1 describes this process. The initial disturbances grow exponentially
while travelling downstream until they reach an amplitude that is high enough
to trigger the secondary instabilities and then the breakdown to turbulence. The
initial disturbances can also experience transient growth. In this case, we observe
an algebraic growth due to the interaction of non-orthogonal modes of the linear
operator, as explained in Landahl (1980). If, instead, the initial amplitudes are
too high, the linear growth is bypassed, and subcritical instabilities can directly
cause the boundary layer to become turbulent. This mechanism corresponds
to path "E" in figure 1.1. In the two-dimensional boundary layers subjected
to a low-noise environment, transition is typically caused by the growth of
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2 1. Introduction

Figure 1.1: Schematic paths to flow transition. Figure adapted from Saric et al.
(2002)

.

Tollmien–Schlichting (TS) waves which follow path "A" in figure 1.1. In three-
dimensional boundary layers, such as the one over a swept wing, the transition
can be caused by the crossflow vortices (CF). This instability is an example of
inviscid instability caused by an inflection point in the crossflow component
of the velocity in the boundary layer. Depending on the level of free-stream
disturbances, the transition is caused by the breakdown of stationary CF vortices
or travelling CF vortices. The first scenario is commonly observed in the quiet
environments while the latter in noisy ones. An example of the transition
scenario where the transient growth plays a major role is a two-dimensional
boundary layer subjected to high level of free-stream turbulence (FST). In this
case, streamwise elongated region of high and low velocity, generally referred
to as streaks or Klebanoff modes can be observed. These streaks grow linearly
until they reach an amplitude high enough to trigger secondary instabilities.
In the present work, we have investigated different transition scenarios that
can be relevant for aeronautical applications through numerical simulations. In
particular, we studied how the transition on a low pressure turbine blade is
affected by different FST levels. Another part of the work has been devoted
to studies of the interaction between FST and roughness on a swept wing.
Moreover, the effects of a roughness element on the growth of a TS wave over a
flat plate has been addressed.



Chapter 2

Theory

In this chapter, we introduce the theory and equations used to investigate the
stability of a flow.

2.1. Governing equations
In the flow cases addressed in the present thesis, we assume that the motion
of an incompressible fluid with constant properties could be described by the
Navier-Stokes equations

∂U

∂t
+ U · ∇U = −∇P +

1

Re
∇2U, ∇ ·U = 0, (2.1)

where U = (U, V,W )
T is the velocity vector, P the pressure and Re = Ur Lr/ν

is the Reynolds number. Ur and Lr are respectively the reference velocity and
the reference length while ν is the kinematic viscosity.
In order to study the mechanisms that cause the boundary layer to transition, it
can be useful to consider the evolution of a perturbation, (u, p), onto a laminar
state, (U, P ). Introducing this in to the Navier-Stokes equations and taking
the difference with the equations for the baseflow U, the following equations
for evolution of a disturbance are found

∂u

∂t
+ U · ∇u + u · ∇U + u · ∇u = −∇p+

1

Re
∇2u, ∇ · u = 0. (2.2)

An energy analysis can be used to gain insight in the mechanisms which lead to
the transition to turbulence. An equation for the time evolution of disturbance
energy can be obtained by taking the inner product of equation (2.2) with u

ui
∂ui
∂t

= −uiuj
∂Ui
xj︸ ︷︷ ︸

P

− 1

Re

∂ui
∂xj

∂ui
∂xj︸ ︷︷ ︸

D

+
∂

∂xj

(
−1

2
uiuiUj −

1

2
uiuiuj − uipδij +

1

Re
ui
∂ui
∂xj

)
︸ ︷︷ ︸

T

, (2.3)

where P denotes the production terms, which can be both positive or negative.
In the former case, they have a destabilizing effect, and in the latter, instead,
they contribute to the stabilization of the flow. The terms in D always have a

3



4 2. Theory

stabilizing effect. The terms denoted by T are the transport terms where we
can recognize the non-linear terms of equations (2.2) as 1

2uiuiuj . If equation
(2.3) is integrated in the volume Ω, assuming that the disturbance is either
periodic or localized in space, we obtain the Reynolds-Orr equation

∂E

∂t
= −

∫
Ω

uiuj
∂U

∂xj
dΩ− 1

Re

∫
Ω

∂ui
∂xj

∂ui
∂xj

. (2.4)

We can see that contribution from the non-linear terms of equations (2.2) have
dropped out, implying that the growth of the disturbance energy is due to linear
mechanisms.

2.2. Linear stability methods
By assuming the perturbations being small and keeping only the terms linear
in u, the following linearized Navier-Stokes equations are found

∂u

∂t
+ U · ∇u + u · ∇U = −∇p+

1

Re
∇2u, ∇ · u = 0. (2.5)

The linearization of disturbance equations significantly simplifies the flow sta-
bility analysis. In the following, we briefly discuss different frameworks used
for linear stability analysis of flows. This class of frameworks relies on the
linearized Navier-Stokes equation to predict whether a small perturbation grows
or decays.

2.2.1. Global stability theory

We start by rewriting equations (2.5) above in the following form
∂u

∂t
= L (u) , (2.6)

where L represents the operator associated with the linearized Navier-Stokes
equations. Here, the pressure has been removed using the Helmholtz–Hodge
decomposition. Further, in the most of flow cases, we can apply a Fourier
transform to the solution of equation (2.6). Let us introduce the ansatz u(x, t) =
û(x, t) e−iωt in the equation (2.6) which yields the following eigenvalue problem

iL (U) û = ωû. (2.7)

If all the eigenvalues of iL have a negative real part, the flow is linearly stable.
However, if at least one eigenvalue with a positive real part exists, any infinite
small perturbation will exponentially grow in time, causing the solution to drift
apart from the baseflow U. Here, since the eigenfunction û depends on all
spatial coordinates, the instability is called global instability. In the simulation
of a globally unstable flow, we would observe that the perturbation in the entire
domain experiences exponential growth.
For a review on the methods usually used to solve the global eigenvalue prob-
lem (2.7), we refer to Theofilis (2011). An alternative method to examine the
global instability of the flow, used in the present work, is to perform a linear
impulse-response analysis of the flow (see, e.g. Brandt et al. 2003; Peplinski



2.2. Linear stability methods 5

et al. 2015; Brynjell-Rahkola et al. 2017). In particular, identifying the velocity
of the trailing edge of the wave packet generated by an impulse allows us to
distinguish between a consecutively unstable flow and a globally unstable one.
It has to be noticed that the decay of all eigenvalues is not sufficient to ensure
the stability of the baseflow. This is, in fact, only true if the eigenvalue of iL
form an orthogonal basis. If that is not the case, transient growth is possible,
and that can cause the flow to transition even if the flow is linearly stable.

