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Abstract

In the current study, the four most common Particle Image Velocimetry (PIV) cross-correlation
algorithms were evaluated by measuring the displacement of particles in computer generated
images. The synthetic images were employed to compare the methods since the particle diameter,
density, and intensity could be controlled, removing some of the uncertainty found in images
collected during experiments, e.g., parallax, 3-D motion etc. The most important parameter
that was controlled in the synthetic images was the particle motion. Six different displacement
functions were applied to move the particles between images: uniform translation, step, sawtooth,

sinusoid, line source and line vortex.

The four algorithms, which all use the fast Fourier transform (FFT) to perform the cross-
correlation, were evaluated with four criteria; (1) spatial resolution, (2) dynamic range, (3)
accuracy and (4) robustness. The uniform translation images determined the least error pos-
sible with each method, of which the deformed FFT proved to be the most accurate. The super
resolution FFT and deformed FFT methods could not properly measure the infinite displace-
ment gradient in the step images due to the interpolation of the displacement vector field used
by each method around the step. However, the predictor corrector FFT scheme, which does
not require interpolation when determining the interrogation area offset, successfully measured
the infinite displacement gradient in the step images. The smaller interrogation areas used by
the super resolution FFT scheme proved to be the best method to capture the high frequency
finite displacement gradients in the sawtooth and sinusoid images. Also shown in the sawtooth
and sinusoid images is the positional bias error introduced by assuming the measured particle
displacement occurs at the centre of the interrogation area. The deformed FFT method produced
the most accurate results for the source and vortex images, which both contained displacement

gradients in multiple directions.

Experimentally obtained images were also evaluated to verify the results derived using the syn-
thetic images. The flow in a multiple grooved channel, using both water and air as the fluid
medium in separate experiments, was measured and compared to DNS simulations reported by
Yang [1]. The mean velocity, average vorticity and turbulent fluctuations determined from both

experiments using the deformed FFT method compared very well to the DNS calculations.
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Chapter 1

Introduction

1.1 Motivation and Scope of Research

Flow visualisation is one of the most fundamental techniques employed to study the motion of
a fluid. Particles placed in a flow can produce qualitative information about a fluid flow on a
large scale and the results can be used to produce valuable insight into the mechanics governing
flow behaviour. The desire to quantify this behaviour brought about the development of various
velocity measurement tools, such as the three-cup anemometer, pitot-static probe, cobra probe,
hot-wire anemometer and non-intrusive laser based techniques, such as Laser Doppler Velocimetry

(LDV).

LDV was developed to measure the velocity of particulate within a small control volume. The
ability to provide temporal velocity information and its compatibility with the turbulent nature
of flows through Reynolds averaging made LDV a common fluid measurement technique. The
LDV technique [2, 3, 4] improved with time as the errors were identified and were either corrected
or minimised to allow for its use in complex flows. To this day it is generally accepted as being

one of the most accurate techniques available to measure the velocity of a fluid flow.

LDV allows for the measurement of velocity at a single point so the average vector field can only

be determined after the individual measurements are assembled. As such, each measurement
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point becomes independent in time and the entire vector field can only be assembled for steady
flows. The desire to measure instantaneous spatial velocity data over an entire flow field prompted

the development of Particle Image Velocimetry (PIV).

1.2 Particle Image Velocimetry

PIV is a natural extension of the flow visualisation techniques typically used to qualify the nature
of a flow. The premise behind PIV has existed for some time but it wasn’t until the required

technology matured that it could be realistically applied to measure the velocity of a fluid flow.

With PIV, a planar light sheet is used to illuminate a nearly two-dimensional cross-section of a
flow, which contains tiny particles (Figure 1.1). As particles pass through the light sheet they

are illuminated and imaged using a digital or film based recording device placed normal to the

Seed Particles

\ .
- Measurement

window

2D Laser sheet —»

Laser

. f Charged Coupled
Cylindrical lens Device (CCD)

Flow with seed camera

particles

Figure 1.1: PIV Overview
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light sheet. Figures 1.2a and 1.2b show typical images for experiments conducted in water and

in air respectively.

Two or more successive images are recorded by a camera that captures the positions of the seed
particles at two instances in time. The distances traveled by the particles between the two images
are determined. These seed particles are generally assumed to follow the flow so the velocity of the
flow is then determined by dividing the measured particle displacement with the time separation
of the two images. Multiple velocities are found throughout the image, creating an instantaneous

2-D velocity vector field.

1.2.1 Different Types of Pulsed Laser Velocimetry

Many different methods may be used to determine the displacement of the seed particles. The
choice of methodology typically depends on the number of seed particles contained within an
image. Adrian [5] divided the methods into three different groups: laser speckle velocimetry
(LSV), low density PIV and high density PIV. Due to the relative accuracy of low and high
density PIV, as well as the difficulty in obtaining the necessarily high seeding density required
for LSV, it is no longer widely used, but has been described in detail by other authors [5, 6].

Low Density PIV - Particle Tracking Velocimetry

Low density PIV, also known as particle tracking velocimetry (PTV), is employed when the
seeding density is low enough that individual particles can be identified. With PTV, individual
particles are tracked between images and a velocity vector is produced for each particle. For PTV
to work effectively, the seeding density must be below a set limit, which is based on two criteria.
The first is that the neighbouring particles do not occlude, i.e. overlap, in the image plane. This
ensures that individual particles can be identified. The second criteria for the density limit of
PTYV is that the displacement between images by the particles must be less than the mean spacing
between the particles. This allows the assumption that the particle in image 1 will be matched

to its closest particle in image 2.
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(a) Water

(b) Air

Figure 1.2: Typical seeded PIV images (60mm x 40mm) for (a) water using Pliolite as seed

particles and (b) air using mineral oil for seed particles
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Some PTV algorithms use a hybrid of PTV and high density PIV [7, 8, 9, 10, 11, 12]. High
density PIV is first performed to determine an estimate of the large scale velocity. PTV is then
performed to find the exact displacement of each individual particle using the large scale velocity

as an estimate when searching for the matching particle in the second image.

High density PIV

High density PIV is applied when the seeding density is too high to apply PTV effectively. Either
individual particles cannot be identified or the mean spacing between the particles is below the
average displacement, making the tracking of individual particles too difficult. As a result, the

representative displacement of a cluster of particles is measured.

1.2.2 Three dimensional PIV

With PIV, the motion of an individual or a group of particles within an illuminated plane is
measured, 7.e. the velocity can only be determined in the two dimensions of the plane of illu-
mination. However, it is possible to measure the fluid velocity in the third dimension by using
holographic techniques [13], multiple-plane light sheets [14] or a common method called stereo

PIV [13, 15, 16, 17].

Stereo PIV is similar to regular PIV in that a 2-D laser light sheet isolates a cross-section of
the flow field. The difference between regular PIV and stereo PIV is the presence of a second
camera. Instead of having one camera placed perpendicular to the laser sheet, as in regular PIV,
stereo PIV uses two identical cameras are placed at angles to the laser sheet that are focused
onto the same area, as shown in Figure 1.3. Due to the thickness of the laser sheet and the
angle between the light sheet and the optical axes of the cameras, a portion of the velocity field
measured with each camera is influenced by the velocity normal to the light sheet. The different
velocity components are resolved through the simultaneous analysis of 2-D images captured by
both cameras. The velocity in all three dimensions can then be resolved by relating the 2-D

results from each camera [13]. Therefore, the techniques used to measure the displacement of
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Figure 1.3: Stereo PIV Setup [18]
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the particles for stereo PIV are the same as those used for regular PIV and so any improvements

made to the 2-D PIV can be applied to stereo PIV.

1.3 Objectives

Since the methods used in 2-D PIV to measure the particle displacements are the same as those
used with stereo PIV, this thesis will concentrate only on 2-D PIV. Determining the displacements
of the particles between images is the most difficult and critical task in the PIV process. In
practice, it is typically difficult to meet the two criteria required for the successful application of

PTV and therefore the focus of this thesis will be high density PIV, hereafter referred to as PIV.

Since PIV is still maturing as an experimental method there are many different algorithms avail-
able to measure the particle displacements. The most common technique, and the focus of this
thesis, is the cross-correlation method. With the cross-correlation method, computer algorithms
are used to determine the displacement of a group of seed particles within a smaller subsection

of the image called an interrogation area.

Much of the literature on the recent developments of the PIV technique is devoted to the intro-
duction of different adaptations of the cross-correlation technique to improve the measurement
accuracy. The objective of the work described in this thesis is to:

1. define the most common cross-correlation based algorithms,

2. implement the algorithms,

3. evaluate the algorithms to examine their strengths and weaknesses using computer gener-

ated synthetic images,
4. identify the algorithm best suited for a particular flow condition and

5. verify the conclusions based on the analysis of the synthetic images through the use of real

images collected from an experiment.
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To evaluate each algorithm, synthetic images will be used. Synthetic images are mathemati-
cally generated images where a function representing a particle is displaced by a specific amount,
depending on the simulated flow conditions. Synthetic images are used so that the exact displace-
ment of the particles between the images is known, allowing the error in the processing methods

to be quantified.

The quality of the images collected during experiments is not as ideal as that found in the
synthetic images, i.e. parameters such as seed density cannot be easily controlled. Therefore,
images collected from two experiments (one with water as the fluid medium and the other using
air) will also be used to verify the conclusions formed based on the results from the synthetic

images.

1.4 Thesis Outline

The following chapter, Chapter 2, reviews the literature pertaining to PIV. Specifically, the
different algorithms to be implemented and tested as well as the major sources of error that exist
within PIV will be examined. How the methods were implemented for this research programme is
detailed in Chapter 3. Chapter 4 describes the methodology used to generate the synthetic images.
In Chapter 5 the results of the analysis of the synthetic images are presented and discussed to
explore the strengths and weaknesses of each algorithm. The experimental setup and results from
the water and air trials are summarised in Chapter 6. Finally, in Chapter 7, the conclusions and

recommendations pertaining to the different algorithms are presented.



Chapter 2

Literature Review

2.1 Introduction

The literature involving PIV can be divided into three categories; (1) those works that introduce
new methodologies to determine the displacement of the seed particles, (2) those which examine
the error of different methodologies and (3) those which describe the application of PIV to
particular experiments. The literature that examines the errors associated with different PIV
techniques is usually presented by the creator of an algorithm to proclaim the capabilities of the
method for a flow with a specific motion, 7.e. rotation or shear, etc. This thesis will provide
an unbiased comparison and assessment of the most common algorithms for different transport
mechanisms that can be found in most fluid flows. Before discussing the issues pertaining to the
accuracy and limitations of the algorithms, an overview of the PIV technique will be presented,
including the major sources of error that exist within PIV. Summaries of the PIV technique can

be found in [5, 6, 13, 19, 20, 21, 22, 23, 24, 25].
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2.2 Overview of PIV

An overview of PIV must be provided before discussing the specific details of the different algo-
rithms that were examined. A flowchart of the three steps involved in the application of the PIV
technique is shown in Figure 2.1. The first step is to record images of a cross-section of a flow
that has been seeded with particles, which are assumed to follow the flow. Current experiments
typically use a charged-coupled device (CCD) camera to capture digitised images of the location
of the seed particles within the flow, at two sequential instances in time. The CCD image is
a discrete matrix where particle locations are represented by the intensity on the image array.
After the images have been recorded, they are stored on a computer where they can be analysed

to determine the particle displacements.

The particle displacements between images are estimated by dividing the images into smaller
subsections called interrogation areas. The local displacement of the particles within each inter-
rogation area is determined through the use of statistical tools, such as a cross-correlation. This

results in a 2-D map of particle displacement vectors.

The measured displacements, (Az, Ay), are translated into local velocity vectors (u, v) by dividing
the measured displacement by the time separation between images, At, and multiplying by a
magnification factor, M, which relates the image size to the physical dimensions of the area
being recorded.
Az Ay
- M= =M= 2.1
B At " At 2.1)

The calculated velocity vector is then located at the centre of each interrogation area to create a

2-D vector field. The velocity field can then be further processed to obtain flow attributes such

_ Derivation of flow
Determine the quantities, i.e.

Image acquisition » displacements of the vorticity, for further
seed particles data analysis

Y

Figure 2.1: Flowchart of the steps in PIV
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as vorticity, 2-D streamlines, etc. The accuracy of these derived quantities depends on the size of

the error in the original estimates of the velocity vector field.

2.3 Particle Displacement Extraction

The precision of the flow quantities derived from a velocity vector field depends on the accuracy
of the measured displacement (represented as the second step shown Figure 2.1) relative to the
actual fluid motion in the vicinity of the seed particle. The magnitude of this error depends largely
on the algorithm employed to determine the particle displacement between images, neglecting any

errors introduced by the experimental setup.

Rather than finding the displacement of a single seed particle, the PIV technique tracks the
movement of a group of particles within an interrogation area. The motion of a cluster of particles
can be described with a linear digital signal processing model as shown in Figure 2.2 [20]. The
positions of the particles within an interrogation area of the first image recorded at time ¢ can
be represented by the function f(m,n), where m and n are locations within a sampled region of
the image. Image 1 undergoes a spatial shift causing the seed particles to move, i.e. the motion
of the fluid, that can be represented by the image transfer function s(m,n). A noise function

d(m,n) is added to represent the signal deterioration due to any source, e.g., the movement

Input image Image transfer Additive noise Output
(Image 1) function process image
(Spatial shift) d(m,n) (Image 2)
D(m,n)
f(m,n) y  s(mn) . y &(m.n)
F(m,n) S(m,n) "D "~ G(m,n)

Figure 2.2: Image displacement function [20]
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of the seed particles through the image plane between the recordings. The resulting function
g(m,n) is the output image, or the second image of the image pair, which represents the particle
positions recorded at time ¢+ At. If the spatial shift is assumed to be by translation only, i.e. the
seed particles within an interrogation area all move the same distance in the same direction, and
the noise function is negligible, the displacement can be estimated through a statistical cross-
correlation of the two images. Equation 2.2 shows the mathematical representation of Figure 2.2
[20].

g(m,n) =[f(m,n)*s(m,n)]+ d(m,n) (2.2)

The # represents a spatial convolution between the input function f(m,n) and the image transfer
function s(m,n). However, the noise function is not negigible and thus must be added to the

convolution.

Since the images are discrete, the cross-correlation operation will also be discrete. Between two
regularly sampled regions, f(m,n) and ¢g(m, n), the discrete cross-correlation, ¢s4(m,n), is given

by the expected value E [20]:

Prg(m,n) = E[f(m,n),g(m,n)] (2.3)

The displacement is found by shifting the particles in the first image by a discrete value, comparing
them to the particles in the second image and determining the correlation. The values produced
by each possible displacement will create the cross-correlation plane. An example of a typical
cross-correlation plane is shown in Figure 2.3. When particles in the first image match the same
particles in the second image, for a given spatial shift, the value of the correlation will be the
maximum in the cross-correlation plane (represented by the yellow in Figure 2.3). The maximum
value is referred to as the displacement peak, while the other local maxima are referred to as noise
peaks. These noise peaks are created due to the random matching of particles between the two

interrogation areas.

The distance of the displacement peak from the centre of the correlation plane represents the

spatial shift of the particles during the time separation betweeen images. This is illustrated in
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Figure 2.3: Typical cross-correlation plane

Equation 2.5 by substituting Equation 2.2 into Equation 2.3 and neglecting the noise effects [20]:

(bfg(mv n) = E[f(mv n)v f(mv n) * S(m, n)] (2'4)
Grg(m,n) = ¢pp(m,n)x s(m,n) (2.5)

where ¢f is the self-correlation of f(m,n), referred to as the auto-correlation and will have
its maximum correlation at the origin, i.e. the centre of the cross-correlation plane. Since the
displacement function is assumed to represent a translation of the particles only, the convolution
of the input function with the displacement function s(m,n) moves the correlation peak away

from the origin by an amount equal to the spatial shift.

To determine the correlation value for each displacement, i.e. to create the cross-correlation
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plane, the convolution between f(m,n) and ¢g(m,n) can be rewritten as [20]:

[ee) [ee)

YD fkDg(k+m, 14 n)

k=—oc0 l=—00

S PED DD D gk

k=—oc0 l=—00 k=—oc0 l=—00

Prg(m,n) = (2.6)

where k and [ are locations within the image. Equation 2.6 is referred to as the spatial cross-
correlation and is normalised to values between 0 and 1 by the denominator. This is necessary
to compare the cross-correlation for different displacements since the sampled area ¢ varies with

m and n.

If the motion of the particles within the interrogation area is uniform, as assumed earlier, and
there are no particles moving out of plane, the maximum value of the correlation will be unity.
This does not occur in most flows as turbulence, shear, vorticity, diffusion, etc.will create velocity
gradients, which negate the assumption of uniform motion within the interrogation area. In the
case of a velocity gradient, not all the particles within an interrogation area of the first image
will have identical displacements, so they will match best with their corresponding particles in
the second image at different spatial shifts. The cross-correlation technique as described above
cannot properly measure these velocity gradients. As a result, the maximum value within the
cross-correlation plane will be less than unity and the width of the displacement peak will broaden

[5, 20, 26].

Discrete Fourier Transform

Calculating the cross-correlation for each interrogation area as presented in Equation 2.6 is com-
putationally expensive due to number of operations required, O[N] where N is the length of the
side of the interrogation area. Rather than performing a sum over all the elements in a sampled
region for each possible displacement, the correlation theorem can be used to reduce the number
of computational operations. The correlation theorem states that the cross-correlation of two

functions, 7.e. the convolution of f and g, is equivalent to a complex conjugate multiplication of
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their Fourier transforms [25]:

Qg = F-G* (2.7)

where F' and G are the Fourier transforms of the images f and ¢ respectively. Hence, the efficiency
of the correlation algorithm can be further increased by computing the Fourier transforms of
the two input images followed by their complex-conjugate multiplication. The resulting Fourier
coeflicients are inversely transformed to produce the cross-correlation plane, as shown in Figure

2.4.

Since the images are discrete, the Fourier transform can be performed using the fast Fourier
transform (FFT) which reduces the number of operations to O[NZ%logyN] compared to O[N]
operations required for the spatial cross-correlation. The most common implementation of the
FFT routine requires the interrogation area to have a base-2 dimension, z.e. 32x32 pixels, 64x64
pixels, etc., however Gui et al. [27] suggested a method allowing the use of any sized interrogation

window by padding the interrogation area with zeros until it has a base-2 dimension.

The Fourier transform, by definition, is the integral summation over a domain which ranges from
negative infinity to positive infinity, 7.e. the interrogation areas need to be boundless to apply
the Fourier transform. However, the interrogation areas used in PIV are of finite dimension. To
create an infinite signal, the image is wrapped to create a periodic continuation [21]. By wrapping
the interrogation area, the infinite signal requirement for the cross-correlation is removed but
the maximum measurable displacement is limited to half the length of the interrogation area
dimension, due to the Nyquist sampling criterion [20]. Due to the periodic continuation of the

cross-correlation, fewer particle pairs correlate as the particle displacement increases. This causes

System lmagq sub- Operations in spa'_fial Cr(_)ss— Conversilon System
sampling at frequency domain corrclathn peak  to velocity output
position (i,j) detection

(m,n F(p, -
P T
D(p,q) | d(m,n) dx,dy i i
» FFT > > 1’% L > Data
Image 2 ] g('m,n)‘ Gp.q) |Pp.9)= K
at t+At ’ » FFT F(p.a)G*(p.q)

Figure 2.4: Flow chart for discrete Fourier transform cross-correlation [20]
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the signal-to-noise ratio (SNR) to decrease with increased displacement reducing the probability
that the largest peak represents the average spatial shift. To account for this SNR degradation,
the true maximum measurable displacement is closer to one-third the length of the interrogation

area [5, 20, 28].

The periodic continuation of the FFT cross-correlation induces an error when the size of the
sampled region in the first image is equal to that in the second image. The contribution to
the correlation plane by the particles near the edge of a interrogation area will decrease as
the displacement increases, see Figure 2.5, as they begin to correlate with the opposite edge of
the interrogation area. As a result, the magnitude of the correlation peak will decrease as the

displacement increases and bias the peak towards the centre (zero-displacement) of the correlation

A True displacement

/ peak

1

Measured
displacement
peak
= \‘\\ Weighting factor
2 due to reduced
= / interrogation
& . area overlap
O S

0 » < N
Bias error

Shift

Figure 2.5: Correlation bias for FFT [25]
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plane, i.e. zero-bias the measured displacement [25, 29]. To minimise the bias, the recommended
displacement of the particles within an interrogation area is further reduced from one-third to
one-quarter of the length of the side of the interrogation area. This is commonly referred to as

the one-quarter rule.

