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Preface
This thesis is submitted in partial fulfillment of the requirements for obtaining the
Doctor of Philosophy (Ph.D.) degree at the Technical University of Denmark. The
Ph.D. project was carried out in the Aerodynamic Design Section of the Department of
Wind Energy at the Technical University of Denmark, from November 2016 till March
2020.
The study has been supervised by Niels Nørmark Sørensen, Helge Aagaard Madsen
and Jens Nørkær Sørensen. The Ph.D. project is funded by the Technical University of
Denmark.
The thesis is written in two parts and prepared in the form of a collection of papers.
In the first part of the thesis, an overview and a literature survey is provided and the
methodology is introduced. The second part consists of four scientific articles.
During the Ph.D. studies, I have visited KTH Royal Institute of Technology as part
of the external research stay. The research has been presented at several conferences
and lead to four publications. This work is a modest contribution to the wind energy
area for the understanding of the laminar-turbulent boundary layer transition on wind
turbines. The Ph.D. project involves both experimental and computational methods.
The analysis and discussions on the different aspects of the topic underlines the utility of
the knowledge in laminar-turbulent transition characteristics of wind turbines. Finally,
areas of future work are identified.

Copenhagen, March 2020
Özge Sinem Özçakmak

Summary (English)
This thesis aims to contribute to the research on laminar-turbulent boundary layer
transition on wind turbines by means of both experimental and numerical analysis.
As the size of the wind turbines increase due to the developments in the related
technology, the testing becomes costly as large facilities are needed. Consequently,
the design process of the wind turbines becomes highly dependent on the accuracy of
the aerodynamic prediction tools. In the design of modern wind turbines comprising
aerodynamic predictions, laminar-turbulent transition predictions and comprehension
of the transition behaviour play a significant role.
The research started from the characterization of the laminar-turbulent transition on
a wind turbine airfoil tested in wind tunnel conditions using high-frequency microphones
flush-mounted on the surface. In this way, relevant frequencies are identified that leads
to empirical curves which characterize the transition behaviour. The transition process
is observed to happen along a considerable part of the chord. A subsequent investigation
on the effect of the Reynolds number, surface roughness, and inflow turbulence is
conducted and the results are compared with 2-D numerical simulations. Having
validated the experimental transition detection methods with the data from wind tunnel
experiments, the next step is to analyze the laminar-turbulent characteristics of a wind
turbine placed in a small wind farm. The boundary layer transition on a wind turbine
is highly affected by many parameters that an airfoil is not exposed to in controlled test
conditions. Characterizing the inflow turbulence is one of the key parameters to simulate
real case scenarios on the turbine. For this reason, numerical simulations on a full
rotor are performed for several velocities and turbulence intensity values using natural
and bypass transition models. The field experiments demonstrated that the transition
position is highly affected by the angle of attack and inflow turbulence, especially caused
by a wake affected inflow from another turbine. The research showed that several rotor
simulations with various flow scenarios can reflect the significant fluctuations in the
transition position on a blade over one revolution. The differences observed in the
transition behaviour of a 2-D airfoil and a full rotor reveals the importance and the
need for more field experiments and accurate transition prediction tools for full rotor
simulations. Overall, this thesis contributes to the understanding of the transition
process on wind turbines and provides analysis and data for computational validation
and improvements, which in return will provide more accurate aerodynamic and load
predictions for the wind turbine design tools.

Summary (Danish)
Denne afhandling omhandler et eksperimentelt og numerisk studium af den laminarturbulente omslagsproces på vindmøllevinger. Designprocessen for vindmøller afhænger
i stadig større grad af præcise aerodynamiske beregningsmodeller. For at sikre disses
beregningsmodellers nøjagtighed, er det meget vigtigt at kunne forudsige positionen af
laminar-turbulent omslag, samt at have en underliggende forståelse for fænomenet. Det
er formålet med afhandlingen at bidrage til dette.
Den præsenterede forskning tager udgangspunkt i at karakterisere det laminarturbulente omslag på vingeprofiler testet i vindtunnel. Her blev mikrofoner monteret i
overfladen på profilerne, og signalerne fra disse blev benyttet til at identificere relevante
frekvenser, som efterfølgende blev omsat til empiriske kurver til karakterisering af
omslagsprocessen. Det blev observeret at omslag forekommer over en betydelig del af
profilkorden. Et efterfølgende studie af indflydelsen af Reynoldstal, overfladeruhed og
af turbulensgraden i indstrømningen blev derefter diskuteret. Her blev resultater fra
2-D numeriske beregninger brugt i analysen af resultaterne. Efter denne indledende
validering af målemetoden ved hjælp af vindtunneleksperimenter, var det næste skridt
at analysere målinger af det laminar-turbulente omslag på en vindmølle i en mindre
vindmøllepark. Dette er relevant eftersom grænselagsomslaget på vindmøller afhænger
af mange faktorer, som ikke er tilstede i kontrollerede vindtunneleksperimenter. En
særligt vigtig faktor, for realistisk at kunne simulere en vindmølle, er kendskab til turbulensgraden i indstrømningen. Af denne årsag blev der foretaget numeriske simuleringer
af vindmøller hvor både naturligt- og bypass-omslag blev studeret for forskellige vindhastigheder og varierende grad af turbulens i den indkommende strømning. Relaterede
eksperimenter bekræftede, at omslagspositionen afhænger af både indfaldsvinkel og
af turbulensintensiten i den indkommende strømning. En særlig stærk afhængighed
blev observeret når vindmøllen stod nedstrøms en anden vindmølle. Den præsenterede
forskning viser blandt andet, at forskellige scenarier af vindmøllesimuleringer er i stand
til at beskrive de ændringer i omslagspositionen, som er blevet observeret i løbet af en
enkelt rotation på en vindmøllerotor. Resultaterne viser også, at der er store forskelle,
når man sammenligner omslaget på 2-D vingeprofiler med omslaget på roterende vindmøllevinger. Dette peger på behovet for yderligere eksperimenter, samt nødvendigheden
af et øget fokus på at forbedre omslagsbeskrivelsen i de relevante beregningsmodeller.
Alt i alt bidrager afhandlingen til en bedre forståelse af omslagsprocessen observeret
på vindmøller, samtidigt med at den bidrager med nye analyser og data til validering af eksisterende beregningsmodeller, hvilket på sigt forventes at føre til forbedrede
aerodynamiske modeller til forudsigelse af lasterne på vindmøllerotorer.
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Part I : Overview and Summary

Chapter 1 |
Introduction
1.1

Motivation

As the renewable energy deployment accelerates, it is possible to achieve 90%
energy-related carbon dioxide emission reductions needed by 2050 to meet Paris climate
targets. Besides, growing wind energy can contribute to more than 25 % of the total
emission reductions needed to reach this goal [1]. The development in blade, structure,
drivetrain and control technologies enables larger and more reliable turbines. The trend
of increasing turbine size through the years for both onshore and offshore applications
can be seen from Figure 1.1. Larger wind turbines with higher hub heights and increased
blade length, resulting in an increase in the swept area will, in turn, lead to a higher
energy output. The increasing size of the modern wind turbines brings the need for high
Reynolds number flow investigations with it. Testing at high Reynolds numbers is costly
as large wind tunnel facilities are required. Moreover, the experimental data for existing
wind turbine dedicated airfoils at high Reynolds numbers is scarce [2]. Therefore,
the design process relies on the availability of accurate aerodynamic prediction tools.
Aerodynamic properties such as lift to drag ratio indicates the efficiency of the profile.
As limitation on the structural loads for the lift force is considered, the drag force
becomes the parameter to be reduced to reach a higher efficiency [3]. Due to the fact
that the skin friction drag of a turbulent boundary layer is much higher than for the
laminar one, it is important to identify which part of the flow acting on the surface is
laminar, transitional or turbulent [4]. Although the transition process is included in
some design tools for wind turbine airfoils/blades to match the simulated rotor power
with the measurements; in high fidelity computational fluid dynamics rotor simulations
and engineering design models, the transition process is commonly ignored and the
boundary layer is characterized by fully turbulent models.
Furthermore, small scale test and wind tunnel experiments are not sufficient to
characterize the influence of high Reynolds number flows that modern wind turbines
encounter. Thus, improved aerodynamic prediction tools are needed that can accurately
predict the laminar-turbulent transition. In addition, future developments in the field
experiments are crucial in order to validate and improve these models. Similarly, these

4
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Figure 1.1: Existing as well as expected increase in the average size and the capacity of the
wind turbines for onshore wind (top) and offshore wind (bottom) [1].

experiments can contribute to the identification of various inflow scenarios (such as
free-stream turbulence, wake of an upstream turbine, and wind shear) that a wind
turbine can be exposed to in real atmospheric conditions.

1.2

Research objectives

The main objective of the present research is to characterize the laminar-turbulent
boundary layer transition behaviour of modern wind turbine blades through the DANAERO experiments [5, 6], and to validate the laminar-turbulent transition models in
the DTU in-house EllipSys CFD code [7, 8, 9].
This thesis aims to answer several research questions:
• How to detect the laminar-turbulent transition location and to identify the transition process from the data obtained by high-frequency microphone measurements
and what is the best detection methodology?
• What are the relevant wave frequencies for laminar-turbulent transition and the
possibility to obtain an empirical neutral stability curve for a wind turbine airfoil

5
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by high-frequency microphone measurements conducted in a controlled wind tunnel
environment?
• What are the effects of the Reynolds number, inflow turbulence and surface
roughness characteristics on laminar-turbulent transition for a wind turbine airfoil
tested in wind tunnel conditions?
• What are the differences in laminar-turbulent transition behaviour between 2-D
wind turbine airfoil in a controlled wind tunnel environment and the wind turbine
blade section that features the same airfoil in real atmospheric conditions?
• Does inflow turbulence have a direct effect on transition in atmospheric conditions,
as seen in wind tunnel conditions, in addition to its effect on the angle of attack?
• Are the natural and bypass transition models in EllipSys3D able to simulate the
transition behaviour of a wind turbine blade section for various inflow scenarios
in real atmospheric conditions for high Reynolds number flows?

These questions are formulated in order to emphasize the different aspects of the
study in detail. These questions all serve to answer the main all-embracing question:
What is the laminar-turbulent transition behaviour of modern wind turbines
exposed to high Reynolds number flows in real atmospheric conditions
under various effects and are the current numerical models sufficient to
simulate this behaviour?

1.3

Thesis overview and structure

This thesis is divided into two parts. In Part I of the thesis, the motivation and
research objectives, literature survey and the theory is introduced. Furthermore, the
methodology used for experimental transition detection and the methodology used in
numerical models and simulations are described. Part I of the thesis serves to provide
information and additional analysis that is not present in the research articles.
The research presented in this thesis is built-up around four scientific papers.
Therefore, the final chapter of Part I is dedicated to the description of the publications,
their summary, and a discussion of the key results. It is finalized by concluding remarks,
answering the research questions, and suggestions for future work.
Part II of the thesis includes the scientific papers which are categorized based on the
analysis at wind tunnel and full-scale atmospheric conditions. The detailed explanation
of the organization of the chapters is listed below.

Part I
Chapter 1 The problem statement and research objectives are introduced and
an overview of the thesis and publications is given.

6
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Chapter 2 The background and the theory of the laminar-turbulent transition
is introduced. Furthermore, also a background study on numerical transition
prediction models is given. The details of the eN transition detection method,
stability analysis, and the literature overview of the experimental laminar-turbulent
transition detection methods are provided.
Chapter 3 This chapter is dedicated to the methodology of the experiments and
computations. Laminar-turbulent transition prediction models in EllipSys, the
computational grids, the angle definitions and induced velocity calculations are
presented. Moreover, experimental data processing and transition detection methods from high-frequency microphone measurements are explained. An analysis of
the atmospheric effects, mainly focusing on the wake influence is presented.
Chapter 4 This chapter is dedicated to introducing Part II of the thesis. Four
scientific articles are introduced and their key results are summarized. Part I
of the thesis is concluded by discussing the findings that answer the research
questions. Finally, future work suggestions are provided.

Part II
This part of the thesis consist of four scientific papers that forms the experimental
and numerical set-ups and the methodology and it includes the main results and
discussions crucial for the current research.

1.4

Thesis publications and contributions

The thesis consists of four publications listed below.
Paper A Özçakmak, Ö.S., Sørensen, N. N., Madsen, H. A., and Sørensen, J. N.
(2019). Laminar-turbulent transition detection on airfoils by high-frequency microphone measurements. Wind Energy, 22(10): 1356-1370. doi: 10.1002/we.2361.
Paper B Özçakmak, Ö.S., Madsen, H. A., Sørensen, N. N., Sørensen, J. N.,
Fischer, A., and Bak, C. (2018). Inflow turbulence and leading edge roughness
effects on laminar-turbulent transition on NACA 63-418 airfoil. In Journal of
Physics: Conference Series (Vol. 1037, No. 2, p. 022005). IOP Publishing. doi:
10.1088/1742-6596/1037/2/022005.
Paper C Madsen, H. A., Özçakmak, Ö.S., Bak, C., Troldborg, N., Sørensen, N.
N., and Sørensen, J. N. (2019). Transition characteristics measured on a 2MW 80m
diameter wind turbine rotor in comparison with transition data from wind tunnel
measurements. In AIAA Scitech 2019 Forum (p. 0801). doi:10.2514/6.2019-0801.
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Paper D Özçakmak, Ö.S., Madsen, H. A., Sørensen, N. N., Sørensen, J. N.
(2020). Laminar-turbulent transition characteristics of a 3-d wind turbine rotor
blade based on experiments and computations. Wind Energy Science Discussions,
2020:1-29. doi: 10.5194/wes-2020-54.

It should be noted that Paper A, B and C are already published, and Paper D is
currently published as a discussion paper and it is under peer-review. The work is also
presented in several conferences during the project period listed below.
• TORQUE, 20-22 June 2018, Milano
• Wind Energy Denmark, 30-31 October 2018, Denmark
• EAWE PhD Seminar, 18-20 September 2018, Brussels
• WES Conference, 17-20 June 2019, Cork, Ireland

Chapter 2 |
Laminar-turbulent transition
This chapter provides a brief introduction to the theory of laminar-turbulent transition and a literature survey on the theory, experimental methods and numerical models.
Furthermore, the eN transition model and the stability analysis are introduced. Finally,
this chapter provides a review of the previous work on experimental laminar-turbulent
transition detection methods for rotating bodies, wind turbine dedicated airfoils and
for wind turbines.

2.1

Theory of laminar-turbulent transition

It was shown by Prandtl [10] that the fluid viscosity mainly plays a role in a thin
layer close to the wall, called the ’boundary layer’. At the outer part of the flow, on
the other hand, the viscosity can be neglected. In the boundary layer, two different
forms of flow can be present; laminar and turbulent. Laminar flow is where there are
layers of flow moving at different velocities while there is no significant fluid transport
in the direction perpendicular to the flow [11]. On the other hand, turbulent flow is
defined as a more chaotic, irregular random and fluctuating motion of the fluid flow.
Turbulent flow is seen at larger Reynolds numbers where the flow becomes unstable to
the disturbances compared to laminar flow. The instability of the laminar flow and the
transition to turbulence has become an area of continued interest in fluid mechanics
since the experiments performed by Osborne Reynolds in 1883 [12]. The coloured
filament experiment by Reynolds [13] shows these two different flow types, which is
presented in Figure 2.1.
The Reynolds number, Re, can be described as the ratio of the inertial forces to the
viscous forces and it is formulated as in Equation 2.1, where % is the flow density, U is
the velocity, c is the characteristic length of the airfoil (chord in this case) and µ is the
dynamic viscosity,
Re =

%U c
.
µ

(2.1)

In addition to fully laminar and fully turbulent boundary layers, a combination of
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Figure 2.1: Low speed, laminar flow (top), high speed, turbulent flow (middle), and turbulent
flow observed with an electric spark (bottom) inside a glass tube by streak of
coloured water[13].

both can be present at the same time, where the fluid flow on the surface starts as
laminar flow and transitions to a turbulent flow. At a critical distance (xcrit ) from the
leading edge of the solid body, the boundary layer is no longer laminar. The critical
Reynolds number is defined in Equation 2.2,
%U xcrit
.
(2.2)
µ
The transition location on the surface can be determined by a given critical Reynolds
number. In the laminar stability theory, the main flow is laminar with small disturbances.
As further developed by Rayleigh and hypothesized by Reynolds, the transition is a
result of instabilities in the laminar flow [14]. As the Reynolds number passes the
critical value, instability occurs for a range of frequencies.
The transition process occurs in three steps; receptivity, linear and non-linear
instability that results in a turbulent flow [12].
Rex,crit =

Receptivity Receptivity is the relation between the outside disturbances and the initial
disturbances occurring in the boundary layer. In this region, disturbances such as
Tollmien-Schlichting (T-S) waves are triggered inside the laminar boundary layer.
This can be due to several factors like free stream turbulence, surface roughness
and irregularities or pressure velocity fluctuations.
Linear Instability In this step, unstable waves that are described by the linear stability
theory go through a linear amplification process [15]. If the initial disturbance
amplitudes are small, they will excite linear normal modes such as TollmienSchlichting (T-S) waves.
Non-linear Instability As the amplitude of the unstable waves grows and reaches a
finite amplitude, non-linear interactions in the form of secondary instabilities
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occur [16]. The growth of the disturbances becomes too rapid so that the flow
becomes turbulent.

A theoretical study conducted by Goldstein [17] and Kerschen [18] shows that the
receptivity process occurs in the boundary layer regions where the mean flow exhibits
rapid changes in the streamwise direction [19] [20]. The boundary layer transition
process on an idealized flat plate is shown in Figure 2.2. There is a noticeable increase
in boundary layer thickness (δ(x)) and wall shear stress as the flow transitions from
laminar to a turbulent state [11].

Figure 2.2: Boundary layer transition process on a flat plate flow [21].

The effect of several parameters on transition such as pressure gradient, heat transfer,
suction, and Mach number was later added to these theories by using the boundary
layer stability theory [11]. In the linear stability theory, the free-stream turbulence
and the other disturbances are assumed to be small. These instability processes and
controlling factors on the road to turbulence are summarized in Figure 2.3, which is
regenerated from Morkovin’s early work. When the environmental disturbances are
weak, first, the primary modes described by the linear stability theory develop. As the
amplitude grows, nonlinear, 3-D interactions occur in the form of secondary instabilities
and eventually breakdown to turbulence occurs [22]. Contrarily, in the existence of
large surface irregularities, roughness or high levels of free-stream turbulence, the flow
does not go through a gradual process and the transition can occur in the absence of
the linear disturbance growth (T-S waves), the growth of the two-dimensional waves
and their secondary instability are bypassed and the disturbances develop directly
into turbulence [23] [24] [25]. This type of transition is called ’bypass transition’ by
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Morkovin [26]. The flow will then follow the bypass path as seen in Figure 2.3. In
addition to these two paths, transient growth can also occur by the interaction of
two modes, depending on the amplitude, following primary modes path or directly go
through secondary mechanisms or the bypass path.

Figure 2.3: Paths to turbulence. Figure is regenerated from [27] and [28].

Transition is affected by many parameters such as [29] [21] [30]:
• Reynolds number
• Pressure gradients
• Free stream turbulence
• Surface roughness, curvature or irregularities
• Acoustic noise (pressure fluctuations) and acoustic radiation
• Heating/cooling of the surface
• Compressibility
• Mach number
• Suction or blowing of fluid from the surface
• Flow separation
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Boundary layers subjected to free-stream turbulence generates streaky structures
arranged along the spanwise direction. These structures and their breakdown are the
key factors in the transition to turbulence process [31].
Over many years, there has been a great amount of theoretical, numerical and
experimental research on laminar-turbulent boundary layer transition.
In order to predict the boundary layer transition, both empirical correlations [32] [33]
and semi-empirical methods are developed [34]. The famous semi-empirical eN method
based on linear stability theory for incompressible 2-D boundary layers was introduced
by Ingen [35] and independently by Smith and Gamberoni [36]. Through the years,
various methods were developed and databases became available for complex problems.
Database methods were developed based on the stability diagrams calculated by Arnal
for Hartree/Stewartson solutions of the Falkner-Skan equation and these calculations
were further improved by Wazzan et al. [37] and Kümmerer [38]. In addition to these,
envelope methods [39] [40] and approximate methods [41] were established.
The existence of the 2-D Tollmien-Schlichting (T-S) [42] instability waves in a flat
plate boundary layer flow was experimentally proven by Schubauer and Skramstad [43].
They showed that linear stability theory can be applied to real flows [44]. Moreover,
turbulent spot formation in water flow is observed by Emmons [45], showing that
transition is a random phenomenon. Then, the intermittency factor for natural transition
is found by Dhawan and Narasimha [46]. Further experimental research [47] showed
that three-dimensional wave motions and non-linear interaction of the waves are the
driving forces behind the process of transition to the onset of turbulence. The boundary
layer stability experiments of Schubauer and Skramstad [44], Liepmann [48], Laufer
and Vrebalovich [49], Kendall [50], as well as the theoretical research supported the
development of the theory.
The influence of the disturbance environment on the laminar-turbulent transition
was studied by Morkovin and Reshotko [51] [52]. Models for including the effect of
free-stream turbulence that can take external pressure gradients into account [31],
transition modeling in presence of the surface imperfections [53], and surface roughness
effects [54] were also developed. There are also studies including secondary instability
theories [55] for analysing the disturbance behaviour as they deviate from the linear
amplification regime.

2.2

Modeling laminar-turbulent transition

The key features on the prediction of the transition to turbulence hinge on the
ability to accurately predict the transition onset and its length [56]. Moreover, the
transition model should predict the location of the skin friction rise from laminar to
turbulent levels and the extent of the transition zone [57]. Depending on the free-stream
disturbances, flow geometry, and surface roughness, several empirical parameters are
chosen for a particular flow case in the numerical models [30].
Laminar-turbulent transition prediction models used with Navier-Stokes solvers
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fall into two categories; algebraic/integral models and transport models [58]. Algebraic/integral models include empirical models, methods based on stability theory, using
Orr-Sommerfeld equations, and eN stability models. In these models, integral boundary
layer equations need to be solved by using velocity profiles or by the integration of
the boundary layer quantities in order to obtain boundary layer information. On the
other hand, the transport models are based on the solution of transport equations like
the γ − Reϑ [59] [60] model that uses correlation models to predict the onset of transition, and three equation model with an equation to represent growth of nonturbulent
fluctuations [61].
Transition predictions can be performed within Large Eddy Simulations (LES) or
Direct Numerical Simulation (DNS) although the simulation cost increases rapidly with
the Reynolds number [62]. Parabolized Stability Equations (PSE) are also used for
stability analysis with less resource requirement compared to DNS [63]. Moreover, hybrid
approaches such as Detached Eddy Simulation (DES) are used with the transition models.
In the design process of wings and airfoils, transition modeling in Reynolds-Averaged
Navier-Stokes (RANS) solvers is still required. The eN model with a semi-empirical
extension and with empirical criteria for the bypass and attachment line transition
mechanisms is commonly used in industrial applications as a practical method [64]. The
analysis in this thesis is based on a coupling of the eN transition model with a RANS
solver due to its accuracy for high Reynolds number flows in wind turbine applications
[65].

