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Abstract

In this present work, the flow quantities have been extracted from experimental PIV data
obtained in a high-speed high-pressure turbine from the facility of Von Karman Institute
of fluid dynamics. The extraction of flow quantities starts from the data that has been
obtained in the form of hundreds of images. Before capturing the images, the flow field is
injected with the tracer particles and these particles scatter the light when the laser sheet
falls on them. These images are captured with the help of a high-speed camera when an
endoscope delivers the laser sheet to the region of interest and a plano-concave window
that provides the optical access for the measurement in the annular test section. After
the acquisition of PIV images, it is found that the image has lot of noise and background
reflections. Even the contrast of the images has to be improved. So, for the improve-
ment of contrast, two filters named CLAHE and the Min/Max intensity normalization
has been compared and provided with the result. In the case of background removal,
Sobel, Temporal and POD have been compared. Both these contrast enhancement filters
and the background removal filters are sensitive to noises. In contrast enhancement case,
they intensify the local noise and in the case background removal, they allow noise to
pass through the filter. It is important to have the denoising filter in order to improve the
signal to noise ratio. Hence, the Gaussian filter and the Bilateral filter are compared in
this case. After the image pre-processing, the images are then processed for the evaluation
of the velocity flow fields. A test matrix with different parameters like initial and final
window size, initial and final window overlap percentage, number of passes, peak to peak
threshold value etc., are altered or optimized in such a way to have the best output of
it. There are few uncertainties that are associated with the PIV evaluation especially the
out-of-the-plane (plane that is normal to laser sheet) velocity components are evaluated
in the present work. Finally, the PIV result is being compared with the available experi-
mental data (5 hole probe) and the CFD (RANS) predictions.

Keywords: PIV image Enhancement, PIV evaluation, High-speed high-pressure turbine,
Highpass filter, Lowpass filter, Contrast Enhancement
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1ii

Abstract in lingua italiana

In questo lavoro, le quantita di flusso sono state estratte da dati sperimentali PIV ottenuti
in una turbina ad alta pressione ad alta velocita dalla struttura del Von Karman Insti-
tute of fluidodinamica. L’estrazione delle quantita di flusso parte dai dati che sono stati
ottenuti sotto forma di centinaia di immagini. Prima di acquisire le immagini, il campo
di flusso viene iniettato con le particelle traccianti e queste particelle disperdono la luce
quando il foglio laser cade su di esse. Queste immagini vengono acquisite con l'aiuto di
una telecamera ad alta velocita quando un endoscopio fornisce il foglio laser alla regione di
interesse e una finestra piano-concava che fornisce I'accesso ottico per la misurazione nella
sezione di test anulare. Dopo 'acquisizione delle immagini PIV, si scopre che I'immagine
presenta molto rumore e riflessi di sfondo. Anche il contrasto delle immagini deve essere
migliorato. Quindi, per il miglioramento del contrasto, sono stati confrontati e forniti con
il risultato due filtri denominati CLAHE e la normalizzazione dell’intensita Min/Max. In
caso di rimozione dello sfondo sono stati confrontati Sobel, Temporal e POD. Sia questi
filtri di miglioramento del contrasto che i filtri di rimozione dello sfondo sono sensibili ai
rumori. Nel caso di miglioramento del contrasto, intensificano il rumore locale e nel caso
di rimozione dello sfondo, consentono al rumore di passare attraverso il filtro. E impor-
tante avere il filtro denoising per migliorare il rapporto segnale/rumore. Quindi, in questo
caso, vengono confrontati il filtro gaussiano e il filtro bilaterale. Dopo la pre-elaborazione
dell’immagine, le immagini vengono quindi elaborate per la valutazione dei campi di flusso
di velocita. Una matrice di test con diversi parametri come la dimensione della finestra
iniziale e finale, la percentuale di sovrapposizione della finestra iniziale e finale, il numero
di passaggi, il valore di soglia da picco a picco ecc., vengono alterati o ottimizzati in modo
tale da ottenere il miglior risultato. Ci sono poche incertezze associate alla valutazione
PIV, in particolare le componenti della velocita fuori dal piano (piano che & normale al
foglio laser) sono valutate nel presente lavoro. Infine, il risultato PIV viene confrontato

con i dati sperimentali disponibili e le previsioni CFD.

