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1. INTRODUCTION

This project deals with the measurement of pressure loss and analysis of homogeneity of velocity
fields in the inner channel of the gas meter model. The aim of the diploma thesis is to search for
measuring methods suitable for measuring pressure loss and analysis of velocity fields in flow

channels, to design a measuring stand and to perform and evaluate measurements.

In order to design gas flow meters properly, it is necessary to establish the physical laws governing
the fluid flow in the flow channel. Fluid flow in circular and non-circular pipes is commonly used in
heating and cooling applications and fluid distribution networks [1]. The fluid in these applications
is mostly forced to flow by a fan or pump through a flow section. Previous studies have proposed
pressure drop correlations between the friction factor and Reynolds number for the central channel,
which is then used to determine the pumping power requirements [2]. Also, in a typical piping
system, the pressure drop value for minimum flow rate condition is greater than the pressure drop
for the maximum flow conditions [2]. Typically, this happens when the fluid comes into contact
with the surface of the duct. Typically, two types of pressure drop: primary losses and secondary
losses. Primary losses are where some layers rub up against others — laminar flow — or friction
among particles — turbulent flow. Whereas Secondary losses occur at transitions of the duct — where

it narrows or expands — and in all kinds of accessories: valves, dampers, elbows, etc. [1]

Generally, pressure drops and flow measurements depend on the density of the gas, which is a
function of pressure, molecular weight, and temperature. For the same mass flow rate, pressure
drop increases as density decreases. Lower gas density results if pressure or molecular weight is
lower or if temperature is higher [3]. The flow velocity of the fluid in a pipe basically changes from
zero at the surface when we assume a no-slip condition to a maximum at the pipe centre. In fluid
flow, it is convenient to work with an average velocity which remains constant in incompressible
flow when the cross-sectional area of the pipe is constant. The average velocity in heating and
cooling applications may change somewhat because of changes in density with temperature. But, in
practice, the fluid properties at some average temperatures are evaluated and treated as constants.
Additionally, the instantaneous measurement of the velocity field is of great interest to fluid
mechanic research as it enables to reveal the complete topology of unsteady coherent flow

structures. [3]



Accurate measurement of a gas meter has become extremely important to companies involved in its
transmission and distribution over the last decade. The main reasons for this are the increasing cost
of energy, the mutual desire for fair dealing between the buyer and the seller and the increasing
involvement of the institutions. Furthermore, it’s important to note that, metering is directly
involved in determining the financial resources of gas companies and also, the measured flow
values are one of the key issues to detect leaks in pipe systems. Therefore, technical factors such as
pressure drop that affect the flow patterns of fluids through the meters are of great importance to the
industry and should be investigated and analysed [1]. Perhaps the most widely used flow metering
principle involves placing a fixed area flow restriction of some type in the pipe or duct carrying the
fluid. This flow restriction causes a pressure drop which varies with the flow rate; thus,
measurement of the pressure drop by means of suitable differential-pressure pickup allows flow-rate

measurement.

2. LITERATURE REVIEW

A lot of research has been made in the past dealing with the flow measurement of pressure loss and
analysis of homogeneity of velocity fields by optimization and proper usage of particle image ve-

locimetry (PIV). Some of the research articles related to this Master thesis are discussed below.

B.W. van Oudheusden [4] deals with PIV-based pressure measurement. The journal contains dis-
cussion about the methods to extract pressure fields from flow velocity field data, that were typical-
ly obtained with particle image velocimetry (PIV), by combining the experimental data with the
governing equations. According to the presented paper, Accuracy aspects are discussed in relation
to the most dominating experimental influences, notably the accuracy of the velocity source data,

the temporal and spatial resolution and the method invoked to estimate the material derivative.

B. Wieneke [5] studied the PIV uncertainty quantification and beyond. The expression of the uncer-
tainty of vorticity, mean value, Reynolds stresses and others were derived. The paper presented that
the uncertainty of the vorticity requires the knowledge of the spatial correlation between the error of
x- and y-displacement, which depends upon the measurement spatial resolution. The uncertainty of
statistical quantities is often dominated by the precision uncertainty (due to the finite sample size)
and decreases with the square root of the effective number of independent samples. Monte Carlo
simulations were conducted to assess the accuracy of the uncertainty propagation formula and
showed the accuracy of the estimated uncertainty for varying testing conditions (sample size, signal
under the assumption of a Gaussian velocity error distribution, variance, and error correlation). Ani-

sotropic denoising post-processing scheme was presented which uses the uncertainties to compare
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the local flow gradients in order to devise an optimal filter kernel for reducing the noise without
suppressing true small-scale flow fluctuations and preserving true velocity fluctuations above the

noise level.

L.M. Giovannetti, J. Banks, S.R. Turnock, S.W. Boyd [6] discussed uncertainty assessment of cou-
pled digital image correlation and particle image velocimetry for fluid-structure interaction wind
tunnel experiments. In this paper a wind tunnel-based method was used to quantify the structural
behaviour, and fluid response, of a flexible aerofoil under fluid loading. The technique measured
the deflection of the structure, with high-speed stereoscopic digital image correlation (DIC). The tip
vortex position was measured using high resolution stereoscopic PIV. The accuracy of the two full-

field optical measurement systems was quantified and the effect of optical interactions is assessed.

J. Dekowski, M. Kocik, J. Podlihski, J. Wasilewski, J. Mizeraczyk, L. Wilczyhski, J. Kanar, and J.
Stasiek [6] discussed experimental investigation of the velocity field in the flow around a ship hull
model using PIV. The research revealed the sensitivity and accuracy of measurements that Con-
cerned the experiments and proved that the PIV method perfectly met the requirements specified for
ship hull model testing. The flow patterns obtained also showed that the use of the PIV technique
served as the valuable source for further flow analysis as well as for numerical algorithms verifica-

tion.