2.2.2. Local stability analysis

In the cases where the baseflow, U, has one or more homogeneous directions,
we can also perform a Fourier transform in those directions and, in this way,
reduce the size of the problem. For example in the case of parallel flows the
spanwise direction z and the streamwise direction x are homogeneous which
allows us to write the perturbation in the form u (x, y, z) = û (y) ei(αx+βz−ωt).
Once we have substituted this ansatz in equations (2.5), we obtain(

−iω + iαU + iβW +
α2 + β2

Re
− 1

Re

∂

∂y2

)
û+

∂U

∂y
v̂ + iαp̂ = 0, (2.8a)(

−iω + iαU + iβW +
α2 + β2

Re
− 1

Re

∂

∂y2

)
v̂ +

∂p̂

∂y
= 0, (2.8b)(

−iω + iαU + iβW +
α2 + β2

Re
− 1

Re

∂

∂y2

)
ŵ + iβp̂ = 0, (2.8c)

iαû+
∂v̂

∂y
+ iβŵ = 0, (2.8d)

which can be manipulated to give a single equation for the disturbance velocity
in y-direction, v̂,{

(−iω + iαU)

[
∂

∂y
−
(
α2 + β2

)]
− iαd

2U

dy2
− iβ d

2W

dy2
−

1

Re

[
∂2

∂y2
−
(
α2 + β2

)]2
}
v̂ = 0. (2.9a)

The equation above is known as the Orr–Sommerfeld equation. Here, two
approaches are possible: a temporal or spatial analysis. In the former approach,
α and β are fixed real numbers and the complex number ω is obtained by
solving a linear eigenvalue problem. In the later one, the wavenumber β and
the temporal frequency ω are fixed real number, and the complex eigenvalue α
is computed. The real part of α gives the wavenumber of the perturbation in
the streamwise direction, while its imaginary part with a negative sign gives the
spatial growth of the perturbation. This approach is physically more relevant
for transition prediction in convectively unstable flows, e.g. boundary-layer
flows. The spatial analysis is more challenging to perform than the temporal
one since we need to solve a non-linear eigenvalue problem. In fact, we find α



6 2. Theory

Figure 2.1: Sketch of a typical impulse response: (a) convectively unstable flow;
(b) flow absolutely unstable flow. Figure adapted from Huerre & Monkewitz
(1985).

to the second power in the diffusion terms of the system (2.8). This difficulty
can be overcome by considering the variables (û, v̂, ŵ, p̂, αû, αv̂, αŵ) to rewrite
the system (2.8) obtaining a generalised linear eigenvalue problem for α.

In the framework of the local stability theory, flow instability can be classified
either as convective or absolute instability (Huerre & Monkewitz 1985). To
distinguish between these two cases, we can think that a localized impulsive
perturbation is introduced in the flow, and then its evolution is monitored.
A sketch of the two scenarios that may occur is shown in figure 2.1. In the
case of a convectively unstable flow, the disturbance stays localized only in a
certain region of the space, with the trailing edge of the generated wave packet
having a positive velocity and the disturbances propagate downstream as they
amplify/decay. In the case of an absolutely unstable flow, instead, the trailing
edge of the wave packet has a negative velocity, and therefore the disturbance
will spread in the entire domain.

2.2.3. Parabolized Stability Equations

The local stability analysis described in the previous section has often been
applied to Blasius boundary-layer with relatively good success. This has been
possible since the gradients in the streamwise direction and the wall-normal
velocity are small compared to the wall-normal gradients and the streamwise
velocity, respectively. However, in general, neglecting the effects of the growing
boundary layer leads to discrepancies once the results are compared with direct
numerical simulations (DNS) or experiments (Schmid & Henningson 2001).
The parabolized stability equations (PSE) (Bertolotti et al. 1992; Simen 1992)
allow us to consistently take into account the non-parallel flow as well as the
curvature effects while keeping the computational efforts significantly smaller
compared to the global stability analysis and DNS. To simplify the linearized
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Navier-Stokes equations while retaining the effects of non-parallel flow, we
consider the perturbation ansatz

u (x, y, z, t) = û(x, y) ei(Θ(x)+βz−ωt) (2.10)

where Θ(x) =
∫ x
x0
α(x′) dx′. In equation (2.10), û(x, y) is assumed to be slowly

varying in the streamwise direction while the phase function Θ(x) captures the
fast oscillations and rapid growth in that direction. This is ensured by imposing
the following condition at each streamwise position∫ ∞

0

ûH
∂û

∂x
dy = 0. (2.11)

A second hypothesis, consistent with the concept of the boundary layer, is that
the variations in the streamwise direction are much smaller than those in the
wall-normal direction. Moreover, the wall-normal velocity is considered non-zero
but of the order ε = O(Re−1). Once we introduce the perturbation ansatz
(2.10) in the linearized Navier-Stokes equations (LNSE) and neglect the terms
of order ε2 a quasi-parabolic system is obtained

Lpq̂ = 0, (2.12)

where q̂ = (û, v̂, ŵ)T and

Lp = A + B
∂

∂y
+ C

∂2

∂y2
+ D

∂

∂x
. (2.13)

The operators in the expression above are

A =


iα 0 iβ 0

∂U
∂x + ∆ ∂U

∂y 0 iα

0 ∂V
∂y + ∆ 0 0

∂W
∂x

∂W
∂y ∆ iβ

 B =


0 1 0 0
V 0 0 0
0 V 0 1
0 0 V 0



C =


0 0 0 0

−1/Re 0 0 0
0 −1/Re 0 0
0 0 −1/Re 0

 D =


1 0 0 0
U 0 0 1
0 U 0 0
0 0 U 0


with ∆ = 1

Re

(
α2 + β2

)
−iω+i (αU + βW ). Notice that the operator A depends

on α, which is not known in advance. Therefore, it is obtained with an iterative
procedure where its value is updated until the condition (2.11) is satisfied. In
practice, starting from a position x0 where the initial condition q0 is given,
for example, using a local stability analysis, the PSE are advanced forward in
the streamwise direction. The name parabolized stability equations hints that
they retain a weak ellipticity, leading to numerical instabilities when the step
size ∆x is too small. Dropping the streamwise pressure gradient helps in this
regards (Haj-Hariri 1994). Moreover, a stabilization method was proposed by
Andersson et al. (1998). Further details about PSE can be found in Herbert
(1997), Schmid & Henningson (2001) and Tempelmann (2011).
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2.3. Modal decomposition
2.3.1. Proper Orthogonal Decomposition

Fluid dynamics simulations are usually characterized by very large degrees of
freedom. Therefore, it can be useful to look for a smaller basis that can be
used for projecting the flow and possibly capture the relevant physics with a
small number of modes. A common way to achieve this goal is to use proper
orthogonal decomposition (POD) (Lumley 1967; Berkooz et al. 1993). The POD
is obtained by performing a singular value decomposition (SVD) of the snapshot
matrix X = {x1,x2, ...,xN} where xi are the snapshot taken at different time
instants. This can be written as

X = UΣVT , (2.14)

where U is a d×N matrix with d being the degrees of freedom and N the number
of snapshots. The columns of U are the POD modes that are orthonormal to
each other. The matrix Σ is a N × N diagonal matrix. The elements of Σ
provide the contribution of the POD modes to the total norm of the fluctuations.
The rows of V provides the temporal information related to the modes.

