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ABSTRACT

Particle Image Velocimetry (PIV) is a widely utilized experimental technique for fluid
analysis, particularly in low Reynolds number flow. This paper describes the design fab-
rication process of the PIV setup and its application for studying the flow over a flat plate
(with a chord of 76.33 mm) at low Reynolds numbers ranging from 2,000 to 10,000. The
PIV system employs a class IIIB laser to illuminate a plane of seeding particles, a high-
speed camera (Chronos 2.1), and a smartphone camera to capture the frames at frame rates
of 100 fps and 16 fps, respectively. Sequential frames are cross-correlated using PIVlab,
a MATLAB-based image processing application for PIV, to generate two-dimensional
velocity fields. The velocity field data obtained are analyzed to identify low Reynolds
number flow features, such as laminar separation bubble, reattachment point, turbulent
mixing, and trailing edge vortex shedding pattern. Furthermore, the experimental results
are compared to the results from numerical simulation carried over same geometry at sim-
ilar Reynolds number. Finally, different sources of errors in the experimental setup, image
processing, and image correlation are identified.

Keywords: particle image velocimetry, separation bubble, votex shedding
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CHAPTER ONE: INTRODUCTION

1.1 Background

Flow visualization is a crucial process in �uid dynamics for obtaining both qualitative and

quantitative information about �ow patterns. This involves making the �ow patterns visi-

ble through various techniques such as surface �ow visualization, particle tracer methods,

and optical methods.

While qualitative visualization provides the necessary observation of the �ow �eld, it may

be deceptive in its �ow patterns. To address this issue, quantitative �ow visualization is

used to study the �ow �eld accurately and quickly. Among these techniques, Particle Im-

age Velocimetry (PIV) is one of the best methods for rendering the global velocity �eld

with high reliability and ease. PIV involves the quick acquisition of several thousand im-

age frames of a given �ow domain, enabling the rendering of the global velocity �eld [1].

PIV has been widely used since its �rst experimental setup in 1977 by researchers Dud-

derar and Simpkins, Barker and Fourney, and Grausson and Mallick to view the velocity

pro�le in a laminar pipe �ow using double exposure photographs and planar light sheet

illumination. PIV is a multi-point technique, meaning that the �ow is captured based on

location of multiple points distributed throughout the �ow. The points are tracer particles

�oating in the �uid that a High Speed Camera captures in photos. The PIV approach

assumes that the tracer particle acts similarly to �uid particles. Cross-correlation methods

are used to determine their location over two time frames. The distance travelled by the

particle divided by the time it takes to go that distance is the particle's velocity, hence a

velocity �eld can be generated.

1.2 Problem statement

The problem statement for this project is to develop a Particle Image Velocimetry (PIV)

setup and use it to conduct low Reynolds �ow experiments. The goal is to accurately mea-

sure the velocity �eld of the �uid under investigation using PIV, which involves acquiring

and analyzing a large number of images of the �ow �eld. The challenge lies in setting up

the PIV system correctly, calibrating it, and optimizing the image acquisition and analysis

processes to obtain reliable and accurate results. Additionally, the low Reynolds number

�ow presents its own unique challenges, such as the need for careful control of the �ow

rate and the avoidance of turbulence. The successful development of the PIV system and

conducting the low Reynolds �ow experiments will advance our understanding of �uid

mechanics and contribute to the development of more ef�cient and effective �uid systems.
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1.3 Objectives

1.3.1 Main Objective

The main objective of the project is to design and build a working setup of Particle Image

Velocimetry (PIV) for low Reynolds number �ows experiment.

1.3.2 Speci�c Objective

1. (a) To develop a comprehensive understanding of the physical principles and tech-

niques behind PIV in general.

(b) To check the feasibility of using glass powder as PIV tracer particles.

2. (a) To design and build a Particle Image Velocimetry (PIV) setup capable of mea-

suring velocity �elds in low Reynolds number �ows.

(b) To conduct experiments on �at plate to investigate the �ow characteristics at

low Reynolds number �ows, such as Leading Edge Vortex, separation bubble

and vortex shedding.

