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Abstract

This thesis seeks to arrive at estimates of improvement in blade aerodynamic efficiency

and reduction in structural loads in small wind turbines through surface suction-based

active flow control at low Reynolds numbers (Re). Improved aerodynamic efficiency and

reduced fatigue loads help achieve lower Cost-of-Energy.

Small wind turbines typically operate off-grid, providing power at the point of con-

sumption. Consequently, such turbines often operate in locations with poor wind speed

regimes. Low wind speeds coupled with small chord length of the blades result in low

operating Re that often lie between 104 - 105. It is well-known that such operating Re im-

poses significant challenges in realising good aerodynamic efficiency due to the propensity

for flow separation to occur.

It has been established that flow separation can be avoided or delayed using active

flow control. However, much of such work on active flow control has focused on high Re

applications. This thesis focuses on the application of surface suction, a popular active

flow control methodology, in low Re regimes seen in small wind turbines.

The approach adopted towards arriving at the aforementioned estimates of improve-

ment in blade aerodynamic efficiency and reduction in structural loads in small wind

turbines is as follows:

1. Experimental characterisation of the improvement in the aerodynamic character-

istics of two aerofoil profiles, NACA0012 and S814, commonly used in small wind

turbine applications, in low Re regimes is performed. Specifically, this characteri-

sation captures both the steady-state characteristics as well as identification of the

temporal dynamics between change in the coefficient of lift (∆CL) and change in

the coefficient of drag (∆CD) with the non-dimensional parameter, Cµ (defined as

the ratio of the momentum of air drawn through suction and the momentum of the

air flowing over the aerofoil, that is, ρAslit u
2
s/ρAaerofoil U

2
∞
, where ρ is air density,

i



Aslit area of the slit, Aaerofoil area of the aerofoil, us suction velocity and U∞ the

free stream velocity):

(a) ∆CL, ∆CD = f(Cµ)

(b) ∆CL, ∆CD = f(Cµ, t)

2. Posing a similitude argument that as long as the dimensionless parameters Cµ and

Re remain comparable to the regimes for which the aforesaid experimental charac-

terisation was done, the steady-state and temporal relationships between ∆CL, ∆CD

and Cµ established could be directly used in numerical simulations for predicting

the behaviour of small wind turbines.

3. Using the relation ∆CL, ∆CD = f(Cµ) and steady Blade Element Momentum

(BEM) theory to estimate increase in Coefficient of Power, CP of a small wind

turbine employing surface suction on its blades working in the same Cµ, Re regime.

4. Incorporating the dynamic map, ∆CL, ∆CD = f(Cµ, t) into the dynamics of the

aero-elastic simulator, FAST to formulate extended turbine dynamics.

5. Utilising, appropriately, Cµ as an additional control input towards reducing fore-

aft oscillations of the tower top while compensating for the said extended turbine

dynamics.

6. Demonstrating, through rain-flow analysis, that the reduced oscillations result in

mitigation of fatigue loads on the turbine tower structure.

The thesis documents that the approach indicated for increasing CP , when applied

to a small wind turbine in sub 1kW power output range, with 2m radius, NACA0012-

blades, operating in steady wind speed of 7.5m/s, increased the expected power output

from 764W to 1511W by expending 106W of suction power.

Further, compensating for the extended dynamics of the turbine in the aero-elastic

simulator, tower-top oscillations reduced for a ∼ 10kW turbine of 2.9m radius, S814

blades, hub height 24m. Thus, for the turbine operating over 20 years in turbulent IEC

III-A wind conditions, the structural damage equivalent reduced from ∼ 10 to < 1.
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Chapter 1

Introduction

1.1 Background

Wind is one of the most popular renewable energy sources around the world. The installed

capacity at the end of 2012 was over 280 GW, representing an annual cumulative market

growth rate of more than 19% over the previous year [FSSQ13]. Improved efficiency,

coupled with the longer life of large wind turbines, has helped reduce the cost of energy

(CoE) of electricity produced by large wind turbines. CoE from large wind turbines is

now comparable to that from conventional sources of energy, that is, INR 3.5− 6/kWh.

Small wind turbines, however, still have a CoE significantly higher than the conventional

sources of energy, that is, close to INR 7.5− 20/kWh (see A.1). Small wind turbines can

help provide energy to locations where other sources of energy are not available. In India,

where currently more than 33% of the villages do not have access to grid electricity, small-

scale renewable energy sources like small wind turbines and photo-voltaics are already

becoming increasingly popular. Even in regions with grid connectivity, such sources are

gaining popularity because of the unreliability of the supply of grid electricity. Reducing

costs would help small turbines gain more acceptance in both, the regions connected to

the grid as well as those that are off-grid.

In the last few decades, research has focused mainly on the development of large,

commercial wind turbines, which has helped reduce their CoE. Small turbines, however

have not seen such a research and development focus. Further, small wind turbines,

are usually installed at the point of consumption of energy. More often than not, these

locations have a much poorer wind potential as compared to large wind turbine sites.
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Consequently, small wind turbines operate in low wind speeds. Coupled with the small

size (and chord length) of the turbine blades, the Reynolds numbers (Re) for the small

wind turbines are an order of magnitude lesser (in the range 104 - 105) than those of the

large wind turbines (> 106). [BSJB01, Woo11]

It is well known that turbine blades are prone to boundary layer separation in low

operating Re [Sch00, PK08, Mue02, MH80], which poses significant challenges in realising

good aerodynamic efficiency. It is also established that such boundary layer separation

may be delayed, or completely avoided, by using active flow-control techniques that in-

clude surface suction, use of pulsating jets, suction-blowing, air-jet vortices, among oth-

ers ([Sch00, SSK+95, Gaz00, PN98, SNAG05, HHLH04, LDCH10, Epp99, Bra99, RM08,

GPY+06, DV06, SJL+08, NB94, Mae86, FK88]). In this thesis, the use of surface suction-

based flow-control is explored as a method of mitigation of boundary layer separation.

Further, the benefits of applying surface-suction over blades of small wind turbines are

presented. Formally, the purpose of this thesis is stated below:

1.2 Problem definition

This thesis addresses the problem of estimating improvement in blade aerodynamic effi-

ciency and reduction in structural loads in small wind turbines through surface suction-

based active flow control at low Re. More specifically, the problems addressed are:

i Identification of non-dimensional steady-state and dynamic relations between sur-

face suction, and aerodynamic characteristics of aerofoils at low Re.

ii Utilisation of surface-suction, through its identified relations with the aerodynamic

characteristics, in a small wind turbine operating in low Re, to arrive at estimates

of increased power output and mitigated structural loads on the turbine.

1.2.1 Prior work

The literature is abundant in aerofoil data for high Re flows, as most of the aerodynamic

applications are at higher Re. For instance, aeroplanes operate at Re > 107 and large

wind turbines at Re > 106. Low Re flows have been explored, but the experiments

are challenging as it is difficult to achieve repeat-ability and reliability [BRP99, NY12,
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ZAY+11] and there is a general the lack of applications for such Re. Further, in the past,

most techniques of mitigating boundary layer through flow control, too, have focused on

higher Reynolds number applications.

Efforts involving the study of low Re applications have largely been directed towards

characterising lift and drag data, and for a few aerofoils. To date, there appears to be

a dearth of validated experimental data involving the use of active flow control, that

may be used for designs relating to low Re applications, including small wind turbines.

Further, there also seems to be a lack of studies on flow control applications for wind

turbines in general, and for small wind turbines in particular. This thesis aims to address

these gaps through flow-control experimentation at low Re and simulations of use of such

flow-control for small wind turbines.

1.2.2 Approach towards the solution

The approach adopted towards arriving at the aforementioned estimates of improvement

in blade aerodynamic efficiency and reduction in structural loads in small wind turbines

is as follows.

First, characterisation of improvement in the aerodynamic characteristics of two

aerofoil profiles, NACA0012 and S814 in low Re regimes is performed through wind tunnel

experiments. NACA0012 is a symmetric aerofoil, for which abundant data is available in

the literature. S814 is a cambered aerofoil, which is commonly used in small wind turbine

applications. This characterisation captures the steady-state characteristics as well as

identifies the temporal dynamics.

Steady-state experiments provide the relation between change in the coefficient of

lift (∆CL) and change in the coefficient of drag (∆CD) with a non-dimensional parameter

Cµ, called momentum coefficient. Cµ is defined as the ratio of the momentum of air drawn

through suction and the momentum of the air flowing over the aerofoil. CL and CD with

suction are expected to be better (that is, positive ∆CL and negative ∆CD). This is

because boundary layer separation gets mitigated on applying surface-suction, and this

improves the surface pressures over aerofoils.

The temporal experiments characterise how fast Cµ changes CL and CD. To obtain

this dynamic model between Cµ and ∆CL, ∆CD, a system identification technique is used

on empirically obtained input-output data (Cµ as input, CL, CD as outputs) The dynamic
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model giving a good fit to the empirical data is an over-damped second-order system.

Thus, the steady-state experiments and system identification provide with the fol-

lowing two relations:

1. ∆CL, ∆CD = f(Cµ)

2. ∆CL, ∆CD = f(Cµ, t)

Next, a similitude argument is posed – as long as the dimensionless parameters Cµ

and Re remain comparable to the regimes for which the aforesaid experimental charac-

terisation was done, the steady-state and temporal relationships between ∆CL, ∆CD and

Cµ established can be directly used in numerical simulations for predicting the behaviour

of small wind turbines.

Further, the relation ∆CL, ∆CD = f(Cµ) is used in simulators employing steady

Blade Element Momentum (BEM) theory to estimate increase in Coefficient of Power,

CP of a small wind turbine employing surface suction on its blades working in the same

Cµ, Re regime.

Finally, The dynamic map, ∆CL, ∆CD = f(Cµ, t) is incorporated into the dynamics

of the aero-elastic simulator, FAST to formulate extended turbine dynamics. Cµ is utilised,

appropriately, as an additional control input towards reducing fore-aft oscillations of the

tower top while compensating for the said extended turbine dynamics. Using rain-flow

analysis, it was demonstrated that the reduced oscillations resulted in mitigation of fatigue

loads on the turbine tower structure, thereby increasing its expected lifetime.

Main results

By applying the approach indicated above for increasing CP to a small wind turbine in

sub 1kW power output range, with 2m radius, NACA0012-blades, operating in steady

wind speed of 7.5m/s, increased the expected power output from 764W to 1511W by

expending 106W of suction power.

Further, compensating for the extended dynamics of the turbine in the aero-elastic

simulator, tower-top oscillations reduced for a ∼ 10kW turbine of 2.9m radius, S814

blades, hub height 24m. Thus, for the turbine operating over 20 years in turbulent IEC

III-A wind conditions, the structural damage equivalent reduced from ∼ 10 to < 1.
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These results establish substantial promise for the use of surface suction for improving

aerodynamic efficiency and improving fatigue life of structure of small wind turbines.

1.3 Whom will this research benefit

The primary audience for this thesis is the wind energy community. Only recently has

flow control been looked at as a means of increasing power output [GBHMV14, GSBH12,

SG11]. Further, using flow control for mitigating loads may prove to be a novel alternative

to the traditional method of using pitch control, which engineers could explore. This

technique may also be used in conjunction with pitch control to increase the combined

performance and reduce fatigue further. The findings of this thesis are not limited to

small wind turbines only, as the portions of blades of large wind turbines close to the root

also operate in low Re and high angles of attack. Fatigue load mitigation through flow

control can be extended to large wind turbines if applied to these areas.

Besides wind turbines, experimental results at low Re will be of interest to appli-

cations like micro air vehicles (MAVs), unmanned air vehicles (UAVs), and high-altitude

long-endurance (HALE) flying vehicles, which also operate in these Re. A better under-

standing of flow control will be beneficial to all such applications. Further, the technique

used here for system identification, as well as the identified model will be of interest to

applications where an understanding of system dynamics of fluids is required.

1.4 Organisation of the report

The report is organised into multiple chapters. Chapter 2 describes a few preliminaries

which are required to comprehend the work described in this report and the prior work

done in the related fields. Chapter 3 describes the experimental set-up for characterising

the effects and dynamics of flow-control using surface suction at the appropriate Re.

Chapter 4 presents simulation results for increasing power output and mitigating fatigue

loads, based on the experimental results. Chapter 5 summarises the report and discusses

future work.
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Chapter 2

Preliminaries and prior work

This chapter details the background required for the reader to appreciate the rest of the

thesis. The final results presented in the thesis deal with power output and fatigue of

the wind turbine. Thus, the first section discusses the concepts relating to wind tur-

bines, which includes – architecture of turbines, aerodynamics of blades, mathematical

framework (through BEM theory) of predicting torque and thrust produced by the rotor,

control strategies commonly utilised to control torque and thrust, and how these relate

to power output and the fatigue on the structure.

The next section highlights the differences between the operation of small and large

wind turbines, particularly low Re that small wind turbines operate, in and the aero-

dynamic challenges this imposes. The use of surface-suction is proposed as a means to

overcome these challenges.

In the next section, the tools necessary for the analysis are presented, starting with a

discussion on system theoretic view and system identification. Next, experimentation in a

controlled environment, that is, wind tunnel is described. It is followed by a discussion on

the use of similitude analysis, which is essential for extending the wind tunnel experimental

results to prototype wind turbines. Next, numerical simulators for wind turbine analysis

are discussed, followed by a description of wind classification, followed by the formal

aspects of fatigue life calculation are discussed.

The preliminaries are followed by a discussion on the relevant prior-work, and gaps

in the literature in there areas of research.
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2.1 Wind turbines, power capture

Wind turbines extract energy by converting the kinetic energy of wind to mechanical work.

Most of the contemporary wind turbines belong to the ‘Danish’ wind turbine concept

which consists of an upwind (rotor is ahead of the tower), horizontal axis (rotation is

around the horizontal axis), three-bladed, stall-regulated rotor, yaw-enabled (rotor can

be turned (yawed) into the direction of the wind), variable speed (rotor and generator

speed not coupled to the grid frequency) and a doubly-fed induction machine drive train.

Such a turbine is shown in Figure 2.1.

Figure 2.1: Large, three bladed, upwind Horizontal Axis Wind Turbine (HAWT)

The wind power flowing through the wind turbine rotor area is the product of mass

flow rate (ρAV ) and the energy per unit mass, (1/2V 2). The ratio of the power extracted

from the wind to the power of the wind flowing through the area swept by the rotor is

called Coefficient of Power (CP ):

CP =
P

1

2
ρAV 3

(2.1)

where P , ρ, A and V are the mechanical power captured, density of air, rotor area

and free stream wind velocity. Theoretically, wind turbines are limited to a maximum

CP of 16/27 ∼ 0.593, which is known as the Betz coefficient. This limit was derived
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by Betz using the principles of conservation of mass and momentum of the air stream

flowing through an idealised ‘actuator disc’ [Bet66]. Large wind turbines have been able

to achieve up to 75% to 80% of the Betz limit.

Figure 2.2: CP vs λ for a typical three bladed turbine [BSJB01]

It is well known that CP is a function of the tip speed ratio (λ), that is, the ratio

of linear velocity of the blade tip to the free stream wind velocity. A typical variation

of CP with λ is shown in Figure 2.2. All other variables, including pitch, are assumed

constant. It can be seen that maximum CP occurs for a optimum value of λopt of the tip

speed ratio. Thus, to maximise CP at variable wind speed, the speed of the rotor (Ω) has

to be varied to keep λ at λopt.

Figure 2.3: Wind turbine control regions

Wind turbines are unable to produce useful power at very low wind speeds. The

smallest wind speed above which useful power capture becomes possible is called the

‘cut in’ speed. The operating region below this speed is called ‘Region I’. The blades

are pitched out to produce least torque and rotor is left ‘idle’ to freely rotate in this
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region. Once the wind speed rises above ‘cut in’ speed, the pitch is decreased and the

rotor is slowly accelerated. From the ‘cut in’ speed to the rated speed (Vrated), the power

captured by the wind turbine increases with the wind speed. This region of operation is

called ‘Region II’. The operating objective is to maximise power capture in this region.

Above the rated wind speed, the power captured by the turbine is limited to the rated

power, in order to maintain the loads on the generator, turbine and the tower within the

design limits. This region of operation is called ‘Region III’. Due to safety considerations,

the turbine is shut down for wind speeds exceeding the ‘cut-out’ speed. The blades are

pitched out, and the rotor may be mechanically braked to prevent runaway rotation of

the rotor. Figure 2.3 shows these regions of operation.

2.2 Blade aerodynamics

(a) Pressure distribution over an aerofoil

[Aer06]

(b) Resultant forces on an aerofoil [Aer06]
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(c) CL and CD curves [CM05] for S814 aerofoil
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(d) CL and CD for S814 close to 0◦

Figure 2.4: Aerofoil characteristics

The cross-section of a typical turbine blade has an aerofoil profile. On moving

9



through air, aerofoils induce higher wind speed over the upper surface (known as suction

surface), lower wind speed at the lower surface (known as the pressure surface), and an

overall circulation in the wind. Consequently, a pressure differential is created on the

suction and pressure surfaces, particularly a large low pressure region occurs close to the

leading edge on the upper surface. The pressure differential thus created results in an

‘upwards’ force, called Lift (L) and a ‘horizontal’ force called Drag (D). Figure 2.4 shows

typical pressure distribution and the resultant forces on an horizontal aerofoil. These

forces are a function of the aerofoil profile, free stream velocity (V ), air density (ρ), angle

of attack (α) and the area of the aerofoil (A). It is useful to define Coefficient of Lift (CL)

and Coefficient of Drag (CD) as dimensionless coefficients that relate the lift and drag

generated by an aerofoil to these factors as:

CL =
L

1

2
ρV 2A

CD =
D

1

2
ρV 2A

(2.2)

Aerofoil profiles

Two aerofoil profiles have been used in the experiments for this thesis, NACA0012 and

S814. NACA0012 is a basic aerofoil profile, and has abundant experimental data in

literature for validation. S814 is a popular aerofoil profile for small wind turbines, and

for near-root regions of large wind turbine blades. The CL and CD of S814 are shown in

Figures 2.4(c) and 2.4(d).

2.2.1 Blade Element Momentum (BEM theory)

The Blade Element Momentum (BEM) theory [BSJB01, PAWLC11] is a well known

mathematical method for modelling the aerodynamics and torque production of a wind

turbine. The blade element theory divides the blades into multiple span-wise elements

at a distance r and of span δr for the purpose of analysis (Figure 2.5(a)). It is assumed

that each annular ring thus formed is independent of other rings and the aerodynamic

forces on the elements in the ring are responsible for the change in momentum of the air

which passes through the annulus swept by the blade elements. It is further assumed that

the aerodynamic forces at a section of the blade are a function of blade geometry; the

forces on a radial blade element can be calculated using two-dimensional aerodynamic
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characteristics of the aerofoil. The velocity component in the span-wise direction and

three-dimensional effects are ignored.

(a) Annular ring (b) Blade element

Figure 2.5: Blade element and annular ring [BSJB01]

Figure 2.5(b) shows a blade element and its component velocities. The chord length

of the element is denoted as c and the blade setting angle as β. The angular velocity of

the rotor is denoted as Ω. The axial flow factor, a, characterises change in velocity across

the rotor. The tangential flow factor a′, tip loss factor etc have been approximated for

the steady state analysis. Their combined loss is taken as 10% of the power produced by

the rotor. If the axial flow factor does not vary radially, it can be assumed that there

is no interaction between the rings. Though the axial flow factor is found to vary, the

experimental examination by Lock [Loc24] shows that the radial independence assumption

is valid [BSJB01].

a =
U∞ − Urotor

U∞

(2.3)

Figure 2.6(a) shows the resultant velocities at the blade:

W =
√

U2
∞
(1− a)2 + Ω2r2 (2.4)

W acts at an angle of φ to the plane of rotation, such that:
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(a) Resultant velocities (b) Resultant forces

Figure 2.6: Resultant forces and velocities for blade elements [BSJB01]

sin(φ) =
U∞(1− a)

W
cos(φ) =

Ωr

W
(2.5)

The radial component of velocity (ω×r) increases with r. Thus, the blade is twisted

over the length, in order to have a favourable angle of attack. The local setting angle is

β, hence, the angle of attack, α = φ−β. The lift and drag on the blade element are given

by:

δL =
1

2
ρW 2cCLδr (2.6)

δD =
1

2
ρW 2cCDδr (2.7)

The BEM theory assumes that the change in momentum of the air passing through

the annular ring is caused solely by the forces of the blade. The rate of change of axial

momentum of the air passing through an annular ring is given by:

4πU2
∞
a(1− a)rδr (2.8)

The axial component of the aerodynamic forces acting on the N blades in the annular

ring is

δL cosφ+ δD sinφ =
1

2
ρW 2Nc(CL cosφ+ CD sinφ)δr (2.9)

This force is responsible for the change in momentum, thus:

1

2
ρW 2Nc(CL cosφ+ CD sin φ)δr = 4πU2

∞
a(1− a)rδr (2.10)
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The axial flow factor is obtained by iteratively solving the previous equation. A

convenient way of representing this relation is:

a

1− a
=

σr

4 sinφ2

(

CL cosφ+ CD sinφ−
σr

4 sinφ2
(CL sin φ− CD cosφ)2

)

(2.11)

where σ is the blade solidity, that is, the ratio of the blade area and the disc area.

Chord solidity, σr is the ratio of the total blade chord length and the circumference of the

annular ring:

σr =
Nc

2πr
(2.12)

After obtaining the axial factor, the previously defined calculations are repeated to

find the updated parameters. Using the updated values of the parameters, the torque

produced by each annular ring is calculated as:

δQ = Nδr(δL cosφ− δD sinφ)r (2.13)

The power produced by each ring is Ω× δQ. The total power generated by the rotor

is:

P =

∫

R

ΩδQ (2.14)

The power coefficient, defined as ratio power produced and power available, is thus:

CP =
P

1

2
ρU3

∞
πR2

(2.15)

2.3 Wind turbine control strategies

For large wind turbines, microprocessor based controllers function at three broad levels

– supervisory control, closed loop control and safety control [BSJB01]. Supervisory con-

trol may be considered as the means to change the operational state of the turbine, for

example, from standby to power production. Closed loop control automatically adjusts

the operational state of the turbine, for example, for control of the generator torque to

regulate rotational speed, control of blade pitch and others. Safety control typically works
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distinctly from the main control system of the turbine and its function is to bring the

turbine to a safe state in a problematic event.