W. Shen, F. Song, X. Hu, G. Zhu and W. Zhu [7] discussed the experimental study on flow charac-
teristics of gas transport in micro- and nanoscale pores. The research revealed that the flux of gas
flow through the nanopores is larger than the Hagen-Poiseuille (H-P) equation by more than an or-
der of magnitude, and thus the (H-P) equation considerably underestimates gas flux. It was discov-
ered that in nanoscale pores, Knudsen diffusion and slip flow coexist, and that their contributions to
gas flux grow as the diameter shrinks. The slip flow increases with the decrease in diameter, and the
slip length decreases with the increase in driving pressure. Furthermore, the observed gas flow re-
sistance in nano pores is lower than the predicted value, and the flow resistance lowers as the diam-
eter shrinks, which explains the flux increase and the appearance of a significant slip length at the
nanoscale. These results provided insights into a better understanding of gas flow in micro- and na-

noscale pores and enabled accurate predict and actively control gas slip.

T. Araki, M.S. Kim, H. Iwai, and K. Suzuki [8] investigated gaseous flow properties in microchan-
nels experimentally. Gaseous flow frictional resistance in a trapezoidal-cross-section microchannel
was shown to be lower than in a conventional-sized channel. This reduced frictional resistance in

microchannel was caused by the rarefaction effect due to extremely small dimensions of flow pas-



sages and by using Maxwell’s first-order slip boundary condition; they were well able to predict the

mass flow rate through microchannel and the friction constant.

N. Fujisawa, K. Nakamura, F. Matsuura and Y. Sato [9] investigated experimental methods for
evaluating pressure fields in a microchannel flow using pPIV measurement in conjunction with the
pressure Poisson equation. The mean velocity field in microchannel junction flows with bifurcation
and confluence was measured by a uPIV system, which consisted of a CCD camera and a micro-
scope with an in-line illumination of white light from stroboscopes. By traversing the focal plane
within the microscope's depth of focus, the planar velocity fields at various cross-sections of the
microchannel flow were observed. By solving the pressure Poisson equation with the experimental
velocity data, the pressure contour in the microchannel flow was determined. The findings revealed
that the pressure field in the microchannel junction flow closely matches the pressure field in the

microchannel junction flow.

R.D. Keane and R.J. Adrian studied the methods of optimization of two pulses [10], planar PIV.
The paper presented discussions about the crucial parameters required for the PIV system and for
the motion of fluid. According to the discussion, six important parameters are important during the
performance and optimization of PIV. Particle image density, relative in-plane image displacement,
relative out-of-plane image displacement, velocity gradient parameter, and ratio of mean image di-
ameter to interrogation spot diameter are the parameters. The study was conducted about the pa-
rameters in relation with the case of autocorrelation interrogation and the dimensionless parameter
was studied with the help of Monte Carlo simulation and the criteria for optimization were present-

ed.

G.E. Elsinga, B.W. van Oudheusden and F. Scarano [11], this paper deals with experimental as-
sessment of tomographic-PIV accuracy. Tomographic-accuracy PIV was tested experimentally us-
ing measurements of a circular cylinder wake flow at Rep = 2700, with light sheet thicknesses of
particles and seeding densities varying from 0.01 to 0.1. The precision of the 3D particle reconstruc-
tion as well as velocity measurement were both taken into account. The experimental setup consist-
ed of four-camera imaging system with a maximum angle between viewing directions of the same
line and a slit to set the light sheet thickness and to sharply define its position in depth. The accura-
cy of the measured velocity was assessed by a comparison with Stereo-PIV. The mean and RMS
velocity were found to coincide within 0.5m/s and 0.3 m/s, respectively (corresponding to 0.30 and
0.18 voxel particle displacement). Furthermore, reconstruction noise or ghost particles were discov-

ered to have just a minor impact on cross-correlation.



3. THEORETICAL DESCRIPTION [12]

This section delves into the theoretical explanation of fluid dynamics, which is a critical component

and the foundation for experimentation. The fluid utilized in the experiment is gas.

3.1. Newtonian Fluid

When subjected to a shear stress, a fluid is described as a substance that undergoes continuous
deformation. The fluid's resistance to deformation is primarily quantified in terms of the fluid
property known as viscosity.

Only if the viscous forces from the flow are linearly proportional to the rate of strain is a fluid
Newtonian. The viscosity tensor of a Newtonian fluid must be constant and independent of both
stress and strain. While no real fluid exactly follows the Newtonian model, routinely used liquids
and gases, such as water and air, are considered Newtonian. As a result, at a given temperature,
Newtonian fluids have constant viscosity. The viscosity of Newtonian fluids is unaffected by the
rate of change of shear stress. Air, water, glycerol, oils, a wide range of fluids, mineral oil, and
gasoline are examples of Newtonian fluids. The behaviour of a Newtonian fluid is depicted in the

diagram below.

oy

slope =1

Fate of shear, du

Shear stress, 7

Newtonian Fluid

Figure 1: Behaviour of a Newtonian fluids [12]

For an incompressible Newtonian fluid, the relation can be given by the equation below as,
r=—p* 1
> (1)

where, T (N) is the drag experienced in the fluid (shear stress), u is the viscous tensor, which is the

. ) du . ) . . )
shear viscosity of the fluid and, ﬁ is the velocity component derivative relative to the displacement

in perpendicular direction.



External forces generated by the surrounding fluid will affect a flowing liquid or gas element,
including forces like viscous stress, which can produce flow disruptions and may be evaluated

quantitatively using the above equation.

3.2. Reynolds Number

The geometry, surface roughness, flow velocity, surface temperature, and fluid type all play a role
in the transition from laminar to turbulent flow. Osborne Reynolds found in the 1880s that the flow
regime 1s mostly determined by the ratio of inertial forces to viscous forces in the fluid. [13] The
viscous force will try to keep the flow motionless and stable. The inertial force, on the other hand,
will try to push the fluid, causing oscillations and instability. [14] For internal flow in a circular

pipe, this ratio is known as the Reynolds number.

__Inertialforces _ UgygD _ pugygD

Re

2)

- Viscousforces 9 u

3.3. Hagen-Poiseuille (H-P) equation

The Hagen—Poiseuille equation, or sometimes known as the Hagen—Poiseuille law, Poiseuille law or
Poiseuille equation, is a physical law that gives the pressure drop in an incompressible and
Newtonian fluid for a laminar flow flowing through a cylindrical pipe of constant cross section. The
law shows that flow rate increases with pressure difference, and decreases with pipe length or fluid
viscosity. Meaning the more pressure that is applied to the fluid at the pipe opening, the faster the
fluid should flow. The longer the pipe or the stickier the fluid, the harder it is to get the fluid to
flow. Its worthy noting that the result of the Hagen-Poiseuille equation is that flow rate increases
with the fourth power of the radius. Therefore, pipe diameter has a big impact on how easily fluid

flows down a channel. [16]

Ap = 2L )]

R4
Where AP = pressure difference between the two ends, p = dynamic viscosity, L = length of pipe, Q

= volumetric flow rate, = = pi, and R = pipe radius.

