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An experimental study of inertial particles in deforming turbulence: in 

context to loitering of blades in wind turbines 

S. Reza Hassanian. M 

December 2021 

 

Abstract 

 

The goal of this project is to investigate whether the erosion at the leading edge of a wind turbine blade 

due to collisions with particles in the surrounding flow can be simulated in part by a simple laboratory 

experiment of strained turbulent flow. For this purpose, box turbulence is generated by rotating 

impellers, and subsequently undergoes axisymmetric straining motion with mean nominal strain rates 

of 4 s−1and 8 s−1. Particles of varied inertia are seeded in the flow, and the dynamics are investigated 

through high-speed Lagrangian Particle Tracking (at 10,000 frames per second). Displacements and 

velocities of the particles are extracted, and flow characteristics are studied through Particle Image 

Velocimetry measurements. Several flow characterization cases are considered in order to assess the 

particles collision ratio with an imagined blade leading edge stationed at the stagnation point of the 

flow. The results show that the larger and denser particles used in this study (and thus of higher Stokes 

number) were less likely to impact the leading edge than smaller (close to neutrally buoyant) particles. 

Reducing the turbulence intensity decreased the collision rate of both types of particles in the 

experiment, and the intensity of the mean strain rate was found to increase collision rate. Although the 

results are not entirely consistent with expectations (in particular the dependence on Stokes number), it 

is concluded that a simple experiment of this type presents some advantages and opportunities to 

systematically study leading-edge erosion and fouling. 
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Chapter 1 

Introduction 

 

The global human population grows around 83 million annually [1], the equivalent to 

1.1% per year. The global population has grown from 1 billion to 7.8 billion [2], from 1800 to 

2020, and is expected to keep growing. The total population has been estimated to reach 8.6 

billion by mid-2030, 9.8 billion by mid-2050, and 11.2 billion by 2100 [3]. This rapid growth 

has caused technology to develop and improve quickly. In turn, the demand for power and 

energy has increased.  

A report from the Energy Information Administration (EIA) suggests that the worldwide 

renewable energy consumption will increase annually by 3.1% between 2018 and 2050, 

petroleum and other liquid minerals will increase by 0.6%, coal by 0.4%, and natural gas 

consumption by 1.1% [4]. Energy production has significant impact on the environment due to 

CO2 emissions. Global energy-related CO2 emissions reached about 33 Gt in 2019, following 

two years of increase. Recently, however, there has been a sharp decline in CO2 emissions 

from the power sector in advanced economies due to the expanding role of renewable sources, 

such as the increased use of wind energy and solar photovoltaic panels [3,4]. 

The main challenge of this generation is to use energy resources that meet energy 

demands and reduce environmental impacts. Sustainable energy such as wind power, 

geothermal energy, hydropower energy, biofuel, nuclear energy, play a critical role in this 

context. However, the different kinds of sustainable energy systems have advantages and 

disadvantages. There is a need to understand the properties and behavior of each system. Two 

strategies to examine a sustainable energy system are the energy environment resources and 

the mediator system, a method by which energy is taken from the environment and converted 

to usable energy. Mediator systems need a high efficiency to restore the maximum possible 

power from the raw resource to its useable form. 

Wind power is an attractive energy resource. It is developing every day, and many 

countries are investing in wind farms. Wind turbine operations provide researchers with an 

increased challenge to study critical factors related to service and production. There are many 

ways to increase the efficiency of wind turbines, and many research studies have focused on 

essential elements like blade design and wind farm layout [5-17]. Additionally, other issues 

such as fouling due to rain, ice, insects, and pollutants have been shown to influence production 

significantly [18-41]. 

The energy source for a wind turbine is the kinetic energy in the wind. It is essential to 

control the wind speed profile around the wind turbine blades. Studies show that wind turbine 

blades erode due to precipitation of ice, rain and hail, or due to suspended particles in air such 

as dust or sand, and finally due to contamination from pollutants and insects. As the relative 

velocity is higher at the outer than at the inner part of the blades, erosion appears mainly at the 

outer region of the turbine blade [4] (Figure 1.1).  
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Figure 1.1 Leading edge erosion of a wind turbine blade. Picture from [5] page 15. In this photo, erosion 

is on the leading edge of the wind turbine two years after installation. 

 

A variety of airborne particles can lead to leading-edge erosion. The corrosion is 

accelerated in the rotor tip region, where the rotation speed is very high. The net closing 

velocity between falling hydrometeors and the leading edge of the rising wind turbine is higher 

in this region. It must be noted that the high-speed rotor tip region is the most critical part of 

the blade in terms of the overall performance of the turbine, accounting for over 33% of the 

total energy capture [20,47]. Leading-edge erosion has appeared as early as two years after 

commissioning, which is very early since the turbines are expected to operate for at least 20 

years [47,48]. Although advances have been made toward quantifying the damage caused to 

the blade by hydrometeors, the effects of roughness in leading-edge erosion are still lacking 

[49-52]. A non-dimensional time scale is defined based on the flow strain rate at the airfoil and 

relaxation time for the airborne particles. In this approach, it could be possible evaluate the 

collision rate of the airborne particles such as hail, sand, raindrop, and insects and contrast with 

the particles used in this study. 

The aerodynamic performance of wind turbine airfoils has been shown to change 

significantly in dusty environments [7], and the roughness of the surface greatly affected the 

aerodynamic performance of the airfoil [8]. When the surface roughness was high, the lift 

coefficient (𝐶𝐿) would decrease by about 40%, and the drag coefficient (𝐶𝑑) would increase 

tenfold, compared with a smooth one. Erosion leads to increased drag and reduced lift, 

particularly at the angle of attack near stall [5]. Severe erosion and the resulting delamination 

may lead to even higher power losses. A 25% reduction in the maximum lift and a 60% increase 

in minimum drag were shown through experiments of leading-edge roughness on airfoils [21]. 

The effect of surface roughness due to insect or ice on wind turbine performance has also 

been studied [19]. An increased roughness caused by insect contamination in field experiments 

could lead to over 25% of power production losses [20].  

The airfoil erosion effects on power losses have also been investigated in experiments 

with varying degrees of decay [22]. The measurements were conducted with Reynolds number 

based on an integral length scale between Re = 1 × 106 and Re = 1.85 × 106  in a low- 
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turbulence subsonic wind tunnel. Huang et al. [8] showed that the surface around the leading 

edge was most prone to erosion. Blade damage in the Hurghada wind farm led to a significant 

reduction in the electrical power generated by the wind turbine, which would reduce even more 

over several months due to the effect of a severe sandy-windy environment [9]. The discrete 

phase modeling capability in Ansys-Fluent and Det Norske Veritas (DNV) erosion models was 

used to predict the erosion rates of wind turbine blades; then, the erosion depth was calculated 

and associated with a reduced capacity in electrical power generation [10].  