One method used to reduce the zero-velocity bias caused by large displacements is to employ a
window filter, as shown in Figure 2.6 [25, 30]. By dividing the correlation plane by the filter, the
magnitude of the edges of the correlation plane are increased relative to the centre. However,
filters such as those shown in Figure 2.6 do not account for the contribution of noise that occurs
when the particles at the edge of one interrogation area match with particles at the opposite edge
of the second interrogation area. Therefore, the shape of the filter required should be different

for every interrogation area.

The cross-correlation planes produced by the discrete Fourier transform method shown in Figure
2.4 are not equal that produced using the spatial cross-correlation in Equation 2.6 due to the
periodic continuation used for the Fourier transform. However, the results of the cross-correlation
plane are similar since the Fourier transform is only another method of determining the expected
values for Equation 2.5. Similar to the spatial cross-correlation, the discrete Fourier method is
also incapable of resolving velocity gradients, #.e. the particles are assumed to move uniformly

within an interrogation area.
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Figure 2.6: Typical window filter used to account for zero-velocity bias [25]
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2.3.1 Sub Pixel Interpolation

The cross-correlation plane, produced by either the spatial or FFT method, is discrete. Therefore
the measured displacement of the particles within an interrogation area will always be an integer
value (in pixels). The actual spatial shift of the particles typically is a non-integer value so the
maximum error from the true location of the highest peak within the cross-correlation plane is
+ 0.5 pixels. For a 32x32 pixel interrogation window the recommended displacement is 8 pixels
(one-quarter rule) so the error would be £ 6% of full scale, which is not considered accurate

enough for most research applications.

If the correlation peak is broader than one pixel, the error can be significantly reduced by esti-
mating the true location of the peak with a sub pizel interpolation strategy. Table 2.1 shows the
three most common methods used to determine the sub pixel location of the displacement peak,

(z0,Y0) [25]. The locations of the values used are shown in Figure 2.7.

The peak centroid estimator is based on the assumption that the centroid of a symmetric object
is the location of that object [29]. Figure 2.8 shows the four discrete peaks which are centered
about different displacement values away from the origin (0.0 pixels, 0.1 pixels, 0.25 pixels and
0.5 pixels). The discrete peaks are only symmetric for the 0.0 pixels and 0.5 pixels displacements.
Therefore, for other displacements, the centroid method will become strongly biased towards

integer pixel displacements [29]. This phenomenom is termed peak-locking.

Another method that can be used for sub pixel interpolation, which is less susceptible to peak-
locking than the centroid method, is to fit a curve to the correlation peak. The shape of the
displacement peak can be represented by a function and the maximum location found analytically.
The most common functions used to mimic the shape of the displacement peak are the Gaussian
and parabolic functions. The Gaussian curve fit has proven to be more accurate than the parabolic

fit since it provides a better approximation to the actual shape of a correlation peak [31].

Depending on the choice of sub pixel interpolation strategy, the error (in estimation of the dis-
placement) can be reduced to approximately 0.1 pixels [12, 20, 29, 32, 33]. This means for a
32x32 pixel interrogation area the error due to the peak finding can be reduced to &+ 1%.
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Figure 2.7: Locations of points used for sub pixel interpolation
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Figure 2.8: Correlation peaks for different pixel displacements [29]. Note that the peaks are only

symmetric for displacements of 0.0 pixels and 0.5 pixels.
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2.3.2 YVector Validation

The largest peak in the correlation is assumed to represent the spatial shift of the group of
particles in the interrogation area and the second largest peak is a noise peak, <.e. random
matching between particles. If the signal is poor, a noise peak may become larger than the
correlation peak and the estimated displacement becomes false, i.e. invalid. The procedure
of separating invalid measurements from those based on the true displacement peak is termed

validation.

Not enough detail about the flow exists to use physical validation strategies, such as the continuity
equation. Rather, validation can be done by comparing the quality of the measurements against
some threshold. Young [34] separated the validation strategies into three general categories: (1)

nearest-neighbour, (2) intrinsic methods and (3) global methods.

Nearest-neighbour validation strategies compare the estimated displacements from one interro-
gation area to those in its spatial neighbours [5]. If the difference between a displacement vector
and its neighbours is too large, the displacement vector is determined to be invalid. The accuracy
of this scheme is strongly based on the threshold value used to compare the results as well as the

smoothness of the displacement vector field.

Intrinsic validation strategies determine the validity of a velocity vector without regard to its
neighbours. Instead, the magnitude of the displacement peak and/or the width of the displace-
ment peak are used to determine the strength of the cross-correlation by comparing some/all of

the aforementioned criteria to one or more threshold values [5, 20, 28].

Global schemes utilize segmentation of pixel intensities, velocities, or intermediate scalar parame-
ters to separate the bad from the good measurements [34]. These methods are more sophisticated

and implementation and computational time are key factors.

The nearest-neighbour and the intrinsic methods are the most common validation strategies,
used for their simplicity and ease of implementation. However, the number of user defined factors
required by these methods, e.g., threshold limits, kernel sizes, etc., make their proper execution

difficult.
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2.4 Types of Error in PIV

Before describing the other cross-correlation algorithms that are employed in an effort to reduce
the error of the previously described standard FFT method, how these errors occur must be
explained. Muste et al. [35] divided the errors associated with PIV into two categories (1) random

and (2) mean bias.

2.4.1 Random Error

Random errors result in values above and below the true value but will average to zero if the
sample size is large. Random errors are typically estimated with the root-mean-square (RMS)
method. In this work the RMS and the standard deviation are the same and for a discrete signal

the RMS is defined as:

where A is the number of measurements.

The SNR ratio can be used as a gauge to measure the random error within the cross-correlation.
The SNR will decrease when fewer particles contribute to the correlation for a given displacement,
i.e. fewer particles have a corresponding particle for a given spatial shift. Therefore it is easier
for the displacement peak to shift from the true value due to noise in the interrogation area when
the SNR is low compared to when the SNR is high. For example, if the background noise is
high and the SNR is low, the multiplication of a particle with the background noise during the
correlation may cause a noise peak to become the highest peak. Since the background noise is
random, the error would average to zero with a large sample size, and the RMS would be high.
Thus for PIV, the random error can loosely be interpreted as anything that reduces the SNR and
increases the RMS.

Adrian [5] conjectured that if the particle imaged was greater than 2 pixels in diameter, the
random error, £,4.,, could be consolidated into a single term proportional to the imaged particle

diameter dp:

Erdm = C- dp (2.9)
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Prasad et al. [36] found the proportionality constant ¢ was dependent on the experimental condi-
tions but typically varied from 0.05 to 0.10. However, Westerweel [32] created a model to predict

the measurement error and showed the RMS was proportional to d;, see Figure 2.9.

2.4.2 Mean Bias Error

Unlike random errors, mean bias errors are not reduced by averaging. They tend to change the
measured value by a consistent amount in the same direction, 7.e. always increase or always

decrease the measured value from the true value. Bias errors are defined as:

mean bias error = average value — true value (2.10)

For PIV, mean bias errors can be interpreted as anything that consistently shifts the displacement

peak in a direction, within the correlation plane, relative to the true displacement, as shown in
Figure 2.10.
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Figure 2.9: RMS error as a function of particle displacement [32]



Chapter 2: Literature Review 24

2.5 Sources of Error in PIV

Table 2.2 shows the major sources of error that exist within PIV and by which type of error they

are best represented. Each of them will be examined in turn.

2.5.1 Image Recording

When the particles are imaged onto a recording medium, photographic film or a CCD camera,
error will exist due to noise in the recording device. Pickering and Halliwell [6] examined the error
caused by film grain noise when film was used to record the particle positions. Prasad et al. [36],
Adrian [37] and Huang et al. [38] compare film to digital recordings. Although they determined
film is more accurate due to its higher resolution, the difficulty in processing the images makes
it impractical for most cases. (Incidentally, this error only exists for experimentally collected
images, not synthetic images. Therefore it is important to validate any results determined based

on synthetic images with similar results from experimentally collected images.)

Measured
peak True peak

Bias

Figure 2.10: displacement peak shift due to mean bias error
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Error Type
Image recording Random
Contrast between particle and background noise Random
Particle density Random
Loss of pairs due to out-of-plane motion Random
Parallax Random
Tracking error Bias
Acceleration error Bias
Velocity gradients Random and Bias
Sub pixel interpolation Bias

Table 2.2: Major sources of error in PIV
2.5.2 Contrast Between Particle and Background Noise

Within the recorded images there exists a difference between the intensity of the background
noise and the particles, defined as the contrast. The intensity of the background noise and of the
imaged particle depends on the camera and laser setup. Guezennec and Kiritsis [12] performed
a statistical analysis on the effect of the contrast between the particles and the background noise
on the measurement error using a combination of PIV and PTV. For their particle displacement
measurements, PIV was first used to determine the displacement vectors, then individual particles

were tracked with a PTV algorithm.

It was found that when the contrast was greater than 100 counts the error was insensitive to
the background noise, for an 8-bit image. However, when the contrast was below 100 counts the
error quickly increased with the background noise level. The reason is that the particles in one
interrogation area will multiply with noise in the second interrogation area. If the background
noise is small the contribution to the correlation plane of this multiplication will be small, but
as the background noise increases (with a constant contrast) so does its contribution to the
correlation. This will reduce the SNR, which will increase the probability of an error in the

displacement measurement. Therefore, if the contrast between the particles and the background
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cannot be increased, it is better to lower the overall intensity of the image.

2.5.3 Particle Number Density

Particle number density is defined as the number of particles within an interrogation area. Huang
et al. [38], using a standard PIV algorithm, found that as the number of particles increased, the
RMS error decreased, as shown in Figure 2.11. This is a result of more particle pairs matching and
strengthening the displacement peak in the correlation plane, thus improving the SNR. Adrian [5]
and Grant [13] both recommend having greater than 10-20 particles within an interrogation area
in order to reduce the measurement error due to the particle number density to an acceptable

level.
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Figure 2.11: RMS as a function of particle density [38]
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2.5.4 Loss of Pairs Due to Out-of-Plane Motion

Another advantage of a higher particle number density is the reduced error due to the loss of
pairs from out-of-plane motion. Loss of pairs refers to the condition where a particle fails to
correlate with its matching particle in the second image. This results in a diminished value for
the displacement peak in the correlation, reducing the SNR [5, 13]. Although PIV is typically
used for flows that are predominately 2-D in nature, the flow will still contain small velocity
components in the direction normal to the light sheet. If the light sheet is too thin and/or the
velocity normal to the light sheet is too high, a particle which exists in the first image may move
out-of-plane by the time the second image is recorded. Alternatively, a particle may move into
the image plane after the first image has been recorded. Since these particles do not have a
matching particle in the corresponding interrogation area in the second image, the SNR will be
reduced, resulting in an increase in the error. Adrian [5] recommends the particle displacement
normal to the image plane between image recordings be less than one-quarter the thickness of

the laser sheet.

2.5.5 Parallax

The motion of particles normal to the light sheet may cause an error in the particle displacement
measurement, even if the particle exists within both images. The light sheet used to create a 2-D
slice in the flow field has a thickness and it is possible to transpose the motion normal to the
light sheet into a displacement parallel to the image plane, 7.e. Az is measured as Az and Ay,

thus reducing the accuracy.

The measured motion of the particle (A peasureds AYmeasured) can be determined by [17]:

Axmeasur@d = _(waxis + A$)[1 + AZ/(-DO - AZ)] + Taris (211)
Aymeasured = _(yaxis + Ay) []- + AZ/(-DO - AZ)] + Yazis (212)
where (Z4zis, Yazis) 1s the distance the particle is from the optical axis, Dy is the distance between

the lens and the image plane and (Axz, Ay, Az) is the true displacement of the particle, as shown in

Figure 2.12. The obvious solution to reduce the error due to parallax is to limit the displacement
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of the particle in the direction normal to the image plane. However, this is not always possible,
so the error can also be minimised by increasing Dy, the distance between the image plane and

the camera lens.

2.5.6 Tracking Error

The function of the PIV technique is to measure the motion of particles that have been seeded
within a flow. The assumption is that the seed particles follow the flow perturbations exactly and
hence the particle velocity mimics the flow velocity. This is not always true. The seed particles

will not exactly follow the flow if there is a large difference in density between the particles and

AY
P (fina1)
. (x+Ax,y+Ay,Az)
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(initial)  Path S =
(x.»,0)
ytAy

Figure 2.12: Error in 2-D measurements of 3-D flows due to parallax [17]
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Figure 2.13: Velocity streamline of a particle [42]

fluid medium. Alternatively, a time lag may exist between the acceleration of the fluid and the
response of the particles. The time lag of the particle response will damp/hide some of the

turbulent nature of the flow.

Melling [39] used a simple Stokes flow analysis to model the reaction of different seed particles to
an oblique shock, using air and water as the fluid medium. For a more accurate analysis Hinze
[40] uses the equation derived by Basset, Bossinesq and Ossen (BBO) to model the flow of a

particle within a fluid.

2.5.7 Acceleration Errors

For the standard PIV technique, the estimated velocity of a particle is an approximation of
the Eulerian velocity from a Langrangian motion, assuming the acceleration of the flow is zero
between the images [41]. PIV determines the average velocity over the pulse separation, which
may be different from the actual instantaneous velocity. Figure 2.13 shows the measured velocity
compared to that of the particle velocity and the fluid velocity. The difference between the

particle and fluid velocity is the tracking error described in Section 2.5.6. However, the difference
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between the measured velocity and the particle velocity is due to the particle accelation during

the time separation between the images.

Boillet and Prasad [41] modelled the error due to the acceleration of the flow. In general, fluid
flows can be unsteady and have non-zero acceleration of the form:

av oV o o

2 . 2.1

o T V.VvV (2.13)
where V is the velocity of the particle.

Assuming the particle follows the flow exactly (i.e. no tracking errors) and neglecting higher

order terms, the particle trajectory may be approximated by:

ds d*s At?

where s(t) is the particle position at time ¢. The relative error due to acceleration is then the
difference between the actual and measured displacement, divided by the measured displacement:

As—V -t
Eaccel = % (215)

AV A#?

accel = 77 AT A 1 2.1
Facee = 0 9] As] (2.16)

Note, as the limit At — 0, the velocity measurement becomes instantaneous and the error due

to acceleration approaches zero, as expected.

Reducing the laser pulse separation will reduce the error due to acceleration but the overall error
may increase since the displacement of the particles between images also goes to zero, increasing
the error relative to the particle displacement. Wereley and Meinhart [43] suggested placing the
vector at a location other than the centre of the interrogation area at time ¢. The vector is placed
at the location the center of the interrogation area would be at time t + %At changing the order

of the acceleration error from O[At] to O[At%].

If the acceleration of the flow needs to be measured, more than two instances in time need to be
recorded. Jakobsen et al. [44] used four cameras to measure the acceleration in a flow involving

waves impinging against a wall.
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2.5.8 Velocity Gradient Errors

The cross-correlation approach assumes that all the particles move uniformly within an interroga-
tion area. When velocity gradients exist within an interrogation area, as they typically do in fluid
flows, not every particle will have a corresponding match in the second image for a given spatial
shift. Examples of this condition are shown in Figure 2.14 [45]. This is sometimes referred to
as loss of pairs due to in-plane motion and causes the displacement peak in the cross-correlation
plane to broaden [5, 20, 26]. This increase in the width of the peak is due to the cross-correlation
routine finding particles and their corresponding matching particles at different spatial shifts.
The increase in the width of the displacement peak may increase the error associated with the

sub pixel interpolation since the peak is no longer as well defined.

The error due to velocity gradients within an interrogation area has both a random and a mean
bias component. When more than one displacement exists within the interrogation area, the
cross-correlation operation may randomly select any of them as the displacement peak, causing

the RMS, i.e. the random error, to increase.

The mean bias error from velocity gradients results from two different mechanisms: (1) the range

of velocities within an interrogation area and (2) the shape of the velocity profile. The range of
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Figure 2.14: Typical gradients within an interrogation area (a) du/dz > 0, (b) du/dy > 0, (¢)
dv/dx > 0, (d) dv/dy > 0 [45]
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Figure 2.15: Loss of pairs due to particles moving out of the interrogation area [46]

velocities within an interrogation area affects the measurement results since the faster moving
particles travel a greater distance within an interrogation area compared to the slower moving
particles. Over the duration of the time separation, more fast moving particles will leave the
interrogation area than slow moving particles, as shown in Figure 2.15. Hence, there will be more
matching particle pairs for the slower moving particles and the displacement peak will become

biased towards those particle displacements.

The second mechanism that biases the displacement peak due to velocity gradients is a result
of the shape of the velocity gradient. Figure 2.16 shows a possible velocity gradient and its
histogram of velocities within the interrogation area. In this case the mean velocity does not
equal the velocity that exists at the centre of the interrogation area, instead it is shifted towards
the lower velocities within the interrogation area. Since the velocity vector is placed at the centre
of the interrogation area the measurement contains a mean bias error. For the special case shown
in Figure 2.17, the mean bias error would be zero since the expected mean velocity is equal to

the velocity at the centre of the interrogation area.

It is important to note that the error associated with velocity gradients is not solely a result of
the cross-correlation procedure, but also where the vector is placed within the interrogation area.

The displacement peak still measures a velocity within the interrogation area, it just may not
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correspond to the velocity at the centre of the interrogation area as assumed when the vector is
placed there. The velocity measured may exist away from the centre of the interrogation area
and if the vector was properly placed within the interrogation area the bias and random error
would both be zero. Young et al. [47] determined which particle contributed the most to the
displacement peak in the correlation plane and placed the velocity vector at the position of the

particle, reducing the overall error.

Smaller interrogation areas can also be used to reduce the error due to velocity gradients since
the distance from the centre of the interrogation area to the proper location of the vector will be

less for smaller interrogation areas.

2.6 Improved Cross-correlation Strategies

Modifications of the standard FFT method have been introduced to reduce the magnitude of
the aforementioned errors. The three most common cross-correlation based algorithms are (1)
predictor corrector FFT, (2) super resolution FFT and (3) interrogation area deformation FFT.
Each method will be described in turn.

2.6.1 Predictor Corrector FFT Correlation

The accuracy of the cross-correlation technique is highest when there is no particle displacement
between images. With zero displacement, the errors due to the zero-bias of the FFT routine
and the peak-locking in the sub pixel interpolation become zero. This is illustrated in Figure
2.18 [48], which shows that for displacements less than 0.5 pixels the RMS error is significantly
reduced, and is zero when there is no displacement. Based on this observation, Westerweel et
al. [48] suggested a modification to the standard PIV algorithm in order to take advantage of the
accuracy inherent with small displacements. If one of the interrogation areas of an image pair
is offset by the integer amount of the particle displacement, the cross-correlation will only be
measuring the residual displacement, which can be made less than 0.5 pixels. Consequently, the

accuracy of the displacement estimate will be greater than the analysis without a window offset.
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Figure 2.18: RMS estimation error for the displacement [48]

For most flows, the integer offset of the interrogation area will vary throughout the image plane
due to velocity gradients. Therefore the integer offset must be determined locally for each inter-
rogation area. Generally, the approach is to first apply the standard PIV technique as described
earlier. Then the cross-correlation is repeated using the integer value of the previously measured
displacement as the window offset for the interrogation area. The cross-correlation can then
be repeated with the new integer offset determining a more accurate displacement iteratively.
The number of iterations can be based on a user specified value or on the magnitude of the
displacement peak in the cross-correlation plane. Since the magnitude of the displacement peak
represents the accuracy of the displacement estimate, as long as the magnitude of the largest
peak in the correlation plane increases the procedure is repeated. This method is referred to
as predictor corrector FFT since it corrects the previous estimate of the particle displacement.

Figure 2.19 shows the algorithm for the predictor corrector FFT method.

2.6.2 Super Resolution FFT Correlation

The cross-correlation method contains two assumptions; (1) the effect due to noise is negligible

and (2) the particles within the interrogation area move uniformly in a single direction. The first
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Figure 2.19: Predictor corrector FFT algorithm [48]
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assumption is valid for most experiments. With respect to the second assumption, velocity gra-
dients will exist within all flows, especially turbulent flows. Velocity gradients will prevent every
particle within an interrogation area from corresponding to its matching particle in the second
image for a single spatial shift, thus broadening and diminishing the value of the displacement
peak [10, 29, 45]. Adrian [5] recommended that |[AV|/|V] < 0.2, where |AV| is the velocity vari-
ation over the interrogation area due to the velocity gradients to reduce the displacement error

associated to velocity gradients.