3.4. Bernoulli's equation

Pressure, velocity, and elevation are all balanced by Bernoulli's equation. This equation explains
how the speed of a fluid relates to its pressure. Places of higher fluid speed will have less pressure

than points of slower fluid speed in a horizontal flow of fluid. [15]

1 1
p1+5pui+ pghy = p, +;pui + pgh, )
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Where p is the fluid density, g is acceleration due to gravity, p; is the pressure at elevation 1, u; is
velocity at elevation 1, h; is height at elevation 1, p, is pressure at elevation 2, u, is velocity at

elevation 2, and h; is height at elevation 2

4. EXPERIMENTAL DESCRIPTION

Explanation of the process of experimentation using Particle Image Velocimetry, types and
methods, their limitations, process of analysis using obtained results are explained in this section. In
this Master thesis, Planar PIV is used for capturing the two-dimensional images of velocity fields

with two components and then pressure based PIV is evaluated.

4.1. PRINCIPLES OF MEASUREMENT

Flow measuring methods

There are many pressures and velocity-based measurement techniques available today. An
important consideration when selecting a measurement technique for an experimental or research
topic is that, the best methodology largely depends on the specific problem being addressed. Below
is a description of just a few.

Pressure measurements are frequently recovered pointwise, such example with pressure taps or
Pitot tubes. It takes time, effort, and money to instrument wind tunnel models using pressure
sensors [17]. For example, single-point measurement techniques, such as Laser Doppler
Velocimetry (LDV) or Hot Wire Anemometry (HWA), are usually the proper choice when flow
statistics need to be accurately determined. On the other hand, a “multi-point” technique, such as
Particle Image Velocimetry (PIV), is necessary for the measurement of instantaneous distribution of
vorticity, in order to capture the dynamics of eddy structures in turbulent flows. However, when
limited optical access makes the use of PIV impractical or laborious (e.g., propeller inter-blade
flow, rudder-propeller interaction), LDV may be better suited to measure steady and periodic flows.
The velocity dynamic range, spatial resolution, and frequency responsiveness, as well as more
practical factors like the volume of data to be managed, facility occupancy, and processing time, all
influence the methodology choice for a given application [18]. The experimentalist or researcher
should carefully consider the pros and cons of each measurement technique, both from the point of
view of its ability to analyse the phenomenon and measure the flow quantities of interest and from

the point of view of the overall complexity and cost of implementation. Often, the result of this
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analysis is a trade-off between conflicting requirements and constraints, which might involve both
technical and practical issues.

1. Flow visualisation technique: it is based on one of two basic principles, the introduction of
tracer particles or the detection of flow related changes in fluid optical properties. In gas flows,
smoke, helium-filled “soap” bubbles, or gas molecules made luminous by ionizing electric spark
have served as tracers. Shadowgraph, schlieren, and interferometer techniques [1] employ, in
different ways, the variation in refractive index of the flowing gas density. For compressible flows
(Mach number above 0.3), density varies with velocity sufficiently to produce measurable effects.
More recently, the optical pressure-sensitive technique, known as pressure-sensitive paint (PSP) has
been developed, which relies on the application of a pressure-sensitive luminescent. [19] [20]

2. For velocity field measurements relating to fluid flows, PIV is now regarded as a key
experimental technique. The technique helps to produce quantitative visualizations pertaining to the
instantaneous flow patterns, which are usually employed for supporting the validation of numerical
simulations or the development of phenomenological models pertaining to complex flows.
Therefore, it is the aim of this research to come up with suitable methods for; measuring pressure
loss, analysis of velocity fields in flow in channels using the Particle Image Velocimetry (PIV)

technique and to thereafter, design an evaluable measuring stand.

4.1.1. Particle Image Velocimetry (PIV) method

Particle image velocimetry (PIV) is an optical non-invasive technique method of flow visualization
used in modern experimental fluid mechanics and research, that utilizes a predefined laser plane to
illuminate tiny particles dispersed throughout the fluid in quick succession. PIV is mainly used to
obtain instantaneous velocity measurements and other properties in fluids. The difference in particle
location between successive photographs can be used to estimate the velocity of each particle in the
photos, and hence the flow field over the entire imaging area. [21] PIV setup consists of a high-
speed camera, a high-power multi-pulsed laser, an optical arrangement to convert laser output light
to a light sheet, and a synchronizer that controls the synchronization between the laser and the
camera, as well as seeding particles that are added to the flow and the operating flow channel. [6] A
PIV software is used to post process the recorded images, dividing with the known time between
the two images captured, the displacement vectors are converted into a map of so-called raw
velocity vectors. For faster calculation of correlations, FFT-processing is used. PIV is based on the
Eulerian method for measuring the velocity fields. This technique has the advantage of providing

measurement over a large area in a short period of time.
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Figure 2: A typical PIV measurement set-up.