2.3.2. Extended POD

The extended POD (EPOD) is a technique proposed by Borée (2003) which
allows to analyze correlated events in different subdomains. We introduce
the matrix Φ = UΣ which contains the POD modes scaled with respective
amplitude σi. Given the snapshot matrix X defined on the subdomain Γ, the
matrix conatining the the EPOD modes defined on Γ is obtained as

ΦΓ,Ω = XVΩ, (2.15)

where the matrix VΩ is computed on the volume Ω using a physical quantity
that does not need to be same as the one stored in X. If we than apply an SVD
to X we get

ΦΓ,Ω = ΦΓVT
Γ VΩ. (2.16)

The modes in ΦΓ,Ω depend on the product of the two matrices containing the
eigenvector bases VT

Γ VΩ which are computed on the two subdomains Γ and Ω.
The matrix product gives the degree of correlation of the physical quantities
used to compute the POD modes in the respective subdomains.



Chapter 3

Numerical Methods

Here, we briefly describe the numerical methods used in the works presented in
this thesis.

3.1. Flow solver
In the studies presented in this thesis, we have used direct numerical simulations
(DNS) to study the transition of the boundary layer flows at different conditions.
As previously mentioned, the considered flow cases are addressed using the
Navier-Stokes equations (2.1) for an incompressible fluid. In all of our studies,
equations (2.1) are integrated using the solver Nek5000 (Fischer et al. 2008).
The code solves the equations in a weak form using a spectral element method
(Patera 1984). The numerical domain is partitioned using hexahedral elements.
Within each element, Lagrange interpolants on N + 1 Gauss-Lobatto-Legendre
(GLL) nodes are used to discretize the velocity while N − 1 Gauss-Legendre
nodes are used for the pressure in order to avoid spurious modes where N is the
polynomial order. The main advantage of this method is that by partitioning of
the computational domain into small elements, it allows us to handle complex
geometries, while the use of the GLL points allows us to reach high polynomial
order and spectral accuracy. The equations are advanced in time, treating the
non-linear terms explicitly using a third-order extrapolation scheme (EXT3),
whereas the viscous terms are discretized with a third-order backward differen-
tiation scheme (BDF3). The code is written in Fortran 77 and C, and it uses
MPI for the parallelization, which has shown efficient scaling up to 1 million
MPI ranks (Fischer 2015).

3.2. Free-stream turbulence generation
In a major part of the works presented in this thesis, we have studied the
effects of free-stream turbulence (FST) on flow stability and transition. We
have followed the approach employed by Schlatter (2001); Negi et al. (2018)
and Kleusberg (2019) to generate FST. In this approach, Fourier modes with
different wavenumbers and random phases are superimposed to the mean velocity
profile at the inlet of the computational domain. With the aim of generating
homogeneous and isotropic turbulence, the wavenumber space is divided into 80
concentric shells, where each shell represents the amplitude associated with a

9
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Figure 3.1: von Kármán spectrum used for scaling of the Fourier modes repre-
senting the free-stream turbulence. Red stars correspond to the wavenumbers
which could be fitted in the computational domain used in paper 5.

given wavenumber. Then, 40 points are randomly chosen on each shell, giving
the components of the wavenumber vectors. The von Kármán energy spectrum
(figure 3.1) is used then to scale the energy of each mode

E(k) =
2

3

1.606 (kΛ)4

[1.350 + (kΛ)2]17/6
Λ Tu2. (3.1)

Here, E is the energy density, k the wavenumber and Λ the integral length
scale. This procedure is described in details in Schlatter (2001) with the main
difference that instead of the modes from the continuum spectrum of Blasius
flow the Fourier modes are employed here.

3.3. Dynamic overset grid methodology
In Nek5000, a dynamic overset grid methodology (DOGM) is implemented that
allows us to divide the numerical domain into smaller subdomains that are
partially overlapping. This feature simplifies the mesh generation allowing for
major flexibility when simulating flow over complex geometries. In the present
work, the DOGM has been modified in order to be able to perform simulations
in two different frames of reference interacting with each other. In this section,
we will first summarize the original methodology, which was presented in Merrill
et al. (2016) and then we will describe how it was used for our purpose. For
example, in figure 3.2 the two subdomains communicate with each other through
Dirichlet boundary conditions on the boundaries colored in red. At each time
step, the values of the point P1(x, y, z) on the boundary of the subdomain Ωb
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Ωc

Ωb

Figure 3.2: Numerical domain and boundary conditions used in paper 5.
Dashed lines belong to the cylinder domain, Ωc, solid lines to the turbine blade
domain, Ωb. No-slip condition was imposed along the black lines, periodic
conditions along the magenta lines, inlet Dirichlet condition along the green line,
outflow condition along the blue line and coupling Dirichlet condition along the
red lines.

is obtained by performing an interpolation of the solution computed in the
subdomain Ωc. Similarly, the variables on the boundary of Ωc are computed by
means of interpolation of data from Ωb. The procedure to update variables at
P1 requires three steps:

1. find among all the processes used for the subdomain Ωc the one that
owns the point P1,

2. find within the elements owned by that specific processor the element
which owns P1,

3. evaluate the solution at point P1.
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Figure 3.3: Streamwise velocity at in the xy-place at different time. The solution
is obtained using DOGM

