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Abstract

A lot has changed since that day on December 17, 1903 when the Wright broth-
ers made the first powered manned flight. Even though the concepts behind
flying are unaltered, appearance of stat-of-the-art modern aircrafts has under-
gone a massive evolution. This is mainly owed to our deeper understanding
of how to harness and optimize the interaction between fluid flows and air-
craft bodies. Flow passing over wings and different junctions on an aircraft
faces numerous local features, for instance, acceleration or deceleration, lami-
nar or turbulent state, and interacting boundary layers. In our study we aim
to characterize some of these flow features and their physical roles.

Primarily, stability characteristics of flow over a wing subject to a negative
pressure gradient are studied. This is a common condition for flows over swept
wings. Part of the current numerical study conforms to existing experimental
studies where a passive control mechanism has been tested to delay laminar-
turbulent transition. The same flow type has also been considered to study
the receptivity of three-dimensional boundary layers to freestream turbulence.
The work entails investigation of effects of low-level freestream turbulence on
crossflow instability, as well as interaction with micron-sized surface roughness
elements.

Another common three-dimensional flow feature arises as a result of stream-
lines passing through a junction, the so-called corner-flow. For instance, this
flow can be formed in the junction between the wing and fuselage on a plane.
A series of direct numerical simulations using linear Navier-Stokes equations
have been performed to determine the optimal initial perturbation. Optimal
refers to perturbations which can gain the maximum energy from the flow over
a period of time. In other words this method seeks to determine the worst-case
scenario in terms of perturbation growth. Here, power-iteration technique has
been applied to the Navier-Stokes equations and their adjoint to determine the
optimal initial perturbation.

Recent advances in super-computers have enabled advance computational
methods to increasingly contribute to design of aircrafts, in particular for turbu-
lent flows with regions of separation. In this work we investigate the turbulent
flow on an infinite wing at a moderate chord Reynolds number of Re = 400, 000
using a well resolved direct numerical simulation. A conventional NACA4412
has been chosen for this work. The turbulent flow is characterized using statis-
tical analysis and following time history data in regions with interesting flow
features.
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In the later part of this work, direct numerical simulation has been cho-
sen as a tool to mainly investigate the effect of freestream turbulence on the
transition mechanism of flow from laminar to turbulent around a turbine blade.

Descriptors: Receptivity, stability, optimal growth, three-dimensional bound-
ary layers, crossflow instability, roughness control, freestream turbulence, sec-
ondary instability, transition, turbulence
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Stabilitet och laminär-turbulent omslag i tredimensionella
gränsskikt

Seyed Mohammad Hosseini

Linné Flow Centre, KTH Mechanics, Royal Institute of Technology
SE-100 44 Stockholm, Sweden

Abstrakt

Mycket har förändrats sedan den dagen December 17, 1903 när brödernaWright
gjorde den första motordrivna bemannade flygning. Även om de bakom lig-
gande id éerna gällande flygande farkoster är oförändrade, har utseendet av
moderna flygplan genomg̊att en massiv utveckling. Detta beror främst p̊av̊ar
djupare först̊aelse för hur man kan utnyttja och optimera samspelet mellan
vätskeflöden och flygplanskroppar. Flödes som passerar över tex vingar genomg̊ar
många faser, tex. acceleration eller inbromsning, laminär eller turbulent till-
st̊and, och samverkande gränsskikt. I v̊ar studie strävar vi efter att karaktäris-
era en del av dessa flödes funktioner och deras fysikaliska mekanismer.

I första hand, har stabilitetsegenskaper för flöden över en vinge med en
negativ tryckgradient studerats. Detta är ett vanligt tillst̊and för flöden över
svepta vingar. En del av den nuvarande numeriska studien överensstämmer
med befintliga experimentella studier där en passiv kontrollmekanism har tes-
tats för att fördröja laminärt-turbulent överg̊ang. Samma typ av flöde har
ocks̊aanvänts för att studera receptivitet hos tredimensionella gränsskikt med
avseende p̊afriströmsturbulens. Arbetet innebär undersökningar av effekterna
av l̊ag friströmsturbulens p̊ask cross-flow instabilitet, liksom samverkan med
mikrometerstorlek ytojämnheter.

En annan vanlig tre-dimensionell strömning uppst̊ar som ett resultat av
strömning som passerar längs ett hörn. Till exempel kan detta flöde bildas i
överg̊angen mellan vingen och flygkroppen p̊aett flygplan. En serie av direkta
numeriska simuleringar med linjära Navier-Stokes ekvationer har utförts för
att bestämma den optimala initiala störningen. Optimalerna avser störningar
som kan uppn̊amaximal energi fr̊an över en given tidsperiod. Med andra ord
syftar denna metod till att fastställa det värsta scenariot i form av störning
tillväxt. Här har sk power-iterations teknik använts tillsammans med Navier-
Stokes ekvationer och deras adjoint för att bestämma den optimala initiala
störningen.

De senaste framstegen inom superdatorer har gjort det möjligt att använda
beräkningsmetoder för att i allt högre grad räkna ut utformning av flygplan,
i synnerhet för turbulenta flöden med regioner av separation. I detta arbete
undersöker vi det turbulenta flödet p̊aen vinge med ett måttligt Reynolds antal
Re = 400.000 med hjälp av en väl upplöst direkt numerisk simulering. En
konventionell NACA4412 har valts för detta arbete. Det turbulenta flödet
karakteriserasmed hjälp av statistisk analys och efter tidshistorikdata i regioner
med intressanta flödesfysik.
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I den senare delen av detta arbete har direkt numerisk simulering använts
för att undersöka effekten av friströmsturbulens för överg̊ang mellan laminär
och turbulent strömning p̊aett turbinblad.

Nyckelord: receptivitet, stabilitet, optimal tillväxt, tredimensionellt gränsskikt,
crossflow, friströmsturbulens, sekundärinstabilitet.
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3.1.4. Görtler vortices 19

3.1.5. Attachment line instability 20

3.2. Instability mechanisms of a corner-flow 20

Chapter 4. Three-Dimensional Boundary Layers: Transition &

Turbulence 24

4.1. Turbulent flow around a wing 24

4.2. Transition scenarios in flow over a turbine blade 27

Chapter 5. Numerical methods and meshing 31

5.1. Direct numerical simulation tool 31

5.2. Meshing 32

Chapter 6. Summary of Papers 37

Paper 1 37

Paper 2 37

Paper 3 38

Paper 4 38

Paper 5 39

xv



Chapter 7. Conclusions 40

Chapter 8. Acknowledgements 42

Bibliography 45

Part II - Papers

Paper 1. Stabilization of a swept-wing boundary layer by

distributed roughness elements 55

Paper 2. Effect of freestream turbulence on roughness-induced

crossflow instability 71

Paper 3. Optimal initial perturbations

in streamwise corner-flow 105

Paper 4. Direct numerical simulation of the flow around

a wing section at moderate Reynolds number 143

Paper 5. Direct numerical simulation of flow around

a turbine blade: A transition study 169

xvi



Part I

Introduction





CHAPTER 1

Introduction

The design procedures in aviation industry, despite being revolutionary in the
start, have gone through substantial changes over the last decades. One main
aspect of such changes roots in the urge for optimising different features of
air vehicles. Aerodynamic modifications have conspicuously benefited in drag
reduction from such advances owing to the new findings in the field of fluid
mechanics. For instance, wings, fuselages and their attachment points are
among the top contributors to total friction drag. Schrauf (2005)’s break down
of the total drag of a typical aircraft shows the substantial contribution of the
friction drag to the total drag of an aircraft, see e.g. figure 1.1. One method
that has been widely used in reducing friction drag is the so called Natural
Laminar Flow (NLF). Braslow (1999) gives an account of the history behind
NLF attempts, dating back to the near end of second world war. In a NASA
report by Collier (2008), a possibility of maintaining natural laminar flow on a
wing and tail up to 20% chord and nacelles for up to 30% of the surface of a
transport aircraft is envisioned by 2015.

Evidently reducing this drag can considerably mitigate the fuel consump-
tion and emission of pollutants. One common way to achieve this goal is to
keep the flow laminar over a larger part of aerodynamic surfaces. Over the last
decades laminar wing design has received growing attention from academia
and front line industries. The flow viscosity induces a gradient in velocity near
the wing surfaces referred to as boundary layer. This is accompanied by pres-
sure gradient and three-dimensional effects caused by other factors such as the
sweep angle of the wing. On the other hand the junctions, i.e between wing
and fuselage, promote a different type of three-dimensional effect. For instance
at a right angle junction, the wall normal component of one boundary layer,
transpires as the crossflow component of the other and vice versa. The latter
is referred to as Corner-Flow. The deformation of streamlines over such sur-
faces creates intrinsic instabilities which due to imperfections can lead to flow
breakdown and transition from laminar to turbulent flow.