Parole chiave: Miglioramento dell'immagine PIV, valutazione PIV, turbina ad alta

pressione ad alta velocita, filtro passa alto, filtro passa basso, miglioramento del contrasto
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1 ‘ Introduction to PIV

1.1. Historical background

Human beings give high importance in observing the nature as it is very useful for the
survival. Human senses are well adapted to the moving objects because of its promising
food and even in some cases they save from danger. A qualitative measurement can
be made with a simple experiment like a piece of wood in the owing water that gives
a rough estimate in velocity of the owing water and also can provide the information
regarding the swirls, wakes behind any obstacles (if present), etc. The rst necessary
step beyond pure qualitative visualization was the ability to record the observed ow
patterns. The major breakthrough at qualitative visualization was made in the late 19th
century, early 20th century, when it was possible to store pictures or even movies by means
of photographic recording techniques. Noteworthy are the e orts of both ETIENNE
JULES MAREY and FRIEDRICH AHLBORN visualizing turbulence in air and water.

In particular AHLBORN describes two types of measurements. One with the help of
Aluminum powder or lycopodium seeds for surface ow visualization and the other with
the help of ash illumination technique where the sub surface particles are visualized in
a water tunnel with illumination through a narrow slit window. LUDWING PRANDTL,

one of the most prominent representatives of uid mechanics in the 19th century, a well-
known promoter and user of such ow visualization methods, who designed and utilized
ow visualization techniques in a water channel to study the unsteady separated ows
behind the wings and other objects following the procedures developed by AHLBORN.
One of the best examples similar to PIV was done by PRANDTL where in his experiment,
with the help of the ash lamp, he illuminated twice the surface of the uid within a short
interval of time to trace the particles at each illumination. Now, simply said, it is possible
to determine the local ow velocity from the local displacement of the tracer particles and
the time interval between the two illuminations.
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Figure 1.1: Position of tracers particles at two di erent instants of time, t1 and t2. Picture
taken from [19]

The sketch in Figure 1.1 exempli es this principle. This illustrates that the basic principle
underlying the quantitative visualization technique Particle Image Velocimetry (PIV)
have already been known for a long time [2]. In PIV, the motions of group of particles
are evaluated in order to determine the local velocity but it is also possible to track
a single particle over a known time interval. This approach is called Particle Tracking
Velocimetry (PTV) [14] or Lagrangian Particle Tracking (LPT). Shake-the-box is one of
the most advanced 3-dimensional Lagrangian Particle Tracking for densely seeded ows
at highest spacial resolution [21] [22]. The scienti ¢ and technical progress achieved in
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the recent decades in lasers, digital imaging and computer techniques was prerequisite to
further develop methods for qualitative ow visualization to such a stage that they can
be employed for quantitative measurements of complex instantaneous velocity elds.

1.2. Principles of measuring velocities

If the velocity of a moving object has to be measured, then the distance travelled by the
object and the time required to cover that distance is required. This is easy in case of an
object but not that easy in case of a ow because the gases as well as the pure liquids do
not contain moving objects that reveal the required parameters (distance and time) for
measuring the velocity of the uid.

Thus, many measurement techniques have been developed for addressing this issue such
that the ow velocity is measured indirectly using other parameters, such as:

" pressure (pressure probes),
"~ rotational speed (wind anemometer),
" heat transfer (hot Im, hot wire).

Since there are well established relations between the velocity and the above mentioned
parameters, the ow velocity can be determined easily. These indirect measurements have
their own advantages and disadvantages. The advantage is that these are very easy to use
and they are cheap. The major disadvantage is that they may disturb the ow or uid
properties, leading to the measurement errors and also they provide the results only at a
single location. In order to obtain the velocity eld, the probe must be traversed through
the ow eld. Since this traversing method requires some time to perform, instead of
getting the instantaneous velocity eld, only the averaged data is obtained. Therefore,
the structure of an unsteady ow eld (snapshot) cannot be obtained by such methods.