4.3. METHODS OF PARTICLE IMAGE VELOCIMETRY

The type of PIV varies depending upon the number of cameras and the kind of data measured

during the experiment. Below is description of the types of PIV;
4.3.1. PLANAR PIV

The classical Planar PIV technique can be defined as a two-dimensional (2D) measuring technique
and can only measure two components in the plane of the illuminating laser sheet pertaining to flow
velocity vectors. Due to the perspective transformation, velocity vectors’ out of-plane component
gets lost, while an unrecoverable error impacts the in-plane components. [20] Since single camera
is used, the calibration of the plane can be done easily and less time consuming compared to
stereoscopic and tomographic PIV. An optic fibre cable or a liquid light guide connects the laser to
the lens system. The experimental setup of planar PIV consists of a single camera, laser optics, host
computer, synchronizer and the test channel with the fluid and tracer particles. The fluid and tracer
particles are poured into the test channel. The laser light sheet is made to align with the field of
view, so as to illuminate the particles to get a better visualization. The camera is then focussed on to
the field of view, with the calibration done. The experimental setup is completed and the system is
ready to capture the images. Depending on who is conducting the research, images are acquired
with various ranges. Depending on the needs, these images are then post processed to provide

relative velocity fields, pressure, and vorticity.
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Figure 3:Experimental Setup of Planar Particle Image Velocimetry [22]

4.3.2. STEREOSCOPIC PIV

The stereo PIV technique is recognized as the easiest and most easy approach for simultaneously
measuring all three components pertaining to velocity vectors in the laser illuminating plane. It uses
two cameras at varied view axes or considers an offset distance to provide stereoscopic image
recording (as illustrated in Figure 4). Reconstruction of all three components linked to the velocity
vectors in the measurement plane is possible by matching the respective picture segments pertaining
to the two cameras' image planes. Stereo PIV measurements have a substantially higher in-plane
spatial resolution than tomographic PIV and 3D-PTV observations. With respect to the measuring

plane, thousands of flow velocity vectors can be provided. [23]

Figure 4: Stereoscopic PIV based on the principle of stereoscopic imaging [22]
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4.3.3. HOLOGRAPHIC PIV

Holographic PIV [24] (as shown in Figure 1.4) employs holography techniques to record image,
which allows determining all three components associated with velocity vectors for the entire vol-
ume of fluid flow. Amongst the current PIV techniques, HPIV gives the highest measurement preci-
sion as well as spatial resolution [25]. However, HPIV is also regarded as being one of the most
complex PIV techniques, which needs considerable investment for optical alignments and equip-
ment as well as requires developing advanced data processing techniques. Much effort is still need-

ed to practically apply HPIV as a PIV technique for different complex engineering applications.
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Figure 5: Experimental setup of HPIV

4.3.4. TOMOGRAPHIC PIV

TOMO PIV (tomographic particle image velocimetry) is a three-dimensional, three-component
(3D3C) velocimetry technique. With the help of this method, illumination of a tracer-particle field
is achieved volumetrically, which is also concurrently images from different viewing angles, while
inferring of the 3D Mie-scattering field is done through tomographic reconstruction based on the
simultaneous particle images which is performed with the MART algorithm, yielding a 3D array of
light intensity discretized over voxels. The subsequent tomogram pairs are split into interrogation
boxes (IBs), and the average particle displacement is projected through cross-correlation. Thus, T-

PIV renders rapid 3D3C measurements of the fluid velocity field.

The feasibility and promise of the proposed system with four cameras are demonstrated in a com-
puter simulated experiment of a 3D particle motion field depicting a vortex ring as illustrated in

Figure 6.
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Figure 6: Principle of tomographic-PIV [26]

4.3.5. MICRO P1V

Micro PIV is flow measurements related to microfluidic devices which have been restricted to the
flow’s bulk characteristics, like bulk velocity, wall pressure and specific impulse (for micro-
nozzles). Critical parameters to be considered during and before experimentation are the selection
of cameras, optics, laser and seeding particles. It can present two dimensional two components’ sys-
tems like the planar PIV and two-dimensional three component systems like the stereoscopic PIV.
PIV methods are preferred for nano-scale and micro-scale fluid mechanics as these allow avoiding

Brownian motion along with high seeding density.



Figure 7: Micro PIV setup [22]

4.4. BASIC ELEMENTS IN PIV TECHNIQUE

The basic elements which should be considered in implementing the PIV technique are as follows
4.4.1. Seeding

The correct choice of seeding particles is critical to the successful execution of PIV. Seed particles
should be small enough to follow the flow being measured, but large enough to generate a strong
scattering signal or to allow reflecting each of the measured velocity vectors. Other factors to con-
sider are, particle size, density, shape, composition, and concentration are important factors when

selecting seed particles.

The handling of commonly employed particles is not easy since most of the liquid droplets get
evaporated quickly. Dispersion of solid particles is difficult since these are likely to get agglomerat-
ed. The particles need to be frequently flow introduced once prior to the entry of the gas region into
the division test. The introduction process needs to be executed without disturbing the flow, for
most of the current disturbance relating to numerous experiments research is not strong enough to
adequately blind the particles with the liquid, therefore, particles need to be introduced through
some openings. Tracer introducer such as rakes that have many small pipes with many little holes,

are frequently used. Thus, there is a need for particles that could be easily transported inside small

pipes
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The ability of a particle to follow fluctuations in the flow depends on the particle’s aerodynamic
diameter (d,) which, in turn, depends on the particle’s geometric diameter (dy) and density (p) ac-

cording to the following equation:
d,=dg Vp )

When d, (aerodynamic diameter) is smaller, it has a higher frequency response and is better able to

follow rapid flow fluctuations.

To have a Maximum number of PIV vectors or LDV data rates, its required to have a highest scat-
tered light intensity from seed particles. This can be achieved by optimizing the particle surface
properties and relative refractive index. Basically, a greater relative index of refraction and larger
geometric particle size both help improve signal strength. i.e., the refractive index of water is con-
siderably larger than that of air. Particle scattering in air is at least one order of magnitude more ef-

fective than in water for particles of the same size.
4.4.2. Imaging

There are two types of PIV recording modes: (1) methods that capture the illuminated flow onto a
single frame, and (2) methods that produce a single illuminated image for each illumination pulse.
These branches are referred to as single frame/multi-exposure PIV (put a figure for illustration) and
multi-frame/single exposure PIV (put a figure for illustration), respectively. [19] The principal dis-
tinction between the two categories is that the former method, without additional effort, does not
retain information on the temporal order of the illumination pulse the reconstructed displacement
vector now has a directional ambiguity. This requires the development of a number of strategies to
account for the directional ambiguity, including displacement biasing and so-called image shifting
(i.e., using a rotating mirror or birefringent crystal), pulse tagging or colour coding 1. Multi-
frame/single exposure PIV recording, on the other hand, is the method of choice if the technological
conditions can be accomplished because it intrinsically retains the temporal order of the particle im-

ages. Also, in terms of evaluation, this method is far more straightforward.

