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Abstract

The shape of non-spherical or irregularly shaped particles have been a challenging factor to include
in mathematical models that describe particle motion in a fluid. In many studies in the literature,
irregularly shaped particles have been modelled essentially as spheres. This thesis is an
experimental study that investigates the hypothesis that using the spherical assumption to model
non-spherical or irregularly shaped particles is invalid. The optical diagnostic technique that was
used to evaluate the particle motion is particle shadowgraph velocimetry (PSV). The objectives of
this research was to: (1) determine an appropriate length scale to define the particle Reynolds
number and coefficient of drag of long aspect ratio particles, (2) identify the important aspects of
particle motion in an industrial application known as steam assisted gravity drainage (SAGD), (3)
highlight the impact of particle shape and rotation on particle deposition and build-up in SAGD

operations.

A commonly used correlation in the literature to determine the coefficient of drag of non-spherical
particles is the Haider and Levenspiel model. This is a generalized model that has been often used
as a reference or starting point for other empirical correlations that have been developed in the
literature. The Haider and Levenspiel model utilizes the equivalent diameter, which is a method of
modelling non-spherical particles with respect to a perfect sphere. In this research, experiments
were undertaken to investigate the suitability of using the equivalent diameter as a length scale for
long aspect ratio particles. A guillotine chopper was used to manufacture cylindrical particles from
opaque, black, constant diameter mono-filament. Spherical particles of various sizes and densities
were also included in the analysis. The terminal settling velocity of particles used in the Haider and

Levenspiel model were determined by estimating the ratio of the average distance travelled by the
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particle to the average time of travel. However, in this research, a custom image processing
technique was used to track the particles and calculate the localized velocities in order to identify
when the particles reached the terminal settling velocity. The results showed that the ratio of the
volume to the surface area of the particle is a more suitable length scale to define the particle
Reynolds number and coefficient of drag for long aspect ratio particles in comparison to using the

equivalent diameter.

One of the industrial applications in which particle motion is relevant is SAGD operations. SAGD
is a method that is used to extract and produce oil sands. Particle deposition is one of the failure
mechanisms of downhole equipment that is used in SAGD operations. The general approach in the
literature to analyze particle transport during SAGD operations is a bulk type approach known as
‘core flooding’. In this process, particle transport is analyzed by injecting fluid into a rock sample
known as a core and then evaluating the effluent. Therefore, the localized impact of particle motion
is unknown. This study seeks to demonstrate the effect of the localized motion of the particles
during SAGD by evaluating the motion of both spherical and irregularly shaped particles. The
results showed that particle rotation of micro-sized particles can lead to particle deposition and
build-up, affecting the flow field of the surrounding fluid. It was also observed that particle rotation
depends on particle shape, the initial orientation and the relative location of the particles within the
flow field. This study shows that the core flooding approach is inadequate to capture significant

aspects of particle motion such as rotation and deposition in SAGD operations.

The thesis shows that long aspect ratio cylindrical particles falling in the direction of gravity within
a fluid media can be well modeled as spheres using the ratio of the volume to the surface area of
the particles as a length scale. This was observed because a more complete non-dimensionalization

of the particle Reynolds number and the coefficient of drag was achieved as the experimental
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spherical and non-spherical data overlapped well with the predictive model. However, in more
complex flow geometries in which a co-flow is introduced, the spherical assumption neglects some
important aspects of particle motion. As the results showed, particle shape and rotation can lead to

deposition and build-up, which is one of the failure mechanisms in SAGD operations.
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particle. For each particle D. was calculated for every subsequent frame as the particles fell through
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particles whereby the average particle size is 43 um. (¢) The distribution of the aspect ratios of the
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time =0 and then at time 7= 16 minutes. This figure shows the particle deposition for both
spherical and irregularly shaped particles in three flow cell configurations: open slot, cylindrical
pillars, and diamond shaped pillars, at Re =1 [1T1]. ccc.cocieiiiiiiniiiiiiinieeeeeeceeee e 85
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frame to avoid overlapping images of particles. The line plots are vertical locations of the center
of the fitted ellipse to the particle plotted versus the absolute value of the difference between the
angle of rotation of the particles, 0, (in every 4th frame) and the initial angle, 6i, of each particle
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Figure 46 Particle velocity in the x-direction V4, y-direction V;, and the magnitude (V3> +V;?) of
the particle velocity |V] for 4mm Diameter Delrin in Water. The average terminal settling velocity,
U 1s 196.82 mm/s. Note: the two (2) outliers shown in Figure 45 were omitted in order to obtain a

better estimate of the terminal settling velocity. Therefore only 13 particles are shown in this plots.