2.2.1

The eN transition model

The eN model was initially developed for 2-D flows and then later extended to
more complex problems [12]. It can account for the effect of the upstream boundary
layer development on the stability of the boundary layer [34]. In linear stability theory,
instability growth in boundary layer is directly modeled while the Reynolds number
effects are indirectly accounted for through the boundary layer development [34]. It
is estimated that the linear part of the amplification process covers 75-85 % of the
distance from the first instability point to transition for 2-D boundary layers [66]. The
linear theory for a highly non-linear phenomenon is applicable for boundary layers
with pressure gradient including suction and separation. As the disturbances remain
linear and the laminar flow is maintained, eN model accurately predicts the disturbance
behaviour [58]. Therefore the eN model remains a useful tool [67].
Stability Analysis
The incompressible Navier-Stokes equations for velocity V (consists of u,v,w velocity
components), and pressure P are given below (the conservation of mass Eq. 2.3 and the
conservation of momentum Eq. 2.6) in differential form.
∂u ∂v ∂w
+
+
= 0.
∂x ∂y
∂z

(2.3)
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DV
1
= − ∇P + ν∇2 V.
Dt
%

(2.4)

where ∇2 is the Laplacian operator and D/Dt is the substantial derivative [68]:
∇2 =

∂2
∂2
∂2
+
+
.
∂x2 ∂y 2 ∂z 2

(2.5)

∂()
D()
=
+ V.∇().
(2.6)
Dt
∂t
For the stability analysis, the flow is decomposed into basic flow and perturbations,
u + u0 , v + v 0 , w + w0 and p + p0 . These small perturbations added to the mean flow
are assumed to be small enough to neglect their quadratic terms [11]. The idea of the
stability analysis is to determine if the disturbances amplify or die away for a given
flow. Therefore, the decompositions are inserted into the Navier-Stokes equations. The
continuity equation and the momentum equation in x-direction are shown in Equations
2.7 and 2.8, respectively.
∂u0 ∂v 0 ∂w0
+
+
= 0.
∂x
∂y
∂z

(2.7)

∂u0
∂u
∂u0
∂u
∂u0
∂u
1 ∂p0
∂u0
+u
+ u0
+v
+ v0
+w
+ w0
≈−
+ ν∇2 u0 .
∂t
∂x
∂x
∂y
∂y
∂z
∂z
% ∂x

(2.8)

The parallel flow assumption (y being direction normal to the wall, v component is
negligibly small across the layer) is applied to the continuity and momentum equations.
Moreover, the stream function ψ is introduced for two dimensional perturbations, and
the small disturbances are assumed to be a sinusoidal travelling wave in Equation 2.9
[68, 11, 21]. The perturbations are also expressed as function of this sinusoidal wave;

u0 =

∂ψ
= ϕ0 (y)ei(αx−ωt) ,
∂y

v0 =

∂ψ
= −iαϕ(y)ei(αx−ωt) ,
∂x

ψ(x, y, t) = ϕ(y)ei(αx−ωt) ,
(2.9)

where ϕ is the amplitude function for a variable ϕ0 , α is the wave number, and ω is the
angular frequency. At this point, a combined quantity c = ω/α = cr + ici is introduced.
The two momentum equations can be expressed as a fourth order ordinary differential
equation (known as the Orr-Sommerfeld equation):
i
(ϕ0000 − 2α2 ϕ00 + α4 ϕ).
(2.10)
αRe
The dashes (0 ) mean differentiation with respect to the dimensionless coordinate
y/δ. Re, here, is the characteristic Reynolds number Re = U eδ/ν, U e is the velocity
at the outer edge of the boundary layer, and δ is the boundary layer thickness. The
(u − c)(ϕ00 − α2 ϕ) − u00 ϕ = −
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boundary conditions for this equation is: at y = 0 and y = ∞, u0 = v 0 = ϕ = ϕ0 = 0.
The stability analysis then becomes an eigenvalue problem with the eigenfunction ϕ
and the eigenvalue c. If the angular frequency, ω, is taken as real and the wave number
α is complex(α = αr + iαi ), using spatial amplification theory, then the stream function
becomes:
ψ = ϕe−αi x ei(αr x−ωt) .

(2.11)

Depending on the frequency, the Reynolds number based on momentum thickness
(Reϑ ) and the shape of the velocity profile can have different values. The stability of
the spatially developing waves is determined from the sign of the amplification rate αi :
• αi < 0 disturbances grow and flow is unstable
• αi = 0 disturbances remain constant and flow is neutral
• αi > 0 disturbances decrease and the flow is stable
The x location on the airfoil where Reϑ is over its critical value is the instability
point, where the amplitude for particular frequencies starts to grow [67]. With the
availability of stability diagrams for streamwise x-locations, the disturbance amplitude
can be computed as a function of these x-locations,
Z x
A
n = ln
=
−αi dx,
(2.12)
A0
x0
where A is the wave amplitude and A0 is the neutral disturbance amplitude at the
beginning of the instability. x0 is the location where the disturbance becomes unstable,
n is the amplification factor, and en is the amplification ratio.
The stability diagram and the amplification factors for various frequencies (f1 , f2 , f3 )
and the envelope is shown in Figure 2.4. A typical frequency curve (f1 ) goes through a
stable region, then to an unstable region crossing the neutral curve, and then returning
to the stable region again. The amplification ratio (A/A0 ) can be determined for a
point x for a given frequency, and by collecting all the frequencies, the N − Rex plot
is obtained (Figure 2.4-bottom). The envelope is created as n is plotted as a function
of x for several frequencies. N is the envelope for all n for discrete frequencies. From
the envelope of these n curves, the maximum amplification factor at any x can be
determined. In the eN method, the amplification for the small disturbances for several
frequencies is calculated and the spectrum of the most amplified ones identified. By the
empirical value of the critical amplification factor (Ncrit ) according to the flow type,
the transition position is detected.
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Figure 2.4: eN method principle: stability curve (top) and N − Rex graph (bottom) (Regenerated from [69]).

2.3

Experimental laminar-turbulent transition detection
methods for wind turbine applications

Laminar-turbulent transition experimental activities on wind turbines are still very
new compared to the research conducted on aerospace applications throughout the
years. Experimental methods used in those applications include measurements using
hot-film sensors [70] [71] [72], pressure transducers [73], and infrared thermography
[74] [75]. Flow visualizations on a flat plate are also used in small scale rotating wind
tunnel experiments [76]. Furthermore, the effects of the atmospheric turbulence on
the boundary layer transition are also studied experimentally. These studies include
discussions on the receptivity and T-S waves with wave packets [77], and indicating
an upstream shift in the transition position with the increasing turbulence [78]. The
inflow turbulence intensities for a rotating machinery or wind turbine rotors are higher
compared to the ones in the wind tunnel tests for airfoils or at cruise conditions for
airplane wings [79].
There have been experiments on boundary layer transition on rotating helicopter
blades [80] in wind tunnels and on the propeller stand including visualization techniques
such as ammonia orifices located at the leading edge, subliming film of acenaphthene
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and use of oil streaks in addition to hot wire anemometers. Experimental research on the
rotational effects on transition and the stability of the boundary layer involves techniques
such as flow visualizations on a rotating channel flow [81]; hot wire experiments on
small scale rotating wind tunnel [82] and on a rotating-disk [83]; and flow visualization
of spinning, curved and yawed surfaces [84].
Knowledge from these experiments on the rotational effects and atmospheric turbulence on transition is significant for wind turbine applications. The wind tunnel
experiments for wind turbine airfoils include methods using infrared thermography [85];
balance system, pressure taps/sensors, a wake rake [86], and high-frequency microphones
[6]. There have been experiments with rotating turbine blades equipped with strain
gauges, pressure sensors, balance system and particle image velocimetry (PIV) [87].
Moreover, oil visualization, flush-mounted unsteady pressure sensors and stethoscope
methods are used in rotating wind turbine and wind turbine blade experiments [88].
The field experiments for laminar-turbulent transition detection are still rare in wind
turbine applications. The experimental analysis conducted in this thesis belongs to
an extensive field experimental campaign, i.e., the DAN-AERO [5] [6] project. In this
project, high-frequency microphones flush-mounted on the surface of the wind turbine
blade section are used for transition detection. In addition to this campaign, there are
few other field experiments in the literature using hot film and pressure tubes [89] [3],
microphones glued on the surface [90], and microphones on the suction side in addition
to the ground based thermographic cameras [91]. Boundary layer experiments on rotors
with hot film and pressure tubes showed the possibility of determining the state of
the boundary layer and the occurrence of T-S type transition with a characteristic
maximum and chordwise increasing level of the energy spectra [89]. The laminarturbulent transition experiment by microphone array and the thermographic images
taken from the ground [91] showed agreement and demonstrated the possibility of
detecting transition with a constant rotational speed. These field experiments on wind
turbine blades for investigating laminar-turbulent transition are listed in Table 2.1.
Table 2.1: The field experiments for laminar-turbulent transition on wind turbine blades.
Year

Blade
length(m)

Reynolds
number (·106 )

Measurement
technique

Reference

1983

12.05

1.5 - 3.5

microphones
glued on surface

[90]

2009

38.8

3 - 5.2

flush-mounted
high-frequency
microphones

[5] [6]

2011

15

1 - 2.5

hot-film
and pressure tubes

[3] [89]

2018

45.3

1-5

microphones and
thermographic cameras

[91]
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These campaigns, irrespectively of their value, also indicate that more field experiments are needed in the characterization of the transition behaviour, and to analyze
inflow turbulence and rotational effects on transition. Furthermore, determination of
the relevant boundary layer T-S wave frequencies and frequency ranges for the inflow
turbulence in real atmospheric conditions are necessary. As modern wind turbines
grow in size and are placed in big wind farms, they are exposed to high Reynolds
number flows and wake affected inflow with high free-stream turbulence levels and
wind shear. Therefore, transition characteristics of a blade in field experiments differ
from the ones tested in controlled 2-D wind tunnel environment [92]. The difference
in design conditions for airfoils and rotors in real operating conditions can result in
inaccurate performance and load predictions. Therefore, this thesis aims to contribute
to the understanding of the transition process and provide a database and analysis for
computational validation and improvements for wind turbine applications.

Chapter 3 |
Methodology
3.1

Introduction

Characterization and testing of wind turbine airfoils are the first steps in the design
process before going through full rotor simulations and experiments. The current
experimental analysis is based on two measurements campaigns as part of the DANAERO project. The first campaign is conducted in a wind farm on a NM80 wind
turbine blade section (LM38.8). The second campaign is conducted in a controlled wind
tunnel environment (LM Glasfiber Low Speed Wind Tunnel) for a NACA 63-418 airfoil,
featuring the same blade section profile. Both analysis are based on the data processing
of the measurements from high-frequency microphones flush-mounted chordwise on the
surface of the model. Numerical predictions are performed with the DTU in-house
EllipSys2D and EllipSys3D Navier-Stokes solvers for airfoil and full rotor simulations,
respectively. This chapter focuses on the details of the numerical calculations and
the experimental data processing. Moreover, it describes the angle and coordinate
conventions and the procedure for calculating the induced velocity and effective angle
of attack on the blade section from the simulation results. Finally, an analysis of the
atmospheric effects on the angle of attack, relative velocity and forces are presented.
This section provides information on the methodology and additional analysis that is
not included in the published papers.

3.2

Laminar-turbulent transition prediction by high frequency microphone measurements

The experimental data used in this thesis is obtained from the DAN-AERO experimental campaign [5] [6] as mentioned earlier. The wind farm in Tjæreborg, Denmark,
which consists of 8 turbines in 2 rows, is shown in Figure 3.1. Moreover, the test
turbine (2 MW NM80 wind turbine with LM-38.8 blade) is also shown in the figure
(circled yellow). The blade section that is 36.8 meters from the hub is equipped with the
pressure taps (circled green) and high-frequency microphones (circled dark pink). On
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the other hand, in Figure 3.2, the model in the wind tunnel is shown with the surface
flush-mounted microphones. The high-frequency microphones are placed chordwise on
the airfoil and blade section on both pressure and suction sides. The microphone placements in the chordwise direction and both the microphone and pressure tap placements
in the spanwise direction can be found in Paper A-Fig.1 and Fig.2, respectively. The

Figure 3.1: Full-scale experiments (left: NM80 Figure 3.2: Wind tunnel experiments
(top: model in wind tunnel;
wind turbine; upper-right: wind farm
lower-left: flush-mounted miin Tjæreborg; lower-right: microphone
crophones; lower-right: highand pressure tap instalment on the
frequency microphone).
blade).

surface pressure fluctuations obtained from high-frequency microphones for both wind
tunnel and field experiments are processed in order to detect the transition. The time
signals and spectrogram of the data, power spectral densities (PSD), chordwise pressure
level changes, standard deviations and first moments of the spectra are investigated.
The PSD versus frequency (f ) at different chordwise locations (x/c, where x is
the distance from the leading edge, and c is the chord length of the airfoil) for the
pressure side of the airfoil at Re = 3 · 106 are presented in Figure 3.3. The transition
process can be observed by a peak in the spectra, indicating the T-S wave frequency.
This is detected by the microphone placed at x/c=0.48 (blue line). This microphone is
under transitional flow. Moreover, the PSD at x/c= 0.54 represents a turbulent spectra
(orange line). The transition location for this case is detected at x/c=0.5.
In order to detect transition from the high-frequency microphone measurements,
two methods are developed:
• Standard deviation method (used for the microphones placed on the blade section
in the field experiments)
In this method, root-mean-square (RMS) values of the pressure fluctuations are obtained by integrating the power spectral density(PSD) in a
particular frequency range (from f1 to f2 );
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Figure 3.3: Power spectral density at various chordwise locations on the pressure side, Re =
3 · 106 , AOA= 0◦ .

2

PRM S =

σ=

Z f2

P SD df,

(3.1)

f1

q

Prms 2 ,

(3.2)

where σ is the standard deviation. Then, using a reference pressure of
Pref = 20 µ Pa; the nondimensional pressure levels (Lp ) are obtained in
decibels (dB);

Lp = 20 · log10 (

Prms
).
Pref

(3.3)

A sudden chordwise increase in these pressure levels indicates the transition
location,

xtr = x → max(

dLp
).
dx

(3.4)
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• First moment of the spectra method (used for the microphones mounted on the
airfoil tested in the wind tunnel)
This method is based on the ratio of the integration of the PSD multiplied
by its corresponding frequency to the integral of the PSD, also in a
particular frequency range;
R f2

fµ =

f1

f · P SD df

R f2
f1

P SD df

.

(3.5)

The highest chordwise derivative of this value (fµ ) is used as an indication
for the transition location;

xtr = x → max(

dfµ
).
dx

(3.6)

The frequency range selection for the integration of the PSD is based on a parametric
study. The contour graphs of the characteristic moments (fµ ) for various integrated
frequency intervals (f1 -f2 ) at Reynolds number 3 million are presented in Figure 3.4.
As a result of this parametric study and considering the observable region of the spectra
and the microphone signal properties, the frequency range of f1 = 2000 Hz to f2 = 7000
Hz is found to be the best range for analysing the transition location. It is also visible
from the Figure 3.4 (lower-right) that, in this frequency range, fµ contours cluster more
precisely. Those regions marked by the arrows indicate the detected transition locations.
The two detection methods are applied simultaneously and the most robust one is
selected according to the flow conditions. The first moment of the spectra method is
used for low turbulence intensity cases in the wind tunnel, as it provides more accurate
detection. Furthermore, the standard deviation method is found to be more robust in
the high turbulence inflow cases and therefore used for the transition detection in the
field measurements. More details on these methods and on frequency range selection
can be found in Paper A-Section 3.2 and Paper D-Section 2.1.
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Figure 3.4: fµ contours at Re = 3 · 106 as a function of the chordwise location (x/c) and the
AOA for the suction side of the airfoil. f1 = 100 Hz, f2 = 500 Hz (upper-left),
f1 = 700 Hz, f2 = 1000 Hz (upper-right), f1 = 1000 Hz, f2 = 3000 Hz (lower-left),
and f1 = 2000 Hz, f2 = 7000 Hz (lower-right).

3.3

Laminar-turbulent transition prediction in EllipSys

The numerical results presented in this thesis are obtained by using the DTU in-house
CFD EllipSys code [7] [8],[9]. EllipSys is a CFD solver for incompressible Navier-Stokes
equations in general curvilinear coordinates by a multi-block finite volume discretization.
The CFD analysis in this thesis is based on RANS and URANS predictions. The k − ω
SST eddy viscosity model [93] is used in order to model turbulence.
The boundary layer transition model used in this thesis is the semi-empirical eN
model [40]. The semi-empirical method is based on the linear-stability theory derived
directly from the governing equations, while the empirical part comes from the fact
that the critical N factor (Ncrit ) used to determine the onset of transition is based on
a correlation with a long row of experiments. The Ncrit value is estimated from the
turbulence intensity by using Mack’s equation [94]:
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Ncrit = −8.43 − 2.4 · ln(T.I.).

(3.7)

Moreover, a bypass transition model is used for simulating high inflow turbulence
cases. The details of the governing equations and principles behind the transition
models in EllipSys3D are extensively described in Article D- Section 3.1.

3.3.1

EllipSys2D

In EllipSys2D simulations, the Quadratic Upstream Interpolation for Convective
Kinematics (QUICK) algorithm is used for the convective terms. The Semi-Implicit
Method for Pressure-Linked Equations (SIMPLE) is used to enforce the pressure/velocity
coupling. The code is parallelized by a multi-block structure grid. In this way, the
problem was distributed across multiple processors, and communication between them
is handled by Message-Passing-Interface (MPI) libraries.
Computational grid on the airfoil
The computational mesh around the NACA 63-418 airfoil is generated with the
2-D HypGrid2D mesh generator [95]. The airfoil used in the 2-D analysis is not the
theoretical shape. Rather, it is the actual measured contour in the field experiments. The
mesh is presented in Figure 3.5. The domain has approximately 45 chords radius. The
number of cells around the airfoil is 512 and there are 256 cells in the normal direction.
The first cell height is selected as 1.5.10−6 ensuring a y + value (the non-dimensional
distance between the wall and the first mesh node) of less than 1.

Figure 3.5: The CFD mesh around the airfoil.

3.3.2

EllipSys3D

The full rotor simulations are performed with EllipSys3D. The unsteady solutions
are performed by advancing in time using a second order iterative time-stepping method.
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At each global time-step, a two-step procedure is applied by first using the momentum
equations to advance in time and by using a pressure correction equation to ensure
that the flow field satisfies the continuity constraint. This two-step procedure happens
in a single sub iteration. Four sub-iterations are used in the current work. As the
convergent solution is reached for the time-step by repeating this process, variables
are updated in order to advance to the ensuing time-step. Pressure-velocity coupling
is done by SIMPLE/PISO (Pressure Implicit with Splitting of Operators) algorithms.
A third order QUICK upwind scheme is used for the convective terms. The transient
computations are performed with 1200 steps per revolution.
Computational grid on the rotor
The computational mesh used in the rotor simulations can be seen in Figure 3.6,
showing a mesh slice at 36.8 meter radius, the surface mesh on one of the blades and
the outer domain boundary. In EllipSys3D, grid sequencing and multigrid are used.
This relies on a series of coarsening of grids generated by successively removing every
other point in all three curvilinear directions. The finest grid level is called ’grid level 1’
in the EllipSys notation and the coarsened one is ’grid level 2’, and the next coarsest
grid level is the ’grid level 3’.
The surface mesh on the rotor presented in the Figure 3.6 is shown on a grid level 3
in order to have a more comprehensible presentation. The far-field boundary is located
approximately 10 rotor diameters away from the rotor in all directions. The grid consists
of 256 cells in the chordwise and 128 cells in the spanwise and normal directions. in
total, the mesh consists of approximately 14 million grid cells.

Figure 3.6: The mesh around the blade section (top-left), the blade surface mesh (middle),
and the outer domain (bottom-right).
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The solution starts from the coarsest grid (grid level 3). As the convergence criterion
is reached for each sub-iteration and the stated number of outer iterations are completed,
the coarse mesh solution is interpolated to the next grid level (grid level 2) where the
solution is continued. The procedure ends as the convergence criterion for the subiterations and the number of outer iterations for the finest mesh (grid level 1) is
reached.

3.4
3.4.1

Test cases and angle of attack calculations
Angle definitions

The EllipSys3D global coordinates (xEllipSys − zEllipSys ) are transformed into local
blade section coordinates (xlocal − ylocal ) in order to compare the results with the field
experiments. The blade section profile (36.8 m from the hub) is presented in Figure 3.7.
The section profile has a pitch angle of −4.75◦ and twist angle of 0.15◦ . ϑ is the sum
of the pitch and twist angles. α is the effective angle of attack and Vrel is the relative
velocity.

ylocal

zEllipSys

xlocal

xEllipSys

V rel

Figure 3.7: The angle and coordinate definitions.

3.4.2

Induced velocity and angle of attack calculation

The effective local angle of attack along the blade span is determined by the annular
averaging method [96]. In the present work, the annular averaging is performed using
the Fieldview software [97], and the axial averaged velocity is computed at several
upstream and downstream locations. The averaging process of the axial velocity (w) at
several upstream and downstream locations are shown in Figure 3.8.
The axial induced velocity at the rotor plane (z = z0 ) is found by the Lagrangian
polynomial interpolation of these velocities as in Equation 3.8, here the f (z) function is
the averaged axial velocity at location z,
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Figure 3.8: Annular disks coloured by the magnitude of the axial velocity (w), at several
upstream and downstream locations of the rotor. The average value of these disks
are used in the computations.
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The effective local flow angle, α, is found from this induced velocity Vind by Equation
3.9, where ϑ is the combined pitch and twist angle, ω is the angular velocity and R is
the distance between the hub and the tested section on the blade,
−1

α = tan

3.4.3



Vind
− ϑ.
ω·R


(3.9)

Test cases

The test cases analyzed in this work are presented in Table 3.1. It should be noted
that pitch is defined positive towards lower angles (nose down). Moreover, leading edge
roughness (LER) elements are applied only on the suction side of the NACA 63-418
airfoil.

3.5. Analysis for the atmospheric effects on the angle of attack, relative velocity
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Table 3.1: The experimental data analyzed in the current work and the test cases for the
simulations.
Wind tunnel experiments
Reynolds number
AOA
LER
Turbulence grid

1.6 ·106 , 3 ·106 , 4 ·106 , 5 ·106 , 6 ·106
-15 to 16 degrees
clean, zigzag tape (0.4 mm at 1% x/c)
bump tape (0.1 mm at 2% x/c)
no grid, grid (100 x 100 mm mesh size)
Field experiments

Pitch setting (◦ )
-1.25
-4.75

Free-stream
velocity (m/s)
6, 6.3, 6.8, 7
6.3, 6.8, 7.2, 8

T.I.

Wake cases

2.8%, 3.8%
2.8%, 6.3%

no-wake and 2.8-10 % wake
9-48 % and 69-84 % wake

XFOIL simulations
Reynolds number
AOA
LER
Ncrit

1.6 ·106 , 3 ·106 , 4 ·106 , 5 ·106 , 6 ·106
-15 to 16 degrees
trip at 1% x/c, and 2% x/c
0.2, 0.3, 1, 2, 3, 8
EllipSys2D simulations

Reynolds number
AOA
Ncrit

3 ·106 , 5 ·106
-15 to 16 degrees
0.15, 3, 7, 8
EllipSys3D simulations

Pitch setting (◦ )
-1.25
-4.75

3.5

Free-stream
velocity (m/s)
6, 6.3, 6.8, 7
5, 6.3, 6.8, 7.2, 8

T.I.
(bypass transition)
2.8%, 3.8%
2.8%, 6.3%

Ncrit
(natural transition)
0.15, 3, 7
0.15, 3, 7

Analysis for the atmospheric effects on the angle of
attack, relative velocity and forces

Contrary to the controlled wind tunnel experiments, the atmospheric flow in the
field experiments introduces many parameters that affect the performance and loading
of the wind turbines. It is not easy to distinguish the influences of the inflow turbulence,
wake effected inflow, wind shear, tilt angle (the angle between the rotor shaft and the
horizontal axis) or yaw angle (misalignment between the incoming flow and the rotor
axis) on the effective angle of attack, relative velocity and forces. Therefore, in addition
to the experiments and EllipSys3D analysis presented in Paper D, in order to investigate
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the atmospheric effects on the boundary layer transition on a wind turbine blade section,
HAWC2 (Horizontal Axis Wind turbine simulation Code 2nd generation) analysis are
also performed. An aero-elastic model of the NM80 turbine is used in the simulations.
The outcomes from this analysis contribute to the discussion in Papers C and D. The tilt
and the yaw angle influence on relative velocity (Vrel ) and AOA are discussed in Paper
D. Considering the current measurements, the tilt and the yaw effects are negligible.
Moreover, the measurements from the meteorological mast chosen for the analysis
represent a low shear case, so its influence on AOA and Vrel is negligible for the current
analysis. Therefore, the effect of the wake from an upstream turbine in the wind farm
becomes one of the key parameters that affect the transitional behaviour. Two different
wake cases from the experiments that correspond to the 270◦ azimuthal location are
simulated and the results are presented in Figure 3.9. The standard deviations are
shown as a shadow around the averaged lines. It can be seen that an increase in the
wake affected rotor area from 9% to 48% creates a significant difference in the forces
and AOA. These results can be linked to Article D-Figure 6, which can explain the
movement of the transition points close to the leading edge on the pressure side at the
azimuthal angles that correspond to the wake region. At these instances, a bypass type
transition behaviour is observed.
azimuth angles:
◦

0

◦

◦

90

270

◦

180

0
rotor view

top view
wake shadow

wake shadow

rotor view

top view

test turbine
rotor disk
shadow of
the
upstream
turbine

Figure 3.9: The relative velocity (Vrel), sectional forces (Fy and Fx ), and AOA as a function
of the azimuth angle: (left) 9% wake shadow from an upstream turbine at w=7.2
m/s; (right) 48% wake shadow at w=8 m/s .