The guideline recommended by Adrian for velocity gradients puts an upper limit on the size of the
interrogation area, ¢.e. reduces the size of the interrogation area. Within this guideline, velocity
gradients will still exist within each interrogation area but the difference between the maximum
and minimum velocity will be reduced. Smaller interrogation areas will also lower the spacing
between velocity vectors, which may enable the measurement of some length scales present in

turbulent flows.

Unfortunately, utilising smaller interrogation areas limits the maximum measurable displacement
(since the one-quarter rule must still be adhered to). With the smaller particle displacement, the
relative error will increase. If the error in the displacement measurement was £ 0.5 pixels, the
relative error would be greater when the displacement is 4 pixels than when the displacement is

8 pixels.

Scarano and Riethmuller [49] proposed a method that would allow for the use of small interro-
gation areas without reducing the maximum measurable particle displacement. Similar to the
predictor corrector FFT method, an iterative approach is used to determine the displacement of
the particles by offsetting the interrogation area. However, after estimating the integer offset with
the standard FFT technique and validating the displacement vectors, the size of the interrogation
area is reduced by a factor of 2 (see Figure 2.20). The cross-correlation is then determined with
the smaller interrogation areas, along with an integer offset, creating a finer mesh of velocity
vectors, while maintaining the necessary particle displacement, over the time separation At, re-
quired for higher accuracy. The procedure can then be repeated by further dividing the size of
the interrogation area. The number of iterations can be based on a user specified value or on the

magnitude of the displacement peak in the cross-correlation plane. Since the magnitude of the
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displacement peak represents the accuracy of the displacement estimate, as long as the magnitude

of the peak increases the procedure is repeated.

The smaller interrogation areas will obey the one-quarter rule since the cross-correlations after

the initial estimate are only fine tuning the measurements. This method is called super resolution

FFT and Figure 2.21 shows its algorithm.

2.6.3 Interrogation Area Deformation Correlation

The standard cross-correlation method can accurately measure pure translation in a flow but

there are two other transport mechanisms within fluid flows,
fluid motion = convection + stretching + rotation (2.17)

where convection is pure translation, stretching is expressed by du/0dx and Jv/dy and rotation
is expressed by du/dy and dv/dz. Both stretch and rotation create velocity gradients within
an interrogation area. These cannot be measured properly with the cross-correlation, resulting

in a reduced value for the maximum cross-correlation peak. Although the super resolution FFT
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Figure 2.21: Super resolution FFT algorithm [49]
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method was designed to reduce the error due to velocity gradients within an interrogation area

[49], the methodology still relies upon the measurement of pure translation.

Methods that reconstruct the interrogation area to account for stretch and rotation have been
proposed by Huang et al. [46, 50], Ashforth-Frost et al. [51], Jambunathan et al. [52] and Weng
et al. [53]. The method is called interrogation area deformation PIV, hereafter referred to as

deformed FFT, and an algorithm is shown in Figure 2.22.

If the displacement vectors of each particle (Az, Ay) are known, it is possible to determine the

particle positions in the second image from the first image by [52]:
zo=x1+Ax , Y=y + Ay (2.18)

where (21, y1) is the position of a particle in the first image, at time ¢ and (22, y2) is the position
of the same particle in the second image, at time ¢t + At. The images are digitized so a particle
image is represented by the pixel’s grey level distribution, i.e. Ij(xy1,y1,t) for image 1 and

Iy (22, y2,t + At) for image 2.

A new image 2’ can be created using the particle positions in image 2 and subtracting the

displacement vectors, (Axz, Ay).
Iy(zg — Az, ys — Ay, (t + At) — At) (2.19)

The cross-correlation is then performed between images 1 and 2’. If the displacement vectors are
correct, image 2’ will be identical to image 1 and the cross-correlation will measure zero particle
motion, which is the displacement where the cross-correlation technique is the most accurate. As
well, there are no longer any velocity gradients within the interrogation area since they have been
subtracted, i.e. removed. Thus the assumption of uniform flow within an interrogation area used

for the cross-correlation becomes valid.

Rather than identifying individual particles, each pixel within the image can be treated as a
displaced particle. Since the image is discrete, each particle location in image 2 is an integer value
but Az and Ay are usually non-integer values. Therefore interpolation is used to determine the

grey-level intensity of the image 2’.
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Similar to the predictor corrector FFT and super resolution FFT methods the displacement
vectors are unknown but can be estimated with the standard FFT technique and then validated.
This will create a field with a displacement vector located at the centre of each interrogation area.
To determine the displacement vector of each pixel that is not at the centre of an interrogation

area, interpolation of the displacement field is performed.

If the displacement vectors are not exact, 4.e. the magnitude of the displacement peak in the
correlation plane is below unity, the procedure can be iteratively repeated using the previous
measurement for the displacement vectors. In the case where the magnitude of the displacement
peak never reaches unity, the procedure is stopped when the magnitude of the displacement peak

does not increase from the previous iteration.



Chapter 3

Implementation of FFT

Cross-Correlation Strategies

3.1 Introduction

Chapter 2 described the four FFT based cross-correlation algorithms evaluated; standard FFT,
predictor corrector FFT, super resolution FFT and deformed FFT. This chapter describes the
implementation of the cross-correlation along with how the peaks within the correlation plane
were determined. Also, the super resolution FFT and deformed FFT were implemented slightly
differently than described in Chapter 2. The rationale behind these differences is discussed in

turn.

3.2 Constructing the Correlation Plane

Section 2.3 described how the cross-correlation method is used to determine the displacement
of a group of particles within an interrogation area. A Visual C+4 program was created to

implement the four cross-correlation algorithms. Each of the four methods evaluated differ in

43
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how the interrogation areas are constructed, but they all apply the cross-correlation similarly.
That is, in all of the examined cross-correlation strategies, an FFT algorithm is employed to

produce the cross-correlation plane [54].

For each of the algorithms, the correlation plane was determined using the procedure shown in
Section 2.3 and values were normalised between 0 and 1. The normalisation of a cross-correlation
calculated with an FFT is similar to that of the spatial cross-correlation described in Equation
2.6. The cross-correlation [¢f,] was normalised by dividing each value by the geometric average
of the self-correlations [¢f, ¢44] for each interrogation area at zero displacement, as shown in

Equation 3.1.
Psg

(bfg B vV bef vV ¢gg

(3.1)

3.3 Locating the Peaks Within the Correlation Plane

Depending on the contrast between the particles and the background within the image, the
difference in magnitude between the displacement peak and noise peaks may be very small on
the cross-correlation plane, even though the maximum correlation may be close to 1. Due to this
relatively high noise floor, the ratio of the maximum peak to the largest noise peak will be very
small. The small ratio between peaks will not affect the location of the displacement peak, but
may influence the results if peak validation is employed. In an attempt to alleviate this problem,
the noise floor was removed by subtracting the lowest value within the correlation plane from
every value. The correlation plane was then multiplied by a factor to stretch the maximum peak

such that its maximum height was the same as before the noise floor was removed.

After the correlation plane was normalised, the first and second largest peaks were found, pre-
sumably the displacement peak and largest noise peak, respectively. Finding the maximum value
was easily done but generally the second highest value was found next to the maximum value,
i.e. it was part of the same peak. To ensure that the peaks were independent, the second largest

peak must have been greater than two pixels away from the maximum peak.
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3.4 Super Resolution FFT

The super resolution FFT implemented in the Visual C++4 program was slightly different than
that described in Section 2.6.2. When moving to smaller interrogation areas, Scarano and Ri-
ethmuller [49] would use the closest displacement vector to the center of the new interrogation
area for the integer offset. In the Visual C++ program, the vector used for the interrogation
area offset was determined using a bi-linear interpolation of the surrounding displacement vec-
tors determined from the previous iteration, providing a better estimate for the interrogation area

offset.

3.5 Deformed FFT

The deformed FFT method was applied by warping one of the interrogation areas such that the
cross-correlation ideally only measured pure translation, i.e. the particles within the interrogation
area move with a uniform motion between images. The amount of the deformation was deter-
mined by the displacement measurements from the previous iteration. Since every pixel does not
contain a displacement vector, bi-linear interpolation was used where there was no displacement
information. Often, deforming the interrogation area resulted in moving a pixel by a non-integer
amount, ¢.e. the new location existed between pixels. To determine the grey level intensity for

the displaced pixel, bi-linear interpolation was used.

Some methods described in Section 2.6.3 used the magnitude of the correlation to determine
the number of iterations required. Presumably, the greater the magnitude of the displacement
peak in the correlation plane, the greater the number of particles that were correlated, thus the
accuracy of the displacement vector field used to deform the interrogation area would improve the
accuracy of the displacement estimate. Therefore, as long as the magnitude of the correlation was
increasing, the procedure was repeated. This criteria for the number of iterations was not included
in the Visual C++ program. Rather, a fixed number of iterations (determined by the user) was

applied, regardless of the change in magnitude of the displacement peak between iterations.
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Synthetic Image (GGeneration

4.1 Introduction

When evaluating the different cross-correlation algorithms, the amount of error introduced to the
measurements due to the cross-correlation analysis is an important factor. One way of examining
the error is through the creation of synthetic images where the exact displacement of the particles
between images is known. This chapter discusses the creation of synthetic images used to ascertain

the bias and random errors for the different cross-correlation algorithms analysed.

The exact velocity of the fluid in an experimental flow is generally unknown. Other measurement
techniques can be employed to compare against the results obtained with PIV but these results
would also contain some amount of experimental error, so accurately determining the error of the

PIV measurements would be impossible.

Synthetic images were created where the exact displacement of the particles was known. There-
fore, the amount of bias in the measurement can be found with Equation 2.10. As well, experi-
mental flows contain transient effects, such as turbulence, which will cause the flow to fluctuate
about a mean value. This will increase the value of the RMS making it difficult to determine

the size of the random error. The synthetic images were created without a fluctuating velocity
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component so an RMS value in the results greater than zero resulted only from the random error

of the measurement technique.

4.2 Synthetic Image Generation Algorithm - Overview

The synthetic images were created using a MATLAB [55] program written at the University
of Waterloo by Chad Young [56]. The images created were 8-bit Tagged Image File Format
(TIFF), i.e. the pixel intensities ranged from 0 to 255. The computer program used to generate
the synthetic images allowed different image parameters to be controlled: particle size, particle
number density, background noise, contrast between the background and the particle. Different
flow conditions: translation, rotation, shear, or different combinations, could also be implemented
with the advantage that the displacement of the particles is known exactly. The algorithm

employed to generate the synthetic images is shown in Figure 4.1.

The first step in the synthetic image generation program was to create an image that was seeded
with particles. The program allows control of the particle number density, the size of the particles
and their intensity. Table 4.1 shows the values of the parameters used to generate the synthetic

images.

After the initial image had been created, the displacement of each pixel was calculated based on

Parameter Value

Particle density (number of particles within a 32x32 pixel area) 4, 7,11, 15,20

Mean particle diameter (pixels) [dmean] 2,3,4,5,6,8,10
Fluctuation of particle diameter (pixels) [d fryet) 0.5

Mean particle intensity (counts) [Inean] 200
Fluctuation of particle intensity (counts) [Ifyct] 10
Background noise (counts) 0

Image size (pixels) 480x480

Table 4.1: Parameters used for synthetic image generation
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the applied displacement function to determine its new position. For some of the displacement
functions, the particle displacement was dependent on the particles location within the image,
therefore the motion of the particles was determined incrementally, for all the images. One-
hundred steps were used to displace the particles from their initial positions in image 1 to their
final positions in image 2. If a particle moved off the image during the incremental motion, it
was discarded without creating a new particle. After one-hundred steps, an image was created
showing the final positions of the particles. Figure 4.2 shows a typical synthetic image with a
particle density of 11 particles per 32x32 pixel area and a mean particle diameter of 10 pixels.
Comparing Figure 4.2 to Figure 1.2, the computer generated image more closely resembles images

captured during an experiment using water as the fluid medium than air.

4.2.1 Particle Number Density

The particle number density is defined as the number of particles within a 32x32 pixel area rather
than the total number of particles within the entire image. This prevented a region of the image
from having a high local particle density. Although the particle number density may vary greatly
throughout an experimentally recorded image where seeding the flow may be difficult, quantifying
the impact of the particle number density with respect to the cross-correlation algorithms would
be arduous. To quantify the influence that the particle number density has on the different cross-
correlation routines, five different particle number densities were examined ranging from 4 to 20

particles within a 32x32 pixel area. These values are typical in a water based experiment [39].

4.2.2 Particle Size

The particle itself was represented with a 2-D Gaussian profile, and had a mean diameter that was
equal in the two directions. The mean particle diameter was defined as four times the standard
deviation of the distribution. However, as typical for most seed particles used in experiments, the
synthetic particle diameter, dp,, was programmed to fluctuate about the mean particle diameter,

dmean, as a function of the parameter fluctuation of particle diameter, dfpuct, and a random
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number, randn, which had a mean of 0 and standard deviation of 1.
dp = dmean + dfluct - randn (41)

The program also allowed the fluctuation to vary independently in both principle axes. This
created seed particles that were non-circular and varied in both shape and size, as shown in
Figure 4.3. To quantify the influence of the mean particle size on the different cross-correlation

routines, seven different mean particle sizes were examined ranging from 2 to 10 pixels in diameter.

4.2.3 Particle Intensity

The maximum intensity of the synthetic particle, I,, occured at the particle centre. Similar to
seed particles used in experiments, the intensity varied between particles about a mean value,
Lican. For the synthetic images, individual particle intensity fluctuated as a function of the
fluctuation of the particle intensity, Ifie, and a random number, randn, which had a mean of 0
and standard deviation of 1.

Ip = Imean + Ifluct - randn (42)

Since it was possible to create a particle with an intensity greater than 255 counts (the upper

limit of an 8 bit image), the image was normalised such that the brightest pixel was 255 counts.

A continuous 2-D Gaussian distribution was used to represent the intensity distribution for each
synthetic particle, but the particles shown in Figure 4.3 appear as discrete values. This was due
to the discrete pixel locations in the image. To determine the intensity of each pixel, the Gaussian
function was integrated over the pixel area to determine the average value for the pixel. Figure
4.3 also shows particles that occlude or overlap, which is common for experimental flows. Instead
of adding the intensities of the particles that overlap, the brighter pixel intensity was used. As
such, the brighter and/or bigger particles always appeared in front of the smaller and/or dimmer

particles.
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4.3 Displacement Functions

After the initial image was created at t = 0, the synthetic particles were moved via a displacement
function. To evaluate the different flow mechanisms, six different displacement functions were
employed. They are shown in Table 4.2; uniform translation, step, sawtooth, sinusoid, vortex

and source.

4.3.1 Uniform Translation Images

In the uniform translation, particles in the image were displaced by pure translation of equal

magnitude in the horizontal (z) and vertical (y) directions.
u = constant, v = constant (4.3)

Since the displacement was independent of position, every particle undergoes the same displace-

ment and there was no displacement gradient anywhere in the image.

Ju Ju

dv dv
5 =0 5, =0 (4.5)

4.3.2 Step, Sawtooth and Sinusoid Images

The particle displacement functions in the step, sawtooth and the sinusoid images were applied

only as functions in the z-direction, 7.e. the displacement was constant in the y-direction.
u=0, v=f(z) (4.6)

Therefore displacement gradients existed in the form of a shear in the z-direction only.

ou Ju
v dv
8—36—9(35)7 8_y_0 (4.8)
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Displacement Function

Description

Uniform translation

Step displacement profile

Sawtooth displacement profile

Sinusoid displacement profile

Vortex displacement profile

Source displacement profile
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Uniform translation of each
particle by ‘a’ pixels in both
directions

Infinite displacement
gradient.

Maximum displacement
is 2a and period b.

Finite displacement
gradient.

Maximum displacement
is 2a and period b.

Sinusoidal function with
amplitude a and period b

Line vortex about the centre
of the image.

Displacement of ‘a’ pixels
at the edges of the image.

Line source emanating
from the centre of the image.

Table 4.2: Different displacement functions examined
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where ¢(z) depended on the displacement function. The step and sawtooth contained infinite
and constant displacement gradients, respectively, between regions of zero displacement gradient.
The displacement gradient varied throughout the sinusoid images since the displacement profile

was in the shape of a sine wave.

4.3.3 Vortex and Source Images

The vortex displacement function was generated using a free vortex of vorticity w and rotated

about the centre of the image, such that:

U=WY, U= —WI (4.9)
du du

v v

b Py (11)

The source displacement function was that for a line source at the centre of the image with a

source strength, m, or:

v Y (4.12)
U= M———, V= M——— .
/2 + y2 /2 + y2
% B m ma? % B may (4.13)
00T JPrp @R by R |
ov may v m miy? (4.14)

Do~ @y By iy (@)
Unlike the step, sawtooth and sinusoid displacement functions, the displacements in the vortex

and source images were functions of both z and y, so displacement gradients existed in both

directions.

4.4 PIV Errors and the Synthetic Images

The synthetic images were created using the computer program described in Section 4.2 specifying

the parameters as shown in Table 4.1 [56]. The control of these parameters allows some of the
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errors that exist in images collected during experiments to be eliminated. The synthetic images
were not recorded with a camera so any error due to the particles imaging onto a medium (film or
a CCD array) could be neglected. The particles follow the flow exactly so there was no tracking
error. The effect of the background noise could also be ignored since the background was set to 0
for the synthetic images. Also, the displacement of the particles was specified so the displacement
normal to the image was set to 0, eliminating any error from loss-of-pairs due to out of plane
motion, as well as the error from parallax effects. The only errors that still existed in the synthetic

images were those caused by the sub-pixel interpolation and displacement gradients.

4.4.1 Displacement versus Velocity

Although all the flows evaluated were steady, individual particles accelerated between images for
the vortex and source displacement functions since the displacement vector was a function of po-
sition. However, in analysing the PIV results one must take care to separate the errors associated
in estimating the displacement of particles and the errors associated with the calculation of the
velocity via Equation 2.1. In the analysis of the synthetic images, only the errors associated with
the displacement measurements are directly analysed. The uncertainty of the velocity measure-
ment caused by the first order approximation in Equation 2.1 is left to future work. As such,
the error due to acceleration could be neglected since the particle displacement was considered

instead of the particle velocity.



Chapter 4:

Synthetic Image Generation

Create image 1 (controlling
parameters for particle density,
particle size and particle
intensity)

Y

Y

Calculate the displacement at
each pixel location based on the
type of flow (vortex, source,
linear, step, sawtooth, sinusoid)

Determine the new position of
each pixel

Has the 100 steps occured

Create image 2 with the new
seed positions

Increment the time step

Figure 4.1: Synthetic image generation algorithm
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Figure 4.2: Typical synthetic image with particle number density of 11 particles per 32x32 pixel

area and a mean particle diameter [dy;eqn] of 10 pixels, 480x480 pixel image size

Figure 4.3: Typical synthetic particles with a mean particle diameter [d,;eqn] of 6 pixels and a

particle number density of 15 particles per 32x32 pixel area
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Synthetic Image Analysis

5.1 Introduction

Synthetic images were created using the techniques described in Chapter 4 and were evaluated
with the four FFT based displacement measurement algorithms discussed in Chapters 2 and 3.
Synthetic images were used to compare particle displacements estimated using the different cross-
correlation algorithms since the exact particle displacements were known. Furthermore, the use
of synthetic images allowed certain sources of error to be isolated and other sources of error to

be removed entirely, as discussed in Chapter 4.

This chapter will discuss the criteria used to compare the four methods evaluated, followed
by the results. The results have been divided into three sections based on the motion of the
particles within the synthetic images. In the first section, the results from the uniform translation
images are detailed along with a comparison of two sub-pixel interpolation schemes. The next
section compares the results from the images generated using the step, sawtooth and sinusoid
displacement functions, which contained displacement gradients only in the horizontal direction.
The third section presents the results from the images generated using the source and the vortex

displacement functions, used to assess the effect of displacement gradients in both the vertical

56
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and horizontal directions. A short summary of the synthetic results is provided at the end of

each section.

5.2 Comparison Methods

Before the results from the synthetic images are presented, the standards with which the cross-
correlation algorithms were evaluated must be considered. The criteria used to assess each cross-

correlation strategy were as follows:

1. spatial resolution (density of the vectors in the resulting displacement field)
2. dynamic range (range of displacements that are detected)
3. accuracy (error relative to the exact displacement)

4. robustness (number of valid measurements)

The importance of each criterion will be discussed in turn below.