Figure 47 Particle acceleration in the x-direction Ay, y-direction 4y, and the magnitude v (4> +4,?)
of the particle acceleration |4| for 4mm Diameter Delrin in Water. Note: the two (2) outliers shown
in Figure 45 were omitted in order to obtain a better estimate of the average acceleration within the
terminal velocity region. Therefore only 13 particles are shown in this plots. .........cccceeevuneenneee. 109
Figure 48 Particle displacement, y, velocity, V;, and acceleration, 4,, for 4mm Diameter Delrin
(15 particles) in 20%—80% Glycerol=Water. ...........cceeriiriiiiiiieiieieeie et 110
Figure 49 Particle velocity in the x-direction Vs, y-direction V), and the magnitude v (Vi* +V;?) of
the particle velocity | V| for 4mm Diameter Delrin (15 particles) in 20%—-80% Glycerol-Water. The
average terminal settling velocity, U; 1S 152.99 MIM/S. ...cccveieiiiiiiiieeiieeeeeeeee e 111
Figure 50 Particle acceleration in the x-direction A, y-direction 4y, and the magnitude v (4.> +4,%)
of the particle acceleration |4| for 4mm Diameter Delrin (15 particles) in 20%—-80% Glycerol—
WALET. ..ottt et e 112
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Figure 51 Particle displacement, y, velocity, V), and acceleration, 4,, for 4mm Diameter Delrin
(15 particles) in 40%—60% GlyCerol=Water. ..........ccceerieriiieriieiieiie ettt 113
Figure 52 Particle velocity in the x-direction V, y-direction ¥}, and the magnitude v (Vs> +V,?) of
the particle velocity |V] for 4mm Diameter Delrin (15 particles) in 40%—-60% Glycerol-Water. The
average terminal settling velocity, U; 1S 108.37 MMY/S. ....ccoeviieiiiiiiieiieeieeiecie e 114
Figure 53 Particle acceleration in the x-direction 4., y-direction 4, and the magnitude v (4.> +4,%)
of the particle acceleration |4| for 4mm Diameter Delrin (15 particles) in 40%—-60% Glycerol—
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Figure 54 Particle displacement, y, velocity, V;, and acceleration, A,, for 4mm Diameter Delrin
(15 particles) in 70%—-30% Glycerol-Water. The outliers at displacement 260 mm occurred within
the overlap between the two cameras. In this region there was a variation in the light distribution
compared to the rest of the field of view. A uniform distribution of light was not achieved with the
projector and kite paper as shown in Figure 8 and describe in Section 3.5.1. This affected the
binarization of the particle within that region and thereby a slight shift in the location of the centroid
of the particle from the image processing SCheme. ...........cccoecuieiiiiiiiiieniieeeee e 116
Figure 55 Particle velocity in the x-direction Vs, y-direction ¥}, and the magnitude v (Vs> +V,?) of
the particle velocity | V| for 4mm Diameter Delrin (15 particles) in 70%—-30% Glycerol-Water. The
average terminal settling velocity, U; is 34.68 mm/s. The outliers at displacement 260 mm occurred
within the overlap between the two cameras. In this region there was a variation in the light
distribution compared to the rest of the field of view. A uniform distribution of light was not
achieved with the projector and kite paper as shown in Figure 8 and describe in Section 3.5.1. This
affected the binarization of the particle within that region and thereby a slight shift in the location
of the centroid of the particle from the image processing scheme. ..........c.cceceveeveiviniinenniennns 117
Figure 56 Particle acceleration in the x-direction 4, y-direction 4y, and the magnitude v (4> +4,7)
of the particle acceleration |4| for 4mm Diameter Delrin (15 particles) in 70%-30% Glycerol—
Water. The outliers at displacement 260 mm occurred within the overlap between the two cameras.
In this region there was a variation in the light distribution compared to the rest of the field of view.
A uniform distribution of light was not achieved with the projector and kite paper as shown in
Figure 8 and describe in Section 3.5.1. This affected the binarization of the particle within that
region and thereby a slight shift in the location of the centroid of the particle from the image
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Figure 57 Particle displacement, y, velocity, V), and acceleration, 4,, for 4mm Diameter Delrin (15
particles) in Canola Oil. The outliers at displacement 260 mm occurred within the overlap between
the two cameras. In this region there was a variation in the light distribution compared to the rest
of the field of view. A uniform distribution of light was not achieved with the projector and kite
paper as shown in Figure 8 and describe in Section 3.5.1. This affected the binarization of the
particle within that region and thereby a slight shift in the location of the centroid of the particle
from the image Processing SChEME. .........ccuiiiiiiiiiiiiecie e e 119
Figure 58 Particle velocity in the x-direction Vy, y-direction ¥}, and the magnitude v (Vs> +V,?) of
the particle velocity |V]| for 4mm Diameter Delrin in Canola Oil. The average terminal settling
velocity, U; is 54.86 mm/s. The outliers at displacement 260 mm occurred within the overlap
between the two cameras. In this region there was a variation in the light distribution compared to
the rest of the field of view. A uniform distribution of light was not achieved with the projector and
kite paper as shown in Figure 8 and describe in Section 3.5.1. This affected the binarization of the
particle within that region and thereby a slight shift in the location of the centroid of the particle
from the image processing SChEME. ..........cocuiiiiiiiiiiiiiii e 120
Figure 59 Particle acceleration in the x-direction 4., y-direction 4y, and the magnitude v (4> +4,?)
of the particle acceleration |4| for 4mm Diameter Delrin in Canola Oil. The outliers at displacement
260 mm occurred within the overlap between the two cameras. In this region there was a variation
in the light distribution compared to the rest of the field of view. A uniform distribution of light
was not achieved with the projector and kite paper as shown in Figure 8 and describe in
Section 3.5.1. This affected the binarization of the particle within that region and thereby a slight
shift in the location of the centroid of the particle from the image processing scheme............... 121
Figure 60 Particle displacement, y, velocity, V;, and acceleration, 4y, for 2mm Diameter Delrin
(15 particles) in Water. Four particles (represented by the pink, blue, light green and purple lines)
were outliers because the velocity plots exhibited unusual trends within 360 mm and 420 mm of
the particle displacement. The outliers in the original data were removed and plotted in Figure 61
and Figure 62 in order to obtain a better estimate of the terminal settling velocity and average
CONSLANE ACCEIETATION. ....eeutiiiiiiiiiiieie ettt ettt st sb et et sbeesbeeaesieens 122
Figure 61 Particle velocity in the x-direction Vs, y-direction ¥}, and the magnitude v (Vs> +V,?) of
the particle velocity |V] for 2mm Diameter Delrin in Water. The average terminal settling velocity,