The closed loop control objectives relating to wind turbines can be classified depend-

ing on operating conditions. In ‘Region II’ (see Figure 2.3), that is, below rated wind

speed, the primary objective is to maximise capture of power. Above the rated wind speed,

that is, ‘Region III’, the generator speed and torque are maintained at a constant value, to

keep the loads on the generator and structure within design limits [BSJB01, Bos00, SD05].

The two most popular methods to realise these control objectives are ‘Torque Control’

and ‘Pitch Control’:

2.3.1 Torque control (control action below rated speed)

The turbines, almost always support variable speed operation. In order to support variable

speed, the generator speed is not rigidly coupled to the grid frequency. The most popular

generators have a wound rotor induction generator with its stator connected directly

to the network, and with its rotor connected to the network through slip rings and a

frequency converter [BSJB01]. This is called a Doubly Fed Induction Generator (DFIG),

and enables active control of both, speed and torque on the generator.

Figure 2.7: Turbine power as a function of the rotor speed for varying wind speed
[AYTS12]

Between the cut-in speed and rated speed, the control objective is to maximise power

capture. Maximum CP occurs at λopt, thus, rotor speed is proportional to V (see Figure

2.7). The power generated is a function of V 3, and torque is proportional to V 2. Using

these relations, it can be calculated that the torque demand, QG should be proportional

to Ω2 [Bos00]:
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QG =
πρR5CP

2λ3
optG

3
Ω2 (2.16)

The rotational speed and torque, both are controlled by the generator to respond to

the incoming wind disturbance. This method is used below rated speed (Region I) and is

called ’torque control’ method.

2.3.2 Pitch control (control action above rated speed)

Most of the wind turbines support blade pitch action, that is, the blade can be pitched

along its longitudinal axis. The pitching action enables the variation of the operating

angle of attack, α by regulating pitch angle β. From the BEM analysis, it can be seen

that CP and λopt depend upon the operating β. For every mean wind speed, λopt and

thus, max CP occurs at an optimal pitch angle, βopt. It follows that either increasing or

decreasing the pitch would lead to a reduction in torque and thrust. Figure 2.8 shows the

relation of CP and λ with β.

Figure 2.8: CP and λ vs β

An increase in pitch reduces the angle of attack (α = φ − β) thus reducing the

lift, hence, torque and thrust. This is known as ‘pitching towards feather’ [BSJB01]. A

decrease in pitch increases the angle of attack towards stall, which pushes some part of

the blade over the stall angle, reducing lift and increasing drag, thus reducing torque and

thrust. This is known as ‘pitching towards stall’. Pitching towards stall requires lesser

dynamic pitching activity than pitching to feather. Once a substantial part of the blade

is in stall, very small pitch movements increase or decrease the part of the blade under

stall, where the rate of change of lift and drag is significantly higher.
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Between the rated speed and cut-out speed (Region III), the control objective is

to keep the power output and the loads within pre-determined design loads. In order

to achieve this, the generator torque and speed are desired to be kept constant. Thus,

with increase in wind speed, the demanded rotor speed and torque remain constant. The

blades are continuously pitched in response to wind disturbances to maintain the rotor

speed within the slip-range of the generator. A turbine employing this method of control,

called ’pitch control’, does not operate at λopt and βopt, and thus, CP,max. If the turbine

were to operate at CP,max even at higher wind speeds, the generator and the structure

would have to be able to withstand far higher loads, thus increasing costs.

2.3.3 Control action over full range of wind speeds:

Figure 2.9: Control schematic for variable speed operation [Bos00]

The control schematic for the whole range of wind speeds is shown in Figure 2.9.

The path ‘BC’ represents the desired control above the ‘cut-in’ speed and below the rated

speed. Above the rated wind speed, that is, right of D, the generator torque is kept

constant and the generator speed is varied. If the torque-speed trajectory follows A1-B-

C1-E instead of A-B-C-D-E, the turbine stays closer to optimum CP , giving slightly higher

energy capture [Bos94]. However, the control deviates from either of the two trajectories

in turbulent winds, specially for heavy rotors [BSJB01]. Thus for optimised variable speed

operation, along with maximising CP , it is important to ensure that the CP − λ curve

does not have a sharp peak.
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2.4 Small versus large wind turbines

International Electrotechnical Commission (IEC) defines small wind turbines in terms of

swept area of the rotor. The IEC standard 61400 [Int08a] covers large wind turbines.

IEC standard 61400-2 [Int08b] describes small wind turbines having swept area less than

200m2, or roughly 200kW of rated power. The standard covers Horizontal Axis Wind

Turbines (HAWTs), which are the most popular design of turbines. This thesis also deals

with HAWTs.

Large wind turbines typically have active yaw control to orient the rotor into the

wind as well as have active pitch controlled blades to tap optimum power. Small wind

turbines may or may not have these capabilities. Many small wind turbines use a tail fin

to orient the turbine with the wind direction. This is referred to as ‘free-yaw’. The power

produced is controlled by stall controlled blades, or by yawing out (using a mechanical

drive as opposed to free-yawing) of the wind direction in high wind speeds. A few small

turbines have both active yaw and active pitch control. This thesis analyses two turbines

as described in Tables 4.1 and 4.2. The first turbine does not have either yaw control or

pitch control. The second turbine employs pitch control.

The most important distinction between large and small wind turbines, however

is the relative wind speeds seen by the blade elements. Large scale wind turbines are

predominantly used for commercial energy production. They are usually connected to

a power grid and are installed at high wind potential locations, which are far from hu-

man settlements. Small wind turbines, however, are usually installed at the point of

consumption of energy. More often than not, these locations have poor wind potential.

Consequently, small wind turbines have to operate in low wind speeds. Coupled with

the small size (and thus, chord length) of the turbine blades, the Reynolds numbers for

the small wind turbines are an order of magnitude lesser than those of the large wind

turbines.

Reynolds number (Re) is a dimensionless quantity that is used to help predict similar

flow patterns in different fluid flow situations. Re is defined as the order-of-magnitude

of the ratio of inertial forces to viscous forces
(

Re = O
[

ρV l
µ

])

, where ρ is the density

of the fluid, V is the mean free stream velocity, l is the characteristic linear dimension

and µ is the dynamic viscosity of the fluid. Small wind turbines typically operate in
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Re ranging from 104 - 105, as compared to 106 and higher, for the large wind turbines.

[BSJB01, Woo11]

The most important factor of difference in operating conditions of Small Wind Tur-

bines is the Reynolds number range. The main focus of this thesis is to to improve the

performance of small wind turbines in low Reynolds number regimes. Further discussions

will cater to this objective.

2.4.1 Low Reynolds number flows

(a) Fully separated flow [Sch00] (b) Max section CL for low Reynolds

numbers[MH80]

(c) Min section CD for low Reynolds

numbers[MH80]

(d) Aerodynamic efficiency for low Reynolds

numbers[MH80]

Figure 2.10: Low Re effects

Low Reynolds Number flows are characterised by dominant viscous effects, which

cause the boundary layer to separate even at low angles of attack[Sch00, PK08, Mue02,

MH80]. Figure 2.10(a) shows a fully separated flow over an aerofoil. Although such sepa-

ration occurs only at the stall angle, the boundary layer separates close to the trailing edge

even for low angles of attack for aerofoils operating at low Re. This point of separation

steadily moves towards the leading edge with the increase in the angle of attack, leading

to stall at lower angles of attack as compared to high Re flows. The aerofoils, due to this
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separation, have lower coefficients of lift (CL) and higher coefficients of drag(CD) at low

Re (Figures 2.10(b) and 2.10(c)). The efficiency of the aerofoils (CL/CD), thus, decreases

significantly for low Reynolds number flows. Figure 2.10(d) highlights the drop in effi-

ciency of aerofoils at low Re. It is worth noting that the drop in efficiency is particularly

severe close to 105, which is the operating regime of small wind turbines.

2.4.2 Boundary layer and its separation at low Re

Air flow around an aerofoil can by analysed by dividing the flow into two regions: an

outer region of inviscid flow, and a small flow region near the aerofoil where viscous

effects dominate [PK08]. The region near the aerofoil surface consists of slow moving air

and is prone to viscous effects. This part of the flow is known as the boundary layer. The

thickness of this layer is generally considered to be the distance from the surface of the

aerofoil to the point along the normal to the surface where the viscous flow velocity is

99% of the free-stream velocity. Majority of the drag experienced by a body in a fluid

is created inside the boundary layer. The outer inviscid flow is faster moving air and

determines the pressure distribution around the aerofoil. The outer flow thus determines

the Lift force on the aerofoil.

At the leading edge, the boundary layer is laminar. Downstream along the surface

of the aerofoil, the flow inside the boundary layer transitions to turbulent flow (Figure

2.11(a)). At high Re, this transition is quick and the turbulent flow inside the layer is

able to effectively overcome the adverse pressure gradient downstream of the minimum

pressure. However, for low Reynolds number flows, the boundary layer on an aerofoil

often remains laminar in the adverse pressure gradient region. When the boundary layer

travels far enough against the adverse pressure gradient, the speed of the boundary layer

may drop to zero, or in extreme cases, even reverse the direction (Figure 2.11(b)). This

detaches the flow from the surface of the aerofoil and results in the formation of eddies and

vortices downstream of the point of detachment. This detachment of the flow from the

surface is called boundary layer separation. This often results in increased drag, reduced

lift and thus highly reduced efficiency, as seen in Figures 2.10(b), 2.10(c) and 2.10(d).
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(a) Boundary layer transition over an aerofoil (b) Velocity distribution inside a boundary

layer

Figure 2.11: Boundary layer properties [Sch00]

2.5 Suction-based flow-control for boundary layer sep-

aration

(a) Separation over aerofoil (b) Separation control over aerofoil using sur-

face suction

Figure 2.12: Control of boundary layer separation by employing surface-suction

It is well-known that boundary layer separation may be delayed by applying active

flow control techniques that include surface suction , use of pulsating jets, suction-blowing,

air-jet vortices , among others ([Sch00, SSK+95, Gaz00, PN98, SNAG05, HHLH04, LDCH10,

Epp99, Bra99, RM08, GPY+06, DV06, SJL+08, NB94, Mae86, FK88]). In this thesis, sur-

face suction has been employed for flow control.

Navier-Stokes equations are used to analyse the flow of viscous fluids. Boundary

layer suction, too can be modelled using Navier-Stokes equations. The exact solution for

homogeneous suction over an infinite plate is [Lac14, Wue61] :

uns(yns) = U∞

(

1− eusyns/ν
)

(2.17)
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where uns is the velocity in the boundary layer, yns is the normal distance from the

surface of the plate, us is the suction velocity at the plate and ν is the kinematic viscosity.

A two dimensional flow with suction through permeable walls can be modelled using the

equations of non-permeable walls and changing the boundary conditions [Wue61]:

uns
∂uns

∂x
+ vns

∂uns

∂yns
= −

1

ρ

∂pns
∂x

+ ν
∂2uns

∂y2ns
(2.18)

∂uns

∂xns
+

∂vns
∂yns

= 0 (2.19)

with boundary conditions:

uns(xns, 0) = 0 (2.20)

vns(xns, 0) = v0,ns(xns) (2.21)

lim
yns→∞

uns(xns, yns) = U∞(xns) (2.22)

(2.23)

and initial condition

uns(0, yns) = U∞(0) (2.24)

Figure 2.13: Velocity distribution and boundary layer for surface suction starting a finite
distance downstream of leading edge of plate

For a further discussion on exact solution, the text by [Wue61] can be referred to.

For constant suction applied on a plate, starting a finite distance downstream of start

of flow, an approximate solution has been presented by [Wue61] using ‘finite difference
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method’. Figure 2.13 shows the velocity distribution and boundary layer estimated by

the approximate model.

Wind turbines predominantly use cambered aerofoils. The flow across a cambered

aerofoil profile is more complex than a flat plate. Hence, experimental data was preferred

in this thesis over approximated analytical models. In the past, most of experimental

efforts aimed at realising delayed boundary layer separation through flow control have

focused on higher Reynolds number applications. Efforts involving study of low Reynolds

number applications have largely been directed only towards characterising lift and drag

data for a few aerofoils. To date, there appears to be a dearth of validated experimental

data involving the use of active flow control that may be used for designs relating to low

Re applications, including small wind turbines.

The experimental part of this thesis (Chapter 3) aims to address this lack, specifi-

cally, aerodynamic characteristics relating to two aerofoils, namely NACA0012 and S814

which operate in low Re regimes, with suction control (Figure 2.12) incorporated, is re-

ported. The Reynolds numbers of the experiments ranges from 8×104 to 4.8×105, which

correspond to the range of operation of small wind turbines. The two relevant quantifiable

results of the experiments are:

i change in CL and CD (that is, ∆CL and ∆CD) with Cµ

ii identification of dynamics between ∆CL and ∆CD with Cµ

2.6 System theoretic view

System dynamics is defined as an approach to understanding the behaviour of complex

systems over time. A system or a “plant” is regarded as an object in which variables of

different kinds interact and produce observable signals [Lju98]. The observable signals of

interest are called outputs. The variables associated with the system may be both, internal

and external. The external stimuli that can be manipulated by the user are called inputs.

Other variables which cannot be influenced by the user are called disturbances.
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Figure 2.14: A plant with output y, input u, measured disturbance w, and unmeasured
disturbance v

2.6.1 Linear Time Invariant (LTI) system

Consider a plant with a scalar input signal u(t) and a scalar output signal y(t). The

system is said to be time invariant if its response to a certain input does not depend on

absolute time (Equation 2.25) [Lju98]. It is said to be linear if its output response to a

linear combination of inputs is the same linear combination of the output responses of

those individual inputs (Equation 2.26). The plant is said to be Linear Time Invariant

(LTI), if it satisfies both criteria of time-invariance and linearity.

y(t) = H {x(t)}

y(t+ δ) = H {x(t + δ)}
(2.25)

y1(t) = H {x1(t)}

y2(t) = H {x2(t)}

αy1(t) + βy2(t) = H {αx1(t) + βx2(t)}

(2.26)

2.6.2 Transient and steady state response

Consider the output of a second order linear time invariant system (Figure 2.15) to a step

input. (The order of the system is defined by the number of independent energy storage

elements in the system, and intuitively by the highest degree of the linear differential

equation that describes the system.) Initially, the output changes rapidly, and slows

down as it approaches its final value. The response between the two equilibrium states

is known as transient response. The steady-state response of the system is the response

after the transient response has ended. The amount of time it takes for the system output

to reach the desired value (before the transient response has ended, typically) is known
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as the rise time. The amount of time it takes for the transient response to end and the

steady-state response to begin is known as the settling time [OY70].

0 1 2 3 4
0

1

2

 

 

input u(t)
output y(t)

Steady
State

Transient

Figure 2.15: Transient and steady state response to a step input

2.6.3 Transfer function

A Transfer Function is the ratio of the output of a system to the input of a system, in the

Laplace domain considering its initial conditions and equilibrium point to be zero [OY70].

For an input function of X(s), and an output function Y (s), the transfer function H(s)

is defined as:

H(s) =
Y (s)

X(s)
(2.27)

Poles and zeros

Poles and Zeros of a transfer function are the values of the complex variable s, for which

the denominator and numerator of transfer function become zero, respectively. The values

of the poles and the zeros of a system determine whether the system is stable, and how

well the system performs.

Frequency response and Bode plot

Dynamic systems respond differently to inputs of different frequencies. A system may

amplify or attenuate components of a particular frequency (Figure 2.16). The way that

the system output is related to the system input for different frequencies is called the

frequency response of the system. A Bode plot (Figure 2.17) is a useful tool that shows

the gain and phase response of a given LTI system for different frequencies.
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Figure 2.16: Response of a dynamic system to single frequency input
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Figure 2.17: An example of a Bode plot

2.6.4 Closed-loop control system

In a closed loop controller aims at maintaining output of a system (y) at desired reference

input (r) using feedback (see Figure 2.18). Feedback here refers to sensing of the current

value of y , subtracting from r to obtain e, which is given as input to the controller. Thus,

the value of y is fed back into the control loop. The controller calculates the appropriate

input to the plant, u according to the chosen ‘control algorithm’.

Proportional-Derivative (PD) control algorithm is used for closed-loop control in this

thesis. This implies that u is a sum of two correcting terms, one is proportional to e, and

the other is proportional to derivative of e. thus, the input to the plant is of the form:

u(t) = Kpe(t) +Kd
d

dt
e(t) (2.28)
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Figure 2.18: Closed loop control system

whereKp andKd are known as proportionality and derivative constants, respectively.

These constants can be chosen appropriately, using control theory, to get a stable control

system which aims to keep y close to r.

2.7 System identification

System Identification deals with inferring mathematical models of dynamic systems, using

statistical tools on experimental data from the system. More often than not, special ex-

periments are designed to gather relevant data for use with specific statistical methods.In

the discussion in 2.6, the mathematical model of the dynamic system is known, and the

output is predicted for a given input. System Identification, on the other hand consists

of conducting experiments, recording data, and inferring the mathematical model of the

dynamic system using statistical tools (Figure 2.19).

Figure 2.19: System identification of a dynamic system

2.7.1 AutoRegressive eXogenous model (ARX)

An assumed mathematical relationship between observable variables of a system is called

a model of the system. A model need not be a true and accurate description of the system.

These models can take many forms. ARX (AutoRegressive with eXogenous input) is one

such discrete-time model which provides a fast and efficient solution by means of a least
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squares approach [Lju98]. A second order ARX model was used for the identification

process in this thesis. The structure of the second order system for input u, and output

y, was taken as:

A(z)y(t) = B(z)u(t) + e(t) (2.29)

where

A(z) = 1 + A1z
−1 + A2z

−2

B(z) = 1 +B1z
−1

(2.30)

for a second order system, with forward shift operator z

zu(t) = u(t+ 1) (2.31)

and backward shift operator z−1

z−1u(t) = u(t− 1) (2.32)

and noise component e.

It must be noted that the ARX is a linear, time invariant (LTI) model, i.e. the

matrices A and B do not depend upon absolute time, or operating conditions.

2.7.2 Piecewise linearization of a parameter varying model

If, however, the matrices A and B vary over time, or operating conditions, approximations

need to be applied. In the setup described in the thesis, the matrix B changes with the

operating value of u, while A remains constant throughout. To obtain B over the range

of u, small-step changes are made to u and the resulting ‘piece’ of the system is identified,

assuming B remains constant for the small step change. This makes the system linear

for that ‘piece’ of response. For the whole range of response, B is updated for every

discrete step, and the response is ‘stitched’ over the whole range of u. Assumption has

been made that for every discrete-time prediction, the absolute value of u does not change

significantly, enabling us to use B for the said prediction, and update B for the subsequent

discrete-time predictions. Thus, the identification experiments conducted in Section 3.4.2

use a small value of ∆u for the piecewise linearisation to hold true.
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2.7.3 Validation

Figure 2.20: Schematic of model validation

Validation here refers to the process of demonstrating that the identified model is

a reasonable representation of the actual system. Validity of results in a system identi-

fication study crucially depends upon the validity of the identified model. Even though

it is an essential aspect of such studies, no single established definition of validation and

model validity exists in the modelling literature [Bar96, PEB+00, SB06]. Model validation

essentially is semi-formal and subjective, due to the relationship between the validity of

the model and its “purpose”.

In this thesis, specific experiments are conducted to record plant output for vali-

dation. These experiments are done separately from the identification experiments and

quasi-static approximation is not assumed. The experimental set up was dismantled

and reassembled between these experiments. Initially, the models are validated through

eyeballing the predictions of the model output and experimental plant output for the

same inputs (refer to Figure 2.20 and human intuition. Formally, standard deviation of

(∆Model −∆P lant) was analysed to validate the model.

2.8 Aerodynamic tests in a wind tunnel

Wind tunnels are used to study aerodynamic effects of air moving past solid objects. A

typical wind tunnel consists of a tubular passage with the test object (aerofoil for this

thesis) mounted in the middle. A powerful fan is usually employed to move the air inside

the tunnel. Pre-determined wind conditions including turbulence level, 2-dimensionality,
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stability of the flow etc. are created inside the tunnel. The aerodynamic effects are studied

through various visualisation techniques and measurement of forces using various sensors.

For this thesis, two techniques of visualisation have been used – smoke visualisation

and wool tuft visualisation. Smoke particles are injected into the wind tunnel, which

follow the path of the air, thus highlighting streak-lines of the flow around the aerofoil.

This allows the flow to be ‘seen’ and analysed. For the other technique, multiple wool

tufts are stuck to the surface of the aerofoil. The wool tufts align to the direction of the

flow, and thus show the streamlines on the aerofoil for attached flow. For separated flow,

the tufts flutter in the air, and thus, separation can be easily visualised.

Such visualisation techniques, however, give only qualitative information. For quan-

titative information, the aerofoil, and the tunnel is typically instrumented with various

sensors. In this thesis, surface pressure is measured over multiple points on the aerofoil,

which is later integrated to calculate the lift force produced by the aerofoil. Drag calcu-

lation is done using wake survey method, which uses the measured air velocity deficit in

wake of the aerofoil compared to the front of the aerofoil to calculate drag. The values

of lift and drag (and thus, CL and CD) thus obtained are used in simulations for small

wind turbines. To be able to use these values for prototype applications, similitude and

dimensionless analysis is carried out:

2.8.1 Similitude and dimensionless analysis

It is a usual practice to employ engineering models to study complex aerodynamic prob-

lems. More often than not, these models are smaller than the final prototype, as is the

case in this thesis. For the results to hold for the prototype, the models tests are accom-

panied by a ‘Similitude’ analysis [Dha06, Szü80]. ‘Similitude’ is achieved by meeting the

following criteria:

1. Geometric Similitude: The model should be an exact scale copy of the final proto-

type with the same surface roughness.