This procedure is needed because at each processor, only values belonging to
certain elements are available. For a detailed description of the interpolation
procedure in Nek5000, we refer to Noorani et al. (2015). Notice that steps 1-2
must be repeated each time the interpolation has to be performed in case the
location of P1 with respect to the domain Ωb changes. This is the case, for
examples, if one of the two subdomains is moving. Otherwise, steps 1-2 are only
required at the first time the interpolation is performed. The temporal coupling
at the boundaries can be done using a novel temporal interface extrapolation
scheme that uses the known solutions from the previous time steps, with an
arbitrary order of accuracy (IEXTm, where m is the order of the scheme). Peet
& Fischer (2012) investigated the effects of this scheme on the overall numerical
stability of the solver. The first order scheme was found to keep the stability of
the global scheme, while for higher order, the stability depends on the size of
the overlapping area and the number of iterations. Notice that at each time
step, updating of the variables on the boundaries of subdomains should be
repeated several times. Peet & Fischer (2012) showed that the stability was
significantly increased using a small number of iteration. From a practical point
of view, three iterations per time step were used in the simulation performed in
the present thesis to keep the third order accuracy in time. The method was
shown by Merrill et al. (2016) to maintain the spectral accuracy and to have
good scalability and has been used by Merrill & Peet (2017) to study the effect
of impinging turbulent wakes on the dynamic stall of a pitching airfoil.
We have used the DOGM method in the simulations of the flow over a turbine
blade subjected to periodically passing wakes, shed by a set of moving cylinders.
The first subdomain, Ωc, consists of the mesh around the cylinders while the
second one, Ωb, around the turbine blade. The cylinders move with the velocity
vc = {0,−vc, 0} and for that reason the subdomain Ωc is simulated in a moving
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Figure 3.4: Streamwise velocity profiles at z = 0.0 and x = −0.2 t =
{t0, t0 + 0.25T, t0 + 0.5T, t0 + 0.75T}. The profiles are shifted according to
uk = u + 1.5(k − 1). Black lines correspond to the domain of turbine and
magenta lines to the domain of cylinder.

frame of reference. As a consequence, to obtain the data at the boundary point
Pb(xb, yb, zb) belonging to the boundary of the subdomain Ωb, the following
steps are performed:

1. compute the coordinate of Pb in Ωc,
2. perform the interpolation to obtain the velocity of Pb in the frame of

reference of Ωc using DOGM,
3. sum the velocity of the cylinder’s reference frame vc to the interpolated

value from the previous step.

At the first step, the only coordinate to be computed is the y-coordinate, since
the velocity of the cylinder in the other directions is zero, using the following
relation

yc = mod (yb − vc t, ymax − ymin) + ymin. (3.2)
Here, g is the blade pitch, and ymax are ymin are the highest and the lowest y
value of the interface. The mod operation returns the remainder of the division
between the term yb − vc t and the term g. An equivalent procedure is applied
to compute the values of the velocities on the boundary of the domain Ωc.
In figure 3.3, the streamwise velocity fields in the xy-plane at different time
instants are shown. The cylinder moves in the y direction and generates a wake
that enters the turbine domain. To check the correct implementation of the
algorithm, we performed the following. From the two numerical domains Ωc

and Ωb, we extracted the velocity profile at the same position at different time
instants separated by a quarter of the period T (figure 3.2), and then we apply
the procedure previously described. The result are reported in figure 3.4. As
can be seen there, profiles from the two domains match, showing the correct
implementation of the method we have employed.



Chapter 4

Flow cases and overview of the results

In this section, we summarise the results obtained through the works reported in
the thesis. Two of the works deal with the interaction of roughness elements with
other kinds of disturbances. In one case with FST and in the other a TS wave.
The remaining studies are devoted to describe the boundary layer’s transition
process over an LPT blade subjected to different external disturbances. In
particular, we have analyzed the transition scenarios at low and high levels of
FST and the influence of periodically impinging wakes.

4.1. Interaction of roughness element with FST in an infinite
swept wing

In this work, we have studied the boundary-layer transition over an infinite
swept wing in the presence of a disc-type roughness element and FST. In
particular, our study aim to investigate numerically the same flow case studied
experimentally by Örlü et al. (2021). The previous studies on the effects of
roughness on the transition over a swept wing were mostly focused on the
roughness heights, h, smaller than approximately 30% of the local displacement
thickness. These studies aimed at understanding the receptivity mechanisms to
disturbances that promote unstable steady crossflow vortices (see the review by
Kurz & Kloker 2014). In the case of two-dimensional boundary layers instead,
the transition triggered by roughness elements with heights in the order of the
local displacement thickness has been subject of many works starting from those
by Jacobs (1939), Tani & Hama (1940) and Fage (1943). In the early works by
Gregory & Walker (1955); von Doenhoff & Braslow (1961) the importance of the
parameter Rehh = Uhh/ν has been identified. In particular, von Doenhoff &
Braslow (1961) collected existing results and presented Rehh for which transition
was observed (Rehh,cr) as a function of the roughness aspect ratio η = d/h
where d is the diameter of the roughness element. As shown in figure 4.1, when
the aspect ratio is increased, the transition is triggered for lower values of Rehh.
It can also be noticed that for a fixed η, the spread in the value of Rehh,cr is
significant. One of the aims of the present work is to understand if different
levels of FST can be responsible for the observed spread. For this reason, we
chose among the cases investigated by Örlü et al. (2021) the one that exhibits
different behaviours when changing the level of FST. In table 4.1 the selected

14
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Figure 4.1: Data from von Doenhoff & Braslow (1961) re-plotted by Kurz
& Kloker (2016) together with roughness parameters in experiments by Örlü
et al. (2021). Red and green dots correspond to cases where flow in the
experiments remained laminar or transitioned to turbulent, respectively, at the
lowest FST level. The circles represent cases simulated here (red for the case
which transitions and green for those which stay laminar for Tu = 0.0%).

Case h∗ [mm] d∗ [mm] h d h/δ∗ d/h Rehh

A 0.4 16 0.00050 0.02 0.72 40 125
B 0.8 8 0.00100 0.01 1.44 10 461
C 0.8 16 0.00100 0.02 1.44 20 461
D 1.12 16 0.00139 0.02 2.00 14.39 712
E 0.8 32 0.00100 0.04 1.44 40 461

Table 4.1: Geometrical and flow parameters measured at x = 0.15 for different
roughness sizes. Displacement thickness at this location is δ∗ = 6.96× 10−4.

cases are given. In particular, for case C, we perform simulations without any
noise and with turbulence intensities Tu = 0.03% and 0.3%.
The instantaneous flow fields from the selected cases are shown in figure 4.2. In
all cases, except case D, a steady laminar solution is reached, and the effect of
the roughness is limited to the creation of streaky flow patterns. The results
indicate that in cases with Rehh ≤ 461 (A, B, C and E), the flow remains
laminar. Case D instead is the only case for which the height is found to be
above the critical one. Further, by using an impulse-response analysis, we find
that the flow exhibits a global instability in case D.
In an effort to understand how the presence of the FST would change the
transition scenario, we chose case C and performed simulations including FST.
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(a)

(b)

(c)

(d)

(e)

Figure 4.2: Isosurface of instantaneous chordwise velocity uτ for (a) case A, (b)
case B, (c) case C, (d) case D and (e) case E (Tu = 0.0%).