Using numerical methods, authors have similarly reported that sand-wind effects 

decrease the power generated by wind turbines [11]. In addition, the particle trajectory and the 

erosion mechanism of the coating used on the surface of wind turbine blades have also been 

studied [12, 13, 26-28, 31, 32]. Grant and Tabakoff [14] proposed a method to predict the 

physical process of turbomachinery erosion using a Monte Carlo simulation. Simulation 

methods have been used to study the erosion mechanism for wind turbine blades, showing how 

it reduces power generation [15, 16, 34-37]. The loss in production due to the sand-wind 

environment has also been calculated by researchers investigating the effects of dust 

contamination on annual energy production [18]. 

Despite extensive literature, measurements of the aerodynamic effect of erosion on an 

actual operating wind turbine are rare.  

 

 

 
 

Figure 1.2 Fluid streamlines for the wind speed near the root, mid, and tip regions of the wind turbine 

blade. In the plot, the left-hand side shows the fluid streamlines around the blade. The figure on the 

right shows a 2D velocity contour on the selected plane. (Figure 5 from [22], page 8) 

 

In an effort to address the issues mentioned above, on erosion and fouling at the leading 

edge of wind turbine blades, we study axisymmetrically strained turbulent flow seeded with 

particles of varied inertia. Our approach is to view the stagnation plane in the strained flow 

field as the leading edge of the turbine blade, and to evaluate the effect of various flow and 
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particle parameters on the impact rate of the particles with the imagined blade surface. For this 

purpose, we apply high-speed Lagrangian Particle Tracking methodology to follow individual 

particles in the fluid, as well as Particle Image Velocimetry to identify key flow parameters. 

The thesis is organized as follows. Theoretical and fundamental concepts used in this 

study and methods used to calculate flow characteristics are presented in Chapter 2. In Chapter 

3, laboratory facility, experimental settings, and data processing are described. Chapter 4 

presents the main results and discussion. Then, the conclusions are presented in Chapter 5.



Chapter 2  

Theory 

 

In this section, the theoretical concepts on the turbulent flow field and particles are 

introduced, statistical representation of the turbulent flow field is discussed and the solutions 

to the motion of particles in a laminar flow field of the same geometry is shown.  

 

2.1. Strained turbulence 

The objective of this study is to evaluate the leading-edge erosion, impact, and fouling, 

on a wind turbine blade. Since, in general, the leading edge of a streamlined body presents a 

straining region in the near field, this study attempts to address the above by a simple 

experiment on particles seeded in axisymmetrically strained turbulent fluid. 

The turbulent flow is generated with the action of impeller rotors in the corners of our 

box turbulence facility. The turbulent flow is then strained in the vertical direction (see Figure 

2.1) by the motion of flat circular plates as shown in the sketch. The fluid is seeded with 

buoyant (tracer) particles and inertial particles with median diameters 8-10 μm and 210-250 

μm, respectively. The specific gravity for tracers was 1.1 gr/cm3 (hollow glass) and 2.5 gr/cm3 

(solid glass) for inertial particles. The flow field properties are obtained and studied through 

the Particle Image Velocimetry (PIV) and Lagrangian Particle Tracking (LPT) method. 

Equation (2-1) describes the mean flow field in the facility: 

 

〈𝑼〉 = (−2Sx, Sy, Sz)                                                   (2-1) 

 

where –2S is the primary strain rate in the X-dir, and S is the strain rate for the other two 

directions. 

 
Figure 2.1 A sketch of the straining mechanism and turbulence generation 

 

The straining flow cases were created in the experiment with two mean strain rates, 2S=4 

𝑠−1 and 2S=8 𝑠−1. Equation (2.1) is based on the laminar flow; however, we know that velocity 

fluctuates in the turbulence flow. Further details on the experimental setup are described in 

Chapter 3. 
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2.2. Turbulent flow characterization 

The turbulence flow statistics were used to extract the flow field properties. We analyzed 

trajectories of particles in the flow field using the LPT technique. Accordingly, the velocity 

fluctuations 𝑢𝑥 and 𝑢𝑦 can be calculated as 

 

𝒖 = 𝑼 − 〈𝑼〉                                                      (2-2) 

 

where 𝑼  is the full velocity, 〈𝑼〉  is the mean velocity, and the subscript i refers to the 

component of the velocity, in x, y or z direction. 

We applied the following equations to obtain the variance of velocity 𝑣𝑎𝑟(𝑈𝑖), and the RMS 

velocities (root mean square) 𝑢𝑟𝑚𝑠,𝑖: 

 

𝑢𝑟𝑚𝑠,𝑖 = √(𝑣𝑎𝑟(𝑈𝑖)) = 〈𝑢𝑖
2 〉

1
2⁄             , i=x,y,z                           (2-3) 

 

 

The number of points used to compute statistics depends on the type of experiment 

conducted. The turbulence energy dissipation rate is calculated using a second-order 

longitudinal velocity structure-function 𝐷𝐿𝐿(𝑟) , assuming inertial subrange 𝐷𝐿𝐿(𝑟) =

𝐶2(𝜀𝑟)
2

3⁄  with a universal constant 𝐶2 = 2.1 [20] and 𝑈𝑖(𝑥, 𝑡) is Eulerian velocity field. 

 

𝐷𝐿𝐿(𝑟) = 𝐷𝑖𝑗(𝑟, 𝑥, 𝑡) = 〈[𝑈𝑖(𝑥 + 𝑟, 𝑡) − 𝑈𝑖(𝑥, 𝑡)][𝑈𝑗(𝑥 + 𝑟, 𝑡) − 𝑈𝑗(𝑥, 𝑡)]〉.      (2-4) 

 

The mean energy dissipation rate is constant in the inertial subrange, illustrated in the 

results. We used the Eulerian autocorrelation function to obtain the Eulerian integral scale, 

which can be defined as 

 

𝜌(𝐿) = 〈𝑢(𝑟0 + 𝐿)𝑢(𝑟0)〉/𝑢2.                                            (2-5) 

 

The Eulerian integral scale is given by 

 

𝑙 = ∫ 𝜌(𝐿)𝑑𝐿
∞

0
.                                                        (2-6) 

 

Here the velocity is taken on a grid obtained from the particle image velocimetry (PIV) 

measurements, and 𝑟0 is taken in both the x and y directions. 

Based on Kolmogorov's hypothesis, the length and time scales of the turbulence flow 

can be calculated using the following equations, 

 

𝜂 = (
𝜈3

𝜀
)

1
4⁄

,                                                          (2-7) 
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where 𝜈  is kinematic viscosity of the fluid, 𝜂  is the Kolmogorov's length scale and 𝜀  is 

dissipation rate is evaluated via described second order structure function. 

 

𝜏𝜂 = (
𝜈

𝜀
)

1
2⁄

,                                                         (2-8) 

Here 𝜏𝜂 is Kolmogorov's time scale. 

 

2.3. Stokes number  

In this study, we employed LPT to track the particle in the generated flow. Therefore, the 

Stokes number must be considered for both particle types. The Stokes number specifies 

whether a particle introduced to the flow will follow the flow streamline or not. This 

identification is defined by equation (2-9). 