2. Kinematic Similitude: Fluid flow of both the model and the prototype must have

similar time rates of change of motions, that is, fluid streamlines should be similar.

In order to achieve this, the flow conditions for the model are kept similar to the

prototype.
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3. Dynamic Similitude: All forces in the model must be proportional to all forces in

the prototype. To implement dynamic similitude, dimensionless analysis is used to

express the system in terms of dimensionless parameters. These parameters are kept

constant for both, the scale model and the prototype.

For this thesis, scaled model tests were conducted in wind tunnels. The results are

eventually used in small wind turbine simulations. The similitude analysis is discussed

further in Section 4.1.

2.9 Wind turbine simulators

Over the past years, various wind turbine simulators have been developed to investigate

the dynamic behaviour, or to carry out design calculations. The simulators need to

capture the structural dynamics as well as aerodynamic interaction of the blades with the

wind. The typical inputs to wind turbine simulators are three-dimensional wind speed,

aerodynamic and structural parameters of the blades and tower, electrical parameters

of the generator and others. The generated output is typically a time series of power

produced, mechanical loads, rotor speed, tower deformation and nacelle displacement and

the like. The most popular turbine design software of today include FAST, FOCUS, GH

Bladed, FLEX, ADCoS, MLS control Design Toolbox etc [JBJ05].

In this thesis, to predict the power output of a wind turbine in steady wind condi-

tions, the numerical simulator Windsim [(DU05], developed by TU Delft has been used.

WindSim models the most important aerodynamic (i.e. Blade Element Momentum, stall,

aerodynamic damping) and dynamic features of modern wind turbines, so realistic simu-

lations can be performed.

For the simulation of loads in this thesis, a suite of turbine design and performance

prediction codes by National Wind Technology Centre (NWTC), collectively called as

FAST (Fatigue, Aerodynamics, Structures, and Turbulence) Code is used. FAST is a

comprehensive aero-elastic simulator, capable of predicting both the extreme and fatigue

loads of two and three-bladed horizontal-axis wind turbines (HAWTs). FAST uses the

unsteady BEM theory to model a turbine as a collection of rigid and flexible bodies in a

spatio-temporal field of turbulent flow [JBJ05].
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2.10 Turbine classification based on wind conditions

Wind is caused by differences in atmospheric pressure. When a difference in atmospheric

pressure exists, air moves from the higher to the lower pressure area, resulting in winds of

various speeds. Wind speed is measured by anemometers, most commonly using rotating

cups or propellers. For higher frequency measurements, ultrasound signals or hot wire

anemometers are used. Wind direction is usually expressed in terms of the direction from

which it originates. Wind wanes and wind socks are used to indicate the direction of the

wind. Sustained wind speeds in India are reported at a 10 meters height and are averaged

over a 3 minute time frame [JAS07]. A wind rose (Figure 2.21(a)) is a graphic tool used

by meteorologists to give a succinct view of how wind speed and direction are typically

distributed at a particular location. The wind’s speed constantly varies. In order to

calculate the mean power delivered by a wind turbine, a probability density distribution

of the wind speed is used. The Weibull distribution [PP02] is often a good approximation

for the wind speed distribution. The Probability Density Function (PDF) of a Weibull

distribution is:

P (x) =
αw

βw
xα−1e−x

α
β

(2.33)

(a) Typical wind rose
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Figure 2.21: Representation of wind distribution

In fluid dynamics, turbulence or turbulent flow is a flow regime characterised by

chaotic property changes [PK08]. This includes low momentum diffusion, high momen-

tum convection, and rapid variation of pressure and velocity in space and time. Wind

turbulence is the major contributor to the fatigue loading on wind turbines.
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Table 2.1: Turbine classification based on wind conditions

Wind Class/Turbulence Annual average Extreme 50-

wind speed at year gust

hub-height (m/s) (m/s)

I A High wind - Higher Turbulence 18% 10 70

I B High wind - Lower Turbulence 16% 10 70

II A Medium wind - Higher Turbulence 18% 8.5 59.5

II B Medium wind - Lower Turbulence 16% 8.5 59.5

III A Low wind - Higher Turbulence 18% 7.5 52.5

III B Low wind - Lower Turbulence 16% 7.5 52.5

IV 6 42.0

For meteorological purposes, wind is classified on different scales, like Beaufort scale

and Enhanced Fujita scale [Sau13]. For designing wind turbines against damage from haz-

ards within the planned lifetime, the International Standards Organisation (ISO) classifies

wind turbines according to wind conditions that the turbine can safely operate in. The

IEC 61400 [Int08a] standards classes are determined by three parameters - the average

wind speed, extreme 50-year gust, and turbulence, which are shown in Table 2.1. In this

thesis, wind class IEC III A has been used.

2.11 Fatigue life and rain-flow count of stresses

Fatigue refers to the progressive and localised structural damage of a material subjected

to cyclic loading [Lal99, Ari04]. Fatigue occurs when a material is subjected to repeated

loading and unloading, even at stresses lesser than the ultimate tensile stress limit. In

high cycle fatigue situations, material life time is characterised by an S-N (Stress and

Number of cycles to failure) curve [Col93, DCFC09]. A typical S-N curve is shown in

Figure 2.22.

Fatigue life is the number of cycles of a specific stress loading that a given material

can sustain before failure occurs. It can be inferred from the figure, that higher amplitude

stress cycles impact the fatigue life more significantly than the lower amplitude cycles.

When plotted on a log-log scale, the S-N curve reduces to a straight line. The slope of the

line, b, (after Basquin, who first proposed the law) is used to represent the relationship
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Figure 2.22: Constant amplitude S-N curve for a metal [Col93]

between S and N as:

N =
S

Se

1/b

× 106 (2.34)

where Se is the endurance stress, under which, there is no failure for infinite (or,

accepted as 107) number of cycles and N is the number of cycles to failure at stress level

S.

Real life applications like wind turbine tower loading are usually not constant stress

amplitude cycles. Thus, a method like the American Society for Testing and Materials

(ASTM) rain-flow counting method [Sta05, Ari04] is used to reduce a spectrum of varying

stresses into a set of simple stress reversals in order to assess the fatigue life, using S-N

curves. Figure 2.23 shows the schematic of the conversion of stresses into rain-flow counts

[WPO95].

Figure 2.23: Schematic of rain-flow counting [WPO95]

Life span or material damage estimates are usually made using Palmgren-Miner rule

along with a cycle counting procedure [Col93, Ari04, DCFC09]. The Palmgren-Miner
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rule uses the S-N curve (Figure 2.22) to define ‘Damage Fraction’ at any stress level Si

as the ratio of number of cycles of operation (ni) to the total number of cycles (Ni) that

produces failure at that stress level, that is,

Di =
ni

Ni
(2.35)

The total damage, or ‘Damage Equivalent’ is defined as the sum of all the fractional

damages. The event of failure occurs, if the damage equivalent exceeds unity:

D =
k

∑

i=1

ni

Ni

≥ 1.0 (2.36)

2.12 Prior work

This section gives an overview of the most relevant prior work and literature available in

the fields worked on in this thesis, that is, low Reynolds number experiments, flow control

at low Reynolds number flows, and flow control applications in wind turbines.

2.12.1 Low Reynolds number experiments

Owing to most of the applications in aerodynamics operating at higher Re (primarily,

aeroplanes at > 107), the contemporary aerofoil theory exists for higher Re. Low Re flow

theory and experiments have recently gained popularity because of interest in applications

such as small wind turbines, Micro Air Vehicles (MAVs), Unmanned Air Vehicles (UAVs),

and High Altitude Long Endurance (HALE). Principal investigations among these appli-

cations have been carried out by Mueller and group [MO87, Mue02, Mue00]. Specific work

on NACA0012 aerofoil at low Re has been carried out by Gregory and Oŕeilly [GO73],

Kim et al. [KCC11], Sheldahl and Klimas [SP81], Laitone [Lai97] etc. However, such

experiments are difficult to conduct, and reliability and repeat-ability of experiments are

issues to be dealt with. Barlow et al., in their book [BRP99] discuss such issues and set

guidelines for setting up of experiments at low Re. Yarusevych and Boutilier have inves-

tigated the effect of end-plates and blockage on low Reynolds number flows in [YB12].

Neatby and Yarusevych have suggested improvements in experimental set-up for reliable

drag measurements on aerofoils at low Re in [NY12].
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Low Re experimentation, is thus, a still-evolving field, with no standardised set-up

and testing techniques available which can be followed. Further, there is a general lack of

usable engineering data for various aerofoil profiles at low Re. The predictions of popular

aerofoil software, like Xfoil, too are not validated for such Re. Thus, to obtain reliable

data on steady-state CL and CD data for this thesis, specific low Re experiments were set

up, as described in Sections 3.2.1 – 3.2.7.

2.12.2 Flow control at high and low Reynolds numbers

Active flow control has been an area of interest for applications in flight-dynamics, with

earliest known experimental work dating from late 1930s [Bra99]. Braslow presents a

historic overview of flow control through suction in [Bra99]. Collisa et al. have reviewed

the theoretical and practical issues in active flow control theory in [CJST04]. Gad-el-Haq’s

book on flow control [GeH07] discusses in detail the active, passive and reactive methods

utilised for flow control. These two sources form a good reference for understanding the

state of the art in active flow control.

Washburn et al. present a snapshot of active flow control programs at NASA’s

Langley research centre in [WGA02]. It is stressed that active flow control technologies

need maturing to the point that their benefits and functionality can correctly be assessed.

Kibens and Bower [KB04] discuss the active flow control research for applications at the

Boeing company. Boeing has focused on active flow control for more than two decades

and are developing applications for both - transport and combat aircrafts. Shmilovish

and Yadlin [SY11] and Stanewsky [Sta01] present cases for flow control, including surface

suction for transport and combat aircraft at Boeing and NASA, respectively. These studies

demonstrate an interest in flow-control based application. However, such flight-dynamics

based studies on flow control concentrate on Re orders of magnitude higher (107 and

above) than small wind turbine Re (104 - 105).

For understanding surface-suction based flow-control, the method applied in this

thesis, Gad-el-haq [GeH07] and Eppler [Epp99] form a comprehensive theoretical base.

Braslow, in [Bra99] as discussed earlier, provides a historic perspective on suction-based

flow control, albeit at higher Re. Greenblatt et al. in [GPY+06] and [GPCSH06] con-

ducted experiments to study fluid dynamics of separation control through surface suction

as well as zero-net-mass oscillatory blowing, and collect data to validate computational
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fluid dynamic simulations. These experiments were carried out for a non-aerofoil profile

mould in wind tunnel, and at Re = 9.29 × 105, which is slightly higher than the Re

numbers in this thesis.

Mouyon et al. have studied feedback control of boundary layer transition on a

flat plate from laminar to turbulent using suction as control input [MCSP98]. The flow

speeds are higher than the experiments in this thesis, and the flat plate is assumed to be

of infinite length, thus, the characteristic Re range for this paper is higher, as well as the

geometry is not relevant to that considered in this thesis . However, this paper discusses

the system-dynamic of flow control, which is an integral part of the thesis, and the values

of time-constant of the system identified matches with that in this paper.

There are a number of numerical studies on surface suction based flow control. Thus,

some specific literature on aerofoils is available. Huang et al. present numerical results

of suction and blowing over NACA0012 aerofoil at Re = 105 [HHLH04]. The Re and

aerofoil profile are relevant to the experiments in this thesis, but Huang et al. [HHLH04]

conducted simulations only at angle of attack 18◦. Wind turbines require aerofoil data

over a larger range – in this thesis, non-flow-control aerofoil data is taken from −180◦ to

180◦ and flow-control aerofoil data from 0◦ to 45◦. Such range of data is difficult to find

in the literature.

Shojaefard et al. simulated suction and injection based flow control on sub-sonic

aerofoils [SNAG05]. They discuss the effect of flow control on CL and CD at Re > 107.

Liu et al. also present numerical results for suction and blowing at higher Re (3.4 × 106

and 5.9× 106 on RAE2882 aerofoil [LDCH10]. Results from such studies cannot be used

directly for small wind turbine applications because of orders of magnitude difference in

the operating Re range of small turbines.

Apart from surface suction, zero-net-mass-flow, or synthetic jets are a popular method

of achieving flow control. Ekaterinaris [Eka04], Tuck et al. [TS+04], Williams et al

[WTC+09], Zhang and Zhong [ZZ10], Taira et al. [TRCW10] have researched on syn-

thetic jets for enhancing aerofoil performance. Other methods include use of pop-up

feathers [Sch09], constant blowing [Chu10], hydrophillic surfaces [FMG+08] and MEMS

actuators [PPM+10] etc.

The literature is abundant with flow control for high Re applications. Multiple tech-

niques like suction, blowing, synthetic jets, vortex generators etc. have been researched
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on, for controlling boundary layer, managing vortices, maintaining laminar flow, among

other control objectives. Thus, there is a prima-facie case for exploring flow control for

low Re applications like small wind turbines.

The availability of literature at low Re, however, is sparse. Further, as seen above,

majority of these studies focus on using numerical simulations to understand the fluid

dynamics aspect of flow control. Consequently, quantified engineering values, that is,

effect of suction-based flow-control on CL and CD at low Re, obtained through validated

experiments, are hard to come by in literature.

The system-dynamic perspective of flow control, is largely missing in these studies.

This has also been noted by Washburn’s study on NASA Langley’s flow control program in

[WGA02]. To apply suction-based flow-control using wind turbine simulators, a dynamic

model of suction is needed. In the papers mentioned above, Mouyon et al. [MCSP98]

and Williams et al. [WTC+09] present temporal response of output to flow-control input,

but do not identify the associated dynamics with the temporal response. The author

came across only one instance of experimental system identification of fluid-dynamics

based system in the literature, which is similar to the methodology applied in this thesis.

In [Wey01], Weyer identified the system-dynamics associated with an water irrigation

channel. Though the methodology is similar, the application, geometry and Re are vastly

different from the experiments in this thesis.

Thus, there appears to be a dearth of validated experimental data involving the

use of active flow control that may be used for designs relating to low Reynolds number

applications, including small wind turbines. The experimental part of this thesis (Chapter

3) aims to address this lack, specifically:

� Steady-state effect of suction-based flow control on CL and CD

� System-dynamic, or temporal aspect of suction-based flow control

2.12.3 Utilisation of flow control in wind turbines

Wind turbine control is a rapidly growing discipline. With the increase in the size of tur-

bines, more complex control algorithms are needed. The focus of most of these algorithms

is two-fold: i) maximise power through generator torque control, below rated wind speed,

and ii) maintain loads within design limit, above rated wind speed. A good amount of
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information about these techniques can be found in Burton et al. [BSJB01], Bianchi et

al. [BDBM06] and Write and Fingersh [WF08].

Review papers by Laks et al. [LPW09], Musunuri and Ginn [MG11] and Abdul-

lah et al. [AYTS12] provide an updated overview of control algorithms for Maximum

Power Point Tracking (MPPT). Write and Fingersh, [WF08] and Suryanarayanan and

Dixit [SD05] discuss Multiple Input Multiple Output (MIMO) algorithms. These MIMO

algorithms aim to achieve multiple control objectives, like fatigue reduction along with

maximising output. The most popular actuation technique used for fatigue mitigation is

collective and individual pitching of blades, and multiple studies can be found in litera-

ture: [Bos05, GC08, LPW09, DPW+10, DPW+11]. These studies are usually conducted

for large wind turbines.

The available literature on utilisation of flow control for applications in large as well

as small wind turbines is, however, limited. Technical report by Johnson et al. [JVDB08]

from Sandia National Laboratories discusses multiple techniques of flow control and how

they can be potentially used in wind turbines. The report concentrates on reviewing the

available flow-control techniques through published papers, and proposing potential use

in wind turbine applications. Experimentation or numerical simulations, however, were

not carried out to establish quantitative benefits of using flow-control in wind turbine

applications.

Such quantification has been done by Greenblat et al. in [Gre10, GSBH12, GBHMV14]

using plasma actuators, and Sasson and Greenblatt in [SG11] using slot blowing. These

studies have been conducted for increase in power capture for large, Vertical Axis Wind

Turbines (VAWT), whose aerodynamics are significantly different from small, Horizontal

Axis Wind Turbines (HAWT) analysed in this thesis.

The quantification of benefits of the use of active flow-control techniques, specifically,

surface suction based techniques for small wind turbines, is thus, largely unexplored. A

small amount of literature is available for increase in power capture through flow-control

for large wind turbines, though they employ flow-control techniques other than surface

suction. There seems to be no instance of literature for mitigation of loads using active

flow-control. Chapter 4 addresses these gaps by providing a quantitative study on increase

in power capture as well as mitigation of fatigue loads using active flow-control through

surface suction for small, horizontal axis wind turbines.
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Chapter 3

Low Reynolds number experiments

3.1 Introduction

This chapter describes flow control experiments conducted at low Re. The experiments

were set up to investigate the effectiveness and dynamics of flow control by suction. The

quantitative results from these experiments were used in simulations in Chapter 4 to

determine the benefits achievable when surface-suction based flow-control is applied to

small wind turbines. The set-up parameters were designed to correspond to the relevant

Re regimes for these turbines. The objective of the tests was to obtain:

i time averaged values of change in lift drag and stall angle on application of suction,

which are calculated based on the coefficient of pressure, Cpressure

ii time averaged variation of Cpressure with change in suction, that is, change in the

suction momentum coefficient, Cµ

iii temporal change in Cpressure for a step change in Cµ

Two types of tests were conducted on the set-up – steady state, to obtain time

averaged outputs, and dynamic, to record the temporal change in pressures caused by

applying suction. The results from the steady state tests were used to estimate the possible

increase in the power output of pseudo-static small wind turbine rotors by applying a

surface suction technique over the blades. The dynamic results were used to obtain the

map of dynamics between application of suction and change in pressures over aerofoils.

This dynamic map is required to devise a control strategy to realise surface suction in
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Table 3.1: Reynolds numbers for the experiments

Wind Tunnel Power Cross Section Wind Speeds Reynolds Numbers

IIT Bombay 220kW 0.6m × 1m 2.0 m/s 3.3× 104

2.5 m/s 4.1× 104

3.0 m/s 4.9× 104

3.5 m/s 5.7× 104

Monash University 450kW 2m × 2m 5.0 m/s 8.2× 104

10.0 m/s 1.6× 105

20.0 m/s 3.3× 105

30.0 m/s 4.9× 105

wind turbines which operate in variable wind conditions (which are closer to reality than

pseudo-static simulations).

3.2 Experimental set-up

The first part of this section describes how the relevant Re regime was obtained. The

next part describes the choice of aerofoil profiles and their fabrication. It is followed by

details of the suction mechanism, instrumentation, wind tunnels and the measures taken

to ensure two-dimensionality of flow over the aerofoils. The set-up is common for the

steady state and dynamic tests.

3.2.1 Reynolds number regime

Small and medium wind turbines typically operate in Re in the range 104 to 105 [Woo11,

WW04]. Wind tunnel experiments were designed to correspond to these Re. Preliminary

experiments were conducted at the 220kW open circuit wind tunnel at IIT Bombay and

final experiments were conducted at the 450kW closed circuit wind tunnel at the Monash

University. The tunnel at IIT Bombay is capable of producing wind speeds from 2m/s

to 20m/s, whereas the wind tunnel at Monash has speeds from 5m/s to 30m/s. To keep

the Reynolds numbers in the relevant regime, the chord length of the aerofoil specimens

was kept at 250mm. The wind speeds and corresponding chord-based Reynolds numbers

are given in Table 3.1.
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3.2.2 Aerofoils

Aerofoil profile selection and dimensions

Two aerofoil profiles were chosen. A symmetrical aerofoil profile, NACA0012 was chosen

for its ease of construction and abundant availability of data in literature to validate

results. A low-speed, wind turbine-specific aerofoil, S814 was chosen to obtain relevant

data for wind turbines. The chord length for both aerofoil profiles was c = 250mm. The

span of the aerofoils was b = 200mm. A 2mm × 180mm span-wise slit was provided on

the upper surface of the aerofoil. A wide slit, along with a smaller span, was chosen to

avoid possible three-dimensional flow effects rising from the suction through the slit.

Figure 3.1: Aerofoil profiles showing suction through the slits

Aerofoil fabrication

Vacuum forming technique was used to fabricate the aerofoils. A teak-wood mould match-

ing the upper-half and lower-half profile of the aerofoils was made. The dimensions of the

mould were set at 248mm for the chord length and 198mm for span. Since NACA0012 is

symmetrical, only one wooden mould was needed. A 1mm thick High-Impact-Polystyrene

(HIP) sheet was heated to a forming temperature, stretched onto the wooden mould, and

held against the mould by the application of vacuum between the mould surface and the

sheet, which was then slowly cooled. This set one half of the aerofoil section with the

appropriate dimensions. The two halves obtained by this method were pasted together

to get a basic aerofoil section, which was later provided for suction and instrumentation.
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Surface suction over aerofoil

Slits of 2mm × 180mm were created on the suction surface of the aerofoils at varying

distances from the leading edge. A wide slit was chosen to avoid three-dimensional flow

effects, and to be as close as possible to a two-dimensional flow. In the preliminary tests

at the IIT Bombay wind tunnel, multiple slit positions were tested for each of the aerofoil

profiles, from which the most optimal positions, were selected for each of the aerofoil

profiles, based on the increase in CL in the operating range of wind turbines. These slit

positions were used in the final tests at the Monash University wind tunnel.

(a) NACA0012 (b) S814

Figure 3.2: Aerofoil profiles showing dimensions and positions of suction slits and pressure
taps

For the NACA0012 aerofoil profile, slit positions x/c = 0.16, x/c = 0.36 and x/c =

0.56 from the leading edge were tested. The slit closest to the leading edge (x/c = 0.16)

provided maximum change in CL at higher angles of attack and insignificant change in CL

at low angles of attack. The slit closest to the trailing edge provided maximum benefit
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at low angles of attack, and very less benefit close to the stall angle. The optimum and

maximum benefit was seen for the centre slit, that is, when the slit was at x/c = 0.36

from the leading edge.