U; is 114.18 mm/s. Note: the four (4) outliers shown in Figure 60 were omitted in order to obtain
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a better estimate of the terminal settling velocity. Therefore only 11 particles are shown in this
101 (0 £ USSR 123
Figure 62 Particle acceleration in the x-direction 4., y-direction 4y, and the magnitude v (4> +4,?)
of the particle acceleration |4| for 2mm Diameter Delrin in Water. Note: the four (4) outliers shown
in Figure 60 were omitted in order to obtain a better estimate of the average acceleration within the
terminal velocity region. Therefore only 11 particles are shown in this plots. ..........cccceevrennnnee. 124
Figure 63 Particle displacement, y, velocity, V), and acceleration, 4,, for 2mm Diameter Delrin
(15 particles) in 20%—-80% glycerol-water. The outliers at displacement 260 mm occurred within
the overlap between the two cameras. In this region there was a variation in the light distribution
compared to the rest of the field of view. A uniform distribution of light was not achieved with the
projector and kite paper as shown in Figure 8 and describe in Section 3.5.1. This affected the
binarization of the particle within that region and thereby a slight shift in the location of the centroid
of the particle from the image processing SCheme. ..........ccceevuieviiiiiieiieeieeeece e 125
Figure 64 Particle velocity in the x-direction Vy, y-direction V;, and the magnitude « (V3> +V;?) of
the particle velocity |V] for 2mm Diameter Delrin in 20%-80% glycerol-water. The average
terminal settling velocity, U; is 78.84 mm/s. The outliers at displacement 260 mm occurred within
the overlap between the two cameras. In this region there was a variation in the light distribution
compared to the rest of the field of view. A uniform distribution of light was not achieved with the
projector and kite paper as shown in Figure 8 and describe in Section 3.5.1. This affected the
binarization of the particle within that region and thereby a slight shift in the location of the centroid
of the particle from the image processing SCheme. ...........ccceeeviieiiiieiiiiieieeceeee e 126
Figure 65 Particle acceleration in the x-direction Ay, y-direction 4y, and the magnitude v (4> +4,?)
of the particle acceleration |4| for 2mm Diameter Delrin in 20%—-80% glycerol-water. The outliers
at displacement 260 mm occurred within the overlap between the two cameras. In this region there
was a variation in the light distribution compared to the rest of the field of view. A uniform
distribution of light was not achieved with the projector and kite paper as shown in Figure 8 and
describe in Section 3.5.1. This affected the binarization of the particle within that region and
thereby a slight shift in the location of the centroid of the particle from the image processing
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Figure 66 Particle displacement, y, velocity, V), and acceleration, 4,, for 2mm Diameter Delrin

(15 particles) in 40%—-60% glycerol-water. The outliers at displacement 260 mm occurred within
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the overlap between the two cameras. In this region there was a variation in the light distribution
compared to the rest of the field of view. A uniform distribution of light was not achieved with the
projector and kite paper as shown in Figure 8 and describe in Section 3.5.1. This affected the
binarization of the particle within that region and thereby a slight shift in the location of the centroid
of the particle from the image processing SCheme. ..........ccceecvieviiiiieiiieeiieece e 128
Figure 67 Particle velocity in the x-direction V%, y-direction ¥y, and the magnitude v (Vi? +V;?) of
the particle velocity |V] for 2mm Diameter Delrin (15 particles) in 40%—60% glycerol-water. The
average terminal settling velocity, U; is 49.85 mm/s. The outliers at displacement 260 mm occurred
within the overlap between the two cameras. In this region there was a variation in the light
distribution compared to the rest of the field of view. A uniform distribution of light was not
achieved with the projector and kite paper as shown in Figure 8 and describe in Section 3.5.1. This
affected the binarization of the particle within that region and thereby a slight shift in the location
of the centroid of the particle from the image processing scheme. ..........c.cccceevevverieniienieenneenen. 129
Figure 68 Particle acceleration in the x-direction Ay, y-direction 4y, and the magnitude v (4> +4,?)
of the particle acceleration |4| for 2mm Diameter Delrin (15 particles) in 40%—-60% glycerol-water.
The outliers at displacement 260 mm occurred within the overlap between the two cameras. In this
region there was a variation in the light distribution compared to the rest of the field of view. A
uniform distribution of light was not achieved with the projector and kite paper as shown in Figure
8 and describe in Section 3.5.1. This affected the binarization of the particle within that region and

thereby a slight shift in the location of the centroid of the particle from the image processing scheme

Figure 69 Particle displacement, y, velocity, V,, and acceleration, 4,, for 2mm Diameter Delrin
(15 particles) in 70%—-30% glycerol-water. The outliers at displacement 260 mm occurred within
the overlap between the two cameras. In this region there was a variation in the light distribution
compared to the rest of the field of view. A uniform distribution of light was not achieved with the
projector and kite paper as shown in Figure 8 and describe in Section 3.5.1. This affected the
binarization of the particle within that region and thereby a slight shift in the location of the centroid
of the particle from the image processing SCheme. ...........cccocuievieiiiiiieniiieeceee e 131
Figure 70 Particle velocity in the x-direction Vs, y-direction ¥}, and the magnitude v (Vs> +V,?) of
the particle velocity |V] for 2mm Diameter Delrin (15 particles) in 70%—-30% glycerol-water. The

average terminal settling velocity, U; is 12.07 mm/s. The outliers at displacement 260 mm occurred
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within the overlap between the two cameras. In this region there was a variation in the light
distribution compared to the rest of the field of view. A uniform distribution of light was not
achieved with the projector and kite paper as shown in Figure 8 and describe in Section 3.5.1. This
affected the binarization of the particle within that region and thereby a slight shift in the location
of the centroid of the particle from the image processing scheme. ............cccceveveerienciienieenieennen. 132
Figure 71 Particle acceleration in the x-direction 4., y-direction 4, and the magnitude v (4.> +4,%)
of the particle acceleration |4| for 2mm Diameter Delrin (15 particles) in 70%—-30% glycerol-water.
The outliers at displacement 260 mm occurred within the overlap between the two cameras. In this
region there was a variation in the light distribution compared to the rest of the field of view. A
uniform distribution of light was not achieved with the projector and kite paper as shown in Figure
8 and describe in Section 3.5.1. This affected the binarization of the particle within that region and
thereby a slight shift in the location of the centroid of the particle from the image processing
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Figure 72 Particle displacement, y, velocity, V;, and acceleration, A,, for 2mm Diameter Delrin
(15 particles) in Canola Oil. In this region there was a variation in the light distribution compared
to the rest of the field of view. A uniform distribution of light was not achieved with the projector
and kite paper as shown in Figure 8 and describe in Section 3.5.1. This affected the binarization of
the particle within that region and thereby a slight shift in the location of the centroid of the particle
from the image processing SChEME. ..........cocuiiiiiiiiiiiiiiii e e 134
Figure 73 Particle velocity in the x-direction Vs, y-direction V,, and the magnitude v (V* +V,?) of
the particle velocity | V| for 2mm Diameter Delrin (15 particles) in Canola Oil. The average terminal
settling velocity, U; is 17.30 mm/s. In this region there was a variation in the light distribution
compared to the rest of the field of view. A uniform distribution of light was not achieved with the
projector and kite paper as shown in Figure 8 and describe in Section 3.5.1. This affected the
binarization of the particle within that region and thereby a slight shift in the location of the centroid
of the particle from the image processing SCheme. ...........cccceeveieiiieeiiieecieeeee e 135
Figure 74 Particle acceleration in the x-direction A, y-direction Ay, and the magnitude v (4. +4,%)
of the particle acceleration |4| for 2mm Diameter Delrin (15 particles) in Canola Oil. In this region
there was a variation in the light distribution compared to the rest of the field of view. A uniform
distribution of light was not achieved with the projector and kite paper as shown in Figure 8 and