 

St =
τp

τη
,                                                           (2.9) 

 

where τp is Stokes’ relaxation time. Kolmogorov scale is based on the flow quantities before 

applying the strain, and these amounts are calculated for two-particle types and presented in 

chapter 4. Stokes’ relaxation time τp is in turn calculated by equation (2.10) 

 

τp =
ρpdp

2

18μ
,                                                     (2.10) 

 

where ρp  is particle density, dp  is a spherical particle diameter and μ is the dynamic fluid 

viscosity that, in this experiment, is water. Both the Stokes’ relaxation time and the 

Kolmogorov time scale are required in equation (2.9). The relaxation time for each particle is 

calculated based on particle property from equation 2-10.  

The Stokes number significantly greater than 1 (𝑆𝑡 ≫ 1) describes particles that are 

unaffected by a fluid velocity change and continue their original trajectory; if 𝑆𝑡 ≪ 1, the 

particle will follow the fluid's local velocity. 

 

2.4. Stagnation plane definition 

As discussed above, the flow near the stagnation point in the experiment has some 

similarities to a flow near the leading edge on a turbine blade. Figure 2.2 shows the streamlines 

for the mean flow presented above.  
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Figure 2.2. Stagnation point in a laminar straining flow. Figure obtained from Jie Liu et al., [22]. 

 

The differential equation for the particles in the flow was used in this study as a solution 

for straining laminar flow using a numerical method [23]. The displacement equation structure 

depends on particle properties. The differential equations for the particle position as a function 

of time were obtained by combining the mean flow components from equations (2.1), (2.11), 

and (2.12). The second-order linear ordinary differential equations with constant coefficients 

used were [19]: 

 
𝑑𝑥𝑝

𝑑𝑡
= �̃�𝑝                                                                 (2.11) 

 

 
𝑑�̃�𝑝

𝑑𝑡
=

1

𝜏𝑝
(�̃�(𝑥𝑝) − �̃�𝑝)                                                    (2.12) 

 

where �̃�𝑝  and �̃�(𝑥𝑝) are instantaneous particle velocity and instantaneous fluid velocity at 

location 𝑥𝑝 respectively. 𝑥𝑝 and 𝑦𝑝 are the particle position in a 2D flow. Based on section 2.1, 

the strained flow with a primary strain rate 2S with specified geometry is defined and leading 

to equations 2.13 and 2.14: 

 

𝑑2𝑥𝑝

𝑑𝑡2 +
1

𝜏𝑝

𝑑𝑥𝑝

𝑑𝑡
+

2𝑆

𝜏𝑝
𝑥𝑝 = 0                                                (2.13) 

 

𝑑2𝑦𝑝

𝑑𝑡2 +
1

𝜏𝑝

𝑑𝑦𝑝

𝑑𝑡
−

𝑆

𝜏𝑝
𝑦𝑝 = 0                                                (2.14) 

 

where 𝜏𝑝 is the Stokes’ relaxation time for particles.  

The equations for particles were solved in this study using the solutions [19]: 
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𝑥𝑝 = 𝐴𝑥𝑒𝜆𝑥
1𝑡 + 𝐵𝑥𝑒𝜆𝑥

2𝑡                                                   (2.15) 

 

𝑦𝑝 = 𝐴𝑦𝑒𝜆𝑦
1 𝑡 + 𝐵𝑦𝑒𝜆𝑦

2 𝑡                                                   (2.16) 

 

Equations (2.15) and (2.16) show that the particles used in this study, in the laminar flow, have 

exponential displacement. 𝐴𝑥  , 𝐵𝑥  , 𝐴𝑦 , and 𝐵𝑦  are constant coefficients obtained from the 

initial conditions. In turn, 𝜆𝑥
1  , 𝜆𝑥

2  , 𝜆𝑦
1 , and 𝜆𝑦

2  are dependent coefficients, and their value 

depend on the solution of the differential equation, as a function of  𝜏𝑝 and 𝑆 . This solution 

was adopted to consider particle displacement in a similar strain and the same Stokes’ number 

in the laminar flow, in order to make a contrasting with the turbulent flow. 

The roots [𝜆1,2 = (−1 ∓ √1 + 4𝑆𝜏𝑝)/2𝜏𝑝] of the characteristic equations of equation 

(2-15) and (2-16) describe the particle movements in the absence of turbulence. The 

combination of strain rates S and the Stokes’ relaxation time 𝜏𝑝 in our simulations gives rise to 

the discriminant equation 𝐷2 = 1 − 8𝑆𝜏𝑝 , which separates two possible movements in the 

compression direction: an overdamped decay motion towards the stagnation plane 𝑥 = 0 or an 

underdamped oscillation about the stagnation plane. In the expanding direction the 

discriminant equation 𝐷2 = 1 + 4𝑆𝜏𝑝 is always positive, and particles move away from the 

axis 𝑦 = 0  exponentially in time when only mean flow is considered. When turbulent 

fluctuations are present in the strained flow, the statistical description of the dynamics of the 

inertial particles becomes much more complicated [19][23]. 

The particle collision study with the stagnation plane is based on the following concepts 

and methods: 

1- In the Lagrangian particle tracking method (LPT), the path line of each particle can be 

followed from the time it entered the study area to the time it left.  

2- When particles encircle the streamlined body, two particle states can be observed; the 

particles either pass the stagnation plane or continue their path without crossing the 

stagnation plane. 

The stagnation plane location is identified initially by observing all the trajectories that 

were measured in the fluid. Based on the two previous concepts, to study the collision of 

particles, we must examine whether each particle passed the stagnation plane location or not. 

The number of particles entering and leaving the study area can be counted. The ratio of the 

counted particles passing the stagnation plane to the number of particles counted can be 

obtained as a normalized measure. In this case, a higher ratio for each flow case indicates more 

particles colliding to the surface and more corrosion. The effects various factors on the collision 

rate are evaluated by changing the turbulence intensity, mean strain rate, and particle size. 
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Chapter 3 

Experiment 

In this chapter, the experimental details are discussed. The experimental data are obtained 

from a project concerned with turbulence undergoing axisymmetric strain deformation, where 

Lagrangian particle tracking, and particle image velocimetry methods were applied. The 

experiments were carried out by a doctoral student in the Laboratory for Fundamental 

Turbulence Research, Mr. Lahcen Bouhlali, and the raw image data stemming from this 

research were shared with the author of this thesis. 

 

3.1 Experimental facility 

The flow facility at the Laboratory for Fundamental Turbulence Research (LFTR) at 

Reykjavik University is shown in (Figure 3.1) where the experiments were carried out is a zero-

mean turbulence-box (with the corners cut off to facilitate impellers that force the flow). The 

tank is specifically designed for studying turbulence (Lagrangian and Eulerian motion at 

moderate Reynolds numbers). This flow facility produces a nearly stationary homogeneous 

isotropic turbulence near the center of the tank, where measurements are performed.  