Numerous so-called receptivity studies are dedicated to determining the role
of environmental disturbances acting on the boundary layer, namely, freestream
turbulence, surface roughness, and acoustic waves. Such perturbations can be
characterised in the far field or on the surface, however once they penetrate the
boundary layer their characteristics change due to the filter-like acting role of
the boundary layer. The receptivity studies aim to correlate the perturbations
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Figure 1.1: (a) Breakdown of the total drag of a transport aircraft, adapted
from Schrauf (2005). HTP (Horizontal Tail Plane).

outside and inside the boundary layer. Direct numerical simulation (DNS), and
adjoint based simulation of various forms of Navier–Stokes equations can serve
as the receptivity tools in determining such correlations. Moreover, once the
disturbance amplitudes, and scales are determined, their dominance is dictated
by the boundary layer. Once susceptible to instabilities they continue to gain
energy until they reach a certain amplitude that nonlinear effects begin to dom-
inate modifying the underlying meanflow. In some cases this is accompanied
by the appearance of secondary instabilities which are prompted by a modified
meanflow.

In this study the stability characteristics exclusive to different types of
three-dimensional boundary layers present on a conventional aircraft are stud-
ied using various techniques. For instance, the receptivity characteristics of flow
over a wing are computed by the means of direct numerical simulation. The
effect of roughness, and freestream turbulence are investigated. Additionally a
flow transition control mechanism by means of subcritical roughness elements
placed near the leading edge has been investigated. Subcritical refers to ex-
cited modes that can not cause transition merely on their own. Additionally, a
popular form of instability analysis via determining the worst case scenario for
a perturbation is applied to the corner-flow. In other words, such an analysis
seeks to pin-point a form of perturbation that can gain the maximum energy
from the flow over a certain period of time. The perturbation is referred to
as optimal initial condition. Furthermore, transition and turbulent studies are
carried out for flows over an infinite wing and a low pressure turbine blade.



CHAPTER 2

Three-Dimensional Boundary Layers: Flow

configurations

In this chapter a number of the studied flow cases are introduced. Moreover
their relevance for aeronautical applications have been discussed.

2.1. Swept-wing boundary layer

Probably one of the most prevalent types of three-dimensional boundary layers
in aeronautical applications is the one formed on a swept-wing. The sweep
angle refers to the angle formed by the axis perpendicular to the fuselage and
the wing root. swept-wings were first developed before the end of the second
world war and were mainly used on jet planes, enabling them to withstand
structural load arising from shockwaves forming on the wing in the transonic
regime.

Figure 2.1 inspired by Anderson (2010) aims to describe the idea behind
swept-wings. Assume a straight wing with a maximum thickness, t1, and a
chord length c1. Sweeping the wing with an angle φ while keeping the same
maximum thickness (t1 = t2), results in a long chord length of c2 = c1/cos(φ).
This in effect results in the thickness to chord ratio for the swept case to be
equal to:

t2
c2

=
t1

c1/cos(φ)
=

t1
c1
cos(φ), (2.1)

essentially making the effective thickness to chord ratio seen by the streamline
smaller. In other words, a sweep angle is equivalent to having a thinner airfoil,
which results in reducing the critical Mach number1. Furthermore, the drag
divergence Mach number2 is also reduced. For more on the history of swept-
wings, see Meier (2010).

1Critical Mach number refers to Mach number below which the flow on a wing remains
subsonic.
2Drag divergence Mach number usually has a value close or higher than the critical Mach
number and is referred to a Mach number above which the aerodynamic drag starts to increase
rapidly. This is mostly associated with transonic mechanisms on the wing.

3
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Figure 2.1: Schematic view of a straight wing (top) and a swept-wing (bottom),
inspired by Anderson (2010).

2.2. Corner flow

A corner flow is typically referred to the fluid passing through the junction of
two flat plates. These types of flows can be found in most aerodynamic appli-
cations, such as wing and fuselage junction, etc. Figure 2.2 shows a schematic
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Figure 2.2: Sketch of a typical corner flow by Schmidt & Rist (2011).

view of this flow. The junction angle of the two plates can take any values
(cf. Barclay & Ridha 1980), however mostly the perpendicular angle has been
investigated in literature. Carrier (1947) were among the pioneers to quantify
this flow, followed by the work of Rubin (1966) who derived the equations for
the self-similar viscous corner flow problem. These equations were later nu-
merically solved by Rubin & Grossman (1971). The pressure gradient effects
were later examined by Ridha (1992). The compressibility effect for corner flow
was also examined by Weinberg & Rubin (1972). This flow behaves similar to
the boundary layer flow in the asymptotic sense, i.e. in regions away from
the junction. However wall normal component of each plate acts as a crossflow
component for the the other plate. This in turn makes calculation of a baseflow
for this type of set up more complicated when it comes to boundary conditions,
since this component does not decay exponentially away from the intersection
line (see figure 2.3). In the early attempts a procedure to transform the coor-
dinates such that the far-field boundaries can be mapped to true infinity was
introduced by Ghia (1975); Mikhail & Ghia (1978).

Schmidt & Rist (2011) use the Parabolized Navier–Stokes equations (PNS)
to acquire a steady baseflow for the corner flow. PNS simplifies the unsteady
Navier–Stokes equations under the assumption that, time-dependent, stream-
wise pressure gradient, and viscous terms along the streamwise direction are
neglected. Further details regarding the validity of such assumptions for flows
without a pressure gradient are elucidated in Rubin & Tannehill (1992) and
Tannehill et al. (1997).

2.3. Turbulent flow around a wing

Despite the efforts to stabilize the flow to avoid transition, turbulent flow con-
tinues to be the dominant flow over aerodynamic surfaces. NASA reported
the possibility to have laminar flow over 20% of the wing and tail, along with
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Figure 2.3: Vector field visualisation of velocity field at the inlet cross stream
plane.

30% of the nacelles for a transport plane by 2015 (cf. Collier 2008). Hence,
turbulence flow studies continues to be a major challenge particularly for high
Reynolds number (108) of a passenger plane. In addition to resulting lift and
drag forces, the formation of separation bubble, different pressure gradients due
to the geometry of the wing, turbulent wake and shedding vortices are impor-
tant aspects of turbulent flow around a wing. Application of highly accurate
methods enables the prediction of such features, separation bubble in partic-
ular, which for instance current turbulence models are unable to account for
properly. Moreover these feature interact with each other triggering complex
flow behaviors as shown for a turbulent flow on a NACA4412 airfoil in figure
2.4. The regions with high velocity can be observed in red. A side view of the
flow shows the appearance of the Kelvin–Helmholtz instability.

2.4. Flow in a low pressure turbine

Jet engines today are literally the driving force of the aviation industry. The
basic concept behind a jet engine is to exploit a continuous cycle in which the air
is compressed initially through a number of stages. Further, the compressed
air is mixed and combusted together with fuel at nearly constant pressure
delivering a high speed flow to the turbine. At this stage the turbine extracts
part of the kinetic energy, enough to rotate the compressor. The remaining
energy in the fluid manifests itself as an exiting high speed flow as illustrated in
figure 2.5. The flow at each stage faces numerous conditions such as, adverse or
favourable pressure gradient, high temperature, centrifugal forces, interaction
of the hub and blade boundary layers, etc.
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Figure 2.4: Visualization of a turbulent boundary layer around a wing. The
vortical structures are shown using the λ2 criterion by Jeong & Hussain (1995).
Regions of interesting flow physics are indicated. The isosurfaces are coloured
with streamwise velocity magnitude.
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Figure 2.5: Different stages of a standard turbofan engine, LP (Low Pressure)
and HP (High Pressure).

In this work we focus on the flow passing through a LP (low pressure)
turbine at the rear of a jet engine. Transition of boundary layer to turbulence
is detrimental in determining the efficiency of LP turbine. Moreover, cooling
the turbine blades is of interest due to the high temperature of the passing
flow. Therefore, understanding the transition mechanism becomes important
for both performance and cooling aspects in turbine blade cascade design. A
turbine cascade is typically designed as to have a reduction in flow area. This



8 2. THREE-DIMENSIONAL BOUNDARY LAYERS: FLOW CONFIGURATIONS

Figure 2.6: Pseudo-colors of velocity (left) and pressure (right) distribution
along a turbine blade cascade.

causes the pressure to drop while the velocity magnitude increases, as illus-
trated in figure 2.6 . Turbine blades are curvier than their compressor counter-
parts since the favourable pressure gradient minimizes losses due to separation
bubbles. Hence, they have a higher stage loading (cf. Dixon & Hall 2010). Nev-
ertheless modern high turbine blades have a closed laminar separation bubble
near the rear of the the suction surface, (cf. Coull & Hodson 2011).



CHAPTER 3

Three-Dimensional Boundary Layers: Stability

Fluid particles in nature are found mostly in either of two states, laminar or
turbulent. An exclusive characteristics of these states are the friction force
they produce once in contact with a surface. This value is normally higher
for the turbulent flow. This number finds profound bearing in aeronautical
applications where the friction drag becomes a major fact in determining the
fuel cost. Since Prandtl’s introduction of boundary layer theory in 1904, our
understanding of stability and transition of flow from laminar to turbulent has
increased, as is conspicuous from modern aircraft aerodynamic shapes.