In order to overcome these di culties optical measurement techniques have been devel-
oped [26]. These optical measurement techniques allow us to place the sensors outside the
ow eld and capture the images of the whole ow eld of interest. These methods are
highly expensive in terms of equipment used and the techniques are quite complex. The
optical measurement techniques that are widely used needs tracer particles that follow
the ow motion faithfully and without disturbing the ow or the ow properties. So, by
measuring the position of these tracer particles in time, provides the velocity of the ow
eld indirectly.

The most important optical measurement techniques for the ow velocity exploit:
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" the displacement of tracer particles between two instants of time (Particle Image
Velocimetry (PIV), Particle Tracking Velocimetry (PTV)),

" the travelling time of the tracer particles between two light barriers (Laser to focus
(L2F)),

" the Doppler e ect, that relates the frequency shift of light that is being scattered
from the tracer particles and the speed of the moving tracer particles (Laser Doppler
Velocimeter(LDV), Doppler Global Velocimeter(DGV)).

1.3. Principle of Particle Image Velocimetry (PIV)

In this section, the basic features of Particle Image Velocimetry (PIV) measurement tech-
nique will be discussed brie y [4] [12]. Before that, let's have look at the experimental set
for the PIV technique since it has several subsystems.

A

Seeding: These are the tracer particles that are added to the ow.

lllumination: The added tracer particles have to be illuminated twice within a short
and known interval of time in a plane or a volume of the ow.

Recording: During illumination, the light that is being scattered from the tracer
particles has to be recorded either on two separate frames or on a sequence of
frames of a camera.

Calibration: Calibration is required in order to obtain a relation between the particle
displacement in the recorded image and the actual uid ow.

Evaluation: The displacement of particles in the recorded image between the two
light pulses has to be determined through PIV evaluation.

Post-Processing: In order to detect and remove the outliers (invalid measurements)
and extract complex ow quantities of interest, sophisticated post-processing is re-
quired.
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Figure 1.2: Experimental arrangement for planar PIV in a wind tunnel. This image has
been taken from [19]

The Figure 1.2 describes the experimental set up for evaluation of two components of
velocity in a ow eld in the wind tunnel [8] [9]. Before the ow enters the region

of interest, the tracer particles are added to the ow without disturbing it. Also the
tracer particles shouldn't alter the properties of the ow eld. The laser light sheet is
iluminated twice in the region for evaluation with short and known time period. The time
delay between the two pulses is already xed so that the only unknown for the evaluation
of velocities is the distance travelled by the particles. The light scattered by the tracer
particles is recorded via a high quality lens on two separate frames of a dedicated cross-
correlation digital camera. The outputs from the digital sensors are stored in the memory
of a computer.
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Figure 1.3: Representation of an interrogation window in a complete image and the
detection of peak for those two interrogation windows after cross-correlating. (The image
has been taken from seika digital images)

During the evaluation, the complete digital image in PIV recording is subdivided into
small areas called as Interrogation windows or simply windows (red and blue square's
in Figure 1.3). The size of the interrogation window depends on the user and the user
decides its size on the basis of the problem requirements. The local displacement vector
for the images of the tracer particles of the 1st and 2nd illumination is determined for
each interrogation area by means of statistical methods (cross-correlation). With the
help of the time delay that we xed between two illuminations and the displacement
that we obtained from cross-correlation, the velocity vectors are evaluated locally for that
interrogation window. The evaluation is repeated for all the interrogation windows in the
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PIV recording. With modern digital cameras, it is possible to capture more than 100 PIV
images per minute. If data is required for online monitoring which means that the data is
required at a very high rate, there are commercially available software algorithms which
perform evolution at reduced precision within some fractions of seconds.

Before looking further into the context, there are few parameters that are very important
in our case. Let's start with the multi-pass.

1.3.1. Multi-pass Filter

Usually there are few reasons for having the multi-pass Iter. One of the main reasons
for having the multi-pass lter is the requirement of the velocity gradient in the ow.
And also very few digital images with extremely high quality without any background
noise or re ection, doesn't require the multi-pass Iter. Other than that in general all
the PIV image evaluation require multi-pass lter. Multi-pass is nothing but number of
iteration that are provided by the user such that the instantaneous velocity eld (solution)
converges. Usually in all most all the cases in the PIV evaluation, 3 to 4 iterations or
multi-pass Iter would be enough. Since this multi-pass Iter is being used during the
process, there come few more lters named nal window size and nal overlap percentage.