 

 

 
 

Figure 3.1 A photo of the turbulence box taken at the Laboratory for Fundamental Turbulence Research 

(LFTR) at Reykjavik University. 

 

The water tank (60cm×60cm×60cm) has 20 mm thick acrylic walls (transparent Plexiglas 

XT) that enable optical access to the data. The eight corners of the box have a triangular shape, 

while the top and the bottom are nearly circular. An aluminum frame holds the components of 

the turbulence box together. The turbulence is generated by eight impellers driven by 
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independently controlled servo motors (Lenz-model: MCS), which are mounted at the eight 

corners of the cube and point to the center of the tank. The rotation rate of each servo motor is 

adjustable over a range of 100 − 4500 rpm at a gearing rate of 0.075. The motion-view filtering 

software that came with these motors was used to monitor and set up the suited speed of each 

impeller. The degassing system was used to remove bubbles and solid dust from the water 

before starting the experiment.  

Circular plates, shown at the top and bottom, generate the strain motions; a linear actuator 

drove each plate with a piston rod (Parker, model: ETV32M10PA47JMA400A). When they 

are moved towards the center with a pre-described rate, that ensures a nearly constant strain 

rate in the fluid. For each case of flow parameters investigated, namely with different propeller 

rotation rates, different strain rates and the different particle types, a total of 20 piston 

movements are recorded to collect sufficient number of particle trajectories. Each of the videos 

are statistically independent, as the flow is given a generous time to recover to near isotropy 

between different strokes. 

Spherical and hollow glass beads with a median diameter of 8 − 10 μm and a specific 

gravity of 1.1 g/cm3 seed the flow. Heavy particles present a median diameter of 210 − 250 μm 

and have a specific gravity of 2.5 g/cm3 in water. The recording area is 24.5x24.5 mm2 and is 

located in the center of the tank for LPT/PIV measurements (Figure 3.2). 

 

 
Figure 3.2 Location of the LPT/PIV measurements. The viewing window (24:5x24:5mm2) is located in 

the center of the water tank. The Y-axis of the coordinate system (CS) is pointing upwards, whereas the 

X-axis is pointing from left to right. The origin of the CS is located at the center point of the tank. 

 

3.2 Particle Image Velocimetry measurement  

Eulerian measurements (using the PIV technique) of the instantaneous velocity field were 

carried out for three flow cases in this project in the absence of the strain. Before starting the 
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PIV measurements, the water was degassed then seeded with tracer hollow glass beads. Based 

on the information from the Laboratory in the PIV experiment, the viewing window (VW) of 

size 512 × 512 pixels was divided into subwindows (SW) of size 64 × 64 pixels. The 

assumption was 320 particles per SW, and this gave us 20480 particles per VW. A single high-

speed CMOS camera with a 105 mm focal length lens was used to record the PIV-images, and 

it was set at 512 × 512 pixels resolution, the frame rate of 2 kHz (2000 frames per second (fps)), 

which gives an exposure time (time interval between 2 successive frames) of 500 μs (0.5 ms). 

For the illumination of the tracer particles, an Nd-YAF laser (527 nm) was used and 

synchronized at the same sampling frequency of the camera. The laser was set at internal mode, 

14 A Q-switch current, and pulse width of 2.5 μs. The size of the image (the sample area) in 

the physical scale was found to be 2.45 × 2.45 cm2 which gives 47.85 × 10-6 m size of a single 

pixel. The laser beam is expanded to a sheet along (X, Y)-plane using spherical and cylindrical 

lenses.  

The PIV measurements were performed for three types of turbulent flow, with rotors 

speed 1000 rpm, 1500 rpm, and 2500 rpm, identifying each flow case with a particular 

turbulence intensity. The recorded cine-files were 20 for each experiment where each cine-file 

has 1000 frames; this gives 20,000 instantaneously recorded images. The raw images were 

processed by applying the PIVLab toolbox from MATLAB codes. The PIV method in this 

toolbox follows the outline of [21]and the dynamic PIV procedure follows [22].  

To compute the structure functions (from PIV), the interrogation window has a size of 

64 × 64 pixels with an overlap of 50% to decrease the computing time. This yielded 15 × 15 

velocity vectors with a spacing grid of 32 pixels. These PIV measurements were used to extract 

the turbulence flow quantity, presented in table 4.1. 

 

3.3 Particle Tracking Velocimetry measurement 

The Lagrangian particle tracking (LPT) measurements were carried out at the same 

location, with the same size of the sampling area (512 × 512 pixels equivalent to 2.45 × 2.45 

cm2) and the same settings of the laser and camera described previously in PIV measurements, 

but there were differences in the sampling frequency, particles type, and presence of strain rate. 

The turbulence in this project depends on the size of the particles, on the rotation speed of the 

impeller in the tank, and is applied at 1000 rpm, 1500 rpm, and 2500 rpm. Two mean strain 

rates 4 s-1 and 8 s-1 were created via two circular plates described previously in the experiment 

facility. The plates driver motor moves according to an exponential profile. The same as a 

particle would move by if it were moving along the y axis towards the center of the coordinate 

system. The straining turbulence flow was generated for two kinds of particles: a passive and 

an inertial particle. Each particle has two nominal rate strains and three impeller rotation speeds 

as the numerical variations of the turbulence factor. The detection system was set at 10 kHz 

(10000 fps) for well-resolved particle velocity and acceleration statistics. This very high 

temporal resolution (0.1-0.2 ms) is considerably smaller than the Kolmogorov time τη (35 - 99 

ms) of the smallest eddies present in the flow; therefore, the properties of the dissipation range 

in the flow are solved. The number of particle tracers in the interrogation volume was about 
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250 particles for tracer and about 80 for inertial particles. Twenty runs were recorded and saved 

at the full range for each twelve experiments for processing. 

In general, there were 80000 frames for buoyant particles and 40000 frames for inertial 

particles per experiment, and C++ programming was developed to process the LPT technique. 

For each flow case, the average of the measurements was done over 20 videos in the same 

instant time, and one averaged data file was created. The average file was used to obtain the 

flow field properties. The resulting data obtained after image processing was analyzed using 

Matlab. The software includes several stages. First, it converts the image to a readable file, 

processes it to achieve the necessary data, and follows the post-processing stage. Figure 3.2 

shows an image recorded at 512x512 pixels through the viewing window located at the center 

of the tank. Each video has 2000 or 4000 frames recorded at 10,000 frames per second. 

Therefore, the time of the strain flow in the video was short. The position of particles was 

obtained when each video was processed by programming following the LPT method. Figure 

3.3 presents real tracks from a run in a LPT experiment performed in our facility 

The random velocity field U(x, t) was obtained from data processing. The turbulence 

flow concepts were employed to calculate mean velocity, fluctuation, variance, and rms. Flow 

characteristics are extracted from the processed, recorded frames of the experiments and 

statistical methods in a turbulent flow. The details of the relationships and theoretical 

approaches used have been described in detail in Chapter 2.  