(c) To analyze the experimental data obtained from the PIV setup to extract mean-

ingful insights about the �ow behavior, such as velocity pro�les and vorticity

contours.

(d) To compare the experimental results with numerical simulation.

3. To identify the limitations and sources of uncertainty in the PIV measurements and

propose strategies to mitigate them.

1.4 Application

• Aerospace engineering:PIV can be used to study the air�ow around aircraft wings

and improve their design for better aerodynamics and fuel ef�ciency.

• Automotive engineering: PIV can be used to study the �ow of air and fuel in

engines, optimizing their combustion process for higher performance and lower

emissions.

• Biomedical engineering:PIV can be used to study the �ow of blood in veins and

arteries, helping to diagnose and treat cardiovascular diseases.
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• Environmental science:PIV can be used to study the �ow of water in rivers and

oceans, understanding the effects of climate change and improving �ood prediction

models.

• Fluid mechanics research:PIV can be used to study the fundamental properties

of �uids, such as turbulence and mixing, advancing our understanding of this �eld

and leading to new discoveries and innovations

1.5 Features

• User-friendly software for providing input to the gantry system.

• Robust structure of the setup and removable parts for easy maintenance.

• Experimentation up to Reynolds number of 10,000.

1.6 Feasibility Analysis

Building a Particle Image Velocimetry (PIV) setup depends on various factors such as

the availability of resources, budget, and the intended use of the setup. The feasibility

analysis is described below:

1.6.1 Economical Feasibility

PIV setups can range from simple, low-cost designs to more complex and expensive ones.

The cost of building a PIV setup can include the cost of components such as the laser, cam-

era, optics, and software. Additionally, the cost of consumables such as tracer particles

should be considered. Including all the materials and operational cost, the estimated cost

for the setup could range from Rs. 75,000/- to Rs. 2,00,000/-. Considering the availabil-

ity of the major components such as continuous plane sheet laser, high speed camera and

other electronic items, building the setup would be economically feasible.

1.6.2 Technical Feasibility

PIV setup requires many low cost to expensive technical components. Also the post

processing tools falls under software requirement. We are planning to use the laser and

3



camera from the Department of Mechanical and Aerospace Engineering, locally available

glass powder as tracer particles and open source software called PIVlab for image pro-

cessing. Hence, it can be concluded that developing a PIV setup is technically feasible

with the available resources and technology.

1.6.3 Operational Feasibility

There are many problems regarding the aspect of operation. One of the major factors

in operational feasibility is user training. With proper hands-on training regarding the

operation of the PIV setup and interpretation of the results, any user can perform the

experiment.

1.7 System Requirements

1.7.1 Software Requirements

Softwares and programming languages required for the completion of the project are

listed below:

• CATIA - PIV setup 3D modeling

• ANSYS - PIV setup FEA and CFD validations, CFD of test specimen

• MATLAB - PIVlab program

• Python - Image segmentation, PIV image masking

• PIVlab (MATLAB Toolbox)

1.7.2 Hardware Requirements

Hardwares required for the completion of the project are listed below:

• Class IIIB Laser

• Tracer Particles

• High Speed Camera

4



• Electronic Components such as NodeMCU, Stepper Motor, etc.
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CHAPTER TWO: LITERATURE REVIEW

Over the past couple of years, particle image velocimetry has been widely adopted to an-

alyze various problems related to �uid dynamics. The �rst experimental setup for PIV

traced back to 1977 when a group of researchers in [2, 3, 4] carried out an experiment us-

ing double exposure photographs and planar light sheet illumination to view the velocity

pro�le in a laminar pipe �ow. By 1983, the researchers in [5, 6, 7, 8, 9, 10] working with

this method demonstrated that it can be applied to laminar as well as turbulent �uid �ow

of liquid and gases as well. The signi�cant use of PIV technique in recent days can be

noticed in �uid mechanics and aerodynamic research and developments [11].