Chapter 4 |
Summary of the results and concluding
remarks
This chapter introduces Part II of the thesis that consists of four scientific papers.
The key results from these papers are summarized in this chapter. The papers can
be categorized under two main headings: laminar-turbulent transition characteristics
in wind tunnel conditions and laminar-turbulent transition characteristics for wind
turbines in atmospheric conditions. The categorization and the titles of the papers are
presented in Figure 4.1. Furthermore, the findings that answer the research questions
are summarized in this chapter and Part I of the thesis is concluded by providing future
work suggestions.

Figure 4.1: Overview of the scientific articles.
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4.1
4.1.1

4.1. Summary of the results

Summary of the results
Laminar-turbulent transition characteristics in wind tunnel conditions

Paper A - Laminar-turbulent transition detection on airfoils by highfrequency microphone measurements
Özçakmak, Ö.S., Sørensen, N. N., Madsen, H. A., and Sørensen, J. N. (2019). Laminarturbulent transition detection on airfoils by high-frequency microphone measurements. Wind
Energy, 22(10): 1356-1370. doi: 10.1002/we.2361.

In this paper, results from wind tunnel experiments are presented and the transition
detection methods based on high-frequency microphone measurements are introduced.
The experimental set-up and the test cases are explained. The background noise from
the microphones are analyzed in order to identify distinctive peaks in the spectra. Time
series and spectrogram analysis are performed in order to investigate the transition
location. It is seen that the pressure levels (in decibels) exhibit a peak at transition
and this value decreases slightly in the fully turbulent flow, being always higher than
the pressure levels seen in laminar flow. For wind tunnel conditions, the characteristic
frequency approach by spectral moments is found to be a more robust method compared
to the standard deviation method given that the the inflow turbulence levels are low. It
is seen that the transition location results from the experiments, EllipSys2D simulations,
and XFOIL [98] computations are in agreement on the pressure side. On the suction side,
however, due to the surface irregularities and microphone placements, a sudden jump in
the transition location is observed in the experiments, which is not seen in the numerical
analysis. Furthermore, the Tollmien-Schlichting wave frequencies are determined from
the experiments and by combining these results with the numerical analysis, an empirical
relation (non-dimensional frequency as a function of displacement thickness Reynolds
number) is obtained for Reynolds numbers of 3, 4, 5, and 6 million. The wind tunnel
experiments showed that the most common curve length of the transition process, from
laminar to a fully turbulent state, is around 15% to 20% of the chord [99]. Besides, it
can vary from 0% to 30% of the chord. It is also seen that, increasing the Reynolds
number leads to a transition position closer to the leading edge on both suction and
pressure sides of the airfoil.

Paper B - Inflow turbulence and leading edge roughness effects on laminarturbulent transition on NACA 63-418 airfoil
Özçakmak, Ö.S., Madsen, H. A., Sørensen, N. N., Sørensen, J. N., Fischer, A., and Bak, C.
(2018). Inflow turbulence and leading edge roughness effects on laminar-turbulent transition
on NACA 63-418 airfoil. In Journal of Physics: Conference Series (Vol. 1037, No. 2,
p. 022005). IOP Publishing. doi: 10.1088/1742-6596/1037/2/022005.
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The surface imperfections and the inflow turbulence result in noticeable deviations
from the predicted performance of the wind turbines. In turn, this also leads to changes
in the energy yield. In this paper, inflow turbulence and leading edge roughness effects
on laminar-turbulent transition using the data from the wind tunnel experiments is
investigated. Data from the DAN-AERO wind tunnel measurements with a turbulence
grid and boundary layer control devices (bump tape and a zigzag tape) on the surface
are analyzed. The same transition detection method is used as in Paper A using
high-frequency microphone data. It is seen that the roughness effects become more
severe with increasing free stream velocity. The bump tape does not affect the laminar
to turbulent boundary layer transition since the normalized roughness height is below
the critical roughness height for this airfoil in the range of 1.6 to 6 million Reynolds
number [100]. The zigzag tape, on the other hand, triggers transition in the cases
where the stagnation point is upstream of the roughness element at a given angle of
attack. Therefore, the leading edge roughness (LER) element needs to exceed the
critical height in order to trigger bypass transition to turbulent flow, on the condition
that the stagnation point is located upstream of the roughness element. In that case,
the transition location becomes independent of the Reynolds number. It is seen that
detection of the transition location is not easy for high inflow turbulence cases, generated
by a turbulence grid in the wind tunnel as wind tunnel noise becomes very dominant,
especially for the leading edge microphones. Nevertheless, it is still manageable to
observe that the inflow turbulence moves the transition position closer to the leading
edge. Moreover, inflow turbulence is observed to have a larger effect on the transition
location than the one predicted by the numerical calculations. It is also noticeable
that for high inflow turbulence experiments, care should be taken when placing the
microphones in order to reduce interaction and the occurrence of the turbulent wedges.
This might occur due to the instabilities caused by high Reynolds number or inflow
turbulence.

4.1.2

Laminar-turbulent transition characteristics for wind turbines
in atmospheric conditions

Paper C - Transition characteristics measured on a 2MW 80m diameter
wind turbine rotor in comparison with transition data from wind tunnel
measurements
Madsen, H. A., Özçakmak, Ö.S., Bak, C., Troldborg, N., Sørensen, N. N., and Sørensen, J.
N. (2019). Transition characteristics measured on a 2MW 80m diameter wind turbine rotor
in comparison with transition data from wind tunnel measurements. In AIAA Scitech
2019 Forum(p. 0801). doi:10.2514/6.2019-0801.

While laminar-turbulent transition prediction on wind turbine blades, exposed to a
uniform and steady inflow, is already challenging; atmospheric inflow in a wind farm
adds a new level of complexity to this problem. This paper aims to analyze the influence
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of the atmospheric turbulence on laminar to turbulent transition on the LM38.8 blade
of the 2MW NM80 wind turbine placed in a small wind farm. The experiments are
part of the DAN-AERO project, and the same set-up of high-frequency microphones
on the blade section is used as in the wind tunnel experiments (Paper A and B). The
inflow turbulence is correlated with the transition data by using one of the microphones
located in close proximity of the leading edge of the blade section, which is still in the
laminar boundary layer. The inflow turbulence is characterized by integrating the power
spectral density from 100 to 300 Hz. Comparison of the 2-D and 3-D experiments has
shown that earlier transition is observed on the pressure side for the 3-D measurements.
However, since the transition positions are detected in close proximity of the leading
edge for the suction side, the difference is not as visible as on the pressure side. Finally,
the data is binned by the effective angle of attack on the blade. In this way, a direct
correlation between the inflow turbulence and the detected transition points could be
established. It is seen that the transition location moves closer to the leading edge as
the inflow turbulence increases.

Paper D - Laminar-turbulent transition characteristics of a 3-D wind
turbine rotor blade based on experiments and computations
Özçakmak, Ö.S., Madsen, H. A., Sørensen, N. N., Sørensen, J. N. (2020). Laminar-turbulent
transition characteristics of a 3-d wind turbine rotor blade based on experiments and computations. Wind Energy Science Discussions, 2020:1-29. doi: 10.5194/wes-2020-54.

In this paper, the analysis of the field experiments and the results from the 3-D
CFD simulations are presented in order to characterize the laminar-turbulent transition
behaviour of a wind turbine under real atmospheric conditions [4]. The same methodology for transition detection and the inflow characterization is used as in the previous
papers. EllipSys3D simulations are performed for several free-stream velocities (5 to 8.5
m/s) considering the velocities in the atmospheric boundary layer that the turbine blade
section is exposed to at different azimuthal angles. Moreover, different amplification
ratios (N=0.15 to 7) for the natural transition model, and turbulence intensities (T.I.
=2.8% to 6.8%) for the bypass transition model are simulated. In this way, the inflow
scenarios seen in the experiments are embodied by these distinct simulations. It is
seen that, at the azimuthal positions where the turbine is under the wake of another
turbine and exposed to high inflow turbulence, the experimental results match with
the bypass transition model results. Furthermore, the sectional normal forces are also
compared to show that the field experiments and the 3-D simulations are comparable.
The results for the cases under wake and no-wake conditions are also compared. It is
seen that for the cases where the area of the rotor influenced by the wake is larger, the
fluctuations of the transition position happens along 44% of the chord on the pressure
side during a single revolution. On the other hand, for the cases where the area of the
rotor influenced by the wake is small and for the low angle of attack values, this value
drops to 5% along the chord. On the suction side, however, it is not easy to reach a
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conclusion as the transition positions are in very close proximity of the leading edge
(within x/c = 1 − 13%). Moreover, the pressure coefficient plots generated from pressure
tap measurements indicate surface bumps on the suction side, which might be one of
the factors affecting transition. Thereafter, the effect of the angle of attack is analyzed
by selecting two cases with similar inflow conditions but different pitch settings. It is
observed that, on the pressure side, at low pitch angle (low AOA) case, the transition
position is not affected by the variations during a single revolution as much as in the
high pitch (high AOA) case. Results from the EllipSys2D simulations and 2-D wind
tunnel measurements are also included for a comparison of the transition positions
in 3-D conditions. A significant difference is observed between wind tunnel and field
experiments on the pressure side due to inflow turbulence and the wake from another
turbine. These factors influence the relative velocity and AOA and are also observed to
have a direct effect on transition. It is seen that, for high Reynolds number flows (Re=5
million, in this case) in real atmospheric conditions, the eN semi-empirical transition
model and bypass transition model in EllipSys3D can be used by applying various inflow
scenarios separately to contain the whole range of atmospheric occurrences.

4.2

Concluding remarks and future work

Part I of the thesis serves to provide a general understanding of the theory of
laminar-turbulent transition and the motivation behind the research. It introduces the
transition models used in this research and gives a literature overview of the theoretical,
experimental and numerical studies. Moreover, details on the methodology used in the
experiments and computations are further elaborated on this part. This is done to
expand on the details and analysis provided in the papers. Part I of the thesis concludes
with a summary of all four papers. Part II of the thesis follows an order that develops
and carries the methodology from characterizing laminar-turbulent transition behaviour
of an airfoil to a wind turbine rotor blade. Many factors are discussed and unique
methods and relations are generated on the way.
The outcomes from this work allow for answering the research questions, which were
introduced in the first chapter, in chronological order by the following remarks:
• It is seen that, from the standard deviation and the first moment of the power
spectral density of the pressure fluctuations obtained from the high-frequency microphones, the transition location on the airfoil/blade section can be detected
accurately. At high turbulence intensity (T.I.) cases, the difference in the magnitudes of the laminar energy spectra and the turbulent one is significantly low, so it
is harder to detect transition especially with the first moment of the spectra (fm )
method. This is due to the fact that, in this method, the spectra are multiplied by
the frequency and divided by the standard deviation. Therefore, for very high T.I.
cases, the standard deviation method (Lp); and for low T.I. cases, the fm method
is found to be most robust for the detection of the transition location.
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• It is demonstrated that it is possible to identify the T-S wave frequencies that lead
to transition from the high-frequency microphone experiments conducted in the
wind tunnel. These related frequencies identified for the Reynolds numbers of 3, 4,
5, and 6 million for the angle of attack values from -6 to +6 degrees. The range of
these frequencies is found to be between 1400-10900 Hz depending on the Reynolds
number and AOA. An empirical relation that represents a neutral stability curve
for a NACA 63-418 airfoil is obtained for the Reynolds numbers from 3 to 6
million. This is achieved by combining T-S wave frequency information from the
experimental data and the edge velocities from the simulations.
• It is seen from the wind tunnel experiments that when the leading edge roughness
height is less than the critical roughness height, bypass type transition is not
triggered and the transition point moves closer to the leading edge with increasing
Reynolds number for a given AOA. On the other hand, when the roughness element
height exceeds this critical value, in the condition that it is located downstream
of the stagnation point, then the transition occurs by the bypass mechanism. In
this case, changes in Reynolds number does not affect the transition. Furthermore,
it is observed that for high inflow turbulence in the wind tunnel, detecting the
transition location is not easy due to high wind tunnel noise, particularly for the
microphones close to the leading edge. Still, it is possible to identify that the
transition location moves closer to leading edge with the increased turbulence levels
in the wind tunnel.
• Comparison of the detected transition positions from the wind tunnel and the field
experiments showed a significant difference during a single revolution, especially
on the pressure side. Moreover, due to the partial wake of another turbine, the
transition position varies significantly when the blade passes in and out of the wake
region during one revolution. On the suction side, however, detected transition
locations from the experiments are found to be closer to the ones predicted by the
simulations. This is due to the fact that the transition process is already occurring
on the first 15 % of the chord for the selected cases. In the current analysis tilt
and yaw angle effects and the influence of the wind shear were not prominent.
However, in another set-up and atmospheric conditions, these factors can also
be significant. In this analysis, it is seen that the most prominent influencing
factors on transition location are the angle of attack and the inflow turbulence,
that causes a different transition behaviour than the one seen in the wind tunnel
conditions for the same profile. This leads to different design conditions for wind
turbine rotors and airfoils, which in turn may cause inaccurate predictions.
• Integrating the spectra of the pressure fluctuations obtained from the high-frequency
microphones at low frequency boundaries, the inflow turbulence from the field
experiments is characterized by the microphones close to the leading edge. This
inflow turbulence data and detected transition positions are binned according to
AOA values. This analysis showed that as the inflow turbulence increases, the
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transition point moves closer to the leading edge on the pressure side. Therefore,
inflow turbulence is observed to have a direct effect on transition in addition to its
indirect effect by changing the effective angle of attack on the blade section.
• Several numerical simulations that feature various inflow velocity and turbulence
intensity values are conducted with the EllipSys3D CFD solver by using both
natural and bypass transition models. The sectional force comparisons showed that
simulations and the experiments are comparable. Moreover, transition location
detected for the high inflow turbulence cases from the field experiments (wake
affected areas) shows an agreement with the results from the simulations obtained by
the bypass transition model. On the other hand, the natural transition simulation
results matches with the low turbulence intensity cases from the experiments.
Therefore, it can be concluded that for high Reynolds number flows, the eN model
and bypass transition model in Ellipys3D are able to simulate the transition
behaviour of a wind turbine. However, this necessitates that several simulations
are conducted to involve all the varying inflow conditions during one revolution in
the real atmospheric conditions.

Overall, it can be pointed out that the differences in the transition behaviour between
wind tunnel environment and real atmospheric conditions are a major challenge in
the area. Since it is not easy to control high turbulence in the wake region and
handling a varying N factor or T.I. in a single simulation, several inflow scenarios
are simulated separately in EllipSys3D. Future studies can be focused on more inflow
characterization in the simulations in order to meet real inflow conditions from the
experiments. Furthermore, a more detailed inflow characterization is also needed
in the field experiments by high sampling frequency instruments. This would allow
for more precise detection of the relevant frequencies that lead to transition in the
boundary layer. Besides, measurements for laminar-turbulent boundary layer transition
characterization of airfoils equipped with high-frequency microphones can be conducted
in an aeroacoustic wind tunnel, especially for testing high inflow turbulence conditions.
In this way, the data is not interrupted by the background noise and the wind tunnel
related noise peaks in the spectra. In addition to the high-frequency microphones,
infrared thermography measurements can be simultaneously performed in order to
visualize the flow and to have an additional dataset for comparison. Furthermore,
rotating test rig experiments (where rotor is replaced by an elastic beam, on the outer
part of which the desired blade shape can be placed for tests) can also be conducted
as they provide easy instrumentation and practical tests. This method also fills the
gap between wind tunnel and full-scale experiments. Thereby, these advanced testing
methodologies and refined numerical simulations can further the laminar-turbulent
boundary layer predictions and in turn contribute to the aerodynamic prediction and
design of wind turbine blades.
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Abstract

In the present work, various data processing methods for laminar to turbulent transition detection

on airfoils are assessed based on experimental data. For this purpose, NACA 63-418 airfoil profile

with surface microphones flush mounted both on the suction and the pressure side is used in the
wind tunnel experiments. Reynolds numbers are changed in the range from 1.6 · 106 to 6 · 106

for various angles of attack. In this way, the transition behaviour of the airfoil is characterized.

Time signals and spectrogram of the data, chordwise pressure level changes, and first moments
are investigated. Standard deviations of pressure are observed to exhibit a peak at transition and
slightly decreases for the fully turbulent flow staying always higher than the laminar flow. The

most robust method to detect the transition location is found to be the characteristic frequency

approach by spectral moments provided that the inflow turbulence is low. The numerical results
are in agreement with experimental results on the pressure side where natural transition occurs.

However, the transition due to surface irregularity and microphone placement occurs on the

suction side. This cannot be predicted by the numerical tools. The Tollmien-Schlichting wave

frequencies and neutral curve points are determined from the experiments. The analysis shows
that the most common curve length of the transition process is around 15% to 20%, and it can

vary between 0% to 30 % of the chord. Increasing the Reynolds number leads to an earlier
transition position closer to leading edge at both upper and lower surfaces.

KEYWORDS

boundary layer, laminar-turbulent transition, transition detection, wind tunnel experiments, wind
turbine airfoil

1

INTRODUCTION

As the size of modern wind turbines is steadily growing, high Reynolds number experimental data for the wind turbine airfoils and blades are
needed for verification and improvement of the aerodynamic prediction tools in the design process. In order to contribute to the development of
the airfoil design and to accurately predict airfoil characteristics, the determination of the laminar-turbulent transition point is very important.1

Power curves, which are the indication of the electrical power output at different incoming wind speeds, are highly affected by the lift to drag
ratio of the aerodynamic profiles of wind turbines. However, the maximum lift coefficient must be limited due to structural load constraints,

which makes drag force one of the major parameters to be studied.2 Skin friction drag of a laminar boundary layer is significantly lower than
that of a turbulent boundary layer. Therefore, by the detection of the transition location from laminar to turbulent flow, it is possible to have an
improved frictional drag estimation. Moreover, transition location control mechanisms can be applied to obtain higher lift to drag ratio airfoils.

It was hypothesized by Reynolds that the transition is a result of instabilities in the laminar flow, which was further developed by Rayleigh.3

On a given body, starting from a laminar flow, the transition process is characterized by three successive steps of receptivity, linear instability,

and non-linear instability, which ultimately leads to turbulent flow.4 In the receptivity region, disturbances like Tollmien-Schlichting (T-S)

waves, crossflow perturbations, and streaks can be triggered inside the laminar boundary layer by free stream turbulence, pressure velocity
Wind Energy. 2019;1–15.
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fluctuations, surface roughness and irregularities, etc. In the second step, the unstable waves described by linear stability theory go through a
linear amplification.5 As the amplitude grows and the unstable waves reach to a finite amplitude, non-linear interactions in the form of secondary
instabilities are seen at the third step of the transition process.6 Disturbance growth becomes very rapid in this step resulting in turbulence.

Later, these theories were extended by including the effect of other parameters on the transition (pressure gradient, suction, Mach number, heat
transfer) by using the stability theory of the boundary layer.7 On the other hand, in many other cases, where there are flow disturbances such as

high free stream turbulence and large surface roughness and irregularities, the transition can occur in the absence of T-S waves. In those cases,

the flow does not go through a gradual process. The growth of two dimensional waves and their secondary instability are bypassed and the
disturbances develop directly into turbulence.8,9 This transition process is called "bypass transition" by Morkovin.10

For many years, experimental studies have been devoted to laminar-turbulent transition, to understand in detail the transition process and to

generate transition detection databases for computational validations and improvements. Some of the most common experimental methods are

using pressure transducers,11 hot film sensors,12-14 and infrared thermography.15,16 Although there are many experiments conducted in literature

for detection of the laminar-turbulent transition in aircraft applications, research on wind turbine blades are comparably rare. There is a need for
characterization of transition on wind turbine blades for high Reynolds number flows.

Large experimental datasets obtained from the DAN-AERO Experiments17-19 are processed, and a database based on these measurements is

generated. The transition from laminar to turbulent flow is noticeable by a great increase in the boundary layer thickness, the wall shear stress,

wall heat flux, and the fluctuations of the wall static pressure.7 Therefore, pressure fluctuations on the airfoil surface were measured by surface

flush-mounted microphones that have a high-frequency response. Having sufficient amount of microphones along the chord, an autonomous
data processing method to detect transition is built. Time data and power spectral density (PSD) analysis are performed for surface pressure

readings from microphones in order to detect the transition location on the airfoil. Pressure levels (Lps) and moment of the spectra are analysed
for various Reynolds numbers and angle of attack (AOA) values. The growth of the initial disturbances and transition locations are presented.

2

EXPERIMENTAL PROCEDURE AND SET-UP

The wind tunnel experiments were conducted on a 2-D wing model equipped with surface flush-mounted microphones in order to investigate the

correlation between boundary layer transition and surface pressure spectra. Although NACA 4 and 5 series are not preferred anymore by the wind

turbine industry due to airfoils' sensitivity to roughness, NACA 63 and 64 six-digit series are still in use in wind turbine blades.20 The NACA 63-418
airfoil profile was used in the wind turbine industry due to its smooth stall characteristics and its relatively high insensitivity of the maximum

lift to leading edge roughness with good structural characteristics.18 The airfoil used in the experiments is manufactured identically to the most
outward section (37 meters far from the hub) of the LM 38.8 blade of the NM80 wind turbine and has therefore the same surface irregularities as
the full scale blade. The chord of the manufactured model is 0.9 m. The theoretical NACA 63-418 airfoil profile and the contour measured on the

experimental model with microphone placement are shown in Figure 1. Pressure taps are also installed on the model. The spanwise distribution

of the microphones and the pressure taps for the 3-D blade are presented at Figure 2. The same distribution is applied to the wind tunnel model
by scaling down the chord from 1.2 to 0.9 m and shifting some of the leading edge microphones in spanwise direction during installation.

Excluding the broken sensors, 35 high-frequency microphones on the suction side and 21 on the pressure side are used for the analysis. The

microphones have a diameter of around 4 mm and are installed about 1 mm below the surface of the airfoil via pinhole. The pinhole has a
diameter of 1 mm, which is the effective wetted measurement area. The NM80 wind turbine, the manufactured wing model, and the installed
microphones are shown in Figure 3. As it can be seen from the figure, microphones are also distributed in the spanwise direction in order to
reduce disturbances from upstream microphones.

0.1
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FIGURE 1 NACA 63-418 theoretical and experimental airfoil profiles
with microphone placements [Colour figure can be viewed at
wileyonlinelibrary.com]
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FIGURE 2 Spanwise distribution of the microphones and pressure
taps on the lower and the upper surfaces [Colour figure can be viewed
at wileyonlinelibrary.com]

FIGURE 3 NM-80 wind turbine, surface flush-mounted microphones,
and 2-D model in the wind tunnel [Colour figure can be viewed at
wileyonlinelibrary.com]

Transition is highly affected by the pressure gradients, therefore in addition to the surface microphones, surface pressure measurements were

also conducted simultaneously by the pressure holes placed at a slightly different spanwise position on the same model at both suction and

pressure sides. Therefore, in addition to the pressure fluctuations measured by high-frequency response microphones, the pressure coefficient (Cp )
distributions on the surface are obtained by processing the data from the pressure taps. The pressure tap data is acquired at 5 Hz for 50 seconds.

The experiments were conducted at the LM Glasfiber Low Speed Wind Tunnel, which has a test section width of 1.35 m, a height of 2.70 m, and

a length of 7 m.21 The turbulence intensity (T.I.; root mean square of the velocity fluctuations divided by the mean velocity) of the LM wind tunnel

is around 0.1 % which plays an important role for the inflow conditions and for choosing the amplification factor (N) for the numerical calculations.