The research in this field has attracter growing attention in the last decades.
Morkovin (1969) laid out different stages of transition and coined the term Re-
ceptivity as depicted in figure 3.1. Receptivity refers to the process in which
the external disturbances penetrate into the boundary layer altering in scales,
amplitude and other characteristics. In this process the boundary layer acts as
a filter. Freestream turbulence, roughness elements and acoustic waves are the
prevalent sources of external instabilities, and often than not two or more of
these disturbances have interactions. The studies of Bippes (1999), and Saric
et al. (2003) provide a summary of the major effects of external disturban-
ces and their contribution to the stability and transition of three-dimensional
boundary layers. The penetrated perturbations, can go through different types
of instability mechanism and lead to final breakdown to turbulence. Hence,
in the next section a number of common instabilities for our studied cases of
swept-wing boundary layer, corner flow, and turbine blade cascade are pre-
sented.

3.1. Instability mechanisms of flow over a swept-wing

In the previous section, it was pointed that in order to enable aircrafts to
have a larger critical Mach number, the idea of swept-wings was introduced.
Akin to many modification, this came with it’s drawbacks. The fluid particles
are exposed to different local velocities, pressure gradients and curvature on
the swept-wing. Arnal & Casalis (2000), Bippes (1999), Saric et al. (2003),
and Saric et al. (2011) provide an overview on the dominant flow physics and
instabilities arising from a swept-wing. Figure 3.2 depicts different regions on
a wing where the flow faces different local features, such as curvature, and
pressure gradient. Each region can act as stabilising for one type of instability

9
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Figure 3.1: Transition process map adapted from Saric et al. (2002).

while destabilising the other type simultaneously. In this section the common
types of instability prone to occur on a swept-wing are discussed.

3.1.1. Crossflow instability

This type of instability is an exclusive signature of three-dimensional boundary
layers, (cf. Saric et al. 2003). The accelerating flow outside the boundary layer
and the sweep angle yield a curved streamline, as illustrated in figure 3.3.
Noting the fact that inside the boundary layer the pressure gradient remains
the same while the streamwise velocity decreases all the way to zero at the
wall, this imbalance between momentum and pressure forces is compensated by
generation of a secondary flow inside the boundary layer, known as crossflow. In
other words, there should exist an inflection point in the profile of the crossflow
component, owing to the fact that the this component is inherently zero at the
wall and at the edge of the boundary layer. The generation of this inflection
point results in an inviscid instability. Unlike T-S wave, a negative pressure
gradient is a destabilising factor leading to their dominance on the upper side
of the wing at a negative angles of attack, as depicted in figure 3.2

Crossflow vortices can be found both in stationary and traveling forms (cf.
Takagi & Itoh 1994). However it was found in the early experiments (cf. Reed
& Saric 1989) that emergence of either stationary or travelling crossflow vor-
tices strongly depends on the environmental conditions, such as acoustic waves,
freestream turbulence, and roughness elements. Furthermore, it is known that
these co-rotating vortices modify the mean flow giving way to emergence of
secondary high frequency instabilities resulting in transition to turbulence as
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Figure 3.2: Demonstration of the governing instability mechanism present on
a swept-wing. Picture adopted from Tempelmann (2011).

seen in the experiments by Kohama et al. (1991) and White & Saric (2005).
Numerical approaches such as the work by Malik et al. (1999), Wassermann &
Kloker (2002, 2003), Bonfigli & Kloker (2007), and Hosseini et al. (2013) also
point to the contribution of explosive growth of high frequency modes to the
eventual breakdown of crossflow vortices.

Tempelmann et al. (2012a) numerically investigate worst case scenarios in
the receptivity of a boundary layer to surface roughness and freestream vortic-
ity and its effect on crossflow instability using adjoint methods. They show that
the optimal surface roughness has a wavy shape in the streamwise direction,
while the optimal freestream disturbance takes a localized streak-type struc-
ture. Optimal is referred to as those disturbances yielding maximum receptivity
for crossflow disturbances. Additionally the authors compared the receptivity
amplitudes of the boundary layer to surface non-uniformity and freestream per-
turbation content. The former showed to have a receptivity amplitude of one
order of magnitude higher than the latter. The current study mainly focuses on
this type of instability and aims at investigating its receptivity characteristics
towards surface imperfections, and freestream perturbations.

3.1.1.1. Receptivity to roughness element

Goldstein (1983, 1985), classified the receptivity process into two main cate-
gories. The first category includes the receptivity near a leading edge, due to
the boundary layer thickness which is small, and subject to a large pressure
gradient. The second category, covers a region further downstream where for
instance, surface imperfections can generate initial perturbations, often referred
to as localised receptivity. Direct numerical simulation regarding the second
category has been performed Tempelmann et al. (2012b) for the experimental
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Figure 3.3: Schematic view of crossflow instability on a swept flat plate. The
incoming freestream velocity is marked by Q∞ and the sweep angle is φ. The
respective normal to the leading edge and spanwise components are denoted
as U∞, and W∞. The streamwise and cross-stream velocity components are
shown as Us and Ws. The inflection point resulting from the pressure and
moment imbalances is visible in the figure.

case of Reibert et al. (1996) where an array of roughness elements were placed
near the leading edge to excite crossflow vortices. DNS is well capable of pre-
dicting the growth of the perturbation, however a discrepancy of the initial
amplitude is observed which is attributed to experimental uncertainty.

In paper 1 the experimental work of Saric et al. (1998a) is investigated.
They introduce the idea of using such roughness arrays near the leading edge
to excite subcritical crossflow vortices as a control mechanism to suppress the
crossflow instability. Subcritical refers to a mode which can not cause tran-
sition merely on its own. Hence, the roughness elements are distributed near
the leading edge with a spanwise periodicity equal to the chosen subcritical
mode. In absence of any roughness element, transition occurs around the pres-
sure minimum location, x/c = 71%. The surface imperfections in this case
are referred to as natural roughness. Application of the subcritical roughness
elements moved the transition location all the way down to x/c = 80%. These
roughness elements are also referred to as control roughness elements. There-
fore, in order to carry out DNS, both the natural roughness, and the roughness
elements should be taken into account. One common way to simulate surface
imperfections is to model them as inhomogeneous boundary conditions using
Taylor’s expansions to project the no-slip boundary condition to the smooth
undisturbed wall. This is done using equation 3.1:

u(x, z) = −h(x)
∂U

∂y
sin(βrz), (3.1)

where h(x) is streamwise shape of the roughness, and βr is the spanwise
wavenumber. The streamwise and spanwise coordinates are denoted as x and
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Figure 3.4: Schematic view of (a) 5 modes used to represent the natural rough-
ness, (b) The random superposition of the modes, and (c) the streamwise def-
inition of the roughness element.

z respectively. To model the roughness elements, the fundamental mode and
its 4 superharmonics are randomly superposed as illustrated figure 3.4. The
control roughness elements are in turn meshed as can bee seen from figure
3.5. Two sets of simulations are then performed, i.e. uncontrolled, where only
the modeled natural roughness element is present, and controlled, where both
natural and control roughness element are used.

The DNS results can be seen in figure 3.6 where the most unstable mode
(2β0) is clearly dampened by the introduction of the control mode (3β0). In
some of the wind tunnels in Europe similar experiments showed none or very
small positive effect. This has been associated to the higher level of freestream
turbulence or acoustic perturbations in the wind tunnels in Europe in compar-
ison to Arizona State University wind tunnel. In our study a higher level of
background noise has been chosen in order to examine the robustness of such a
transition control. Figure 3.7 depicts the isosurfaces of the instantaneous veloc-
ity of the natural and control cases. It is apparent that the control mechanism
effectively delays the transition location.
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Figure 3.5: Schematic view of meshed micron sized roughness element. The
height of the roughness element is exaggerated for visualization purposes.
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Figure 3.6: Amplitude Au of the stationary modes for both the natural (---)
and the controlled (—) case in the absence of unsteady perturbations.

3.1.1.2. Receptivity to freestream turbulence

In reviews by Bippes (1999) and Saric et al. (2003) it was noted that station-
ary crossflow disturbances are prone to dominate in low levels of freestream
turbulence. Later numerical simulation by Schrader et al. (2009) confirmed
such observations. It was also observed by Tempelmann et al. (2012a) that the
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Figure 3.7: Isosurfaces of the instantaneous velocity U for (a) uncontrolled
and (b) controlled case. Three fundamental spanwise periods are shown for
visualisation purposes.

receptivity level for a swept boundary to freestream turbulence is normally one
order of magnitude lower than receptivity to surface imperfections.