5.2.1 Spatial Resolution

The number of displacement vectors contained within the vector field produced by the cross-
correlation method is defined here as the spatial resolution. When the spacing between vectors
is smaller, 4.e. a higher spatial resolution, more details of a flow field can be determined, such
as smaller turbulent length scales. One way to artifically increase the spatial resolution is by
increasing the interrogation area overlap. Interrogation overlap refers to the amount by which
the neighbouring interrogation areas overlap. Figure 5.1 shows an interrogation overlap of 50%
in the horizontal direction and 75% in the vertical direction. The interrogation area overlap
could be such that there is a displacement vector for each pixel. However, when interrogation
area overlap is used, the displacement vectors are no longer independent. This may cause the

same displacement vector to be measured in neighbouring interrogation areas. To prevent this
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Figure 5.1: Example of interrogation area overlap - 50% in the horizontal direction, 75% in the

vertical direction
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from happening the largest interrogation area overlap used was 75%, which is typical for most
experiments. Therefore it was important to determine if the increased spatial resolution was a
result of a higher interrogation area overlap or a result of the method applied. This was achieved

by using the same interrogation area overlap wherever possible.

5.2.2 Dynamic Range

Dynamic range refers to the range of displacements the technique is capable of measuring, 7.e.
the minimum and maximum displacements that can be measured. This is important for flows
that consist of large displacement gradients. A method that is capable of measuring a large range
of displacements is more versatile, since it is able to measure the entire flow field with the same
algorithm. However, for flows with uniform or near-uniform displacements a cross-correlation
method with a large dynamic range may not be necessary, especially if it has other limitations,

such as accuracy.

5.2.3 Accuracy

The accuracy of each method will be determined by comparing the total error and wherever
possible the mean bias and random error. The total error is defined as the difference between the

measurement and the actual displacement for a single vector.
total error = Upeasured — Uactual (5.1)

The mean bias error is the average difference between all the measurements from the actual

displacement.

mean bias error = Upeasured — Uactual (5.2)

Since the applied particle displacements do not fluctuate about a mean value the random error

is the RMS of A measured data points.

(5.3)

random error =

A
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For the source and vortex cases the mean bias and RMS errors could not be determined. There-
fore, the 10", 50" and 90*" percentiles of the total error were compared to evaluate the accuracy

of the different cross-correlation methods.

5.2.4 Robustness

Robustness refers to the ability of the cross-correlation algorithm to produce the correct displace-
ment peak as the maximum peak in the correlation plane, regardless of the measurement accuracy.
The displacement vectors were determined to be correct by applying the validation strategies de-
scribed in Section 2.3.2. By comparing the number of displacement vectors that were discarded
by the validation strategies, the robustness of each method could be evaluated. The more vectors
that passed the validation limits, the more robust the method. A robust cross-correlation method

is important since a method that discards 90% of its data may not be advantageous.

5.3 Algorithm Parameters

Before discussing the results of the analysis for the synthetic images for the cross-correlation
algorithms it is important to declare the values of the parameters for each of the four methods,
i.e. the size of the interrogation area, number of iterations, the validation between iterations, etc.
Table 5.1 shows the values used for the processing of the synthetic images for each of the four
cross-correlation algorithms. In an effort to make equal comparisons, the parameters were held
constant for the analysis of each of the images unless the effect of a specific parameter was being

investigated.

To investigate the spatial resolution of the cross-correlation methods the interrogation area overlap
used was the same for all the images evaluated. Since the displacements of the particles for the
step, sawtooth and sinusoid images change in the horizontal direction only, a horizontal overlap
of 75% and a vertical overlap of 0% was used to increase the resolution of the measurements
in the desired direction. However, for the deformed FFT algorithm it was found that a high

resolution of vectors was required in both directions to achieve reasonable results. Therefore, an
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interrogation area overlap of 75% in both directions was applied for the deformed FFT method
only.

The size of the interrogation area on the initial iteration was chosen to obey the one-quarter rule
(Section 2.3). For the results shown below, unless otherwise stated, the size of the interrogation
area for the standard FFT, predictor corrector FFT and the deformed FFT algorithm was 32x32
pixels. For the super resolution FFT algorithm a larger initial interrogation area of 64x64 pixels
was used such that the final interrogation area would not be too small. Using a factor of 2 to
reduce the size of the interrogation area and three iterations, the final interrogation area size for

the super resolution FFT method was 16x16 pixels.

Each evaluated case contained two image pairs to increase the number of possible measurements,

reducing the effect a single measurement would have on the overall conclusions. Therefore, the

Parameter Standard Predictor Super Deformed
FFT Corrector FFT  Resolution FFT FFT

Horizontal interrogation area 75 75 75 75

overlap [%)]

Vertical interrogation area over- 0 0 0 75

lap [%]

Sub-pixel interpolation Gaussian Gaussian Gaussian Gaussian

Number of iterations 1 4 3 4

Type of validation between itera- - Peak Peak Peak

tions

Value of validation between iter- - 1.3 1.3 1.3

ations

Initial size of interrogation area 32x32 32x32 64x64 32x32

Super resolution factor - - 2 -

Type of validation of results Peak Peak Peak Peak

Value of validation of results 1.3 1.3 1.3 1.3

Table 5.1: Parameters used for each cross-correlation algorithm (unless otherwise specified)
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results of both image pairs were included in the plots and all the calculations for the mean bias

and RMS errors.

5.4 Uniform Linear Translation Images

The uniform linear translation images contain a uniform translation of the particles. The distance
the particles moved between images ranged from 0 to 2.0 pixels in 0.1 pixel increments, with
identical displacements in both the horizontal and vertical directions. Figure 5.2 shows the vector
plot of particle displacements for an applied displacement of 2.0 pixels in both the horizontal and

vertical directions.

As mentioned in Section 2.3, the cross-correlation assumes the particles move with a uniform

motion. Since all the particles move with a uniform translation between images, the best possible
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Figure 5.2: Vector plot for the linear translation images with a displacement of 2 pixels in each

direction
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estimate of the particle displacement, 7.e. the least error, was made by each cross-correlation
method for the uniform translation images. The error due to the choice of sub-pixel interpolation
scheme could therefore be evaluated, since other sources of error, such as displacement gradients,

were eliminated from the images.

5.4.1 Effect of Particle Number Density on Linear Translation Results

To investigate the effect the number of particles has on the accuracy of the results, five different
particle number densities were evaluated for the linear translation case; 4, 7, 11, 15 and 20
particles within a 32x32 pixel area. For the linear translation images, the same displacement
exists within each interrogation area. This allowed every vector within both image pairs to
be ensemble averaged to determine the mean bias error according to Equation 5.2 as well as

determine the RMS error according to Equation 5.3.

A contour plot of the mean bias error in pixels for each of the four cross-correlation methods is
shown in Figure 5.3 as a function of the particle number density and the applied displacement,
with a constant particle diameter of 2 pixels. For each cross-correlation method, when the particle
displacement is greater than 0.5 pixels, the mean bias error shows a slight improvement as the
particle number density increases up to 10 particles per 32x32 pixel area. Nevertheless, there
appears to be very little change in the mean bias error with the particle number density as the

contours are all nearly vertical.

However, the random error shows an improvement as the particle number density increases, as
shown in Figure 5.4. For each cross-correlation method examined, the RMS error decreased as the
particle number density increased. Since more particles contributed to the displacement peak, the
peak became better defined within the cross-correlation plane. This resulted in an improvement

of the sub-pixel interpolation accuracy, thus reducing the random error.

The only method which had an RMS error greater than 0.1 pixels, when there were more than 14
particles per 32x32 pixel area, was the super resolution FFT method. The reason for the higher
error was the smaller number of particles used within a single interrogation area. The super

resolution FFT method only uses a 16x16 interrogation area on the final iteration so the number
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of particles within an interrogation area was only one-quarter of the particle number density.
Therefore less particles were contributing to the displacement peak within the cross-correlation
plane. This effect will be shown in greater detail later. Nonetheless, the super resolution FFT
algorithm shows the same trend of improved results with increased particle number density as do

the other three cross-correlation methods.

5.4.2 Effect of the Particle Diameter on the Linear Translation Results

To investigate the effect that particle size had on the accuracy of the different cross-correlation
methods, seven different particle diameters were examined; 2, 3, 4, 5, 6, 8 and 10 pixels. Typical
particle diameters in experiments range from 2 to 6 pixels. However, the particle size is usually
determined by other factors, such as the type of seed particle, the area of interest being examined,

illumination and focus.

Figure 5.5 shows a contour plot of the mean bias error as a function of the particle diameter and
the applied displacement, with a constant particle number density of 20 particles per 32x32 pixel
area. The mean bias error in the standard FFT method increased with the size of the particle
except when the displacement between images was zero, which produced zero mean bias error.
This is shown in Figure 5.5a with the dark blue contour in the upper half of the figure, signifying

that the bias error was greater than -0.1 pixels.

The mean bias error for the predictor corrector FFT and super resolution FFT schemes is shown
in Figures 5.5b and 5.5¢, respectively. In both plots the range in the mean bias error increases
as the particle size increases. This can be seen from the blue and green contours in Figure 5.5b
above mean particle diameters of 6 pixels and in Figure 5.5¢ with the blue and red contours also
above mean particle diameters of 6 pixels. Also seen in Figures 5.5b and ¢ is the mean bias error
switching from a negative to a positive value at half and full integer particle displacements. This

phenomena will be discussed in further detail later.

Unlike the other three cross-correlation schemes, the mean bias error in the deformed FFT method
decreased with larger particle diameters. This suggests that when the interrogation area was

warped due to the displacement gradients, larger particles deformed better than the smaller
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particles. This may have been a result of the bi-linear interpolation required to create the new

interrogation area.

Unlike the mean bias error, the RMS error followed the same trend for each of the four cross-
correlation methods. Figure 5.6 is a contour plot of the RMS error as a function of the particle
diameter and the particle displacement between images. For each cross-correlation method the
RMS error was a minimum when the particle diameter was approximately 3 pixels, as evidenced
by the increased blue contour in Figure 5.6 for a mean particle diameter of 3 pixels. This can
be explained with the Gaussian sub-pixel interpolation scheme, which is a three point estimator
as described in Section 2.3.1, used to approximate the displacement peak in the cross-correlation
plane. With the larger particles, the peak was not as well defined by using only three points
compared to the peaks created with the smaller particles, as shown in Figure 5.7. This suggests
that the sub-pixel interpolation scheme should be based on the particle size. However, in practice
this may be difficult due to the wide range of particle sizes usually found in an experimentally

obtained image.

5.4.3 Robustness

Peak validation was applied to the data to remove any spurious vectors and to test the robustness
of the four cross-correlation methods. Every vector was considered to be valid for each cross-
correlation method. This was due to the simple uniform motion of the particles, which all

contributed to the same peak in the correlation plane for the same applied displacement.

5.4.4 Parabola vs Gaussian Sub-Pixel Interpolation

In this section the errors produced with the parabolic and Gaussian sub-pixel estimators are
discussed. Only the case with 15 particles per 32x32 pixel area and a particle diameter of 4 pixels
is shown since the results are typical for all the other combinations in Table 4.1. This specific
combination of the particle size and particle number density was chosen since it was close to the
ideal combination. The ideal combination was a particle size of 3 pixels in diameter and a particle

number density of 20 particles per 32x32 pixel area as was shown earlier.
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Figure 5.7: Three point estimator applied to a cross-correlation peak with a particle diameter of

(a) 3 pixels (b) 10 pixels

The mean bias error and the RMS error are shown in Figure 5.8, as a function of the applied dis-
placement for the standard FFT and predictor corrector FFT methods, using both the parabolic
and Gaussian sub-pixel interpolation schemes. The same information is shown in Figure 5.9 for

the super resolution FFT and deformed FFT methods.

From Figure 5.8 the oscillatory nature of the peak locking is evident for the standard FFT method.
The oscillations are not about a constant value, rather about a line which decreases as the applied

displacement increases for both the parabolic and Gaussian sub-pixel interpolation schemes.

Figure 5.8 also shows the RMS error for the parabolic and Gaussian sub-pixel interpolation
schemes for the standard FFT method. The RMS error has local maxima at half integer displace-
ments, which shows that both sub-pixel interpolation methods are susceptible to peak locking.
The Gaussian sub-pixel interpolation scheme is the more accurate of the two methods with a
maximum mean bias error of approximately 0.05 pixels compared to the 0.075 pixels with the
parabolic method. This is not surprising since the synthetic particles were generated having a
Gaussian particle intensity distribution since, as discussed in Section 2.3.1, particles typically

used in experiments have been shown to have a Gaussian intensity distribution [57].

Graphs (c¢) and (d) of Figure 5.8 show the mean bias error and RMS error for the predictor
corrector FFT algorithm using the parabolic and Gaussian sub-pixel interpolations, respectively.
The results are similar to those obtained using the standard FFT algorithm since the error

increases until a particle displacement of 0.5 pixels. Then, unlike the standard FFT method, the



Chapter 5: Synthetic Image Analysis 71

010 T — T 010 T — T
B - Mean Bias Error V ] B - Mean Bias Error V ]
0.08 —<—— Rusv - 0.08 —<—— RusV -
0.05f P - 0.05F 3
- o~ RS ] - W N
B X i - NN N S5 < RS R
w003 ¥ P oo 3 wosf o7 TeeeY 3
) 5 Q,\/ ] E F . © ]
2 s S ] [ 1
2 0.00f— s - 3 000f— .
= i P <j 1 = - 1
<] [\ / \\ / \’\, <] B ]
m ;\ / J” N i - = [AV -
uw -0.02 : ®\ ;’] \Q\ 3§ uw -0.02 : Sa @ﬁr@@@{; ~ }(@@6@%
o\ " \ / ] - e o9 ]
0.05 | @x@ /Q ®\ o = 0.05 | To6 =
L / \ ] L ]
- ) ) / ] - ]
0.07 | ®\®,,@’Z - 0.07 | -
0.1 F ! 1 TR TR ! ] 0.1 F ! 1 [ IR I ! ]
190 0.5 1.0 15 2.0 190 0.5 1.0 15 2.0
Applied Displacement [pixels] Applied Displacement [pixels]
(a) Standard FFT with parabolic interpolation (b) Standard FFT with Gaussian interpolation
010 T — T 010 T — T
B - Mean Bias Error V ] B - Mean Bias Error V ]
0.08 —<—— Rusv - 0.08 —<—— Rusv -
z N PR z ]
0.05 | Ay - 0.05 -
N o \ %‘> R N X ]
i [ \ I \ ] i > » ]
& 0.03} 2 AV 2N 0 & 0.03} Nz . \Q 4 =
o - & [SO & [ & ) C &< s 1
g i N \/' ‘w <> //\/\ o <> “‘ /> />\: g B <’> <> | . O <*> | ;
2 0.00p— “ - 1 ] 2 0.00f - - :
o é\ \ | : S - / | ]
Boozfh, | T 5 oof Mo o 7
E\ \ ¢ ] z o 1
0.05F @x@ & / . 0.05 -
: & K@m 1 : 1
0.07 | - - 0.07 | -
01 [ P R TR = 01 [ P R TR =
190 0.5 1.0 15 2.0 190 0.5 1.0 15 2.0
Applied Displacement [pixels] Applied Displacement [pixels]
(c) Predictor Corrector FFT with (d) Predictor Corrector FFT with
parabolic interpolation Gaussian interpolation
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sign of the mean bias error switches, i.e. the method goes from under predicting the particle
displacement to over predicting the particle displacement. This is due to the integer offset used
by the predictor corrector FFT method. When the estimated displacement is between 0.5 and 1
pixel, the interrogation area is moved by 1 pixel, so the displacement being measured becomes
negative. As a result, the mean bias error and the RMS error both exhibit an oscillatory behaviour
which repeats after 1 pixel, with a maximum value of approximately 0.04 pixels for both sub-
pixel interpolation schemes. Similar to the standard FFT method, the Gaussian scheme is more
accurate than the parabolic interpolation for the predictor corrector method with maximum mean

bias errors of approximately 0.03 pixels and 0.075 pixels, respectively.

The results for the super resolution FFT method for the uniform translation images are shown
in Figure 5.9a-b. The shape of the mean bias error and RMS error for both the parabolic and
Gaussian schemes are very similar to those obtained using the predictor corrector FFT algorithm.
This is expected since both cross-correlation methods use an integer offset when the displacement
is greater than 0.5 pixels. However, the mean bias error was greater with the super resolution
FFT method compared to the predictor corrector FFT method. The parabolic scheme had a
maximum mean bias error of 0.1 pixels while the Gaussian method produced a maximum mean
bias error of 0.05 pixels. As well the RMS error was approximately 4 times greater with the
super resolution FFT compared to the predictor corrector FFT algorithm. The increase in error
is attributed to the smaller interrogation areas used for the final iteration of the super resolution

FFT and will be discussed in greater detail in Section 5.4.5.

Graphs (c) and (d) of Figure 5.9 show the mean bias error and RMS error for the deformed FFT
method using the parabolic and Gaussian methods, respectively. Both sub-pixel interpolation
schemes exhibit an oscillatory shape, similar to a sine wave. Unlike the previous three cross-
correlation schemes, there is little difference in the mean bias error between the parabolic and
Gaussian methods with a maximum value of approximately 0.025 pixels. This is attributed to
the bi-linear interpolation used to determine the pixel intensity for sub-pixel displacements. The
shapes of the particles no longer exactly represent a Gaussian profiles, thus the parabolic and
Gaussian interpolation schemes produce similar results. However, the RMS error is slightly lower

for the Gaussian method compared to the parabolic.
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Of the four cross-correlation methods applied to the uniform translation images the deformed FFT
produced the most accurate results. The reasons for the improved performance of the deformed
FFT over the other algorithms is the improved accuracy when measuring small displacements as
well as the ability of the deformed FFT method to offset the interrogation area by a non-integer
offset, i.e. a sub-pixel offset can be applied between iterations. An example would be an applied
displacement of 0.4 pixels measured with each cross-correlation algorithm. The predictor corrector
FFT and super resolution FFT must attempt to measure the entire 0.4 pixel displacement for each
iteration. For the same 0.4 pixel displacement, assume the first iteration of the deformed FFT
method measured a displacement of 0.3 pixels, the next iteration only has to measure 0.1 pixels.
Agsuming the next measured displacement was still less than 0.1 pixels, the following iteration
would only need to measure a displacement smaller than 0.1 pixels. This would continue until
the error is due entirely to the pixel value interpolation scheme and the sub-pixel accuracy. As
seen in all the previous figures, for each of the four cross-correlation methods, the error decreases
as the particle displacement becomes smaller between 0 and 0.5 pixels, until there is no applied
displacement, where the error is zero. Therefore, the deformed FFT method allows for smaller

measured displacements for each subsequent iteration, which improves the accuracy.

If the predictor corrector FFT and super resolution FFT were capable of non-integer interrogation
area offsets their accuracy would improve and the error may be less when compared to the
deformed FFT scheme. For the deformed FFT scheme, the pixels within an interrogation area
are displaced by different amounts, albeit the differences are small for the linear translation
images. This would not be the case for the predictor corrector FFT and super resolution FFT
methods, where the entire interrogation area would have a uniform translation. The assumption
of a uniform pixel offset is advantageous for this case since the particle displacement is constant

within the uniform translation images.

5.4.5 Effect of Interrogation Area Size on Accuracy of Results

To determine if the larger error produced by the super resolution FFT method, compared to the
other three strategies, was a result of the smaller interrogation area used in the final iteration,

different sized interrogation areas were examined for each cross-correlation algorithm. Figure 5.10
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shows the mean bias error as a function of the applied displacement for the four cross-correlation
methods for interrogation areas ranging in size from 16x16 to 64x64 pixels area. Since the super
resolution FFT changes the size of the interrogation area with each subsequent iteration, the size

for the final iteration (16x16 pixel area) was used for reference purposes.