PIV technique has been widely used in the �eld of aerodynamics to investigate unsteady

�ow phenomenon by capturing the instantaneous �ow velocity �eld in a plane of �ow

within a very short period of time [11, 12, 13]. Particularly, low Reynolds aerodynam-

ics has been of keen interest with the signi�cant development in the �eld of micro aerial

vehicles (MAVs). At low Reynolds �ow, there will be certain reduction in lift with cor-

responding increment in drag due to the formation of laminar separation bubble (LSB).

To understand the low Reynolds number aerodynamics, Genç et. al. in [14] and Park et.

al. in [15] conducted the experimental study to investigate the �ow over the NACA2415

and DAE51 airfoil respectively and the laminar separation bubble (LSB), transition and

reattachment �ow were investigated.

At low Reynolds �ows, studies have shown that the performance of �at plate is signi�-

cantly better than that of airfoils. Researchers have investigated the behavior of �at plate

(�apping wings) and airfoils in the low range of Reynolds number of< (104) and con-

cluded that the performance and characteristics of the �at plate to be superior [16]. Sunada

et. al. in [17] investigated the aerodynamics of various airfoils atRe= 4� 103 using tow-

ing tank facility. They found larger lift slope of �at plate with a thickness ratio of 5%

than conventional airfoils. Ford et. al. in [16] performed experiment on a �at plate using

towing tank by impulsively starting from rest at an AoA of 15� to study the unsteady �ow.

Leading and trailing edge vortex circulation was captured using quiver plots obtained us-

ing PIV.

2.1 Theoretical Background

2.1.1 Particle Image Velocimetry

Particle image velocimetry is an experimental technique to determine the velocity �eld of

�uid �ow by cross-correlating between images captured by the high-speed camera of the

tracer particles in a �uid.
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Figure 2.1: Particle Image Velocimetry Setup [11]

Figure 2.1 shows the basic experimental setup to carry out particle image velocimetry.

Its setup consists of a Laser - continuous or pulsed, light sheet optics – a combination of

cylindrical and spherical lens, a camera, and a post-processing unit.

(a) Light Source: The light source used in PIV is often a monochromatic light with

a high energy density which is then converted into a thin light sheet. The high

energy density monochromatic light can be obtained from Laser. Laser stands for

'Light Ampli�cation by Stimulated Emission of Radiation', which is achieved by

exciting material into a non-equilibrium state in which photons propagating through

a system are ampli�ed and emitted simultaneously. The main features to be looked

upon while selecting a laser for PIV includes good beam pro�le – for near, mid and

far-�eld, Gaussian beam intensity distribution, and hole-free intensity distribution.

The beam from the laser is converted into light sheet using the combination of

a spherical and cylindrical lens. Three different lens con�gurations: using three

cylindrical lenses (one lens with negative focal length), using two spherical and one

cylindrical lens, and three cylindrical lenses are used for this application [11].

(b) Seeding Particles:Seeding particles are used to track the �uid motion in a �ow.

These are small micron particles made from materials with same density as that

of the �uid. While carrying out PIV measurements, the distance covered by the

seeding particles in a small time intervalDt is measured by the cross-correlation

between different images. Therefore, the measurement accuracy is greatly affected

by the shape of seeding particles, their size, density ratio of the particle and the

liquid, and �uid viscosity.

(i) Relaxation time

It is the measure of the tendency of particles to attain velocity equilibrium
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with the �uid. For a spherical seeding particle, the relaxation timet s is given

by:

t s = dp �
r p

18m
(2.1)

A seeding particle with a low relaxation time and smaller diameter is preferred

for PIV applications [11].

(ii) Settling time

From stokes law the settling velocity of a particle can be expressed in terms

of the density difference between the particle and the �uid which is given as,

VT = gd2
p(r p � r f )=18m (2.2)

where,

VT = Terminal velocity of the particle

g = Acceleration due to gravity

dp = Particle diameter

r p = True density of particle

r f = Density of �uid

m= Dynamic viscosity of �uid

(iii) Light scattering behaviour

The light scattered by a particle is measured in terms of scattering cross section

Cs given as,

Cs = Ps=Io (2.3)

Where,

Ps = Scattered power

Io = Incident laser intensity on the particle

Also, [18] has given the variation ofCs as a function of the ratio of particle

diameter(dp) and incident light wavelength (l ) as shown in Figure 2.2
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Figure 2.2: Light scattering cross section as a function of the particle sizedp

[18]

The particles generally used in the case of liquid �ows are listed in the table 2.1

with their mean diameter.