describe in Section 3.5.1. This affected the binarization of the particle within that region and
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thereby a slight shift in the location of the centroid of the particle from the image processing
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Figure 75 Particle displacement, y, velocity, V), and acceleration, 4, for 2mm Diameter Aluminum
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Figure 76 Particle velocity in the x-direction Vs, y-direction V;, and the magnitude v (Vi? +V;?) of
the particle velocity |V] for 2mm Diameter Aluminum (15 particles) in Water. The average terminal
settling velocity, U 1S 289.97 MIMI/S. ....eoiuiiiiieiieeiiie et eeee e stee st e e teeeseve e e e e ssaeeesaeesssaeessseaenns 138
Figure 77 Particle acceleration in the x-direction 4., y-direction 4y, and the magnitude v (4> +4,?)
of the particle acceleration |4| for 2mm Diameter Aluminum (15 particles) in Water. ............... 139
Figure 78 Particle displacement, y, velocity, V), and acceleration, 4,, for 2mm Diameter Aluminum
(15 particles) in 20%—80% glyCerOl—WaLer. .......cc.eiiiiiiiiiiieie e 140
Figure 79 Particle velocity in the x-direction Vs, y-direction ¥}, and the magnitude v (Vs> +V,?) of
the particle velocity |V] for 2mm Diameter Aluminum (15 particles) in 20%—-80% glycerol-water.
The average terminal settling velocity, U; 18 241.99 Mm/s. ......ccceovvvevieniienienieeiecieeeeeee e 141
Figure 80 Particle acceleration in the x-direction 4., y-direction 4y, and the magnitude v (4> +4,?)
of the particle acceleration |4| for 2mm Diameter Aluminum (15 particles) in 20%—-80% glycerol—
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Figure 81 Particle displacement, y, velocity, V), and acceleration, 4, for 2mm Diameter Aluminum
(15 particles) in 40%—60% Glycerol-Water. The outliers at displacement 260 mm occurred within
the overlap between the two cameras. In this region there was a variation in the light distribution
compared to the rest of the field of view. A uniform distribution of light was not achieved with the
projector and kite paper as shown in Figure 8 and describe in Section 3.5.1. This affected the
binarization of the particle within that region and thereby a slight shift in the location of the centroid
of the particle from the image processing SCheme. ...........c.cocieviiiiiiiiiniieee e 143
Figure 82 Particle velocity in the x-direction Vs, y-direction ¥}, and the magnitude v (Vs> +V,?) of
the particle velocity |V] for 2mm Diameter Aluminum in 40%—-60% Glycerol-Water. The average
terminal settling velocity, U; is 184.59 mm/s. The outliers at displacement 260 mm occurred within
the overlap between the two cameras. In this region there was a variation in the light distribution
compared to the rest of the field of view. A uniform distribution of light was not achieved with the

projector and kite paper as shown in Figure 8 and describe in Section 3.5.1. This affected the
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binarization of the particle within that region and thereby a slight shift in the location of the centroid
of the particle from the image processing SCheme. ..........cccoevvieviiiiiiiiieeiieeeee e 144
Figure 83 Particle acceleration in the x-direction 4., y-direction 4y, and the magnitude v (4> +4,?)
of the particle acceleration |4| for 2mm Diameter Aluminum in 40%—-60% Glycerol-Water. The
outliers at displacement 260 mm occurred within the overlap between the two cameras. In this
region there was a variation in the light distribution compared to the rest of the field of view. A
uniform distribution of light was not achieved with the projector and kite paper as shown in Figure
8 and describe in Section 3.5.1. This affected the binarization of the particle within that region and
thereby a slight shift in the location of the centroid of the particle from the image processing
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Figure 84 Particle displacement, y, velocity, V), and acceleration, 4, for 2mm Diameter Aluminum
(15 particles) in 70%—-30% Glycerol-Water. The outliers at displacement 260 mm occurred within
the overlap between the two cameras. In this region there was a variation in the light distribution
compared to the rest of the field of view. A uniform distribution of light was not achieved with the
projector and kite paper as shown in Figure 8 and describe in Section 3.5.1. This affected the
binarization of the particle within that region and thereby a slight shift in the location of the centroid
of the particle from the image processing SCheme. ...........cccceevviiiiiiiiiiiiieiiieeeee e 146
Figure 85 Particle velocity in the x-direction Vs, y-direction ¥}, and the magnitude v (Vs> +V,?) of
the particle velocity |V] for 2mm Diameter Aluminum in 70%-30% Glycerol-Water. The average
terminal settling velocity, U; is 75.25 mm/s. The outliers at displacement 260 mm occurred within
the overlap between the two cameras. In this region there was a variation in the light distribution
compared to the rest of the field of view. A uniform distribution of light was not achieved with the
projector and kite paper as shown in Figure 8 and describe in Section 3.5.1. This affected the
binarization of the particle within that region and thereby a slight shift in the location of the centroid
of the particle from the image processing SCheme. ...........ccccecoviieiiiieiiiiieiiieeeeeeee e 147
Figure 86 Particle acceleration in the x-direction 4., y-direction 4y, and the magnitude v (4> +4,?)
of the particle acceleration |4| for 2mm Diameter Aluminum in 70%-30% Glycerol-Water. The
outliers at displacement 260 mm occurred within the overlap between the two cameras. In this
region there was a variation in the light distribution compared to the rest of the field of view. A
uniform distribution of light was not achieved with the projector and kite paper as shown in Figure