4.1. Interaction of roughness element with FST in an infinite swept wing 17

(a)

(b)

(c1)

(c2)

(c3)

(c4)

Figure 4.3: Isosurface of instantaneous spanwise velocity w colored by instan-
taneous chordwise velocity uτ for (a) case D and Tu = 0.0%, (b) case C and
Tu = 0.3%, (ci) case C and Tu = 0.03% at different time (increasing time from
top to bottom).

For Tu = 0.3%, the presence of FST caused the flow to transition behind the
roughness element, similar to the observed behaviour in case D (see figure 4.3).
When, instead, FST intensity of Tu = 0.03% was imposed, a different transition
scenario was observed. In figure 4.3 (ci), the isosurface of the spanwise velocity
for different time instants is presented. As seen there, there is no fixed transition
point behind the roughness, but some turbulent spots appear randomly. In the
first snapshot, we can observe a big turbulent spot close to the outflow boundary
and a smaller one in the middle of the domain. In the other snapshots, the
evolution of the latter one in time can be followed. While the developed turbulent
spots leave the domain, new ones are generated and propagated downstream.
So, although a such low level of FST does not trigger the transition directly
behind the roughness, it can change the flow behavior significantly. Therefore,
it is evident that the level of FST has a strong impact on the flow when the
Rehh is close to the critical one. This is in line with the observations by Bucci
et al. (2018) and Bucci (2017) for a two dimensional boundary layer. Finally,
our numerical results agree well with the experimental observations wherein
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Case h/δ∗0 d/δ∗0 Rehh

A 0.25 2.8 104.2
B 0.50 2.8 207.4
C 1.0 2.8 409.0
D 1.4 2.8 526.9

Table 4.2: Parameters of the roughness element used in the present work

(a)

(b)

Figure 4.4: Contours of the streamwise perturbation velocity (a) and of the
amplitude of the fundamental mode (b) for f = 170 · 10−6 at y = 1.0 for case D.

case C with Tu = 0.3%, a clear transition was observed while for Tu = 0.03% a
significant effect, but not a clear transition, was observed.

4.2. Interaction of TS wave with a cylindrical roughness
element

The interaction of the TS wave with a cylindrical roughness in a Blasius boundary
layer is the focus of Paper 2 and is briefly discussed here.
In table 4.2 the main parameters of the cases used for the analysis are reported.
The height of the roughness elements is chosen such that a stationary laminar
solution is found. Notice though that for the roughness height in case D, one
could expect to observe flow transition in an experiment due to the presence of
freestream turbulence as explained in Bucci et al. (2018), Bucci (2017) and in
Paper 1. In some of the previous studies, optimal streaks (Cossu & Brandt
2004) or a row of periodically spaced roughness elements (Fransson et al. 2005)
have been used to suppress the growth of TS waves. In these works, the TS waves
were introduced downstream of the roughness position. In the experimental
works by Wang (2004), de Paula et al. (2017), Plogmann et al. (2014) instead,
the TS waves were excited upstream of the cylindrical elements, which made it
possible to study their interaction. The presence of the roughness is found to
cause scattering of the incoming waves and generation of the oblique ones at
the same frequencies. Moreover, the growth of disturbances is amplified due
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Figure 4.5: Disturbance amplitude G as a function of the streamwise position.
Dashed black lines show the behaviour without the roughness element. The
blue line refers to Case A, red to Case B, black to Case C and green to Case D.

to the presence of the roughness element, and this effect gets stronger with
increasing roughness height. The highest values of the disturbance amplitude
caused by the interaction of roughness and TS waves are found in the wake of
the roughness. Further, de Paula et al. (2017) showed that the initial amplitude
of the TS wave plays an important role. If the initial amplitude is too low
to trigger secondary instability, then the three-dimensional structures formed
behind the roughness tend to decay. In the previously reported experimental
works, roughness elements with a height up to 0.59 δ∗ were investigated, while
in our numerical simulations, we considered roughness heights up to 1.4 δ∗. In
figure 4.4 (a), the generated perturbation field is shown. The flow behind the
roughness is characterized by alternating low- and high-speed streaks. These
are generated through the lift-up effect caused by a horseshoe vortex which
raps around the roughness element. In particular, we can recognize a central
low-speed streak for z ≈ 0, with a high-speed streak on each side followed by
two other lateral low-speed streaks. The result of the interaction of the TS wave
with the baseflow generated by the roughness element is shown in figure 4.4
(b). The footprints of the streaks are clearly visible. Especially, one can notice
that the perturbation reaches higher values where the external streaks seat
and obtains their highest amplitude for 80 < x < 140. This does not occur
for smaller roughness elements where the later streaks are weaker. Different
roughness heights result in different levels of disturbance amplification. In
figure 4.5, values of the disturbance amplitude G as a function of the streamwise
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(a) (b)

(c)

Figure 4.6: Pressure coefficient (a), friction coefficient (b) and total-pressure-loss
coefficient (c).

position is reported. Here, G is defined as

G(x) = max
y,z

(û)|(y,z), (4.1)

with û = û(x, y, z) being the amplitude of the fundamental mode. As also
observed for smaller roughness elements, the amplification gets more pronounced
as the height of the roughness increases. Moreover, in cases A and B, after an
initial amplification, the disturbance growth gets similar to the one observed
for a smooth plate. In cases C and D, instead, the growth of the disturbances
does not follow that of the clean case at any point. In Paper 2, we also discuss
the effects of the disturbance frequency and its initial amplitude. Moreover, an
energy-budget analysis is employed to further examine the interaction of the
TS wave with the flow induced by the roughness element.