Table 2.1: Seeding particles in liquid [11]

Type Material Mean diameter inmm

Solid Polystyrene 10-100

Aluminum �akes 2-7

Hollow glass spheres 10-100

Granules for synthetic coatings 10-500

Liquid Different oils 50-500

Gaseous Oxygen bubbles 50-1000

2.1.2 Particle Image Analysis

PIV requires a streneous amount of work on particle image processing to generate a cor-

rect velocity �eld. Many algorithms have been developed so far for carrying out these

task. These softwares are either proprietary or open source. The most widely accepted

software in scienti�c community for analysing particle image are PIVlab and openPIV.

Both of these software rely on the 3 steps given below:

(a) Image Pre-Processing:Image pre-processing is one major step in which some ad-

justment is made on the captured images. Sometimes the image is not perfectly

illuminated with tracer particles alone. Therefore, it needs to be adjusted for back-

ground image illumination, unequal illumination of particles, and out of plane par-

ticle illumination using image segmentation and morphological algorithms.
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PIVlab features various tools related to image segmentation to carry out this task.

These are:

(i) CLAHE

The contrast and brightness of digital photographs can be enhanced using the

common image enhancement method known as CLAHE (Contrast Limited

Adaptive Histogram Equalization) designed by [19]. The fundamental princi-

ple of CLAHE is to perform histogram equalization to each tile individually

after dividing the image into small sections or tiles. The key bene�t of CLAHE

over conventional histogram equalization is that it restricts the maximum pixel

intensity value for each tile, preventing over-ampli�cation of noise and main-

taining the natural appearance of the image. By clipping the histogram at a

speci�c threshold value, which is chosen based on the desired level of con-

trast enhancement, the maximum pixel intensity value is limited. The clipped

values are then evenly dispersed throughout the histogram after the histogram

has been equalized.

Figure 2.3: Image histogram before(left) and after(right) CLAHE

[19]

(ii) Highpass �lter

Highpass �lter are used to conserve the high frequency information and at-

tenuate the low frequency information in an image. The high frequency in-

formation in an image are mostly from seeding particles and low frequency

information are either background noise or surface re�ections. Therefore, it

helps to conserve only particle information in an image.

(iii) Intensity capping

Intensity capping is the method applied to the grayscale image in which the

intensity value of the pixel greater than the upper limit are replaced by the

upper limit. If Io is the grayscale median intensity of the image ands is the

standard deviation of the intensity values then the upper limit can be expressed
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asIo + ns where, n is user speci�ed constant. The value ofn = 0:5� 3 gen-

erally yields better results after cross-correlation but to choose the optimum

value, n should be selected depending on the experiment as shown in [20].

Their �ndings on intensity capping yields better result compared to min/max

�ltering, histogram equalization and CLAHE in terms of removing spurious

vectors after cross-correlation and increasing the measurement accuracy with

lower computational cost.

(iv) Wiener2 denoise

The Wiener2 algorithm is a digital image processing technique that removes

noise from digital photographs. It uses local �ltering, where each pixel is

processed individually. The local window surrounding the pixel is utilized to

calculate the local noise power and the signal-to-noise ratio (SNR). The local

noise power is estimated based on the intensity variation of the pixel values

in the window, while the SNR is calculated by dividing the local signal power

by the local noise power. The calculated SNR and local noise power are then

utilized by the Wiener2 algorithm to apply a �lter that minimizes the mean

squared error between the actual and estimated signals.

(v) Contrast Stretching

Contrast stretching enhances image contrast by increasing the dynamic range

of intensity values between the minimum and maximum values of the origi-

nal image. It achieves this by mapping the original intensity levels to a new

range of values that can fully use the dynamic range of the display device.