1.3.2. Initial, nal: Window size and the Overlap percentage

Now let's look into what are these nal overlap percentage and the nal window size mean.
During a single pass lter, the interrogation window is the small area in the complete
resolution where the evaluation of PIV occurs between 1st and the 2nd digital PIV image.
Due to the usage of multi-pass lIter, for the same evaluation, there occur two types of
interrogation windows named initial window and the nal window. These window sizes
are chosen in such a way that the initial window has a larger area than the nal window.
During the multi-pass lter, the initial iteration occurs with the initial window size and all
the remaining iteration is being done with the nal window size. In the same way, due to
the presence of multi-pass lter, there occurs two overlap percentage named initial overlap
percentage and the nal overlap percentage. During the PIV evaluation of particles locally,
there are two interrogation windows that are used. So, overlap percentage means that the
percentage of 2nd interrogation window overlapping on the 1st interrogation window for
the better improvement of number of vectors while performing the PIV evaluation. And
since the multi-pass Iter is being used, the initial overlap percentage is performed on the
initial iterations and for all the other iterations, the nal overlap percentage will be used.
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1.3.3. Peak-to-Peak Ratio

Peak to peak ratio is also one of the important parameter that is being used in the
evaluation of PIV results. Basically this Iter is used majorly for the elimination of the
unwanted vectors or outliers from the result. Other than the extraordinary images that
has very least background re ection or noises (Figure 1.4 left image), almost all the PIV
images during the cross correlation throws multiple peaks in the considered interrogation
window.

Figure 1.4: Example representing the correlation map for describing the primary peaks
and the peak ratio. The image has been taken from [29]

In these multiple peaks, usually one will be having the utmost peak (primary peak in the
Figure 1.4) and all other will be having a peak which is less than the highest one. These
multiple peaks are formed because of background re ections in the image due to which
the cross correlation is happening between the non-same particles. These cross correlation
between the non-same particles throws an error in the evaluation of the vectors (known
as outliers) that has to be removed for the better results. This is being done by the peak
to peak threshold value. This value is provided by the user in the form of ratio between
the utmost peak and the peak that the user requires. So, after applying this Iter with
the value given by the user, all other peaks will be removed other than the provided value
from the evaluation which in turn removes all the outliers corresponding to those peaks.

1.3.4. Cross-Correlation Map

Cross-correlation map is one of the important parameter for evaluating the particle dis-
placement in the interrogation window. The instantaneous eld that we obtain in the
PIV evaluation for each window is the average velocity of that window.
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Figure 1.5: Figure representing the displacement peak and the peak due to noise in the
raw image. The image has been taken from the article [28]

Hence, a statistical method, usually correlation analysis, is used to acquire the particle
displacement. By computing the spatial auto-correlation for double-exposure single-frame
images or cross-correlation for double-exposure double-frame images, the location of the
displacement-correlation peak yields the average particle displacement. In the case of
cross-correlation, there is only one peak, the true displacement correlation peak, and no
directional ambiguity needs to be resolved. Repeating this procedure for all the interroga-
tion spots and dividing the displacement with the time delay between the two recordings
produce a raw velocity vector eld. But usually the raw images after capturing doesn't
have the excellent quality. This can be observed in Figure 3.1. The raw images has poor
contrast, background re ections etc,. Due to these types of poor quality, the correlation
map forms a wider peak(example Figure 3.5 where the wider peak can be observed in the
correlation map of non pre-processed window) due to which there will be a bias in the
displacement evaluated. In such case, for obtaining the accurate peak, proper image pre-
processing is required. And also, due to the noise in the images, there is a possibility to
have multiple peaks in the correlation map. This can be observed in the Figure 1.5 where
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one peak corresponds to the displacement peak and the other peak corresponds to the
noise. So in order to have an unbiased result for the displacement, proper pre-processing
methods should be used to eliminate the unnecessary peaks in the correlation map.
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2 ‘ Experimental Design and Setup

In the current thesis work, test facility CT3 at Von Karman Institute for Fluid Dynamics
Is being used, which is a high-speed short-duration turbine. This test facility can simulate
engine representative condition (shown in Table 2.1) [11].