4.3. Boundary-layer transition over LPT blades
In this section, we discuss our work on the boundary-layer transition over
low-pressure turbine (LPT) blades.
Understanding the various mechanisms affecting the flow transition is of great
relevance as it directly impacts the performance of a turbine (Hodson & Howell
2005). The boundary layer of an LPT blade is subject to a favorable pressure
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Figure 4.7: Instantaneous λ2 structures for low (left) and high (right) FST
turbulence intensity

gradient (FPG) on the forepart of the suction side and the pressure side and a
strong adverse pressure gradient (APG) downstream of the peak-suction position.
Moreover, different levels of FST and periodically passing wakes which are shed
from the upstream stages of the turbine, influence the boundary-layer transition.
Different paths of transition are possible here. One is due to the breakdown
of Kelvin–Helmholtz (KH) modes which are shed when the boundary layer
separates because of the strong APG. The presence of the separation bubble
and consequently the KH modes, depends on the FST intensity and on the
characteristic parameters of the upstream wakes. In fact, high level of FST
can suppress flow separation as observed in Opoka & Hodson (2008), Lardeau
et al. (2012), Lengani & Simoni (2015). In such cases, the transition is often
caused by the breakdown of streaks. KH modes and streaks can also interact.
In this case, instead of full-span KH vortices, short-span KH vortex structures
are observed (McAuliffe & Yaras 2010; Coull & Hodson 2011). The streaks are
also generated by the interaction of the boundary layer with the wakes shed
from the upstream stage of the turbine. Lengani et al. (2017a) showed that the
presence of the wake promotes an earlier growth of the streaks compared to the
case where only high FST is present. Similar results were found by Rao et al.
(2013) for a simplified geometry by means of large eddy simulations (LES).
In the present thesis, we have studied numerically the transition over LPT
blades subjected to different types of external disturbances. In particular,
we have compared the effects of low and high levels of FST and periodically
passing wakes combined with high FST. In Paper 3, we have addressed the
first two cases by considering FST levels of 0.19% (low FST) and 5.2% (high
FST). Moreover, the simulations were designed to reproduce the experiments
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Figure 4.8: Domains used for extraction of data sets for computation of tempo-
ral/spanwise basis for extended POD projection: red – leading edge; black –
boundary layer; blue – the rear part of the passage; violet - wake region; gray -
boundary layer on the rear part of the suction side.

performed by Lengani & Simoni (2015), allowing a direct comparison of the
numerical and experimental findings.
In figure 4.6, the pressure distribution for the two cases is presented and
compared with the experimental results. As can be seen there, a good agreement
with the experimental results is found. Moreover, it was found that a high
level of FST reduced the size of the separation bubble on the pressure side
and prevented the separation of the boundary layer on the suction side. The
pressure distribution in the two cases is similar except in the area close to the
trailing edge in correspondence to differences in the flow separation behavior.
The fact that different transition scenarios greatly affect the performance of
the turbine blade is clearly demonstrated in figure 4.6 (c). Here the total-
pressure-loss coefficient, cpt, is shown. This parameter represents the difference
in the total pressure measured upstream and downstream of the blade scaled
with the reference pressure. In both high and low FST cases, the computed
losses compare well with the experimental results. As a consequence of the
boundary-layer separation in the rear part of the suction side for low FST,
we have a higher peak of cpt in this case compared to that for the high FST.
In the latter case, cpt has non-zero values outside of the wake region caused
by the presence of FST. The FST level has clearly a strong influence on the
development of the boundary layer. To highlight this, the vortical structures on
the suction side of the blade are presented in figure 4.7. In the low FST case,
quasi-two-dimensional KH vortices are formed in the rear part of the suction
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Figure 4.9: Eigenvectors computed in the different regions that have been
considered for the extended POD-z analysis (a), (b), (c). Comparison of the
maximum RMS values within the boundary layer and optimal disturbance
growth. The different curves have been normalized to unity at x/c = 0.35
(d), (e), (f).

side, where the boundary layer is separated. In the high FST case, the flow
appears to be strongly three-dimensional because of the presence of streamwise
streaky structures. The breakdown of these structures close to the trailing edge
of the blade causes the boundary layer transition. More details about these
flow cases are given in Paper 3.
The high FST case has been further studied in Paper 4. Here, we have employed
POD and EPOD analysis to identify the mechanisms driving the formation
and breakup of coherent structures and how these processes are affected by the
leading-edge receptivity and/or by the continuous forcing in the blade passage.
In this work, two types of POD analysis are employed, the classical POD, where
the eigenvectors retain the temporal evolution of the mode, and the POD-z
where snapshots are ordered along the z-direction and not along time. As a
consequence, the eigenvectors are associated with specific wavenumbers. In this
case, the modes can be seen as the temporal evolution of spanwise-periodic
waves in the blade-to-blade plane. Here, the dynamics of disturbances, from
their penetration into the boundary layer to the final stage of their breakup,
can be followed.
In the following, a summary of our findings is given, focusing on the suction
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Figure 4.10: Temporal evolution of POD-z modes: distribution of modes of
the streamwise velocity (sequence on the left) and distribution of partial shear
stress φuφv (sequence on the right).

(a) (b)

Figure 4.11: Pressure coefficient (a) and wall shear stress distribution for clean-
inlet case (blue) and moving-bars case (red). Solid lines denote the suction side
and dashed line the pressure side.

side of the blade.
In order to understand the interaction and impacts of disturbances in different
parts of the external flow on those inside the boundary layer, the numerical
domain was divided into different subdomains (see figure 4.8) and used for the
EPOD analysis. The POD-z analysis is performed on the leading edge, the
rear passage areas and the boundary layer on the rear part of the suction side.
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Figure 4.12: Mean tangential velocity profiles on the suction side of the blade
for clean-inlet case (blue) and moving-bars case (red). The profiles are shifted
according to Uξk = Uξ + k with k = 1, 2, ..., 8. The profiles are extracted at
x = {0.2, 0.5, 0.7, 0.75, 0.8, 0.85, 0.9, 0.95}.

The modes computed on the passage and the leading edge regions are then
projected onto the ones computed on the rear suction side. We have found
that, for almost all the modes, the highest correlation is found between the
passage and the rear suction side regions, which confirms the finding of the
temporal POD analysis. In figure 4.9 we show three eigenvectors for which
the modes have a degree of correlation above 0.8. The corresponding RMS
velocity of the POD-z modes is also shown in figure 4.9. These distributions
are compared with the gain predicted for the same spanwise wavelength from
optimal disturbance theory (Andersson et al. 1998; Luchini 2000). To be able to
compare the optimal disturbance analysis and the growth of the POD-z modes,
the data have been normalized with their respective values at x/c = 0.35. When
the low-wavenumber perturbations are considered, figure 4.9 (d)-(e), the two
analyses present differences while a better agreement is found for those with
higher spanwise wavenumbers corresponding to the most amplified optimal
disturbances (figure 4.9 (f)). As an example, we report the temporal evolution
of mode 31 of the passage (figure 4.9 (c)). This is shown in figure 4.10 where
the streamwise velocity component of the mode is plotted in a sequence on
the left and the contribution to the partial Reynolds shear stress φuφv on the
right. For this mode, small regions of low- and high-speed flow propagate inside
the boundary layer. The low-speed region, marked with "C", increases its
magnitude while moving downstream. Once it reaches the rear part of the
blade boundary layer, it triggers a region of growing negative Reynolds shear
stress. This is representative of what happens for modes in the band of the
optimum predicted by the linear theory. Their evolution in the suction side
boundary layer correlates well with the spanwise waves forced by the free-stream
structures, and it is responsible for the formation of shear stress events related
to transition.
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(a) (b)

Figure 4.13: (a). Maximum of the RMS tangential velocity max(ûrmsξ )2. Blue
lines represent the clean-inlet case and red lines the moving-bars case. (b)

Contribution to max(ûrmsξ )2 from spanwise wavenumber β̂ = 0 (black dashed
line) and from β̂ > 0 (black solid lines) for the moving-bar case.