Both linear and non-linear functions can be used for this mapping. Linear

scaling maps the minimum and maximum intensity values of the original im-

age to 0 and 255, respectively, for an 8-bit image, and linearly extrapolates the

intermediate values to �t the new range. This is known as normalization. Non-

linear contrast stretching functions, like logarithmic or power-law functions,

can also be used to extend speci�c intensity values and offer better control

over the contrast enhancement process.

Apart from these algorithm, it also has the ability to subtract out the background

image by calculating the mean intensity of the image frames. Sometimes, the above

algorithms are not suf�cient to generate a noise free particle image therefore, it has

to be pre-processed before feeding it to the PIVlab.

(b) Cross-correlation of Particle Images: Cross-correlation is a technique used to

�nd the similarity between two signals or images. Cross-correlation can be used

in the context of image processing to determine how closely one image resembles

another or a certain pattern. Cross-correlation is the most important step for car-

11



rying out PIV analysis. Several cross-correlation algorithms have been developed

for PIV itself. PIVlab also features 3 PIV algorithms ie. FFT window deformation,

Ensemble Correlation, and DCC [21, 22, 23].

(c) Image Post-Processing:Results after the cross-correlation contains spurious vec-

tors that need to be removed and validated with other neighboring vectors before

any further analysis is to be made. PIVLAB features 2 post-processing meth-

ods (image based validation and velocity based validation) to carry out this task.

[21, 22]

2.1.3 Sources of Errors in PIV

(a) Tracer particles diameter

The optimum diameter of tracer particles to minimize the RMS uncertainty obtained

from cross correlation is about 2 pixels depending upon the interrogation window

sizes. Also, increasing the interrogation window size reduces the measurement

uncertainty [11]. This is shown in �gure 2.4.

Figure 2.4: Measurement uncertainty From Tracer Particle Diameter

[11]

(b) Tracer particles density

For a 32X32 interrogation window and particle diameter of 2.2 Pixels, the RMS

uncertainty is lower for highly seeded than low seeded �ow having same particle

displacement [11]. This is shown in �gure 2.5.
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Figure 2.5: Measurement uncertainty due to Tracer Particles Density

[11]

(c) Particle Displacement

Monte carlo simulation result demonstrate the effect of particle displacement on

measurement uncertainty as shown in �gure 2.6. For a particle shift greater than 0.5

pixels, there is linear increase in measurement uncertainty. Also the measurement

uncertainty is larger for larger particle diameter having same interrogation window

and smaller for same particle diameter but larger interrogation window [11].

Figure 2.6: Measurement uncertainty due to Particle Displacement

[11]

(d) Displacement gradients

The effect of displacement gradient on measurement uncertainty as shown in �g-

ure 2.7. In case of lower interrogation window, measurement uncertainty reduces

for highly seeded �ow. But for larger interrogation windows, measurement uncer-

tainty gets converged in both low and high seeded �ow if the displacement gradient

increases [11].
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Figure 2.7: Measurement uncertainty due to Displacement Gradient

[11]

2.1.4 Review on Aerodynamics

(a) Starting Vortex The formation of starting vortex is well explained by Kelvin's

Circulation theorem. The �uid particles at the trailing edge of airfoil attains in�nite

velocity (theoretically) for some instant of time and tend to curl up when an airfoil

dipped in �uid is initially brought to motion from rest. This small vorticity (curl of

�uid particles) spread downstream as the airfoil marches forward, thus forming a

vortex. This vortex is the starting vortex [24]. The major reason of the beginning

of circulation around an airfoil, and hence the generation of lift due to circulation,

is the formation of a growing vortex. The lift per span generated by the airfoil can

be calculated from Kutta-Joukowski theorem as:

L
0
= r ¥V¥ G (2.4)

Such vortices are also necessary for studying vortex behavior downstream of a �ow

obstruction. To see and investigate such vortices, many approaches have been used.