Parameters Value

T esting time around 0.3 sec
Rotational speed 5926 RPM
Mach number 0.2t0 0.8

Reynolds number 0.5t034 10C°

Table 2.1: Parameters and their quantities that the test facility at Von Karman Institute
for uid dynamics can achieve which are similar to the engine operating conditions

In the blow-down tunnel, the PIV measurement technique has been installed so that now
it's easier to capture the instantaneous and whole- eld ow measurements. A schematic
representation of the test facility has been shown in the Figure 2.1. This blow-down
tunnel consists of three main components: the compression tube (upstream cylinder, 8m
long, 1.6m diameter, including a free moving piston of 70kg), the test section (consisting
the research turbine), and the dump tank (downstream reservoir). The compression
tube and the test section is separated by a fast opening shutter valve. The dump tank
remains downstream of the test section which is connected via an adjustable sonic throat.
There exists a settling chamber that is just before the test section used to stabilize and
homogenize the turbine inlet ow. The turbine inlet is designed such that it replicates the
outlet geometry of the combustion chamber. The test can house one-and-a-half turbine
stages with maximum external diameter of nearly 1m.

The shutter valve must me closed initially in order to isolate the test section from the
upstream cylindrical reservoir. The piston is at its initial position which is at the rear
part of the compression tube set to an initial pressure at ambient temperature. The
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test section and the downstream reservoirs are evacuated to vacuum, about 20-30 mbar
absolute pressure. With the help of an auxiliary air-driven power turbine, the turbine
rotor in the test section is spun upto 90-95 percentage of its nominal speed within about
400 to 500 seconds. The cold air from the high-pressure reservoir (14.2 ah 200-250
bar) will be injected at the back of the compression tube. With the help of number
of adjustable sonic throats, the opening of the main automatic valve (valve that injects
the cold air mass ow into the cylinder) is being controlled. The high-pressure air is
expanded at the back of the piston into a low pressure environment, giving raise to a
high supersonic jet. In order to prevent the supersonic jet to interact directly with the
piston, a metallic structure is being attached at the tube rear wall. When the pressure at
the back of the piston is one di erential above the upstream pressure, the piston starts
to slide along the tube, and thereby quasi-isentropic compression is performed between
the shutter valve and the piston. Once the required pressure is obtained, the shutter
valve opens discharging the pressurized and the heated air into the test section. Usually
the shutter valve opening time varies between 40 ms to 90 ms depending on the level of
di erential pressure between the tube and the settling chamber.

After the uid ow enters the settling chamber, the tracing particles are being inserted
into the ow eld.

Figure 2.1: Schematic representation of the short-duration compression tube turbine test
facility at Von Karman Institute for uid dynamics. The image has been taken from [3]

As soon as the ow enters the test section, the particles should be able to track the ow
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eld perfectly. These particles scatter the light from the laser sheet that is present in the
test section and provide the opportunity for camera to capture it digitally. After the test
section, the ow will be passed into the dump tank which is underneath the oor. The
above description was a short overview of the PIV measurement technique.

Figure 2.2: Sectional view of the test section that is being marked in the red box

Before looking further, let's look into the sectional view of test section. Figure 2.2 is
the sectional view of annular turbine test section. In the gure, it is shown a schematic
diagram in the test section for the single stage turbine that consists of a rotor and the
nozzle guided vane.