 

 
Figure 3.3 Real view of the path traveled by the particles, obtained from the video recordings for a data 

set that included 4000 images (resolution of 512x512), obtained from one of the 20 individual and 

independent videos observing the same experimental condition. 
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Chapter 4 

Results and discussion 

In previous chapters, the motivation for this project and the experimental setup have been 

described in detail. The flow under consideration is box turbulence subjected to axisymmetric 

straining motion. In this chapter results from PIV measurements describing the characteristics 

of the flow field are presented, as well as results from LPT measurements on the trajectories of 

passive and inertial particles in this flow geometry. 

 

4.1 Turbulent flow quantities 

Turbulent flow quantities in the experiments are initially extracted to base the subsequent 

comparison on, this includes the energy dissipation rate, Kolmogorov length and timescale, 

and the turbulent Reynolds number. PIV is applied for this purpose to the turbulent flow prior 

to the application of strain, in a nearly stationary homogenous turbulent box flow. Figure 4.1 

shows the compensated longitudinal structure function 𝐷𝐿𝐿  in terms of the separation 𝑟  to 

evaluate the dissipation 𝜀. Here three cases are shown namely based on the three turbulence 

intensities that are produced by the three motor speeds of the impellers driving the turbulent 

flow. 

 

 

Figure 4.1 Compensated second-order longitudinal structure functions (DLL) via equation (2-4) for the 

flow case with impeller speeds of 1000 rpm, 1500 rpm, and 2500 rpm. Here, the red lines indicate the 

expected value of the dissipation rate in each case. 

 

𝜺𝟏𝟎𝟎𝟎 

𝜺𝟏𝟓𝟎𝟎 

𝜺𝟐𝟓𝟎𝟎 

𝜀1000 = 1 × 10−3  𝑚2 𝑠3⁄  

𝜀1500 = 3.5 × 10−3  𝑚2 𝑠3⁄  

𝜀2500 = 7.9 × 10−3  𝑚2 𝑠3⁄  

 



29 

 

 

  

In the inertial subrange the compensated structure functions are nearly constant allowing 

us to determine the dissipation rate ε in the flow (we use r between 60η and L⁄6 according to 

[25]). 

Table 4.1 shows the summarizes the different cases under investigation, which is 

controlled by the rotation speed of the impellers in the experimental facility. Once the 

dissipation and velocity rms are measured, the remaining quantities are known. The Eulerian 

autocorrelation function is used to obtain the Eulerian integral scale based on equation (2.6). 

 

Table 4.1: Flow parameters obtained from PIV measurements for passive particles. 𝜀: turbulence energy 

dissipation rate; 𝜈: Kinematic viscosity; 𝑙: large eddy length scale (integral scale); 𝑢𝑟𝑚𝑠: velocity root 

mean square; 𝜂: Kolmogorov length scale; 𝜏𝜂 : Kolmogorov time scale; 𝜆: Taylor micro-scale; 𝑅𝑒𝑙 : 

Reynolds number based on the length scale of the large eddies present in the flow; 𝑅𝜆: Taylor Reynolds 

number; 𝜈: Kinematic viscosity. 

 

 

Experiment 

Flow condition 

1000 rpm 1500 rpm 2500 rpm 

𝜀 [𝑚2 𝑠3⁄ ] 1.0 × 10−3 3.6 × 10−3 7.9 × 10−3 

𝜈 [𝑚2/𝑠]  1 × 10−6 1 × 10−6 1 × 10−6 

𝑙 [𝑐𝑚] 5.70 7.40 8.00 

𝑢𝑟𝑚𝑠 [𝑚/𝑠] 0.026 0.047 0.059 

𝜂 = (𝜈3

𝜀⁄ )
1

4⁄ [𝑚𝑚] 0.177 0.129 0.106 

𝜏𝜂 = (𝜈
𝜀⁄ )

1
2⁄  [𝑚𝑠] 31.6 16.6 11.2 

𝜆 = 𝑢𝑟𝑚𝑠(15𝜈
𝜀⁄ )

1
2⁄ [𝑚𝑚] 3.8 3.2 3.0 

𝑅𝑒𝑙 =
𝑢𝑟𝑚𝑠𝑙

𝜈⁄     1482 3478 4720 

𝑅𝜆 =
𝑢𝑟𝑚𝑠𝜆

𝜈⁄  99 152 177 

 

 

4.2 Particle characterization  

Table 4-2 summarizes the properties of the particles seeded in the flow. The Stokes 

numbers are calculated based on equation (2.13), e.g., the ratio of the particle response and the 

timescale of the flow, presented above. It must be noted that the particle Stokes numbers are 

based on the Kolmogorov timescale of the flow before the straining motion is applied to the  

 

Table 4-2: Stokes number for the two types of particles applied in the experiments. Buoyant and Inertial 

particles with several flow cases 

 

Particles 

 

𝑑𝑝(𝜇𝑚) 

Flow cases 

1000 rpm 1500 rpm 2500 rpm 

𝜏𝜂  (𝑚𝑠) 31.6 𝜏𝜂  (𝑚𝑠) 16.6 𝜏𝜂  (𝑚𝑠) 11.25 

Stokes Number  Stokes Number  Stokes Number 

 

Buoyant 

(min.) 8 6.32 × 10−3 12.04 × 10−3 17.77 × 10−3 

(max.)10 9.49 × 10−3 18.07 × 10−3 26.66 × 10−3 

 

Inertial 

(min.) 210 0.113 0.216 0.320 

(max.) 250 0.161 0.307 0.450 
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turbulent field. Although it is expected that the timescale in the flow changes during the 

deforming motion, we base our observations on the initial value of the Stokes number. In 

addition, we expect that the short duration of the straining motion will not affect the smallest 

scales of motion in the turbulent flow field to a high degree. 

The Stokes number describes the behavior of particles in turbulent flow. To evaluate our results 

and to contrast them with a real flow on the leading edge of a turbine blade, we also evaluate 

the non-dimensional time scale based on the relaxation time of the particle normalized by the 

characteristic time scale of the strain. From the literature for the wind turbine airfoil S809, the 

data from experiment work was extracted and used to calculate the non-dimensional time scale 

for the particle in the assumed airflow. Tables 4.3 shows estimates of the time scales from 

different particle types expected in the real wind turbine flow, and the last two rows shows the 

same dimensionless timescale in our experiment. Although it is clear that our experiment does 

not directly match the particles identified in the table, it is still clear that our experiment lies in 

the region of interest in terms of the parameter space.  

 

Table 4.3 The non-dimensional time scale calculated for mean velocity flow around the S809 airfoil from 

experiment [22] speed flow 14 m/s, angle of attach 10-degree, chord length 150 mm, strain rate in x-direction. 