The slit positions tested for S814 were at x/c = 0.12, x/c = 0.24, x/c = 0.44

and x/c = 0.64 from the leading edge. The S814 profile has a thicker leading edge,

which allowed the suction mechanism to be housed closer to the leading edge. The most

beneficial slit position, by the same criterion of increase in CL, was at x/c = 0.24 . The

reason why a smaller x/c ratio works better in the case of the S814 aerofoil may be the

fact that the S814 aerofoil has a thicker root and a greater camber which in turn lead to a

greater propensity for flow separation to occur at smaller x/c ratios, which can be better

controlled by a slit position closer to the leading edge as compared to the NACA0012

aerofoil.

Figure 3.2 shows NACA0012 aerofoil profile with the suction slit at 0.36c and S814

aerofoil profile with the suction slit at 0.24c. A 20mm diameter PVC pipe was glued

under the slit, using a cyano-acrylite based adhesive. A slit of the same dimensions was

cut in the pipe just under the slit in the aerofoil. Both ends of this pipe were connected to

a vacuum pump using standard hoses and joints. A vacuum cleaner was used as a suction

pump, as described in 3.2.4

Taps for pressure measurement

The surface pressure was measured using pressure taps on the surface of the aerofoil.

Multiple taps of 2mm diameter were provided on the top and bottom surfaces to mea-

sure pressure across the chord length of the aerofoil. These taps were in the span-wise

centre of the aerofoil. The location of the pressure taps are detailed in Table 3.2. A

higher concentration of pressure taps was placed near the leading edge where the pressure

gradient is typically large. The NACA0012 aerofoil was provided with more taps on the

suction surface, to study the effect of suction relative to the distance from the suction

slit. The S814 aerofoil has a complex pressure surface, hence both suction surface as well

as pressure surface had same number of taps.
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Table 3.2: Pressure tap positions on aerofoil surfaces

Aerofoil Profile Tap positions from leading edge

Suction surface Pressure surface

NACA0012 7mm, 20mm, 31mm, 44mm,

60mm, 67mm, 77mm,

104mm, 114mm, 122mm,

141mm, 159mm, 168mm,

186mm, 195mm, 217mm,

222mm, 231mm, 247mm

5mm, 11mm, 18mm,

27mm, 62mm, 80mm,

108mm, 134mm,

161mm, 194mm ,

225mm

S814 7mm, 12mm, 23mm, 30mm,

52mm, 72mm, 82mm,

100mm, 120mm, 150mm,

180mm, 200mm, 220mm,

235mm, 247mm

4mm, 14mm, 24mm,

37mm, 55mm, 75mm,

85mm, 105mm, 125mm,

155mm, 185mm,

205mm, 225mm,

240mm, 247mm

3.2.3 End-plates for two-dimensionality of flow

Since the span of the aerofoil was lesser than the chord of the aerofoil, the flow over

the centre of the aerofoil was susceptible to three-dimensional flow affects by the vor-

tices created by the edges. To minimise the effect of the tip vortices, and to ensure

two-dimensionality of the flow over the surface, end-plates were mounted on the sides of

the aerofoils [Sta74, YB12]. Preliminary tests at IIT Bombay were conducted without

end-plates. Preliminary tests at Monash University were conducted with and without

end-plates. The final tests at Monash University were conducted with end plates. Fig-

ures 3.3 and 3.4 show the set-up at the Monash University 450kW tunnel. The aerofoil

was mounted at the “centre” – consequently, the leading edge was at a distance of 2c

downstream from the start of the end plates. The end-plates and the aerofoils were held

in place by a steel structure. All parts of the steel structure were downstream of the end

plates and the aerofoils such that the flow over the aerofoil was not disturbed.

The end-plates induce boundary layer over their surface, which may affect the flow

over the aerofoil. The boundary layer thickness was estimated using Blasius solution for

the working wind speeds. The boundary layer thickness at the leading edge of the aerofoil
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(a) Close up of S814 in experimental set-up (b) Complete set-up in wind tunnel

Figure 3.3: Aerofoil test set-up inside wind tunnel

was estimated to lie between 5.9mm for wind speed 5m/s and 2.4mm for wind speed

30m/s. The pressure taps were at the centre of the aerofoil, that is, at a distance of

100mm from the end plates. This distance is large enough for the boundary layer to have

a significant effect on the pressure measurements, thus, a two-dimensional flow over the

aerofoils was assumed.

Figures 3.5 and 3.6 highlight the effects of using end plates. At lower angles of attack,

as shown in figure 3.5, the trends of surface pressure for experiments with, and without end

plates are similar. At low speeds and low angles of attack, the pressures remained close

to each other, indicating that edge effects do not affect the pressures significantly at the

centre of the aerofoil. At higher angles of attack, however, the trends varied significantly

for the two cases. In figure 3.6, for high angle of attack, the flow separated and the aerofoil

stalled for both, low wind speed, as well as high wind speed with end-plates. Without the

end-plates, however, the aerofoils do no stall at high angles of attack. Edge effects seem

to energise the boundary layer, which helped to avoid flow separation, and hence, stall.

Since the use of end-plates believed to have achieved a more reliable two-dimensional flow

over the aerofoils, only the end-plate experiments’ data is used for simulations in Chapter

4.

3.2.4 Suction pumps

A venturi-principle based vacuum generator was used in the preliminary tests to gener-

ate suction pressure. However, both, the suction pressure and the rate of suction with

this pump were insufficient. An oil-based vacuum generator was tried next, which pro-
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Figure 3.4: Schematic of the test set-up inside Monash 450kW tunnel

vided good suction pressure. However, the rate of suction still remained insufficient. A

consumer, off-the-shelf vacuum cleaner was able to provide satisfactory suction pressures

and suction rates. For the experiments at IIT Bombay, the free stream velocity was low

(2m/s-4m/s), hence, a 600W vacuum cleaner proved capable of providing relevant suc-

tion effort (see Section 3.2.7). For the experiments conducted at the Monash University,

the wind speed was higher(5m/s-30m/s). To maintain meaningful suction efforts a more

powerful, 2400W vacuum cleaner was used.

The suction rate was varied using a valve as shown in figure 3.7. A venturi tube

was provided between the valve and the aerofoil to measure the flow rate. The venturi

was connected to the aerofoils from two ends using flexible hoses. The connections were
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Figure 3.5: Surface pressures with and without end-plates for low α for NACA0012 aerofoil
profile
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Figure 3.6: Surface pressures with and without end-plates for high α for NACA0012
aerofoil profile

provided on both sides of the aerofoils to maintain a uniform flow in the slit.

3.2.5 Instrumentation

Aerofoil surface pressures

The 2mm diameter pressure taps over the surface of the aerofoils (see Section 3.2.2) were

connected to pressure transducers using 1.1m long silicon tubes. The internal diameter

of these tubes was 1mm.

At IIT Bombay, 3× 16-channel micro-manometers (Scanivalve Digital Sensor Array,

DSA 3217) was used to record pressures at 500Hz. The pressure values for a single tap

obtained were averaged over a time period of 30s to obtain a mean pressure reading for
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Figure 3.7: Suction Schematic

that particular tap. For Scanivalve DSA3217, the manufacturer specifies a ± 0.05% full

scale accuracy. These instruments were calibrated against an FCO510 micro-manometer

with resolution down to 0.001Pa.

At Monash University, a 64-channel Turbulent Flow Instrumentation Dynamic Pres-

sure Measurement System (DPMS) was used to measure surface pressures. The sampling

frequency was kept at 500Hz to calculate mean pressures measured over 30s. In addition

to steady state tests, dynamic tests were conducted at this wind tunnel. For dynamic anal-

ysis, the pressures were sampled at a frequency of 1000Hz. For DPMS, the manufacturer

specifies a ± 0.3% full scale accuracy.

The error in time averaged pressure values is shown in Figure 3.8 for pre-stall(12◦)

and post-stall (18◦) angles of attack for the NACA0012 aerofoil at Reynolds number

1.6 × 105. The observed trend is that the errors remained between 1.5Pa and 8Pa,

except for angle of attack close to the stall angle. When stall is about to occur, the flow

attaches and detaches periodically, varying the pressure to a larger extent. Hence, the

errors around the mean are larger, ranging from 15Pa to 25Pa as shown in Figure 3.8(b)

for the suction-on case. At 18◦, stall has occurred without suction, thus, the errors are

comparable those at the pre-stall angles.

Pressures in the wake

A Turbulent Flow Instrumentation Cobra Probe was used to measure the velocities

x/c = 1 behind the aerofoil. The Cobra Probe incorporates four 0.5 mm pressure taps

in a multi-faceted head which can resolve three component velocities and static pressure

measurement within a ±45◦ acceptance cone. The manufacturer-specified accuracy of the

probe is ±0.3m/s for velocity.

The measurement positions were in the span-wise centre of the aerofoil and ranged

from 0.32c on the suction side to 0.56c on the pressure side. The velocities were sampled
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Figure 3.8: Errors in surface pressure measurement at Re = 1.6× 105

at 1000Hz and time averaged for a period of 30s. Since the measurements for the surface

pressures over the aerofoil and the velocities wake were done in the centre section of the

aerofoil, which remained significantly away from the boundary layer over the end plate,

the measured coefficients of lift and drag should be representative of a two-dimensional

section.

Free stream velocity

At IIT Bombay, an upstream pitot tube was connected to the FCO510 micro-manometer,

which used the static and stagnation pressures to calculate and display the free stream

velocity in m/s. The accuracy of the speed display was ± 0.01m/s. To conduct the

experiments, the free stream velocity was kept within ± 0.1m/s of the desired velocity.

At the Monash University, the static and stagnation pressures for a similar upstream

pitot tube were recorded by the DPMS. These values were used to calculate free stream

velocities for each sample, as detailed in 3.2.7.

Data acquisition

The pressure transducers DSA and DPMS were connected to a computer through the

intranet and USB, respectively. The computer communicated with the transducers and

collected data for each of the sample cases and stored the data in the CSV format. The

CSV files were imported into MATLAB for analysis, as explained in Section 3.2.7.
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3.2.6 Wind tunnel

Preliminary experiments were carried out in the wind tunnel located in the Aircraft

Propulsion Laboratory at IIT Bombay. It is a low-speed, open-circuit wind tunnel of

the suction type. It incorporates an air inlet, cross-section settling chamber fitted with a

honeycomb structure and meshes, and a 10:1 contraction. The test section is 0.6m× 1m.

It can create uniform steady flows with free stream velocities U∞ = 1.6m/s and higher. A

12 blade axial fan, located at the end of the diffuser, is driven by a 220kW variable-speed

motor. The blade speed was controlled with a PID controller for the motor. Figure 3.9(a)

shows the wind tunnel at IIT Bombay. Figure 3.10 shows the schemaatic of the tunnel.

The learnings from the IIT Bombay wind tunnel experiments were used to select

the set-up parameters for the final tests at the Monash University Wind Tunnel. It is a

recirculating, closed-circuit–type wind tunnel. The test section is 2m × 2m. The axial

flow fan is powered by a 450kW constant speed motor. To vary the wind speed, the pitch

of the fan blades was varied. Figure 3.9(b) shows the wind tunnel test section at the

Monash University. Figure 3.4 shows the schematic of the wind tunnel.

(a) Wind Tunnel at IIT Bombay (b) Wind Tunnel at Monash University

Figure 3.9: Wind Tunnels

The dynamic and static pressures inside the wind tunnel at the Monash University

were measured using a Pitot tube in the tunnel connected to the same DPMS transducers

as the pressure taps. The calibration of wind speed and turbulence intensity was done

using a Cobra Probe at 10 span-wise locations 0.5c upstream of the leading edge and

parallel to the centre section of the aerofoil. During calibration, both the Cobra probe and

the pitot tube in the wind tunnel were used to obtain mean velocities inside the end plates

and in the wind tunnel, respectively. During active tests, the Cobra probe was removed
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Figure 3.10: 220kW wind tunnel at IIT Bombay

and pitot tube readings were used. These time-averaged velocities and turbulence levels

were sampled for 30s at a sampling rate of 1000Hz. The turbulence intensities between

the end plates for wind speeds of 5m/s, 10m/s, 20m/s and 30m/s, respectively, were

recorded as 6.5%, 1.4%, 1.3% and 1.1%. For the set-up, the estimated the solid-blockage

ratios including end-plate blockage [BRP99] ranged from 0.0135 to 0.0213 for angles of

attack 0◦ – 45◦. The estimated errors for Reynolds numbers for these blockage ratio were

less than 4%.

Yaw

In the 220kW wind tunnel at IIT Bombay, the aerofoils were mounted horizontally on a

rod that ran span-wise through the aerofoil. The rod was held in position on two bushes

on the side wall. the angle of attack of the aerofoil was changed by rotating the bushes.

The aerofoil was mounted at an angle of attack = 0◦ using a spirit level. The bushes

could be adjusted to be within ±0.5◦ of the desired angle.

In the 450kW wind tunnel at the Monash University, the aerofoil was mounted

vertically on a turn-table inside the tunnel. The end-plates were fixed to the turn table

such that the chords of the aerofoils were aligned with the 0◦ line of the turn table. The

turn-table was controlled using a digital controller which could position the table within

±0.1◦ of the desired angle.
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3.2.7 Data processing

The data from the sensors was recorded in a CSV file and imported into MATLAB and

the following calculations were done in MATLAB.

Surface pressures and coefficient of pressures

The static pressure (Pstatic) recorded by the pitot tube was subtracted from the mean

pressure values at the taps to obtain the surface pressure at the taps (Ptap). To calculate

the coefficient of pressure at the tap, equation 3.1 was used. Pstagnation was recorded by

the pitot tube. CPressure was plotted against chord length for the upper and lower surface

of the aerofoil to get CPressure curves for analysis.

Cpressure =
Ptap − Pstatic

1

2
ρ∞V 2

∞

=
Ptap − Pstatic

Pstagnation − Pstatic
(3.1)

Lift and drag coefficients from surface pressures

To calculate the lift and drag forces from surface pressures, tangential and normal forces

were calculated first. The chord length of the aerofoil was divided into 500 parts starting

from the leading edge. The CPressure,i for the midpoints of these segments were extrap-

olated from measured values. The normal (∆xi) and tangential(∆yi) areas on which the

pressure acted was calculated for the segments from the aerofoil profile. The normal and

tangential forces were computed by multiplying CPressure,i with (∆xi) and (∆yi), respec-

tively. Since positive pressure on top of the aerofoil would push it down, the sum of forces

acting on upper surface was subtracted from the sum of forces on the lower surface to get

the Lift Coefficient. For the tangential force, the sign of ∆yi incorporates the direction of

the tangential force.

CN =
∑

LowerSurface

CPressure,i
∆xi

c
−

∑

UpperSurface

CPressure,i
∆xi

c
(3.2)

CT =
∑

CPressure,i
∆yi
c

(3.3)

After obtaining the tangential and normal components, a transformation matrix was

applied to CN and CT for angle of attack (α) to obtain the lift and drag coefficients

(CL,CD). The efficiency of the aerofoil was calculated as CL/CD.
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Drag coefficients from pressures in the wake

The coefficient of drag was calculated using the wake survey method. The equation 3.5

as described in [BRP99] was used to calculate the drag coefficient.

CD = 2/S

∫ ∫

S

(Uwake/U∞ − U2
wake/U

2
∞
) (3.5)

where S is the area of the aerofoil section.

Efficiency

The ratio of the coefficients of lift and drag (that is, CL/CD) is called efficiency of the

aerofoil.

Suction velocity

The pressure differential recorded by the venturi tube was used to calculate the mass flow

rate inside the venturi tube. The mass flow rate and the area of the suction slit were used

to find the suction velocity.

The mass flow rate through the venturi was calculated as:

Q = Area1

√

√

√

√

2ρ ·
(p1 − p2)

(

Area1
Area2

)2

− 1
(3.6)

where Area1 and Area2 were the areas at the two measurement positions in the

venturi tube, and p1, p2 were the pressures at the respective positions (Figure 3.7). The

average velocity of suction (us) at slit was calculated by dividing mass flow rate by the

slit area.

Suction ratio and momentum coefficient

The Suction ratio (Csuction)and the Momentum coefficient (Cµ) were used to quantify the

rate of suction.
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Suction ratio is described as the ratio of velocity of the air through the suction slit

with the free stream velocity.

Csuction =
us

U∞

(3.7)

Momentum coefficient is defined as the ratio of momentum of air drawn in to the

momentum of the air passing over the aerofoil surface, that is,

Cµ =
ρAslit u

2
s

ρAaerofoil U2
∞

(3.8)

3.3 Steady state tests

The steady state experiments were conducted at both, the IITB 220kW wind tunnel and

the Monash University 450kW wind tunnel. The objective of these tests was to obtain

time-averaged values of pressure distribution around the aerofoils. Table 3.3 outlines the

static experiments that were performed for gathering surface pressures. The pressure data

was collected for these tests for 30s and averaged to get the mean value. The equations

described in Section 3.2.7 were used to calculate the lift and drag coefficients for the

aerofoils.

Table 3.3: Steady-state tests conducted for surface pressure

Wind Aerofoil End Suction location Wind Speed Re α

Tunnel Profile Plates (x/c) (m/s) (◦)

IITB NACA0012 No 0.2,0.4,0.6 2,2.5,3,3.5 33,000-57,000 0-20

IITB S814 No 0.12,0.24,0.44,0.64 2,2.5,3,3.5 33,000-57,000 0-20

Monash NACA0012 Yes 0.4 5,10, 20, 30 82,000-492,000 0-45

Monash NACA0012 No 0.4 10 82,000 0-45

Monash S814 Yes 0.24 5,10, 20, 30 82,000-492,000 0-45

Monash S814 No 0.24 10 82,000 0-45

Drag estimates for low angles of attack were estimated from the wake survey method,

as described in Section 3.2.7. The tests conducted for obtaining the pressures and veloc-

ities in the wake are outlined in Table 3.4.
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Table 3.4: Static Tests Conducted for Wake Pressures

Wind Aerofoil End Suction location Wind Speed Re α

Tunnel Profile Plates (x/c) (m/s) (◦)

Monash NACA0012 Yes 0.4 5,10, 20, 30 82,000-492,000 0-21

Monash S814 Yes 0.24 5,10, 20, 30 82,000-492,000 0-21

3.3.1 Visulalisations

A set of visualisation tests were conducted for preliminary investigation before the quan-

titative tests:

Smoke visualisations

(a) Suction off (b) Suction on

Figure 3.11: Smoke visualisation, NACA0012 aerofoil, Re = 3.3× 104

Smoke visualisation tests were done at IIT Bombay. The aerofoil section was mounted

in the wind tunnel. In a reservoir outside the wind tunnel, smoke was created by evap-

orating smoke oil using a wick wrapped around a heating element. The smoke was then

injected in the tunnel using a streamlined feeder pipe which was mounted vertically in

the centre of the flow, upstream of the aerofoil, in the contraction section of the wind

tunnel. The feeder pipes were 5mm in diameter and 20cm long. The feeder pipes were

kept parallel to the flow in the tunnel, to minimise separation. The details of the set-up

are shown in Figure 3.10. Smoke streaks were observed for deflection when suction was

switched on, as shown in Figure 3.11. In these figures, air is flowing from the left to right.
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Figure 3.11(a) shows the smoke streak-line (highlighted by a dashed line) over the aerofoil

without employing flow-control. Figure 3.11(b) shows the aerofoil with suction on, and

the corresponding smoke streak-line highlighted using a dashed line, closer to the surface.

The streak-line from suction-off case is also superimposed in the image, and is further

away from the surface of the aerofoil. Thus, the streak-lines moved closer to the surface

of the aerofoil by about 0.1c around the trailing edge. The position of the suction slit was

varied from 0.2c of the chord length from the leading edge to 0.6c of the chord length.

The best results were achieved for the angle of attack ∼ 20◦ and when the suction slit

was closer to the leading edge. The wind speed was kept at 2m/s.

This movement of streak-lines closer to the aerofoil surface on applying surface-

suction based flow-control indicates that the boundary layer was reduced and the inviscid

layer moved closer to the surface, as was expected. However, since the streaklines are

not distinctively visible, this may only be considered as a preliminary evidence of bound-

ary layer reattachment. For final tests in the Monash 450kW wind tunnel, wool tuft

visualization technique was used.

Wool tuft visualisations

(a) Suction off (b) Suction on

Figure 3.12: Wool tuft visualisations, S814, U∞ = 10m/s, Re = 1.6× 105 , α = 20◦

Wool tuft visualisation were conducted at the Monash University wind tunnel. For

attached flow, the wool tufts followed the direction of the flow, whereas for separated flow,

they fluttered and lifted off the surface. Figure 3.12 shows the wool tuft visualisations

for S814 aerofoil profile at U∞ = 10m/s, Re = 1.6 × 105 and α = 20◦. The air flow
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is from right to left in these figures. There are five columns of wool tufts. The suction

slit is between the first and second column of the wool tufts. Without applying suction,

the boundary layer separated between the middle of the aerofoil and the trailing edge

(Figure 3.12(a)). There was no reattachment towards the trailing edge, indicating the

absence of a separation bubble at this angle of attack. When suction was switched on,

the wool tufts rearranged and were more aligned with the direction of the flow, as shown

in Figure 3.12(b). It can be visually concluded that surface suction prevented boundary

layer separation over the aerofoil.

Another observation was that the top and bottom rows of the wool tufts shown

in the figure were not oriented parallel to the flow direction, indicating potential three-

dimensional effects due to the boundary layer over the end-plates. The rest of the rows

of the wool tufts, which were closer to the span-wise centre of the aerofoil, pointed in

the direction of the flow, indicating that the flow could be considered as a uniform two-

dimensional flow over the centre of the aerofoil.

The visual method showed qualitatively, the better attachment of the boundary layer

to the aerofoil surface. A discussion on quantitative tests follows.