Aluminum tracer particles were utilized to visualize and photographically docu-

ment the formation of vortex eddies [25]. Dye was employed to visualise the cre-

ation of vortices behind wedge-shaped objects at various attack angles [26], while

spark shadow-graph method was use in [27].

(b) Low Reynolds Flow: Study of low Reynolds Number �ow is important for the

better understanding of micro air vehicles (MAVs). Several studies have been car-

ried out in order to better understand the low Reynolds number �ow. Sun et. al.

[28] demonstrated the �ow over 5% thick (of chord) �at plate at very low Reynolds

Numbers ranging from 1 to 200. They suggested that the �uid does not behave as

continuum at very low Reynolds number(Re< 10) as they have very high Knudsen
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number (ratio of mean free path of �uid particles to characteristics length of �ow).

As a result, rare�ed effects need to be considered due to which Navier-Stokes equa-

tion can't govern such �ows. However, for �ow with(Re> 10), Knudsen number

is comparably low and the �uid behaves as continuum and hence can be modeled

by Navier-Stokes equation.

Particulary, in our case we are interested with intermediate Reynolds number �ow

(104 < Re< 105) which we will term in upcoming literature as low Reynolds num-

ber �ow.

At this low Reynolds number range(104 < Re< 105), a simple geometrical �at

plate is more aerodynamically ef�cient than a scaled high Reynolds number air-

foil [29]. Furthermore, Winslow et. al. [29] implied following results from their

research:

• Cambered plate airfoils provide superior lift-to-drag characteristics than con-

ventional airfoils below Reynolds number 105.

• Thicker airfoils provide superior lift-to-drag characteristics than thin �at or

cambered plates above the Reynolds number of 105.

• Most airfoils' lift-to-drag characteristics cannot be expected to remain con-

stant when the Reynolds number decreases below 106.

• The Reynolds number has little effect on the performance of zero-cambered

�at plates.

Stevens et. al. [30] suggested that lift in low Reynolds number �ow is highly

effected by leading edge vortex (LEV) formation. They also studied the effect of

timescales needed to achieve steady state �ow starting from an airfoil at rest.

(c) Laminar Separation Bubble: At higher Reynolds number �ow(Re> 500000),

laminar �ow over �at plate is subjected to large pressure gradient and hence sep-

arates from the surface forming a shear layer. The shear layer, however, cannot

expand further because it gets energy from free stream and hence re-attaches as

turbulent boundary layer, thus forming a laminar separation bubble on the surface.

This boundary layer attaches along the surface till the trailing edge of the plate.

Such is the case for reasonable (low) angles of attack. However, for lower Reynolds

number �ow (50000< Re< 100000), the shear layer expands to larger bubble but

still gets enough energy from free stream to re-attach as turbulent boundary layer.

As a result, larger laminar separation bubble is formed. For even lower range of

Reynolds number(10000< Re< 50000), there is no �ow separation at lower an-

gle of attack. But as the angle of attack increases, the �ow separation point moves
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Figure 2.8: Flow over airfoil at low Reynolds number

forward towards leading edge and there is no re-attachment due to low energy of

the �ow [31].

(d) Ground Effects: Near the walls of the PIV setup, where �uid tend to remain still,

if brought into motion by moving the airfoil, a phenomena similar to ground effect

becomes signi�cant. Prothin et. al. [32] studied various effects of wall present at

different direction of a MAV rotor. He observed, both experimentally and computa-

tionally, that the force generated by the rotor and velocity �eld around it both varies

a little for different con�gurations of the rotor and wall.

2.1.5 Computational Fluid Dynamics

The integral form of governing equations for a �at plate in incompressible viscous �ow

are given as,

Momentum equation,

I
r ~v~v:d~A = �

I
pI:d~A+

I
t :d~A+

I

V
~FdV (2.5)

Continuity equation,
I

r ~v:d~A = 0 (2.6)

where I is the identity matrix,t is the stress tensor, and~F is the force vector. The above

equations can be solved using pressure based solvers available in ANSYS Fluent. It uses

projection method algorithm to split the operators into viscous and pressure terms and

hence solve the integral form of governing equation in each control volume

1. Discretization of the Momentum Equation

aPu = å
nb

anbunb+ å pf A:î + S (2.7)
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Second-Order Upwind Scheme for pressure interpolation at cell faces[33]: Pressure

value at the face is taken from upstream cell center pressure.