From Figure 5.10b and ¢ the mean bias error for the 32x32 super resolution FFT was approxi-
mately equal to that seen for the same sized interrogation area using the predictor corrector FFT
method. This confirms the earlier hypothesis that the increased error for the super resolution
FFT was due to the smaller interrogation areas. In fact, the other three cross-correlation schemes
show a small improvement between the 32x32 and 64x64 pixel areas but a significant decrease
in accuracy for the 16x16 interrogation area case. This was due to a combination of the smaller
number of particles within each interrogation area for the 16x16 pixel area case, as well as the bias
towards smaller displacements since the displacement peak was generated with the FFT based
cross-correlation, as mentioned earlier in Chapter 2. For the smaller interrogation areas this error
tends to become magnified. The super resolution FFT does not exhibit the same degree of error
with the 16x16 pixel area, due to the larger interrogation areas used in previous iterations. When
the interrogation area has been reduced to 16x16 pixels the super resolution FFT only needs to
measure a displacement less than 0.5 pixels so the bias error is less appreciable. The other three
cross-correlation methods must attempt to measure the entire displacement with an interrogation
area of 16x16 pixels for the first iteration. This exhibits the importance of achieving an accurate
first step in all iterative methods since each subsequent iteration will be based on the initial

displacement estimate.

5.4.6 Uniform Translation Images Summary

Spatial Resolution

Since the particle displacement was uniform throughout the entire image it was difficult to gauge
the spatial resolution of each cross-correlation method. Therefore, no conclusions regarding the

spatial resolution of the algorithms examined could be made from the uniform translation images.
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Dynamic Range

The dynamic range refers to the range of displacements each method can accurately measure.
Similar to the spatial resolution, the uniform particle displacements within the image prevented

any judgments concerning the dynamic range of each cross-correlation method from being made.

Accuracy

The linear translation images were used to determine the highest accuracy capable with PIV,
when using a cross-correlation strategy, i.e. to establish the least amount of error possible. The
accuracy of the linear translation images was measured by the mean bias and RMS errors. The
most accurate results were produced by the deformed FFT method with a mean bias error of 0.03
pixels and an RMS error of 0.03 pixels. The deformed FFT algorithm produced the least amount
of error since it was capable of sub-pixel offsets between iterations. If the predictor corrector FFT
method were capable of sub-pixel offsets, it may produce better results since it would enforce the
uniform flow condition, as opposed to the deformed FFT method which allowed for the skewing
of the interrogation area. Larger interrogation areas were also determined to be more accurate,

although little improvement was seen between 32x32 and 64x64 pixel areas.

The Gaussian sub-pixel interpolation scheme was determined to be more accurate than the
parabolic scheme, due in part to the particles being modelled with a Gaussian distribution.
It was also determined that a particle diameter of 3-5 pixels produced the smallest RMS error
for all four methods, while each method also contained less error with higher particle number

densities.

Robustness

The applied uniform displacement in the uniform translation images was very simple so it was
difficult to measure the robustness of the cross-correlation methods. Each method used over 99%
of the vectors available so no conclusions can be made about the robustness of the algorithms

from the uniform translation images.
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5.5 Step, Sawtooth and Sinusoid Images

The step, sawtooth and sinusoid images were similar flows, each containing displacement gradi-
ents in a single direction. The major difference between the flows, other than the displacement
profile used to create the flows, was the magnitude of the displacement gradient. The step images
contained an infinite displacement gradient, ¢.e. a step, between two regions of constant dis-
placement, as shown in Figure 5.11. The sawtooth images were similar to the step images since
they also contained a displacement gradient between two regions of constant velocity, however
the sawtooth images contained a constant finite displacement gradient. The magnitude of the
displacement gradient depended on the size of the period, as shown in Figure 5.12. Figure 5.13
shows a vector plot for the applied displacement for the sinusoid images, which was in the shape
of a sine wave. This created a displacement gradient that varied in magnitude in the horizontal

direction.

For the results shown, the maximum displacement for each of the step, sawtooth and sinusoid

Figure 5.11: Vector plot for a step image
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images was 8 pixels while different periods of 64, 128 and 256 pixels were evaluated. Since the
trends are similar for all the periods examined, only the results for the period of 128 pixels are
shown to reduce the number of plots. However, the results for the periods of 64 and 256 pixels
are included in Appendices A, B and C for the step, sawtooth and sinusoid images respectively.
As well, the same range of particle diameter size (2 to 10 pixels) and particle number densities (4
to 20 particles per 32x32 pixel area) as the uniform translation images were investigated. Only
the results for the images with a particle diameter of 4 pixels and 15 particles per 32x32 pixel
area are shown in this section with a period of 128 pixels since they are representative of the
other cases. The Gaussian sub-pixel interpolation scheme was used for all the results since it was

determined to be the most accurate sub-pixel scheme from the uniform translation image results.

Since the displacement profiles were repeating functions with a well defined period, the displace-
ment results were normalised by using the remainder of the horizontal location [2] divided by the

period, as shown in Equation 5.4.
Tindex = remainder(z/Period) (5.4)

This collapsed the results into a single period of the displacement function.

5.5.1 Infinite Gradient - Step Velocity Profile Results

Unlike the uniform translation images, the step images contained a displacement gradient. From
0 < Zinder < 0.5 the particles move with a constant 8 pixels displacement in the negative vertical
direction [v]. Then at @;u4e; = 0.5 there is an infinite displacement gradient, i.e. a step, after
which the particles move with another uniform displacement of 8 pixels, this time in the positive

vertical direction.

All Measurement Results

The results for every individual validated measurement are shown in Figure 5.14, along with the

exact displacement, for the four cross-correlation schemes. The difference between results for the
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standard FFT and predictor corrector was small compared to the other schemes, as they matched
the exact profile well (with the exception of one outlier for the predictor corrector FFT method)

for all of %;ndex-

However, the measurements produced using the super resolution FFT and deformed FFT methods
do not have the same accuracy as the standard FFT or the predictor corrector FFT algorithms.
Away from the step, the measurements for the super resolution FFT and deformed FFT methods
produced a wavy profile with the variation in the displacement measurements as much as £+ 1
pixel for both schemes. Near the step, the variation of the measurements and their deviation
from the exact displacement profile increased. This was due to the interpolation used by both

the super resolution FFT and deformed FFT algorithms.

Within the super resolution FFT method, interpolation was used to determine the interrogation
area offset vector between iterations. The first iteration was performed without any offset and
produces results similar to the standard FFT shown in Figure 5.14, but not exactly the same
since the first iteration uses an interrogation area of 64x64 pixels. The second iteration reduced
the interrogation area by a factor of two, to 32x32 pixels area. The amount by which these new
interrogation areas are then offset must be determined using interpolation of the displacement
field. In this case, bi-linear interpolation was used. Since the bi-linear interpolation cannot
properly represent the displacement discontinuity that existed at the step, the interrogation
area offset was incorrect. Sometimes the cross-correlation produced the correct displacement
peak despite the inaccurate offset. This is seen with the measurements that lie on or near the
exact displacement profile. For other measurements, the error in the offset was too great and
an erroneous displacement measurement results. The error then tends to expand as it affects
the entire vector field with subsequent iterations, due to the interpolation scheme, resulting in
the wavy displacement profile in the regions of constant displacement. A similar problem (the
inability of the interpolation scheme to accurately represent the step) existed with the deformed

FFT method, which used interpolation to offset the individual pixels within an interrogation area.

Averaged Measurement Results

Figure 5.15 shows an ensemble average of the results shown in Figure 5.14. There was little
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difference between the standard FFT and predictor corrector FFT, with the slight deviation in
the predictor corrector FFT at ;4. = 0.56 attributed to one outlier. Due to the interrogation
area overlap, a displacement vector exists where the interrogation area was bisected by the step
(Zindez = 0.5). The displacement measured with the cross-correlation method depended strongly
on the location of the particles within the interrogation area. If more particles existed in the
positive displacement half of the interrogation area then the positive displacement would be mea-
sured, and vice versa if more particles were in the negative half. Since the location of the particles
within the interrogation area is random there should be an equal number of vectors measuring
the positive displacement as measuring the negative displacement, with enough displacement vec-
tors. This was seen with the average displacement at the step, which is almost zero for both the

standard FFT and predictor corrector FFT methods.

The ensemble averaged results for the super resolution FFT and deformed FFT schemes show the
effects of the interpolation near the step. The step in the average displacement profile was rounded,
with the super resolution FFT scheme exhibiting more rounding than the deformed FFT method.
Note however that compared to the results in Figure 5.14c-d the wavy displacement profile in the

regions of constant displacement disappeared with averaging.

Figure 5.16 shows the mean bias error and RMS error as a function of z;,4., for the four cross-
correlation algorithms. The mean bias and RMS error were both larger near the step for the
super resolution FFT and deformed FFT algorithms compared to the other methods, as expected.
However, due to the scale of the errors near the step it was difficult to determine the difference

between the methods in the regions of constant displacement.

Figure 5.17 is the same plot as Figure 5.16 except the error scale has been changed to highlight
the error in the regions of constant displacement. There was little difference between the mean
bias error of the standard FFT and the predictor corrector FFT methods, less than 0.15 pixels

for each, suggesting there was little improvement in the measurements after the first iteration.

Although the deformed FFT method had difficulty measuring the particle displacements near the
step, in the region of constant displacement the mean bias error was the lowest, below 0.1 pixels,
while the super resolution FFT method had the largest mean bias error, between 0.1 and 0.2 pixels.

This agrees with the results from the uniform translation images and was not surprising since
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Figure 5.16: Mean bias and RMS error for step displacement function of period 128, particle
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in the regions of constant displacement the step and uniform translation images were essentially
identical. As for the RMS error, it was the lowest for the displacements measured using the
predictor corrector FFT method, below 0.02 pixels, while the super resolution FFT method also
had the largest RMS error of 1 pixel (not including the measurements at the location of the step).

5.5.2 Finite Gradient - Sawtooth and Sinusoid Profile Results

Unlike the step images, the displacement gradients in the sawtooth and sinusoid images were
finite. The sawtooth images contained regions of constant displacement gradients while the
displacement gradients were never constant throughout the sinusoid images. However, the results
were similar for the sawtooth and sinusoid images. Therefore, to reduce the number of plots, only
the sinusoid profile images are presented for some parts of the discussion with the corresponding

plots for the sawtooth images included in Appendix B.

All Measurements Results

Figure 5.18 shows every individual validated displacement plotted against the appropriate scaled
xz-value for one period of the sine displacement function as estimated by the four cross-correlation
algorithms. The exact displacement profile of the sinusoid images is also shown. The results
produced using the super resolution FFT method contained many outliers that the validation
routine did not remove. The outliers were due to the smaller interrogation areas used with the
super resolution FFT method, 16x16 versus 32x32 pixel area for the other three schemes. As
a result, the number of particles within any interrogation area for the super resolution FFT
method was approximately one-quarter the number of particles present in the interrogation areas
for the three other algorithms. As seen with the uniform translation images, smaller particle
number densities will contribute more error since there are fewer particles contributing to the true
displacement peak in the correlation plane. In the case of the outliers in the super resolution FFT
results, the noise peak must have been more than 1.3 (the value used by the peak validation) times

greater than the true displacement peak. To remove these outliers a higher value for the peak
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validation could have used or another validation strategy such as comparing each displacement

vector to its neighbours could be applied, as described in Section 2.3.2.

Figure 5.18 also shows that three of the cross-correlation methods under estimated the maximum
particle displacements, while the deformed FFT method did not. The deformed FFT algorithm
resolved displacements that were greater than those which existed within the image, probably
due to the bi-linear interpolation used to deform the second interrogation area. The fact that a
method was producing measurements that do not exist anywhere within the image appears to be
worse than not being able to measure the maximum particle displacements. However, this error
may result in a smaller mean bias error for the deformed FFT method with the same RMS error
as the other three cross-correlation strategies. Figure 5.19 shows similar results for the sawtooth

images.

Another important result shown in Figures 5.18 and 5.19 was the large variation in the individual
particle displacement measurements. In the standard FFT, predictor corrector FFT and deformed
FFT schemes the variation in the displacement measurements at a single z;,4., Was as much as

10 pixels. The variation also increased as the displacement gradient increases.

The variation in the displacement measurements for the super resolution FFT method was as
high as 6 pixels (omitting the outliers), which was smaller than for the other cross-correlation
methods. This variation was due to the displacement gradients in the images, more specifically,

the different displacements of the particles within a single interrogation area.

Figure 5.20 shows every validated measurement along with lines representing the maximum and
minimum actual particle displacements that existed within each interrogation area at each dis-
placement vector location. The maximum line was constructed by determining the true maximum
displacement within the interrogation area at each measurement location. The minimum line was

determined in a similar manner.

Nearly all the displacement measurements for the standard FFT, predictor corrector FFT and
super resolution FFT methods lie between the maximum and minimum particle displacement
limits, neglecting the outliers. This suggests that the cross-correlation algorithms were measuring

particle displacements that exist within the interrogation area, only they are not always located
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at the centre of the interrogation area. The error was introduced when the vector result was
placed at the centre of the interrogation area, rather than somewhere else inside the interrogation
area, creating a positional bias error. For flows where there are small gradients, this positional
bias error is generally small. However, for flows with large gradients the positional bias error can
begin to dominate the total error. By properly assigning the vector within the interrogation area

the error will be reduced, as shown by Young et al. [47].

Figure 5.20 also shows the smaller range between the maximum and minimum actual particle
displacements within an interrogation area for the super resolution FFT method, compared to the
other algorithms. This smaller range of particle displacements was due to the smaller interrogation
area used by the super resolution FFT method, 16x16 versus the 32x32 pixel area used by the
other three methods. This was the reason the variation in the measured displacements was smaller

for the super resolution FFT method than the other three algorithms.

Averaged Measurement Results

The ensemble averaged results for the sinusoid displacement are shown in Figure 5.21, which
shows the higher definition of the sinusoidal shape of the particle displacement as a result of the
increased number of vectors produced using the super resolution FFT method, compared to the
other algorithms. This was a result of the increased number of vectors achieved with the smaller
interrogation areas, not a result of the interrogation area overlap, which was the same for all four

cross-correlation methods.

Also shown in Figure 5.21 is that the standard FFT, predictor corrector FFT and super resolution
FFT methods all appear to underestimate the maximum displacements, which occur at z;,gee =
0.25 and #;,4e = 0.75. This was not surprising since every individual displacement measured by
those methods was smaller than the maximum displacement. The deformed FFT scheme, which
had displacement measurements greater than the maximum displacements, also under-estimates
the maximum displacements, but the bias error was smaller than in the other methods. There
are many reasons why these methods inherently underestimate the maximum displacement. As

mentioned earlier, the mean bias error may be due to the wrapping of the interrogation area
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discussed in Section 2.3. Another possible reason was that the cross-correlation analysis was
biased towards particles which have a higher intensity. Therefore, a measurement less than the
maximum displacement may be a result of the brightest particle within the interrogation area
moving a distance less than the maximum displacement. As a result, the measured displacement

vector would not exist at the centre of the interrogation area.

Relationship between the error and range of particle displacements

To better show the errors associated with the various cross-correlation strategies the total error
VErsus Tinder 18 shown in Figure 5.22. The total error was defined as the difference between the
individual displacement measurement and the actual displacement. All the measurements for the
standard FFT, predictor corrector FFT and super resolution FFT show the bias in the maximum
displacement measurements at z;,4e; = 0.25 and z;,4e = 0.75. While the deformed FFT method

produced measurements that were both less than and greater than the maximum displacements.

Also shown in Figure 5.22 was the variation in the total error as a function of x;,4e., for all
four cross-correlation methods. The variation in the total error was smallest at the peak particle
displacements while the variation was largest at @;,4c, = 0.5, where the displacement gradient

was largest.

The mean bias error, RMS error and the range of actual particle displacements within the inter-
rogation area at each z;,4., measurement location is shown in Figure 5.23. The range of actual
particle displacements was defined as the difference between the maximum and minimum dis-
placement of the particles in the interrogation area. The mean bias error for the standard FFT
and predictor corrector FFT method were both approximately 1 pixel, while the mean bias errors

for the super resolution FFT and deformed FFT schemes were smaller (~ 0.5 pixels).

The RMS error was the smallest for the super resolution FFT scheme, approximately 0.75 pixels,
while the other three methods have a maximum RMS error slightly above 1 pixel. Also shown in
Figure 5.23 was the relationship between the RMS error and the range of particle displacements

within the interrogation area, as they increase and decrease together.
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The total error versus the range of displacements within the interrogation area was shown for the
sinusoid images in Figure 5.24. The variation in the total error increases with the range of particle
displacements within the interrogation area, for all four cross-correlation schemes. The rate of
growth in the variance of the total error was smallest for the super resolution FFT algorithm while
the other three methods were similar. Note, the scale for the range of particle displacements for
the super resolution FFT method, Figure 5.24c, was different than the other three plots. This
was due to the smaller range of particle displacements that existed within the interrogation area

for the super resolution FFT method compared to the other three algorithms.

Also shown in Figure 5.24 is the connection between the size of the variation in the displacement
measurement error and the range of particle displacements that existed within the interrogation
area. For the standard FFT method the largest measurement error occurs when the range of
particle displacement was 11 pixels and was approximately £ 5.5 pixels, or one-half the size of
the range. This does not suggest that the measurement error was equal to one-half the range
of particle displacements within the interrogation area, for the error was also influenced by the
particle displacement profile in the interrogation area. However, the largest range of particle
displacements occured at an z;,4.. = 0.5, where the displacement gradient is almost constant
across the interrogation area. The maximum difference in the particle displacements from the
centre of the interrogation area was + 5.5 pixels, due to the linear displacement gradient profile,
which was the same error shown in Figure 5.24a. This relationship between the measurement error
and the range of particle displacements indicates the error was not a result of the cross-correlation
method, as the method was measuring a displacement that existed within the interrogation area.
Rather the error was created because the displacement vector was located at the centre of the
interrogation area. Similar results can be seen from the other three cross-correlation methods,

including the super resolution FFT method which used a smaller interrogation area.

To account for the smaller range of particle displacements within the interrogation area for the
super resolution FFT method the range of particle displacements was normalised with the in-
terrogation area side length. Figure 5.25 shows the RMS error versus the normalised range of
particle displacements within the interrogation area. Now the scales on the axes for all four plots
in Figure 5.25 are the same. The RMS error increases with the range as expected, with the super

resolution FFT method increasing the slowest. For the other three methods, the rate at which



Chapter 5: Synthetic Image Analysis 98

R T T T R T T T
10F = 10F =
8 = 8 =
6F = 6F =

7 af = 7 4 E

(>]<) s . °og ° 7 §<" s o ]

a 2F o Eg g 3 2F , ° !I E

S oF I i - S oF ! H 2 =

L L ; L ;

— 2F g, © = — 2F e -

J = ° 8§ s J = ° 88 E

2 4E 8o B 7 P 4F 88 E
6F = 6F =
8 = 8 =
10F = 10F =
ok vy vy ok vy v v
125 2 4 6 8 10 12 12 2 4 6 8 10 12

Range of particle displacements [pixel] Range of particle displacements [pixel]
(a) Standard FFT (b) Predictor Corrector FFT
R T T T T ] e L S RS RS R
10F ) S 10F 0 7
sf o s °
6F ° = 6F =

@ 4 7 @ 4 =

. E . E ]

a 2F a 2F E

S oF S of =

2 2F : 2 2F =

S F 86 S F E

©4F : ©4F E
6fF ’ 6fF =
o ‘ k= o "
-10F . ° o o 10 .
b v % e 2 b v
125 1 2 3 4 5 6 12 2 4 6 8 10 12

Range of particle displacements [pixel] Range of particle displacements [pixel]
(c) Super Resolution FFT (d) Deformed FFT

Figure 5.24: Total error for validated measurements vs range of displacements within an inter-
rogation area for sinusoid displacement function (a) Standard FFT (b) Predictor Corrector FFT
(¢) Super Resolution FFT (d) Deformed FFT (Note: change in horizontal scale in (c))



Chapter 5: Synthetic Image Analysis 99
2.00 T T T 2.00 T T T
1.75F = 1.75F =
- & ] - ]
| a | O a
150 - 150 ’ ) -
N <y 1 N Ore
Q125 / - Q125 2 -
=3 - / ] =3 - o ]
—_ - E — |- / 4
S 1.00f o Jog A 5 100f , .
@ N ’ ] @ N o ]
B a |- S/ E
@ - 1 o - / 1
- & ] - ]
050 L . 0.50 L0 .
[ P v 1 [ s 1
[ e ] [ o 7 ]
0.25F < . 0.25F -0 ]
B g// - < ] - Q// _ - /f 1
SN Ll Ll \ S T Ll \
0.005 0.1 02 0.3 0.4 0.005 0.1 02 0.3 0.4
Range of particle displacements/Int Area Length Range of particle displacements/Int Area Length
(a) Standard FFT (b) Predictor Corrector FFT
2.00 T T T — 2.00 T T T
B <] B ]
1.75F = 1.75F =
150 o - 150 S
& : % ] @ - N ]
—_ | i —_ | < i
(>]<'> 1.25 o -] (>]<'> 1.25 o / -]
S B ] S B /O ]
= - o = - e ]
S 100} SN o S 100} S .
o g o o ] o - o ’ ]
%) 0.75:— <& & 6/\ —: %) 0,75:_ // _:
x| 2707 ] x| /o 1
| Q/ < u | ya u
0.50 - X -1 050 - -]
N Qo7 ] N KON ]
025F ©o -7 3 025 7 3
T O -0 ] T g - v i
E o o 1 - 1
R TR TR ! R TR TR !
0.005 0.1 02 0.3 0.4 0.005 0.1 02 0.3 0.4
Range of particle displacements/Int Area Length Range of particle displacements/Int Area Length

(c) Super Resolution FFT

(d) Deformed FFT

Figure 5.25: RMS error vs the range of displacements within an interrogation area, normalised

by the side length of the interrogation area for sinusoid velocity function (a) Standard FFT (b)
Predictor Corrector FFT (c) Super Resolution FFT (d) Deformed FFT (Note: trend lines are for

visual purposes only)



Chapter 5: Synthetic Image Analysis 100

the RMS error increases was similar. However, from Figure 5.25, if the displacement gradient
within the interrogation areas was below one-quarter of the side length of the interrogation area

the RMS error will be less than 1 pixel for all four cross-correlation strategies.