Recently a number of experimental campaigns focused on this problem in
the range of low turbulence intensity. The experiments by Hunt (2011) and
Downs (2012) demonstrate that even at these low levels, freestream turbulence
plays a role in crossflow instability and transition. This is supported by flight
test studies of Riedel & Sitzmann (1998) and Carpenter et al. (2010), where
the level of freestream turbulence is low. In paper 2 we look into this problem
following the experiment by Downs & White (2013). In their experiment they
use the natural laminar flow airfoil ASU-0315 mounted in a wind tunnel with a
sweep angle of φ = 45, and long chord Reynolds number of ReC = 2.6e6. They
place an array of roughness elements near the leading edge. The spanwise dis-
tance between two neighboring roughness element is set as λ. This determines
the fundamental excited mode. Numerically this can be simulated by choosing
a domain having a spanwise length of λ and placing one roughness element in
middle.

The freestream turbulence on the other hand can be troublesome to gen-
erate, owing to the complexity of turbulence generation, length scales, etc. In
this study we use the numerical set up from figure 3.9 to reproduce freestream
turbulence. As illustrated, a box having an inflow (Dirichlet boundary con-
dition) and an outflow (stress free boundary condition) in addition to having
periodic lateral and horizontal boundary conditions is used. The width of the
box is, lb = λ. A superposition of random unsteady Fourier modes is added to
the inflow velocity of unity. The perturbations decay exponentially along the
streamwise direction. Consequently a plane aligned with the spanwise direction
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Figure 3.8: Illustration of the mounted ASU-0315 wing modified from Downs
(2012). The array of roughness elements are placed near the leading edge. The
lengths are written in millimeters.

having the desired turbulence characteristics is extracted and interpolated onto
the DNS simulation for the swept-wing via a third order Lagrange interpolant.

Figure 3.10 shows the comparison of the friction coefficient for different
cases studied in paper 2. The turbulence intensity levels and roughness heights
are marked in the figure. It can be seen that by increasing the turbulence in-
tensity level by one order the transition locations shifts roughly by x/c = 0.1.
It is interesting to note that increasing the roughness height from 12µm to
36µm has a stabilizing effect and shifts the transition location slightly down-
stream. This is due to the dampening of secondary instabilities which will be
discussed in the following section. In paper 2 we further discuss the details of
this simulation.

3.1.2. Non-linear effects and secondary instabilities in a swept-wing boundary
layer

Bippes (1999) pointed out that, in contrast to transition due to Tollmien-
Schlichting instability, no efficient transition criterion is conceivable in a cross-
flow dominated case if the nonlinear effects are neglected. In flow cases where
the meanflow is modified due to nonlinearities the stability characteristics are
significantly modified. It can be deduced from the presence of modes generated
through nonlinear interactions of various primary perturbations. Figure 3.11a
depicts the modal amplitude of stationary crossflow vortices generated by plac-
ing an array of roughness elements near the leading edge of an infinite swept-
wing. The roughness element has a spanwise periodicity of β and consequently
generates the super-harmonics. A comparison is given with parabolised stabil-
ity equations (PSE) analysis. This allows for determining the present nonlinear
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Figure 3.9: Periodic box used to generate freestream turbulence. The transpar-
ent plane represents a section having the desired freestream turbulence char-
acteristics. The resulting freestream turbulence is created by stacking up the
extracted section. The solution fields are fed in to the wing simulation using a
3rd order Lagrangian interpolation.

effects. For more on the application of PSE and nonlinear PSE on a boundary
layer with roughness element refer to Herbert (1993, 1997), and Tempelmann
et al. (2012b). It can be clearly observed from the linear and nonlinear com-
putations that the nonlinear interactions significantly influence the amplitudes
of the stationary crossflow modes. This enables the transfer of energy between
different modes where linear stability analysis fails, resulting in over prediction
of amplitudes of fundamental stationary crossflow modes.

Another extremely important factor lies in the modifications of the mean-
flow which can have a substantial influence on the stability characteristics. The
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Figure 3.10: Time-averaged friction coefficient for the two cases with different
turbulence intensities.

so-called secondary instabilities have generally a high frequency signature, ac-
companied by an explosive growth. Malik et al. (1994), Wassermann & Kloker
(2002), and Wassermann & Kloker (2003) investigated the role of secondary
instability caused by meanflow modifications. The authors find that secondary
instabilities are prone to occur on a modified meanflow carrying an inflection
point. One exclusive signature of this kind of instability as is pointed out in
Klebanoff et al. (1962) is the explosive growth of high frequency modes. Figure
3.11b illustrates the amplitudes of steady and unsteady crossflow modes from
the uncontrolled case introduced in the previous section. The unsteady modes
are computed via a Fourier decomposition. Amplitudes of the steady dist-
urbances are obtained by subtracting the meanflow, from the zero-frequency
mode. The explosive growth of high frequency mode can clearly be seen prior
to transition.

3.1.3. Tollmien-Schlichting instability

This viscous type of instability was first theoretically shown by Tollmien (1929)
and Schlichting (1933). They refer to travelling waves within the boundary
layer. They were first unintentionally discovered in an experiment aimed for
receptivity studies by Schubauer & Skramstad (1943, 1947). An example of
Tollmien-Schlichting (T-S) instability for a Blasius boundary layer is given in
figure 3.12. The excited wave initially decays in the stable region and starts
to grow passing branch-I and further decays in the domain past branch-II
(cf. Schmid & Henningson 2001). This problem becomes more complicated in
real life application where a leading edge is present. For instance, Goldstein
(1983) first correlated the long-wavelength freestream perturbation to the short-
wavelength Tollmien-Schlichting waves through a receptivity mechanism near
the leading edge. In the review by Saric et al. (2002) an extensive description
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Figure 3.11: (a) Amplitude of stationary crossflow vortices with β = nβ0.

Au = maxη
|ûξ|

Ūξ,e
, where a hat denotes a spatial r.m.s. amplitude with re-

spect to spanwise direction (z) of the individual modal disturbances and
Ūξ,e represents the boundary layer edge velocity, where ξ (streamwise) and
η (wall-normal) are curvilinear coordinate systems. (b) Amplitude evolution of
steady and unsteady disturbances. Fourier modes are computed by perform-
ing FFT’s for several planes along the streamwise direction, i.e. u′

ξ(ξ, η, z, t) =∑N
n=−N ũξ(ξ, η, z, nω0)e

inω0t, Au(x) = max |ũ|

Ūe
. Here, Ū denotes the spatio-

temporal mean of U . The gray lines represent unsteady disturbances plotted
at a constant frequency step size (190Hz).

of the studies regarding this type of instability is given. Recently this problem
is revisited in the work by Schrader (2010).

There exists an inherent characteristics for this type instability where a
negative pressure gradient has an stabilizing influence while a positive pressure
gradient has a destabilising effect. Hence, in terms of natural laminar flow,
accelerating pressure gradients are used for suppressing the instability, (cf.
Saric et al. 2011). Moreover, recently active flow control methods, such as
suction techniques and plasma actuators have attracted attention, for a recent
work on active T-S wave control, refer to Fabbiane et al. (2015).

3.1.4. Görtler vortices

Rayleigh (1917) introduced the inviscid instability mechanism behind a flow
passing through a concave wall subject to centrifugal forces. Figure 3.13 shows
the layout for such a flow. At the center of the curvature rU∞ = 0, where r is
the radius and U∞ is the freestream velocity. This value increases away from the
curvature center. Similarly at the wall rUw = 0, constituting the existence of a
region with d(rU)/dr < 0, which is Rayleigh’s necessary and sufficient condition
for an inviscid instability. For the first time Görtler proposed a solution for the
perturbations in the form of counter-rotating vortices, aligned in the streamwise
direction. Thus, this instability is usually referred to as Görtler instability. A
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Figure 3.12: Example of an excited T-S wave inside a boundary layer. (a)
Pseudo-colors of mean streamwise velocity (top), Pseudo-colors of streamwise
velocity perturbations (bottom) and (b) N-factor computed for energy (E) of

the T-S wave, Ne = ln E(x)
E(x1)

.

thorough review of studies regarding Görtler can be found in Saric (1994). This
region on a wing where this instability is prone to occur is marked in figure 3.2
near the lower side of the trailing edge. Nevertheless, Hall (1985) found that
for swept-wing where the spanwise and streamwise component are of the same
order, Görtler instabilities does not play a major role.

3.1.5. Attachment line instability

Also known as the leading-edge contamination is normally brought about by
the propagation of waves along the attachment line of the wing, illustrated
in figure 3.2. Such waves can be generated form the wing root, where it is
attached to the fuselage. This instability was first observed in the experiments
by Gray (1952). He noticed that by increasing the sweep angle the transition
location moves towards the attachment line. Poll (1979) for the first time
distinguished between transition induced by crossflow instability and leading
edge instability. Hall et al. (1984) and Lin & Malik (1996) showed that the least
stable instability manifests in the form of travelling T-S waves. Consequently
this instability can be mitigated in a swept-wing using a small leading edge
radius. Mack et al. (2008) have recently performed a study on the global
instability around a parabolic body while considering the interactions between
crossflow and attachment line instability.