The estimation of the Ntr (the amplification factor at transition) by the envelope method may result in a slightly less value than the one calculated

by the eN method.22 Therefore, several Ntr values (4, 5, 6, 7, 8, and 9, which corresponds to T.I. values of 0.563% 0.371%, 0.245%, 0.161%, 0.106%,
and 0.070%, respectively) are chosen for comparison. Mack's relation23 in Equation 1 is used to relate the T.I. values to the N factors at transition.
Ntr = −8.43 − 2.4 · ln(T.I.).

(1)

Experiments were conducted at the Reynolds numbers (Re) of typical operating conditions of horizontal axis wind turbines ( 1.6 · 106 , 3 · 106 ,

4 · 106 , 5 · 106 , and 6 · 106 ). The AOA values were varied from -15◦ to 16◦ with 1◦ increments. Furthermore, the increments were decreased by

half between -3◦ to 5◦ . The data were sampled at 50 000 Hz for 10 seconds for each test case.
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3

EXPERIMENTAL DATA ANALYSIS

The time series of the pressure fluctuations obtained from the microphones are examined by time and frequency analysis of different statistical
quantities in order to investigate the transition characteristics of the NACA 63-418 airfoil and establish a robust method for transition detection.

Time signals are analysed in the frequency domain by fast Fourier transform (FFT). The power spectra of the pressure fluctuations are calculated
by the Welch's24 PSD estimate algorithm of MATLAB. A parametric study is performed for different data segment lengths. The number of discrete

Fourier transform (DFT) points (nfft ) is selected as 2048. Thus, the window size is 2048, which has a frequency resolution of 24 Hz. Moreover,

50% overlapping is applied. The resultant PSD has a size of nfft ∕2 + 1 = 1025, and it is one-sided and doubled in magnitude. This configuration

keeps the peaks and provides smooth spectra.

The spectrogram analyses are also performed by dividing data length (L) into k columns, which is determined by the following equation:
k = (L − Noverlap )∕(W − Noverlap ).

(2)

The number of overlapped samples (Noverlap ) for spectrogram analysis is 1024 and the window size (W) is 2048, resulting in k= 487 columns. In

this way, PSD of each 0.0205 seconds of the 10 seconds data is created for each microphone.

3.1

Background noise and calibration

Background noise from the wind tunnel was captured by a microphone which was placed outside the tunnel. It can be seen from Figure 4 that
the laminar spectra at x/c= 0.12, 0.32, and 0.54 exhibit peaks equal to the background noise peaks and their harmonics. These laminar spectra of

the pressure fluctuations have a higher magnitude at lower frequencies. On the other hand, turbulent spectra, observed at x/c=0.81 in Figure 4,
has a higher magnitude at higher frequencies.

The coherence between the microphone at x/c = 0.54 at the pressure side and the background microphone is analysed for AOA = 6◦ and

Re = 3 · 106 and the results are presented in Figure 5. The magnitude squared coherence (Cxy ) between these microphones is calculated from the

power spectral densities (Pxx (f) and Pyy (f)) and the cross PSD (Pxy (f)) as follows:
Cxy ( f) =

|Pxy ( f)|2
.
Pxx ( f) · Pyy ( f)

(3)

Here, the x letter denotes the microphone at x/c = 0.54 at the pressure side, and the y letter indicates the background microphone. The

surface microphone under laminar flow conditions is selected for comparison since the noise peaks are more apparent in this spectra. The wind

tunnel main noise peak is observed at 1647.9 Hz. This peak is due to the wind tunnel fan and it moves to higher frequencies as the wind tunnel
velocity is increased due to the increased rotational speed of the fan. This can be seen from the PSD for Reynolds numbers from 1.6 to 6 million
for x/c = 0.54 at AOA = 6◦ in Figure 6. Moreover, it is observed that for the AOAs higher than 12◦ , a peak appears in the spectra as a result of
the stall conditions. At the stall conditions, energy in the low-frequency region increases due to the irregularities in the flow and vortices.

The microphone with the flushing adaptor house design is chosen for minimizing surface disturbances and the measurement area. The final

installed microphones on the model were not calibrated individually. However, a comprehensive calibration, investigating different parameters,

was done by Brüel and Kjær (B &K) on three randomly picked microphones installed in the same type of adaptors. The measurement error plots

FIGURE 4 Spectra of the selected chordwise positions on the lower
surface and of the background microphone, Re = 3 · 106 at AOA = 6◦
[Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 5 Coherence analysis for the microphone at x/c= 0.54
on lower surface, Re = 3 · 106 , AOA = 6◦ [Colour figure can be viewed
at wileyonlinelibrary.com]

PSD at x/c=0.54 on lower surface at AOA = 6◦ for various
Reynolds Numbers [Colour figure can be viewed at
wileyonlinelibrary.com]
FIGURE 6

indicate an amplification peak of around 4 dB just above 10 kHz, where around half of this amplification is due to the flushing adaptor. Another
important result was that the deviation between three randomly picked microphones, and each one of them mounted, measured, and dismounted

three times showed a maximum deviation in an amplitude of less than 1 dB below 10 kHz. Therefore, a flat response is assumed and a default
value of the sensitivity at 1000 Hz provided by the manufacturer is used to convert voltage signals to pressure (Pa).

3.2

Transition detection methods

The time signal and PSD of the data can indicate when the flow becomes turbulent. However, analysing these signals is not an automated process.

In order to obtain an autonomous method, a transition detection algorithm is generated by applying two methods, namely standard deviation and

the first moment of the spectra. In both methods, an interpolation is performed to determine more explicitly the location for laminar to turbulent
boundary layer transition.

3.2.1

Standard deviation

In order to calculate the root mean square (RMS) from the frequency domain, Equations 4 and 5 are used. The effect of the integration frequency

limits on detection of the transition location is analysed. Looking at the laminar and the turbulent spectra at Figure 4, it is seen that the maximum

observable difference in magnitudes are in the range of 2 kHz to 10 kHz. For the frequencies higher than 7000 Hz, a bump in the turbulent

spectra is observed due to the resonance in the tubing system caused by the pinhole placement of the microphones. Thus, frequencies higher
than 7000 Hz are excluded. Frequencies lower than 2000 Hz are also eliminated, where the effect of inflow turbulence and large eddies in stall
are dominant. Moreover, a parametric study on detected transition points for various integrated frequency intervals is performed. As a result
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Chordwise pressure fluctuation changes during laminar to
turbulent boundary layer transition [Colour figure can be viewed at
wileyonlinelibrary.com]

FIGURE 7

of this parametric study and considering the observable region of the spectra and the microphone signal properties, the frequency range of
f1 = 2000 Hz to f2 = 7000 Hz is found to be the best range for analysing the transition location.
f2

PRMS 2 =

∫

f1

(4)

PSD df.

√
Prms 2 .

𝜎=

(5)

Here, the 𝜎 (standard deviation) is considered as the total energy of the pressure fluctuations within a certain frequency range specified by

the integration boundaries. It should be noted that the PSD generated is already doubled in magnitude and one sided. The RMS is expressed in
terms of decibels (dB) by Equation 6, taking the reference pressure as Pref = 20 𝜇 Pa as follows:
Lp = 20 · log10

(

Prms
Pref

)
.

(6)

As the transition is in process, an increase of pressure fluctuations with a peak is expected, ending up at a higher level of fluctuations when

the flow becomes fully turbulent as illustrated in Figure 7. Therefore, in the current method, a sudden chordwise increase in the Lp is considered

as an indication of the transition location. The transition detection is performed by first interpolating the chordwise Lp and taking its moving

average. Then, the transition point is determined by the highest first derivative as in Equation 7 and checking for the zero crossing of the second
derivative of the Lp.18

3.2.2

xtr = x → max

(

dLp
dx

)
.

(7)

First moment of the spectra

The second transition detection method is based on the first moment of the spectra, which is calculated by Equation 8. It is denoted by f𝜇 .

In this method, the PSD is approached as probability density function by calculating the mean normalized by the probability distribution. The
high-frequency content of the spectra, where the transition peaks are expected, is amplified by multiplication by the frequency (f). Large f𝜇 value

indicates that the energy proportion at high frequencies is larger than at low frequencies.
f𝜇 =

∫f 2 f · PSD df
f

1

∫f 2 PSD df
f

.

1

(8)

According to the moment method, maximum positive derivative of f𝜇 with respect to chordwise position gives the transition location for each

AOA value as shown in Equation 9 as follows:

xtr = x → max(

df𝜇
dx

).

(9)

This transition detection method was validated for different airfoils by Døssing25 and for NACA 63-418 airfoil with surface roughness elements

(zigzag tape) by Özçakmak et al.26
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Both the Lp derivative method and the spectral moment method are applied to the interpolated data with 100 points. The frequency range

is selected as the same as for the standard deviation method. In both of the transition detection methods, a sudden increase in the moment
and standard deviation is traced with the condition that the increased values maintain at that level. The steps for transition detection can be
summarized as follows:

• Increase the resolution by interpolating the microphone positions.

• At a chosen AOA and Reynolds number, sort Lp or f𝜇 in the chordwise direction.

• Detect the highest derivative of Lp or f𝜇 provided that the increased derivative level maintains and transition position propagates chordwise.
• Check the zero crossing of the second derivative.

3.3

Uncertainty and accuracy of the measurements

The airfoil section is a direct copy of the geometry of the full-scale blade, which is already influenced by the installation of the microphones.

Therefore, the model is manufactured with same surface shape deviations and microphone placement as used on the 3-D blade and limitations
due to postinstallation. This might be one of the reasons for the suction side transition behaviour at the particular AOA values. In addition, the

placement and the number of the microphones may cause interaction resulting in downstream microphones being in the wake of upstream
ones. Since the upper surface has a bigger curvature than the lower surface, surface mounting may result in cavities around microphones if

not carefully handled. These cavities may introduce instabilities to the flow resulting in an earlier transition. Therefore, microphones should be
placed spanwise with a wider angle than the turbulence wedge angle caused by the existence of the microphone itself. The distance between the

neighbouring microphones is added to the results as the error bars of the measurements. The distance between microphones would be more a
significant source of inaccuracy if only the standard deviation peaks were investigated. However, by the moment and Lp derivative approaches,
this inaccuracy is highly eliminated by the interpolation.

4

4.1

RESULTS AND DISCUSSION
Time series analysis

The time signals of the microphones on both suction and pressure sides for various AOA values are presented at Figures 8 and 9, respectively,

for Re = 3 · 106 . The time segment from 4.4 to 4.8 seconds is selected in order to present the signal in detail. The signals are uniform in time due

to low T.I. of the wind tunnel, therefore any time segment would indicate a similar behavior. The signals, where the amplitude of the pressure

fluctuations is low, indicates laminar boundary layer. Transitional flow can be observed with high-amplitude, high-frequency fluctuations followed
by a decrease in magnitude when it becomes fully turbulent, the value though still remains higher than the laminar fluctuations. For instance, in
Figure 8B, at AOA = −6o , transition is in process from x/c = 0.62 to x/c= 0.66 on the suction side. At AOA=0o on the suction side (Figure 8C),

different behaviour is observed. In this case, at x/c = 0.31, the time series indicate a turbulent signal just after the laminar signal at x/c = 0.25
due to a possible microphone-flow interaction and surface irregularity, which is explained in detail at Section 4.3. Moreover, at AOA = 12o ,

Time signals from microphones at different chordwise locations on the suction side at Re = 3 · 106 [Colour figure can be viewed at
wileyonlinelibrary.com]

FIGURE 8
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Time signals from microphones at different chordwise locations on the pressure side at Re = 3 · 106 [Colour figure can be viewed at
wileyonlinelibrary.com]

FIGURE 9

Pressure level (Lp) spectrogram along the pressure side at
Re = 3 · 106 at angle of attack (AOA) = 0o [Colour figure can be viewed
at wileyonlinelibrary.com]

FIGURE 10

at Figure 8E, the signals indicate a transition to turbulent flow and at further downstream, the low-frequency high-amplitude signal indicates

turbulent separation. It should be noted that, for the approximated NACA 63-418 airfoil used in the experiments, the stall AOA at Re = 3 · 106 is
11.7◦ .18

4.2

Transition locations from Lp and fm

A sudden chordwise increase of the Lp indicates a laminar to turbulent transition on the airfoil. The spectrogram of the pressure side at the 0◦

AOA at a Reynolds number of 3 · 106 can be seen in Figure 10. There is a significant increase in the Lp at x/c = 0.45, which indicates a transition
to turbulent flow. From the spectrogram, it is also observed that the data is constant in time due to the low T.I. of the wind tunnel.

The Lp method is applied for a various AOA values. The detected transition locations are presented in Figure 11. The error bars indicate

the distance to the neighbouring microphones. The detected points are at the locations of highest chordwise increase of pressure dB
levels.

The chordwise Lp for various AOA values at Re = 3 · 106 on pressure side is presented in Figure 12. The regions of laminar, transitional, and

turbulent flow are highlighted.

When there is a natural transition, a peak appears during the transition process and it is always higher than turbulent pressure levels. When

the flow becomes turbulent, the pressure level remains almost at a constant value. In some cases on the suction side, this peak is not observed
when there is a sudden transition to turbulent flow due to the surface irregularities or microphone placement.

9
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Pressure levels (Lp ) for various angle of attack (AOA)
values with transition points detected from the increase in the Lp
derivative for the lower surface [Colour figure can be viewed at
wileyonlinelibrary.com]

FIGURE 11

FIGURE 12 Chordwise pressure levels (Lp ) for various angle of
attack (AOA) values on the pressure side, at Re = 3 · 106 . (Note
that the turbulent flow starts when the Lp levels reach to a
constant value. Therefore, the peaks seen in the turbulent region
belongs to the transitional flow.) [Colour figure can be viewed at
wileyonlinelibrary.com]

Flow Condition

Re= 1.6 · 106

Re= 3 · 106

Re= 4 · 106

Re= 5 · 106

Re= 6 · 106

108-125 dB

118-128 dB

115-134 dB

Laminar

70-82 dB

85-97 dB

102-108 dB

Turbulent

105-110 dB

112-120 dB

115-120 dB

Transitional

83-112 dB

Abbreviation: dB, decibel.

100-123 dB

107-118 dB

120-125 dB

112-120 dB

TABLE 1

numbers

Pressure dB levels for various Reynolds

123-130 dB

The chordwise distance over which the transition takes place is illustrated by the region labeled "transition" as an example for one of the AOA

cases at Re = 3 · 106 in Figure 12. The resolution of the points at laminar, transitional, and turbulent flow differs in each case. However, by

analysing the data at all Reynolds numbers and AOA values, a common conclusion is reached. It is found that the curve length from the initiation

of the transition process to fully turbulent flow can vary between 0% to 30% and is most commonly around 15% to 20 %. The vertical coloring in
Figure 12 indicates the classification of the flow: whether it is laminar, transitional, or turbulent.

Moreover, the dB levels are identified for laminar, transitional, and turbulent flow at all Reynolds numbers and presented in Table 1. The dB

levels increase with Reynolds number as well as depending on the wind tunnel noise.

The transition positions detected by the moment method are presented with f𝜇 contours in Figure 13. The transition locations are detected at

the maximum derivative of f𝜇 . It can be seen from the figure that these locations correspond to where contour lines get closer, indicating a high

derivative. Furthermore, the width of the band indicates the length of the chordwise distance that the transition occurs.
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fm contours and detected transition locations vs angle of
attack at the pressure side at Re = 3 · 106 [Colour figure can be viewed
at wileyonlinelibrary.com]

FIGURE 13

4.3

Transition detection methods in comparison with numerical computations

The detected transition points for each of AOA for both suction and pressure sides are given in Figure 14. The XFOIL27 calculations are performed

for different N numbers of 4, 5, 6, 7, 8, and 9 based on the experimental airfoil contour. The DTU in-house computational fluid dynamics (CFD)
EllipSys code28 computations are performed at N = 8. Transition to turbulence in EllipSys code is governed by the semi-emprical eN model. The

shape factor and the momentum thickness are found from the solution of the von Karman boundary layer equations, beginning at the stagnation

line and integrating downstream until the transition location is found. During the integration of the boundary layer equations, a check is carried
out to detect whether disturbances are amplified or damped. When solving the Navier-Stokes equations, transition to turbulence is handled by

the intermittency factor that controls the effective viscosity. The intermittency factor is 0 at the laminar flow and gradually increases to 1 after
transition.

The EllipSys code predicts the transition location slightly upstream compared to XFOIL predictions due to the implementation differences.

On the pressure side, EllipSys- and XFOIL-predicted transition locations are in agreement with the measured ones or they are within the
error bars. However, on the suction side, instead of a gradual change of the transition location with AOA, the transition location suddenly

moves to 27% chord at -5◦ in the experimental data. From -5◦ to 5◦ , the experimental data differs from the XFOIL and EllipSys results due

to an experimental issue, which will be explained shortly after. That nonfitting region on the suction side is marked with a blue color in
Figure 14A.

The pressure tap measurements are also analysed to compare with the microphone results. In addition to the XFOIL computations, EllipSys

computations are used to predict pressure distributions of the experimental airfoil contour. The experimental Cp values, Xfoil, and EllipSys
calculations are presented in Figure 15. The Cp distribution results show a good agreement. At AOA=0o at x/c=0.52 on the suction side,

sudden change of the slope is observed from both the numerical and the experimental results. Transition location results from the XFOIL in
Figure 14A also indicates the same location as expected. However, the experimental results indicate the transition at x/c= 0.27 on the suction

side. Therefore, the sudden jump of the transition point to 27% from -6◦ to -5◦ is found not to be the result of natural transition. Adverse

pressure gradients on the surface and surface irregularities in combination with the microphone placement (upstream microphones and their
wake) and the cavity around certain microphones might cause a turbulent wedge that effects all the downstream microphones. The Cp plots

of experiments, EllipSys and Xfoil, and predicted transition locations by XFOIL show that the natural transition is happening much further
downstream. A bump around x/c= 0.27 can be observed at Cp distributions from the results of XFOIL, EllipSys, and experiments in Figure 15.

However, small irregularities can not be perceived by eN envelope method in XFOIL with the current amplification ratio for the wind tunnel T.I.

Therefore, even though the bumps in the Cp graphs from XFOIL are visible, the transition prediction in XFOIL can not account for these surface
irregularities.

In order to verify that the chordwise increase in Lps is a result of boundary layer transition, the amplification of the initial instabilities of the

T-S waves are analysed. The initial disturbance amplitude A0 of the pressure spectra at the leading edge amplifies and the amplification ratio can

be expressed by an exponential function eN . The transition location can be determined by calculating the amplification ratio (N) reaching a certain
value.29 Therefore, the N factor is calculated by Equation 10 as follows:

N = ln

(

A
A0

)
.

(10)
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XFOIL and EllipSys comparisons with experimentally detected transition locations for all angles of attack at Re = 3 · 106 [Colour
figure can be viewed at wileyonlinelibrary.com]

FIGURE 14

FIGURE 15 Cp distributions from experiments, Xfoil and EllipSys
computations at Re = 3 · 106 [Colour figure can be viewed at
wileyonlinelibrary.com]

The N factor defines the growth of disturbances and must be evaluated for various frequencies.30 Laminar to turbulent transition occurs

where N factor has a sudden chordwise increase. The N growth is shown for various frequencies for the pressure side at AOA=0o at Re = 3 · 106

in Figure 16. It can be seen that the amplification ratio of the initial disturbances gets maximum around the position of the detected transition
point.

4.4

T-S frequencies and the neutral curve

Using the experimentally detected transition locations at each AOA and Reynolds number, the corresponding boundary layer location is inspected

in XFOIL computations in order to estimate the displacement thickness (𝛿 ∗ ). Based on this, the Reynolds number based on displacement thickness

(Re𝛿∗ ) is calculated from Equation 11. Ue is the edge velocity and 𝜈 denotes the kinematic viscosity of the air.

Re𝛿∗ =

Ue · 𝛿 ∗
.
𝜈

(11)
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N factor vs chord positions on the pressure side at
Re = 3 · 106 , at angle of attack (AOA) = 0o [Colour figure can be
viewed at wileyonlinelibrary.com]

FIGURE 16

The T-S frequencies (fTS ) at each Reynolds number and AOAs are determined by analyzing the absolute value of the Fourier coefficients. For

this purpose, the power of the signal at each frequency is analysed, and the initial disturbance bumps that grows from laminar to turbulent

spectra are observed. This is illustrated in Figure 17 that is obtained at Re = 5 · 106 at AOA= -2.5◦ . The two dark gray lines indicate laminar
spectra at x/c=1.16% and 12.16%. Moreover, the lighter two gray lines are for the turbulent spectra at x/c= 36.83% and 42.17%. The region

in between shows the transitional growth. A bump in the spectra appears at x/c=15.37% at fTS = 5811 Hz. This T-S bump grows in amplitude

further downstream with a shift to lower frequencies into a broadband region.

FIGURE 17 Power spectral density (PSD) at Re = 5 · 106 , at angle of
attack (AOA) = -2.5◦ [Colour figure can be viewed at
wileyonlinelibrary.com]

The nondimensional frequency31 is calculated from Equation 12 with the T-S frequencies (fTS ) obtained from the experiments and the edge

velocities (Ue ) from the XFOIL computations.

F=

2 · 𝜋 · fTS · 𝜈
· 106 .
U2e

(12)

Figure 18 shows the observed T-S wave frequencies at each AOA for various Re numbers on the pressure side. It is seen that the T-S

frequencies are in the range of 1000 to 10 000 Hz for given Reynolds numbers and AOA. The boundary layer on the pressure side becomes

more stable as the AOA increases due to favourable pressure gradients. Therefore, as the AOA increases, higher Reynolds numbers are needed
to reach the same level of T-S frequency. The opposite behaviour with AOA is expected for the suction side.

Figure 19 shows the nondimensional plot for NACA 63-418 airfoil at corresponding Reynolds numbers. Compared with the neutral curves for

the flat plate boundary layer from the previous studies,32,33 a higher magnitude of F and wider range of Re𝛿∗ is observed. The closest case to the

flat plate theoretical curves is observed to be at Re = 6 · 106 having a maximum difference of 18%.
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Tollmien-Schlichting frequencies [Colour figure can be
viewed at wileyonlinelibrary.com]

FIGURE 18

F with displacement thickness Re number [Colour figure
can be viewed at wileyonlinelibrary.com]

FIGURE 19

Detected transition locations vs angle of attack at the
pressure side for various Reynolds numbers [Colour figure can be
viewed at wileyonlinelibrary.com]

FIGURE 20

4.5

Reynolds number dependency of the transition location

The detected transition locations on the pressure side are presented at Figure 20. The Reynolds number dependency is clearly observed from

the figure. As the Reynolds number increases, the transition location moves closer to the leading edge for a given AOA. The suction side is not

shown because of the previously discussed behaviour in the middle AOA range. However, in the valid AOA range, there is a consistent behaviour
of earlier transition closer to the leading edge as the Reynolds number increases.
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CONCLUSION

Accurate detection of laminar to turbulent boundary layer transition location is significant for airfoil design and performance of the wind
turbines. Several methods can visualize and show transition location on airfoils; however, an autonomous method is established in this study by
high-frequency flush-mounted microphone measurements.

Time series of the pressure fluctuations are analysed in time and frequency domain for NACA 63-418 airfoil from the LM 38.8 blade of the

NM80 wind turbine. Lp and the moment of the pressure spectra methods are used in order to detect transition for various Reynolds numbers
and AOA values. The chordwise increase of Lps and the first moment of the spectra indicates a transition in progress.

The spectrogram analysis is performed to ensure that no time variations exist for the 10 seconds data by the virtue of low T.I. When the wind

tunnel T.I. is low, turbulent spectra have higher energy on higher frequencies, resulting in a higher mean value. Therefore, the moment method

is found to be more robust to detect transition than the standard deviation method. This method is free of gain errors of the microphones and
can be applied when there are fewer microphones installed together with an interpolation. It is seen that, in order to reduce the interaction, the
placement and number of the microphones, and possible cavity occurrence during installation on curved surfaces, should be carefully handled,
especially on the suction side where there is a higher surface curvature.

A close agreement is found between XFOIL, EllipSys, and the experimental results on the pressure side where there is a natural transition. As

the Reynolds number increases from 1.6 to 6 million, the transition point moves forward closer to the leading edge at all AOAs at both suction
and pressure sides. At a specific chordwise position, the transition occurs at a lower AOA value for the suction side and at a higher AOA for the
pressure side with increasing Reynolds number.