3.3.2 Preliminary tests at IITB 220kW tunnel

Tests in the IIT Bombay 220kW tunnel were performed for low wind speeds. The wind

speeds for these tests were 2m/s, 2.5m/s 3m/s and 3.5m/s. The corresponding chord Re

were 3.3× 104, 4.1× 104, 4.9× 104 and 5.7× 104. Multiple slit positions for suction were

tested for both aerofoil profiles - NACA0012 and S814. These learning from these tests

were used to select set up parameters for the final experiments at the Monash University

wind tunnel. The results from the IIT Bombay wind tunnel tests were not used in the

numerical simulations in Chapter 4.

It must be noted that negative pressures on the suction surface of the aerofoil produce

the upward force, lift. Hence, the figures depicting surface pressure and CPressure have a

reversed vertical axis. Thus, on CPressure curves, a peak implies a local minima. Similarly,

in the discussion of the values of pressures, increased magnitudes indicate a decrease in

the absolute value of pressure. In the subsequent sections, the increased magnitudes of

pressure (decreased absolute values) are favourable to the production of lift, which the

reader should bear in mind in order to avoid confusion.
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NACA0012

Surface pressures between the leading edge and the suction slit

Figure 3.13 shows the surface pressures for the three slits for angle of attack = 9◦ and

wind speed 2m/s, which corresponds to Re = 3.3 × 104. For the first position (at 0.2c

from the leading edge), on the application of suction, the surface pressure decreased and

attained a magnitude between 1.4 and 1.5 times the suction-off value for various angles of

attack. For the second position (at 0.4c from the leading edge), the suction-on pressure

was 1.2 times the suction-off pressure at the leading edge. This ratio increased to 1.5

times immediately upstream of the slit. For the third position (at 0.6c from the leading

edge), the change in pressure from the leading edge to 0.4c from the leading edge was

lesser than the other two slit positions. The ratio of suction-on and suction-off pressures

was ∼ 1.1. However, between 0.4c and 0.6c ratio increases to 1.7.

Thus, on application of suction, the pressure between the leading edge and the slit

decreased over the suction-off value for all three slit positions. These observation suggest

a better attachment of the flow upstream of the slit when suction is applied.
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(a) Suction at x = 0.16c
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(b) Suction at x = 0.36c
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(c) Suction at x = 0.56c

Figure 3.13: Surface pressures, NACA0012, α = 9◦, Re = 4.1× 104

Surface pressures between the suction slit and the trailing edge

The pressures immediately downstream of the slit increased for all three slit positions. The

pressure, however, immediately recovered towards the trailing edge of the aerofoil. This

increase in pressure indicates a lower wind velocity immediately downstream of the slit.

The slit walls were kept perpendicular to the surface of the aerofoil. Thus, when suction

was applied, boundary layer was drawn in from both, upstream and downstream of the

slit. This accelerated the flow immediately upstream and decelerated the flow immediately

downstream of the slit, resulting lower pressure upstream and higher pressure downstream
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of the slit, which can be verified by observing the sharp increase in pressure across the

slit.

Lift, drag and efficiency

The section CL, CD and CL/CD were calculated using the surface pressure measurements

over the aerofoil and the methodology described in Section 3.2.7. Figure 3.14 and shows

the variation of CL, CD and CL/CD for different angles of attack for slit at x/c = 0.36,

and Re = 4.9× 104.
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(c) CL/CD

Figure 3.14: Suction at x/c = 0.36, Re = 4.9× 104, NACA0012

CL for pre-stall angles of attack improved for the aerofoils with suction slits at

x/c = 0.36 and x/c = 0.56. The improvement was more than 60% for angle of attack

close to 1◦ and decreased steadily to about 20% at the stall angle (∼ 5◦). The enhancement

in CL remains between 15% and 20% for angles of attack between 5◦ and 20◦. For the

slit position at x/c = 0.16, CL worsened until the stall angle was reached. After the stall

angle, however, CL improved by a maximum of 20%. The maximum overall improvement

in CL was for the slit position at x/c = 0.36.

CD reduced for all angles of attack for the slit position x/c = 0.16. For suction slit

at x/c = 0.36, CD reduced for low angles of attack and increased for angles of attack

greater than 11◦. For suction at x/c = 0.56, CD increased for all angles of attack.

CL/CD increased for the first slit position, x/c = 0.16 only after the stall angle. The

improvement over the baseline was around 40% − 50% for angles of attack between 6◦

and 15◦. On the application of suction, CL/CD was maximum after the stall angle. For

suction at x/c = 0.36, CL/CD improved for all angles of attack. The improvement ranges

from almost two-fold over the baseline at angle of attack = 1◦. It decreased to ∼ 65%

improvement at 5◦ and remained well over 30% at the angle of attack = 10◦. On the

application of suction, CL/CD was the maximum close to the stall angle. CL/CD for all
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Table 3.5: Comparison of suction effects on NACA0012 aerofoil

slit at x=0.16c slit at x=0.36c slit at x=0.56c

pressure:

leading edge to slit 40% – 50% 20% – 50% 10% – 70%

slit to trailing edge worsens & recovers worsens & recovers worsens & recovers

CL enhancement 45% 60% 40%

CD enhancement -20% – -10% -20% – 5% -5% – 15%

CL/CD enhancement 40% – 50% 100% – 65% 50% – 30%

maximum benefit of suction after stall angle at stall angle before stall angle

angles of attack for the third slit position, x/c = 0.56 as well. It improved by 50% before

the stall angle to around 30% at the stall angle and around 15% at the angle of attack

= 10◦. On the application of suction, CL/CD was maximum before the stall angle.

S814

Surface pressures

The surface pressure readings on the top of the 814 aerofoil for the four slit positions are

presented in Figure 3.15. The results are presented for angle of attack 9◦ for all four slit

positions. The wind speeds were 2m/s, corresponding to Re = 3.3 × 104. The surface

pressure distribution was similar to the trend observed with the NACA0012 aerofoil. The

pressure improved between the leading edge and the suction slit. The ratios for suction-

on and suction-off pressures were as high as 1.8 immediately upstream of the slit. The

pressure worsened behind the suction slit, just as in the case of the NACA0012 aerofoil.

However, the pressure downstream of the slit did not recover as quickly for the two slits

closer to the trailing edge as compared to the two closer to the leading edge.

Lift, drag and efficiency

Figures 3.16, 3.17 and 3.18 show the variation of CL, CD and CL/CD for different angles

of attack for the four slit positions.

CL increased in all cases when suction was applied. The enhancement in lift for

suction at x/c = 0.12 was between 10% and 20%. For suction at x/c = 0.24, the lift

improved by 20% – 50% and for the suction at x/c = 0.44, the lift improved by 15% –

20%.
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(a) suction at x = 0.12c
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(b) suction at x = 0.24c
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(c) suction at x = 0.44c
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(d) suction at x = 0.64c

Figure 3.15: Surface pressures, α = 9◦, 3.3× 104, S814 profile
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(a) suction at x = 0.12c
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(b) suction at x = 0.24c
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(c) suction at x = 0.44c

0 5 10 15 20

0
0.25

0.5
0.75

1

Angle of Attack

C
L

 

 

suction off
suction on

(d) suction at x =0.64c

Figure 3.16: CL for different slit positions, Re = 4.9× 104, S814
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(a) suction at x = 0.12c
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(b) suction at x = 0.24c
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(c) suction at x = 0.44c
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(d) suction at x = 0.64c

Figure 3.17: CD for different slit positions, Re = 4.1× 104 ,S814
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Table 3.6: Comparison of suction effects on S814 aerofoil

slit at x=0.12c slit at x=0.24c slit at x=0.44c slit at x=0.64c

pressure:

leading edge to slit 40% – 50% 20% – 50% 10% – 70% 5% – 50%

slit to trailing edge worsens worsens worsens worsens

lift enhancement 10% – 30% 20% – 50% 15% – 20% 15% – 20%

drag enhancement -25% – -5% -20% – 5% -25% – 5% -5% – 20%

efficiency enhancement 25% – 40% 20% – 60% 20% – 50% 10% – 30%

maximum benefit 5◦–15◦ 0◦–10◦ 0◦–5◦ 0◦–5◦

CD reduced for most of the cases. With the suction closer to the leading edge of the

aerofoil, drag decreased for all angles of attack. With the suction slit in the middle of the

aerofoil, the drag reduced for low angles of attack, but increases slightly for higher angles

of attack. For low angles of attack, drag decreased by up to 25% for all positions of the

slit. For higher angles of attack, the maximum increase in drag is up to 5%.
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(a) suction at x = 0.12c
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(b) suction at x = 0.24c
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(c) suction at x = 0.44c
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(d) suction at x = 0.64c

Figure 3.18: CL/CD for different slit positions,5.7 × 104, S814

With improvement in CL and reduction in CD, CL/CD of the aerofoil increased in

all cases. The improvement for suction at x = 0.12c was 25% – 40%, 20% – 60% for

x = 0.24c and 20% − −50% for x = 0.44c. Applying suction in the front of the aerofoil

improved CD at higher angles of attack, and moving the suction slit backwards lowered

the angle of attack for maximum CL/CD.

These tests were conducted to gather preliminary data for both aerofoil profiles and

to understand flow-control through surface suction. The CL and CD values from these

tests were not used in numerical simulations in Chapter 4, instead, they were used to

select the slit positions and test parameters for the final tests.
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Multi-slit Suction
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Figure 3.19: Optimised efficiency curve using active control

As seen earlier, the positioning of the suction slits affected the efficiency of the

aerofoil versus the angle of attack curve peak. For suction slit closer to the trailing edge,

the maximum enhancement in efficiency over the baseline case occurred at low angles

of attack. For suction slit closer to the leading edge, the maximum enhancement in

efficiency occurred at higher angles of attack. Figure 3.19 shows the curves for the three

slit positions of NACA0012 aerofoil, and the baseline case. The black line shows the

baseline case, without suction. The dashed blue lines show the efficiency for suction at

x/c = 0.16, 0.36 and 0.56 from the leading edge.

With an active control strategy to activate different slits at different angles of attack,

the aerofoil can achieve higher efficiency over a larger angle of attack range. This will

make the efficiency curve flatter, as shown in the figure using red circles. This would

enable the aerofoil to be used over a larger angle of attack range. Having a higher and

flatter curve for efficiency will help in reducing optimisation constraints while designing

the blade for various stages of operation. The benefits and effectiveness of this method

needs to be further analysed, but has not been covered in this thesis.

3.3.3 Final tests at Monash 450kW wind tunnel tests

Tests at Monash University were conducted in the 450kW wind tunnel. Both, NACA0012

and S814 profiles were tested, but only one slit position per profile was used. For the

NACA0012 profile, the suction slit was at x/c = 0.36 and for S814 the slit position was
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x/c = 0.24 (refer to Section 3.2.2 for the reasons dictating these choices). The wind

speeds for these tests were higher than those at IIT Bombay to achieve higher Re. The

tests were conducted at 5m/s, 10m/s, 20m/s and 30m/s. The resulting chord Re were

8.2× 104, 1.6× 105, 3.2 × 105 and 4.9× 105. The suction rate was varied for these tests

and the improvements were analysed for different suction rates. The results from these

tests were used for simulations in Chapter 4.

3.3.4 Coefficient of pressure

The pressure distribution over the aerofoil was characterised using the non-dimensional

Coefficient of Pressure (CPressure). The difference between the surface pressure and the

static pressure inside the wind tunnel was divided by dynamic pressure to obtain CPressure.

This section describes how CPressure changed on the application of suction. For these tests,

the suction velocity at the slit was kept constant at 17.6m/s.

Figure 3.20 shows the CPressure, with a solid line for suction-off, for Re = 8.2 × 104

for the NACA0012 aerofoil, α = 3◦, 9◦ and 18◦. The aerofoil is stalled at 18◦ for the

Re 8.2 × 104. The angle of attack range α = 3◦ - 9◦ is typical for conditions where a

separation bubble forms [MO87]. In Figures 3.20(a) and 3.20(b), for the flow control

by suction switched off, the pressure on the suction side decreased rapidly up to a peak

near the leading edge. Downstream of this peak, the pressure recovered, with the rate of

recovery decreasing steadily till the CPressure reached a plateau. This plateau indicates

region of a separation bubble [MO87, YB12].

Figure 3.20(c) shows typical conditions for a separated boundary layer without reat-

tachment. The pressure has a small peak immediately downstream of the leading edge.

Downstream of this peak, the pressure recovered by a small amount and remained flat till

the trailing edge. The absence of a significant peak and a flat CPressure curve at higher

plateaus as compared to lower angles of attack indicates that the aerofoil had stalled at

the angle of attack of 18◦.

When suction was applied, the pressure distribution on the suction surface changed

substantially as compared to the non-suction case, as shown by a dashed line in Figures

3.20(a), 3.20(b) and 3.20(c). In these figures, the vertical dotted line shows the position

of the suction slit. Upstream of the slit, the pressure decreased for all three angles of

attack. The peak immediately behind the leading edge attained a lower pressure as
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compared to the non-suction case. Slightly upstream of the suction, there was another

peak which indicated that suction accelerated the flow upstream of the slit by creating

low pressure over the slit area. The air flowing over the surface experienced a negative

pressure gradient, which increased its velocity. Similarly, just downstream of the slit,

the pressure gradient became positive, thus, it retarded the flow. Hence, the pressure

directly downstream of the slit increased, compared to the non-suction case. However,

the pressure gradient had a local effect, and the pressure reduced again downstream of

the slit and matched with the non-suction case at the trailing edge.

The most important effect of suction was seen for post-stall angles of attack for

Re = 8.2× 104 (Figure 3.20(c)). Instead of a small peak, a significantly higher peak was

observed, following which, the pressure steadily increased downstream of the peak till the

suction slit. The pressure gradient over the suction slit accelerated the flow upstream and

decelerates the flow downstream of the slit, similar to what was observed at the pre-stall

angles of attack. Downstream of the slit, the pressure steadily recovered till the trailing

edge. A significant low pressure area between the leading edge and the slit indicates that

the application of suction prevented boundary layer separation and effectively avoided

stall at α = 18◦ for Re = 8.2× 104.

The pressures on the non-suction (pressure) surface of the aerofoil, however, were not

affected by suction for angles of attack lesser than the stall angle. Above the stall angle,

there was an insignificant change in the pressure profile for suction-on. The pressure

increased by a small amount for all pressure taps on the non-suction surface when suction

was applied.
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Figure 3.20: CPressure for NACA0012 x/c = 0.36, U∞ = 5m/s, Re = 8.2× 104

For the NACA0012 aerofoil at Re = 3.3× 105 (Figure 3.21), trends similar to Re =
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8.2× 104 were observed with and without flow control. Without the suction applied, for

angles of attack of 3◦ and 9◦, there was a peak immediately downstream of the leading edge

for the suction surface. Downstream of the peak, the pressure recovered, but flattened for

some distance, indicating a separation bubble similar to the lower Reynolds number flow.

Downstream of this plateau, the pressure steadily recovered till the trailing edge. For the

post-stall angle, there was a small peak just downstream of the leading edge, downstream

of which, the pressure recovered and remained flat till the trailing edge.
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Figure 3.21: CPressure for NACA0012, x/c = 0.36, U∞ = 20m/s, Re = 3.3× 105

When suction was applied, higher peaks were observed immediately downstream of

the leading edge for all three angles of attack, similar to the application of suction for

Re = 8.2 × 104. The peaks at higher Re were not as pronounced as those at lower

Re. The reason for lower peaks was that the wind speed increased, while the suction

velocity remained constant. This reduced the suction momentum coefficient (Cµ), which

reduced the effectiveness of suction. This behaviour is detailed in Section 3.3.7. Similar to

Re = 8.2× 104, the pressure gradient over the suction slit accelerated the flow upstream

of the slit, which reduced the pressure, and decelerated the flow downstream of the slit,

which increased the pressure. Suction also avoided the boundary layer separation, and

thus, stall at the angle of attack 18◦.

The pressures over the surface of the S814 aerofoil profile are shown in Figures 3.22

and 3.23. The Re for these tests were 1.6× 105 and 4.9× 105, respectively. For an angle

of attack of 5◦ without suction, the pressure over the suction surface decreased rapidly

downstream from the leading edge for both Re. A sudden increase in pressure was seen

at about 0.12c downstream from the leading edge. The pressure decreased sharply again

at around 0.28c. This sudden increase in pressure and subsequent decrease indicated a
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local separation and reattachment, known as a laminar bubble [ST95]. This bubble was

observed for both Re.

For an angle of attack of 9◦, similar separation bubble was observed. However, the

separation bubble moved forward from 0.12c to 0.025c with an increase in Re. Somers et.

al. [ST95] found the separation bubble moved forward for an increased angle of attack

for the S814 aerofoil at Re = 1.5× 106. The separation bubble did not occur for Somers

et. al. [ST95] beyond an angle of attack of 7◦. Since our experiments were performed at

lower Re, in which aerofoils are more prone to separation, the bubble was expected to be

seen even at higher angles of attack.

The pressure recovered downstream after the peak for angle of attack of 5◦ till the

trailing edge. For angle of attack 9◦, the pressure recovered till 0.55c for Re 1.6 × 105,

downstream of which, the boundary layer separated. At Re 1.6 × 105, the pressure re-

covered till 0.65c for angle of attack 9◦ before the boundary layer separated. For post

stall angles, the pressure decreased rapidly over the suction surface downstream from the

leading edge. There was no peak, and the pressure curve remained flat from close to the

leading edge till the trailing edge.

On the pressure side, the pressure increased downstream from the leading edge to

the stagnation point, rapidly. Downstream of the stagnation point, the flow accelerated

due to the curvature of the aerofoil, which decreased the pressure. CPressure decreased to

a minimum of close to -1 for pre-stall angles, and -0.5 for post stall angles of attack. This

minimum pressure was observed till the thickness of the aerofoil decreased, that is, till

0.35c. Downstream of this point, the pressure recovered steadily till the trailing edge.
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Figure 3.22: CPressure for S814, x/c = 0.24, U∞ = 10m/s, Re = 1.6× 105

On application of suction, the pressure on the suction surface, downstream of the

leading edge, decreased further than in the case without suction. The laminar separation
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Figure 3.23: CPressure for S814, x/c = 0.24, U∞ = 30m/s, Re = 4.9× 105

bubble was not present for the angle of attack of 5◦ for both Re. The pressures in suction

and non-suction cases remained close to each other, downstream of the suction slit. For

an angle of attack of 9◦, the separation bubble was present. A higher peak was observed

for suction as compared to that in the non-suction case. For both Re numbers, 1.6× 105

and 4.9 × 105, the pressure recovered from downstream of the slit to the trailing edge,

indicating that the boundary layer remained attached to the aerofoil surface when suction

was applied.

For post stall angles, the pressure downstream of the leading edge decreased on the

application of suction. For Re 1.6 × 105, the Cpressure reached a minimum of −4 before

recovering to close to -1 around 0.4c, downstream of which, the boundary layer separated.

For Re 4.9×105, the Cpressure remained close to −1.5 from just downstream of the leading

edge to 0.3c, after which it slightly recovered till 0.6c, downstream of which, the boundary

layer separated. On the non-suction surface, the pressures were not affected significantly

on application of suction.

To summarise, the application of suction significantly altered the CPressure curve over

the aerofoil. The following was observed:

i The leading edge was effected the most on application of suction and the CPressure

decreased substantially when suction was applied. Since the leading edge provides

the maximum lift, we expect the lift coefficients to increase substantially with suc-

tion.

ii Between the suction slit and the trailing edge, suction was able to prevent boundary

layer separation for low angles of attack. The attached boundary layer is expected

to increase lift coefficients and decrease drag coefficients.
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3.3.5 Coefficient of lift

In this section the effect of suction on CL is discussed. CL for the NACA0012 aerofoil are

presented in Figure 3.24 for Reynolds numbers 8.2×104, 1.6×105, 3.3×105 and 4.9×105.

The suction velocity, us was kept constant at 17.6m/s for the suction-on tests. Without

suction, the lift coefficient curve is affected primarily by the Re and turbulence intensity.
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Figure 3.24: Change in CL for NACA0012, constant suction

Sheldahl and Klimas [SP81] concluded that the slope of the lift coefficient remains

constant for varying Re, and the stall angle increases with the increase in the Re. Swalwell

et al. [SSM01] experimented in the same wind tunnel in Monash University, and found

that an increase in turbulence led to an increase in the stall angle. In the experiments

conducted for this thesis, the stall angle increased with an increase in the Re and tur-

bulence, as was expected from the works of Sheldahl and Swalwell. For suction-off, the

slope of the lift coefficient curve remained constant for all four Re. The stall angles were

13◦, 12◦, 15◦ and 18◦ for the Re 8.2× 104, 1.6× 105, 3.3× 105 and 4.9× 105, respectively.
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The stall angle for Re 8.2 × 104 was closer to the stall angle for Re 1.6 × 105 because of

the higher turbulence at Re 8.2× 104. The average turbulence was 6.5%, 1.4%, 1.3% and

1.1% for the Re 8.2× 104, 1.6× 105, 3.3× 105 and 4.9× 105, respectively.

On application of suction, CL increased for all angles of attack and the stall angle

was delayed for lower Re. Since the suction velocity us remained constant, Cµ was higher

for low Re. The effect of suction in increasing lift and delaying stall was more significant

for lower Re. At Re 8.2× 104, the stall angle for suction-on was 25◦, and it was 15◦, for

Re 1.6 × 105 as compared to 13◦ and 12◦, respectively for the non-suction tests. For Re

3.3 × 105 and 4.9 × 105, the stall angles remained the same as their non-suction values,

15◦ and 18◦, respectively.