3.2. Instability mechanisms of a corner-flow

Stability analysis of corner-flow has been the focus of studies such as, Dhanak
(1993) who used a locally parallel flow approximation. Balachandar & Malik
(1993) addressed the two dimensional stability problem and found an inviscid
instability (corner mode) which has a higher growth rate than the conventional
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Figure 3.13: Schematic view of a flow passing over a concave wall. The distance
form the center of the curvature is r.

Tollmien-Schlichting instability (viscous mode). This explained the earlier tran-
sition to turbulence in the corner-flow compared to the Blasius boundary layer.
Parker & Balachandar (1999) studied the effect of pressure gradient in a viscous
framework and found that even a small adverse streamwise pressure gradient
gives dominance to the inviscid mode. They found the viscous modes to be
more active away from the corner. These modes are shown in figure 3.14 for
two different types of baseflows, namely zero pressure gradient (ZPG) baseflow
and the other one mimicking the effect of pressure gradient. It can be seen
that the viscous mode are categorized into odd and even, and the corner mode
is localized near the bisector line of the corner. Alizard et al. (2009) further
looked into the linear stability features using a local linear stability theory for
computing temporal growth and the parabolised stability equations for spatial
growth. They discovered that the corner mode is on the edge between the
stable and unstable region, and did not find an unstable inviscid mode in the
local framework. However in their non-parallel analysis they found the same
previously stable corner modes to be unstable. Non-parallel effects seemed to
be insignificant with respect to the viscous modes. Their results showed slight
disagreement with Parker & Balachandar (1999) which was explained by the
difference in the baseflows. Ridha (2003) also reported a high sensitivity of
such characteristics to the baseflow. Alizard et al. (2010) performed sensitivity
analysis of small baseflow variation on the linear stability results. They con-
firmed profound influence of baseflow modification regarding the stability of
the corner mode. The study showed that a small deviation of ≈ 1% can trigger
the inviscid mechanism which allows a lower critical Reynolds number. This
can somewhat explain the discrepancy in transitional Reynolds number be-
tween experiments and simulations. This also confirmed the results previously
reported by Zamir (1981) which emphasised the difference in transitional Rey-
nolds numbers between simulations and experiments. Schmidt & Rist (2014)
demonstrated that at low Reynolds numbers the near-corner region can give
rise to non-modal instabilities. In our study we further investigate the maxi-
mum transient growth of a local wavepacket using adjoint based methods. The
initial perturbations that can gain the maximum energy from a flow over a
certain period of time is often referred to as optimal initial condition. In the
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Figure 3.14: Selected modes for the ZPG solution (top row, a-c), and the
modified solution (bottom row, d-f) for Rex = 4 × 104, ω = 0.1: (a,d) even
modes ; (b,e) odd modes ; (c,f) corner-mode C. The real part of the streamwise
perturbation velocity is visualized by continuous contours (� for Re(û) > 0,
� for Re(û) < 0), and the streamwise perturbation velocity amplitude |û| by
solid lines (——).

current study, linear optimal initial perturbations are computed for the first
time for corner-flow in a global framework, in order to pin-point the worst case
scenarios in terms of perturbation characteristics. We use a self-similar and a
modified baseflow. The latter resembles the baseflow often observed in experi-
ments. Figure 3.15 shows the isosurfaces of the wall normal velocity component
of the baseflow with the self similar solution. The current baseflow has been
obtained by solving the parabolised Navier–Stokes equations (cf. Schmidt &
Rist 2011). An optimisation technique has been used which employs Lagrange
multipliers. The objective function to be optimized is set as the kinetic energy
of the perturbations (cf. Monokrousos et al. 2011). In addition, the optimiza-
tion has been carried out for two different ranges of Reynolds numbers. The
resulting optimal initial perturbation is presented in figure 3.16. In the sub-
critical regime (low-Re range), the perturbations growth is initially governed
by the Orr mechanism giving rise to a transient growth and later a steady
exponential growth takes over. The presence of interacting streaky structures
and corner mode can be seen. For the critical regime (high-Re range) a wave-
packet localized near the corner region of inviscid nature and symmetric to the
bisector can be seen. The growth rate of the initial perturbations appears to
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Figure 3.15: Isosurfaces of the wall-normal velocity V . The direction of the
flow is from left to right. The gray surfaces represent the corner walls. The red
iso-surface shows a negative value, and the positive values are shown by the
rest.

increase with a modified baseflow corroborating the results found by Alizard
et al. (2010).

Figure 3.16: Isosurfaces of streamwise velocity perturbation of the localized
optimal initial condition for low-Re range (left) and high-Re range (right).
Isosurfaces are drawn for u′ > 0 (blue) and u′ < 0 (red).



CHAPTER 4

Three-Dimensional Boundary Layers: Transition &

Turbulence

In this section we introduce the work concerning transition and turbulence on
a swept and infinite wing together with a turbine blade cascade.

4.1. Turbulent flow around a wing

Despite numerous efforts in keeping the flow laminar on aerodynamic surfaces,
turbulence flow dominates over a large portion of modern aircrafts. In par-
ticular pressure gradients (PG) on different surfaces play a major role in the
development of turbulent boundary layers (TBL). Parallel computing has ad-
vanced a lot since the pioneering numerical simulation by Kim et al. (1987)
of turbulent flow in a channel. Such advances have enabled turbulent studies
for higher Reynolds numbers and more complex geometries. Some of the early
numerical studies of PG TBLs on flat plates using direct numerical simulations
(DNS) were the work by Spalart & Watmuff (1993), and Skote et al. (1998),
which focused on the role of adverse pressure gradients (APG). This problem
has attracted growing attention over the last decade in the recent works by Lee
& Sung (2008) and Gungor et al. (2014). Favorable pressure gradients (FPG)
have also been recently studied numerically by Piomelli & Yuan (2013).

One of the first structure-resolving numerical studies of the flow around a
wing was the large-eddy simulation (LES) performed by Jansen (1996), who
considered a NACA4412 profile at a Reynolds number based on freestream
velocity U∞ and chord length c of Rec = 1.64 × 106. The idea behind that
study was to compare his results with three different available experimental
campaigns of the same flow configuration, carried out by Coles & Wadcock
(1979), Hastings & Williams (1987) and Wadcock (1987). The flow around the
symmetric NACA0012 wing profile was studied by means of DNS by Shan et al.
(2005), who considered a Reynolds number of Rec = 100, 000, and an angle of
attack of AoA = 4◦. They found that the backward effect of the disturbed flow
on the separated region may be connected to the self-sustained turbulent flow
and the self-excited vortex shedding on the suction side of the wing. In addition
to this, they found that the vortex shedding from the separated free shear
layer was due to a Kelvin–Helmholtz instability. At lower Reynolds number,
Rec = 50, 000, and larger angles of attack of 9.25◦ and 12◦, the same case

24
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was analyzed through DNS by Rodŕıguez et al. (2013). They used a second-
order conservative scheme, and found that a combination of leading-edge and
trailing-edge stall caused the massive separation on the suction side of the
wing. Besides, they also reported that the vortices formed after the initial
shear layer undergoes transition are shed forming a von Kármán vortex street
in the wake. It should be put in perspective that this range of Reynolds number
is significantly smaller than a conventional passenger plane cruising at Re ≈
108. Note that the resolution requirements increase with Re37/14 (cf. Choi &
Moin 2012). For instance, increasing the Reynolds number with a factor of
103 dictates a resolution of approximately 80 million times higher. Therefore
despite the invaluable information gained from performing well-resolved DNSs
at higher Reynolds numbers, they are accompanied by numerous challenges,
such as mesh generation, computational resources, and data handling.

Here we investigate the turbulent flow around the asymmetric NACA-4412
airfoil, with a chord Reynolds number of Rec = 400, 000 and AoA = 5◦ us-
ing direct numerical simulation (DNS). Note that the resolution requirements
increases with Re37/14 (cf. Choi & Moin 2012). For instance, increasing the
Reynolds number with a factor of 4 dictates a resolution of 39 times higher. The
layout in figure 4.1 illustrates the extent of domain for DNS. It stretches one
chord length (c) upstream of the leading edge and 5 chord lengths downstream
of the trailing edge. The spanwise length is 10% chord. Dirichlet boundary
conditions are used for the regions marked in red while stress free boundary
condition is used along the surface marked with blue. The values for the Dirich-
let boundary condition are extracted from a Reynolds-Averaged Navier–Stokes
equations (RANS).

In order to trigger transition to turbulence a so-called trip forcing has been
used to trigger the flow to turbulence, similar to Schlatter & Örlü (2012). This
in essence is a randomly generated volume force in the vertical direction. The
shape of this volume force in the spanwise direction is illustrated in figure 4.2.
The flow is tripped to turbulence on both sides of the wing. A total of 227
randomly superposed Fourier modes are used. More details on the tripping
strip characteristics are detailed in paper 4. The amplitude is adjusted as
to have the transition to turbulence approximately at the same location as
the tripping force. The resulting flow is also visualized in figure 4.2 using λ2

criterion by Jeong & Hussain (1995). The emergence of hairpin vortices, first
identified by Theodorsen (1952), can be observed which essentially indicates
the transition to turbulence after the tripping strip.