Particle type Diameter  

[mm] 

Density 

[Kg/m3] 
𝝉𝒑 

[ms] 

Strain rate on a 

prototype airfoil S809 

[s-1] 

Non-Dimensional 

Time scale 

Hail 5.00 8.2 × 102 6.3 × 100 14 8.85 × 10−2 

Raindrop 1.00 1.0 × 103 3.0 × 10−1 14 4.3 × 10−3 

Sand 0.67 1.4 × 103 7.1 × 10−1 14 9.9 × 10−2 

Insects 5.00 4.5 × 10−5 3.5 × 10−8 14 5.0 × 10−9 

Tracer 0.01 1.1 × 103 1.6 × 10−3 14 2.3 × 10−5 

Inertial 0.25 2.5 × 103 2.8 × 10−2 14 3.9 × 10−4 

 

 

In the laminar flow solution of the same strain geometry and the same strain rate for 

neutral particles or inertial particles of the same Stokes number, particles do not pass the 

stagnation plane. On the other hand, as seen from the results in this study, when turbulence is 

present, both types of particles may pass the stagnation plane.  

 

Figure 4.2 shows an ensemble of the particle trajectories from one experimental case using the 

LPT technique. Here, twenty videos, with in total of 80000 frames, have been assembled. The 

three-dimensional figure shows the vertical velocity, with respect to the vertical distance and 

time. 
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Figure 4.2. A 3D view displaying paths of the particles from 20 recorded videos for the duration of one 

flow case study (buoyant particle, strain rate 4 𝑠−1, and rotation speed 1000 rpm). The image presents 

the velocity component of the y- particle at the position y and time t. 

 

4.3 Mean strain motion  

Figures 4.3 and 4.4 illustrate the mean strain rate of the turbulence flow, as measured by 

tracking tracer particles seeded within the fluid. Figure 4.3 shows measurements for nominal 

mean strain 4 𝑠−1, and Figure 4.4 shows the measurements when the nominal strain rate is 

8 𝑠−1, this results, as expected to  the mean strain rate 2 𝑠−1 in the x-direction and −4 𝑠−1in 

the y-direction, and respectively a mean strain rate is 4 𝑠−1 in the x-direction and −8 𝑠−1in the 

y-direction. In all flow cases, it is clear from the figures that within a short period of time after 

initiation of the motion of the plates that generate the straining motion, that the mean strain rate 

value rises gradually to reach the nominal rate value then approaches a constant value. 

However, for the higher strain rates, and higher rotation rate of the propellers, there seems to 

be a slight growth in the strain rate in the x-direction, until the end of the straining motion.  

The effects of non-unform straining on our results is not completely clear, but in our analysis, 

we assume a constant rate of strain. It must however be noted that these measurements are 

based on particle tracking methodology, rather than PIV of a denser particle field, and thus the 

result may be influenced in part by a limited number of particles and short trajectories. 
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Figure 4.3 Variation of the strain rate in time for the passive particles in the x and y directions, at a 

1000/1500/2500 motor rpm, and nominal strain of 2S=4 𝑠−1. The triangle (∆) and triangle dash (∆─) 

symbols represent data in x-direction and y-direction respectively. Data processing was done for tracer 

particles. Turbulence flow was determined by impellers’ rotation speed. Strain turbulence flow was 

created by the movement of the bottom and top plates toward the center in a short time.  

 

 

2500 rpm 

1500 rpm 1000 rpm 
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Figure 4.4 Variation of the strain rate in time for the passive particles in the x and y directions, at a 

1000/1500/2500 motor rpm, and nominal strain of 2S=8 𝑠−1. The triangle (∆) and triangle dash (∆─) 

symbols represent data in x-direction and y-direction, respectively. Data processing was done for tracer 

particles. Turbulence flow was determined by impellers’ rotation speed. Strain turbulence flow was 

created by movement of the bottom and top plates toward the center in a short time.  

 

4.4 Normalized Reynolds in the strained turbulent flow 

Figures 4.5 and 4.6 present the Normalized Reynolds stress variation per strain time for 

flow cases with constant strain rate and turbulence intensity. The Normalized Reynolds stress 

increased with the turbulence intensity and Reynolds number. 

 

 

 

 

1500 rpm 1000 rpm 

2500 rpm 
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Figure 4.5 Normalized Reynolds Stress for passive particles in the x and y directions, at 1000/1500/2500 

motor rpm and nominal strain of 2S=4 𝑠−1. The triangle (∆) and triangle dash (∆─) represent data in 

the x-dir and y-dir, respectively. Data processing was done for tracer particles. Turbulence flow was 

determined by impellers’ rotation speed. Strain turbulence flow was created by movement of the bottom 

and top plates toward the center in a short time.  

 

 

1000 rpm 1500 rpm 

2500 rpm 

S.t S.t 

S.t 
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Figure 4.6 Normalized Reynolds Stress for passive particles in the x and y directions, at 1000/1500/2500 

motor rpm and nominal strain of 2S=8 𝑠−1. The triangle (∆) and triangle dash (∆─) represent data in 

the x-dir and y-dir, respectively. Data processing was done for tracer particles. Turbulence flow was 

determined by impellers’ rotation speed. Strain turbulence flow was created by movement of the bottom 

and top plates toward the center in a short time.  

 

For a flow that undergoes rapid straining of the same geometry (axisymmetric expansion), all 

components of the normalized Reynolds stresses are expected to grow exponentially at large 

strain times, after an initial period where there is decay in the y (and z) – components. In our 

case the picture is not entirely clear, although growth is shown in most components, perhaps 

because it is not possible to impose the required motion of the moving plates that ensures 

constant strain rate without an initial period where the plates speed up to reach a desired 

velocity before they follow the prescribed velocity which falls with exponential decay. 

 

1500 rpm 1000 rpm 

2500 rpm 

S.t S.t 

S.t 
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4.5 Results of erosion and the straining turbulence flow at the stagnation plane 

The primary purpose of this project was to investigate the factors affecting the stagnation-

point erosion. This study uses the Lagrangian particle tracking method (LPT) to investigate 

corrosion at the leading edge using a quantitative criteria approach. In the first section, the 

stagnation point coordinates for each flow case are extracted using particle displacement and 

velocity vectors. Table 4-4 shows the stagnation plane coordinates for the three turbulent flow 

cases. The main reason for the displacement of the stagnation point is that between each case 

completed, a new setup had to be conducted, leading to some minor relative movement of the 

optical system with respect to the tank. 

 

Table 4.4: Coordinates of the stagnation point in 2D for various flow cases  

Flow cases Stagnation-point coordinates 

Turbulence intensity 

via Impeller rotation 

(𝑟𝑝𝑚) 

 

Particle type 

 

Strain rate 

(𝑠−1) 

 

𝑋 (𝑚𝑚) 

 

𝑌 (𝑚𝑚) 

 

 

1000 

Buoyant 4 0.19 -0.43 

8 0.40 -0.41 

Inertial 4 0.22 -1.14 

8 1.25 1.83 

 

 

1500 

Buoyant 4 0.48 -1.48 

8 0.06 0.19 

Inertial 4 0.11 -2.12 

8 -0.96 0.68 

 

 

2500 

Buoyant 4 0.49 2.61 

8 -0.48 0.18 

Inertial 4 -2.56 2.66 

8 -1.33 3.65 

 

 

Table 4.5. flow case, particle type, mean strain rate, and turbulence intensity of the particles that passed 

the stagnation point. 