Number of Valid Vectors

An important factor when investigating the robustness of the four cross-correlation strategies is
the number of valid vectors. Figure 5.26 shows the percentage of valid vectors used in determining
the ensemble average, the mean bias error and the RMS error, versus the 2;,4.,. The predictor
corrector FF'T showed a slight improvement over the standard FFT method with an increase
from 35% to 40% in the lowest region. The super resolution FFT method increased the number
of valid vectors to 60% compared to the deformed FFT which used over 90% of the displacement
vectors for all values of 2;,4c.- The high number of valid vectors for the deformed FFT method
resulted from the choice of validation strategy used, which was peak validation. The objective of
the deformed FFT was to create a uniform displacement throughout the interrogation area, such
that every particle moved with the same displacement, resulting in more particles contributing
to the displacement peak relative to the other peaks. If another validation strategy were used,
such as nearest neighbours as described in Section 2.3.2, the number of valid vectors may have

decreased.

The number of valid vectors decreased in regions of high gradient, .e. in areas where the displace-
ment gradient was highest, i.e. 2;n4ee = 0.5. Figure 5.27 shows the percentage of valid vectors
versus the range of displacements within the interrogation area normalised with the interrogation
area side length. When the range of particle displacements increased the number of valid vectors
decreased for all four cross-correlation methods. The standard FFT and predictor corrector FFT
methods decreased the most with the range of displacements while the deformed FFT algorithm

only showed a slight decrease.
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minimum and maximum displacements for each interrogation area (a) Standard FFT (b) Predic-

tor Corrector FFT (c) Super Resolution FFT (d) Deformed FFT



Chapter 5: Synthetic Image Analysis 103

5.5.3 Step, Sawtooth and Sinusoid Images Summary

Spatial Resolution

Unlike the uniform translation images, the step, sawtooth and sinusoid images contained dis-
placement gradients, thus the spatial resolution of the displacement vectors was important. For
the step images, the measurement error in the super resolution FFT and deformed FFT methods
caused the ensemble average vector plot to inaccurately estimate the particle displacements near
the step. The standard FFT and predictor corrector FFT methods both produced results that

contained the actual sharp corners in the displacement profile.

For the averaged sawtooth and sinusoid displacement images, the definition of the displacement
profile was best represented with the super resolution FFT strategy. This was due to the increase
in the number of vectors (twice as many across the image as the other three cross-correlation

methods) which was a result of the smaller interrogation areas used in the final iteration.

Dynamic Range

The dynamic range refers to the span of displacements each cross-correlation method was capable
of measuring. Due to the one-quarter rule imposed on the maximum displacement, the super
resolution FFT scheme had the largest dynamic range. The first iteration performed by the super
resolution FFT method used a 64x64 pixel interrogation area, which was capable of accurately
measuring a £ 16 pixel displacement, based on the one-quarter rule. The subsequent iterations
reduced the interrogation area size until it reached a 16x16 pixel area. The other three cross-
correlation strategies used the same size interrogation area, a 32x32 pixel area, for each iteration,
which is capable of accurately measuring only an 4+ 8 pixel displacement. As well, none of the
methods evaluated appeared to have difficulty with the resolution of small displacements, as
shown in the uniform images. Therefore the super resolution FFT scheme had the best dynamic

range of the four cross-correlation methods examined for the step, sawtooth and sinusoid images.
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Accuracy

Similar to the spatial resolution, the method with the highest accuracy was not the same for the
step, sawtooth and sinusoid images. For the step images the predictor corrector FFT method had
the lowest mean bias error (0.1 pixels) throughout the image, as well as the lowest RMS error

(0.02 pixels) compared to the other three cross-correlation methods.

In the sawtooth and sinusoid displacement images a bias in the measurements of the maximum
displacements was seen in the standard FFT, predictor corrector FFT and the super resolution
FFT scheme, as each method underestimated the displacement. The deformed FFT algorithm
was the only measurement technique that had displacement vectors that were equal to or greater
than the maximum displacements. This resulted in a smaller bias error for the deformed FFT

method compared to the other three cross-correlation methods.

When examining the total error for every validated measurement, the range of the error for the
super resolution FFT scheme was much smaller than for the other three cross-correlation strate-
gies. This was a direct result of the smaller interrogation areas used in the super resolution FFT
method which had a smaller range of displacements within the interrogation areas. Furthermore,
when comparing the mean bias error and the RMS error for the entire image, the super resolution
FFT method was slightly better than the deformed FFT scheme. Therefore, the super resolu-
tion FFT method was the most accurate of the four cross-correlation strategies evaluated for the

sawtooth and sinusoid displacement images.

Robustness

The robustness of the cross-correlation strategies was judged by the number of validated vec-
tors produced by each method. The deformed FFT scheme validated nearly all of the possible
displacement vectors, suggesting it was the most robust method. The standard FFT method
eliminated the most displacement vectors of the four cross-correlation schemes with the applied
validation strategy. This shows the advantage of using multiple iterations. If an invalid dis-
placement vector was discovered at a location, it could replaced with a valid displacement vector

during the subsequent iterations.
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However, the super resolution FFT method was less robust than the standard FFT scheme since it
produced many displacement vectors that were validated but were clearly measuring an incorrect
displacement. This was more detrimental than eliminating over half of the data through validation
since erroneous displacement measurements were used in calculating the different flow statistics,

such as the average displacement, etc.

5.6 Source and Vortex Images

Turbulent flows generally contain gradients in more than a single direction. Therefore, the source
and vortex displacement functions were employed to generate images to investigate the effect
that displacement gradients in both the horizontal and vertical directions have on the results
from each cross-correlation algorithm. The source images contained a line source that scaled
with the radius, 7.e. the displacements were purely radial with the centre of the image as the

origin. Figure 5.28 shows the displacement profile for a typical source image. The vortex images

Figure 5.28: Vector plot for a source image
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were created using only a rotational displacement which scaled with the distance from the centre

of the vortex, as shown in Figure 5.29.

For the results shown, the maximum displacement for both types of images was 8 pixels, which
occured at the corners of the images. Therefore, the displacement gradient, which was constant
in the radial direction for both the source and vortex images, was 0.025 pizels/pizel. The
displacement gradient experienced by particles in the source and vortex images was much smaller
compared to the maximum 0.4 pizels/pizel gradient experienced by particles in the sinusoid

images with a period of 128 pixels.

5.6.1 Source and Vortex Analysis

To reduce the number of plots, the results shown are for a particle diameter of 4 pixels and
15 particles per 32x32 pixel area. Since the source and vortex images were axisymmetric, the

horizontal [u] and vertical [v] displacements were converted into radial [v,] and angular [vg]

Figure 5.29: Vector plot for a vortex image
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displacements using Equations 5.5 and 5.6, and were plotted versus the radius [r].

UTZU‘E‘I_U‘Q (5‘5)
r r
y T
—u-Z2_p.= 5.6
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Since the source images only contain angular displacements, the error in the radial direction was
only result of the sub-pixel interpolation. Therefore, only the displacement results in the angular
direction are discussed regarding the source images. Similarly, for the vortex images, only the

radial displacement measurements are examined.

Since the displacement measurements occurred on a Cartesian grid, the conversion of the location
of the displacement vector to polar co-ordinates resulted in vectors at different radii. Therefore,
the results could not be averaged as was the case for the step, sawtooth and sinusoid displacement
images, and the mean bias error and the RMS error could not be calculated as a function of the
radius. Instead, the 10", 50" and 90** percentiles were determined to evaluate the displacement
measurement results. The 50" percentile represents the median displacement measurement and
will represent the bias in the cross-correlation method. The difference between the 10t and 90"
percentiles represents the amount of variation in the displacement measurements, i.e. the random

€ITor.

5.6.2 Source and Vortex Results

Figure 5.30 contains every individual validated displacement measurement along with the exact
particle displacement as a function of the radius for the source images with a particle diameter
of 4 pixels and a particle number density of 15 particles per 32x32 pixel area. The error in
the displacement measurements was much lower than that of the step, sawtooth and sinusoid
images, even though there were displacement gradients in two directions for the source images.
This was due to the magnitude of the displacement gradients in the source and vortex images.
As mentioned earlier, the maximum gradient within a single 32x32 pixel interrogation area was
less than 0.025 pixel/pixel for the source images, compared to 0.4 pixel/pixel for the sinusoid

images with a period of 128 pixels. Therefore the displacement gradient was very small across
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Figure 5.30: Every validated measurement for source displacement function with minimum and
maximum displacements for each interrogation area with a particle size of 4 pixels in diameter
and a particle number density of 15 particles per 32x32 pixel area (a) Standard FFT (b) Predictor
Corrector FFT (c) Super Resolution FFT (d) Deformed FFT
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the interrogation area for the source and vortex images. And as shown with the step, sawtooth
and sinusoid images, the displacement measurement error was dependent on the range of the

particle displacement within the interrogation area.

Similar to the results seen for the sinusoid displacement images, the super resolution FFT method
produces displacement measurements which were validated, but were not measuring the correct
particle displacement. Again, these outliers were a result of the smaller interrogation areas used
by the super resolution FFT method. The smaller interrogation areas contained fewer particles
than the other three cross-correlation strategies, approximately one-quarter. Therefore, fewer
particles contributed to the true displacement peak. In the case of the outliers, the noise peak
in the correlation plane was greater than 1.3 times (the value of the applied peak validation) the
displacement peak. Similar to the results for the sinusoid images, the outliers may be removed

with a higher peak validation or other validation strategies, as described in Section 2.3.2.

Also shown in Figure 5.30 were the tendencies of the standard FFT, predictor corrector FFT and
super resolution FFT methods to underestimate the particle displacements while the deformed
FFT method appeared to produce measurements both above and below the actual particle dis-

placements. Similar results are shown for the vortex images in Figure 5.31.

To show the error in the displacement measurements for each cross-correlation strategy evaluated,
Figure 5.32 shows the total error versus the radius for the source images. Lines representing the
10*", 50" and 90*" percentiles of the total error in the displacement measurements are included
in Figure 5.32. The exact values for the 10", 50" and 90*" percentiles are also shown in Table
5.2.

The bias towards measuring displacements less than the actual particle translation was evident
for the standard FFT, predictor corrector FFT and the super resolution FFT methods with a
50" percentile of -0.102, -0.055 and -0.066 pixels respectively. However, the 50" percentile for
the deformed FFT method was nearly zero with a value of -0.002 pixels, and thus there was

almost no bias in the measurements.

The variation in the displacement measurements can be evaluated using the difference between

the 10" and 90 percentiles. The super resolution FFT method had a much larger variation,



Chapter 5: Synthetic Image Analysis 110

8r T T T 8r T T T
7 :— Vangular { —: 7 :— Vangular ‘:
—_ - Actual Vangular (] E —_ - Actual Vangular E
©r ] ©r ]
£ 6F = £ 6F =
S S 1 S S 1
o °F E o °F E
g f ] g f ]
& 4F ] & 4F ]
Q. B 1 Q. B 1
A2 ] o r ]
o 3F - o 3F -
g | ] g | ]
S ] S ]
o 21 - o 21 -
e B 1 e B 1
< ] < ]
1 = 1 =
0 ? P P N 0 ? P P N

0 100 200 300 0 100 200 300

radius [pixels] radius [pixels]
(a) Standard FFT (b) Predictor Corrector FFT

8r T T T 8r T T T
i i e
7 :— Vangular 7 :— Vangular o ‘:
—_ - Actual Vangular —_— - Actual Vangular i E
©r ] ©r 3% ]
£ 6F = £ 6F =
S S 1 S S 1
o °F E o °F E
g f ] g f ]
& 4r ] & 4r ]
Q. B 1 Q. B 1
AR ] o r ]
o 3F - o 3F -
g | ] g | ]
s F ] S :
o 21 - o 21 -
e B 1 e B 1
< ] < ]
1 = 1 =
0 P P N 0 ? P P N

0 100 200 300 0 100 200 300

radius [pixels] radius [pixels]
(c) Super Resolution FFT (d) Deformed FFT

Figure 5.31: Every validated measurement for vortex displacement function with minimum and
maximum displacements for each interrogation area with a particle size of 4 pixels in diameter
and a particle number density of 15 particles per 32x32 pixel area (a) Standard FFT (b) Predictor
Corrector FFT (c) Super Resolution FFT (d) Deformed FFT
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Figure 5.32: Total error for validated measurements for source displacement function with mini-
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Cross-correlation 10" 50%" 90" Difference between 10"
method percentile percentile percentile and 90'" percentiles
Standard FFT -0.194 -0.102 -0.019 0.176
Predictor Corrector FFT -0.140 -0.055 0.024 0.164
Super Resolution FFT -0.221 -0.066 0.034 0.256
Deformed FFT -0.087 -0.002 0.085 0.172

Table 5.2: 10", 50" and 90" percentile values for the source images with a particle size of 4

pixels in diameter and a particle number density of 15 particles per 32x32 pixel area

Cross-correlation 10" 50%" 90" Difference between 10"
method percentile percentile percentile and 90'" percentiles
Standard FFT -0.132 -0.047 0.038 0.170
Predictor Corrector FFT -0.115 -0.035 0.042 0.157
Super Resolution FFT -0.206 -0.058 0.040 0.247
Deformed FFT -0.084 0.005 0.094 0.178

Table 5.3: 10", 50" and 90*" percentile values for the vortex images with a particle size of 4

pixels in diameter and a particle number density of 15 particles per 32x32 pixel area

0.256 pixels, compared to the other three methods, which all had similar ranges between the 10t?

and 90" percentiles, approximately 0.17 pixels.

Also shown in Figure 5.32d was the increase in the total error for some displacement measurements
produced using the deformed FFT method at a radius of approximately 300 pixels. This increase
in the error occurs at the corners and edges of the image. Since there were no vectors beyond
the corners or edges of the image, extrapolation was required to determine the amount to deform
the interrogation area, which was less accurate than the bi-linear interpolation used everywhere
else. This decrease in accuracy caused an increase in the error for some measurements at values

of extreme radius. Similar results are shown for the vortex images in Figure 5.33 and Table 5.3.
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Figure 5.33: Total error for validated measurements for vortex displacement function with mini-

mum and maximum displacements for each interrogation area with a particle size of 4 pixels in

diameter and a particle number density of 15 particles per 32x32 pixel area a) Standard FFT b)
Predictor Corrector FFT ¢) Super Resolution FFT d) Deformed FFT
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5.6.3 Source and Vortex Images Summary
Spatial Resolution

The displacement profile in the source and vortex images are linear, unlike the step, sawtooth
and sinusoid images. As a result, the spatial resolution was not as critical. However, the super
resolution FFT method was able to produce displacement vectors closest to the centre of the

image.

Dynamic Range

The dynamic range refers to the span of displacements the cross-correlation strategies were capa-
ble of measuring. Since the first iteration for the super resolution FFT method has an interroga-
tion area twice as large as the other three methods, 64x64 versus 32x32 pixel area respectively, the
super resolution FFT method is capable of measuring displacements twice as large. Therefore,
the super resolution FFT method has the greatest dynamic range of the four cross-correlation

algorithms evaluated.

Accuracy

The accuracy of the four cross-correlation strategies was evaluated by comparing the values of the
10*", 50" and 90" percentiles. The 50" percentile was the median displacement measurement
and provided an estimate of the bias in the cross-correlation method. The magnitude of the
difference between the 10 and 90** percentile provided an estimate of the amount of variation
in the measurements, 7.e. the random error. The deformed FFT method had a 50" percentile
approximately equal to zero for both the source and vortex images, while the other three cross-
correlation strategies each had a bias towards under-estimating the displacement, each greater
than 0.05 pixels. Also, the difference between the 10" and 90" percentiles for the deformed
FFT method was the second lowest of the four cross-correlation methods, only the standard
FFT scheme was better. Overall, the deformed FFT method was the most accurate of the four

cross-correlation strategies evaluated.
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Displacement Function Preferred Method Reason
Uniform translation Deformed FFT Increased accuracy due to sub-pixel
offsets
Step Predictor Corrector FFT ~ No interpolation required near step
Sawtooth Super Resolution FFT Smaller range of displacements

within interrogation area

Sinusoid Super Resolution FFT Smaller range of displacements

within interrogation area
Source Deformed FFT Approximately zero bias error

Vortex Deformed FFT Approximately zero bias error

Table 5.4: Synthetic image results summary
Robustness

The robustness of the cross-correlation methods was judged by the number of valid displacement
vectors produced by each strategy evaluated. Due to the small displacement gradients within
the image nearly all the vectors were validated for each cross-correlation method. Therefore,
no conclusions can be made regarding the robustness of the cross-correlation strategies from the

results of the source and vortex images.

5.7 Summary of Synthetic Results

Table 5.4 shows a summary of the six types of synthetic images evaluated along with the cross-
correlation method which produced the best estimates of particle displacements. The uniform
translation images were used to determine the least amount of error possible with the cross-
correlation strategies. The most accurate results had a mean bias error of 0.03 pixels and an
RMS error of 0.03 pixels, both produced by the deformed FFT method. Larger interrogation
areas were determined to be more accurate, although little improvement was seen between 32x32

and 64x64 pixel areas, due to the uniform nature of the flow. The deformed FFT algorithm
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produced the least amount of error since it was capable of sub-pixel offsets of the interrogation

areas between iterations.

The Gaussian sub-pixel interpolation scheme was determined to be more accurate than the
parabolic scheme, due in part to the particles being modelled with a Gaussian distribution.
It was also determined that a particle diameter of 3-5 pixels produced the smallest RMS error

for all four methods, while each method gave better results at higher particle number densities.

The step images contained an infinite displacement gradient at the location of the step. The
inability of the super resolution FFT and deformed FFT methods to interpolate in the area
around the step reduced their accuracy in high displacement gradient situations. Since the other
two methods, the standard FFT and predictor corrector FFT, did not use any interpolation they
were able to measure the displacement near the step successfully. Therefore, in flows where a
very high displacement gradient exists, the predictor-corrector FFT method should be employed,

since it is more robust and slightly more accurate than the standard FFT method.

The sawtooth and sinusoid images contained large, but finite, displacement gradients in a single
direction. The RMS error was found to increase with the range of displacements, 7.e. due to the
existence of more displacements within a single interrogation area a larger range of displacements
were measured. As such, the displacements measured did not always exist at the centre of the
interrogation area, as was assumed when the displacement vector was placed at the centre of the
interrogation area. As a result, a positional bias error was introduced into the results. The smaller
interrogation areas provided with the super resolution FFT method improved the accuracy of the
results due to the smaller range of displacements and the fact that the maximum positional bias

error was dependent on the interrogation area size.

When the range of displacements within a interrogation area was below one-quarter of the in-
terrogation area size, the RMS error was below 1 pixel for each method examined. Also, all
the methods consistently under predicted the maximum particle displacements except for the
deformed FFT algorithm, which tended to have an equal number of results above and below the

true maximum particle displacement.