Full turbulence statistics are collected on the fly as the simulations pro-
gresses for turbulence analysis. A total number of approximately 10 flow overs
worth of data are collected for statistical analysis. Additionally time-history
data is collected for the grid in figure 4.3 to collect time resolved perturbation
data.

A comparison has been made between zero pressure gradient (ZPG) turbu-
lent boundary layer of Schlatter & Örlü (2010) and current simulation in figure
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Figure 4.1: Schematic view of the domain layout for DNS of turbulent flow
around a wing. Red lines depict the Dirichlet boundary condition and Blue
lines show the stress free outflow boundary condition. The flow has an angle
of attack AoA = 5◦.

4.4. The matching is done using the friction Reynolds number calculated from
equation 4.1a

Reτ =
δ99uτ

ν
(4.1a)

uτ =
√
τw/ρ =

√
ν
∂un

∂yn
, (4.1b)

where, δ99 is the boundary layer thickness, ν kinematic viscosity, un and yn
represent the velocity and coordinates in the normal direction to the wing
surface. The selected locations on the wing are x/c = 0.4, and x/c = 0.8 with
Reτ ≃ 250, and Reτ ≃ 370 respectively. Similar values of Reτ has been chased
form ZPG. A great agreement in the inner layer can be observed while the a
deviation can be seen at x/c = 0.8. This can be explained through the role of
pressure gradient.
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Figure 4.2: Illustration of random volume forcing and the resulting turbulent
flow. The yellow and blue iso-surfaces show the positive and negative volume
force. In addition, λ2 criterion and the resulting turbulent flow are visualized.
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Figure 4.3: History points used to sample the flow field in short intervals. This
generates time-resolved turbulence data.
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Figure 4.4: Inner-scaled mean velocity profiles, current simulation is repre-
sented by the solid lines and, circles denote ZPG. (a) x/c = 0.4, Reτ ≃ 250,
and (b) x/c = 0.8, Reτ ≃ 370

4.2. Transition scenarios in flow over a turbine blade

Numerous studies have focused on different transition mechanism on the suction
and pressure side of turbine blades. The highly curved shape of turbine blade
creates a pressure gradient which results in regions of separation on the blade.
Hence, separated flow transition has been widely investigated in the past, by
Wissink & Rodi (2003), Marxen & Henningson (2011), and Michálek et al.
(2012). Additional features such as formation of longitudinal vortical structures
on the pressure side was first pointed out by Wu & Durbin (2001). Moreover a
number of studies identified that the shed vortex rolls resulting from Kelvin–
Helmholtz instability go through a spanwise modulation before breakdown,
(cf. Lardeau et al. 2012; McAuliffe & Yaras 2009; Burgmann & Schröder 2008).
These studies suggest that the emergence of such behavior is dependent on the
level of incoming freestream turbulence. In other words, depending on the level
of freestream turbulence, streaky structures can be generated in the boundary
layer and interact with the separated flow further downstream. For more on the
breakdown of streaks, see Brandt & Henningson (2002). Nevertheless, the effect
of freestream turbulence is still not fully understood. In this work we follow
the experimental work done by Lengani & Simoni (2015) on a turbine blade to
study the effect of freestream perturbations on the transition mechanisms.

Figure 4.5 illustrates the geometry of the blade of the turbine blade cascade
in the experiment. Dirichlet boundary condition is used at the inlet along withe
the stress free boundary condition is used at the outlet. In order to simulate a
blade cascade we impose periodic boundary condition on the top and bottom
as shown by red lines in figure 4.5. Abdessemed et al. (2009) use a similar set
up in order to study the linear instability of a low-pressure turbine for Reynolds
numbers below 5000. The authors conduct a check on the conventional periodic
boundary conditions used for numerical simulations in these cases. They find
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Figure 4.5: Schematic view of a turbine blade cascade. The red lines denote
the periodic boundary condition, blue lines show the Dirichlet condition at the
inflow and green lines represent the stress-free outflow boundary condition. The
opaque lines show the eased periodic boundary condition used by Abdessemed
et al. (2009).

that by easing the periodic boundary condition, i.e. using two blades subject to
the similar boundary condition, the vortex shedding behind the blade becomes
slightly asynchronous. Moreover it is shown that by neglecting the subharmonic
effects (one blade with periodic boundary conditions) can alter the stability
characteristics of the flow. Nevertheless they point to the work by Lazaro
2007 (private communication) where it is suggested that acoustic shedding can
result in a phase-lock in shedding, i.e. in-phase flow. Their suggested set up
is illustrated in figure 4.5 by the opaque lines. Zaki et al. (2010) argue that
this results from the interaction of one separation bubble of one blade with the
shedding vortices of the trailing edge of another blade. In our study, which is
done at a higher Reynolds number, we aim to focus on the effect of freestream
turbulent on the transition mechanism. Thus, the assumption of only one blade
with periodic boundary condition can isolate additional factors that can play
a part in transition mechanism. A snapshot of the simulation with the current
set up can be seen in figure 4.6.
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Top view

Bottom view

Figure 4.6: Visualization of flow around a turbine cascade. The vortical struc-
tures are shown using the λ2 criterion.



CHAPTER 5

Numerical methods and meshing

5.1. Direct numerical simulation tool

The presented studies in this thesis mostly use direct numerical simulation
(DNS) as a tool for different flow analysis. DNS in simple terms directly solves
the governing equations. The governing equations of the fluid motion in nature
are the so-called compressible Navier–Stokes solver. Depending on the flow
regime a few assumptions can simplify these equations. For the considered
cases in this thesis the compressibility effect can be neglected since the relative
Mach number for each case is well below the M = 0.3 threshold for the onset
of compressibility effects. Hence the incompressible Navier–Stokes equation
together with the continuity equation are directly solved for each flow case:

∂u

∂t
+ u · ∇u = −∇p+

1

Re
∇2u (5.1a)

∇ · u = 0. (5.1b)

Here, u = (u, v, w) represents the instantaneous horizontal, vertial and
spanwise velocity components. The pressure is denoted by p. Linearization of
these equations have also been used as a tool for stability analysis as will be
discussed paper 3. For both the linear and non-linear simulations the spectral-
element code ’Nek5000’ has been used. It uses the spectral-element method
initially proposed by Patera (1984). The idea lies in discretisizing the domain
into spectral elements and evaluating the velocities by using Chebyshev poly-
nomials within each element. Breaking down the domain into small elements
enables the method to handle more complicated geometries in addition to the
accuracy it gains from using high order polynomials. Later Maday & Patera
(1989) introduced a Galerkin formulation using Gauss-Lobatto-Legendre (GLL)
polynomials. In the implementation of spectral discretization for Nek5000, Fis-
cher et al. (2008) chose the latter, in favor of simplicity for the implementation.
The nonlinear terms are treated explicitly by third-order extrapolation (EXT3),
whereas the viscous terms are treated implicitly by a third-order backward dif-
ferentiation scheme (BDF3). In order to avoid quadrature errors, the nonlinear
terms are oversampled by a factor of 3/2 in each direction.

In terms of spatial discretization of the domain Nek5000 offers both collo-
cated (PN−PN ) and staggered (PN−PN−2) grids developed by Maday & Patera
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(1989). The latter grid, i.e. where the velocity and pressure points are evalu-
ated at the same location gives way to the emergence of the so-called spurious
modes. In our simulation we use the commonly used staggered (PN − PN−2)
discretization. In terms of boundary conditions, for the PN − PN−2 discretiza-
tion no pressure boundary condition is required. Moreover, a filtering technique
in Nek5000 developed by Fischer & Mullen (2001) has been used in order to
insure the stability of the numerical procedures. This instability is exacer-
bated for higher Reynolds number. In Fischer & Mullen (2001), the authors
recommend that inclusion of only the Nth mode is sufficient to suppress the
instability for moderate to high Reynolds numbers. The default value for the
filtering parameter in Nek5000 is 5% of the last mode.

5.2. Meshing

This section focuses on the tools used in this thesis to discretisize the domain
into spectral-elements. As was previously mentioned in the previous section,
spectral-element methods require the coordinates of the spectral elements for
the first spatial discretization and the velocity points within each element is
evaluated using the Gauss-Lobatto-Legendre polynomials. In other words the
input mesh for Nek5000, is a set of coordinates specifying the spectral-elements
and the appropriate GLL points for each element is estimated by the code. It
must be noted that Nek5000 only accepts quadrilateral or hexahedron elements.