Flow 

case 

Particle 

type 

Turbulence intensity base 

on the impellers speed 

Mean 

strain rate 

FC-1: Buoyant 1000 4 

FC-2: Inertial 1000 4 

FC-3: Buoyant 1000 8 

FC-4: Inertial 1000 8 

FC-5: Buoyant 1500 4 

FC-6: Inertial 1500 4 

FC-7 Buoyant 1500 8 

FC-8 Inertial 1500 8 

FC-9 Buoyant 2500 4 

FC-10: Inertial 2500 4 

FC-11: Buoyant 2500 8 

FC-12: Inertial 2500 8 

 

Then, the number of particles that passed the stagnation plane coordinates during the fluid flow 

movement was counted using the data from the particle tracking method. The number of 

particles passing through the stagnation plane was used with the total number of particles 

passing through the flow to define the normalized particle ratio. This ratio measures the 
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stagnation-point erosion rate, i.e., the collision ratio (CR) in this study. The higher the ratio 

value, the higher is the expectation for an increased number of particles passing the stagnation 

plane, and corrosion. Figure 4.6 shows the results of the collision ratio (CR) for all flows 

studied.  
 

 
 

Figure 4.7. Normalized number particles that have passed the stagnation plane. The remaining particles 

passed the flow without passing the stagnation plane. Each bar specifies flow case, particle type, mean 

strain rate, and turbulence intensity based on Table 4.5. 

Figure 4.7 illustrates the changes in strain rate, turbulence intensity, and particle type caused a 

different impact ratio on similar flows. Figures 4.8 to 4.11 consider these impact factors 

separately. 
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Figure 4.8. Illustration of the normalized number of particles that passed the stagnation plane, for flow 

cases with mean strain rate of 4 𝑠−1. The remaining particles passed the flow without hitting the plane. 

 

Figures 4.8 and 4.9 show that the collision ratio (CR) reduces with increasing turbulence 

intensity for flows with the same strain rate. Buoyant particles also have a higher collision ratio 

than inertial particles.  

 
 

Figure 4.9. Illustration of the normalized number of particles that passed the stagnation plane, for flow 

cases with mean strain rate of 8 𝑠−1. The remaining particles passed the flow without hitting the plane. 
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Figure 4.10. The normalized number of buoyant particles per mean strain rate, which has varied 

turbulence intensity. 

 

The turbulent flow created by buoyant particles will have a higher collision ratio with an 

increasing mean strain rate and will cause more corrosion (Figure 4.10). Also, for flows with 

the same particle type and the same mean strain rate, lower turbulence intensities cause more 

particle collisions and more erosion.  

 
Figure 4.11. The normalized inertial particles quantity for specified mean strain rate, which has varied 

turbulence intensity. 

 

 

The turbulent flow created by inertial particles will have a lower collision ratio with an 

increasing mean strain rate and will cause less corrosion (Figure 4.11). In addition, lower 

turbulence intensities cause an increase in particle collisions with the stagnating plane and thus 

erosion in flows with the same particle type and mean strain rate. Beforehand, one expects the 

larger particles to have a higher collision efficiency than the neutral particles. The flow with a 

higher strain rate is also expected to be causing a higher collision frequency. The reasons for 

the different observation to expected results in the study has not been fully resolved but could 

be due to complex interaction between the particles and the local fluid structures. The Stokes 

number of the inertial particles in this study are not significant, and we do not expect to see 

ballistic behavior, but particles of comparable Stokes numbers are seen to coagulate efficiently 

in local regions of high strain turbulent flow fields [71]. 
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Chapter 5 

Conclusion 

 

The aim of the project is to investigate the erosion of wind turbine blades due to particle 

collision with the leading edge of the wind turbine airfoil. For this purpose, we attempt to use 

results from a simple experiment, where turbulent flow seeded with particles of varied inertia 

undergoes axisymmetric expansion, to model the leading edge of the turbine blade. In the 

experiment, turbulence is generated by impellers rotation, at 1000 rpm, 1500 rpm, and 2500 

rpm. Two circular plates at the top and bottom of the tank moved towards each other generating 

strain, specifically axisymmetric strain at rates of 4 𝑠−1and 8 𝑠−1. The Lagrangian particle 

tracking method was used to study the flow, which was seeded with inertial and buoyant 

particles. The particle’s median diameter and specific densities are 8-10 𝜇𝑚, 210-250 𝜇𝑚, 

1.1𝑔𝑟 𝑐𝑚3⁄ , and 2.5 𝑔𝑟 𝑐𝑚3⁄ , respectively. The Stokes number criterion was used to examine 

the particles used to describe the motion of the flow. The flow process was recorded in several 

modes by the high-speed camera. LPT/PIV methods were employed, and flow characteristics 

were extracted. 

Velocity vectors and particle displacement were used to specify the coordinates of the 

stagnation plane. The geometric view of the flow and particle tracking technique were 

employed to count the number of particles passing through the stagnation plane. Thus, the ratio 

of the number of particles that passed the stagnation point to the total number of particles was 

calculated. The effect of mean strain rate, turbulence intensity, and particle type on the particle 

collision ratio and erosion rate were investigated in this project as follows: 

- Higher turbulence intensity of the flow reduces the particle collision rate 

- Heavier and larger particles appeared to have less collision frequency. 

- The mean strain rate is directly related to the amount of particle collision frequency for 

the buoyant particles, and inversely related to that of the inertial particles. 

It must be noted that a denser particle field, a higher variation in particle density, and a larger 

viewing window must be used to properly resolve the issue presented in the thesis. However, 

as a first approach, the results indicate to the very least that the method offers some prospects 

to address this complex issue in a laboratory setting, without the complexity of the presence of 

a solid boundary. 
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Appendix A 

 

Code and programming 

 