For angles of attack less than the stall angle, CL increased significantly. For Re

8.2× 104, CL increased by 40% for all angles of attack below the stall angle as compared

to the non-suction case. The increase was between 20% and 60% for Re 1.6 × 105, 20%

and 50% for Re 3.3× 105 and 20% and 30% for Re 4.9× 105 .
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Figure 3.25: Change in CL for S814, constant suction

70



CL fore S814 aerofoil profile are presented in Figure 3.25 for Re 8.2× 104, 1.6× 105,

3.3× 105 and 4.9× 105. Without suction, the aerofoil stalled at the angle of attack of 21◦

for all four Re. For Re 8.2 × 104, the lift coefficient increased with the angle of attack

from 0◦ to 16◦, after which it dropped to 18◦, increasing thereafter, till the stall angle of

21◦. The same trends were observed for higher Re. However, the observed drop in CL

before stall angle occurred at lower angles of attack with the increase in Re.

On application of suction, CL increased for all angles of attack less than the stall

angle. For Re=8.2 × 104, the aerofoil did not stall till 25◦. The maximum CL increased

by 80% from 1.17 to 2.13. For higher Re, the stall angle was between 22◦ and 24◦.

CL increased by more than 50% for all angles of attack on application of suction. The

maximum lift coefficients with suction were 1.68, 1.67 and 1.41 for Re 1.6× 105, 3.3× 105

and 4.9× 105, respectively.

Thus, similar trends were observed for both profiles, NACA0012 and S814. To

summarise:

i The lift coefficients for pre-stall angles increased significantly on the application of

suction.

ii The stall angle was delayed with the application of suction

iii Since CL increased with suction, implementing a suction flow control technique in

wind turbine blades is expected to increase the efficiency of the wind turbines.

3.3.6 Coefficient of drag

Figure 3.26(a) shows the velocities in the wake for different angles of attack at Reynolds

number 1.6 × 105 for the NACA0012 aerofoil. This figure is example of a typical wake

profile. As the angle of attack increased, the wake width and the maximum velocity

deficit increased [NY12]. The wake was angled more downwards for an increase in angle

of attack. Figure 3.26(b) shows the wake velocities for an angle of attack of 10◦ for suction-

off and suction-on. With suction on, both, the wake width and maximum velocity deficit

decreased.

CD for the NACA0012 profile for Re= 4.9 × 105 is shown in Figure 3.26(c). At

angles of attack of less than 10◦, CD remained close to 0.05 for the non-suction case. CD
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Figure 3.26: Wake velocities and CD for constant suction

increased steadily beyond 10◦ and reached 0.3 at an angle of attack of 20◦. When suction

was applied, CD reduced by up to 30% for angles of attack of less than 10◦. For angles

of attack between 10◦ and 18◦, CD decreased as compared to the values less than 10◦. As

compared to the non-suction case, CD decreased by up to 80% for angle of attack of 18◦.

For an angle of attack of 21◦, which is greater than the stall angle, CD was similar for

suction and non-suction case.

Figure 3.26(d) shows the CD values for S814 profile for Re=3.3× 105. CD increased

at a slow rate from 0.05 to 0.09 between 0◦ and 12◦. The slope increased for angles of

attack greater than 12◦ and CD was 0.34 for angle of attack 21◦. On applying suction,

CD reduced for all angles of attack till 21◦. The maximum change in CD was for angle of

attack 15◦, with the drag reducing by 59%.

Thus, it was observed that the drag coefficient decreased for all angles of attack on

application of suction. The decrease in drag is expected to increase the efficiency of a
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wind turbine.

3.3.7 Effect of varying suction

In this section the effect of varying Cµ on CL and CD is examined. For constant Re, CL

monotonically increased, and CD monotonically decreased with increase in Cµ
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Figure 3.27: CL improvement, varying suction (Cµ), Re = 3.3× 105

Figure 3.27 shows the variation of CL for Re = 3.3 × 105 and varying Cµ For the

S814 aerofoil, CL is shown for no suction and increasing magnitudes of suction in figure

3.27(a). The angle of attack varies from 0◦ to 35◦ at 5◦ intervals. CL increased for all

angles of attack with increase in Cµ. The improvement in lift coefficient was significant

for the angle of attack less than the stall angle, with the CL increasing by more than 60%

at α = 20◦ for maximum suction. Post stall, there was no significant improvement in the

lift coefficient.
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Figures 3.27(b) and 3.27(c) show the increase in CL over a no-suction case for varying

values of Cµ for aerofoil profiles S814 and NACA0012 respectively. The Re was 3.3× 105

and the angle of attack was 15◦. The ratio of CL with suction over the non-suction CL

is marked as a circle in the graph. A semi-log fit has been plotted along with the points

to show the relationship between the increase in CL and cµ. For both aerofoil profiles,

NACA0012 and S814, the improvement in lift increased sharply with an increase in Cµ

close to 0. The slope decreased with an increase in Cµ and displayed an asymptotic

behaviour for larger values of Cµ. For S814, the maximum increase in CL was over 65%

and for the NACA0012 profile, the increase was 45%. The equations for the semi-log fit

for the aerofoils S814 and NACA0012 are:

CLcµ

CLCµ=0 S814

= 0.0886× log(Cµ) + 2.164 (3.9)

CLcµ

CLCµ=0 NACA0012

= 0.0607× log(Cµ) + 1.831 (3.10)

Figure 3.28 shows the variation of wake velocities and CD with change in Cµ. The

aerofoil profile was NACA0012, Re = 1.6 × 105 and α = 9◦. Cµ varied from 0 to 0.014.

The deficiency in velocity in the wake was maximum for no-suction (Figure 3.28(a)).

With an increasing Cµ, both, the maximum velocity deficit and wake width decreased.

The resulting CD is shown in figure 3.28(b). For no-suction, the CD is close to 0.05, and

decreased sharply with an increase in Cµ close to 0. With a further increase in Cµ, the

slope reduced. For Cµ = 0.0147, CD decreased by 80%.

Figures 3.28(b) and 3.28(c) show a semi-log fit between CD and Cµ for the aerofoil

profiles NACA0012 and S814 respectively. Equations 3.11 and 3.12 are the respective

relations.

CDCµ

CDcµ=0 NACA0012

= −0.105× log(Cµ)− 1.986 (3.11)

CDcµ

CDcµ=0 S814

= −0.0623× log(Cµ) + 0.4390 (3.12)
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Figure 3.28: Wake velocities and CD for varying Cµ, Re = 1.6× 105, α = 9◦

3.3.8 Validation of the experimental set-up

In order to ensure that the experimental set-up produced reliable data, the measurements

from the the experimental set-up were compared with those reported in literature. Specif-

ically, experimental lift curves obtained for the NACA0012 aerofoil were compared with

those of Sheldahl and Klimas [SP81].

Figure 3.29 compares the lift coefficients for NACA0012 aerofoils for the wind tunnel

experiments in the Re range 1.6× 105 - 4.9× 105 with Sheldahl and Klimas’ experiments

at Re between 1.6× 105 and 7× 105. The following salient observations were made.

i The trends for the measured values of CL matched well with those obtained by

Sheldahl and Klimas [SP81].

ii The slope remained constant in the angle of attack range until stall, for the measured

CL, as well as for Sheldahl and Klimas [SP81]. However, the slope for the measured
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Figure 3.29: Lift curves for NACA0012

CL was observed to be lesser than that reported by Sheldahl and Klimas.

iii The maximum CL is consequently lesser that that reported by Sheldahl and Klimas

[SP81]. This may be because of the secondary separation and the development of a

stream-wise vortex at relatively large angles of attack.

iv It may be noted that this discrepancy does not affect the analysis in the following

Chapter, since the objective of the present work is to estimate the difference in the

power output of a turbine by the application of suction. Thus, the focus of the

experimental part of this thesis is to characterise the difference in the aerodynamic

characteristics of the aerofoils with and without suction.

v The measured as well as Sheldahl and Klimas’ [SP81] stall angle increases with an

increase in the Re.

vi For angles of attack greater than the stall angle, the measured CL decrease signif-

icantly, then increase again with increase in angle of attack, with the curves for

different Re remaining close to each other.

Swalwell et al. [SSM01] had conducted tests on a NACA0021 aerofoil profile in

the same wind tunnel at Monash University and concluded that increase in turbulence

delayed the stall, which is consistent with the experiments in this thesis. The turbulence

intensities were 6.5%, 1.4%, 1.3% and 1.1% for Re 8.2 × 104, 1.6 × 105, 3.3 × 105 and

4.9×105, respectively. The stall angles for these Re were 13◦, 12◦, 15◦ and 18◦, respectively.

The turbulence intensities for the higher three Re were close to each other, and the stall

angle increased with an increase in the Re. For Re = 8 × 104, the turbulence intensity

was ∼ 4 times higher. Consequently, the stall angle was higher than that expected, that
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is, 13◦ for turbulence of 6.5, than 9◦ for expected turbulence intensity of ∼ 1.5. This is

consistent with Swalvel’s [SSM01] results.

3.4 Dynamic tests

This section is aimed at capturing the dynamic mathematical model associated with

active surface suction over the aerofoils. This dynamic model reveals the temporal limits

of surface suction, for a given Re - Cµ combination, that is, it says how fast flow control

can change CL and CD, for the given combination. To obtain such a dynamic model, with

Cµ as input and CL, CD as outputs, a system identification technique was used on the

empirically-obtained input-output data from ‘transient’ experiments, which are explained

in this section.

Figure 3.30: System identification of a dynamic system

System identification refers to building mathematical models of dynamic systems

from measured data (Figure 3.30). (Refer to Sections 2.6 and 2.7 for an introduction

on dynamic systems and system identification, respectively.) To generate and gather

relevant data, special experiments are required to be designed to excite all relevant modes

of the system. In the subsequent experiments, it was aimed to change the input, u, in a

step-function, in order to excite all frequencies in output, y, as, in the frequency domain,

step-function can be represented as the sum of all frequencies.

The experiments were conducted on NACA0012 aerofoil profile. The output of the

system, y was taken as the surface pressure on the leading edge, since surface pressure

determines the relevant aerodynamic characteristics of the aerofoil. The input to the

system, u was taken as the pressure difference of the two pressure taps in the Venturi

tube, as this relates to the mass transfer and thus the suction effort. The experimental

schematic for the dynamic tests is shown in Figure 3.31.

Towards identifying the dynamic map between u and y, a black-box approach was
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Figure 3.31: Experimentation schematic for system identification

used [Lju98]. It was observed that the relation between u and y was non-linear. Further,

∆y was depended on the operating value of u and ∆u given to the plant, for all other

physical factors remaining constant, which included angle of attack, wind speed, etc. Due

to this specific non-linear nature of the relationship between u and y, it was necessary

to identify a set of linear time invariant (LTI) models (refer to Section 2.6.1) whose

parameters were dictated by the operating u (Figure 3.32(b)). A ‘piecewise linearisation’

approach was used, to compartmentalise the dynamic map into locally valid LTI models

(refer to Section 2.7.2).

Several small changes to u (∆u) were given and corresponding changes in y (∆y)

were recorded for different operating values of u. The structure of the said linear dynamics

was assumed to be captured by the ARX model [Lju98] (Section 2.7.1). These LTI models

(Figure 3.32(b)) were put together to create a linear parameter varying model (Figure

3.32(c)) to predict the value of y for the whole operating range of u.

3.4.1 Choice of variables

Input: The ‘input’ of interest (u) was the volumetric flow rate of the air drawn from the

surface of the aerofoil. This was achieved through the suction slit on the surface of the

aerofoil at a distance of 0.36c from the leading edge. The volumetric flow rate through

this slit was estimated using a venturi tube. The estimate of the volumetric flow rate is

calculated using the following relation:
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(a) Plant (b) Identified LTI models

(c) Combination of LTI models into LPV

model

(d) Predictions of LPV model

Figure 3.32: System identification schematic

Q = Area1

√

√

√

√

2

ρ
·

(p1 − p2)
(

Area1
Area2

)2

− 1
(3.13)

where Area1 and Area2 are the areas at the two measurement positions in the venturi

tube, and p1, p2 are the pressures at the respective positions (Figure 3.7). In the equation

3.13, the parameters of the venturi tube remain constant, and the variables are p1 and

p2. The flow rate particularly depends on the difference of these pressures, p1− p2. Thus,

the input variable u has been taken as this difference:

u = p1 − p2 (3.14)

These pressures were sampled using Turbulent Flow Instrumentation’s Dynamic
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Pressure Measurement System (DPMS) [Tur13] pressure transducers at a sampling fre-

quency of 1000Hz. The standard deviation for the value of u lies between 5Pa and 10Pa

for operating values of u varying between 0Pa and 200Pa, respectively.

Output: The ‘output’ of interest (y) was the pressure over the surface of the aerofoil.

More specifically, at a distance of 0.08c from the leading edge. The motivation for choosing

surface pressure stems from the fact that Lift and Drag, the performance characteristics of

an aerofoil can be calculated using the pressure distribution (or, non dimensional CPressure)

around the aerofoil:

CN =
∑

SuctionSurface

CPressure
∆xi

c
−

∑

PressureSurface

CPressure,i
∆xi

c
(3.15)

CT =
∑

CPressure,i
∆yi
c

(3.16)





CL

CD



 =





cosα − sinα

sinα cosα









CN

CT



 (3.17)

Thus, pressure over the surface of the aerofoil was taken as the output, y. Since

the leading edge of an aerofoil produces the maximum lift force, the surface pressure at

the leading edge (at a distance of 0.08c from the leading edge) was chosen as the output

for system identification, in order to maximise signal-to-noise ratio. ∆y was taken as the

change from the equilibrium pressure for the initial conditions:

∆y = Psurface − Psurface,equilibrium (3.18)

The surface pressure was measured using a tap on the aerofoil, which was connected

to the Turbulent Flow Instrumentation’s Dynamic Pressure Measurement System pres-

sure transducer using a 1.1m long silicon tube with an internal diameter of 1mm. An

appropriate transfer function for the tubing was input to the transducer to account for

the dynamics introduced by the tubes. The sampling frequency was 1000Hz.

3.4.2 Tests conducted

The tests were divided into two parts, one for gathering data for identification, and other

for validation of the models built. The identification and validation tests were done on

different dates, and the set up was dismantled and assembled again between these tests.

80



0 10 20 30
0

50
100
150

Time (s)
∆ 

u 
(P

a)

 

 

∆ u

0 10 20 30
−150
−100
−50

0
50

Time (s)

∆ 
y 

(P
a)

 

 

∆ y

(a) Large-step test, with large change in ∆u
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(b) Small-step test, with small change in ∆u,

uinitial 6= 0

Figure 3.33: Identification test types

For identification, the step tests were conducted at all four wind speed 20m/s,

that is, Re = 3.3 × 105 and angle of attack of 10◦. Suction pressure, u was changed

from the initial value to the final value in varying step sizes. Since the pressure over the

aerofoil was lower than the static in the wind tunnel, the values of y were negative. With

suction control, that is, positive u, the pressure over the aerofoil reduced further. Hence,

y and ∆y were negative for positive u and ∆u. Two types of tests were conducted for

identification:

i Large-step, with u changing in a step from an initial value of 0Pa to various final

values, the maximum being close to 200Pa. This was done to identify steady state

characteristics of suction control. Figure 3.33(a) shows the temporal variation of

surface pressure, y with a typical large-step change in u. Table 3.7 documents the

steady state values of ∆y with the steady state values of ∆u for these tests. The

steady state value of ∆y was found to vary non linearly with the steady state value

of u. The incremental effect of suction was maximum at lower u, and the gains per

unit ∆u diminished as u increased.

ii Small-step, with u changing from a non-zero initial value to a final value in a small

step. This was done to compartmentalise the characteristics of the suction model

into various small linear regions. (Refer to Section 2.7.2 for discussion on piecewise

linearisation). Figure 3.33(b) shows the typical response of such a test. It was

observed that for same ∆u, ∆y was larger for smaller values of operating u. Table

81



Table 3.7: Tests for Identification
Large-step Small-step

No. uinitial ∆u ∆y uinitial ∆u ∆y

1 0 5.5 -26.2 0.4 1.2 -1.7

2 0 10.3 -30 7.2 5.7 -6.8

3 0 20.1 -37.3 9.3 7.1 -6.5

4 0 40.3 -42.9 15.1 12.1 -7.1

5 0 58.7 -48.5 20.3 16.2 -0.8

6 0 80.2 -63.2 32.7 26.6 -5

7 0 98.6 -68.4 46.4 37.3 -5.6

8 0 130.4 -77.2 70.1 56.1 -5.4

9 0 166.5 -87.6 89.8 73.1 -8

10 0 201.3 -88 112.8 90.8 -8
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Figure 3.34: Validation test

3.7 documents these ∆u and ∆y values.

For validation, of the models, similar tests were conducted on the same set-up,

albeit at a different time, to collect a separate set of data for validation. These tests were

conducted for 35 seconds and multiple changes to the input were given for the duration of

the tests. The range of u was not restricted, that is, no small-step change assumption was

made. The u of these tests was input to the Linear Parameter Varying model, to find the

ypredicted. The ypredicted thus obtained was compared with the actual output of the plant

(yactual) from the validation tests. Figure 3.34 shows the input and output of one of the

validation tests.
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3.4.3 System identification

This section details the process of identifying the plant characteristics from the captured

u and y data. Figure 3.32 shows a schematic of the process followed to arrive at the final

Linear Parameter Varying (LPV) model.

Multiple Linear Time Invariant (LTI) models were identified by giving small ∆u

inputs for u varying from 0Pa to 200Pa. (Figure 3.32(b)). The values of ∆y were

recorded for these values of ∆u. Filtering and parametric identification were done using

a discrete algorithm, ARX (AutoRegressive with eXogenous input), which provides a fast

and efficient solution by means of a least squares approach [Lju98] (see Section 2.7.1).

The LTI models thus obtained were of the form:

A(z)y(t) = B(z)u(t) + e(t) (3.19)

where

A(z) = 1 + A1z
−1 + A2z

−2

B(z) = 1 +B1z
−1

(3.20)

for a second order system, with forward shift operator, z

zu(t) = u(t+ 1) (3.21)

and backward shift operator, z−1

z−1u(t) = u(t− 1) (3.22)

and noise component e.

Since the flow control involves removal of mass from the fluid, and the governing

equations of the motion of fluid, the Navier-Stokes equation are second order; the char-

acteristics of the identified system were assumed to be second order or higher. A second

order system was found to capture the dynamics of the system well. With third order

and higher systems, there was no significant benefit in prediction, that is, no significant

change in standard deviation of ∆ypredicted − ∆yactual was observed. Both, second order

and third order identified systems had a dominant pole close to 1 on the real axis. Thus,
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Figure 3.35: Properties of the LTI models identified through small-step tests

the predictions with the third order system were similar to the ones with the second order

system. Hence, second order ARX was used throughout the identification process.

The ARX algorithm was used on 10 sets of ∆u and ∆y for small-step tests at wind

speed 20m/s and 10 LTI models were obtained. The output was assumed to lag the input

by 1 sample time. Hence, one previous value of input, that is, u(t − 1) was used in the

model. The second order model implies that two previous values of output, y(t− 1), and

y(t− 2) were used. Table 3.7 shows the operating u and ∆u for the tests.

Figure 3.35(a) shows Bode plots for these LTI models. The phase difference for all the

linear models remained the same over the whole frequency range. The trends of amplitude

too remained the same over the frequency range, however the absolute amplitude varied

with the operating u. This indicates that the structure of the linear models remains the

same for all operating us, but the steady state gain varies with the regime of the operating

u. The same inference can be drawn from the pole-zero map. The dominant poles for all 10

linear models are close to 1. Their values range from 0.976 to 0.983. The higher frequency

poles for all ten of these models lie between 0.378 and 0.410. Since the respective poles

of these models lie in the vicinity of each other, the response characteristics are expected

to be similar, as predicted by the bode plots.

Figure 3.35(b) shows the step responses of these linear models to an input unit step

at time t = 0. The predicted output is a typical over-damped second order response. The

time constants of all the linear models were close to 0.02s. The settling time was close to
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Table 3.8: Identified Parameters

No. uinitial A1 A2 B1/∆u

1 0.4 1.338 -0.373 -0.0035

2 7.2 1.354 -0.387 -0.0002

3 9.3 1.342 -0.378 -0.0014

4 15.1 1.337 -0.371 -0.0018

5 20.3 1.346 -0.379 -0.0006

6 32.7 1.340 -0.370 -0.0002

7 46.4 1.335 -0.367 -0.0002

8 70.1 1.325 -0.361 -0.0001

9 89.8 1.328 -0.362 -0.00003

10 112.8 1.323 -0.357 -0.00002

0.1s. These values are in the same order of magnitude as that obtained by Mouyon et al.

in their suction-based flow control experiments on flat plate [MCSP98]. The amplitude

of the steady state settling value, however, varied with the value of operating u and ∆u.

Construction of the LPV model

Table 3.8 shows the parameters of the linear models identified using the experimental

data. The structure of the model is governed by A1 and A2 , while the steady state gain

by B1. From the bode plots, the pole-zero map and the step response it is expected that

respective sets of A1s and A2s should be close to each other, and B1s should vary according

to u and ∆u. A1 for these tests lies between 1.323 and 1.354, and A2 lies between -0.387

and -0.337. The values of B1 vary with both, u and ∆u. Here, the values of B1/∆u are

presented. The values of B1 were estimated using the large-step tests, because of ease

of calculations, owing to lower observed noise-to-signal ratio, which may be due to large

step change in u.

The linear models thus obtained were combined to construct the LPV model. The

structure of the system was kept constant and the steady state gain was varied according

to the operating u. The structure of the LPV system is governed by A1 and A2 , which

were taken as the average of values in Table 3.8. The steady state gain is determined

by B1, changed according to operating u, and was looked up for each time step in the

numerical prediction. The following equation gives the final LPV model:
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Figure 3.36: Validation Process

A(z)y(t) = B(z)u(t) + e(t)

A(z) = 1 + 1.3368z−1 − 0.3705z−2

B(z) = 1 +Blookup z
−1

(3.23)

3.4.4 Validation of the models and prediction of output

Validation refers to the process of demonstrating that the identified model is a reasonable

representation of the actual system. Refer to Section 2.7.3 for an introduction to the

relevance of validation. Here, the output predicted (ypred) was validated against the

output of the plant (yact).