The T-S frequencies are determined from the spectra for various Reynolds numbers and AOAs. As the AOA increases, the boundary layer on

the pressure side requires higher Reynolds numbers to have same amplified T-S frequencies. By identification of these frequencies, the data for
the neutral curve of the NACA 63-418 airfoil are generated.

It is seen that transition occurs over a substantial part of the chord up to 30%, and typically around 15% to 20% of the chord length. The Lps

increase with a peak during the transition process and further decreases when the flow is fully turbulent, being always higher than the laminar
dB levels. The Lp dB ranges are identified for laminar, transitional and turbulent flow for all Reynolds numbers.

Considering that the transitional flow can occupy a high percentage of the chord, it is important to have an accurate transition model in

numerical tools. In order to develop numerical transition prediction tools, the current database for the NACA 63-418 airfoil with transition
locations, T-S frequencies, and N growth values for several frequencies can be used. Furthermore, the current experimental transition detection

methods can be applied to new experiments with high-frequency microphones to contribute airfoil and wind turbine blades database. By this
way, performance, design, and power production of the wind turbines can be estimated more accurately.
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Ö S Özçakmak, H A Madsen, N N Sørensen, J N Sørensen, A
Fischer, C Bak
Technical University of Denmark, DTU Risø Campus, Frederiksborgvej 399, DK 4000
Roskilde, Denmark
E-mail: ozsi@dtu.dk
Abstract.
The surface imperfections and the inflow turbulence in real operational conditions can cause
significant deviations from the predicted wind turbine aerodynamic performance and energy
yield. In this study, particular emphasis was placed on the effect of these parameters on the
laminar-turbulent transition on wind turbine blades. For this purpose, the DAN-AERO wind
tunnel measurements, with high frequency microphones flush mounted on the both suction
and pressure sides of the NACA 63-418 airfoil profile, were used. Typical operating condition
Reynolds numbers, turbulence grid and boundary layer control devices on the surface were
implemented. The results indicate a high dependency of the transition process on these
parameters. The analyses show that the critical height of the leading edge roughness (LER) is
to be met in order to have a bypass transition to turbulent flow at the angle of attacks, where
the stagnation point is upstream of the LER location. The transition location moves closer to
the leading edge with increasing Reynolds number when the roughness height is smaller than
the critical height. Inflow turbulence is observed to have a larger effect on the transition location
than the predicted numerical results.

1. Introduction
The prediction and the understanding of the laminar to turbulent transition behaviour has a
significant role in the design process of wind turbines. The transition location on wind turbine
is influenced by several parameters including the roughness and inflow turbulence.
Roughness on the wind turbine blades can occur due to manufacturing process or long service
periods (ageing). Moreover, natural accumulations such as dirt and contamination due to insects,
ageing, sand, ice, smog, rain or erosion occur during operation. This contamination changes the
aerodynamic shape of the wind turbine blades and can lead to a lower performance and power
production. The accumulation or erosion along the leading edge can cause power output drop
to 40 % of its clean value [1] and 25 % loss in annual energy production [2]. The decrease in
performance and unpredictable stall behaviour due to dust accumulation on the blade is one of
the most critical problem for wind turbines [3].
When the roughness height, so the roughness Reynolds number reaches a critical value,
transition moves forward from its natural location close to the roughness [4]. If the roughness
Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.
Published under licence by IOP Publishing Ltd
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height is equal to the critical size, the turbulent spots start to form at the roughness location and
form into turbulent flow downstream of the roughness. If the roughness height is higher than
the critical height, then fully turbulent flow occurs at the roughness location [5]. The impact of
roughness on airfoil performance depends on the roughness size with respect to the boundary
layer thickness, the type of the roughness, the airfoil shape and the Reynolds number [3]. The
airfoil thickness causes higher pressure gradients at the aft region on the airfoil upper surface.
The thickness in combination with the leading edge contamination can cause earlier transition
of the laminar boundary layer and early turbulent separation, and thus a significant decrease in
maximum lift coefficient [6].
Furthermore, the interest in the effect of free stream turbulence on the onset of the laminar
to turbulent transition has increased lately [7]. In addition to the surface roughness, the inflow
turbulence experienced by the wind turbine blades in the free atmosphere can cause severe
decreases in performance of the wind turbine.
There have been studies on LER on wind turbine blades and wind turbine airfoils which are
mostly concentrated on low Reynolds numbers [8] or analyzed by force or hot-film measurements
[9]. As the wind turbines grow in size, there is a need for characterization of the transition
behaviour of the wind turbine blades at high Reynolds numbers. Moreover, transition location
can be precisely captured by the use of high frequency response instruments in experiments.
In this study, experimental data obtained from DAN-AERO [10] [11] wind tunnel experiments
are analysed. Surface pressure fluctuations were measured by high frequency microphones placed
chordwise on both the suction and pressure sides of the airfoil surface. The airfoil used in the
experiments was manufactured identical to the cross-section at 37 meters radius from the hub
of LM38.8 blade of the NM80 turbine. Both time and frequency domain analyses are performed
for surface pressure readings from microphones in order to detect the transition location on the
airfoil. The transition position is calculated by the maximum derivative of the sound pressure
levels (SPL) along the chordwise direction and by the first moment of the spectra.
The effect of the inflow turbulence is analysed by means of a high solidity turbulence grid,
which raises the turbulence intensity level from 0.1 % to about 1.2 % in the wind tunnel. The
angle of attack (AOA) and Reynolds number are varied and boundary layer control devices
(zigzag tape and trip wire) are applied for simulating LER. The effects of LER and inflow
turbulence on the laminar to turbulent transition are examined.
2. Experimental Method and Data Analysis
In the experiments, the NACA 63-418 airfoil profile, with flush mounted microphones both on
the suction and the pressure sides, is used. The airfoil belongs to the most outward section (37
meters from the hub) of the LM 38.8 blade of NM80 wind turbine. The chord of the model is 0.9
meters and it is manufactured identical to the section of the LM 38.8 blade. For the analysis,
41 high frequency microphones on the suction side and 25 on the pressure side are used. The
microphones have a diameter around 4 mm and were installed about 1 mm below the surface
of the airfoil. These high frequency microphones are distributed also in the span-wise direction
to reduce the disturbance from the upstream microphones. The airfoil profile and microphone
positions are illustrated in Figure 1.
The experiments were carried out at the LM Glasssfiber Low Speed Wind Tunnel which
has a test section width of 1.35 m, a height of 2.70 m and a length of 7 meters [12]. The
turbulence intensity of the LM wind tunnel is around 0.1 % which plays an important role for
inflow conditions and amplification factor (N) chosen for the numerical calculations.
Experiments are conducted at Reynolds numbers of typical operating conditions of a
horizontal axis wind turbine (1.6 · 106 , 3 · 106 , 4 · 106 , 5 · 106 and 6 · 106 ). The angle of attack
is varied from -15 to 16 degrees with one degree and half a degree increments. The data are
sampled at 50000 Hz for 10 seconds. The test cases are tabulated in Table 1.
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Figure 1. NACA 63-418 theoretical, experimental airfoil geometry and microphone positions.

Table 1. Test Cases
Parameter

Description

Reynolds numbers
Angle of attack
Zigzag tape
Bump tape
Turbulence grid

1.6 ·106 , 3 ·106 , 4 ·106 , 5 ·106 , 6 ·106
-15 to 16 degrees
0.4 mm at 1% chord suction side
0.1 mm at 2% chord suction side
100 x 100 mm mesh size

The surface roughness close to the leading edge on the upper surface is enforced by the bump
tape and 90◦ zigzag tape boundary layer control mechanisms. The normalized roughness height
with respect to 0.9 m chord for bump tape is 1.1 · 10−4 and for the zigzag tape 4.4 · 10−4 .
The inflow turbulence is created by a turbulence grid which has a 100 mm x 100 mm mesh size
with a 40 mm width and 3 mm thickness. Hot wire analysis showed that when the turbulence
grid is installed, the turbulence intensity is around 1-1.2 % [13]. This corresponds to a N factor
of 2.62-2.19. The following equation is used to determine N values [14];
N = −8.43 − 2.4 · ln(T.I.%/100).

(1)

The N factor is chosen as 8 for the low turbulence intensity case (measurements without
the turbulence grid), which corresponds to turbulence intensity value of 0.106%. Moreover, N
factors of 0.2, 0.3, 1, 2 and 3 are used for the high turbulence intensity case (measurements
with the turbulence grid) for numerical calculations. The model in the LM Wind Tunnel with
bump tape (left), turbulence grid (right-top) and surface mounted microphones (right-bottom)
are presented in Figure 2.
The transition location from experiments is calculated by two methods; sudden chordwise
increase in sound pressure level and first moment of the power spectral density (PSD). The
standard deviation (σ or Prms ), which can be considered as the total energy of the pressure
fluctuations, has been calculated from the pressure spectra;
Prms 2 =

Z f2

P SD df,

f1

3

σ=

q

Prms 2 .

(2)
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Figure 2. NACA 63-418 Airfoil in LM Wind Tunnel with bump tape(left), Turbulence
grid(right-top) and Surface Microphones(right-bottom).

The f1 and f2 are the lower and upper frequency boundaries of the interested spectra region.
When transition from laminar to turbulent flow occurs, there is a chordwise increase in the σ
value. It should be noted that the PSD generated here is already doubled in magnitude and one
sided. The first method used in the transition detection is based on the maximum derivative of
the sound pressure levels (Lp) calculated with a reference pressure value of Pref = 20 µ Pa;
Lp = 20 · log10 (

Prms
).
Pref

(3)

The second transition detection method is based on the first moment of the spectra, which is
calculated by Equation 4. In this method, the high frequency content of the spectra, where the
transition peaks are expected, is amplified by multiplication by the frequency (f ). Later, it is
seen that if the inflow turbulence levels are high, this method may provide misleading results.
Therefore, in the current analysis, both SPL derivative and first moment of the spectra methods
are applied and validated by the PSD plots.

fµ =

R f2
f1

f · P SD df

R f2
f1

P SD df

(4)

The frequency range is selected as f1 =2000 Hz to f2 =7000 Hz since at the frequencies higher
than 7000 Hz, pinhole placement of the microphones causes resonance in the tubing system that
results in a bump in the spectra. Furthermore, frequencies lower than 2000 Hz are not included;
large eddies in stall and inflow turbulence are present below that frequency, which causes an
increase in the low frequency content.
The positions of the microphones on the airfoil surface are identical to the ones placed on
the section of the LM 38.8 blade. Due to this microphone placement, it is believed that some
upstream microphones create a turbulent wedge that affects the downstream microphones. This
was taken into consideration during the analysis by examining the spectra and microphone
placement. The biggest increase in the sound pressure levels or first moment of the spectra
determines the transition location calculated from the experiments. Depending on the distance
between the microphones and flow conditions, this location can belong either to transition in
process or to the point where turbulent flow is first achieved.
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3. Results and Discussion
3.1. Inflow Turbulence
The pressure PSD at several chordwise positions at the suction side at Re=3 · 106 and AOA= 0◦
without(a) and with(b) turbulence grid are presented in Figure 3. When the turbulence grid is
installed, microphones close to the leading edge contain high energy at low frequency frequencies
due to the inflow turbulence. Thus, the energy difference between laminar and turbulence spectra
decreases significantly, which makes it harder to detect the transition location. This difference
decreases further as the Reynolds number increases from Re=1.6·106 to Re=3·106 and above. On
the other hand, when the turbulence intensity is low in the wind tunnel, there is a significant
energy difference between laminar and turbulent spectra. Moreover, the peaks due the wind
tunnel noise are stronger when the turbulence grid is installed.

Figure 3. PSD at several chordwise positions on the suction side of the clean airfoil with(a)
and without (b) a turbulence grid at Re=3 · 106 at AOA= 0◦ .
The transition locations determined from experiments with and without turbulence grid cases
for the clean airfoil at a Re=3 · 106 are presented for various angle of attack values in Figure 4.
XFOIL analyses are performed for various N factors that are determined from the turbulence
intensity of the wind tunnel with and without the grid. It can be seen that, for the case without
the grid, the XFOIL results fit with the experiments, except for the middle angle of attack
range. It is observed from the experimental data that the transition point suddenly moves to
27% chord on the suction side, at -5 degree angle of attack. This is believed to be due to the
microphone placement (the microphones in the wake of upstream ones) in combination with the
adverse pressure gradients and cavity around certain microphones. These combined conditions
cause premature boundary layer transition. For the configuration with the turbulence grid, it is
seen that as the inflow turbulence increases, the transition location moves much further forward
close to the leading edge than predicted by the numerical results. The high turbulence intensity
case fits with the experiments for N=0.3 for angle of attack values higher than 3 degrees. This N
value (0.3) is much lower than the expected N value at 2.4 for the measured turbulence intensity
of the wind tunnel with fine turbulence grid.
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Figure 4. Transition locations for various angle of attack values with and without a turbulence
grid for clean airfoil upper surface at Re=3 · 106 .

3.2. Leading Edge Roughness
Transition locations for the clean airfoil, airfoil with the zigzag tape and with the bump tape
on the suction side are presented in comparison with the XFOIL results in Figure 5. Transition
from a laminar to a turbulent boundary layer is forced at the zigzag and bump tape locations
to simulate the effect of surface roughness in XFOIL calculations. There have been low speed
wind tunnel test studies, which show that the placement of zigzag and straight tapes causes
earlier turbulence transition [15]. It is seen from the zigzag tape experimental results that the
transition behaviour is the similar to that of the clean case until the stagnation point moves
upstream from the LER (zigzag tape) location as the angle of attack increases. When the leading
edge roughness is downstream of the stagnation point then the bypass transition occurs and flow
becomes turbulent. However, it is seen that the critical height to trigger bypass transition is not
met with 0.1 mm bump tape; it indeed shows a similar trend with the clean profile for the angle
of attack values less than 2 degrees. Moreover, it is seen that for the zigzag tape case, XFOIL
results fit with the experiments.
The calculated transition locations for the bump tape, which is applied at 2 % chord at the
suction side, for 5 different Reynolds numbers, are presented in Figure 6 (left). The current
data show that the effect of the bump tape highly depends on the Reynolds number. As the
Reynolds number increases, the transition location moves further upstream closer to the leading
edge for all AOA cases.
It is known that zigzag tape is a very effective roughness element that does not only change
transition location but can also increase the momentum thickness of the turbulent boundary
layer and can change airfoil characteristics [6]. The Reynolds number dependency for the zigzag
tape is presented in Figure 6 (Right). At low angles of attack from -15 to -6 degrees, increasing
Reynolds number causes earlier transition. The zigzag tape triggers transition sharply after -6
degrees. As the certain angle of attack value is reached for bypass transition, the transition
behaviour becomes independent of the Reynolds number with a zigzag tape.
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Figure 5. Transition locations for various angle of attack values at Re=3 · 106 : for clean airfoil,
for the airfoil with the zigzag tape and with the bump tape.

Figure 6. Transition locations for various angle of attack values at different Reynolds numbers:
Lef t : with a 0.1 mm bump tape at 2 % chord, Right: with a 0.4 mm zigzag tape at 1 % chord
on the suction side of the profile.
4. Conclusion
The transition characteristics of NACA 63-418 airfoil profile manufactured based on the specific
section of the LM 38.8 blade of the NM80 wind turbine from the DAN-AERO experiments, are
analysed under varying inflow turbulence and leading edge roughness conditions. It is seen that
the roughness effects become more severe with increasing free stream velocity. Therefore, if the
free stream velocity is increased, then the height of the roughness element can be reduced to
trigger bypass transition. It was observed in the previous studies for different airfoils that 0.1
mm bump tape on 2 % chord does not have an influence on maximum lift or lift to drag ratio [16].
It is seen also in the current analysis that bump tape does not affect the laminar to turbulent
boundary layer transition since the normalized roughness height of 1.1 · 10−4 is below the critical
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roughness height for this airfoil in the range of 1.6 to 6 million Reynolds number. Zigzag tape,
in contrast, triggers transition for the angle of attack cases where stagnation point is upstream
of the roughness element. Therefore, as the critical height of the leading edge roughness is
exceeded, the transition from laminar to turbulent flow occurs by the bypass mechanism at the
condition that the stagnation point stays forward of the LER location. In this condition, the
transition location becomes independent of the Reynolds number.
Increased inflow turbulence forces the transition points closer to the leading edge and,
expectedly, skin friction drag increases due to the larger portion of the airfoil surface covered
by a turbulent flow. The similar behaviour is observed with increasing angle of attack on the
suction side. The detection of the transition locations under high inflow turbulence is difficult
due to the high wind tunnel noise especially for the microphones close to the leading edge.
When the transition location is close to the leading edge, leading edge noise can interact with
the transition related noise. Moreover, inflow turbulence combined with an increasing Reynolds
number induces instabilities in the flow. This causes turbulent spots on some microphones,
which affects the downstream ones depending on the spanwise location of the microphones.
Thus, for high inflow turbulence measurements, high frequency microphone analysis should be
performed by placing less microphones in order to reduce interaction. Moreover, microphones
should be placed spanwise with a wider angle than the turbulence wedge angle caused by the
existence of the microphone itself. To sum up, it is seen that the Reynolds number, inflow
turbulence and surface roughness have a significant effect on the transition location, therefore
on the aerodynamic performance of the wind turbine blades.
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One of the main uncertainties in airfoil and rotor design is the determination of the position
of transition on the blade as this can have considerable influence on the aerodynamic loads
and in particular rotor power. Even for simulations on a rotor in uniform, steady inflow the
determination of the position of transition is challenging. The atmospheric inflow on a real MW
rotor adds a new level of complexity and uncertainty to the transition modelling and prediction.
What is the impact of the atmospheric turbulence on transition compared with transition on
a blade section in wind tunnel flow ? The present work is aiming at improving our insight
into this subject by analysing transition data measured in the DanAero experiment in 2009 on
an industrial 2MW turbine with an 80m rotor with LM38.8 m blades. Transition position is
determined from analysing spectra of high frequency (50kHz) surface pressure fluctuations
from 56 flush mounted microphones at a radius of 37 m. The position of transition is correlated
with measured inflow angle close to the section with transition data. A comparison of the rotor
transition with a similar set-up in the LM Glasfiber wind tunnel for transition detection on
a 2D blade section copy of the rotor blade, shows a much earlier transition on the pressure
side of the rotor blade. On the suction side the difference is much smaller due to an already
early transition on the 2D blade section in the wind tunnel, probably caused by small surface
irregularities or bumps. Analysing the pressure fluctuations in the laminar boundary layer
close to the leading edge which are closely correlated with the turbulent inflow it can be seen
that below 300 Hz the energy level on the rotor is much higher than in the tunnel. However,
above 300 Hz they are comparable. It is finally shown that the transition on the rotor on the
pressure side is moving forward when the spectral energy from 100-300 Hz in the laminar
boundary layer increases.

I. Nomenclature
AoA
c
Cp
f
f1
f2
fµ
K
Lp
L

=
=
=
=
=
=
=
=
=
=

angle of attack
chord
pressure coefficient
frequency
lower frequency interval in integration of spectrum
lower frequency interval in integration of spectrum
The first moment of spectra
number of windows in the spectral analysis
sound pressure level
number of pressure samples in window
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Psp
R
Re
x
x tr p
x tr s
tk
TI

T

=
=
=
=
=
=
=
=

power spectral density of the surface pressure
rotor radius
Reynolds number
chordwise position
transition position on pressure side
transition position on pressure side
discrete time at the center of window
turbulence intensity

II. Introduction

he design of new airfoils and wind turbine blades is typically based on computations assuming steady and uniform
flow conditions without ambient turbulence. This holds for the code XFOIL which is a common tool for airfoil
design but also most CFD computations for airfoil, blade and rotor designs are run with steady inflow, with or without a
transition model. A common transition model is the en [1] method modelling the growth of Tollmien–Schlichting (TS)
waves with the influence of turbulence linked to the n factor. Other transition models like the γ − Re˜ θ [2] have been
tested with promising results on the NREL Phase VI rotor.
However, the inflow conditions on a real rotor operating in the atmospheric boundary layer are highly unsteady,
non-uniform and comprising atmospheric turbulence. This is quite different from steady wind tunnel flow with a typical
TI below 0.1%. Another difference is also that the wind turbine blade moves with a high speed relative to the mean
inflow velocity and almost perpendicular to the main direction of the turbulent inflow.
The fundamental question is if the turbulence level and characteristics of the inflow to the rotor blade section
will by-pass the transition mechanism (the amplification of small disturbances) in the en method and instead must be
modelled with a by-pass transition model [3]. When defining the turbulence level in a wind tunnel it can e.g. be for
frequencies above 10 Hz but is it relevant to define the turbulence level for the rotor blade for the same frequency interval
?
Research on transition in atmospheric flow conditions have been carried out within the aeronautical research
community. In [4] a comparison of transition characteristics on a small experimental prototype aircraft was carried out
with tunnel transition tests of the same wing. A very good correlation was found between the flight and tunnel tests.
However, the flights were carried out at 4000 to 10000 ft where the turbulence is much lower than what is present for a
wind turbine rotor.
There is thus a need for experimental investigations of the fundamental transition mechanisms on full-scale rotors
in atmospheric turbulent inflow in comparison with transition characteristics on airfoils measured under steady flow
conditions in wind tunnel tests. The present paper presents and discuss such results obtained in the DanAero projects
[5],[6], [7] carried out in collaboration between DTU and the industrial partners LM Glasfiber, Siemens Wind Power,
Vestas Wind Systems and the utility company DONG Energy in the period from 2007-2013.
In 2011 the Flensburg University of Applied Sciences [8] carried out a measurement campaign on a 250 kW research
turbine with a rotor diameter of 30 m. They showed detection of laminar as well as turbulent boundary layer on the
blade using hot film sensors. Further they concluded that because the frequency range of the main energy content of
atmospheric flows and wind tunnel flows is strongly different, a TS scenario for transition seemed to be unlikely.
The organization of the present paper is such that first the experimental set-up comprising the full scale rotor
experiment and the wind tunnel testing of a 2D blade section with the same cross section geometry as the full scale
blade is presented. Then follows a description of the transition detection procedure for the rotor and the wind tunnel
blade section. Finally follows a results section and conclusions.

III. Experimental approach
A. The specific experiments from the Danaero project used for the present investigation
In the first DanAero MW project [5],[6] conducted from 2007-2009 a number of coordinated experiments were
carried out to provide a comprehensive experimental data basis for studying fundamental aerodynamics and aeroacoustics
of MW rotors. The project was followed by the DanAeroII project from 2010-2013 where the data were calibrated and
stored into a data base.
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For the specific investigation on transition reported in the present paper we use the measurements from two major
campaigns in 2009:
1) Measurements of high frequency (50kHz) surface pressure fluctuations and inflow at one radial station, r/R=
0.92 on one of the LM 38.8m blades on the NM80 2 MW turbine at the small Tjæreborg Wind farm in Jutland,
Denmark.
2) Measurement in the LM Glasfiber wind tunnel on one airfoil section with exact the same geometry as the blade
section at r/R=0.92 on the LM38.8 blade.
However, before going into the details with these measurements we will shortly describe the basic principles in the
chosen transition detection method.
B. The basic experimental transition detection method
We chose to base the detection of transition on the analysis of measurements with flush mounted surface microphones
of high frequency surface pressure fluctuations in the boundary layer. This method should work for an airfoil section in
the wind tunnel as well on a full size wind turbine. It was found that this method probably would be the most robust one.
Another important advantage of this method is the ability to provide important insight into aeroacoutic noise generation
where the pressure fluctuations in the boundary layer are the main source of both turbulent inflow noise and turbulent
trailing edge noise.
The instrumentation and the detection procedures are developed during wind tunnel tests of three different airfoils:
NACA0015, B1-18 and C2-18, [9]. The NACA0015 airfoil is well-known whereas the other two are airfoils B1-18 [10]
and C2-18 [11] are designed specifically for the outboard part of the blade of a Mega Watt (MW) turbine. These two
airfoils are designed to have a considerable part of the boundary layer laminar at low AoA.
The transition detection method is based on tracking the considerable shift in the Psp of the surface pressure
fluctuations in the boundary layer when changing from laminar to turbulent flow. This is illustrated in Fig. 1 where the
shift in Psp of the microphone signal can be noticed for frequencies above 1-2 kHz for a change in AoA from 7 to 9 deg.
However, when the boundary layer is tripped close to the LE and thus turbulent at the 10% chordwise station the same
shift is not present as seen on the right graph of Fig. 1. This confirms that the change of Psp integrated over a frequency
band from e.g. 1-10 kHz can be used as a good indicator of shift from laminar to turbulent boundary layer.
Details of this procedure are presented in [9] and a comparison of the experimentally derived transition position
with Xfoil computations show very good correlation.