In Paper 5, in addition to the FST, the effect of upstream wake on the
boundary-layer structures is considered. Apart from the presence of the wake
shed by the upstream moving bars, the simulation set-up is similar to the one
used in Paper 3 so that a comparison between the two cases would be possible.
In the following, we refer to the former as the moving-bars case and the latter
as the clean-inlet case. The presence of the wake is associated with a region
of lower momentum and high fluctuating velocity, which periodically interact
with the blade. These mainly influence the suction side boundary layer, as
can be observed in 4.11. For x < 0.5, It can be seen that the pressure in the
clean-inlet case reaches lower values. This is a consequence of the incoming
flow angle that changes from αin = 40◦ to αin = 36.4◦ caused by the wakes.
The shear stress on the suction side in the moving-bars case assumes higher
values than the clean-inlet case. Up to x < 0.6, the behavior of τw is similar in
the two cases. However, in the region of adverse pressure gradient, the shear
stress decreases in the clean-inlet case, while in the moving-bars case, it remains
high. This is consistent with the behavior shown by the profiles of tangential
velocity, Uξ, in figure 4.12. It can be observed that in the region of APG in the
clean inlet-case flow is close to separation, while that is not the case when the
wakes are included. To demonstrate the behaviour of disturbances inside the
boundary layer, we present RMS of the tangential velocity, Urmsξ . As it can be
seen in figure 4.13 (a), values of the fluctuations are higher in the moving-bars
case except in the last part of the blade. In the clean-inlet case, the APG region
is associated with a strong growth of the disturbances, while in the moving-bars
case, the major growth is observed between 0.2 < x < 0.5. This is due to the
contribution of the zero spanwise wavenumber as shown in figure 4.13 (b). This
contribution is negligible in the clean-inlet case.
In order to distinguish the periodic disturbance caused by the random ones,
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(a)

(b)

Figure 4.14: (a) the maximum RMS values of u′ξ computed using the velocity
fields with the same phase for 0.25T (red line), 0.5T (blue line) and 0.75T
(green line). (b) the phase-averaged ũξ fields extracted at the same phases as in
(a). Dashed black lines correspond to the position of the maximum value of the
RMS.

we split the disturbance field as û = ũ + u′ where ũ denotes the periodic
disturbance and u′ the stochastic one. In order to understand if the periodic
disturbances affect the evolution of the stochastic ones, we compute the RMS
values of u′ξ using the fields having the same phase. The results of the analysis are
presented in figure 4.14 together with the harmonic part of the tangential velocity
perturbations, ũξ. One can easily observe that the harmonic disturbances clearly
affect the evolution of the stochastic ones. In fact, we can clearly see that the
peak of max(u′ξ)

rms is found in the second part of the blade, at the boundary
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between the low and high speed region of ũξ, and it moves towards the trailing
edge as the harmonics disturbance are advected.



Chapter 5

Conclusions and outlook

In the framework of this thesis, we have investigated numerically the transition
of the boundary layer flows subjected to different kinds of disturbances. In
Paper 1 and Paper 2, we focus on the interaction of roughness elements with
FST and TS waves, respectively.
In Paper 1, we demonstrate the sensitivity of the wake behind a roughness
element to the presence of the FST. In the case of a subcritical roughness
height, already at very low FST intensity, Tu = 0.03%, turbulent spots can be
generated. However, a fully turbulent flow behind the roughness is observed
first when the FST intensity is one order of magnitude higher. The cases where
the transition takes place in the absence of FST, the global instability of the
flow is proven with an impulse response analysis. Moreover, we find a similarity
in the RMS field and in the temporal spetral content of the fluctuations behind
the roughness element for the global unstable case and the subcritical case with
high FST level. That suggests that the dynamic of the fluctuation is governed
by similar modes. Many different parameters can potentially play an important
role in transition caused by the interaction of FST with a roughness element. In
the present work, the intensity of the FST has been varied without keeping the
integral length scale (ILS) constant. A change in the ILS results in the different
spectral content of the free-stream fluctuations, and potentially its interaction
with the roughness element can change. Also, the intensity of the crossflow
vortices could play a role. In fact, a variation of their stability properties would
affect the way the fluctuations caused by the FST propagate within the wake.

Paper 2 is devoted to the study of the interaction between a TS wave and
a cylindrical roughness element. We have found that the amplification of the
incoming disturbance depends on the height of the roughness. In particular,
a higher roughness element leads to a stronger amplification. Moreover, for
low roughness heights (h < δ∗), the maximum of the amplitude is found in
the central low-speed streak behind the roughness. For higher roughness, the
maximum of the amplitude of the disturbance moves in the region where the
lateral streaks sit. Using the energy budget analysis, it has been found that
that the main contribution to the growth of the waves is associated with the
wall-normal gradients of the streamwise velocity. In the case of high roughness
elements also its spanwise gradient gives a significant contribution. Apart
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from the case where the flow was found to transition to turbulence, increasing
the initial amplitude of the TS wave does not significantly affect its amplifi-
cation. A possible extension of the work is to investigate the effects of the
roughness position with respect to the unstable region of the TS wave on the
flow behavior. Moreover, also the effect of roughness diameter could be explored.