Pf = P0 + ÑP:~r (2.8)

whereP0 andÑP are the cell centered value and its gradient in the upstream cell.~r

is the displacement vector from upstream cell centroid to the face centroid.

2. Discretization of the Continuity Equation

Nf aces

å
f

Jf Af = 0 (2.9)

whereJf is the mass �ux through facef ; r vn. [33]

3. SIMPLE Algorithm: Following steps are taken to solve the discretized equation

using SIMPLE algorithm [34]:

• Start with guessed pressure and velocity �elds.

• Solve momentum equation to obtain new velocity �eld.

• Update mass �ow rates using new velocity �eld.

• Solve pressure correction equation using updated mass �ow rates to obtain

pressure correction �eld.

• Update pressure and velocity �elds to obtain continuity-satisfying �eld.
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CHAPTER THREE: METHODOLOGY

The �owchart depicting the methodology of the project is shown in �gure 3.1. The po-

ject is divided into two parts i.e.the design and building of the PIV setup (Phase I) and

conducting experiments and numerical simulations (Phase II).

Figure 3.1: Methodology Flowchart
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Figure 3.2 depicts a �ow chart that explains the complete procedure involved in a �ow

�eld measurement using PIV.

Figure 3.2: PIV Process Flowchart

(Source:”IITC - Recommended Procedures and Guidelines”)

Figure 3.3 illustrates the process involved in the numerical simulation.

Figure 3.3: CFD Process Flowchart

3.1 Fabrication of the Setup

3.1.1 Design parameters

(a) Tank and plate dimensions

Tank dimensions of 2 m x 0.5 m x 0.6 m were �xed initially and based on that

other parameters were calculated. The effect of blockage ratio is shown in [35].

The presence of wall will not have any effects on the pressure distribution and drag

coef�cient for the blockage ratios less than 6% [35]. So, the dimension of test

specimen (�at plate) was calculated considering the blockage ratio of 5% as shown
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below:

Aspect ratio=
b2

S1

S1 =
b2

AR
The cross section of tank is already �xed,

S2 = 0:5� 0:5 = 0:25

BR=
S1

S2
) 0:05=

b2

AR
0:25

) AR= 80b2

But also,

AR=
b
c

; where C= chord o f plate= 0:0763m

So;
b

0:0763
= 80b2 ) b = 0:16382m

And; AR=
b
c

= 2:147

The dimensions for �at plate obtained form the above calculation is tabulated be-

low:

Table 3.1: Dimensions for �at plate

Parameters Value Unit

Chord(c) 0.07634 m

Aspect Ratio (AR) 2.145

Span (b) 0.16375 m

Planform Area(S1) 0.0125 m2

(b) Maximum achievable speed

The maximum achievable speed is the speed at which the �at plate moves in the

stationery �uid. This depends on the type of actuation system and actuation power

of the motor. Due to the constraint on the power and availability of the stepped

motor, 42BYGHW811 Bipolar Stepper motor was selected. A gantry system was

then used to actuate the �at plate in �ow. Calculations for gantry system is tabulated

below:
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Table 3.2: Gantry system parameters

Variable Value Units

Required Speed 0.3 m/s

Pulley Diameter (D) 0.012 m

RPM of Stepper (N) 600 rev/min

Angular Velocity (w) 3769.911184 rad/min

Attainable speed 0.12 m/s

(c) Wagner and ground effects

Wagner effect on an airfoil occurs when it starts impulsively from rest. It causes

circulation around an airfoil and takes some time to die out. This can lead to in-

correct result therefore, needs to be considered. Figure 3.4 illustrates the wagner

function plotted in terms of distance traveled in semichords for a �at plate.