Fig. 1 Left: The Psp of a the signal from a microphone at 10% chord from the LE at different AoA in
comparison with the Psp of a background microphone mounted outside on the wind tunnel. Left: Same graphs
but now the airfoil is tripped at 2% chord from the LE.

C. Experimental set-up for surface pressure and transition measurements on the 80m diameter NM80 turbine
An overview of the instrumentation of the LM38.8 blade, presented in Table 1 comprises surface pressure and
inflow (five hole pitot tubes) measurements at four radial positions. In order to install the surface pressure measurement
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equipment and the surface microphones it was necessary to build a complete new blade so that the instruments could be
installed during the blade manufacturing process. This was in particular true for the two outboard instrumented sections
as these sections could not be accessed after the blade assembling.
A sketch of the blade instrumentation on the test blade is shown in Figure 2 left. It comprises 64 pressure taps at four
radial stations, five hole pitot tubes close to these radial positions and finally at the outboard section 56 flush mounted
surface microphones. Both the pressure taps and the microphones are pre installed in thin GRP shells that are placed in
the mold before the standard blade manufacturing process begins. The microphones are mounted in small aluminium
cylindrical houses which are glued into the GRP shells as shown on the sketches and photos in Fig.3. The small cavity
between the microphone membrane and the pinhole causes an amplification of the fluctuating pressure due to Helmholtz
resonance. A calibration procedure shows a slightly increasing amplification for an increasing frequency peaking at
around 4 dB just above 10kHz and then falling quickly off. Finally, the right photo in Fig.3 with the microphones seen
from the leading edge shows the the microphones are installed along a line with an angle to the chord. It should also be
mentioned that the bugs seen on the blade were not present in the campaign chosen for the present analysis.
Data acquisition is carried out with three different systems as the different type of sensors require different scan
rates, Table 1. The slowest system running at 35Hz samples sensors on the turbine and in the nearby meteorology
mast. Pressure scanners sample at 200Hz and finally 50kHz is used as sampling rate for the microphones. A common
synchronization signal is sampled by all the three systems which allow time aligning the signals in the post processing
analysis. In order to limit the amount of data to a manageable size the microphone scanning only runs for a period of 10
sec each one minute.
Table 1

Instrumentation on the LM38.8 blade.

D. The site
The NM80 turbine is located in a small wind farm of eight turbines at the Tjæreborg Enge site in the south western
part of Jutland, Denmark. In western direction there is only about 1km to the North Sea so there is a big difference in
the characteristics of the inflow to the turbine depending on the wind direction.
The layout of the wind farm is sketched in Fig. 4 which shows the 8 turbines are aligned in two rows. The turbines
in the southern row and the instrumented turbine, denoted WT3, are all of the NM80 type, while the others are Vestas
V80´s. Being situated in a wind farm the test turbine will be exposed to wake from other turbines for many wind
directions. For the present analysis some data are for wake operation caused by WT3 (wind directions from 246 to 266
deg) which is in a distance of 5.9 rotor diameters. Another part of the test campaigns included are for wind directions
just below 246 deg.
E. The wind tunnel testing of the blade section copy
In order to investigate the difference in airfoil characteristics and in the present case particularly transition caused by
the quite different inflow characteristics on the rotor operating in the atmospheric flow and on an airfoil in wind tunnel
flow, a blade section with the measured geometry of the rotor blade cross section at the most outboard radial position,
Table 1, is manufactured. The chord and spanwise length of the blade section is 0.9 m and 1.35 m, respectively in order
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Fig. 2 Left: Sketch showing an overview of the instrumentation of the test blade. Right: The test blade after
installation on the turbine in May 2009, replacing one of the original blades.

Fig. 3 Left: The Sennheiser KE 4-211-2 microphones are installed in 5 mm diameter cylindrical houses with
a pin hole of a diameter of 1.3 mm. Mid: The pressure taps and microphone housings are mounted in a thin
GRP shell that as the first step in the blade manufacturing process is laid down in the mold. Right: The
microphones on the blade seen from the leading edge. It should be noted that the bugs were not present during
the measurements for the data set in the present analysis.
to fit into LM Wind Power wind tunnel. This tunnel is specifically designed for 2D testing of airfoils and has a test
section with the dimension of 1.35 m in width, 2.70 m in height, and 7 m in length. The maximum flow speed is 105
m/s and a typical turbulence intensity is 0.1% based on velocity fluctuations above 10 Hz.
The theoretical airfoil contour is the NACA 63-418 airfoil but the actual geometry differs e.g. du to the necessity to
have a finite thickness of the trailing edge. However, also the special conditions in manufacturing the test blade where
the GRP bands with the pressure taps and microphones are laid down in the mould before the main material of the blade
has probably also caused some of the surface irregularities which impacts the surface pressure distributions as will be
shown later.
The wind tunnel experiment, the transition detection procedure and the results have been thoroughly described in
[12] and will only be summarized here. The blade section was made in an aluminium shell that was sanded as the final
step in the manufacturing proces, Fig. 5.
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Fig. 4 Left: Figure showing the wind farm layout which consists of eight 80 m diameter turbines in two rows
NW - SE. The test turbine is WT3 and SE of the turbine the meteorology mast with a height of 93 m M1
is situated aligned with the turbines in that row. Right: Shadow plot showing the test turbine in wake from
upstream turbine for a wind direction of 253 deg which is one of the measurement campaigns included in the
present data analysis.

Fig. 5 Upper photo: The 2D blade section installed in the LM wind tunnel seen from the trailing edge
towards the leading edge. Lower Photo: Same seen from the leading edge. It should be noted that two surface
microphones seen on the upper photo are not used in the present work.
The model is instrumented with 65 pressure taps and 66 microphones distributed on the pressure an suction side,
respectively, and in varying span-wise positions in order to minimize the influence on transition by the taps and the
6

microphone pin holes.
The Experiments are carried out at the Reynolds numbers of ( 1.6 · 106 , 3 · 106 , 4 · 106 , 5 · 106 and 6 · 106 ). The
AoA is varied from −15 to 16 deg with one degree increments. Furthermore, the increments are decreased by half
between -3 to 5 deg. The microphone data are sampled at 50000 Hz for 10 sec for each test case while the pressures are
scanned with 5 Hz for 10 sec.
Measurements are also carried out with different roughness elements and tripping devices on the leading edge.
Finally, the influence of adding turbulence to the inflow with two different grids of 100 and 200 mm grid size, respectively,
is tested.

IV. Transition detection procedures

As mentioned above the transition detection method is based on tracking the considerable shift in the surface
pressure fluctuations in the boundary layer when changing from laminar to turbulent flow. We express the fluctuations
by the pressure level L p and infer transition as locations with a sudden chordwise increase of the L p .
A. On the rotor
The sound pressure level L p at each of the 55 microphone positions is computed from the power spectral density of
the surface pressure, Psp as follows
!
Pr ms
L p = 20 log10
(1)
pre f

where pr e f = 20µPa and

Pr2ms = 2

Z

f2

Psp ( f )d f

(2)

f1

where f 1 ≤ f ≤ f 2 is a given frequency range.
In order to derive temporal variations in the transition point, each time series (all 10sec long) of surface pressure
measurements are divided into K sections (windows) with a 50% overlap and for each of these windows L p is computed
from Eq. 1 and 2. To each of the K windows is then associated a sound pressure level L p,k and a discrete time t k , which
is taken to be at the center of the window.
The number of surface pressure samples in each window is denoted L, which is equivalent to a time span of
∆t = L/ f s , where f s = 50 k H z is the sampling frequency.
1. Detection of transition summarized
The transition point at each discrete time step t k is determined from the chordwise distribution of the sound pressure
level, L p in the following way:
• Sort L p according to chordwise position, x, of the 55 microphones.
• Filter spatially L p to obtain a smooth distribution denoted L p (x).
• Determine transition points, x t , as positions where the chordwise derivative of L p (x) is larger than a specified
limit (dL p (x)/dx)limit .
• In general there will be a range of chordwise positions which fulfils this criteria and the exact position is defined
to be the zero crossing of the second order derivative d 2 L p (x)/dx 2 .
• If more than two chordwise positions on each side of the airfoil satisfy the criteria then (dL p (x)/dx)limit is
increased until only two transition points are found on each side of the airfoil.
Figure 6 shows an example of calculated transition points together with the corresponding sound pressure level and its
first and second derivative. The reason that often two transition positions are found is probably partly due to surface
irregularities causing transition and relaminarization. The parameters used in Figure 6 are: (dL p (x)/dx)limit = 350 dB,
f 1 = 2.0 kHz, f 2 = 6.0 kHz and L = 2048. See [13] and [7] for more details.
B. Wind tunnel testing
The main differences for detection of transition in the wind tunnel compared with the rotor data above are that the
conditions are much more steady and that the frequency content at lower frequencies (e.g. below 500 Hz) is much lower.
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Fig. 6 Example of calculated transition points on suctions side at a given time t k and the corresponding SPL
(a) as well as its derivative (b) and second derivative. Figure from [13].
It means that a method based on the first moment of spectra as discussed in [12] seems to be slightly more precise than
the above method.
The first moment f µ is calculated by Equation 3:
fµ =

R

f2
f1

R

f · Psp d f

f2
f1

Psp d f

(3)

According to the moment method, maximum positive derivative of f µ with respect to chordwise position gives the
transition location for each angle of attack value as shown in Equation 4:

x tr = x → max(

d fµ
).
dx

(4)

See [12] for comparison of the two detection procedures. The wind tunnel transition results in the present paper are
based on the moment method and it should also be noted that a frequency interval from 2 to 7 kHz was used in the
integration of the spectra for the wind tunnel.

V. Results
A. The selected time series
In the present paper the focus of the data analysis is on measurement campaigns from the beginning of the total test
period of about 2½ months. The test turbine was in operation first time on June 26, 2009 and the two data sets chosen
are from July 16th and 21st. The blade is thus still clean as the turbine was only in operation during the specific test
campaigns. Later the blade was hit by bugs as can be seen on the photo in Fig. 3.
On the 16th of July the wind speed was around 6 m/s at hub height with a mean wind direction between 242-248
deg which means just outside the wake of WT2, Fig. 4. In the other campaign from the 21st of July the mean wind
speed is slightly higher, between 6 to 7 m/s but as the turbine most of the time is in partial or full wake of WT3 due to
wind directions between 253 to 257 deg, the effective wind speed is lower. In the selected periods the rotational speed of
the rotor is almost constant and close to 16 rpm.
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B. Time series of transition, inflow and binned pressure distributions
We show first time series of AoA and transition for three different inflow situations together with binned pressure
distributions on blade azimuth, Fig. 7.
Unfortunately the two outboard five hole pitot tubes are not in operation during these campaigns. One option is to
use a third pitot tube at radius 20.3 m which means about 16.7 m from the cross section with the microphones and
pressure taps. However with considerable variation of the inflow over the rotor disc as for example in partial wake
this would introduce a considerable uncertainty. We derived therefore an alternative AoA∗ based on the aerodynamic
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Fig. 7 Upper: Left graph showing inflow measurements (AoA from the five hole pitot at radius 20.3 m and AoA∗
derived from aerodynamic force f y perpendicular to the chord) and transition on suction and pressure side of
the blade for a 10 sec period for operation in half wake. Right graph showing measured pressure distribution
for the same period for the blade in four azimuth positions (0 deg blade vertical upwards). Middle: Same plots
for a narrow wake. Bottom: Same plots but for free inflow.
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normal force to the chord at this radial position integrated from the pressure distribution. The link from aerodynamic
force to AoA is derived with the aerelastic code HAWC2 [14] developed by DTU.
On the upper left graph we show both AoA0 s. Part of the time they are close to each other but deviate in other
periods due to difference in inflow over a span of 16.7 m. The AoA variations are typical for a half wake operation.
It means that the AoA is high when the blade passes through the free inflow and then decreases considerably when
entering the wake with a velocity deficit. In the centre of the wake the velocity deficit is often slightly less pronounced
as also seen here around time 489 sec which is due to lower local thrust on the inboard part of the rotor. Variations
between 5 to 8 deg are seen.
The transition on the pressure side is stabilizing around 40% when the AoA is high and then moves close to the LE
when the AoA is low. On the suction side, the transition is close to the LE and only moves slightly when the AoA is low.
For supporting the interpretation of the transition, we show in Fig. 7 (right) the measured pressure distribution
at the nearby pressure taps. The pressure data are binned on an azimuth interval of 10 deg around the four azimuth
positions; 0 deg which is blade up and then 90, 180 and 270 deg, respectively. The variation between the four pressure
distributions are thus due to the variation of AoA over one rotor revolution.
On the suction side, a small bump in the pressure distribution is seen, caused by a small bump in the surface
geometry. As mentioned earlier this is probably due to the special manufacturing approach that is used for the test blade
to build in the measurement equipment. Smaller bumps can be seen further downstream on the suction side whereas the
pressure distributions on the pressure side are quite smooth.
The middle graphs on Fig. 7 show the same type of results as described above but for a half wake situation that
results in slightly bigger AoA amplitudes. Again at the lowest AoA the x tr s moves away from the LE but indicates less
than 10% laminar flow.
The AoA variations in the lower left graph for the turbine operating in free inflow are much less and a maximum
amplitude of 1.5 deg is seen. This results in an almost stable x tr p of 20% and x tr s of 10 to 12%. Although the pressure
gradient on the suction side is now favourable up to about 30% the x tr s is close to the LE. The earlier transition is
probably cause by the the small bumps in the pressure distribution.
C. Rotor transition compared with transition on the blade section in the LM wind tunnel
The total transition analysis is based on three 10 min time series for partial and full wake operation from the 21st of
July and likewise three 10 min series from 16th of July with free inflow. With the microphones scanned over 10 sec
period each minute this gives a total data base of thirty 10 sec time series for transition detection. Actually it is slightly
less as a few series are not included due to low rotational speed of the turbine.
The x tr p is shown on the upper graph of Fig. 8 in comparison with the results from wind tunnel testing at Re 5 mill
on the similar 2D airfoil section model as presented in [12]. A considerable shift of x tr p towards higher AoA is seen
which amounts to 8 to 10 deg when x tr p is close to the LE. However, the deviation almost disappears when the transition
is around mid chord. It also appears that the transition for the wake operation is shifted more than the one for free inflow.
The lower graph in Fig. 8 shows the comparison of rotor vs. wind tunnel transition results for the suction
side. Again the wind tunnel results are from [12] where it was found that the transition was shifted towards lower
AoA than e.g predictions by Xfoil indicated. The causes were also discussed and a combination of interaction from
neighbouring/upstream microphones and the surface irregularities were mentioned as possible effects.
Comparing with the rotor transition for the suction side we see here a much closer correlation than for the pressure
side with only a small shift towards lower AoA (earlier transition) than in the wind tunnel testing.
D. Possible causes of the differences between wind tunnel and rotor transition
The experimental set-up is designed to enable as close as possible comparison of the transition on the rotor and in
the wind tunnel. Most important is that the blade section for the wind tunnel testing is manufactured with the same
surface geometry as measured on the rotor. It means also that the same surface irregularities/bumps are present on
the wind tunnel model and probably have a considerable impact on enforcing an earlier transition as compared with a
completely smooth model. However, for the pressure side the transition measured on the pressure in the wind tunnel
correlated well with Xfoil predictions [12].
We will therefore focus our discussion on the causes of the considerable deviations between transition characteristics
found on the pressure side and in particular look into the differences in inflow to the blade section on the rotor and in the
wind tunnel.
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Fig. 8 Upper: Derived transition on the pressure side for the rotor in comparison with wind tunnel measurents
at Re 5mill. Lower: Same for the suction side.
E. Differences inflow characteristics between wind tunnel and rotor
We use the power spectra of the microphone signal close to the leading edge (0.2% ) on the suction side as basis for
discussion of the inflow characteristics. At the 0.2% position the boundary layer is laminar and the spectral characteristics
for the pressure fluctuation in the boundary layer are closely linked to the inflow turbulence characteristics as e.g. used
in turbulent inflow noise modelling [15].
The power spectra for different flow condition in the wind tunnel and on the rotor are shown in Fig. 9. For the rotor
the spectra are based on the whole 10 sec long time series but keeping in mind that considerable variations will occur
over the 10 sec. Two arbitrarily selected cases for wake inflow and free inflow, respectively, are shown. It can be seen
that the spectra for wake inflow are slightly higher than for the free inflow. This is expected for low frequencies where it
is known that in wake operation the atmospheric inflow turbulence can be almost doubled compared with free inflow
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Fig. 9 The power spectra of the signal from the microphone on the suction side at 0.2% chord from the LE
at a Re 4 mill and an AoA of 5 deg in the wind tunnel cases and the same mean AoA for the rotor cases but
with considerable variations over the 10 sec. Two arbitrary selected cases, 1 and 2 for the rotor in free inflow
and wake operation, respectively are shown. The cases from the wind tunnel are for a flow velocity of 66.7
m/s (Re 4 mill) with free inflow and with a grid with size 100mm x 100 mm in the inlet to the test section. In
order to compensate for the lower inflow relative velocity on the rotor (about 62m/s) the wind tunnel spectra
are downscaled with a factor (66.7/62) 6 = 0.64. The v 6 scaling of the spectra of the pressure fluctuations was
confirmed by comparing spectra in the wind tunnel measured at Re 4 and 5 mill, respectively.
conditions.
Comparing now with the spectrum for the wind tunnel blade section (no grid) it is seen that the spectral energy for
the rotor is much higher up to about 300 Hz. Above 300 Hz the wind tunnel spectrum follow the upper curve (wake
operation) from the rotor measurements. It should be mentioned that the turbulence intensity in the LM wind tunnel
based on frequencies above 10 Hz has been measured to about 0.1% [15].
Measurements in the wind tunnel were also conducted with a grid of 100 mm x 100 mm inserted in the inlet. This
increases the spectrum for frequencies higher than 100 to 200 Hz considerably above the rotor spectra.
The time variation of the spectra of L p on the rotor are further explored by generating the water fall plots for different
frequency intervals shown in Fig. 10. For the frequency band from 100 to 300 Hz shown in the upper left graph, we can
see some high energy regions close to the LE (e.g. within 1-2%) which means pressure fluctuations in the laminar
boundary layer caused by the turbulent inflow. Qualitatively there seems also to be a correlation with the transition
position which is based on the frequency interval used in the lower right plot of Fig. 10. When the energy is high in the
100-300 Hz band close to the LE, the transition is close to the LE as seen in the lower right graph.
F. Impact on transition from the 100 to 300 Hz spectrum at the LE
The observations above based on the spectra in Fig. 9 and Fig. 10 led to an investigation of a possible impact of the
spectral energy in the 100 to 300 Hz interval for a position close to the LE and movement of transition for a fixed AoA.
The result is shown in Fig. 11 where the x tr p is shown as function of the integrated spectrum of L p from 100 to 300 Hz
for different AoA intervals.
For the AoA interval from 5 to 6 deg there is a clear tendency of earlier transition when the integral of Psp increases.
The same is found for the 7 to 8 deg interval while no real impact is seen on the 8 to 9 deg bin.
The 100 to 300 Hz interval is below the frequency interval of 500 to 7000 Hz that was used in computation of the
amplification of the initial instabilities of the T-S waves for the wind tunnel experiment on the same airfoil section [12].
This indicates that the transition mechanism is different on the rotor and might be of the by-pass transition type.
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Fig. 10 Water fall plots of spectra of Lp on the pressure side for different frequency bands. Upper left 100300Hz; Upper right; 300-600Hz; Lower left; 600-1000Hz and Lower right 2000-7000Hz. One of the wake
cases.
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Fig. 11 The transition on the pressure side shown as function of the integral of Psp over a frequency interval
from 100-300 Hz for different AoA0 s.
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VI. Conclusion

We presented a study with the objective to explore the fundamental differences in transition characteristics on a
blade section in wind tunnel flow and on the blade of a full scale rotor (in the present case a 2MW turbine with an 80 m
rotor). Flush mounted surface microphones are chosen as basis for the transition detection as it was found to be a robust
method that would work on a turbine with atmospheric inflow.
The experiments confirm that the microphone installation work well. We develop and present a transition detection
procedure based on monitoring the increase in spectral energy of the microphone signals in the frequency interval from
2000 to 7000 Hz.
When comparing the transition on a 2D blade section copy of the full-scale rotor blade section we find a much
earlier transition on the rotor on the pressure side. On the suction side the difference is small probably due to an early
transition in both the wind tunnel and the rotor case due to small bumps on the blade surface.
We also study the differences in inflow based on spectra of boundary pressure fluctuations in the laminar boundary
layer close to the LE. It is found that below 300 Hz the inflow to the blade section on the rotor has a much higher energy
content compared with the wind tunnel flow. However, above 300 Hz they are comparable with a tendency of slightly
higher levels in the wind tunnel flow.
Finally, we show that there seems to be a correlation between increase in the 100-300 Hz energy content and the
transition moving closer to the LE indicating a by-pass transition mechanism.
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Abstract. Laminar-turbulent transition behaviour of a wind turbine blade section is investigated in this study by means of field
experiments and 3-D computational fluid dynamics (CFD) rotor simulations. The power spectral density (PSD) integrals of
the pressure fluctuations obtained from the high frequency microphones mounted on a blade section are analyzed to detect
laminar-turbulent transition locations from the experiments. The atmospheric boundary layer (ABL) velocities and the turbu5

lence intensities (T.I.) measured from the field experiments are used to create several inflow scenarios for the CFD simulations.
Results from the natural and the bypass transition models of the in-house CFD EllipSys code are compared with the experiments. It is seen that the bypass transition model results fit well with experiments at the azimuthal positions where the turbine is
under wake and high turbulence, while the results from other cases show agreement with the natural transition model. Furthermore, the influence of inflow turbulence, wake of an upstream turbine and angle of attack (AOA) on the transition behaviour is

10

investigated through the field experiments. On the pressure side of the blade section, at high AOA values and wake conditions,
variation of the transition location covers up to 44% of the chord during one revolution, while for the no wake cases and lower
AOA values, variation occurs along a region that covers only 5% of the chord. The effect of the inflow turbulence on the
effective angle of attack as well as its direct effect on transition is observed. Transition locations for the wind tunnel conditions
and field experiments are compared together with 2D and 3D CFD simulations. In contrast to the suction side, significant

15

difference in the transition locations is observed between wind tunnel and field experiments on the pressure side for the same
airfoil geometry. It is seen that the natural and bypass transition models of EllipSys3D can be used for transition prediction
of a wind turbine blade section for high Reynolds number flows by applying various inflow scenarios separately to cover the
whole range of atmospheric occurrences.
1

20

Introduction

As the wind turbine technology develops and the size of modern wind turbines grows steadily, the design process becomes
highly dependent on the availability of accurate aerodynamic prediction tools. The power output and the loads on the blade
are effected by the aerodynamic characteristics such as lift to drag ratio. It is known that the skin friction drag of a turbulent
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boundary layer is much higher than the one of a laminar boundary layer, which makes it critical to identify which part of the
flow acting on the surface is laminar, transitional or turbulent.
The most common approach in current aerodynamic prediction tools is to use fully turbulent models for the entire boundary
layer on blades/airfoils, ignoring the transitional process (Sørensen, 2009). This causes an incorrect prediction of the lift and
5

drag forces and the stall angles. Moreover, it is seen that the transition on a wind turbine airfoil occurs over a substantial part,
varying between 0% and 30%, of the chord (Özçakmak et al., 2019). Therefore, accurate prediction of the laminar-turbulent
transition process is critical for design and prediction tools to be used in the industrial design process, particularly for the high
Reynolds numbers experienced by modern wind turbines.
For many years, a large amount of experimental, numerical and theoretical studies have been devoted to laminar-turbulent