The deformed FFT used the most vectors, after a peak validation was applied to the final results,
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compared to the other cross-correlation methods tested. However, due to the increased spatial
resolution, the higher dynamic range and the reduced range of particle displacements within an
interrogation area, the super resolution FFT provided the best results for the sawtooth and sinu-
soid images. Therefore, in flows which contain high frequency displacement gradients the super
resolution FFT method should be employed. However, if the deformed FFT method were com-
bined with the super resolution FFT scheme, 7.e. the interrogation areas in the super resolution
FFT method were deformed based on the displacement vector field, the results may improve due

to the robustness and accuracy of the deformed FFT algorithm.

In the analysis of the source and vortex images, the impact of displacement gradients in two
directions was examined. All four methods showed no signs of difficulty with measuring the
displacements in the source or vortex images, due to the relatively small displacement gradi-
ents within the interrogation areas. However, similar to the step, sawtooth and sinusoid images,
each method consistently under-predicted the displacement except for the deformed FFT scheme,
which again produced the same number of results above and below the true displacement. There-
fore, due to the reduced bias error and small random error, the deformed FFT method produced

the best results for the source and vortex images.
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Experimental Results

6.1 Introduction

Chapter 5 summarised the results from the synthetic images analysed with four different cross-
correlation strategies. The synthetic images allowed parameters such as particle size, density of
seed particles and particle displacements to be controlled, which was be beneficial when evaluating
the cross-correlation methods. However, the parameters mentioned above can not always be
controlled in an experimental environment. As a result, the images collected during experiments
may not be as ideal and therefore as easy to process as the synthetic images. That is, the particle
density may vary throughout the images, the particle intensity may vary between images, etc.
Therefore it was important to verify the conclusions from the synthetic image results with images

collected under realistic experimental conditions.

To confirm the results of Chapter 5, the flow was measured inside a multiple grooved channel
using PIV. The multiple grooved channel was chosen since DNS calculations for the channel
flow existed, as reported by Yang [1]. The DNS calculations were compared to the PIV velocity
measurements to evaluate the success of the cross-correlation methods. This chapter provides an
overview of the experimental setup, along with a discussion concerning the velocity measurements,

which were collected using both water and air as the flow medium.

118
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6.2 Multiple Grooved Channel

The turbulent flow in a multiple grooved channel was indicative of several industrial flows, in-
cluding the flow over buildings and the flow between printed circuit boards on which computer
chips are aligned. For the case studied, a channel with periodically repeating rectangular blocks
which were placed perpendicular to the direction of the main flow was used, as is shown in Figure
6.1. The flow within the grooved channel was similar to that in a channel with a backwards
facing step (BFS) where there exists a region of wall-shear on the top of the block as well as a
recirculation zone behind the block. The difference between the BFS and the grooved channel
was that in the latter, the flow was not fully developed along the top of the block, due to the
short length of the block, thus affecting the characteristics of the flow downstream of the block.

The grooved channel was chosen to verify the cross-correlation methods due to the large flow
structures that existed within the flow. Regions of wall-shear, free-shear and recirculation all
existed within the flow, and were similar to the displacement functions applied to the particles

in the synthetic images evaluated in Chapter 5.

Two experiments were performed, one with water as the fluid inside the grooved channel and

Flow Direction

Figure 6.1: Multiple grooved channel setup
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the other using air. The properties of each fluid were very different and necessitated the use of
different seed particles, thus each medium produced distinct images, as shown in Figure 1.2 and

repeated here in Figure 6.2.

6.2.1 Flow Conditions

To perform the experiment using two different fluids, water and air, the concept of Reynolds sim-
ilarity was applied. This states that two geometrically similar flows using different flow mediums
will give the same flow characteristics provided that the Reynolds number is the same for each
flow, and the Reynolds number is the dominant parameter of the flow. For the grooved channel,
the Reynolds number was based on the mean bulk velocity [U,,] between the upper wall of the
channel and the top of the block, as well as the distance between these two walls [H — h].
_ P Un - (H-1)

B I

A Reynolds number of 6900 was used for all the experiments since this was the value used for the

DNS calculations reported by Yang [1]. This produced volume flow rates of @, = 0.555 litre/s

Re

(6.1)

and @, = 8.28 litre/s for the experiments conducted with water and air as the fluid media,

respectively.

6.3 Experimental Setup and Components

Schematics of the full experimental setups for the grooved channel are shown in Figures 6.3 and
6.4 for water and air respectively. The setup consisted of a clear acrylic channel with plastic
grooves and a flowmeter to monitor the flow rate. Each component will be discussed in the

following sections.

6.3.1 Acrylic Channel

The measurements in water and air were made using the same acrylic channel as is shown in

Figure 6.5. The floor of the channel was constructed of grey PVC plastic to reduce the amount
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(a) Water

(b) Air

Figure 6.2: Typical seeded PIV images (60mm x 40mm) for (a) water using Pliolite as seed

particles and (b) air using mineral oil for seed particles
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Figure 6.3: Schematic of the experimental setup for water
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Figure 6.4: Schematic of the experimental setup for air
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Figure 6.5: Acrylic channel used for experiments

Dimension
H 4 em
h 2 em
w 8 cm
L, 28 em

Table 6.1: Multiple grooved channel dimensions

of laser reflection at the surface, and to improve the near wall measurements. The dimensions
of the channel are listed in Table 6.1. The channel had an inner cross-section of 8 ¢m by 4 cm
[WxH], with a length of 86 ¢m. One inch barbed fittings were placed at either end of the channel

to connect the inlet and outlet hoses.

Three PVC rectangular blocks created the repeating grooves, each 2 e¢m by 2 em [hxh] and
extended the entire width of the channel. They were placed inside the channel with a spacing
of 28 cm between them [Ly]. All measurements were conducted between the second and third

grooves to ensure that the flow was fully developed, .e. the effects from the entrance of the
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channel had smoothed out. To reduce the inlet effects a 2 mm by 2 mm wire mesh was placed 1
cm from the entrance of the channel to help break up the larger turbulent length scales generated
from the flow entrance. The edges of the grooves contained a very slight chamfer compared to

the sharp 90° corners used in the DNS calculations.

6.3.2 Water-Based Setup

For the experiments that used water as the fluid, a centrifugal pump was employed to move the
water through the channel. The water was pumped from a large reservoir through a valve that
was used to control the flow rate, which was monitored with a variable area flowmeter (Omega

FL7401). After the flow passed through the channel it returned to the reservoir.

As the water was recirculated through the channel, it was possible for the temperature of the
water to rise during the experiment, due to the energy added by the pump, and thus the water
temperature was monitored with a thermometer. Due to the relatively large volume of the

reservoir (~ 1 m?), there was no recorded temperature change for the duration of the experiment.

6.3.3 Air-Based Setup

Although the channel used for the water experiment was identical to that used for the air-
based experiments, the method of pumping the flow was different. For the air-based experiments
compressed air at a pressure of 100 kPa was used as the fluid medium with a pressure regulator to
control the amount of flow through the channel. The compressed air first traveled through a smoke
generator (where the seed particles were created by burning the mineral oil) before entering the
variable area flowmeter (Omega FL7314) and then into the grooved channel. Mineral oil smoke is
commonly used for seed particles in air-based PIV experiments [39]. To prevent the temperature
of the air from increasing with time due to the smoke generator, the air was not recycled after it

passed through the channel. Instead, it was vented to the atmosphere.
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Figure 6.6: PIV Experimental Setup

6.4 PIV Experimental Setup and Components

The PIV experimental setup and its relation to the grooved channel is shown in Figure 6.6. The
PIV setup comprised of a laser and laser beam optics, a camera and an image processor. Each

component will be described in detail below.

6.4.1 The Laser and Laser Beam Optics

To illuminate the flow for all the experiments, a New Wave Gemini/15Hz dual cavity Nd-YAG

laser was used and was capable of generating two 500m.J/5ns pulses at a wavelength of 532nm.
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The power used during the experiments was dictated by the intensity of the images, and was

always much less than the maximum available.

To create the light sheet, a cylindrical lens was attached to the output of the laser along with
a focusing lens. The cylindrical lens spread the beam into a 2-D sheet while the focusing lens
controlled the thickness of the laser sheet. The laser sheet thickness was between 1-2 mm for the

experiments conducted using both the water and air.

6.4.2 The CCD Camera and Image Processor

To record the location of the seed particles within the laser sheet a Kodak Megaplus ES1.0 CCD
camera with 1008x1018 pixel resolution was used. The Kodak Megaplus ES1.0 camera used a
combination of light sensitive cells and an equal number of storage cells, the latter are not exposed
to light. The light from the first laser pulse was exposed to the light sensitive cells to record the
first image. The intensity of the light sensitive cells was then transferred to the storage cells
immediately such that the light sensitive cells were ready to record the second image [25, 28].
The data from both types of cells were then transferred to the computer, where the two images

were saved.

It was necessary to synchronise the transfer of data from the light sensitive cells to the storage
cells with the timing of the laser pulses. This was done using an image processor. For the grooved

channel experiments the image processor used was the Dantec 1100 Flow Processor.

6.5 Seed Particles

The Pliolite (by Goodyear) particles used to seed the water-based experiments were polymer
based and ranged from 44 to 74 microns in diameter. Before the experiment began, the seed
particles were mized into the reservoir and allowed to come to rest overnight. The seed particles
that had a specific gravity greater than unity sank to the bottom of the reservoir, while those

less with a specific gravity less than unity floated to the top. The remaining seed particles, which
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were pumped through the channel, had the same density as the water. It was important that the
seed particles be the approximate density of the fluid otherwise they would not follow the flow

properly, thus influencing the measurements.

The seed particles used for the air experiment were very different from those used in the water
trial. Due to the relatively low density of air the choice of seed particles was limited. For the
grooved channel experiments, mineral oil smoke was employed, since it has been shown produce
good measurements in air [39]. Mineral oil was heated using a smoke generator, which was placed

in line with the air supply before the channel inlet, as shown in Figure 6.4.

6.6 Results

For the experiments conducted, 1000 images were recorded for each of the experiments performed
using water and air. The images recorded the motion of the particles in the region before the
flow reached the leading edge of the block to approximately one and a half block heights from

the trailing edge of the block, as shown in Figure 6.7. The image size was 60 mm by 60 mm and

Area of interest

Direction of flow
—

Figure 6.7: Measurement location in relation to the grooved channel



Chapter 6: Experimental Results 129

62 mm by 62 mm for the water and air-based experiments, respectively. The small difference in

the image sizes was due to the actual setup of the experiments.

6.6.1 Parameters used in PIV Processing

Before discussing the results from the grooved channel experiments it is important to outline the
values of the parameters used for each of the four methods. Table 6.2 shows the values used for
the processing of the experimental images for each of the four cross-correlation algorithms. The

same parameters were used for both the water and air images to allow for comparisons of the

results.

Parameter Standard Predictor Super Deformed
FFT Corrector FFT  Resolution FFT FFT

Horizontal interrogation area 75 75 75 75

overlap [%)]

Vertical interrogation area over- 75 75 75 75

lap [%]

Sub-pixel interpolation Gaussian Gaussian Gaussian Gaussian

Number of iterations 1 4 3 4

Type of validation between itera- - Peak Peak Peak

tions

Value of validation between iter- - 1.3 1.3 1.3

ations

Initial size of interrogation area 32x32 32x32 64x64 32x32

Super resolution factor - - 2 -

Type of validation of results Peak Peak Peak Peak

Value of validation of results 1.4 1.4 1.4 1.4

Table 6.2: Parameters used for each cross-correlation algorithm for both water and air experiments
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6.6.2 Non-dimensionalisation of Results

To maintain the same Reynolds number for the water and air experiments the flow rates through
the channel were different, as described in Section 6.2.1. Therefore to make comparisons between
the experiments and the DNS calculations, the results were non-dimensionalised. The length
dimensions were non-dimensionalised using the difference between the height of the channel and
the block [H — h], which was 2 ¢m for both the water and air experiments. The velocity results
were non-dimensionalised by the mean velocity of the flow [U,,] as it passed over the block, 0.3467
m/s and 5.175 m/s for the water and air trials, respectively. The non-dimensional parameters

then became:

ok = Hw_ - (6.2)
Yk = Hy_ - (6.3)
wk = % (6.4)
vk = % (6.5)

6.6.3 Vector Velocity Field

Figure 6.8 shows the non-dimensionalised average vector velocity field for both the water and air
experiments compared to the DNS results reported by Yang [58]. The results shown in Figure
6.8 were determined using the standard FFT method. The other three cross-correlation methods

produced similar vector plots and are not shown.

The average velocity vector field produced from both experiments appears to agree with the DNS
results. As the flow approaches the block it began to move upwards, especially at the corner
of the block. This caused a small separation region on the top of the block, which was evident
from the vector direction. As the flow moved past the trailing edge of the block a shear gradient
formed between the faster moving flow at the top of the channel and slower moving flow behind
the block. A large recirculation zone also existed behind the block. Due to this large recirculation
zone, a region of near zero average velocity appeared at the bottom of the channel immediately

after the block.
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The results from the average of 1000 images produced important information regarding the general
motion of the flow within the channel, but did not give any insight into the turbulence or steadiness
of the flow. Figure 6.9 shows the non-dimensionalised velocity vector field, produced using the
four cross-correlation strategies, for the same single image pair in water, ¢.e. the velocity of the
flow at an instant in time. The sizes of the recirculation region can be seen to vary from those
indicated from the average velocity field. As well, there was a large variaton in the magnitude of
the velocity in the stagnation region immediately behind the block on the channel floor. Figure

6.10 shows similar results for the experiments performed with air, at a single instance in time.

The velocity vector fields in Figures 6.9 and 6.10 were not validated to show the number of
the erroneous velocity measurements produced by each cross-correlation method. The number
of erroneous measurements appears to be the highest for the super resolution FFT method,
compared to the other three schemes, although the relative number of erroneous measurements
was low. However, it is important not to form any conclusions regarding the robustness of the
four cross-correlation strategies from Figures 6.9 and 6.10 since they only represent one image
pair from each experiment. The robustness of the cross-correlation methods will be discussed

below.

6.6.4 Robustness

The method used to evaluate the robustness of the four cross-correlation schemes for the synthetic
images compared the number of validated vectors. A similar procedure was used for the water
and air experiments. Figures 6.11 and 6.12 contain contour plots of the percentage of 1000
possible vectors used at each location for each cross-correlation algorithm. For all four cross-
correlation strategies, in both the water and air trials, the lowest number of validated vectors
occured immediately above the block surface. This may be due to reflections from the block
surface as well as the existence of high velocity gradients in this region, which is consistent
with the results seen using the synthetic images. For the synthetic images, as the displacement

gradients increased, the number of valid vectors decreased.

Also shown in Figures 6.11 and 6.12 was the improvement in the number of validated vectors

between the standard FFT and predictor corrector FFT methods. This was due to the repeated
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iterations of the predictor corrector FFT which allows initially invalid vectors to be re-evaluated
on subsequent iterations. However, repeated iterations did not benefit the robustness of the
super resolution FFT method, which produced the least number of valid vectors of the four
cross-correlation algorithms evaluated. This was a result of the smaller interrogation areas which
will contain less particles to contribute to the displacement peak in the correlation plane. Yet,
the smaller interrogation areas did allow the super resolution FFT scheme to obtain more valid
velocity vectors closer to the walls of the block and channel than the other three cross-correlation
strategies, for both the water and air trials. Overall, of the four cross-correlation methods eval-
uated, the deformed FFT scheme produced the largest percentage of valid velocity vectors for

both the water and air experiments.

6.6.5 Derived Flow Characteristics

From the validated vector velocity field it is possible to determine other flow characteristics, 7.e.
the wall shear stress, flow streamlines, etc. One such flow characteristic which was derived from
the velocity vector field to evaluate the rotation of the flow within the cross section created by
the 2-D laser sheet was vorticity. The non-dimensionalised 2-D vorticity [wx] was calculated using
Equation 6.6.

Wk = Our _ Qux (6.6)

Oz*x  Oyx

Figures 6.13 and 6.14 contain contour plots of the average vorticity field for the water trial for

the four cross-correlation algorithms compared to the DNS results. Figures 6.15 and 6.16 show

the contour plots for the average vorticity field for the air trial.

Of the four cross-correlation strategies applied, the deformed FFT produced results most similar
to those of the DNS, based on qualitative analysis. However, the average vorticity field calculated
from both experiments for all methods appeared to match the DNS results in both shape and
magnitude, including the high negative vorticity at the leading edge of the block. As well, the
amount the magnitude of the vorticity decreased as the flow spreads beyond the block to fill the

entire channel was similar between the experimental and the DNS results. On the bottom of the
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channel behind the block exists a region of positive vorticity as is shown in the contour plots in

Figures 6.13 - 6.16.

6.6.6 2-D Turbulent Kinetic Energy

The average velocity vector and vorticity field are both dependent on the mean flow characteristics
and do not provide insight into the turbulence in the flow. The amount the flow fluctuates can be
seen in the non-dimensionalised 2-D turbulent kinetic energy [k+*] contour plot. The 2-D turbulent
kinetic energy is defined as: -

u'*? 4 /%2

b= —— (6.7)

where u'x and v’x are the non-dimensionalised fluctuating component of the velocity, obtained
by subtracting the average velocity from each instantaneous velocity measurement. Only the
2-D turbulent kinetic energy can be evaluated since the flow in the third dimension could not be

measured with the chosen experimental setup.

Figures 6.17 and 6.18 contain contour plots of the 2-D turbulent kinetic energy for the water
experiments as determined using the 1000 validated velocity vector fields produced with the four
cross-correlation strategies as well as the DNS results. Figures 6.19 and 6.20 contain the 2-D

turbulent kinetic energy contour plots determined for the air trial.

For both the water and air experiments the shape and magnitude of the 2-D turbulent kinetic
energy contours agreed with the DNS results, independent of the cross-correlation methodology.
The sudden increase in the turbulent kinetic energy at the leading edge of the block compared
well with DNS simulation by Yang [58]. Also, the decrease in the turbulent kinetic energy when
the flow area expands to fill the entire height of the channel as it moved beyond the block matched
the DNS results well.

The turbulent kinetic energy was greater for the experimental results than the DNS results in the
region immediately above the block. This may be due to the lower number of validated vectors
used in determining the turbulent kinetic energy here than in other areas of the flow field, as
shown in Figures 6.11 and 6.12. Of the four cross-correlation strategies applied, the deformed

FFT produced results that matched the shape of DNS simulation the best.
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Chapter 6: Experimental Results 144

2.00 g LI gy B AR |, S LS AL il L
\ ;

[
I3
=)
WU B A e

0.00 o b b b e 1) o Pl ) 0.00 IR AR AN NN
-1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 -1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75
X* X*

(a) Super Resolution FFT (b) Deformed FFT

0.00 IR AR AN NN
-1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75
X*

(c) DNS Results

0.00 0.02 0.05 0.07 0.10 0.12 0.14 0.17 0.19 0.21 0.24
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Figure 6.19: Contour plot of 2-D turbulent kinetic energy in air (a) Standard FFT (b) Predictor
Corrector FFT (c) DNS Results
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6.6.7 Streamwise and Normal Profiles at z;,4.. = —0.5

Average Velocity Profile

The velocity vector and contour plots allowed the comparison of the experimental and DNS results
on a qualitative scale by visually comparing the shape of the flow characteristics. To quantify
the comparison of the experimental and DNS results, profiles of flow characteristics were used at

different sections within the flow.

Figures 6.21 and 6.22 show line profiles of the average streamwise velocity at ax = -0.5 for the
water and air experiments respectively. Since z* = -0.5 occurred at the middle of the block, the
range for y* in the plots was from 1 to 2. Each plot shows a comparison of a cross-correlation
scheme with the DNS results. The shape of the streamwise velocity profiles were very similar
between each cross-correlation algorithm and the DNS results for both the water and the air
trials, with the differences from the DNS simulation approximately 4% and 0%, respectively,

based on the maximum velocity.

In Figures 6.21 and 6.22, the average streamwise velocity profile produced by each cross-correlation
method for both the water and air experiments shifted downwards closer to the top of the block,
compared to the DNS results. This shift was a result of the difference in the measured velocity
and DNS results of the average normal velocity at 2+ = -0.5, which was much smaller than the
average streamwise velocity, as shown in Figures 6.23 and 6.24. The estimated normal velocity
was consistently smaller than the DNS calculations, approximately 50%, for both the water and
air experiments and for each of the four cross-correlation algorithms. Assuming the DNS simula-
tion is correct, the difference in the results was probably due to the presence of a chamfer at the
corner of the block, compared to the DNS simulation where the block had a sharp 90° corner.
The chamfer allowed for a smoother transition of the flow at the leading edge of the block, thus
reducing the magnitude of the average normal velocity. This reduced positive normal velocity
caused the average streamwise velocity profile to shift downwards toward the top of the block
surface, as observed in the experimental results. However, the shape of the normal velocity profile

produced by the cross-correlation algorithms matched well with the DNS simulation.
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Velocity Fluctuations Profile

Typically it is easier to measure the correct average velocity, which is a first order statistic, than
to accurately measure the turbulent fluctuations of a flow, which is a second order statistic [40].
A comparison of the fluctuations in the streamwise velocity at zx = -0.5 for the water and air
trials respectively, for each cross-correlation method applied, is shown in Figures 6.25 and 6.26.