Figure 3.4: Wagner's function for an impulsively started airfoil in an incompressible
�uid.

3.1.2 CAD Model

The experimental setup was divided into 3 sub-assemblies: frame, tank and gantry system.

Each sub-assemblies were designed separately and �nal assembly of frame, tank and

gantry system were carried out.

(a) Tank

Tank was designed incorporating the parameters �xed initially. Tank material of
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glass and thickness of 10mm was chosen based on analysis results, cost and market

research.

(b) Frame

Squared channel rod was used for frame design. The length and width of the frame

were equal to the tank length and width. Other dimensions of frame can be found

in appendix.

(c) Gantry

Computer Aided Design of the gantry system assembly were carried out in CATIA

V5.

The overall assembly of the support, tank and gantry system was then carried out after

completion of their individual designs. This is shown in �gure 3.5.

Figure 3.5: PIV Setup Assembly

3.1.3 Structural Analysis

A structural analysis was performed on a 10mm thinckness tank to simulate the effect

hydrostatic pressure caused due to water. All the edges were �xed as a boundary condition

and hydrostatic pressure was assigned. Total deformation of 1.38 mm was observed at the

center of upper edge as shown in 3.6 and the maximum equivalent stress of 8.53 Mpa was

exerted on the lower �xed edge as shown in 3.6. The safety factor was calculated to be

15. Hence, 10 mm glass was �nalized for the fabrication.
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Equivalent stress Total Deformation

Figure 3.6: Tank FEM Analysis

Figure 3.7 illustrates all the results obtained from the analysis for various thickness of

glass.

Figure 3.7: Analysis Results

3.1.4 Electronics

The list of components used in the setup is shown in the table 3.3:

Table 3.3: List of Components

S.No Particulars Quantity

1 ESP8266 NodeMCU 2

2 Stepper Motor 1

3 L298N Motor Driver 1

4 Load Cell (1 Kg) 1

5 HX711 Ampli�er Module 1

Stepper Motor was controlled using L298N motor driver and ESP8266 NodeMCU. A
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graphics user interface was created using Blynk platform for controlling the direction and

speed of the motor which is shown is �gure 4.14. The code for the operation of the stepper

motor can be found on appendix section.

ESP8266 with L298N Motor Driver and

Stepper Motor
Graphic Interface on Blynk

Figure 3.8: Electronics setup and GUI

3.1.5 Tank Fabrication

The setup was fabricated on the basis of the cad model.

(a) Frame

At �rst, 1500mm long frame was fabricated and the support were added later at the

end.

(b) Glass Tank

Glass tank was made by gluing �ve glass sheets of thickness 10mm with silica gel.

The tank was placed on the rectangular table. A 18 mm thick ply wood was placed

and glass was placed on it to maintain the level. 2 alumiminum dye was made to

maintain the right angle position of side plates. Right angle clamp was used at the

corner edges and masking tape was used all over the edge to maintain the position.

Finally, after �xing the glasses in its position, silicone gel was put from inside and

it was let to dry for 24 hours.

Finally silicone sealant was place from outside another day for better hold. Thus

the �nal tank was fabricated.
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Fabricated Frame Fabricated Tank Model

Figure 3.9: Frame and Tank Fabrication

(c) Gantry System

Gantry system was fabricated using two 2100 mm long C-channel aluminium rail.

Door roller was placed in the roller to move the gantry head where the load cell and

�at plate is attached. Stepper motor was attached in the middle of two rail using a 2

mm sheet metal. Other end of the channel was supported using 3D printed model.

Gantry head was driven by 2GT 6 mm belt. Here the belt is �xed on the curved path

and is allowed to move freely on the straight path which allows the slider to move

on the channel.

(d) 3D Print

The �at plate for experimentation was resin printed which is shown in �gure 3.10.

Also the gantry slider and the end support for the C-channel was designed and

printed using polylactic acid (PLA).

Resin Printed Flat Plate PLA printed gantry head

Figure 3.10: 3D Printed Components

After completing sub-assemblies fabrication, those were assembled as shown in the �gure

3.11.
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