10

transition, with the low drag laminar region being separated from the turbulent region where drag increases dramatically(Arnal
et al., 1998). The transition process starts with receptivity of the disturbances like Tollmien-Schlichting (T-S) waves triggered
in the laminar boundary layer, followed by a linear and nonlinear instabilities ending up with turbulent spots leading eventually
to turbulent flow. In linear stability theory, it is assumed that the free stream turbulence and other disturbances are small.
On the other hand, it is seen that in the existence of large external disturbances, linear disturbance growth can be bypassed,

15

this type of transition is defined as ’bypass transition’ (Morkovin, 1985). Through years, both empirical correlations (Michel
(1951) and Eppler (1978)) and semi-empirical methods are developed by Dini et al. (1992) for the prediction of the boundary
layer transition. Semi-empirical transition detection of incompressible 2-D boundary layers by the eN method based on linear
stability theory was introduced by Van Ingen (1956) and independently by Smith and Gamberoni (1956). Since then, different
versions were developed and databases are generated for more complex problems. For instance, a database method is developed

20

based on the stability diagrams calculated by Arnal for Hartree/Stewartson solutions of Falkner-Skan equation. Wazzan et al.
(1968) and Kümmerer (1973) published improved stability calculations for attached Falkner-Skan velocity profiles. Envelope
methods (Gleyzes et al., 1983) (Drela and Giles, 1987) and approximate methods (Stock and Degenhart, 1989) were developed.
The effect of disturbance environment on the transition process has been studied by Morkovin (1969) and Reshotko (1969).
The transition prediction models implemented in Navier-Stokes solvers can be categorized into algebraic/integral models

25

and transport models (Davis et al., 2005). The first category includes empirical models, approaches based on stability theory
using Orr-Sommerfeld equations and simplified eN stability models. These models requires boundary layer information that
can be obtained by integration of the boundary layer quantities or using velocity profile databases to solve integral boundary
layer equations. The second category includes transition models based on the solution of the transport equations, such as the

30

γ − Reθ (Langtry, 2006) (Menter et al., 2006) model, and three equation model (Walters and Leylek, 2004). Transition can be

predicted within Direct Numerical simulation (DNS) or Large eddy simulations(LES) despite the fact that cost of the simulations increases rapidly with Reynolds number (Diakakis et al., 2019). PSE (Parabolized Stability Equations) that can include
non-parallel and non-linear effects are also used for the stability analysis, having less resource requirements compared to DNS
(Herbert, 1997). There are also hybrid approaches such as DES (Detached Eddy Simulation) that are used with transition models. The transition phenomenon itself is a highly non-linear problem, but with a semi-empirical extension, the eN method is

35

commonly used since it can predict the transition position accurately. For the industrial applications, the eN method together
2
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with empirical criteria for transition mechanisms that are not covered by this approach, such as bypass and attachment line
transition, keeps its place as a practical method (Krumbein, 2009). The design process for the wings and airfoils still requires
the use of laminar-turbulent transition modelling in Reynolds-averaged Navier-Stokes (RANS) solvers. The current analysis
involves a coupling of the eN transition model with the RANS solver to benefit its accuracy for high Reynolds number flows
5

in wind turbine applications (Sørensen et al., 2014).
The experimental studies on laminar-turbulent transition on aerospace applications goes back a long way compared to the
research conducted on wind turbines. While the inflow turbulence intensity for an airplane wing in cruise is lower than the
one experienced in a wind tunnel, it is higher for a rotating machinery or wind turbine rotors (Hernandez et al., 2012). Transition analysis performed for wind tunnel experiments in controlled conditions includes measurements on wind turbine airfoils

10

equipped with pressure taps and sensors, balance system and a wake rake (Ceyhan et al., 2017); infrared thermography (Joseph
et al., 2016); rotating turbine blade equipped with pressure sensors, strain gauges, balance system and particle image velocimetry (Schepers and Snel, 2007), rotating wind turbine and wind turbine blade experiments by oil visualization, stethoscope and
flush-mounted unsteady pressure sensors (Lobo et al., 2018), wind turbine airfoil with pressure sensors and high frequency
microphones (Özçakmak et al., 2019).

15

In addition to the DAN-AERO experimental campaign (Madsen et al., 2010) (Troldborg et al., 2013), of which the current
analysis is based on, there have been other field experiments on boundary layer transition on rotating wind turbine blades
using microphones glued on the surface (Van Ingen and Schepers, 2012), hot film and pressure tubes (Schwab et al., 2014)
(Schaffarczyk et al., 2017), microphones on the suction side in addition to the ground based thermographic cameras (Reichstein
et al., 2019). All these experiments pointed to a fact that more field experiments are needed on the wind turbine blades in

20

order to characterize the transition behaviour with inflow turbulence and rotational effects. Moreover, determining the relevant
frequency ranges for the atmospheric turbulence and the occurrence of the T-S waves under real atmospheric conditions is
needed in order to investigate the combined effects of the turbulent wind and the blade rotation on transition. Modern wind
turbines usually operate in wind farms where the inflow is affected by the wake of the upstream turbines. They are also
exposed to high free-stream atmospheric turbulence and wind shear. The differences in the transition behaviour of the same

25

airfoil section tested in a controlled 2-D wind tunnel environment and 3-D field experiments at real operational conditions
is discussed in a previous work and it is seen that full rotor blade section exhibits different transition characteristics than in
the 2-D case (Madsen et al., 2019). The difference between the design conditions for rotor and airfoils and the real operating
conditions leads to inaccurate predictions of the loads and the performance.
In this study, the transition characteristics of the LM 38.8 blade on the NM80 2.3MW wind turbine is analysed by field

30

experiments (DAN-AERO project), and computations with the DTU in-house CFD EllipSys code (Sørensen, 1995) (Michelsen,
1992),(Michelsen, 1994). The present experimental analysis is based on high frequency microphone measurements that enables
acquiring data at higher sampling frequencies and allows a higher resolution (with the number of microphones placed on both
upper and lower surfaces) than the previous studies. This paper is focused on the analysis of the DAN-AERO 3-D transition
rotor measurements in a wind farm and the validation of the transition models in the EllipSys3D CFD in-house solver using this

35

experimental data. The atmospheric turbulence, wind shear and wake effects on transition behaviour of a wind turbine blade
3
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Figure 1. Map of the site approx. 10 km south-east of Esbjerg (© Google Maps 2007). The test turbine, NM80 is situated in a small wind
farm at Tjæreborg along with 7 other wind turbines of size around 2 MW. The other turbines are circled with blue and the test turbine is
marked by the red circle. The meteorology mast is shown by the ’MM’ denotation in the picture.

section is discussed. The effect of these parameters on the effective angle of attack and velocity on the blade section as well as
their potential direct effect on transition is discussed. Comparison of the field experiments with the CFD simulations enlightens
the transition behaviour of the wind turbine blades and enables improvement of the design and aerodynamic prediction tools.
2 Field Experiments : Set-up and Instrumentation
5

The main objective of the DAN-AERO project was to establish an experimental database for aerodynamic, aeroelastic and
aeroacoustic issues that are significant for the design and operation of MW size wind turbines (Bak et al., 2010). The laminarturbulent transition investigation of this campaign contains both 2-D wind tunnel tests (Madsen et al., 2010) as later analysed
by (Özçakmak et al., 2018) (Özçakmak et al., 2019), and 3-D field experiments (Troldborg et al., 2013).
In this study, field experiments are analysed in order to investigate the laminar-turbulent transition characteristics of a 3-D

10

rotor blade. The tested turbine is placed at a wind farm in Tjæreborg, Denmark, which consists of 8 turbines in 2 rows. The
test turbine is a 2 MW NM-80 wind turbine with LM-38.8 blade. The rotor diameter is 80 meters. The site and the test turbine
(denoted as ’NM80’) is presented in Figure 1. The wake cases presented in this paper are from an upstream wind turbine that
is located around 6 rotor diameters (6D) upstream of the test turbine.
The rotational speed, yaw, pitch and rotor azimuth angles are measured at the nacelle. In addition to the pressure taps placed

15

at four different sections on the blade, 56 high-frequency microphones are installed about 1 mm below the blade surface at a
section 36.9 meters from the hub (3.1 m from the tip of the blade). The same section is also equipped with a pitot tube for
4
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Table 1. Instrumentation and Data Acquisition Parameters
Measurement device

Sampling rate

Acquisition time

Sensors on the turbine and MM

35 Hz

10 minutes

Pressure taps

100 Hz

9 minutes 30 seconds

High-freq. microphones

50 kHz

10 seconds

measuring the relative velocity. The pressure taps are placed 36.8 m from the hub (3.2 m from the tip) next to the microphones.
The wind direction and wind speed information of the inflow is obtained from the anemometers and wind vanes placed at the
meteorological mast (denoted as ’MM’) 2.5 diameter far from the test turbine, see Figure 1. At some specific wind directions,
the test turbine is in the wake of the upstream turbine, effect of which is also discussed in this study. Both wake and no-wake
5

conditions are analyzed.
The angle of attack values of the field experiments presented in this article are derived from the normal force on the blade.
The correlation between the normal force in the experiments and the angle of attack is generated by the HAWC2 (Horizontal
Axis Wind turbine simulation Code 2nd generation)(Larsen and Hansen, 2007) simulations which is based on the principle
blade element momentum theory with an aero-elastic model of NM80 turbine using existing polars.

10

The acquisition properties of the instruments on the test blade and the meteorological mast are listed at Table 1.
Different 10 minute series from 2 different days are used in this study with corresponding 10 second series of microphone
acquisition. The turbine operated at two different pitch settings: 1.25◦ and 4.75◦ degrees. The pitch angle is defined as positive
towards stall.
The blade section that is equipped with the high frequency microphones features a NACA 63-418 airfoil with a chord length

15

of 1.24 meters. The turbine is operated at a constant rotational speed of 16.1 revolutions per minute(rpm) and at a fixed pitch
setting. The Reynolds number is around 5 million for the tested blade section. The region of the atmospheric boundary layer
where the turbines operate has varying levels of free stream turbulence. This contributes to large external disturbances in the
boundary layer of the blades. The degree of turbulence in the wind varies greatly on short time scales. Therefore, for the inflow
velocities, 10 second datasets from MM measurements are used, which corresponds to microphone acquisition times.

20

The ABL velocity profiles are averaged over 10 minutes (a) and over 10 seconds (b) corresponding to the exact time instance
of the microphone dataset, presented in Figure 2 with their standard deviations as shaded areas. In 10 second average profiles,
for some of the selected cases, an increase in the velocity is observed at 57 meters from the ground where the turbine hub is
approximately located.
The 2-D results shown in this paper originates from the wind tunnel experiments of the DAN-AERO project conducted in the

25

LM wind tunnel with a manufactured airfoil identical to the blade section on the wind turbine, details of which are explained
in a previous study (Özçakmak et al., 2019).

5
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Figure 2. ABL velocity profiles: a) 10 minutes average, b) 10 seconds average corresponding to microphone acquisition time; c)Azimuthal
placement and the heights of the blade cross-section at each azimuthal location

2.1

Data processing

The pressure fluctuations in time domain (10 second series), obtained from high frequency microphones placed chordwise on
the blade section, are analyzed in the frequency domain by fast Fourier transform (FFT) analysis. The sampling frequency of
the data is 50 kHz acquired over 10 seconds. The data is divided into smaller time segments of 0.0410 seconds. The window
5

size of 4096 is used with a 50 % overlap. For each time segment, the power spectral density (PSD) and the integrated PSD is
calculated.
The PSD of the pressure fluctuations obtained from the microphones are integrated in a frequency interval from f1=2 kHz to
f2=7 kHz(see Equation 1). The integration within a certain frequency range gives the standard deviation (σ), which represents
the total energy of the pressure fluctuations. A sudden chordwise increase in the pressure level (Lp ) is considered as an

10

indication of the transition location. The reference pressure Pref is assigned to the value of 20 µ Pa. More details on this
method and the selection procedure of the frequency interval for the integration can be found in a previous work by Özçakmak
et al. (2019).

Prms

2

Zf 2
= P SD df
f1

,

Prms
) ,
Lp = 20 · log10 (
Pref

q
σ = Prms 2 .

(1)

The transition location on the upper and lower surfaces is detected by the highest chordwise derivative of the pressure level
15

as in Equation 2. The derivatives that are above a threshold level of 250 dB are selected for transition detection.

xtr = x → max(

6

dLp
)
dx

(2)
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Figure 3. Transition detection methodology from the high frequency microphones

The transition detection method is illustrated in Figure 3. The laminar, transitional and the turbulent flow in time series and
in frequency domain is illustrated at the top of the figure and the chordwise increase of the integrated PSD and the derivative
of Lp is illustrated at the bottom. The spectrogram analyses are also performed by dividing the data length (L) into k columns.
The final detected transition locations can be seen from the spectrogram at the bottom left figure.

5

3

CFD Computations

EllipSys3D is an in-house CFD solver for incompressible Navier-Stokes equations in general curvilinear coordinates by a
multiblock finite volume discretization, here applied in RANS mode. Rhie-Chow (Rhie, 1982) interpolation is used in order
to avoid odd/even pressure decoupling. The third order QUICK (Quadratic Upstream interpolation for Convective kinematics)
upwind scheme is used for the convective terms. SIMPLE(Semi-Implicit Method for Pressure-Linked Equations) algorithm is
10

used to enforce the pressure/velocity coupling (Patankar and Spalding, 1983) (Patankar, 1980). The Message-Passing-Interface
(MPI) is used to parallelize the code for executing on distributed memory machines with non-overlapping domain decomposition (Sørensen et al., 2011).
Mesh generation is done by the 3-D hyperbolic grid generation program HypGrid3D (Sørensen, 1998). The rotor geometry
and the boundary layer of the blade surface is resolved by O-O mesh configuration. The grid consist of 256 cells in the

7
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chordwise direction, 128 cells in the spanwise and 128 in the normal direction, with cells size ensuring y+ value less than 1.
The mesh has around 14 million cells. The far field boundary is located around 10D away from the rotor in all directions. Due
to the high tip speed ratio, the simulations are performed by transient computations with 1200 steps per revolution. At each
time step, the momentum equations are solved and a pressure correction equation is used to satisfy the continuity constraint.
5

This process is repeated until a convergent solution is reached, and all the terms are evaluated at the next time level when the
subiterations are finished.
The turbulence is modelled by the k − ω SST eddy viscosity model (Menter, 1993). The boundary layer transition prediction

on the rotating wind turbine blade section is performed by the eN transition method based on linear stability theory.

In the CFD simulations, the eN transition method is applied for several flow conditions representing the field experiments.
10

The EllipSys3D rotor simulations are performed at several free stream velocities representing the ABL conditions at 3 different
heights, considering both the mean and the standard deviations during the microphone acquisition time. Both the eN natural
transition model with different amplification factors (N) and the bypass transition model at the corresponding atmospheric
turbulence intensity values from the field experiments are simulated.
The angle of attack from the EllipSys3D simulations on the blade section is determined from the annular averaging method

15

by determining the local induced velocities at the blade (Hansen et al., 1997) (Johansen and Sørensen, 2004). In order to
calculate the induced axial velocity, Vind , at the rotor plane, annular averaging of the axial velocity at several upstream and
downstream locations at a given radial location (in this case, the same blade section as in the microphone experiments) is
performed. Then, Vind is found by the interpolation of these averaged streamwise velocities to the rotor plane. Lagrangian
polynomial interpolation is used to determine the velocity at the rotor location (z = z0 ) as in Equation 3.

f (z0 ) =

20

N
X
i=1





N
Y

f (zi ) 

j=1,j6=i


z0 − zj 
zi − zj

(3)

Having calculated Vind , the effective local flow angle (α) is found from Equation 4, where ω is the angular velocity, R is the
distance to the hub from the measured tested section on the blade, θ is the combined pitch twist angle.


Vind
−1
α = tan
−θ
ω·R

(4)

The Fieldview (2017) software is used in order to postprocess the EllipSys3D simulation results, to extract the annular
25

averages of the axial velocity and for the flow visualization.
3.1

EllipSys3D semi-empirical eN transition model

Transition to turbulence in EllipSys3D is governed by the semi-empirical eN model (Drela and Giles, 1987), which is based
on linear stability theory. The conventional eN method is a semi-empirical method not considering receptivity. In the semiempirical method, while linear stability analysis is done for the governing equations, the transition is assumed to take place
30

when N reaches a previously correlated value from the experiments. Therefore, the empirical part comes from the N value at
8
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transition, which makes the model semi-empirical. In the eN method , the amplification of small disturbances are calculated
for several frequencies, and the spectrum of the most amplified ones is identified. The critical N factor for each type of flow is
determined empirically, and the transition point is detected from this empirical value of the critical N factor.
In the EllipSys3D code, the boundary layer parameters (the displacement thickness δ ∗ , momentum thickness θ and the
5

shape factor H in Equation 5) should be known to determine the occurrence of transition. Ue is the velocity at the outer edge
of the boundary layer which is determined from the Navier-Stokes computation, and y is the direction perpendicular to the
wall/surface. The boundary layer thickness δ is defined as the location where u = 0.99Ue .
Z∞
u
δ = (1 −
)dy
Ue
∗

,

θ=

0

Z∞
0

u
u
(1 −
)dy
Ue
Ue

,

H=

δ∗
θ

(5)

Although, these boundary layer parameters can be calculated by integrating the velocity profile from the Navier-Stokes equa10

tions, it is shown by Stock and Haase (1999) that it requires an excessively fine computational grid. Therefore, the boundary
layer parameters are found from the von Karman boundary layer equations (Von Kármán, 1921).
The momentum integral equation (Equation 6) and the combination of the kinetic energy equation with von Karman’s
momentum equation (Equation 7) are solved for H and θ. Ue is determined from the Navier-Stokes computation. In each
iteration, these equations are started from the stagnation line and integrated downstream on the surface until the transition

15

point is found.
1 ∂
∂θ
θ ∂Ue
θ ∂Un
Cf
= 2 (Ue δ ∗ ) +
+ (2 + H)
+
2
∂x
Ue ∂x
Ue ∂n
Ue ∂t

2CD = θ

(6)



∂H ∗
θ ∂Ue Cf
+ H ∗ (1 − H)
+
∂x
Ue ∂x
2

(7)

D
) and D is the dissipation per unit area. The Un term, the
ρUe 3
velocity normal to the wall, comes from the assumption of axial symmetry. These equations are presented in terms of boundary
CD is the kinetic energy dissipation coefficient (CD =

20

layer parameters and the skin friction coefficient Cf , where x is the horizontal direction, τw is the wall shear stress, ρ is density,
µ is the dynamic viscosity, θ∗ is the kinetic energy thickness, and H ∗ is the energy thickness ratio as shown in Equation 8.

∂u
τw = µ
∂y

,

Cf =

tw

1
ρUe 2
2

,

θ =
∗

Z∞
0

u2
u
(1 − 2 )dy
Ue
Ue

,

H∗ =

θ∗
θ

(8)

Closures for Cf , Cd and θ∗ are calculated based on Falkner-Skan velocity profiles. The stagnation line is normally found as
the location where the pressure coefficient based on relative velocity is equal to 1. In order to ensure that the entire stagnation
25

line is found at each time step, Hiemenz flow across the stagnation line and Blasius flow along the stagnation line are assumed.
9
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By this way, realistic initial values for H and θ are obtained and the stagnation line can be located between two computational
cells.
The development of the imposed wave perturbations’ amplitude is computed along the boundary layer based on spatial
analysis. A check is carried out during the integration of the boundary layer equations to determine if the disturbances are
5

amplified or damped. As neutral stability is passed, amplifications are determined for a range of temporal frequencies.
The N factor is the natural logarithm of the ratio of the disturbance amplitude at a specific location to its amplitude at the
neutral stability point. Integration of the N amplitude is carried out until it reaches a certain value for which transition is said
to occur. This value is set according to the turbulence degree that is present in the experimental conditions for comparison
with the simulations. In order to build a relation between the turbulence level and the amplification factor, Mack’s expression

10

(Mack, 1977) is used as an estimate.
Transition to turbulence is handled by the intermittency factor (γ) when solving the Navier Stokes equations. The eddy
viscosity (µT ) obtained from the turbulence model is multiplied with the intermittency factor which controls the effective
viscosity (µef f =µ + γµT ), where µ is the molecular viscosity.

15




γ = 0,
laminar flow



Intermittency 0 < γ < 1, gradually increases to 1 after transition




γ = 1
turbulent flow

(9)

The intermittency factor is calculated from Equation 10. This equation is obtained by combining the statistical theory for
transitional flow by Emmons (1951), and the expression that represents the production rate with Gaussian distribution using
the Dirac delta function by Dhawan and Narasimha (1958) and the Chen and Thyson (1971) formulation:

2
Ue,T r
γ = 1 − exp{−(x − xtr )2
n
bσ}
ν

20

(10)

where the subscript tr is the transition onset, ν is the kinematic viscosity, σ is here the spot propagation rate, and n
b is the
non-dimensional spot formation rate, n
b = n · ν 2 /Ue,T r 3 (Mayle, 1998).

The intermittency factor is calculated on the surface and then solved for the entire boundary layer and wake within the

transport equation (Michelsen, 2002).

∂γ ∂U γ ∂V γ ∂W γ
+
+
+
=S
∂t
∂x
∂y
∂z

(11)

where the source term, S, is obtained by evaluating the transport terms for previously determined intermittency values.
25

3.1.1 Bypass transition model
When the amplitude of the disturbances are strong, such as for high free stream turbulence or large roughness elements, the
the linear stages of the transition process is bypassed. In this case, transition happens in the absence of T-S waves and the
disturbances are amplified by a non-linear process.
10
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The approaches for modelling bypass transition in industry involves low Reynolds number turbulence models, and models
using experimental correlations that relates free-stream turbulence intensity to transition Reynolds number based on momentum
thickness Reθt (Reza and Amir, 2009).
The eN method accurately predicts the transition for free stream turbulence levels , 0-2 % for T-S dominated transition, but
5

for higher levels it is bypassed (Biau et al., 2007). The eN method in EllipSys3D can be used together with a bypass criteria.
For the bypass transition model, Suzen and Huang (2000) empirical model is used.
Abu-Ghannam and Shaw (1980) suggested that for the attached flows, transition onset can be obtained by correlating Reθ to
the free stream turbulence intensity. By maintaining the strong features of this correlation in adverse pressure gradient regions,
more sensitive response to the favourable pressure gradients is obtained by Suzen et al. (2002) by re-correlating the transition

10

criterion to the free stream turbulence intensity and acceleration parameter Kt .


Reθtr = (120 + 150T u(−2/3) )coth 4(0.3 − 105 Kt )

(12)

Here, Kt is the minimum value of the acceleration parameter in the downstream direction (Michelsen, 2002), which can be
expressed as ν/Ut 2 (dU/dx)t where Ut is the boundary layer velocity at onset of transition (Suzen et al., 2002). T u is the
turbulence intensity at the transition onset. Under high turbulence intensity conditions, this correlation fits well with adverse
15

pressure gradient regions. In EllipSys3D, for the bypass transition cases, where turbulence levels are high, this correlation
is used and the criteria for natural and bypass transitions are checked simultaneously in the code. The higher of the two
intermittency factor is used. Moreover, separation induced transition is also checked with a bubble model inside the boundary
layer solver.
3.2

20

Numerical Set-Up

The computations are performed for three different grid levels for the 3-D simulations, and five different grid levels for the 2-D
case. The grid independence is ensured and the results of the finest grid are presented.
The 3-D full rotor simulations are performed as transient calculations with 1200 steps per revolution for all grid levels.
The problem is approximately axisymmetric. The CFD Simulation input parameters are listed in Table 1 for the finest grid
level. The input k is the turbulent kinetic energy and ω is the specific dissipation for the turbulence model. Several free-stream

25

velocities are simulated from 5.5 m/s to 8.5 m/s. It should be noted that, in the experiments, the wind speed and the turbulence
levels vary as a function of the blade azimuth due to the wake and wind shear. Therefore, these local inflow conditions are
represented by individual CFD simulations with various wind speeds and T.I. since it is difficult to simulate spatially varying
inflow conditions only by a single simulation. Moreover, at each simulation, different amplification factors (N = 0.15, 3 and
7) are used in the natural transition model to represent different inflow scenarios.