The simplest flow in terms of geometric topology in this study is the Corner-
Flow as was introduced earlier. Figure 5.1 shows the spectral-element mesh
used for the numerical simulation. For instance in this mesh the elements
are generated to properly resolve the boundary layers while the points are
stretched away from the wall. In the streamwise direction the mesh is scaled
with respect to the similarity solution of the corner flow to cope with the
growing boundary layer. For more complicated cases such as flow around a
wing, a number of different tools has been used to generate the coordinates of
the spectral elements. Tempelmann et al. (2012a) use the so-called ’gridgen-c’
developed by Sakov (2011), which is an orthogonal grid generator in order to
generate the mesh around part of a wing section. An example is illustrated
in figure 5.2. The algorithm essentially maps the points from a unit rectangle
onto a close bound. This obviously does not work if there is an extra object
in the midst of the domain. The mapping process also requires turn points
which assist the code to have better convergence in terms of the orthogonality
condition.

In the simulation of the flow around a swept-wing, where we are interested
in the physics of only a a portion of the wing, gridgen-c proves to be a proper
candidate for grid generation. Figure 5.3 shows the domain boundaries along
with the turn points. The output is a conformal mesh divided into three blocks.
The devision of the domain into different blocks is determined by the code in
order to have better convergence. Note that in order to control the grid point
distribution on the wing, the point distribution from the unitary box is used.
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Figure 5.1: spectral-element mesh generated for Corner-Flow . The mesh is
scaled up to account for the growing boundary layer.

grid nodes
boundary
boundary vertices
turn points

Figure 5.2: An example of a grid generated by gridgen-c. The picture is adopted
from Sakov (2011).
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Figure 5.3: Input bounds for gridgen-c to generate the mesh (top), and the
resulting spectral mesh (middle). A zoomed view of the leading edge area is
shown in the bottom pictures.

The criteria by which the distribution of points are determined depends on
the dominant physics. For instance, in the case where the stability of cross-
flow vortices to freestream turbulence is studies, the resolution should capture
the growth of crossflow vortices. A proper tool to evaluate the resolution of
the mesh is the use of parabolized stability equations (PSE). They were first
proposed by Herbert (1997) and Simen (1992) and are widely used in order to
predict the linear and nonlinear growth of perturbations in convectively unsta-
ble flows. The ’NOLOT’ code developed by Hanifi et al. (1994); Hein et al.
(2000) has been used in order to evaluate the growth of crossflow vortices and
compared with DNS results, see figure 5.4. It can be seen that there is a perfect
match between the prediction of nonlinear PSE and DNS for amplitudes of the
fundamental mode (β0) and its superharmonics.

The previous method is limited when applied to a domain around a whole
wing. Moreover, it becomes more cumbersome to control the point distribution
once the flow case becomes more complicated. Therefor in order to study a
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Figure 5.4: Amplitude of stationary crossflow vortices (Au(x) = max |ũ|
Ūe

),

where, ũ, and Ūe are the crossflow amplitude and boundary layer edge velocity
respectively. The fundamental mode is denoted as β0.

turbulent flow around a wing the commercial software ICEMCFD has been
used. In order to properly resolve the turbulent flow Schlatter et al. (2009)
suggest the mesh criteria of ∆x+ < 10, ∆y+ < 1 (at the wall), and ∆z+ < 5,
where x, y and z are the chordwise, wall-normal and spanwise coordinates.
Moreover 15 points are positioned below y+ = 10 region in the direction away
from the wall. Note that here ‘+’ denotes scaling with the viscous length ℓ∗ =
ν/uτ . Additionally throughout the mesh the distance between two neighboring
points does not exceed dn/η < 5.0, with η being the Kolmogorov length scale.
Figure 5.5 illustrates the optimal mesh. A number of smoothing tools available
within the software are used to obtain a smooth grid. Furthermore this grid is
replicated in the spanwise direction for the three-dimensional simulation.

A similar criteria has been followed in order to create the grid around the
turbine blade to resolve for the underlying turbulent scales (see e.g. figure 5.6).
Extra care must be taken into account for the periodic boundary condition,
i.e. top and bottom side. The position of the points must coincide as can be
seen from the figure. Moreover a spline smoothing is done for the points at
the surface to have a smooth geometry. The displacement of the points at the
surface is then diffused into the rest of the domain to minimize mesh distortion.
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Figure 5.5: Generated spectral-element mesh for the turbulent flow around
wing. The mesh is refined for the leading and trailing edge areas.
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Figure 5.6: spectral-element mesh for a turbine blade cascade. The periodic
points should have the same horizontal positions.



CHAPTER 6

Summary of Papers

Paper 1

Stabilization of a swept-wing boundary layer by distributed roughness elements

In this paper the robustness of a passive control mechanism in stabiliz-
ing transitional three-dimensional flows is examined. The control method
has been introduced in the experimental work by Saric et al. (1998a). A
number of cylindrical roughness elements are placed close to the leading edge
exciting subcritical crossflow modes. These modes can not lead to transition
individually, while their excitation has shown to modify the meanflow and
favourably influence the stability characteristics. Direct numerical simulation
has been carried out following the experimental set up. In contrast to the
experiment, a more complex perturbation is introduced in order to induce
transition, namely stationary and travelling crossflow modes coexist and
play a part in eventual transition of the flow to turbulence. Complementary
secondary instability analysis have also been provided using the Fourier
decomposition of the unsteady flow field. The control mechanism effectively
delays transition, suppressing secondary instabilities.

Paper 2

Effect of freestream turbulence on roughness-induced crossflow instability

Direct numerical simulations have been performed in order to investi-
gate the role of freestream turbulence at a very low levels on crossflow
instability. The studied cases follow the experiments conducted by Downs
(2012) in Texas A&M University. The experiment used ASU(67)-0315 wing
geometry designed to promote crossflow instability. In our study we approach
the reported values in generating the low intensity freestream turbulence. The
’Nek5000’ code has been used in order to generate the freestream turbulence
fields. Furthermore, a third order Lagrange interpolant is used in order to
inject the velocity perturbations into the DNS domain of the wing. A number
of cases having different freestream turbulence levels as well as roughness
heights have been chosen. Additionally, a case without the presence of a
roughness element is studied. It was found that, similar to the experimental
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results, even low level of freestream turbulence can have a major effect on the
stability of stationary crossflow vortices. Moreover, it was observed that at
that low level of freestream turbulence, increasing the roughness height can
delay the onset of secondary instabilities.

Paper 3

Optimal wavepackets in streamwise corner flow

Optimal initial perturbations are computed in a streamwise corner-flow.
An optimisation procedure using power iterations within a linear framework
has been applied. Two different meanflows are considered, a self-similar
base-flow, followed by a modified meanflow. The latter resembles the meanflow
usually observed in experiments. The optimization has been carried out for
two different ranges of Reynolds numbers. In the subcritical regime (low-Re
range), the perturbations growth is initially governed by the Orr mechanism
giving rise to a transient growth and later a steady exponential growth takes
over. For the critical regime (high-Re range) the optimal takes the form of a
wave-packet localized near the corner region of inviscid nature and symmetric
to the bisector. The growth rate of the initial perturbations appears to
increase with a modified baseflow. The main features of these optimal initial
conditions underly in their localisation near the corner region and symmetry
with respect to the corner bisector.

Paper 4

Direct numerical simulation of the flow around a wing section at moderate
Reynolds number

A three-dimensional direct numerical simulation has been performed to
study the flow around the asymmetric NACA4412 wing at a moderate chord
Reynolds number (Rec = 400, 000), with an angle of attack of AoA = 5◦.
The flow case under investigation poses numerous challenges for a numerical
method due to the wide range of scales and complicated flow physics induced
by the geometry. The mesh is optimized and well resolved to account for
such varying scales in the flow. An unsteady volume force is used to trip the
flow to turbulence on both sides of the wing at 10% chord. Full turbulence
statistics are computed on the fly to further investigate the complex flow
features around the wing. This provides invaluable data for understanding
turbulent boundary layer at different regions having adverse and favorable
pressure gradients on the wing as well as their interactions with turbulent
wake. Moreover, this data can be used to improve turbulence models. This
paper focuses on the numerical set up and its challenges.
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Paper 5

Direct numerical simulation of flow around a turbine blade: A transition study

A direct numerical simulation has been performed to study the flow
around a high-lift turbine blade for low and high levels of freestream turbu-
lence intensity. Initially a two-dimensional simulation has been performed to
study the dominant two-dimensional physics. The chord Reynolds number
is approximately Rec = 45000. Moreover, three-dimensional simulations
are conducted using two levels of background noise mimicking the effect of
freestream turbulence. For both cases the response of the boundary layer
to external perturbations is manifested as streaky structures on the suction
side and longitudinal vortical structures on the pressure side. Furthermore,
it can be observed that for the case with higher freestream turbulence level,
the vortex rolls caused by Kelvin–Helmholtz instability go through a spanwise
modulation.