In the last three papers of the thesis, different aspects and conditions of the
boundary-layer transition over an LPT blade have been investigated. In Paper
3, we have performed DNS intending to replicate the experiments by Lengani
et al. (2017a) and identify the transition scenarios at different FST intensities.
In the case of low FST, we have found that transition was caused by full-span
KH vortices, which are formed in the rear part of the suction side where the
boundary layer separates. In the case of high FST, instead, the boundary-layer
streaks are responsible for the transition. For a deeper analysis of the latter
case, in Paper 4, we have performed POD and EPOD analyses. Our goal has
been to identify the role of the leading-edge receptivity and the continuous
forcing by the free-stream disturbances in the blade to blade passage. We have
demonstrated that the modes having the highest degree of correlation with the
rear suction side are the ones computed in the passage. Again, in each of these
works, the ILS has been kept constant. The impact of this on the transition
could be explored. That would change the amplitude of the boundary-layer
disturbances associated with different spanwise wavenumbers thereby affecting
the transition. Moreover, Fransson & Shahinfar (2020) have recently showen
that an increase of the ILS in different ranges of FST will result in transition
moving in opposite directions. This was observed for a flat-plate boundary
layer, and it is of interest to know if a similar behavior can be seen for more
complex geometries. The work by Zhao & Sandberg (2020) also shows that the
spacing of the streaks depend on the value of ILS, therefore further works on
understanding its role are needed. Also, the impact on the global performance
of the blade could be assessed.

In Paper 5, in addition to the high level of FST, the presence of moving
bars has been considered. The wakes shed from these represent a region of lower
momentum and high fluctuating velocity. Their presence affects the evolution of
the boundary layer on the suction side of the blade strongly. We have found that
on the rear part of the blade, the flow does not get close to a separate condition.
Including the wakes results in higher values of the velocity fluctuations inside
the boundary layer. A major contribution to these fluctuations is given by the
zero-spanwise wavenumber. This is shown to be associated with the migration
of the wake in the blade passage. Here, the wakes generate regions of low-
and high-speed perturbations, which get advected downstream. The traces of
these regions are clearly visible inside the boundary layer. Moreover, when the
high velocity region moves towards the trailing edge, the wall-normal vorticity
highlights the occurrence of the breakdown events. We have also shown that
the evolution of the stochastic fluctuations inside the boundary layer is also
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affected by the migration of the wakes. This work can be extended in different
ways. First, the modal decomposition techniques employed in Paper 4 can
also be applied to this flow case to further highlight the effects of the wakes
on the boundary-layer receptivity. In our work, both the moving bars and the
blade are simulated. In other works, instead, the effect of the wake is modelled
using specific Dirichlet boundary conditions at the inlet of the blade domain.
Therefore the blade-bar interaction is neglected. To assess the importance of
this approximation, our case can be run so that the moving bars do not have
feedback from the blade. This is easily done by changing the coupling Dirichlet
boundary condition used at the exit of the cylinder domain (Ωc in 3.2) to a
simple outflow condition. In this way, the wake would enter the blade domain,
but the moving bar would not feel the presence of the downstream blade.
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Papers





Summary of the papers

Paper 1
Transition in an infinite swept-wing boundary layer subject to surface roughness
and free-stream turbulence

Direct numerical simulations (DNSs) are used to investigate transition over a
swept wing in the presence of both free-stream turbulence (FST) and a disk-
shaped roughness element. We find that a global instability is responsible for
transition when no FST is considered. In case of subcritical height we show
that different scenarios are observe depending on the intensity of the FST. If
there is no FST then a stationary laminar solution is found. If the intensity is
the one of low noise wind tunnel then we observe the formations of turbulent
spots which are advected out of the numerical domain. Transition is observed
instead when FST of an order higher is considered.

Paper 2
Numerical studies of the interaction of a cylindrical roughness element and a
two-dimensional Tollmien–Schlichting wave

The interaction of planar Tollmien–Schlichting (TS) waves with cylindrical
roughness elements is investigated by means of direct numerical simulations.
The main objective is to understand how the incoming TS wave interacts
with the streaks generated by the roughness elements, especially in the case
of high roughness elements. We show that in the case of roughness elements
with low heights, the highest values of the fundamental mode are found in the
region of the central low-speed streaks. While, in the case of high roughness
elements the largest values are found in the lateral positions where the high-
speed streak and the lateral low-speed one are located. Moreover we show
that energy budget analysis, we show that the main contribution to the growth
of the waves is associated with the wall-normal gradients of the streamwise
velocity. In the case of high roughness elements also its spanwise gradient gives
a significant contribution. The effect of the fundamental frequency and of the
initial amplitude are also investigated.
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Paper 3
Free-stream Turbulence in Low-Pressure Turbines

The transition scenario in a low pressure turbine (LPT) blade with different level
of free-stream turbulence (FST) are investigated numerically. The simulation
set-up is done to replicate previous experimental investigations. We find that
the results agree well with the experimental one. For flow level of FST the
boundary layer on the rear part of the suction side separates. We observe then
the formation of quasi two-dimensional Kelvin-Helmholtz vortices which are
responsible for transition. For high level of FST the separation is suppressed.
In this case we find that streaks to be responsible for the transition in the read
part of the suction side of the blade.

Paper 4
On the receptivity of low-pressure turbine blades

In the present work, we focus on identifying the mechanisms driving the forma-
tion and breakup of coherent structures in the case of a low pressure turbine
(LPT) at high level of free-stream turbulence (FST) and how these processes are
affected by the leading-edge receptivity and/or by the continuous forcing in the
blade passage. Proper orthogonal decomposition (POD) has been adopted to
provide a clear statistical representation of the shape of the structures. Extended
POD projections provided temporal and spanwise correlations that allowed
us to identify dominant temporal structures and spanwise wavelengths in the
transition process. The extended POD analysis shows that the structures on
the pressure side are not related to what happens in the leading edge. The
results on the suction side shows that leading edge and passage bases correlate
with coherent structures responsible for the transition.

Paper 5
Effects of upstream wakes on the boundary layer over a low-pressure turbine
blade

In the present work the evolution of the boundary layer over a low-pressure
turbine is studied. The free-stream flow is characterized by high level of free-
stream turbulence and periodically impinging wakes. To include the presence
of the wake without employing an ad-hoc model, we simulate both the moving
cylinders and the stationary blades in their respective frame of references and the
coupling of the two domains is done by setting appropriate boundary conditions.
The presence of the wake mainly affect the development of the boundary layer
on the suction side of the blade. In particular, the flow separation in the rear
part of the blade is suppressed. Moreover, the presence of the wake introduces
alternating regions of high and low streamwise velocity fluctuations inside the
boundary layer. These fluctuations are responsible for significant variations
of the shear stress. The analysis of the flow field shows the presence of high-
and low-speed streaks superimposed to the perturbation introduced by the
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wake. The breakdown events are observed once positive streamwise velocity
fluctuations reach the end of the blade. Both the fluctuations induced by the
migration of the wake in the blade passage and the presence of the streaks
contributes to have higher values of the fluctuating velocity inside the boundary
layer.