30

The turbulence is quantified by the turbulence intensity (T.I), which is the standard deviation of the relative velocity divided
by the average relative velocity over 10 minutes in this case. Ten minutes average of the velocity data obtained from the pitot
tube on the blade is used in order to obtain the T.I values. Various T.I. values of 2.8, 3.8 and 6.8 % are used as an input to the
11
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Table 2. CFD Simulation parameters
Parameter

Value
1.23 kg/m3

Density
Viscosity
k T.K.E. (turbulence model)

1.83 · 10−5

0.1 m /s2

1 · 106

ω (turbulence model)
Rotational speed

kg/ms
2

1/s

1.7 rad/s

bypass transition model in the CFD computations. The transition point is selected to be the first location where γ > 0.025 for
both of the transition models.
4

Results and Discussion

4.1
5

Atmospheric effects on transition

The flow on the blade is affected by many parameters in the free atmosphere compared to an airfoil in a steady flow in a
wind tunnel. The atmospheric flow has a substantial effect on the performance and loading of the turbines. The shear in the
atmospheric boundary layer and the inflow turbulence in combination with the rotational effects, creates a significant deviation
of the aerodynamic characteristics on the blade compared to the wind tunnel flow conditions. The effective angle of attack and
velocity varies as a function of azimuth position with these parameters and causes the transition position to move constantly

10

during rotation. These multiple effects on transition are not easy to analyse separately. For instance, the large scales of the
inflow turbulence affect the effective angle of attack on the blade section, but may also have a direct effect on the transition
location as in the wind tunnels. Thus, analysis from the experiments in this study aims to analyse these individual effects on
the transition behaviour.
The spectrogram of the chordwise pressure levels on the airfoil profile tested in the wind tunnel (Figure 4-a) and wind turbine

15

blade section (Figure 4-b) from the field experiments, featuring the same airfoil profile are presented. The transition regions
can be seen by the sudden chordwise increase of the pressure levels. Due to the low inflow turbulence in the wind tunnel
(T.I.=0.1%), no time variations of the transition position is observed for the airfoil profile. On the other hand, the transition
location changes significantly for the rotor blade section through one revolution for the high pitch case (p=4.75◦ ) (Figure 4-b)
, deviating from the 2D case (Figure 4-a).

20

In order to analyze the causes of this variation, different inflow turbulence levels are investigated. As the PSD is integrated
from 2 kHz to 7 kHz for transition detection (presented in Figure 5-b), several frequency intervals of integration are attempted
to identify the inflow turbulence from the microphone signals. It is found out that the microphones closer to the leading edge
have high energy content in the low frequency region. Therefore, the PSD is integrated in the frequency interval from 100 Hz
12
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Figure 4. Chordwise pressure level (Lp) spectrogram along the pressure side for airfoil tested at the wind tunnel(a) and for the blade section
from the field experiments (b).

to 300 Hz. It can be seen from Figure 5-a that the leading edge microphones has high pressure levels on this frequency range
capturing the pressure response to the inflow turbulence. For the quantitative comparisons, a microphone located very close
to the leading edge (at x/c = 2.2%) on the pressure side, in the laminar boundary layer, is selected to represent the inflow
turbulence that the blade section is exposed to.
5

The inflow turbulence levels from the microphone analysis, the relative velocity obtained from the pitot tube on the blade
section, and the angle of attack, which is derived from the forces, are presented together with the detected transition points
as a function of the azimuthal angle in Figure 6. Two different cases from the measurements are shown in Figure 6. Figure 6
- left shows a partial wake case (9% wake-affected rotor area) with a free stream velocity (U∞ ) of 7.2 m/s. Figure 6 - right

demonstrates a half wake case (48% of the rotor area covered with wake affected inflow) with U∞ =8 m/s. Both cases have the

10

same pitch setting and the same T.I= 2.8% obtained from the meteorological mast. The wake shadow from the rotor view and

the top view is also shown at the bottom of the figure for each case. The swept area that is influenced by the wake according
to the wind direction was calculated by estimating the wake expansion depending on the velocity induction factor. Each line
at Vrel , AOA, Lp and Xtr plots corresponds to a single revolution. For the 9% wake case, each revolution tends to have a
similar behaviour, on the contrary, for the 48% wake case, there are some discrepancies observed between each rotation. For
15

both cases, it is noticeable that the decrease in relative velocity and angle of attack and the increase of the inflow turbulence
leads the transition point to move closer to the leading edge at the pressure side. The tilt, yaw and wind shear effects on AOA
and Vrel are analyzed by HAWC2 simulations. Yaw misalignment (which is the difference between the angle measured on the

13
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Figure 5. Spectrogram of the chordwise pressure levels obtained from frequency integration limits of a)100-300 Hz and b) 2-7 kHz on the
pressure side, for the low pitch case (p=1.25◦ ), w= 6.3 m/s , T.I.= 3.8%

nacelle and the wind direction measured from the meteorological mast at the same height) was checked for the cases presented
in this paper. The mean absolute yaw error is found to be less than 5 degrees, and the effect of the maximum yaw on Vrel and
AOA change is found to be no more than 1% by HAWC2 analysis. Moreover, the wind turbine has a 5◦ tilt angle that causes
1% change in Vrel and 0.2% change in AOA according to this analysis. Considering that the cases presented here are not under
5

a strong shear, and comparing those variations with the experiments, it can be concluded that the azimuthal behaviour of the
relative velocity and the angle of attack is governed by the inflow turbulence, mainly from the wake of an upstream turbine.

14
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Figure 6. The relative velocity (Vrel), pressure levels (Lp) of the inflow turbulence, AOA, and detected transition points (Xtr) for the pressure
side: (left) 9% wake shadow from an upstream turbine with U∞ =7.2 m/s; (right) 48% wake shadow with U∞ =8 m/s; (bottom) rotor view
and top view of the upstream turbine and the test turbine.

In order to distinguish the effects of the AOA and the T.I., the data is divided into AOA bins. A previous study (Madsen et al.,
2019) with data from the DAN-AERO experiments shows that for several angle of attack bins, there is a correlation between
inflow turbulence and the transition location. Increasing the turbulence content in the range of 100-300 Hz moves the transition
process closer to the leading edge at the pressure side. At the suction side, transition points are detected within the first 13% of
5

the chord, and no correlation could be established with the inflow turbulence.
4.2

Angle of attack effect on transition

The relative velocity, turbulence levels, AOA and the detected transition points on the pressure side for two different pitch cases
are compared in Figure 7 as a function of time. These two cases belong to different measurement sets; a low pitch case (right)
with 7 m/s free stream velocity with 2.6% T.I. and a high pitch case (left) with 7.2 m/s free stream velocity with 2.8% T.I. The
10

high pitch case is under 8.9% wake from the upstream turbine while the case with low pitch angle is under no wake conditions.
Therefore, despite some slight differences, these two cases are approximately under the same inflow conditions, which allows

15
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Figure 7. The relative velocity (Vrel), pressure levels (Lp) of the inflow turbulence, AOA, and detected transition points (Xtr) for the pressure
side: (left) pitch=4.75◦ , 9% wake shadow from an upstream turbine with U∞ =7.2 m/s; (right) pitch=1.25◦ , no wake case with U∞ =7 m/s

analysing the effect of the angle of attack on transition. It can be seen that the transition location on the pressure side has a
higher response to the rotational changes for the high pitch case. In the low pitch case, the transition point on the pressure side
is closer to the leading edge than in the high pitch angle case. For the high pitch case, the regions where the transition points
move closer to the leading edge around 20% of the chord corresponds to the regions of lower angle of attack values, as seen in
5

the low pitch case.
4.3

CFD Transition Locations

The vorticity structures from the rotor coloured by the axial velocity (w) (top left); the intermittency factor (γ) around the blade
section, 36.8 meters from the hub, (top right) and on the blade for the pressure and the suction sides (bottom) are presented in
Figure 8. It can be seen from the vorticity iso-surfaces that the problem is approximately axisymmetric. From the intermittency
10

factor visualization, the transition location on the upper and lower surfaces can be seen on the blade section (top right). The
blue parts where γ equals to zero are showing the laminar parts in the flow and the red regions( γ=1) show the turbulent parts.
The γ on the suction side (bottom) of the full blade shows that the transition point moves closer to the leading edge while going
from root to tip, except the inner most part of the root. For the pressure side, less change in the transition location is observed
as going from root to tip on the blade compared to the suction side. The case presented here is the blade with a pitch setting of

15

4.75◦ , a free stream velocity of 7.2 m/s and an amplification factor (N) of 3.

16
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Figure 8. The vorticity iso-surfaces coloured by the axial velocity (top-left); intermittency(γ) at the blade section at y=36.8 m from the
hub(top-right); The γ values on the pressure (middle) and suction sides (bottom) of the blade for U∞ =7.2 m/s, N=3, p=4.75◦ . (Note that the
free stream flow is in +z direction and the rotational speed in -x direction for the blade at azimuthal angle of 0◦ ). (The blade section that is
analysed in the current study is highlighted by the arrows on the blade.).

4.4

Comparison between CFD and Experimental Results

Since the effective angle of attack in the experiments is derived from the force measurements, in order to have a direct comparison, the experimental forces are compared with the forces obtained from the EllipSys3D simulations. The F x and F z forces
from the simulations in global coordinates are transformed to local blade section coordinates in order to obtain the chord normal
5

force on the blade as in the experiments. The 10 seconds data are extracted from the 10 minute measurements that correspond
to the exact microphone acquisition time to represent the cross sectional force for the same case. This case is under 48% wake
shadow with U∞ =8 m/s. The comparison is presented in Figure 9. Several CFD simulations obtained with various N factors

and inflow velocities for natural and bypass transition models are combined to capture actual azimuthal variation behaviour of
the experiments. The wake shadow falls in the azimuthal range from 200 to 340 degrees for this case from the measurements.
10

While large scale vortices contained in the wake of the upstream turbine might mean higher turbulence intensities, there is a
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Figure 9. Sectional normal force versus azimuth angle from the DAN-AERO Experiments compared with EllipSys3D simulations with
several inflow cases. (The CFD results are labelled by colors for the different freestream velocities (w); i.e. black: w=8 m/s, yellow: w=7.2
m/s, orange : w=6.8 m/s, turquoise: w=6.3 m/s, purple: w=5 m/s)

also a velocity reduction due to the energy extracted from the wind by the upstream turbine. Therefore, in the wake region,
the experimental force shows agreement with the forces obtained from the simulations with a lower inflow velocity. It is also
observed from the data that high wake cases introduces bigger amount of variation in the sectional force compared to low wake
cases.
5

It is seen that the experimental force variation for 4 revolutions is comparable with the numerical results. For further validation, the transition points are also compared for the pressure and the suction sides in Figures 10 and 11 respectively. Figure 9,
10 and 11 show the results for the same measurement dataset. Three different turbulence intensity levels are shown in most of
the cases to cover several ranges of turbulence levels in the atmosphere.
It is seen from Figure 10 that the azimuthal angles that correspond to the wake inflow conditions match with the bypass

10

transition results. The main flow conditions measured from the meteorological mast is U∞ =8 m/s and from the pitot tube on

the blade; T.I= 2.8%, which corresponds to the N=0.15 with Mack’s estimation. The regions where the transition point is around
20% of the chord is due to the effect of the decreasing AOA by decreasing relative velocity in the wake region. Moreover, the
regions where the transition point moves closer to the leading edge, approximately to 3%, are the indication of the direct effect

of the inflow turbulence on the transition point in addition to the decreasing AOA. In those regions, the amplification of the
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Figure 10. Experimentally detected transition points as function of azimuth angle and EllipSys3D simulations transition results for various
different scenarios for the pressure side of the blade section. (The CFD results are labelled by colors for the different freestream velocities
(w); i.e. black: w=8 m/s, yellow: w=7.2 m/s, orange : w=6.8 m/s, turquoise: w=6.3 m/s, purple: w=5 m/s)

small disturbances are bypassed. Considering the standard deviation of the measurements, EllipSys3D transition results covers
most of the scenarios that the turbine is exposed to during rotation.
On the suction side, in Figure 11, the opposite behaviour of the transition point is noticeable with the angle variation. The
regions where the transition point is closer to the leading edge corresponds to the high angle regions. The regions under wake
5

at higher azimuthal angles correspond to the decreasing Vrel and AOA (see Figure 6-right) which moved the transition point
further downstream. In this region on the suction side, although the turbulence intensity is increasing, the individual effect
of the increasing AOA is more prominent than the effect of the inflow turbulence itself. However, variations between each
rotation is also noticeable, which might be due to the inflow turbulence. It should be noted that for the suction side of the rotor
blade section operating in real atmospheric conditions, although there are rotational changes in the transition point, Xtr , it is

10

considerably close to the leading edge, so the relative movement is not as prominent as in the pressure side and it is harder to
reach a reliable conclusion.
The transition positions from the microphone measurements and the sectional forces derived from the pressure measurements
are coupled. Xtr on the pressure side as a function of the sectional normal force is presented in Figure 12. In the same way,
the EllipSys3D transition point results are presented as a function of the sectional force obtained from the simulations. Each

15

EllipSys3D transition location-normal force point corresponds to a different simulation set-up where the input velocity and the
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Figure 11. Experimentally detected transition points as function of azimuth angle and EllipSys3D simulations transition results for various
different scenarios for the suction side of the blade section. (The CFD results are labelled by colors for the different freestream velocities
(w); i.e. black: w=8 m/s, yellow: w=7.2 m/s, orange : w=6.8 m/s, turquoise: w=6.3 m/s)

amplification factor for the natural transition model and the turbulence intensity for the bypass transition model is varied. This
comparison indicates that the simulation results are in line with the experiments although a considerable scatter is seen.
The pressure coefficient results from the pressure taps and those from the simulations are also compared. In the experiments, 4 blade sections are equipped with pressure taps and the current analysis shows the most outward section (next to the
5

microphones) that has the highest velocity change with the azimuth compared to the other sections. The pressure coefficient is
calculated as follows:
Cp =

p − p∞
1
2 + (rω)2 )
ρ(V∞
2

(13)

where V∞ is the free stream velocity measured on the meteorological mast, r is the radial position of the section where the

microphones are located and ω is the rotational speed of the turbine. The pressure coefficient from the experiments is obtained
10

by azimuthal averaging of the pressure measurements from a 570 seconds time data. For comparison, Cp values obtained
by averaging through the full rotation is also presented in Figure 13. Moreover, both EllipSys2D and EllipSys3D results are
presented and DAN-AERO experiments from the wind tunnel measurements (DAN-AERO 2D) are also included.
The Cp value from field experiments for 0◦ azimuthal angle and for the full rotation is presented in Figure 13-a. The
EllipSys3D result, simulated with a free stream velocity of 7.2 m/s, fits well with the 3D experimental results. At this azimuthal
20
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Figure 12. Experimentally detected transition points on the pressure side versus sectional normal force with various free stream velocity bins
compared with EllipSys3D simulation results. (The experimental data is color coded according to the free stream velocity, see the legend,
right of the Figure.)

position, the AOA values seen in the field experiments varies from 4 to 7.5 degrees. The 2D results presented here are for AOA=
4◦ and 5◦ , at Reynolds number of 5 million. Furthermore, the 2D results for higher angle of attack values are also found to
be still within the standard deviation of the pressure coefficient from the field experiments. Although there are some bumps
on the Cp curve for the 2D simulations and both for the 2D and 3D experiments on the suction side due to the manufactured
5

geometry, there are no visible bumps in the 3D simulations since the blades were generated with theoretical airfoil sections for
the 3D simulations.
The Cp values obtained from 3-D simulations and experimental Cp value at 90◦ azimuthal angle is presented in Figure 13-b.
EllipSys3D simulations for various free stream velocities observed during the acquisition time of the pressure measurements
fit well with the 3D experimental results. In Figure 13-c, EllipSys3D results for fully turbulent, natural and bypass transition

10

are shown for 270◦ azimuthal position. This is the region where there is wake affected inflow in this measurement set, therefore
numerical results obtained for lower freestream velocities show agreement with the 3D experimental results.
In order to have a wider discussion, all the selected measurements from different days in the field experiments with different
pitch settings, inflow velocities and T.I. under both wake and non-wake conditions are gathered and plotted as a function of the
AOA. As explained in Section 3, for the EllipSys3D results, the effective angle of attack on the blade section is determined by

15

annular averaging of the axial velocity method in order to compare the results with 2D simulations and experiments. Moreover,
the AOA values derived from the force measurements in the 3D experiments with the detected transition points from the
21
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Figure 13. Pressure coefficient (Cp) comparison of the 2-D and 3-D simulation and the experimental results for azimuth angle of 0◦ (a),
comparison of the 3-D experimental results at 90◦ azimuth angle with numerical results featuring several free stream velocities (b), and
comparison of 3-D experimental results at 270◦ azimuth angle with 3-D numerical results for fully turbulent (’ft’), natural and bypass
transition (’bp’) models (c). For each plot, Cp value obtained by averaging through full rotation is also presented and denoted as ’fullrot’.

microphone measurements are added to this comparison. The field experiment results contain measurements from 2 different
days with two pitch (p) settings of 1.25◦ and 4.75◦ and both wake and non wake conditions. This data is binned according to the
pitch setting and wake shadow ranges. Transition points as a function of the AOA for both 2D, 3D experiments and simulations
are shown in Figure 14. The airfoil tested in the wind tunnel is manufactured identical to the rotor blade section surface
5

geometry. Therefore, possible surface irregularities are also transferred. The reason of the sudden change of the transition point
from AOA= −6◦ to −5◦ on the suction side in the 2D experiments instead of following a gradual pattern as in the EllipSys2D

simulations might be due to these irregularities.

It can be seen from Figure 14-left (pressure side) that for the high AOA and high inflow turbulent cases, the transition
locations are scattered around a larger percentage of the chord (from x/c=0.016 to x/c=0.46, approx. 44 % area) which creates
10

a significant effect on the performance of the wind turbine. However, for lower AOA values under no wake conditions, the
transition point does not move within more more 10% along the chord during a revolution. The 2D simulations with N=7 and
the wind tunnel experiments show good agreement on the pressure side. It is seen that there is a significant difference on the
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Figure 14. Detected transition points from the field and wind tunnel experiments and from the 2-D and 3-D CFD computations for the
pressure side(left) and for the suction side(right).

pressure side between the 2D wind tunnel experimental results and 3D field experiments at several inflow conditions for the
same manufactured airfoil geometry. For the high pitch case (p=4.75◦ ), at AOA values from 4 to 9 degrees, the jump in the
transition location seen in the 3D experiments is not visible either in wind tunnel results or in 2D or 3D simulations. These
changes in the location of transition points during one revolution are represented by the simulations with different N factors
5

for the natural transition model and different T.I. for the bypass transition model. The bypass transition model fits with the
locations close to the leading edge and this shows that at several azimuthal positions, the transition is bypassed in the field
experiments. The natural transition model with N=0.15 and N=3 fits to the positions where the transition locations are found to
be at around 40% of the chord. By combination of the results from the simulations with bypass and natural transition models,
the scattered area from the experiments are covered. For the suction side (Figure 14 - right), the results from the 3D simulations

10

with natural and bypass transition models cover most of the results from the field experiments. For the low AOA values, and
low and no wake cases, the transition location movement is within 13% along the chord in one revolution for the suction side.
The more downstream transition locations, seen at low AOA values, fit with the results from the simulations with the natural
transition model. This indicates that the natural transition type is also present on the suction side. Moreover, the 2D and 3D
experimental results show agreement in the high AOA range on the suction side and the transition locations are in very close

15

proximity of the leading edge in most of the cases.
5

Conclusions

In this study, the analysis of the field experiments and results from the 3D CFD simulations are presented to characterize
the laminar-turbulent transition behaviour of a wind turbine under real atmospheric conditions. The data from high frequency
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microphones placed on a wind turbine blade section are analyzed in the time and frequency domains. The transition locations
are detected from the standard deviation of the pressure fluctuations, which are integrated between 2kHz and 7kHz. The inflow
turbulence behaviour is obtained from one of the microphones placed nearby the leading edge by integrating the spectra from
100 to 300 Hz. The inflow velocity is obtained from meteorological mast measurements and used as an input parameter in the
5

CFD computations. The T.I. for the simulations is obtained from the relative velocity measurement from the pitot tube placed
on the blade section.
The field experiment results showed that the transition behaviour on the wind turbine blade in real operating conditions
differs from the model in the wind tunnel, caused by the influence of the inflow turbulence and the wake from another turbine.
These factors change the relative velocity, so the effective AOA on the blade section, and, besides, inflow turbulence is observed

10

to have some direct effects on transition.
The effect of the wake is visible from the variation of the detected transition points at each revolution. As the wake affected
rotor area increases, bigger jumps of the transition position is observed during one revolution. At the low and non-wake cases,
each revolution is almost identical and the transition behaviour is mainly governed by the angle of attack changes due to the
inflow velocity. The angle of attack effect on transition is analyzed by comparing results from the two different pitch settings

15

under similar inflow conditions. It is seen that for the pressure side, at low AOA cases, the transition position is not affected
by the variations during a revolution as much as in the high AOA cases. Changes in AOA is found to be highly correlated with
transition locations during a revolution and the variations among different revolutions are due to the inflow turbulence.
The normal sectional forces from the experiments and simulations are compared in order to quantify the rotational changes
of the force, and analyze the differences among several revolutions. Moreover, by binning the sectional forces from the ex-

20

periments by the inflow velocity, the range that is covered by the simulation results obtained with various N numbers for the
natural transition and T.I. for the bypass transition is identified. It is seen that the field experiments and the 3D simulations are
comparable.
Furthermore, detected transition positions for the suction and pressure sides from the field experiments are compared with
3D CFD simulations. It is seen from the experiments that as the inflow fluctuations increase, the transition point moves closer

25

to the leading edge on the pressure side of the blade section. The EllipSys3D bypass transition model pressure side predictions
are in good agreement with the experimental cases in conditions of high inflow turbulence at the azimuthal positions where the
turbine is under the wake of an upstream turbine. On the other hand, the experimental result from the other azimuthal positions
fit to the results obtained with the natural transition model. At these positions, the freestream velocities at different height levels
of the ABL are matched with the azimuthal positions of the blade section. Comparing many datasets from different days, it is

30

seen that for high AOA and wake cases, the movement of the transition point covers up to 44% of the chord on the pressure
side in a single revolution, a value that drops to 5% at low AOA and for no wake cases. On the suction side, changes in the
transition position is also observable, and the field and wind tunnel experiments agree in the high AOA range. It is seen that,
on the suction side, the effect of AOA is more prominent than the direct effect of the turbulence intensity, though it is not

35

easy to reach a conclusion as the transition positions are in very close proximity to the leading edge (within x/c = 1 − 13%).

Therefore, at these physical conditions, the suction side is not suited to distinguish the type of the transition mechanism. It is
24
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visible from the pressure coefficient results that for azimuth angle 270◦ , where there is a wake from an upstream turbine for
the presented case, the experiments fit with the low velocity 3D simulation results for natural and bypass transition models.
On the other hand, 90◦ azimuthal position corresponds to high AOA region in the field experiments, a suction peak increase
is observed and the EllipSys3D results that are simulated for the velocities during 10 minutes acquisition time fits with the
5

experiments. For 0◦ azimuth, it is seen that 2D simulation and experimental results are within the standard deviation of 3D
experiments. The pressure coefficient results also show the surface bumps on the suction side that could have been one of the
factors effecting transition.
It is seen that the eN semi-empirical transition model and bypass transition model in EllipSys3D can be used for high
Reynolds number flows (Re=5 million) in real atmospheric conditions. Using both models can cover the range of transition

10

positions that is seen in the field experiments with a relevant choice of the amplification factors and T.I. values.
Several inflow scenarios are simulated separately in EllipSys3D as it is hard to control high turbulence in the wake region
and handling varying N factor and T.I. in a single simulation. Simulations with more inflow characterization can be studied in
the future in order to simulate the real inflow conditions from the experiments. Moreover, detailed characterization of the inflow
turbulence measured on the blade with high sampling frequency instruments in field experiments is needed to separate relevant

15

frequencies that affect boundary layer transition. By more field experiments and high resolution simulations, laminar-turbulent
transition predictions can evolve, and eventually contribute to the aerodynamic prediction and the design of the wind turbine
blades.
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