8 and describe in Section 3.5.1. This affected the binarization of the particle within that region and
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thereby a slight shift in the location of the centroid of the particle from the image processing
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Figure 97 Particle velocity in the x-direction Vs, y-direction V;, and the magnitude v (Vi? +V;?) of
the particle velocity |V] for 1.30 mm Diameter Nylon Cylindrical Particles with Aspect Ratio, A.R.
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Figure 107 Particle acceleration in the x-direction 4, y-direction 4,, and the magnitude + (4>
+4,%) of the particle acceleration |4| for 1.30 mm Diameter Nylon Cylindrical Particles with Aspect
Ratio, A.R. = 1:3 (25 particles) in 20%—80% Glycerol-Water.............cceceeeveiniiininniieienieeee. 169
Figure 108 Particle displacement, y, velocity, V), and acceleration, 4,, for 1.30 mm Diameter Nylon
Cylindrical Particles with Aspect Ratio, A.R. = 1:3 (25 particles) in 40%—60% Glycerol-Water.
The outliers at displacement 500 mm occurred in this region there was a low light compared to the
rest of the field of view. A uniform distribution of light was not achieved with the projector and
kite paper as shown in Figure 8 and describe in Section 3.5.1. This affected the binarization of the
particle within that region and thereby a slight shift in the location of the centroid of the particle
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1 Background

1.1 Motivation

Particle motion is useful in a number of applications in science and engineering. In medical
research, the motion of inhaled particles is analyzed so that the performance of drug delivery can
be determined [1,2]. Researchers have also investigated particle transport and deposition during
abrasion to understand the history of sedimentary deposits [3]. Analyzing the transport of particles
is a task in which many researchers have been investigating [4—11]. One of the challenges has been
to consider the exact shape of non-spherical or irregularly shaped particles to fully account for the
motion of particles within a fluid [8,12]. A simplification that has been used in the literature is to
assume that the particles are perfect spheres [4,13]. The motivation of this thesis research is to
investigate the validity of using the spherical assumption to model non-spherical or irregularly
shaped particles. In this analysis particle motion was also studied in an industrial application which

is used in the oil and gas industry.

The sphere is considered as an ‘ideal’ shape with a known length scale and it is often used to
describe non-spherical or irregularly shaped particles [8,14]. The difficulty of modelling irregularly
shaped particles arises due to the challenge of accurately determining the area or volume of an
irregular shape [8]. One of the approaches in literature to address non-spherical or irregularly
shaped particles is the development of parameters to define their size and shape. The size of non-
spherical or irregularly shaped particles are commonly characterized using the equivalent diameter.
That is, the diameter of a sphere which has an equivalent volume to the particle [2,15]. The
mathematical formulae that are used to describe parameters such as the coefficient of drag and the
terminal settling velocity of particles were originally derived for spheres [4]. As a result, in the
literature researchers have developed correlations of non-dimensional parameters to describe the
motion of particles of various shapes [16,17]. However, the challenge has been to obtain non-

dimensional plots in which particles of various shapes overlap exactly [16,17].

Using the assumption that the particles are spheres can be also considered as an over simplification
of particle motion within a fluid because it neglects important factors such as the rotational motion

of the particles [18]. Particle size, shape and rotational motion have been shown to affect the



general behavior of particles in fluids. For example in aerosol technology, the rotation of the
aerosol particles led to particle deposition or sedimentation [9]. Particle deposition is either
desirable or undesirable depending on the application. For example, particle deposition is useful
for the purpose of delivering inhaled particles into the human body as medical treatment for
conditions such as asthma and diabetes [19,20]. Conversely, particle deposition contributes to the
failure of sand control devices and can lead to an overall reduction in productivity in steam assisted

gravity drainage (SAGD) operations [21-23].

SAGD is a method used to produce oil sands whereby two parallel horizontal wells are drilled into
the reservoir which are 750 to 1,000 meters in length and 5 meters apart [24]. Steam is injected
into the oil sand formation through the upper or ‘injection’ well [25]. The steam creates a high-
temperature steam chamber which reduces the viscosity of the oil [25]. The oil sand then becomes
mobilized and with the assistance of gravity it is drained into the lower or ‘production’ well to be
pumped to the surface facilities [25]. Figure 1 shows a schematic of the SAGD process. Oil sand
refers to sandstones or friable sands (quartz) that are saturated with bitumen, water and large
amounts of sand and clay particles [26]. Generally, sand particles found in SAGD operations can
be categorized into fines (<45 um) and course particles (> 45 pum) [27,28]. The clay particles
consist of kaolinite, montmorillonite, illite, mica and fine sand particles which are usually non-
spherical or irregularly shaped [29,30]. These clay particles together are known as ‘fines’ or

‘migratory fine particles’ [30]. The oil sand reservoir is therefore considered as a porous media.

Sand control devices (SCD) are necessary in SAGD operations due to the unconsolidated in nature
of oil sands [31]. Sand production is undesirable as it causes erosion of the production equipment
which thereby increases the maintenance costs due to well shut-ins, cleaning and servicing of
downhole equipment [31,32]. The slotted liner is a SCD that is used extensively in SAGD
operations in western Canada due to its mechanical strength [33] and relatively low cost [34].
Figure 1 shows an illustration of the slotted liner within the SAGD process. It is a well casing that
contains a series of longitudinal slots that are arranged in a specified pattern throughout the length
and circumference of the liner [35]. These are high aspect ratio slots which are typically
0.30 to 6.4 mm in width and 50 to 70 mm in length [35,36]. The dimensions of the slots are

determined based on the grains size distribution of the reservoir [34,35].
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Figure 1 A schematic of steam assisted gravity drainage (SAGD) process which also includes an
illustration of the slotted liner. Some of the flow geometries that were used in this study include one single
slot of the slotted liner.

One of the common failure mechanisms of the slotted liners is the plugging of the slots [37-39].
The occurrence of plugging can hinder the flow of fluids into or out of the reservoir, which is an
integral part of the SAGD process [34,35,37]. Plugging can occur as a result of residual drilling
mud on the surface of the wellbore, surface roughness of the slot [38], scaling [40] and fines
migration [35,38]. Fines migration occurs as fluid flow mobilizes the fine sand particles within the
reservoir [41]. These fines can settle or deposit within the reservoir or within the near-slot region
[11,21,38]. The near-slot is the transition area where the flow converges from the porous media
within the reservoir and enters into the slots. The deposition of the fines can lead to a build-up of
particles with time, which thereby creates blockages within the pore spaces of the reservoir [21]
and within the near-slot region of the well [11,38]. Fines migration thereby causes an overall
reduction in the productivity of the well [21,22,42]. It has been shown in a case study that fines
migration can contribute to fully plugged slots, that is a complete blockage of flow within the open

flow area in the near-slot region [38].