The shift of the experimental results towards the top of the block was evident due to the reduced
velocity in the normal direction in comparison to the DNS results. However, the difference
between the measured streamwise fluctuation and the DNS simulation was very small for each
cross-correlation method applied. The results produced by the water trial were closer to the DNS
simulation than the air trial, other than the larger fluctuation measured with the super resolution
FFT method above yx = 1.5. Of the four cross-correlation algorithms applied, the deformed FFT
method matched the streamwise fluctuations of the DNS simulation the closest with differences

of -5.5% and 6.8% of the maximum displacement for the water and air experiments, respectively.

Line profiles of the fluctuations in the normal velocity are shown in Figures 6.27 and 6.28 for
the water and air trials, respectively. Between the water and air trials, the fluctuations in the
normal velocity produced from the air experiment better matched the DNS results. However,
both trials produced similar results, in shape and magnitude, compared to the DNS simulation
even though the magnitude of the normal velocity was different between the experiment and
the DNS simulation. Of the four cross-correlation methods, the normal velocity fluctuations
produced with the deformed FFT scheme matched the DNS simulation the best. However, the
normal velocity fluctuation measurements obtained using the super resolution FFT method are
larger near the top of the block, 1.0 < y* < 1.3, compared to the other three cross-correlation
schemes and the DNS results. It is unclear if this was a result of the flow characteristics or the

reduced number of valid vectors produced with the super resolution FFT method near the top of

the block.
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6.6.8 Streamwise and Normal Profiles at z;,4.., = 1.0
Average Velocity Profile

The flow characteristics at z*x = -0.5, which was located above the middle of the block, were
presented in Figures 6.21 - 6.28. The non-dimensionalised average streamwise velocity profile
at zx = 1.0, which was downstream of the block, was shown in Figures 6.29 and 6.30 for the
water and air experiments, respectively. The measurements from the air experiment more
closely match the DNS results than those from the water trial, although the difference was
small. The maximum difference between the average streamwise velocity for the water and DNS
results occurs between 1.5 < yx < 2, and is approximately 0.1, or -8% different from the DNS
simulation. The non-dimensionalised difference in the velocity can be converted into a pixel
displacement [(Az, AY)image] by multiplying by the time separation [At] and the mean velocity
above the block [U,,] and then dividing by the spatial scaling [M] to convert from meters to

pixels, as shown in Equations 6.8 and 6.9.

w* At Uy,

Awimage — T (68)
v At-Up,
Ayimage - T (69)

Therefore a difference in the non-dimensionalised velocity of 0.1 was less than a displacement
of 0.4 pixels between the first and second images. It was difficult to determine how the error
was divided among the cross-correlation scheme, the sub-pixel interpolation scheme, particle
dynamics or even the experimental error. Nonetheless, the measurements for the water and the

air experiments were similar to the DNS simulation results.

The average normal velocity profiles at 2+ = 1.0 are shown in Figures 6.31 and 6.32 for the water
and air experiments, respectively. The measured normal velocity matched the DNS simulation
well, with less than a 10% difference from the DNS simulation for the deformed FFT method.
The shape and magnitude of the velocity was similar for both experiments, as was the point where
the sign of the velocity switches, regardless of the cross-correlation scheme applied. However, of
the four cross-correlation strategies employed, the deformed FFT method measured the average

normal velocity profile closest to the DNS calculations.
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Velocity Fluctuations Profile

The streamwise velocity fluctuations are shown in Figures 6.33 and 6.34 for the water and air
trials, respectively. The measurements from the air experiment are closer to the DNS results
than those from the water trial, especially when y* was greater than 1. However, for both the
water and air trials the measured magnitude of the fluctuations in the streamwise direction was
less than that predicted by the DNS simulation when y* was less than 0.75. The difference was
very small, approximately 0.02 for the deformed FFT method, which was the closest to the DNS

simulation of the four cross-correlation methods evaluated.

The comparisons between the water and air normal fluctuating velocity measurements and the
DNS simulation are shown in Figures 6.35 and 6.36, respectively. The measurements for the
water experiment when y* was greater than 1.0 contained more error as they had more variation
than the air trial. However, the measurements were very similar to the results of the DNS

simulation, with the deformed FFT method producing the closest results.

6.7 Summary

The flow inside a multiple grooved channel was measured using each of the four cross-correlation
strategies. Experiments were performed to verify if the conclusions drawn from the analysis
of the synthetic images were more widely applicable than to only the ideal synthetic images.
The difficulty with experiments was that rarely the exact answer was known, making it diffi-
cult to determine the errors of a measurement technique. For the multiple grooved channel,
DNS calculations were available and allowed comparison of the vector velocity field, derived flow
characteristics (such as the average vorticity) as well as some turbulent statistics, although the
uncertainty of these statistics was unknown. As well, multiple experiments were performed using
both water and air as the flow medium in the channel. This was done to verify that the cross-
correlation methods were capable of measuring the motion of the seed particles in both water

and air, which produced very different images.
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Figure 6.33: Profile of averaged non-dimensionalised streamwise turbulent fluctuations in water at
2+ = 1.0 (a) Standard FFT (b) Predictor Corrector FFT (c) Super Resolution FFT (d) Deformed
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Figure 6.36: Profile of averaged non-dimensionalised normal turbulent fluctuations in air at x
= 1.0 (a) Standard FFT (b) Predictor Corrector FFT (c) Super Resolution FFT (d) Deformed
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The measured average velocity vector field and the derived average vorticity field were very
similar to those predicted by the DNS calculations independent of which cross-correlation method
was used, for both the water and air trials. As well, the second order statistics, the turbulent
fluctuations, were similar to those predicted by the DNS simulation. The only comparison where
there was a significant difference between the measured and the DNS results occured for the
average normal velocity at the leading edge of the block. However, this difference could possibly
be attributed to the slight chamfer on the edges of the block used for the experiments as compared

to the sharp 90° corners used in the DNS simulation.

Of the four cross-correlation schemes evaluated, the deformed FFT was the most robust method
since it produced the highest percentage of valid velocity vectors. As well, the measurements
produced using the deformed FFT method matched the DNS simulation the best of the cross-

correlation algorithms.



Chapter 7

Conclusions and Recommendations

7.1 Summary

PIV is a powerful tool used in fluid mechanics to measure the velocity of a flow field within a 2-D
plane. PIV can provide estimates of both the instantaneous and average velocity vectors through
an entire flow field. As a result, its popularity among researchers as the preferred flow measuring
technique is growing, along with expectations of increased accuracy, improved vector resolution

and the ability to measure the finer details of a flow.

The objective of this work was to compare the most common particle displacement extraction
strategies in PIV against each other without bias and to determine their individual strengths and
weaknesses. In the literature, when a PIV method is evaluated it was typically compared only
to one other method, usually the simplest PIV algorithm, and applied to a specific flow. In this
work, each PIV algorithm was applied to many different types of flows.

The four most common cross-correlation based strategies were chosen: (1) standard FFT (2)
predictor corrector FFT (3) super resolution FFT and (4) deformed FFT. Each method uses
a fast Fourier transform to perform the cross-correlation to estimate a representative particle

displacement within the interrogation areas. The difference between the methods is how the
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interrogation areas were selected. The standard FFT method was the simplest scheme examined
and correlates the interrogation area in the first image to a corresponding interrogation area in

the second image that was located in the same part of the image.

The predictor corrector FFT method was an extension of the standard FFT method where af-
ter the first cross-correlation was calculated in the standard manner, the cross-correlation was
repeated with the interrogation area in the second image offset by an integer value equal to the
displacement initially found using the standard FFT method. The advantage of the predictor
corrector method was the ability to measure displacements less than 0.5 pixels, where the FFT

based cross-correlation was most accurate.

The super resolution FFT scheme was very similar to the predictor corrector FFT method except
the size of the interrogation area was reduced by a factor of two between iterations. Along with
measuring displacements less than 0.5 pixels, the super resolution FFT allowed a higher resolution

of velocity vectors without increasing the interrogation area overlap.

The final algorithm evaluated was the deformed FFT. Similar to the previous two methods, the
deformed FFT method was an extension of the standard FFT algorithm where it repeated the
cross-correlation for multiple iterations. However, the interrogation area in the second image was
constructed by determining the offset of each pixel in the interrogation area of the first image. The
advantage of the deformed FFT method was the cross-correlation measured a uniform particle
displacement throughout the interrogation area, regardless of the actual flow. The uniform flow
condition was important since it was a necessary assumption when using a cross-correlation to

measure particle displacement.

The four cross-correlation algorithms were evaluated through analysis of both computer generated
synthetic images and images collected from two experiments, one with water and the other with air
as the fluid medium. The synthetic images were created using a MATLAB [55] computer program,
which controlled the particle size, particle number density and the motion of the particles. Six
different types of image displacement functions were used to move the particles; (1) uniform
linear translation (2) step displacement profile (3) sawtooth displacement profile (4) sinusoid
displacement profile (5) line source displacement and (6) line vortex displacement. The synthetic

images were used since the exact particle displacement was known.
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The experimental images were used to verify the conclusions drawn from the results of the analysis
of the synthetic images. The flow in a multiple grooved channel was measured using both water
and air as the working fluid. This was done since the images collected in the experiments using
water as the fluid medium were very different from those obtained using air, due to the individual
seeding requirements of each fluid. The difficulty with using experimental images to examine the
errors in a cross-correlation strategy is that the exact answer is generally unknown. However, in
the case of the grooved channel, the measured results could be compared to DNS calculations,

which were considered to be highly accurate.

7.1.1 Conclusions based on the Analysis of the Synthetic Images

Standard FFT Algorithm

The standard FFT method, which the other three algorithms are adaptions of, performed well
for the analysis of all of the synthetic images. The relative error for the standard FFT method
was comparable to the other cross-correlation algorithms evaluated and the algorithm was able
to estimate the step displacement much better than the super resolution FFT and deformed FFT
methods. However, the robustness of the standard FFT method consistently ranked third of
the four cross-correlation schemes since the method only used one iteration. The standard FFT
method should be applied to experiments where a high degree of accuracy is not required, i.e.

most industrial flow applications.

Predictor Corrector FFT Algorithm

The predictor corrector FFT algorithm displayed very little improvement in accuracy compared
to the standard FFT method although the robustness of the predictor corrector FFT method
consistently ranked second best of the four cross-correlation algorithms evaluated. The improved
robustness over the standard FFT method was attributed to the repeated iterations. The pre-
dictor corrector FFT scheme was able to estimate the displacements in the step images the best

of the four cross-correlation algorithms, slightly better than the standard FFT method. The
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predictor corrector FFT method should be applied to flows where a sharp discontinuity exists
within the flow, i.e. a co-flow with two fluids of high viscosity, or in a flow with very uniform

flow, i.e. flow in a pipe.

Super Resolution FFT Algorithm

The super resolution FFT method consistently ranked the worst of the four cross-correlation
algorithms for robustness. This was due to the smaller interrogation areas used for the final
iteration which contained fewer particles compared to the other algorithms. The results for the
images generated with the step displacement function contained large errors around the step due
to the interpolation used to offset the interrogation areas between iterations. However, the super
resolution FFT method was able to estimate the particle displacements in the sinusoid images the
best of four cross-correlation algorithms. The increased accuracy was attributed to the smaller
interrogation areas used for the final iteration. The smaller interrogation areas contained a smaller
range of displacements and the maximum positional bias was smaller. The super resolution FFT
method produced the best spatial resolution of the four cross-correlation algorithms since the
spacing between vectors was smaller, also due to the smaller interrogation areas. The super
resolution FFT method should be applied to flows which contain a high frequency of velocity

gradients, 7.e. multiple jets in a line.

Deformed FFT Algorithm

The deformed FFT algorithm was the most accurate of the four cross-correlation algorithms for
the uniform translation algorithms since the interrogation areas were capable of sub-pixel offsets
between iterations. Similar to the super resolution FFT method, the deformed FFT scheme had
difficulty properly measuring the step images due to the interpolation required in generating the
interrogation areas. However, the deformed FFT was consistently the most robust of the four
cross-correlation algorithms and produced the most accurate results for the images generated with

the source and vortex displacement functions. The deformed FFT algorithm should be applied
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to flows which contain large velocity gradients in two directions, i.e. swirling flows, or when a

high degree of accuracy is required from the displacement results.

7.1.2 Summary of the Analysis of the Experimental Images

To verify that the results from the synthetic images were not specific to the computer generated
images, experiments were conducted to measure the flow in a multiple grooved channel. The
multiple grooved channel was chosen since DNS calculations for the flow were available. The
experiments were conducted using both water and air as the fluid medium since the seed particles

are very different, thus producing different images.

The measured average velocity vector field, the derived average vorticity and the turbulent fluc-
tuation data were very similar to the DNS calculations for all cross-correlation methods for both
the water and air trials. The only comparison where there was a significant difference between
the measured and the DNS results occured for the average normal velocity at the leading edge
of the block. However, differences here could be attributed to the slight chamfer on the leading
edge of the block, compared to the sharp 90° corner used in the DNS simulation.

Overall, the PIV experiments produced results that were similar to the DNS simulation, proving
the capability of PIV to measure complex flows. Of the four cross-correlation schemes evaluated
the deformed FFT consistently produced measurements closest to the DNS simulation, which

agrees with the results from the synthetic image analysis.

7.2 Recommendations for Future Work

The current comparison between the four FFT based cross-correlation techniques did not investi-
gate the effect of altering the parameters associated with the peak validation scheme used between
iterations. Also, using different validation schemes, such as a nearest neighbour comparison, may
improve the results for some of the methods in certain applications, especially for the methods

that interpolate the displacement vector field and where a smooth vector field is beneficial.



Chapter 7: Conclusions and Recommendations 173

Only the super resolution FFT and deformed FFT methods used interpolation as a part of their
algorithms when determining interrogation area offsets between iterations. The interpolation
scheme applied for this study was the simplest method to implement, bi-linear interpolation.
Higher order interpolation schemes, i.e. bi-cubic, spline, etc., may improve the accuracy of these

interpolated offset values, thus improving the accuracy of the results.

Any future investigations should explore the combination of the super resolution FFT and de-
formed FFT methods. The combined method would use the deformed FFT algorithm to construct
the interrogation areas but the size of the interrogation areas would reduce by a factor of 2 between

iterations, similar to the super resolution FFT scheme.

Finally, the placement of the vector at a location other than the centre of the interrogation
area should be investigated with the iterative cross-correlation algorithms. The results from
the synthetic images, especially the sawtooth and sinusoid images, displayed how each method
was capable of measuring a displacement that existed somewhere within the interrogation area.
However, the displacement measured did not always occur at the centre of the interrogation
area. By placing the velocity vector in the correct location within the interrogation area, the
interpolation used to determine the offset values for each of the methods using iterations would
improve, leading to more accurate results. As well, the accuracy of the final velocity vector field
would increase, regardless of which method was applied since the positional bias error would be

removed /minimised.
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Appendix A

Step Results

In this Appendix the results for the images generated with the step displacement function are
presented for the different periods of 64, 128 and 256 pixels to show the conclusions in Chapter
5 were independent of step displacement function period. For all the results shown, the mean

particle size was 4 pixels in diameter with a particle density of 15 particles per 32x32 pixel area.

Every validated measurement from the four cross-correlation methods are shown in Figures A.1,
A2 and A.3 for a period of 64, 128 and 256 pixels, respectively. The results for all three
periods were similar with the standard FFT and predictor corrector FFT algorithms accurately
estimating the step function. The super resolution FFT and deformed FFT schemes both had
difficulty near the location of the step.

The displacement results were averaged and are shown in Figures A.4, A.5 and A.6 for periods of
64, 128 and 256 pixels, respectively. The error in the super resolution FFT and deformed FFT
algorithms when measuring the step displacement is shown in the rounding of the measurements,

regardless of the period.

The mean bias and random errors are shown in Figures A.7, A.8 and A.9 for periods of 64, 128
and 256 pixels, respectively. As expected the mean bias and random errors were independent of

the period of the step displacement.
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Appendix B

Sawtooth Results

In this Appendix the results for the images generated with the sawtooth displacement function are
presented for the different periods of 64, 128 and 256 pixels to show the conclusions in Chapter 5
were independent of sawtooth displacement function period. For all the results shown, the mean

particle size was 4 pixels in diameter with a particle density of 15 particles per 32x32 pixel area.

Every validated measurement from the four cross-correlation methods are shown in Figures B.1,
B.2 and B.3 for a period of 64, 128 and 256 pixels, respectively. As the length of the period
increased the measurement results improved. This was a result of the smaller range of displace-
ment that existed within the interrogation areas. Figures B.4, B.5 and B.6 also contain every
validated measurement point along with lines representing the maximum and minimum displace-
ments which existed within the interrogation area at each measurement point. As the length
of the period increased, the displacement gradient decreased and the range of displacements
within each interrogation area also decreased. This resulted in displacement measurements which

contained a smaller range of measurements.

The displacement results were averaged and are shown in Figures B.7, B.8 and B.9 for periods of
64, 128 and 256 pixels, respectively. As the period increased the resolution of the displacement
function increased. This was a result of more displacement vectors being used due to the larger

period.
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The total error within the measurements for the different cross-correlation algorithms evaluated
is shown in Figures B.10, B.11 and B.12 for periods of 64, 128 and 256 pixels, respectively.

The characteristics of the total error in the sawtooth displacement images were independent of
the period length. In the regions of the constant displacement, only the deformed FFT method
produced measurements above and below the exact particle displacement. While in regions of
constant displacement gradients, all four methods produced measurements above and below the

exact particle displacement at that z;,4e. location.

The mean bias and random errors are shown in Figures B.13, B.14 and B.15 for periods of 64, 128
and 256 pixels, respectively. As expected the mean bias and random errors were independent of

the period of the sawtooth displacement.
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Figure B.14: Ensembled averaged error for sawtooth displacement function for a period of 128
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Appendix C

Sinusoid Results

In this Appendix the results for the images generated with the sinsoid displacement function are
presented for the different periods of 64, 128 and 256 pixels to show the conclusions in Chapter 5
were independent of sawtooth displacement function period. For all the results shown, the mean

particle size was 4 pixels in diameter with a particle density of 15 particles per 32x32 pixel area.

Every validated measurement from the four cross-correlation methods are shown in Figures C.1,
C.2 and C.3 for a period of 64, 128 and 256 pixels, respectively. As the length of the period
increased the measurement results improved. This was a result of the smaller range of displace-
ment that existed within the interrogation areas. Figures C.4, C.5 and C.6 also contain every
validated measurement point along with lines representing the maximum and minimum displace-
ments which existed within the interrogation area at each measurement point. As the length
of the period increased, the displacement gradient decreased and the range of displacements
within each interrogation area also decreased. This resulted in displacement measurements which

contained a smaller range of measurements.

The displacement results were averaged and are shown in Figures C.7, C.8 and C.9 for periods of
64, 128 and 256 pixels, respectively. As the period increased the resolution of the displacement
function increased. This was a result of more displacement vectors being used due to the larger

period.
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Figure C.9: Ensembled averaged displacement measurements for sinusoid displacement function
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FFT (d) Deformed FFT
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The mean bias and random errors are shown in Figures C.10, C.11 and C.12 for periods of 64, 128
and 256 pixels, respectively. As expected the mean bias and random errors were independent of

the period of the sinusoid displacement.
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Figure C.10: Ensembled averaged error for sinusoid displacement function for a period of 64
pixels (a) Standard FFT (b) Predictor Corrector FFT (c) Super Resolution FFT (d) Deformed
FFT
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Figure C.11: Ensembled averaged error for sinusoid displacement function for a period of 128

pixels (a) Standard FFT (b) Predictor Corrector FFT (c) Super Resolution FFT (d) Deformed

FFT
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Figure C.12: Ensembled averaged error for sinusoid displacement function for a period of 256
pixels (a) Standard FFT (b) Predictor Corrector FFT (c) Super Resolution FFT (d) Deformed
FFT