Light scattering particles are introduced to the flow via Particle Image Velocimetry (PIV). With a
small time, interval t, a laser beam is shaped into a light sheet that illuminates seeding particles
twice. Two consecutive frames of a high-resolution digital camera are used to record the scattered
light in 2D-PIV. Stereo-PIV uses two cameras with different observation angles to measure the flow

velocity in the light sheet's third (out-of-plane) component.

Each camera's particle picture is segmented into small interrogation windows for velocity calcula-

tion. Cross-correlation is used to determine the average particle displacement inside an interrogation
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window, followed by the localization of the correlation peak. The velocity components are calculat-
ed using the known time difference t and the measured displacement in each direction. Self-
Calibration processes handle perspective correction, distortion compensation, and image mapping
of the two viewpoints. Higher accuracy and spatial resolution are achieved using advanced multi-

pass picture deformation algorithms.

4.5. UNCERTAINTY OF PIV TECHNIQUES

Methods and techniques used in PIV, some systematic errors may occur and should be considered
when working with PIV systems. PIV limitations depend on size of the particle, velocity of the

flow, and saturation of the seeding particles.
4.5.1. Dynamic range

Performance of PIV can be valued by the measurement of parameters such as Velocity dynamic
range and spatial resolution. Dynamic range describes the kinematic flow properties which covers
the basic of fluid dynamics. Absolute dynamic range is defined as the relative difference between
maximum and minimum measurable range in the interrogation area. Since the flow can take place
in both directions, the motion of minimum velocity means the minimum speed in opposite direction

to maximum velocity.

Challenges to overcome during the measurement of velocity dynamic range, [27]

1. Velocity dynamic range is restricted due to the loss pairs caused by the issue be-
tween interrogation window size and in-plane displacement.

2. Underestimation of velocity gradients occurs due to the finite interrogation window
because of the dependence between accuracy and spatial resolution

3. Peak locking occurs when the particle image sizes are smaller than two pixels or
having poor spatial resolution. The phenomena of having discrete displacement val-
ues due to the dependence of displacement estimation on the peak interpolation func-
tion are called peak locking.

4.5.2. Lost pairs

Lost pairs are the critical errors in PIV, which are caused when the particle leaves an interrogation
area or enters an interrogation area between consecutive light pulses. Because of this lost pair, there
is a chance of lonely particle in the second image, which can cause error during average velocity
measurement. When dealing with turbulent flow or with high velocity, there are higher chances of

the particle leaving the interrogation area, which causes the velocities with small gradients to have a

19



greater influence during averaging calculation. This type of gradient error is known as error of ve-
locity taking down to zero.

4.5.3. image saturation

Saturation can be poor, medium and strong. Recommended value of saturation particle is 5 per in-
terrogation area for cross correlation and 10 particles per interrogation area for autocorrelation.

4.5.3.1.Poor saturation
The efficiency of this saturation is effective if the evaluation range is not more than a single part.
The determination of average displacement is simpler, but in reality, it becomes unsuitable because
of the uneven spreading of the particles, where some particles are clouded in particular evaluation
and missing of particles in other. Therefore, the information obtained from the images will be in-
complete.

4.5.3.2.Medium saturation
Sufficient particles are spread along the evaluation area, so that each evaluation area gets the re-
quired number of particles. In such case, the information on the velocity field can be easily achieved
without any difficulties because of the complete information. The average displacement of all parti-
cles is determined by the use of an algorithm. This type of saturation is widely used by the re-
searchers.

4.5.3.3.Strong saturation
When you have a higher saturation, it is not possible to distinguish between individual particles, and
every evaluation area becomes clouded. The image of average displacement shows a cluster of par-

ticles in the flow field. Because of this, the problem of insufficient lighting may occur.

Figure 8: a. Poor saturation; b. medium saturation; c. Strong saturation [28]

4.6. MEASUREMENT ACCURACY

Main limitation for measuring accuracy includes pick-up technique, lasers and the equipment used

for analysing. To get a better result from the experimentation, it is necessary to choose the reliable
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size of interrogation areas. Measurement accuracy, which means increasing the spatial resolution,
this can be attained by increasing the vectors needed in a single interrogation area. For eliminating
the errors by lost pairs, it is suggested to choose interrogation areas which are considerably large.
Further errors can be restricted by the use of certain techniques like overlap, window function, off-
set, filters, etc. These applications cannot present any new information to the calculated results, but

eliminating the errors for a better visualization.

4.7. POST-PROCESSING OF PIV DATA

After the images are captured by the cameras, it will be stored in the host computer using software,
which is to be further processed to obtain the results. Post-processing of PIV generally includes fol-

lowing five steps.

4.7.1. Validation of raw data

Once the images are captured and stored, it can be able to view the raw data to check for errors.
Raw data usually contains certain amount of uncertain velocity gradients that can be detected from
naked eye. Because it is a time-consuming process, some kind of algorithm have to be developed, to
be able to do it automatically. Validation of the raw data can be important because of the ability to
remove certain images which can be identified as defects and will remove the error of handling im-
proper information.

4.7.2. Replacement of improper data

PIV post-processing techniques require thorough information data fields to process the images to
vectors. Such techniques cannot identify the vectors in the area of data drop-out, and leaves empty
spaces in the result. Improvements can be made to create an algorithm for limiting this error.

4.7.3. Data reduction

Processed data are either reduced or grouped into pairs for analysis, since the algorithm cannot han-
dle all the vectors altogether. Some of them include averaging, conditional sampling, and vector

field operators.

4.8. ANALYSIS
Critical part of PIV post-processing is so much concentrated on analysis, as this can depend on the
usage of the user to obtain the results. PIV is the first technique to deliver data about instantaneous
velocity fields. And ever since, it has been an area of research in the field of fluid dynamics. Some

of the analysis techniques include proper orthogonal decomposition and neural networking.
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4.9. PRESENTATION OF THE INFORMATION

Wide ranges of software have been used for the purpose of presenting the PIV data. It can be pre-
sented in a varied form such as contour plotting, colour mapping, vector and scalar fields, graphical
representation of numerical values. It is helpful for the PIV user to achieve and compare the results.

It is even helpful in three-dimensional PIV data, which is difficult to analyse by any other method.