 
%%%%%%%%%%%%%%%%% 
%%%%%%%%%%%%%%%%% 
%%% Student: S. Reza Hassanian. M 
%%% Supervisor: Dr. √Årmann Gylfason 
%%% January 2021 
%%% LFTR Labratory Fundamental Turbulent Research 
%%% Engineering Department 
%%% Iceland School of Energy (ISE) 
%%% Reykjavik University 
%%% Iceland 
%%%%%%%%%%%%%%%%% 
%%%%% Calculate mean velocity 
UUmean=(sum(ax))/(numel(ax)); 
VVmean=(sum(ay))/(numel(ay)); 
%%%%% calculate fluctiation 
UUf=ax-UUmean; 
VVf=ay-VVmean; 
%%%%%%% 
%%%%%% calculate variance 
UUvar=UUf.^2; 
VVvar=VVf.^2; 
%%%% calculate rms 
UUrms=UUvar.^0.5; 
VVrms=VVvar.^0.5; 
%%%%%%%%%%%%%%% 
%%% calculate correlation 
mcr=(numel(Y))/3; 
mcr=round(mcr); 
xr=X-X(mcr); 
yr=Y-Y(mcr); 
rr1=((xr.^2)+(yr.^2)).^0.5; 
R1=VVf.*UUf(mcr); 
R2=VVf.*UUf; 
R11=VVrms.*UUrms(mcr); 
R22=VVrms.*UUrms; 
RC1=R1./R11; 
RC2=R2./R22; 
%%% claculating Lenth scale 
%%I1=abs(trapz(rr1,RC1)) 
I2=abs(trapz(rr1,RC2)); 
ll=I2; 
%%%%%%%%%% 
%%%%%% find mean velocity and position 
%%%% Y and V 
n1=1200; 
y=Y; 
v=VVf; 
A=min(y); 
B=max(y); 
n=n1; 
delta=(B-A)/n; 
a=A; 
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for k=1:n; 
m=find((k-1)*delta < y & y < k*delta); 
s=numel(m); 
g=y(m); 
gs=(sum(g))/s; 
f=v(m); 
fs=(sum(f))/s; 
ym{k}=cell(1,s); 
vm{k}=cell(1,s); 
ymean{k}=cell(1,1); 
vmean{k}=cell(1,1); 
ym{k}=g; 
vm{k}=f; 
ymean{k}=gs; 
vmean{k}=fs; 
end 
Ymean1=[]; 
Vmean1=[]; 
for h=1:n; 
Ymean1(h)=ymean{h}; 
Vmean1(h)=vmean{h}; 
end 
%%%%%  X and U 
y=Y; 
v=UUf; 
A=min(y); 
B=max(y); 
n=n1; 
delta=(B-A)/n; 
a=A; 
for k=1:n; 
m=find((k-1)*delta < y & y < k*delta); 
s=numel(m); 
g=y(m); 
gs=(sum(g))/s; 
f=v(m); 
fs=(sum(f))/s; 
ym{k}=cell(1,s); 
vm{k}=cell(1,s); 
ymean{k}=cell(1,1); 
vmean{k}=cell(1,1); 
ym{k}=g; 
vm{k}=f; 
ymean{k}=gs; 
vmean{k}=fs; 
end 
Ymean1=[]; 
Umean1=[]; 
for h=1:n; 
Ymean1(h)=ymean{h}; 
Umean1(h)=vmean{h}; 
end 
%%%%%%%%%%%%%%% 
y=Y; 
v=X; 
A=min(y); 
B=max(y); 
n=n1; 
delta=(B-A)/n; 
a=A; 
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for k=1:n; 
m=find((k-1)*delta < y & y < k*delta); 
s=numel(m); 
g=y(m); 
gs=(sum(g))/s; 
f=v(m); 
fs=(sum(f))/s; 
ym{k}=cell(1,s); 
vm{k}=cell(1,s); 
ymean{k}=cell(1,1); 
vmean{k}=cell(1,1); 
ym{k}=g; 
vm{k}=f; 
ymean{k}=gs; 
vmean{k}=fs; 
end 
Ymean1=[]; 
Xmean1=[]; 
for h=1:n; 
Ymean1(h)=ymean{h}; 
Xmean1(h)=vmean{h}; 
end 
%%%%%%%%%%% 
%%%% calculate dissipation rate 
%%%% 
let=ll/6; 
%mep=find((let/60) < rr1 & rr1 < let); 
%sep=max(mep); 
%DLL=(UUf)-(UUf(sep)).*(VVf)-(VVf(sep)); 
%%DLL=(ax(mep))-(ax(mcr)).*(ay(mep))-(ay(mcr)); 
%%DLL=ax.*ay; 
%rr2=(((X-X(sep)).^2)+((Y-Y(sep)).^2)).^0.5; 
c2=2.1; 
%%ep=((DLL./c2).^(3/2)).*rep; 
%DLL=UUf.*VVf; 
%DLL=UUf.*UUf; 
%DNN=UUf.*VVf; 
DNL=VVf.*VVf; 
rr2=((X.^2)+(Y.^2)).^0.5; 
ep=real(((DNL./c2).^(3/2))./rr2); 
mep=find((let/3) < rr2 & rr2 < let); 
%epm=(sum(ep(mep)))/(numel(mep)) 

  
%%%%%%%%%%%% 
y=rr2; 
v=ep; 
A=min(y); 
B=max(y); 
n=200; 
delta=(B-A)/n; 
a=A; 
for k=1:n; 
m=find((k-1)*delta < y & y < k*delta); 
s=numel(m); 
g=y(m); 
gs=(sum(g))/s; 
f=v(m); 
fs=(sum(f))/s; 
ym{k}=cell(1,s); 
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vm{k}=cell(1,s); 
ymean{k}=cell(1,1); 
vmean{k}=cell(1,1); 
ym{k}=g; 
vm{k}=f; 
ymean{k}=gs; 
vmean{k}=fs; 
end 
rrmean1=[]; 
epmean=[]; 
for h=1:n; 
rrmean1(h)=ymean{h}; 
epmean(h)=vmean{h}; 
end 
%%%% for 1000 and 1500 rpm 
%%%% for 1000 and 2500 epmean>0.01 
%%%% for 2500 epmean>0.1 
wq=find(epmean > 0.02); 
epmean(wq)=(epmean(wq))/50; 
%%%% for 1000 and 2500 rrpmean1>0.01 
%%%% for 2500 rrmean1>0.015 
wq1=find(rrmean1>0.015); 
c_ep=(sum(epmean(wq1)))/numel(wq1) 
%%%% for 1000 and 1500 rpm 
%wq2=find(epmean > 0.1); 
%epmean(wq2)=0; 
%wq3=find(rrmean1>0.014); 
%c_ep=(sum(epmean(wq3)))/numel(wq3) 
%%%%%%% 
epm1=(sum(ep))/(numel(ep)) 
epm=c_ep 
nov=10e-6; 
ll 
UXrms1=(sum(UUrms))/(numel(UUrms)); 
VYrms1=(sum(VVrms))/(numel(VVrms)); 
%UXrms=(sum(UUrms(mep)))/(numel(mep)); 
%VYrms=(sum(VVrms(mep)))/(numel(mep)); 
%UVrms1=((UUrms.^2)+(VVrms.^2)).^0.5; 
%UVrms=(sum(UVrms1(mep)))/(numel(mep)) 
%%UVrms1=((UUf.^2)+(VVf.^2)).^0.5; 
%%UVrms=(sum(UVrms1(mep)))/(numel(mep)) 
UVrms=VYrms1 
ll1=(UVrms.^3)/epm 
%%%%%% 
%%% 
eta=((nov^3)/epm)^0.25 
Teta=(nov/epm)^0.5 
landa=UVrms*((15*nov/epm)^0.5) 
Re=UVrms*ll/nov 
%%landa1=(Re^-0.5)*ll*(10^0.5) 
%%Relanda=UVrms*landa1/nov 
Relanda2=((20/3)*Re)^0.5 
Landa2=Relanda2*nov/UVrms 
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