There is little information in literature concerning the localized changes within the reservoir due to
fines migration. Instead, a global or bulk type approach that is based on ‘core flooding’ type
experiments is used to analyze many problems within petroleum engineering such as fines
migration [23,42]. Core flooding tests are performed by injecting fluid into a rock sample from the
reservoir of interest [43,44]. This a porous media sample known as a core and it is usually obtained
during the drilling/exploration process [45]. The core flooding approach has been used to quantify
and assess fines migration by evaluating the effluent from the core as well as the flow rates and
pressure differentials across the core [42]. Therefore, the factors that influence the localize

transport and deposition of fines within the core would be unknown.

1.2 Hypotheses

The thesis research thereby investigates the following objectives:

1. Using the assumption that non-spherical shaped particles can be modeled as spheres is invalid.

2. Dimensionless coefficients such as the coefficient of drag and the particle Reynolds number of
non-spherical particles can be modeled as spheres if the correct length scale is used.

3. A bulk analysis is inadequate to study the particle motion in SAGD operations

4. Particle deposition and build-up within the near-slot region depends on particle shape and

rotation

1.3 Research Objectives

The overall goals of this study were defined in order to address the gaps in literature that were

outlined in Section 1.1. Thereby the research objectives are as follows:

1. Examine the validity of using the spherical assumption to define the motion of non-spherical
particles
2. To calculate the terminal settling velocity, the coefficient of drag and the particle Reynolds

number of spherical and cylindrical particles from experimental data



. Determine an appropriate length scale to calculate the coefficient of drag and the particle
Reynolds number of non-spherical particles

To demonstrate the importance of considering the exact shape of the particle

Identify factors that influence particle deposition and build-up in SAGD operations

Ilustrate the significance of considering particle rotation



2 Literature Review

2.1 Modeling Particle Motion in a Fluid

Modelling non-spherical particles as spheres is a simplification that is often used in the literature
because this approach uses a single length scale to characterize the geometry, an approach used in
a number of research works [46—49]. Starting from as early as 212-287 BC where Archimedes
during his lifetime developed the formula for the volume of a sphere as two thirds that of a cylinder
which as described in [50]. In the 1800s George Stokes derived a formula for the drag force acting
on a sphere within a fluid, presented in [51] and in 1983 the equations of motion of a sphere within
a flow field were developed [52]. Therefore, the assumption that particles can be modeled as
spheres is an opportunity to utilize the extensive work that is available in the literature on the

motion of spheres in fluids [4].

Some of the common parameters used to describe the motion of particles in a fluid include: the
particle Reynolds number, the drag force acting on the particle, the coefficient of drag and the
terminal settling velocity of the particle. The mathematical formulae that are used to describe these
parameters were developed with the assumption that the particles are spherical [4,6]. The following
sub-sections review the approaches in the literature which have been used to define these three
parameters for non-spherical particles and the research questions for this thesis research were

identified:

2.1.1 Particle Reynolds Number

The particle Reynolds number is the ratio of the inertial forces of the particle to the viscous forces

of the fluid [53] and can be defined as:

prV dp
Ky

Localized Particle Reynolds Number, Repocatized) = Equation 1

where py is the density of the fluid, V'is the velocity of the particle, d,, is the diameter of the particle
and py is the viscosity of the fluid. However, the terminal settling velocity is often used to obtain

a generalized definition of the particle Reynolds number [16,54,55] since the Repgocaiizeq) Of the



particle remains constant after the particle reaches the terminal settling velocity. Thereby, the
particle Reynolds number is often defined in the literature as:
. Pr Ut dp
Particle Reynolds Number, Re,, = ,u— Equation 2
f

where U, is the terminal settling velocity of the particle. For spherical particles it is convenient to
define the Re, since the diameter can be used as the characteristic length scale. As a result in the
literature, Re, for non-spherical or irregularly shaped particles have been modelled as spheres with
the use of the equivalent diameter [16,56,57]. The equivalent is the diameter of a sphere which has
the same volume as the particle [2,15] and it is sometimes referred to as the volume-equivalent-
sphere diameter or nominal diameter [58], given as:

361

Equivalent Diameter of a Non — Spherical Particle, d., = —r Equation 3

I

where V), is the volume of the non-spherical particle. The Re, has also been defined based on the
surface equivalent sphere diameter which is found based on the projected area of imaged particles
[58]. Another approach found in the literature was to define Re, in terms of a shape correction
factor developed by Loth [59]. The shape correction factor is a non-dimensional parameter which
is the ratio of the coefficient of drag of the non-spherical particle to the coefficient of drag of a
spherical particle [59]. Loth [59] examined this approach using particles in the shape of spheres,
disks, needles, cubes, cones, octahedrons and tetrahedrons. Using this definition for Re,, the results
in Loth showed that their model for determining the drag coefficient of the particle did not allow
complete non-dimensionalization as the non-spherical data did not collapse and overly the model
exactly [59]. The review of the approaches used in literature to determine the particle Reynolds
number leads to the current research question: to determine an appropriate length scale to define

the particle Reynolds number of non-spherical particles based on experimental data.

2.1.2 Modeling the Coefficient of Drag of Particles

The particle Reynolds number is often used to define other parameters of motion such as the drag

coefficient. Solid particles moving through a fluid experience a resistive force known as drag [60].



The drag force is a function of a number of variables such as the density of the fluid, the size, shape
and orientation of the particle [60]. Therefore, the coefficient of drag, Cp, is a dimensionless
parameter that is used to quantify the drag force acting on the particle [60]. There are several
approaches in the literature to define Cp of non-spherical particles [16,58,59]. In the literature, one
of the approaches to define the coefficient of drag for non-spherical or irregularly shapes is the

development of empirical correlations.