4.10. APPLICATIONS OF P1V

The application of PIV ranges from micrometres to meters depending on the phenomena, research
purposes alone cover 70%, medical industries, automotive, chemical, and aerospace covers 30%.
Some application includes but not limited to;
1. One can observe the flow inside blood vessels as well as the flow in rivers, ocean currents
and cloud fields.
2. Biomedical researches wind tunnel, towing tanks for water flow visualization, flame visuali-

zation, and nozzles, etc.

5. EXPERIMENTAL SETUP

The experimental setup in this Master thesis for visualization of flow of the fluid using (PIV)
Particle Image Velocimetry was done in several stages,

o Channel arrangement

e Seeding the particle tracers

e Illumination system

e Camera for capturing the images

o Host computer for post processing

5.1. CHANNEL ARRANGEMENT

For the purpose of this master thesis, the test section used is a transparent cylindrical pipe cross
section DN8O, which is parallelepiped by joining with four elbow joints with special adhesives and
fasteners. The Channel is fitted with pipes (Imeter each) on both sides from entry and exit for the
fluid to flow along the channel. A vacuum cleaner was used to initiate the fluid flow in the channel,
it was connected from exist point with a flow control meter to control the air flow and then seeding

particles were introduced in the channel from entry side and sucked by the vacuum cleaner and
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therefore, the flow was said to be in suction regime. The temperature of air during the experiment

was found to be around 26 degrees Celsius. Below is the image of the experimental setup.
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Figure 9: Experimental setup

5.2. PARTICLE TRACERS

Generally, for a gaseous flow, both liquid and solid particles can be used as tracers. For the purpose
of this thesis, the LaVision Aerosol Generator which generates a polydisperse aerosol by atomizing
liquids into particles in the submicrometer range was used, which sustained a counter pressure of up

to 10 bar.

Figure 10: Aerosol Generator [22]
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5.3. ILLUMINATION SYSTEM

IMlumination system used for the purpose of this thesis was composed of light source (laser) and
optics. Lasers like Argon-ion laser and Nd:Yag laser are mostly used for the illumination purpose in
PIV to emit monochromatic light with high energy density which can be made into a light sheet for
illuminating the tracer particles inside the test channel. This sheet of light can be achieved by a set
of spherical lenses and a cylindrical lens which is made to incident on the area to be interrogated.
The cylindrical lens expands the laser light into a plane, whereas the spherical lens converts the
plane into a thin sheet. This laser sheet is incident on the area with a centimetre before the cylinder
test section pipe (at the outlet) and 30-50 centimetres after the cylinder pipe test section (at the inlet)
for visualization process. During the adjustment of light sheet, the lens of the camera should be
covered with their caps in order to avoid the damage of the camera. Light sheet is adjusted manually
to be in a straight line with the field of view, during calibration and during experimentation. It is
done by using a detector or viewing card to bring it to the lowest possible thickness. Laser used in

this experiment is double-pulsed Nd:Yag laser.

5.4. CAMERA FOR CAPTURING IMAGES

sCMOS (scientific Complementary metal-oxide-semiconductor) LaVision camera was used in this
process of planar PIV. sCMOS cameras are used for its high noise immunity and relatively low
static power consumption. As this is a planar PIV, one camera is used to visualize the flow of gas in
the channel to measure the 2 dimensional 2 components of velocity vector. The camera can be used
to capture two frames at high speed within few hundred nanoseconds as mentioned in the Table 1
below. Because of the capturing of two frames, the system uses cross-correlation analysis for
processing of the images. Specific lenses have been used to capture the images like cylindrical lens,
lens with band pass filter. The camera and the lasers have been mounted using rails and mounting
parts, and a sliding three axis gear head. The focussing of the camera to the field of view is done by
viewing the image at the computer and adjusting the aperture and the focus on the camera. A
calibration sheet is used to calibrate the PIV prior to the measurements. The light sheet is aligned
with the calibration sheet which is kept in the same position as the field of view. The calibration
sheet consists of white dots in a black background in a perfectly machined surface for a better

visualization purpose.
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5.5. HOST COMPUTER

The computer system from LaVision uses dual quad-core 64bit processing unit. It contains the
LaVision’s internal Programmable Timing Unit (PTU), a synchronizer from LaVision, which is used
to trigger the laser and camera from the computer, which is operating the hardware using the
software. The photos acquired from the experiment are captured, stored, and processed using DaVis

FlowMaster 10.0.4 software.

6. EXPERIMENT METHODOLOGY

The experiment was conducted after the channel was checked for leakages; laser light aligned to the
field flow, and the calibration have been done. Visualization of flow in the channel was recorded for
five different flow rates. The flow was recorded with the highest flow rate of 69 metres cubic per
hour and lowest flow rate of 4 metres cubic per hour. 300 images were captured for each cylinder

for all five flow rates. The images were combined using cross correlation and post processed.

Table 1: Variants of flowrates used for the experiment. Shows the variants of flowrates used for

the experiment.
Flow rate used: 69 m°/h
Volumetric flow rate:  0.019 m>/s

Cross sectional area of the test section: 0.0050207 m>

Volumetric flow rate 0.019

Velocity of the flow = = =3.8m/s
y Cross section Area 0.0050207

Table 1: Variants of flowrates used for the experiment.

VARIANT Vo1 V02 V03 V04 V05
FLOWRATE 69 34 26 8 4
(m*/h)

FLOWRATE | 0.019166667 | 0.009444444 | 0.007222222 | 0.002222222 | 0.001111111
(m*/s)
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MEAN
VELOCITY

(m/s) 3.817528764 | 1.88110113 1.4384891 | 0.442612031 | 0.221306015

Pressure characteristics of the elbow used for connecting the two test sections is between (10 -12

Pa) for the velocity of 3.8 m/s as seen in the Figure 13 below,
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Figure 11: Pressure characteristics of the elbow used [29]

6.1. ROLE OF PRESSURE FROM PIV

For the purpose of this thesis, pressure base PIV was used during the experiment. Pressure from
PIV reconstructs pressure fields from velocity fields in case of incompressible flow and the
resulting pressure fields connote dynamic aspects of fluid flow in addition to kinematic aspects of
velocity fields. As a well-known method reviewed by Van Oudheusden, pressure field evaluation
from PIV data requires two sequential steps: pressure gradient computation from velocity field and

its spatial integration by means of Poisson equation [4].