Three validation tests are shown in Figures 3.37(a), 3.37(b) and 3.37(c). The mea-

sured plant input for each of the tests is shown in blue in the top figure. This signal was

filtered and input to the LPV model (equation 3.23) as (ufil) to obtain the output, ypred.

A discrete-time numerical predictor was constructed in Matlab for the identified LPV

model, whose inputs at time t were - (1) previous time-value of ufil (ufil(t−∆t)), and (2)

previous time-values of ypred (ypred(t− 2∆t) and ypred(t−∆t)). The values of A1 and A2

were kept constant at 1.3668 and -0.3705, respectively and B1 was read from the look-up

table for each operating ufil. ∆t was 0.001s, similar to sampling time in the experiments.

The output of the predictor was current value of the output (ypred(t)), which was stored

as an array, for further predictions, and for comparing with measured output, ymeas.

ypred and ymeas are plotted together in Figures 3.37(a), 3.37(b) and 3.37(c) . The
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(a) Test no. 1
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(b) Test no. 2
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(c) Test no. 3

Figure 3.37: Measured inputs, measured outputs of the plant overlayed with predictions
of the LPV model

measured output is shown in black in the figures, and the predicted output in green.

It can be seen in the figures that the predictions of the LPV model match well with the

measured output. This holds true for low operating values of u, high operating values of u,

low rate of change of u as well as high rate of change. Formally, the error, ∆ymeas−∆ypred

was measured, and the standard deviation of the error was compared with the standard

deviation of y around its mean for steady-state tests.

The standard deviation of error between ypred and ymeas remains between 20 and 23,

whereas, that of y around its mean in steady wind varies between 18 and 36 for different

angles of attack. These values of are close to each other, indicating that the LPV model

described here is a reasonable representation of the plant.

Further, the time constant of the model is close to 0.02 seconds, that is, a natural

frequency of 50Hz, which is much higher than the frequencies associated with small wind
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turbines (5-10Hz). Thus, the dynamic response of surface suction-based flow control

should be adequate for compensating the dynamics of small wind turbines.

3.5 Summary

1. Experimental set-up

(a) Two aerofoil profiles, NACA0012 and S814 were set up for experiments in wind

tunnels. These aerofoils had a suction slit to draw the air into the aerofoil, in

order to control boundary layer separation.

(b) The Re were kept between 2×104 and 4.9×105 by choosing appropriate chord

lengths and wind speeds.

(c) Time-averaged pressures were measured around the surface of the aerofoils,

and the wind speed in the wake of the aerofoils, to calculate CL and CD,

respectively.

(d) Temporal pressure measurements were set to be measured at a sampling fre-

quency of 1kHz, to be able to identify the system dynamics.

(e) The CL and CD obtained from time-averaged tests were validated against the

values in the literature.

2. Visualisation:

(a) For the smoke visualisation tests, the streak-lines moved closer to the surface

of the aerofoil, indicating inviscid layers moving closer to the surface, hence

showing control of boundary layer separation.

(b) The wool tufts realigned with the flow when suction was switched on, indicating

attachment of the boundary layer with surface suction.

3. Surface pressures

(a) The leading edge was effected the most on application of suction and the

CPressure decreased substantially when suction was applied.

(b) Between the suction slit and the trailing edge, suction was able to prevent

boundary layer separation for low angles of attack.
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4. Lift Coefficients

(a) The CL for pre-stall angles increased significantly on the application of suction.

(b) The stall angle was delayed with the application of suction.

5. Drag Coefficients

(a) The drag coefficient decreased for all angles of attack on application of suction.

6. Suction Momentum Coefficient

(a) CL and CD was found to have a semi-logarithmic relation with Cµ

7. Dynamic Tests

(a) A second order ARX model was found to capture the dynamics of the system

well while keeping the order of the dynamics small.

(b) The locations of the poles of the dynamics identified were similar across the

operating conditions.

(c) The steady state gain was found to vary with the operating conditions.

(d) Thus, a non-linear dynamic model (Linear Parameter Varying - LPV), as a

system of local linear models, mapping suction pressure (∆u) to surface pres-

sure (∆y) was constructed with a single dynamic structure and varying steady

state gain.

(e) The LPV model has a time constant close to 0.02s, that is, a natural frequency

of around 50Hz.
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Chapter 4

Application of surface suction to

small wind turbines

This chapter presents the simulations and their results, aimed at arriving at quantitative

estimates of benefits of surface suction to small wind turbines based on the experimental

results outlined in Chapter 3. The first section details the similitude argument extension

of wind tunnel results to simulation of wind turbines operating in similar fluid dynamic

regimes. The second section discusses Blade Element Momentum (BEM) method-based

simulations, which estimate the entitlement to the increase in power output using surface

suction over blades. The next two sections outline how mitigation of fatigue loads can be

achieved using surface suction-based active-flow-control. The aero-elastic simulator, FAST

has been used for these simulations. A summary of key simulation results is provided in

the last section.

4.1 Using wind tunnel results for simulation in wind

turbine simulations

Similitude argument analysis (Section 2.8.1) is used for facilitating correlation of experi-

mental data, typically between what is seen in controlled environment testing vs what is

seen during actual application. This section seeks to use the wind tunnel results obtained

in Chapter 3, that is, the steady state relations between CL, CD and Cµ (Equations 3.10,

3.9, 3.11 and 3.12) and the dynamic map between CL, CD and Cµ (Equation 3.23), at
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similar Re and Cµ as the experiments in Chapter 3. In order for the argument that wind

tunnel results should hold for the wind turbine simulations, the following criteria were

satisfied:

1. Geometric Similitude: The wind tunnel tests were conducted on the same aerofoil

profiles that are used in simulations, that is, NACA0012 and S814. High Impact

Polystyrene (HIP) sheet was used to fabricate the aerofoil profiles. HIP has surface

roughness close to that of glass fibre composites, which is a common material for

the manufacture of wind turbine blades.

2. Kinematic Similitude: Blade Element Momentum theory (Section 2.2.1) assumes a

two-dimensional flow over the blade elements, that is, there is no radial flow over

the elements. For the wind tunnel experiments, end-plates were used to achieve a

near two-dimensional flow (For details refer Section 3.2.3).

3. Dynamic Similitude: There are two involved aerodynamic phenomena:

� flow over the aerofoil, characterised by Reynolds number (ρV L/µ)

� withdrawal of air through the suction slit, characterised by the Coefficient of

Momentum (Cµ).

The Reynolds numbers and Coefficient of Momentum for the simulations are kept

close to the range of the experiments, that is, between 104 and 105, and < 0.02,

respectively.

The results of interest for the aerodynamic simulations are - change in CL and CD

with Cµ, and the involved dynamics. The following section presents BEM simulations

which estimate the entitlement to increase in power output of a small wind turbine. This

is a steady-state analysis, hence it uses the relation between CL, CD and Cµ without

the dynamics involved. The next section simulates aero-elastic loads, and uses both, the

relation between CL, CD and Cµ and the involved dynamics, that is, the second order

Linear Parameter Varying (LPV) model.
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4.2 BEM simulations for power capture

This section quantifies the increase in entitled power output of a small turbine incorpo-

rating surface suction-based flow control on its blades.

4.2.1 Turbine characteristics

For the BEM based power capture analysis, a horizontal axis small wind turbine with

the parameters described in Table 4.1 is considered. The number of blades, N is 3. The

aerofoil profile used is NACA0012. The radius is assumed to be 2m. The chord length

varies linearly from 150mm at the root to 75mm at the tip. The blade twist angle similarly

varies from 12◦ at the root to 0◦ at the tip. The wind speed is assumed to be constant at

7.5m/s. The rotational speed of the turbine is varied from 107RPM to 358RPM to vary

the tip speed ratio from 3 to 10. Tip speed ratio (λ = ΩR/U∞) is defined as the ratio of

the rotational speed of the tip of a blade and the wind velocity.

Table 4.1: Small wind turbine parameters for BEM based power capture study

Parameter Value

Number of blades(N) 3

Aerofoil Profile NACA0012

Radius 2m

Chord Length (c) 150mm (root) - 75mm (tip)

Blade Twist Angle 12◦ (root) - 0◦ (tip)

Wind Speed (U∞) 7.5m/s

Tip Speed Ratio (λ) 3-10

Suction Slit 2mm wide, at 0.36c

4.2.2 BEM Simulations

The software Windsim [(DU05] which incorporates the BEM relations from 2.3 to 2.15 is

used for the simulations. The blade is divided into 10 regions. The value of axial flow

factor, a is found iteratively using the equation 2.11. The corresponding velocities at

different radii are then calculated. Using these velocities and the corresponding chord

lengths, the resulting Reynolds number for the blades are shown in Figure 4.1. These

Reynolds numbers remain between 8.1×104 and 3.9×105, which is the range of Reynolds
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numbers for experiments conducted in wind tunnel (see Section 3.2.1). Thus, using simil-

itude argument, the ∆CL and ∆CD vs Cµ values can be used for these simulations, given

Cµ < 0.02
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Figure 4.1: Reynolds Numbers for the Turbine Blade

The velocities thus obtained for each blade element are used to find the forces pro-

duced by the element. The coefficients CL and CD for NACA0012 were taken from

Sections 3.3.5 and 3.3.6 and input to the software Windsim. For varying values of suction

momentum coefficient, the corresponding values of CL and CD were given as inputs and

the resulting values of CP were calculated. Equations 3.10 and 3.11 were used to model

the relation between CL and CD and Cµ.

4.2.3 Aerodynamic power output

Figure 4.2(a) compares the CP for varying λ and applied Cµ. As a general trend, for

all values of λ, the CP increases with increase in Cµ. This is to be expected, since CL

increased, and CD decreased with increase in Cµ in the wind tunnel experiments. Thus,

each element of the annular ring produces higher lift and lesser drag force. Hence, the

torque produced, δQ = Nδr(δL cos φ−δD sinφ)r increased for all annular rings, resulting

in increased power output, and thus, CP .

Without applying flow control, for a steady wind speed of 7.5m/s for the 2m radius

turbine described above, the maximum CP obtained is 0.235 at a tip-speed ratio, λ = 6.6.

With increasing surface suction, the CP increased for all λ. The λopt for CPmax is also

pushed towards the right. For Cµ = 4.6 × 10−5, the CP max is 0.313 at λ = 6.7. With
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increase in cµ to 1 × 10−4, CP max increases to 0.336 at λ = 6.9. For further increase in

Cµ to 1 × 10−3, the CP max is 0.403 and it occurs at λ = 7.1. For the maximum value of

Cµ=0.1, the Cpmax occurs at λ = 7.5 and reaches the value of 0.466.
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Figure 4.2: Cp enhancement for small wind turbines using constant surface suction

Figure 4.2(b) shows the relation of CP max with Cµ. It ca be seen that this relation

follows the law of diminishing returns. Closer to Cµ = 0, Cpmax rises rapidly for small

increase in Cµ. For further increase in Cµ, CP max shows and asymptotic behaviour and

stabilises to a final value just above 0.45. It is worth noting that the operating CP of such

a small wind turbine with active flow control matches the CP of those typically seen by

large (≥ 500kW ) wind turbines.

4.2.4 Power input for flow control

The power required for application of such flow control over the blades was calculated

using suction momentum coefficient, Cµ. Suction was assumed to be applied through a

2mm wide slit at all blade elements. The slit covered the whole span of the element and

was assumed to be at 0.36c from the leading edge of the blade, similar to the wind tunnel

experiments. For every blade element, the resultant relative wind speed was obtained

from the simulations by Windsim. For the resultant wind speed over the blade element,

the suction speed was calculated using the equation 3.8:

us =

√

cµcrW 2
r

wslit
(4.1)

The consequent power (δPs) of the air drawn into the blade at δr is can be calculated

by multiplying its kinetic energy with the rate of flow:
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δPs = 1/2 ρ u3
s wslit δr (4.2)

Thus the total power of the air drawn into the blades for the turbine is:

Ps = N ×

∫ rtip

rroot

δPs (4.3)

The power output of the turbine and the power of the air drawn in is shown in figure

4.3. The power output of the turbines is 764W without applying suction. It rapidly

rises to 1308W with suction power of 2.87W. The slope decreases with increase in suction

power. For suction power of 106W, the output of the turbine is 1511W. Thus for an input

power of 106W, the increase in output of the turbine is 747W.
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Figure 4.3: Power output vs suction power

The power required for suction calculated here is calculated as the kinetic energy

per unit time of the air being drawn into the blades. It does not include the inefficiencies

of the pump, the head losses in transmission and the effect of leakages etc. For eventual

application, these factors will feature in the power requirement of the overall mechanism.

4.3 Aero-elastic simulations for load mitigation

In this section, surface suction-based flow control as a means to regulate rotor thrust and

torque is looked at. As discussed earlier in Section 2.3, pitch control and generator torque

control are the popular contemporary control techniques used in wind turbines. In Region

II, generator torque (QG) is kept proportional to the square of rotational speed (Ω2) to

maximise CP whereas in Region III, QG and Ω are kept constant and the blades are
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pitched to regulate the rotor torque in order to keep generator speed and torque constant,

to produce constant power, and to keep the loads on the generator and turbine structure

in the design limits.

Along with regulating power, active control can be utilised to reduce mechanical

loads on the turbine and the tower. In unsteady and turbulent winds, the thrust seen by

the turbine varies in proportion to the change in wind speed (Figure 4.4). This causes a

fore-aft movement of the turbine, resulting in fatigue on the tower.

As discussed earlier in Section 2.3, pitching of blades can be used to regulate the

thrust, and thus the fore-aft movement of the tower. Using pitching appropriately, the

fore-aft movement of the turbine can be reduced, which would reduce the fatigue loads on

the tower structure. This mitigation technique, however requires the blades to be pitched

continuously over the whole revolution of the turbine. Thus, it is difficult to implement in

small wind turbines as the rotational speeds of small wind turbines (∼ 300−400RPM) are

significantly higher than those of large wind turbines (∼ 10− 30RPM) [Woo11, BSJB01].

This is because, in order to operate at the optimum tip speed ratio (λopt), Ω has to increase

because of the small size (small R) of the turbines. The higher rates of pitching angle and

faster reversal of loads lead to larger size of pitching motor and increased fatigue load on

the blade components, respectively.

Figure 4.4: Fore-aft DoF of the tower

In this section, a novel method of fatigue load mitigation utilising surface-suction

based flow control is proposed and tested. Similar to pitching of the blades, flow control

can change the CL and CD , and thus, the thrust and torque produced by the turbine.

By regulating thrust, the fore-aft movement, and hence, the fatigue loads on the tower

can be mitigated. The essential difference between pitch control and flow control is that
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pitching changes the operating angle of attack, whereas flow control endeavours to change

the CL and CD characteristics while keeping the pitch angle constant (Fig. 4.5). As seen

in Section 3.4.3, the time constant associated with suction in the Re and Cµ combination

104 - 105 and < 10−2, respectively is 0.02s, that is, a natural frequency of 50Hz, which is

an order of magnitude higher than 5Hz of a small wind turbine (assuming operation at

300RPM). Thus, flow control seems to have a prima facie advantage over pitching motor

because of faster response.
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Figure 4.5: Actuation effects on CL

In the following discussion, both – flow control and pitching techniques are utilised

for fatigue mitigation, and compared with the baseline (without fatigue mitigation), and

with each other.

4.3.1 Description of the control problem

Controller
Actuator

Dynamics

Aero-elastic

Simulator

Disturbances

uc uar = 0 e y

Fore-Aft Acceleration

−

Figure 4.6: Schematic of control structure

The intent is to mitigate the fatigue loads in small wind turbines using flow control

for actuation. The control scheme is illustrated in Figure 4.6. It is desired to have no
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vibrations, that is, no tower-top acceleration, even in the presence of turbulent wind as

described in Section 2.10. Hence, the reference input, r is taken as 0 to find error, e. The

plant here is a small wind turbine, simulated in FAST, and described further in Section

4.3.2. The plant, as simulated, has wind speed (U∞), generator loads, turbulence, yaw

angle as inputs. The relevant outputs are power, structural loads, fore-aft acceleration,

etc. Among these, tower top fore-aft acceleration was used as the only feedback variable

to the control algorithm.

To regulate the fore-aft acceleration, the manipulated input is the change in CL and

CD via changing suction, Cµ. Appropriately using Cµ can regulate CL and CD, which in

turn control the forces produced by the blade elements, and thus net rotor thrust. As

discussed in Section 4.3, thrust can influence the fore-aft acceleration. CL and CD can be

varied by ±10% around their operating values as shown in Section 3.3.7. A Proportional-

Derivative (PD) algorithm (u = (KP + KDs
1+τs

)

e
)

is used to determine Cµ as a function of

the feedback variable, tower-top fore-aft acceleration.

The active flow control actuation is also compared with control via pitch actuation.

In effect, two actuation techniques are looked at, to achieve load mitigation in small wind

turbines:

i pitch control, which changed the operating angle of attack of the aerofoils, e.g.

right-left movement on the coefficient of lift (CL) curve in Fig. 4.5.

ii flow control, which changed the coefficients of lift and drag (CL and CD), e.g. shifting

the CL curve up and down in Fig. 4.5.

4.3.2 Simulations

All simulations are performed using US National Renewable Energy Laboratory’s (NREL)

FAST simulator [JBJ05]. As discussed in Section 2.9, FAST is a comprehensive aero-

elastic simulator which uses unsteady Blade Element Momentum (BEM) theory to model

a turbine as a collection of rigid and flexible bodies in a spatio-temporal field of turbulent

flow. The simulations have been performed on SWRT 10kW small turbine [CM05] with

the specifications given in Table 4.2.
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Table 4.2: Small wind turbine parameters for aeroelastic simulations

NREL SWRT turbine

Type 3-bladed, upwind,

variable speed turbine

Hub Height 24m

Radius 2.9m

Rated Wind Speed 13m/s

Blade Nodes 10

Aerofoil Profile S-814

Pitching Constant pitch for baseline and flow control cases

Simulink controlled for pitch control case

Flow Control Surface suction based

Tower fore-aft mode 1

Turbulent wind inputs of IEC class III A (see Section 2.10) were generated using

NREL’s TurbSim software [Jon09], a stochastic full-field inflow simulator. The power

output of the turbine remained between 7kW and 9kW . The blade was divided into 15

elements for the analysis. Flow control was applied to 10 elements closer to the root in

the flow control case. The Reynolds numbers for these elements remains under 106 during

all simulations.
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Figure 4.7: Sample wind input at hub height, mean speed 13m/s

4.3.3 Case I - baseline

The baseline case provided a benchmark to measure the perform ace of the control cases

incorporation pitching and flow-control actuators. The program FAST provided by NREL

was used as-is for these simulations. The input files to the program were configured to

set the parameters for the blades, tower, generator etc. as described in Table 4.2. The
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same input parameters were used for the control cases. The outputs of concern from the

FAST simulator are tower-top fore-aft acceleration (for feedback); and tower-top fore-

aft movement and tower-base out-of-the-plane bending moments (for bench-marking the

control cases).

4.3.4 Case II - collective pitch control

As discussed earlier in Section 4.3, pitch control can be utilised to mitigate loads, along

with regulating power of the turbine. In this section, we discuss the setting up of pitch

control for mitigating loads.

To achieve pitch actuation, a motor mounted in the hub was assumed to provide

the required torque. The motor was assumed to be connected to the individual blades

with a gearbox of reduction 50. All three blades were pitched through the same angles.

This method is called collective pitching of blades. The blades were pitched ‘into stall’

in order to reduce the actuation required [Bos00, BSJB01]. The motor was modeled as

a second order system for the simulations with the parameters moment of inertia (Jm)

11.6× 10−6kg m2, motor viscous friction constant (Bm) 1.15× 10−4, electro-motive force

constant (Ke) 0.0261 V/rad/sec, electric resistance (R) 7.1Ω, electrical inductance (L)

0.265mH and friction torque (Mτ ) 0.99× 10−3.

The blade moment of inertia and aerodynamic loads were reflected on the motor

through the gearbox. The actuation was saturated at ±2◦ change in blade pitch around

the mean pitch angle for one revolution . The mean pitch angle was kept constant for

the simulations as the mean wind speed did not vary significantly. The mean pitch angle,

however, varied with mean wind speed according to the inbuilt power control strategy of

the FAST simulator. Thus, different simulation runs had different mean pitch angles.

To apply pitch control in FAST, a modified version of SFunc Simulink model provided

by NREL was used. Tower fore-aft acceleration from outputs of FAST simulator was taken

as feedback. PD controller algorithm (KP,P +
KD,P s

1+τs

)

was used to determine the change in

pitch angle around the mean (∆β) to be used. τ was chosen as 150Hz to filter the high

frequency noise. Since there are mechanical loads on the motor to achieve pitch control,

and motor behaves as a second order system, another PD control algorithm (KP,β+
KD,β s

1+τs

)

was used to decide the required motor torque. Thus, the motor torque was input to the

FAST simulator and β was used as the feedback for this inner loop. Fig. 4.8 shows the
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corresponding block diagram for the complete control algorithm.

KP,P +

KD,p s

1+τs

KP,β+
KD,β
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Motor

Dynamics

FAST

Simulator

u(βreq) βerr V τβr = 0 e y

att

β

− −

Figure 4.8: Schematic of control algorithm for pitch control

The input parameters given to the modified FAST simulator described above were

the same as those given to the baseline case in Section 4.3.3. The outputs for comparison

were also the same, that is, tower-top fore-aft movement and tower-base out-of-the-plane

bending-moment.

4.3.5 Case III - flow control through surface suction

This section describes how the surface suction-based flow control was set up. Suction was

assumed to be provided through a pump mounted in the hub. The three blades were

provided with the same rate of flow. Over the blades, the air was drawn in trough a span-

wise slit. The slit extended from the blade element closest to the root till the 10th element

from the root. This covered 66% of the blade span. The Reynolds number for these blade

elements remained under 8 × 105, which corresponds to the same order of magnitude of

the wind tunnel experiments (see Section 3.2.1). These experiments indicate that the lift

can be increased by up to 40% using suction. For the simulations, the maximum change

in lift and drag was limited to ±10%, such that the demanded Cµ remained within the

range of the experiments.