Tran-Cong et al. [58] developed a correlation for the Cp for various shapes of agglomerates of
spheres. This model explores two length scales to define Cp including the ratio of the equivalent
diameter to the surface equivalent sphere diameter and the particle circularity [58]. The particle
circularity is calculated based on the surface equivalent sphere diameter and the projected area of
the particle [58]. Tran-Cong et al. [58] found that the plot of Cp versus Re, for the various shape
of agglomerates of spheres overlapped more closely with their model at lower values of Rep,
typically < 10 when the ratio of the equivalent diameter to the surface equivalent sphere diameter
was used as a length scale. However, at higher Re, the particle circularity parameter was introduced
in order to achieve a closer overlap. It should be noted that the non-spherical particles that were
used in this study were an amalgamation of spherical particles, thereby it was convenient to define

the length scales using the diameter of the spheres.

Dioguardi et. al [54] developed a one—equation model for the drag coefficient of irregular shaped
particles and compared the results to five other models found in the literature. Dioguardi et. al [54]
used a shape factor which incorporates the ratio of the diameter of an equivalent sphere to the
surface area of the particle and the ratio of the maximum projected perimeter to the perimeter of a
circle of equivalent maximum projected area of the particle. The plots of the Cp versus Re, showed
that the particles of various shapes and sizes overlapped closely for Re, < 10 and deviations within

the range 10 < Re, < 10,000 were observed [54].

One of the most commonly used correlations for the drag coefficient of non-spherical particles in

the literature was developed by Haider and Levenspiel [16] as:

, 24 C
Coefficient of Drag, () = — [1 + AReS |+ ————— ,
Re, p [1 + D Equation 4
Re,



where Re, is the particle Reynolds number (using the equivalent diameter of the particles) and the
parameters 4, B, C and D are directly dependent on the particle sphericity, ¢, which is given as:
Surface Area of a Sphere of Equivalent Volume s Equation 5

Particle Sphericity, ¢ = ' s
article Sphericity, ¢ Surface Area of the Particle S

The parameters A, B, C and D in the Haider and Levenspiel [16] are:

A = exp(2.3288 — 6.4581 ¢ + 2.4486 ¢?2) Equation 6

B = 0.0964 + 0.5565 ¢ Equation 7

C = exp(4.905 — 13.8944 ¢ + 18.4222 ¢p2 — 10.2599 ¢3) Equation 8
D = exp(1.4681 + 12.2584 ¢ — 20.7322 $2 + 15.8855 3) Equation 9

The Haider and Levenspiel model was developed as a generalized expression for non-spherical
particles. The non-spherical particles that were used as the experimental data to validate the Haider
and Levenspiel model included spheres, disks and isometric particles namely: cube octahedrons,
octahedrons, cubes and tetrahedrons. The particle Reynolds number for the non-spherical particles
used in the Haider and Levenspiel model was defined using the equivalent diameter as the length

scale. In this regard, the non-spherical particles were modelled in relation to a perfect sphere.

In the original study where the model was developed [16], the particle Reynolds number was
plotted versus the coefficient of drag model for various values of ¢. Disk shaped particles
overlapped with the Haider and Levenspiel model curves at ¢ values of 0.026, 0.043, 0.123 and
0.230. The cube octahedrons, octahedrons, cubes and tetrahedrons overlapped with the Haider and
Levenspiel model curves at ¢ values of 0.670, 0.806, 0.846 and 0.906. The spheres overlapped with
the Haider and Levenspiel model curves at a ¢ value of 1. Overall the non-spherical particles used

in Haider and Levenspiel [16] overlapped with their model at the corresponding ¢ values of the



particles. It was also noted that using the equivalent diameter was used as the length scale, the non-

spherical data deviated away from the spherical curve at a ¢ value of 1 [16].

Madhav and Chhabra [61] investigated the coefficient of drag of cylinders made of stainless steel,
perspex (plastic) and glass and rectangular prisms made of perspex (plastic). This study performed
measurements on the coefficient of drag of the particles falling within castor oil, a glucose—water
solution and silicone oil. Madhav and Chhabra [61] considered two length scales to define the non-
spherical particles to analyzed the cylindrical particles. These include the ratio of the equivalent
diameter to the diameter of a circle having the same area as the projected area of the particle and
secondly the sphericity factor which is defined as:
dz,
dL + (d?/2)

where d., is the equivalent diameter, d is the diameter of the cylinder and L is the length of the

Sphercity Factor, ¢ = Equation 10

cylinder. Madhav and Chhabra [61] compared the results of the study to the Haider and Levenspiel
model [16] and the Thompson and Clark model [53]. Whereby, Thompson and Clark [53]
developed a modified correlation of Haider and Levenspiel [16] by introducing a shape parameter
known as the scruple. The scruple parameter is the ratio of the coefficient of drag of the particle to
the coefficient of drag of a sphere [53]. Madhav and Chhabra [61] reported that their experimental
data only agreed with both models [16,53] for Re, < 100 and ¢ < 0.55. However for Re, > 100 and
@ > 0.55, Madhav and Chhabra [61] experimental results deviated from the models in [16,53] by
almost 100%. Madhav and Chhabra [61] also developed a correlation for the coefficient of drag,
however, the results of the cylindrical particles still did not overlap well in the plot of Cp versus

Rey.

Bagheri and Bonadonna [56] also developed a correlation to predict the drag coefficient of non-
spherical particle in terms of particle flatness, elongation and equivalent diameter. This model was
developed with reference to Haider and Levenspiel [16]. This study considered disks, ellipsoid,
cylinders, spheres and irregularly shaped particles. The study presented a non-dimensionalized plot
of the ratio of the coefficient of drag of the particles to a drag correction coefficient versus the
product of the particle Reynolds number and the drag correction coefficients. The drag coefficient

correction factors were defined as the ratio of the coefficient of drag of the particle to the coefficient
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of drag of a sphere with equivalent volume to the particle. The results showed that the non-

dimensionalized plots of particles of various shaped did not overlap exactly for Re, >10.

The Haider and Levenspiel [16] is the most general model for the coefficient of drag of non-
spherical particles and has been often used as a reference or starting point for other empirical
correlations that has been developed in the literature [54,56,61]. From the review of the models
developed in literature it was found that many correlations to predict the coefficient of drag of non-
spherical particles were developed using shape parameters that were referenced to perfect spheres.
This leads to the current research question: to determine the suitability of using a spherical shape

parameter as a length scale to define particle motion of non-spherical particles.