6.2. ADVANTAGES OF PRESSURE BASED PIV

There are few good, unique and important features of Pressure from PIV.

» It only takes minimum effort to define boundary condition.

* In pressure from PIV Temporal continuity of pressure is inherently enforced by the new algorithm.
This reliably prevents unphysical fluctuation in the computed pressure fields, often visible for less
sophisticated single time-step methods

* Pressure from PIV is able to consider an irregular measurement domain, the shape of the domain
may even change in time, which are often caused by illumination limitations or image masking, for
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example due to reflections or obstacles in the flow. Note that only the largest cluster of grid points,

connected to each other, is regarded as a computational domain.

6.3. LIMITATION AND RESTRICTION OF PRESSURE-BASED PIV

In order to utilize Pressure from PIV appropriately, Caution was taken with regard to the following
features.

* Out-of-plane motion: In 2D-PIV and Stereo-PIV systems, a spatial derivative of the third velocity
component cannot be considered. Therefore, pressure results are not reliable when a large out-of-
plane motion exists.

 Spatial and temporal resolution: The pressure gradient is internally calculated from discretized
velocity data, which is discretized not only in space (by a grid spacing Ax = Ay = Az) but also
discretized in time by the time interval between acquisitions (At) for the instantaneous pressure
operation. Therefore, smaller structures than the grid size and higher frequency characteristics
cannot be recognized. Note that the observable minimum size and maximum frequency of flow
structures follow the Nyquist limit.

» Time-averaged pressure: Fully-converged Reynolds stress fields are required for the RANS
equation to determine accurate average pressure. Typically, it can be achieved by averaging a large
number of velocity fields, but the required number depends on a flow characteristic. In a practical
viewpoint, Reynolds’s stress fields can be assumed to be fully-converged, if two average fields,
which are obtained from the first half and the second half of the entire data set respectively, are
nearly identical or at least very similar.

* Instantaneous pressure operation requires time-resolved data. Do not apply the operation to
velocity fields that are not continuous in time (e.g., from low repetition rate double pulse
recordings).

* Instantaneous pressure: It is recommended that the maximum displacement should be smaller than
the final window size. The motion of fluid parcel can be assumed to be on an artificial trajectory. At
the neighbouring time steps, i.e. —At and +At from the reference time step, the fluid parcels along

the trajectory should stay within a reasonable range in order not to lose consistency.

6.4. SEQUENCE OF OPERATION

Pressure from PIV is integrated as a group of processing operations in DaVis 10. To perform a

Pressure from PIV analysis, the following sequences were performed

27



1. Selected a velocity set as an input and add a processing operation, by selecting the processing
group pressure from PIV, an entry in Operation list.

2. Set air as a working fluid where the solver recognises density and dynamic viscosity which are
computed based on a specified Temperature under the standard state

3. Set solver options: Selected the time-averaged pressure processing option for the purpose of this
thesis.

4. Set a boundary condition: As described earlier, a pressure field is reconstructed by solving a
Poisson equation which spatially integrates a pressure gradient field. It means that at least one
reference pressure value must be specified prior to solving the Poisson equation. Pressure from PIV
deals with the reference pressure in terms of a boundary condition. Pressure from PIV has three
boundary condition options: (a) specify an average pressure, (b) Bernoulli’s principle, and (c)
specify pressures at points. For the purpose of this thesis option (b) Bernoulli’s principle was used
as it gave more realistic solutions. This option requires free-stream velocity and pressure values and
a sampling region. Entire pressure values are uniformly adjusted to make average pressure (p.y,) and
average velocity (u,,) of a selected sampling region (area for 2D, volume for 3D) satisfy

Bernoulli’s principle.
1
Pavg = Po t+ 2p (u%o - uﬁvg) (6)
5. Select a range of the input data and execute: since 300 images where captured the selected range

was 1 to 300 and an increment of 1. Then, started processing which executed Pressure from PIV

with the given selected range.
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7. RESULTS AND ANALYSIS

Results were calculated for Pressure from PIV with the given Selected range and the images were
post processed using DaVis FlowMaster 10.0.4 software. The results were analysed for the five
flowrates and eight positions selected for both the input and output test sections and average

pressure values computed.

7.1 RESULTS OF VELOCITY FIELDS FOR INLET AND OUTLET TEST

SECTIONS
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Figure 12: Velocity fields, velocity against position for the inlet test section at 0.019 m’/s.
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The figure above shows the graphical representation of velocity fields for the inlet test section at
0.019 m?s. it shows how the velocity is distributed in the test channel and has can been seen the
highest velocity in the flow channel is 0.04 m/s and lowest is — 0.28 m/s. The negative velocity is
caused by errors due to particles which are not tracked or lost and create what is termed as ghost
particles. The maximum velocity is much on the lining of the channel and the minimum spread
evenly mostly on the middle of the channel. The velocity vectors clearly show that the flow in the

test section is from bottom to top.
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Figure 13: Velocity fields, velocity against position for outlet test section at 0.019 m’/s.
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The figure above shows the graphical representation of velocity fields, for the outlet test section at
0.019 m?/s, has you can notice the highest velocity in the flow channel is 0.04 m/s and lowest is —
0.25 m/s. As the gas particle move and collide with another and against the elbow the velocity
vectors clearly shows that the flow in the test section is from top to bottom, thereby agreeing with
the basic laws of flow since the diameter of the two cross section testing section are the same.

(Continuity) conservation of mass.

7.2 PRESSURE FIELDS FROM VELOCITY FIELDS.

As earlier mentioned, Pressure from PIV reconstructs pressure fields from velocity fields. Below

are the two pressure fields for the inlet and outlet test section for the highest flow rate;
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Figure 14: Pressure fields for the inlet test section, pressure against position.