CHAPTER 7

Conclusions

Direct numerical simulations have been performed in order to study transitional
flows over wings and three-dimensional stability characteristics of a so-called
corner-flow. In the first part, two sets of experiments have been selected
in which effects of different environmental disturbances have been studied
on crossflow instability dominated flows over a wing. The first experiment
investigates the efficiency of a passive control mechanism in delaying flow
transition from laminar to turbulent. In the numerical setup the crossflow
instability is generated using distributed roughness elements similar to the
experiment. This is accompanied by a complex background noise prompting
generation of both stationary and non-stationary crossflow vortices. The
application of the micron-size roughness elements modifies the meanflow. This
in turn appears to successfully delay transition by damping out secondary
instabilities.

In the second part, extensive experiments conducted in TAMU wind tunnel
by Downs (2012) were considered. These well documented experiments entail
studies on the effect of low freestream turbulence on crossflow dominated flows.
In our study, two levels of freestream turbulence are selected and numerically
reproduced using direct numerical simulations. The generated fields are then
inserted into the mesh created for the upper side of the wing where the experi-
mental measurements have taken place. The crossflow vortices on the wing are
generated using roughness elements similar to the experimental set up. Two
sets of roughness heights are chosen in addition to a case without the presence
of roughness element. In total five different cases having different roughness
heights and freestream turbulence levels have been studied. It was observed
that, similar to the experimental results, even low levels of freestream turbu-
lence can play a major role on the stability of stationary crossflow vortices.
Moreover, it was found that at that low levels of freestream turbulence, in-
creasing the roughness height can delay the onset of secondary instabilities.

In the third paper, a different flow type known as corner-flow has been
selected to study the worst case scenarios in terms of perturbation growth. A
simple power-iteration method has been applied between linear Navier–Stokes
equations and their adjoint using direct numerical simulations. The simulations
are performed using two separate baseflows, a self-similar baseflow followed by
a modified one where the latter is usually found in experiments. Two ranges of
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Reynolds number regimes have been chosen based on linear stability analysis.
It was found that the worst case scenario is characterised as a localized mode
near the corner region and symmetric to the corner bisector. In the subcritical
regime (low-Re range), the perturbations growth is initially governed by the
Orr mechanism giving rise to a transient growth and later a steady exponential
growth takes over. For the critical regime (high-Re range) the optimal takes
the form of a wave-packet localized near the corner region of inviscid nature.
The growth rate shows significant sensitivity to the used baseflow. In the case
of the modified baseflow a higher growth rate was observed.

A direct numerical simulation of the flow around a wing section at a mod-
erate Reynolds number of Rec = 400, 000 at an angle of attack of 5◦ has
been performed. Computations based on the Reynolds-averaged Navier–Stokes
(RANS) equations were initially carried out to determine the velocity distribu-
tion around the wing. The simulations are then done using the spectral-element
code Nek5000. This is the first time well-resolved direct numerical simulations
of the flow around a wing are performed at such high Reynolds number. Tur-
bulence statistics are computed over the suction and pressure sides of the wing,
and expressed in local tangential and normal directions. The Reynolds num-
bers on the suction side reach Reτ ≃ 373 and Reθ = 2, 800 with the pressure-
gradient parameter ranging from β ≈ 0.0 to β ≈ 85. Similarly, on the pressure
side, the Reynolds numbers reach Reτ ≈ 346 and Reθ = 818 while β changes
from β ≈ 0.0 to β ≈ −0.25. Statistical analysis of the turbulent boundary layer
at two different stations on the upper and lower side of the wing were compared
with the DNS of ZPG turbulent boundary layer from Schlatter & Örlü (2010)
at matching friction Reynolds numbers. The effect of the APG on the mean
flow is consistent with previous observations (Vinuesa et al. 2014; Monty et al.
2011), namely a steeper incipient log law, a more prominent wake region.

In the last part of this work, a direct numerical simulation has been per-
formed studying the flow around a high-lift turbine blade for low and high
levels of turbulence intensities. Initially a two-dimensional simulation has been
performed to study the dominant two-dimensional physics. The Reynolds num-
ber is approximately Re = 45000. Moreover, three-dimensional simulations
are conducted using two levels of background noise mimicking the effect of
freestream turbulence. For both cases the response of the boundary layer to
external perturbations is manifested as streaky structures on the suction side
and longitudinal vortical structures on the pressure side. The latter was first
categorized in the work by Wu & Durbin (2001).
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Ges. Wiss. Göttingen, Math. Phys. Klasse, pp. 171–174.

Schmid, P. J. & Henningson, D. S. 2001 Stability and Transition in Shear Flows.
Springer.

Schmidt, O. T. & Rist, U. 2011 Linear stability of compressible flow in a streamwise
corner. J. Fluid Mech. 688, 569–590.

Schmidt, O. T. & Rist, U. 2014 Viscid—inviscid pseudo–resonance in streamwise
corner flow. J. Fluid Mech. 743, 327–357.

Schrader, L. U. 2010 Receptivity of boundary layer flows over flat and curved walls.
PhD thesis, KTH Stockholm.

Schrader, L. U., Brandt, L. & Henningson, D. S. 2009 Receptivity mechanisms
in three-dimensional boundary layer flows. J. Fluid Mech. 618, 209–241.

Schrauf, G. 2005 Status and perspectives of laminar flow. The Aeronautical Journal
109, 639–644.

Schubauer, G. B. & Skramstad, H. K. 1943 Laminar boundary layer oscillations
and transition on a flat plate. NBS Res. Pap. 1772.

Schubauer, G. B. & Skramstad, H. K. 1947 Laminar boundary layer oscillations
and stability of laminar flow. J. Aero. Sci. 14, 69–78.

Shan, H., Jiang, L. & Liu, C. 2005 Direct numerical simulation of flow separation
around a NACA0012 airfoil. Comput. Fluids 34, 1096–1114.

Simen, M. 1992 Local and non-local stability theory of spatially varying flows. In
Instability, Transition and Turbulence, pp. 181–195. Springer Verlag.

Skote, M., Henningson, D. S. & Henkes, R. A. W. M. 1998 Direct numerical
simulation of self-similar turbulent boundary layers in adverse pressure gradients.
Flow Turb. Comb. 60 (47–85).

Spalart, P. & Watmuff, H. 1993 Experimental and numerical study of a turbulent
boundary layer. J. Fluid Mech. 249, 337–371.

Takagi, S. & Itoh, N. 1994 Observation of travelling waves in the three-dimensional
boundary layer along a yawed cylinder. Fluid Dyn. Res 14 (4), 167–189.



Tannehill, J. C., Anderson, D. & Pletcher, D. 1997 Computational fluid me-
chanics and heat transfer , 3rd edn. Taylor and Francis.

Tempelmann, D. 2011 Receptivity of crossflow-dominated boundary layers. PhD
thesis, KTH, Stockholm.

Tempelmann, D., Hanifi, A. & Henningson, D. S. 2012a Swept-wing boundary-
layer receptivity. J. Fluid Mech. 700, 490–501.

Tempelmann, D., Schrader, L.-U., Hanifi, A., Brandt, L. & Henningson,

D. S. 2012b Swept wing boundary-layer receptivity to localised surface rough-
ness. J. Fluid Mech. 711, 516–544.

Theodorsen, T. 1952 Mechanism of turbulence. Proc. Midwestern Conf. Fluid Dyn.
149.

Tollmien, W. 1929 über die entstehung der turbulenz 1. mitteilung. Nachr. Ges.
Wiss. Göttingen, Math. Phys. Klasse pp. 21–44.

Vinuesa, R., Rozier, P. H., Schlatter, P. & Nagib, H. M. 2014 Experiments
and computations of localized pressure gradients with different history effects.
AIAA J. 52, 368–384.

Wadcock, A. J. 1987 Investigation of low-speed turbulent separated flow around
airfoils. NACA CR 177450 .

Wassermann, P. & Kloker, M. 2002 Mechanics and passive control of crossflow-
vortex-induced transition in a three-dimensional boundary layer. J. Fluid Mech.
456, 49–84.

Wassermann, P. & Kloker, M. 2003 Transition mechanisms induced by travelling
crossflow vortices in a three-dimensional boundary layer. J. Fluid Mech. 483,
67–89.

Weinberg, B. C. & Rubin, S. G. 1972 Compressible corner flow. J. of Fluid Mech.
56, 753–774.

White, E. B. & Saric, W. S. 2005 Secondary instability of crossflow vortices. J. of
Fluid Mech. 525, 275–308.

Wissink, J. & Rodi, W. 2003 Dns of a laminar separation bubble in the presence of
oscillating external flow. Flow Turbul. Combust. 71 (1-4), 311–331.

Wu, X. & Durbin, P. A. 2001 Evidence of longitudinal vortices evolved from dis-
torted wakes in a turbine passage. J. of Fluid Mech. 446, 199–228.

Zaki, T. A., Wissink, J. G., Rodi, W. & Durbin, P. A. 2010 Direct numerical
simulations of transition in a compressor cascade: the influence of free-stream
turbulence. J. of Fluid Mech. 665, 57–98.

Zamir, M. 1981 Similarity and stability of the laminar boundary layer in a streamwise
corner. Proc. R. Soc. London, Ser A 377, 269–288.



Part II

Papers