Selecting the appropriate tracer particles and the methodology for seeding these tracer
particles into the ow plays one of the major roles in the PIV measurement technique.
In order for the particles to trace the ow without or with least lag, the particles should
be of small size and density. However, the small diameter has a disadvantage of lower
intensity of light that is being scattered from the particles which in turn results in the
low signal to noise ratio while processing the image. In general, for a high speed ow,
the particles used are DI-Ethyl-Hexyl-Sebacat (DEHS) oil particles with diameter ranging
between 0.3 to 1 micro-meter. In the present study, the tracer particles used are DEHS
droplets with 0.9 micro-meter. These particles are generated by the Laskin nozzle. The
seeding is injected into the main ow with the help of three probes that are inserted in the
upstream of the nozzle guide vanes at di erent circumferential positions. These seeding
particles then pass through the test section with the ow resulting in the instantaneous
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elds with PIV planes. In addition, the rim sealing cavity ow that is purged between

the nozzle guide vanes and the rotor is also seeded as shown in the Figure 2.2. The total
mass ow of the seeding particles that are injected into the ow is less than 0.2 percent
of the main stream ow.

There exists an internal as well as the external windows that are mounted on the casing

in order to provide the optical access for a camera as shown in Figure 2.3. The internal
window has a curvature to match the annular ow path. Laser sheet is generated on the
tangential plane using the laser endoscope of 8mm external diameter. This endoscope is
inserted into the internal casing at the downstream of the laser stage using a slot originally
designed for probe measurements. The laser endoscope was designed and manufactured
especially for this kind of measurement where there exists an optical curvature during the
measurement process. The curved surface of the window causes the image distortion, as
it is one of the limitation of PIV [10]. But this limitation can be wiped o in multiple

ways.

Figure 2.3: Overview of optical access containing test section downstream of rotor row

In the left side of Figure 2.3, it is the diagram representing the optical access. In the
right gure, it is observed that the laser which is emerging from the laser scope creates
a sheet in the tangential direction. It is also important to note that the laser sheet not
only illuminates the tracer particles in the ow but also other components on its path
which includes casing surface, the blade at the very end of the sheet. All in turn creates
a huge problem as this gives a strong re ections in the digital image which will bias the
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displacement while calculating which in turn provides an error in the computed elds or
simply these background re ections yields more noise than the light that is being scattered
from the tracer particles. This e ect is addressed initially by coating the rotor blade and
other components with a matte-blank paint to minimize the re ections. But yet, it is
found that the re ections from the rotor surface are very strong. These sorts of problems
and how it is being dealt are discussed in the later sections.

Image calibration is required step for a PIV measurement. This calibration can be done
after or even before the image processing. The calibration scale is shown in Figure 2.4.
The calibration scale has been captured in the test section. The internal window was
covered with a black tape in order to eliminate the capturing of rotor blades in the
calibration image. This calibration is important because, this allows the measurement
calculated in the digital plane to convert into the real plane. This calibration scale is also
used to correct the calculations that have an error due to the image distortion present in
the captured images due to the curved internal window. The dots in the calibration scale
have a diameter of 1 mm and the distance between two dots is 2 mm. This calibration step
in our process is being performed before the image processing in the DAVIS 8.4 software.

In PIV measurement technique, Synchronization has to be done between the PIV systems
and the operational test rig. It Is one of the di cult task that has to be carried out. A
high-speed Phantom v2012 camera and a high-speed Quantronix DarwinDuo dual cavity
laser system were synchronized at 1 kHz acquisition frequency (laser output power: 20 -
25 W) by Stanford DG535 digital delay/pulse generators. The camera sensor resolution
is 1280 x 800 pixels with 28 micro pixel pitch. The particles to have enough displacement,
either it should have greater magni cation or it should have larger separation time. Since
the larger separation time can't be provided, camera equipped with Nikon AF Micro-
Nikkor 60 mm /2 8D lens, provides an optical magni cation of 0.56. The separation time
between two light pulses is 1.14 micro-seconds.