Tower fore-aft acceleration was taken as the feedback variable. PD algorithm (KP,F+

KD,F s

1+τs

)

was applied to reduce the fore-aft movement, which was the same as in the pitch

control case. However, since there are no aerodynamic forces affecting the actuation like

pitch control, the inner loop was not required for the flow control algorithm. The dynamics

of the involved fluid dynamic phenomena, identified in Section 3.4, were incorporated into

the control modules. These modules were added to the source code of the FAST simulator

provided by NREL. On addition of these modules, the schematic of achieved flow control
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was as shown in Figure 4.9.
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Figure 4.9: Schematic of control algorithm for suction control

The input parameters given to the modified FAST simulator described above were

the same as those given to the baseline case and the pitch control case in Sections 4.3.3

and 4.3.4. The outputs for comparison were also the same, that is, tower-top fore-aft

movement and tower-base out-of-the-plane bending-moment.

Table 4.3 gives a brief overview of the simulated control cases.

Table 4.3: Control cases

Case I Case II Case III

Baseline Collective pitch con-

trol

Flow control through

suction

Turbine SWRT (see Table 4.2) SWRT SWRT

Actuator - Pitching motor Suction via vacuum

pump

Feedback vari-

able

- Tower top fore-aft ac-

celeration

Tower top fore-aft ac-

celeration

Wind generation Turbsim [JBJ05] Turbsim Turbsim

Wind class IEC III A [Int08a] IEC III A IEC III A

Numerical com-

putation

FAST [Jon09] FAST interfaced with

Simulink

Modified source code

of FAST

4.4 Aero-elastic simulation results

This section details the results of numerical simulations for the three cases described

above. These simulations were done for two types of wind input:
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i wind gust

ii turbulent wind

Wind gust exposes the turbine structure to extreme wind loads. These simulations

are used to test the ultimate loading of the turbine. Turbulent winds expose the turbine

to a spectrum of loads, which don’t cause immediate damage, but over years cause fatigue

damage to the structure.

4.4.1 Response to wind gust

Response of the turbine was tested for a turbulent wind gust (Extreme Operating Gust,

EOG1year). The gust is shown in Figure 4.10. The mean speed of the wind was 13m/s and

the gust intensity was 8m/s. The gust lasted from 21s to 29s, that is, for 8 seconds. The

turbulent wind input was generated using NREL’s Turbsim [Jon09] software according to

IEC III A Turbine Class wind.
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Figure 4.10: Wind gust, class IEC III A, intensity 8m/s

The resulting tower top fore-aft movements for baseline, pitch control and flow con-

trol are shown in Figure 4.11. The movement before 21s corresponds to the turbine’s

response to the wind turbulence, whereas the between 21s and 29, it corresponds to the

response to the gust, as well as wind turbulence.

It can be seen by eyeballing through the figure that the local peak-to-trough vibration

of the tower around its moving-average position is reduced for both control cases over the

baseline case – before, during and after the gust. The reduction is particularly noticeable

in the graph between 21s and 22s as well as between 25s and 26s. These time intervals

correspond to reduction in the moving-time mean position, that is, when the tower moves

forward.
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Figure 4.11: Tower top fore-aft movement in wind gust
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Figure 4.12: Tower fore-aft movement mean position and variance

To quantify these results, moving-average tower-top position for 1s interval are pre-

sented in Figure 4.12(a) . The difference in the means of tower position all three cases –

baseline, flow control and pitch control is not significant. However, this is not a deficiency

of either of the control actuators, as they operate in actuation limits and frequencies

to compensate for small-amplitude, medium-frequency (2 − 10Hz) disturbances in the

incoming wind as opposed to a large-amplitude, low-frequency (∼ 0.1Hz) gust.

The moving-variances around the moving-average tower-top position is shown in

4.12(b). It is a measure of vibration of the tower top around the moving-average position.

Prior to the gust, that is, between 20s and 21s, the variance for both active control

methods was significantly lower than the baseline case. During the gust, the variance for

all three increases significantly, indicating higher vibration induced in the tower by the

gust. Between 22s and 24s, that is, the start of the gust, the variances for all three cases
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are close to each other. After this initial phase of the gust, the variance for baseline is

significantly higher than both the control cases. From after the peak to the end of the

gust, that is, from 25s to 29s, the variance for pitch control case remains lower than the

baseline case. However, the variance for flow control case is similar to that of the baseline

case. After the gust, that is, 29s onward, the variance for both control cases remains

significantly lower than the baseline.

Thus, active control, as applied here, is not suited for mitigating ultimate loads.

Hence, response to Extreme Operating Gust for 50 years (EOG50 years) was not simulated.

However, the vibrations around the moving-mean tower position, which cause fatigue loads

see a significant reduction in the control cases. The control cases, hence seem to be better

suited for mitigation of fatigue loads, than for ultimate loads. A discussion on mitigation

of fatigue loads for long term (20 years) operation of a turbine in turbulent winds is

presented in the following section.

Before discussing long term simulations, it is worthwhile to look at the control efforts

involved in dealing with the said gust, as, the maximum rate of change of error, e seen

by the controller is expected to be seen during the gust, and not in long term simulations

for turbulent wind speeds. Figures 4.13(a) and 4.13(b) show the actuator outputs for the

suction-based flow control actuator and the pitching-motors, respectively. The actuator

outputs form the inputs to the plant in each of the control cases in simulation.
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Figure 4.13: Actuator outputs to simulator

Physical limits on the magnitude corresponding to real life actuators, were imposed

on the actuators models in simulations. These limits were ±10% change in CL and CD,
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and ±1◦ respectively for flow control and pitching actuators. As explained earlier in

Section 4.3.3, the motor model was based on theoretical second-order dynamics for an

electrical motor, and the dynamics of suction identified in Section 3.4 were incorporated

into the model of the flow control actuator. These dynamics imposed the limits on the

rate of change on the control effort demanded by the respective algorithms. The control

effort demanded by the controller was given as input to the models of the actuators, which

produced the respective outputs based on the incorporated models and the physical limits.

Thus, these outputs, which act as inputs to the aero-elastic simulator for obtaining the

desired results are meaningful, and close to realisable values in real life .

4.4.2 Long term response to turbulent winds

Table 4.4: Load mitigation calculations

Turbine SWRT (see Table 4.2)

Wind

Generation Turbsim [Jon09]

Bin mean speeds 3m/s, 5m/s, . . . , 19m/s

Class IEC III A [Int08a]

Turbulence 18%

Distribution Weibull, αw = 2, βw = 7.5

Duration 600s (each simulation)

Time step 0.001s

Tower

Steel S355

Endurance Stress (se)= 250MPa

b=-0.1

Dimensions r1=7cm

r2=8cm

In this section, long term effectiveness of load mitigation using active control is

analysed by arriving at an estimate of ‘Damage Equivalent’ for the small wind turbine

described in Section 4.3.2 over a 20 year usage.
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Methodology for arriving at damage equivalent

To arrive at this estimate, first, wind speed distribution and its turbulence characteristics

were chosen using Weibull distribution and IEC III A [Int08a] classification, respectively.

(See Section 2.10). IEC III A specifies the mean wind speed as 7.5m/s (Weibull parameter

βw), with a turbulence of 18% and scaling factor (Weibull parameter αw) of 2. The

resulting probability density function of wind speeds is shown in Figure 2.21(b). The

meaningful wind speeds to analyse lie between 3m/s and 19m/s based on this distribution.

Thus, turbulent wind profiles at mean speed 3m/s, 5m/s, . . . , 19m/s and 18% turbulence

were generated, which were given as inputs to the aero-elastic simulator for the three cases

– baseline, flow control and pitch control. The time period for each of these simulations

was 600s, and time-step was 0.001s.

The out-of-the-plane bending-moments (a standard output of the FAST simulator),

My at the tower base were recorded for each wind speed for all three cases. The resulting

shear stresses on the structure was calculated as Myr2/Iy, where Iy is the second moment

of inertia, π(r42−r41)/4, and r1, r2 the inner and outer radii of the tower, respectively. The

resulting stress spectrum was reduced to cycle counts of reversal of stresses using ASTM’s

rain-flow count method for each wind speed (see Section 2.11). These cycle counts were

divided into 13 bins based on the stress amplitude.

The cycle counts for each wind speed were combined together as a weighed average,

with the weights calculated from Weibull probability distribution function for each of the

wind speed to get an estimate of average distribution of expected stresses over 600s. This

was then multiplied by the time factor to extrapolate these estimates to use over 20 years.

Finally, the Basquin equation and Palmgren-Miner rule (see Section 2.11) were used

to calculate the damage fractions for each of the 13 stress amplitude bins for operation

over 20 years. The damage fractions were summed up to estimate the total damage

equivalent for the three cases.

Following is a discussion of stress distribution at low, medium and high mean wind

speeds, which details the stresses and cycles and their relevance to structural damage.

This leads to the discussion on damage equivalents over 20 years operation.
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Figure 4.14: Stress cycles for wind speed 7m/s

Stress cycles at low, medium and high wind speeds

Low wind speed

Figure 4.14 shows the estimated number of cycles for stress reversals in 600s at mean

wind speed of 7m/s. For the baseline case, the maximum number of cycles is seen in

low stress-amplitude range. The number of cycles consistently decreased from 14MPa

to 143MPa. There were no cycles for stresses greater than 172MPa. According to the

fatigue theory, low-amplitude stress reversals do not damage the structure significantly.

Theoretically, the structure will withstand an infinite number of cycles for such stresses.

For the flow control case, there was an increase in low-amplitude cycles over the

baseline case. For the lowest bin, 14MPa− 29MPa, the number of cycles increased from

682 to 795. However, from the third bin (43MPa−57MPa) onward, the number of cycles

reduced over the baseline case for all bins. For instance, in the 115MPa− 143MPa bin,

the number of cycles reduced from 18 to 1, which is a significant reduction. Overall, a

general trend of the graph shifting towards the left was observed.

For the pitch control case, the number of cycles increased for all bins. However, since

the stresses for this wind speed do not cause structural damage, this is not detrimental

to the use of pitch control, that is, if pitch control is able to reduce the number high

amplitude cycles for higher wind speeds.

Medium wind speed
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Figure 4.15: Stress cycles for wind speed 13m/s

Figure 4.15 shows the estimated number of cycles for stress reversals in 600s at mean

wind speed of 13m/s. For all three cases, a higher number of large-amplitude cycles were

observed as compared to those at wind speed 7m/s. This is to be expected, as higher

wind speed contains more energy, and is more turbulent than lower wind speed. For the

baseline case, there is a general decrease in the number of cycles for higher amplitudes.

However, the number of cycles in the bins 115MPa− 143MPa and 143MPa− 172MPa

is much higher than that expected by this trend. This may be due to excitation of a

natural frequency of the tower at higher wind speeds.

In the baseline case, all stress amplitudes were present – low (< 115MPa), medium

(115MPa − 201MPa) and high (> 201MPa). Out of these, low amplitudes do not

cause structural damage. Medium amplitude stress cycles too, do not cause significant

structural damage. The high amplitude stress cycles contribute significantly to structural

damage. Flow control has the maximum impact in this range. There were no stresses in

the large amplitude range (> 201MPa), as compared to a total of 59.5 cycles in these

four bins for the baseline case. Flow control is also effective in the medium amplitude

range.The number of cycles for 143MPa− 172MPa bin were reduced from 201.5 in the

baseline case to 38.5 with flow control.

Pitch control, was similarly effective in reducing the number of cycles in the high

amplitude range. The total number of cycles in the 4 bins above 201MPa was 10.5, as
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compared to 59.5 for the baseline case. The number of cycles also reduced for medium

amplitude stress reversals. For instance, the number of cycles for 143MPa − 172MPa

bin were reduced from 201.5 in the baseline case to 61.5 with pitch control.
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Figure 4.16: Stress cycles for wind speed 17m/s

High wind speed

Figure 4.16 shows the estimated number of cycles for stress reversals in 600s at mean

wind speed of 17m/s. The number of large amplitude cycles increased further over the

medium wind speed for all three cases, as was expected. The local peak in the bin

115MPa−143MPa was seen in all three cases, indicating this to be a part of the structure

response.

The baseline case had 172, 131.5, 82 and 57 cycles in the four bins above 201MPa.

These numbers are significantly higher than lower wind speeds. Such large number of

cycles in high amplitude bins would cause serious structural damage over years. Flow

control reduced these numbers to 55.5, 22.5, 11.5 and 2 respectively. The corresponding

figures for pitch control were 40, 20.5, 10.5 and 8.5 respectively. Thus, both, flow control

and pitch control were able to mitigate high-amplitude stresses. This is a significant

achievement as the stresses in this range is responsible for maximum structural damage.

The number of cycles for medium amplitude stresses also decreased for both control

cases. However, the number of low amplitude stresses increased significantly for both

control cases. Thus, both control actuators were able to shift the graph towards the left,
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that is, reduce the amplitude of the fore-aft movement of the tower.

Compiled distribution of loads for weighed mean of wind speeds

Appendix B shows the stress distribution for all simulated mean wind speeds, that is,

3m/s, 5m/s, . . . , 19m/s. The trends explained earlier can be visually seen in these

graphs:

� With increase in the wind speed, high amplitude stress cycles increased for all three

cases.

� Local peak was observed in the bin 115MPa − 143MPa, which may be due to

structural response of the tower.

� Both control cases were able to “push” the bars towards the left, that is, reduce

high amplitude stresses, which are the root cause of fatigue damage.

A weighed mean of the number of cycles for each stress bin was calculated for these

simulated wind speeds. The weights were arrived at using the Weibull distribution. Figure

4.17 shows the estimates of number of cycles for stress bins. The corresponding numbers

are also given in Table 4.5.
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Figure 4.17: Predicted Hourly Stresses

Damage equivalents

Basquin equation and Palmgren-Miner rule was used to calculate the damage frac-

tions for each cycle amplitude bin for operation over 20 years. The damage fractions were
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Table 4.5: Predicted Hourly Stresses

Stress (MPa) Baseline Flow Control Pitch Control

< 14 6044 6726 5249

14 - 29 2582 3056 3019

29 - 43 1490 1579 2047

43 - 57 931 746 1302

57 - 72 589 391 849

72 - 86 405 195 524

86 - 115 471 142 467

115 - 143 199 44 127

143 - 172 85 15 30

172 - 201 45 5.9 12.1

201 - 229 18.6 2.6 5.8

229 - 258 10.2 1.0 2.1

> 258 6.4 0.3 1.6

summed up to estimate the total damage equivalent for the three cases (shown in Figure

4.18). Theoretically, damage is said to have occurred for damage equivalent between 1.7

and 2.2.

The damage equivalent for the baseline case is 9.56. The tower would have suffered

extensive damage much before 20 years. For pitch control, the damage equivalent was

estimated to be 2.5. Thus, there is high propensity of the tower to have suffered permanent

damage during 20 years operation. The damage equivalent for flow control case was

0.84. A turbine employing such a technique would have very low propensity of suffering

structural damage in 20 years. Thus, flow control can help increase the lifetime of a small

wind turbine. Conversely, lesser material can be used in the tower for a similar expected

lifetime.

It is worth noting that both flow control and pitch control achieve fatigue mitigation,

which is much superior than the baseline case. The actual benefits obtained using the

two actuation techniques would depend upon a multitude of factors, including – power

consumed, mode of application, control algorithm amongst others. While it may not be

suitable to comment on superiority of one method over the other, this thesis established

that both methods have similar order-of-magnitude benefits. While deciding applications,

the mode of application of flow control and pitch control may be stand alone, or in tandem
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Figure 4.18: Predicted Damage Equivalent for 20 Years Operation

with each other. Such flow control may also be applied to large wind turbines close to

the root of the blade, as this area operates in low Re - typically, the range used in this

thesis.

4.5 Summary

Two small wind turbine scenarios incorporating suction-based flow control were simulated,

first for power increase and the second for load mitigation.

1. The aerodynamic power output of a small wind turbine increased on applying surface

suction based flow control. Specifically, the power output increased from 764W to

1511W with an input of 106W of suction power.

2. The fatigue damage caused to turbine tower reduced significantly with the use of

surface suction based active flow control. The damage equivalents for baseline (no

control) case, pitch control case and flow control case were 9.56, 2.50 and 0.84

respectively.
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Chapter 5

Conclusions and future work

5.1 Summary

In this thesis, active flow control via surface suction was proposed as a means to increase

the power output and decrease fatigue damage for small wind turbines.

Boundary layer separation at low Re was identified as a cause of the low aerodynamic

efficiency of small wind turbines. Surface suction-based flow control was chosen as a means

to control boundary layer separation over aerofoils. Consequently, the coefficients of lift

and drag, CL and CD could be controlled by varying suction, which was quantified using

the coefficient of momentum of suction (Cµ). Wind tunnel tests were conducted in the Re

range 104 - 105, on two aerofoil profiles, NACA0012 and S814, to establish the steady-state

relationships between CL and CD, and Cµ.

A wind turbine simulator employing steady Blade Element Momentum (BEM) the-

ory and the relations between CL, CD and Cµ from the wind tunnel experiments was used

to predict the output of a turbine with blades employing suction-based flow-control. It

was seen that such small wind turbines can realise Coefficient of Power (CP ) close to those

typically seen in large wind turbines (Figure 5.1(a)).

Further, system-identification was used to find the dynamic model for surface suction-

based flow-control. This model captured the limits of surface suction, that is, how fast

flow control is able to change CL and CD, and what is the nature of the transient response

when suction (Cµ) is applied. It was found that an over-damped second-order transfer

function provided a good fit to the experimental data.

This dynamic model was incorporated into FAST as an add-on. A simple PD

114



4 6 8 10
0

0.2

0.4

λ

C
P

Suction
Effort

(a) Cp versus suction effort

Baseline Flow Pitch
0

2

4

6

8

10

D
am

ag
e 

E
qu

iv
al

en
t

Control Algorithm

(b) Predicted damage equivalent for 20 years’

operation

Figure 5.1: Benefits of surface suction for small wind turbines

(Proportional-Derivative) controller was designed to vary Cµ such that the fore-aft move-

ment was reduced. Correspondingly, the fatigue loads on the tower reduced. This led to

reduction of expected fatigue damage over 20 years’ operation of the modelled turbine.

The extent of load mitigation was found to be of the same order of magnitude as that

using the conventional technique of pitch control (Figure 5.1(b)).

These results establish substantial promise for the use of surface suction for improving

aerodynamic efficiency and improving fatigue life of structure of small wind turbines.

5.2 Conclusions

Surface suction-based flow control experiments over NACA0012 and S814 aerofoils at low

Re indicate that:

� CL and CD can be changed by 20% to 40% for varying angles of attack, by controlling

the suction input, which is characterised by coefficient of momentum, Cµ.

� The time-constant identified for the response of change in CL (∆CL) and CD (∆CD)

on a step change in Cµ is close to 0.02 s.

Though these experiments were conducted for two aerofoil profiles, the change in CL

and CD, and the time constant are expected to be similar for majority of other aerofoil

profiles employing surface suction-based flow-control at similar Re numbers and Cµ. This
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is because, the underlying phenomena for the flow-control is mitigation of boundary layer

separation using Cµ, which affects most of the aerofoil profiles at low Re.

Small wind turbines employing surface suction-based flow-control over their blades

are expected to produce more power, and last longer. More specifically:

� CP can be increased by up to 40%, by applying steady Cµ over the blades.

� Fatigue can be mitigated, and thus, ∼ 80% reduction in damage equivalent to

structure can be achieved by applying close-loop controlled suction over the blades.

Since boundary layer separation control is expected to work on a vast variety of aero-

foil profiles, and specifically on those used in small wind turbines, such technique should

be applicable to majority of the existing and in-development small wind turbines. Fur-

ther, since the root of the blades of large wind turbines operates in the Re range explored

in this thesis, fatigue mitigation via suction-based flow control can also be extended to

these turbines.

5.3 Future Work

This thesis investigates the improvement in aerodynamic characteristics of aerofoils at low

Re by applying surface suction-based flow-control and the subsequent benefit of extending

such a technique to small wind turbines. This analysis is a key initial step before further

engineering challenges in implementation of such active flow-control in a wind turbine are

addressed. The most important challenges to be solved for eventual employment of such

a technique in small wind turbines are the development of:

� An efficient and robust mechanism for use in wind turbine blades. The mechanism

would need to provide for suction in rotating blades and minimise the losses.

� Solutions to tackle dirt and ice accumulation on the suction slit.

� A robust sensor for measuring the feedback variable, that is, the tower top fore-aft

movement.

� The mechanism will have to be easily maintainable with low service costs.
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The blade area close to the root in large wind turbines operates in similar Re regimes

as small wind turbines. Load mitigation, as described in this thesis can be extended to

large turbines by applying flow control to the blade area close to the root.

It was observed that suction based flow control helps in reducing turbulence in the

wake along with increasing the efficiency of the aerofoils. Turbulence in the wake puts re-

strictions on how closely wind turbines can be placed in a wind farm. Reduced turbulence

in the wake may lead to more compact wind farms.
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Appendix A

Cost of Energy

Table A.1: Cost of energy estimates

Large wind turbine Small wind turbine

Rated power 1.5MW 1kW

Cost per MW INR 6− 6.5Cr/MW INR 7.5− 8Cr/MW

Cost of turbine INR 9− 9.75Cr INR 7.5− 8Lk

Annual Interest Rate 13%-16% 13%-16%

Years of repayment 20 20

Monthly maintenance 2% - 3% of cost 2%-3% of cost

Capacity factor 0.25-0.33 0.1-0.2

Cost of energy Rs 3.38 - 5.93/kWh Rs. 7.73 - 19.93 /kWh
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Appendix B

Stress cycles
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(b) Mean speed 5m/s
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(d) Mean speed 9m/s
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(e) Mean speed 11m/s
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(g) Mean speed 15m/s
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Figure B.1: Rainflow count of bending moments for various wind speeds
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