The figure above shows the pressure fields for the highest flowrate of 0.019 m?/s reconstructed from

the velocity field of Figure 12. The pressure fields are evaluated from the velocity fields using the
31
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pressure-based PIV — Bernoulli’s equation with the high pressure of 1.3 Pa and lowest of -0.7 Pa. A

fluid always flows from a higher total energy zone to a lower total energy zone.
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Figure 15: Pressure fields for the outlet test section, pressure against
As can be seen the highest pressure (9 Pa) is just near the top entry for the outlet test section, this
could be because as the fluid moves some change in momentum is observed as the gas particles hits
into the elbow and also due to change in direction. When the gas moves as a whole, the measured
pressure changes in the direction of the movement. The gas’s ordered motion provides an ordered
component of momentum in the motion’s direction. This fluid momentum is associated with an
additional pressure component known as dynamic pressure. The total pressure is equal to the sum of
the static and dynamic pressures, as stated by Bernoulli’s equation, and is measured in the direction

of motion

32



During my evaluation I took the average pressure values greater than zero because the zero values

were not important for the purpose of this thesis.

........
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Figure 16: Pressure values at point 1 showing the reason of leaving out zero values and
averaging values above zero to get the pressure at point 1.

After evaluation of the average pressure values for eight selected points from both the inlet and
outlet test section for the all the five measured flowrates, the relation of pressure against position
was plotted and the figure below shows the pressure decreasing as we move from bottom to top
from the inlet side and top to bottom from outlet side. The positive value of change in pressure (dp)
indicates that the inlet pressure is greater than the outlet pressure, so pressure will decrease by 0.09
Pa from position 1 to 2, drops by 0.2 Pa from position 2 to 3 solely due to the change in elevation of

the fluid as it flows uphill as can be seen in the graph and table below;

Table 2: Pressure at different positions for different variants

POSITION | V01 (Pa) V02 (Pa) V03 (Pa) V04 (Pa) | V05 (Pa)
1 7.310846 1.830066 1.08680875 8.45B-02 | 2.43E-02
2 7222817 1.793173 1.053584938 8.03B-02 | 2.39E-02
3 7.005699 1.740317 1050269719 8.16E-02 | 2.30E-02
4 6.8764 1.696275 1050202813 790B-02 | 2.24E-02
5 5.558177 1.347416 0.936937375 745B-02 | 2.10E-02
6 4.957529 1.227426 0.731005398 6.81E-02 | 2.00E-02
7 5.452666 1.211101 0.646977 6.73B-02 | 1.99E-02
8 5243176 1.190235 0.605248795 6.57B-02 | 1.96E-02
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PRESSURE VS POSITION GRAPH

PRESSURE (Pa)

Figure 17: Pressure against position
The figure 20 below shows points 1-4 for the inlet test section, from the first elbow. Points 5-8 are
for the outlet test section, same distances. The data was then sorted in the flow direction. The

dimensionless pressure was calculated, which is the pressure value divided by the maximum for

each flow rate (inlet velocity). Below shows the relationship

Table 3: Dimensionless pressure for different variants

POSITION Vo1 V02 V03 V04 V05

1 1 1 1 1.00E+00 1.00E+00
2 0.987959123 0.979840618 0.969429936 9.50E-01 9.84E-01
3 0.958261055 0.950958599 0.966379521 9.66E-01 9.47E-01
4 0.94057514 0.926892801 0.966317958 9.35E-01 9.22E-01
5 0.760264544 | 0.736266342 0.862099587 8.81E-01 8.62E-01
6 0.678106063 0.670700401 0.672616408 8.06E-01 8.21E-01
7 0.745832425 0.661779958 0.595299771 7.96E-01 8.18E-01
8 0.717177738 0.650378183 0.556904603 7.7T7E-01 8.04E-01
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Figure 19: Pressure against flow rate

The graph above shows the resulting pressure drop for the gas at 26 degrees Celsius over a range of

flow rates for the 80 mm diameter cylindrical pipe test section.
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8. CONCLUSION

From the presented results the highest measured pressure is about 9 Pascals which is close to
pressure characteristics of the elbow used (i.e.., 10 Pa - 12 Pa for the velocity of 3.8 m/s). we can
also conclude that, a fluid always flows from a higher total energy zone to a lower total energy
zone. When the gas moves as a whole, the measured pressure changes in the direction of the
movement. The gas’s ordered motion provides an ordered component of momentum in the motion’s
direction. This fluid momentum is associated with an additional pressure component known as
dynamic pressure. The total pressure is equal to the sum of the static and dynamic pressures, as
stated by Bernoulli’s equation, and is measured in the direction of motion. It’s worth noting that a
fluid’s pressure drop is proportional to both the velocity value and the gradient of the velocity. The
form of the dynamic pressure in Bernoulli’s Equation is determined by solving the momentum
equation. A drop in pressure can be caused by a change in elevation; an increase in velocity can be
caused by a change in velocity. The overall effect will be determined by the magnitudes of each
alteration. If the change in elevation or velocity results in a pressure increase larger than the static
pressure of the fluid, it is possible that the static pressure of the fluid actually increases from input
to outlet. Therefore, we can conclude that the pressure-based PIV can be used to evaluate pressure

drop in a channel.

8.1. RECOMMENDATIONS

1. When setting boundary condition option for using the Bernoulli’s principle, the free-stream
velocity and pressure values and a sampling region should be accurately measured and inputted. A
selection of the sampling region should be a stable free-stream-like flow. It means that the averaged

velocity of the region should not differ by more or less than 15% of free-stream velocity.

2. Stereoscopic PIV should be employed because Planar PIV has some inherent errors during data
capturing due to the perspective transformation, velocity vectors’ out of-plane component gets lost,

while an unrecoverable error impacts the in-plane components.

3. Errors caused by reflections should be addressed during data collection; an alternative for internal
flows is to construct a model with flat external walls (e.g., a model machined from a rectangular

block using acrylic plastic).

4. Measurement should be done with higher flow rates (at least above 0.007 m’/s) because for lower

flow rates it is difficult to clearly see fluid property changes for pressure-based PIV. Basically,
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because you have low density in seeding particles (see picture for velocity and pressure fields for

the lowest flowrate at the appendix)
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APPENDIX 1

VELOCITY AND PRESSURE FIELDS FOR THE OUTLET TEST SECTION
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APPENDIX 2

VELOCITY AND PRESSURE FIELDS FOR THE INLET TEST SECTION
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