Before starting the PIV image processing, Di erent software has been analyzed for this
purpose. There are multiple software such as DAVIS, Dynamic Studio, Insight 4G,
PIVLab, OpenPiv etc., which are used for the image pre-processing and processing.
Taking into account few parameters like cost, availability, background noise reduction,
contrast enhancement, de-blurring, auto-masking, 2D/3D, ability to control camera and
laser, post processing etc., these software have di erent purposes. PIVLab is one of the
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Figure 2.4: Image of the calibration scale used for PIV evaluation

open-source software which is developed for the PIV image processing. But the drawback
with PIVLab is that it adds few lters automatically and there is no exibility with user
preferences. So, by comparing the most commonly used commercial software, in our case
DAVIS 8.4 has slightly better performance and also there is readily available license at
Von Karman Institute for Fluid Dynamics. Package in python known as openCV is also
used simultaneously with DAVIS 8.4. There are even bunch of software named FLUERE,
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Fluid Image, MPIV, JPIV, UVMAT and PIVMat that has been referred in few papers are
used in PIV processing. But there are no clear information about accuracy or reliability
of these software compared with the standard ones. So, in this present work, Python
(openCV), Matlab and DAVIS 8.4 are being used.






19

3 ‘ Image Pre-Processing

Over the years, digital particle imaging velocimetry (PIV) has evolved into a technique
that can be used in increasingly complex systems. The performance of this technique de-
pends on the quality of the image and post-acquisition signal processing. Image processing
is relatively simple if the original image quality is good, i.e. uniform illumination, good
contrast, low background noise, few stationary objects, suitable displacement of tracer
particles, etc. In practice, however, these conditions are not always satis ed. Due to the
di erence between the two lasers pulses, the laser intensity may vary between images or
image pairs, objects may introduce strong light re ections, and/or re ections from channel
walls in con ned ows may produce glow. This can be observed with the help of an exam-
ple. Look into Figure 3.1 where these gures are captured at adjacent time intervals. (here
the time series for capturing the images are (1st+2nd),(3rd+4th),(5th+6th),(7th+8th),

and so on.. Now the image (a) corresponds to 1st, (b) to 3rd, (c) to 5th and (d) to
7th). In all the images, the background re ections as well as the re ections from the
rotor blades can be observed, especially in (a), (b) and (d). It is di cult to observe the
particles due to low contrast in the images. There are several approaches in the literature
to address these issues. So, the initial way is the Image pre-processing. There are di er-
ent levels of image pre-processing. The three fundamental image pre-processing includes
Contrast Enhancement, Background Removal and Denoising (smoothening). These each
pre-processing step involves di erent sub types which changes with the type of problem
that is being addressed.

S.No Image pre-processing Name of the Iter Software/library used
1 Contrast Enhancement CLAHE Python (OpenCV)
Min/Max Intensity Normalization DAVIS 84
2: Background Removal Highpass(Sobel) Python(OpenCV) andDAV IS 8:4
Highpass (temporal) Python(OpenCV)
Proper Orthogonal Decomposition (POD) Matlab
3: Denoising  (smoothening ) Lowpass (Bilateral) Python(OpenCV)
Lowpass (Gaussian) Python(OpenCV) andDAV IS 8:4

Table 3.1: Table representing di erent image pre-processing with their respective lters
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Here in the present work, for Contrast Enhancement, CLAHE and Min/Max Intensity
Normalization are analyzed. Similarly for Background Removal and Denoising, High-
pass(Sobel), Highpass(temporal), Proper Orthogonal Decomposition (POD) and Low-
pass(Bilateral), Lowpass(Gaussian) are analyzed respectively. After analyzing individual
pre-processing methods, their combinations are also analyzed in order to have the best
output of the PIV images for Image Processing.

Figure 3.1: Figure representing the raw images(a-d) captured at the rst four consecutive
time intervals.

3.1. Contrast Enhancement

Contrast enhancement is one of the most required lter in the case of PIV images. In
general, the image intensity eld should consist of bright particle images, of nearly uniform
intensity, over a dark background to deliver an accurate measurement of velocity eld.
However, one of the common imperfections of PIV images are its weaker illuminations
which can a ect the accuracy of the measured velocity elds. In order to overcome such
imperfections, [2] suggests that there are two possible ways of enhancing the contrast.
They are Min/Max intensity Normalization and CLAHE.

3.1.1. Min/Max intensity Normalization

After dividing the image into certain number of windows, the minimum and maximum
intensities are identi ed for each widow. Then for each pixel in the image, it is considered a
neighboring window through which the minimum and maximum intensities are identi ed.
Now the local pixel intensities are re-scaled with respect to the considered local range
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