2.1.3 Terminal Settling Velocity of Particles
Another parameter that is used to describe particle motion is the terminal settling velocity. This
velocity occurs when a balance of forces is achieved and the particle is no longer accelerating as it
falls through the fluid [6]. The terminal settling velocity can be found using:
2
94, (p,— py)

Terminal Settling Velocity, U, = 18 Equation 11

where g is the acceleration due to gravity, d, is the diameter of the particle, P, is the density of the

particle, p I is the density of the fluid and u is the viscosity of the fluid [62,63]. This was derived

using Stokes’ law and assuming that the particles to be a perfect sphere [4].

In the literature, the terminal settling velocity of non-spherical particles were found using
developed correlations [16] or by using experimental measurements [64,65]. Cheng [57] developed
a correlation for predicting the terminal settling velocity of particles. This correlation utilizes a
dimensionless particle diameter which is defined in terms of the diameter of the particle, the
kinematic viscosity of the fluid and the acceleration due to gravity. The calculated terminal settling
velocities from the correlation developed by Cheng [57] were comparable to other measured
experimental data in the literature. However, this correlation does not account for the terminal
settling velocity of non-spherical or irregularly shaped particles since the particle diameter is

incorporated in to the model.
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The terminal settling velocity of the discs which were superimposed onto the Haider and
Levenspiel model was obtained by measuring the time it takes for the discs to fall within a
predetermined distance [16,64]. Here, it was proposed that the discs were oriented in a horizontal
position in the settling region [64]. The terminal settling velocity of the isometric particles that
were also superimposed onto the Haider and Levenspiel model were obtained using photos of the
shadow of the particle which were reflected on a graduated glass plate as the particles fell in front
of a beam of light [65]. The camera and graduate glass plate approach have also been used in other
studies for example to find the settling velocity of a single sphere in a drilling fluid [66]. In these
methods the terminal settling velocity was obtained without tracking the localized velocity of the
particle, which should be undertaken in order to ensure that the particle reached within a region of
constant velocity. This leads to another research question: to develop an experimental methodology
to track the entire trajectory of the particle, calculate the localized velocities and the terminal

settling velocity of the particles.

2.1.4 Particle Motion in Steam Assisted Gravity Drainage (SAGD)

Operations

This thesis work 1is particularly motivated by the behavior and deposition of solid particles
transported in (SAGD) operations that can affect the flow characteristics and general productivity
of the well. One of the failure mechanisms of the downhole equipment in SAGD operations is
caused by the transport of particles that occurs during the production and extraction of oil sand
[35,38]. The transport of particles during SAGD operations is referred to as fines migration [42].
One of the approaches that is used to analyze fines migration or particle transport are core flooding
tests. In these tests, fluids are injected into a porous media sample known as a core sample as shown
in Figure 2. Petroleum reservoirs are porous networks. One of the basic requirements of a
petroleum reservoir is the presence of migratory pathways or flow paths [67]. Two intrinsic
properties of the migratory pathways in petroleum reservoirs are porosity and permeability.
Porosity refers to the void spaces or pore spaces in which liquids are stored within the reservoir

[68]. If the pore spaces within the reservoir are interconnected this allows fluid flow within the
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reservoir which is essentially permeability [68]. During core flooding tests, permeability

measurements are taken and these are used to assess fines migration.

Darcy’s Law, g = —— —

Figure 2 A schematic of a core sample used in the core flooding test. This is a bulk approach in which
fluid is injected into the core sample and the effluent is assessed. The core flooding approach is analyzed
using Darcy’s Law.

Permeability measurements are obtained using core samples with the application of Darcy’s Law
which states that the flow rate through a porous media is directly proportional to the permeability

and pressure drop across the core sample [68] as:

= C Equation 12

where ¢ is the flow rate through the porous medium, & is the permeability of the porous medium,
. . . dp . .

A is the cross-sectional area the porous media or core sample, Tp is the pressure drop per unit length

of the core sample and u is the viscosity of the fluid.

The core flooding approach has been used to quantify the amount of fines produced and to predict
the likelihood for fines migration [42]. This can be achieved by flowing fluid into the core and
placing a suitable filter mechanism placed at the outlet of the core sample [42]. There are challenges
associated with this bulk type approach and there are studies that were focused on optimizing core
flooding testing [43,69,70]. Some of the factors that were observed were that increased flowrates
during core floods result in an immediate change in the permeability within the core which
indicates that the fines are mobilized simultaneously [69]. It was also noted that the inclusion of
surge testing is important in core floods since it accounts for the effect of sudden pressure changes
that may occur in the near wellbore region during production operations on the well [43]. In another
study, an analytical model was developed based on existing equations for fines migration, for the

slow migration of suspended fines during core flooding [70]. With the use of mass balance, a
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filtration coefficient to account for particle capture or entrapment and Darcy’s equation to account
for any decline in permeability, an analytical model was developed for (1) the total concentration
of fines that were captured within the pore throats and (2) the history of permeability decline

throughout the core flood.

The general approach in the literature to quantify fines migration is based on evaluating the effluent
from the core as well as the flow rates and pressure differentials across the core. However, an
understanding of the factors that influence the transport and deposition of fines locally within the
core would be unknown. This leads to research questions to determine: (1) the effect of particle
properties such as shape (or irregularity) on particle transport during SAGD operations and (2) to

identify factors that influence the localized motion of the particles.

2.1.5 Particle Rotation

The assumption that the non-spherical particles are spheres neglects important aspects such as the
rotational motion of the particles [18]. Particle size, shape and rotational motion have been shown
to affect the general behavior of particles in fluids in turbulent flows [18], aerosol technology [9],
and co-firing biomass applications [71]. In turbulent flows, it has been observed that the different
drag coefficients were obtained for particles with similar equivalent diameters [ 18]. This difference
was attributed to the shape and orientation or rotation of the particles which was observed from the

results of a numerical simulation of a particle laden flow in a rectangular channel [18].

Another study investigating the rotation and translation of non-spherical particles within a turbulent
flow observed that long aspect ratio particles experienced a significant variation in angular velocity
during motion within a fluid [72]. The rotation and translation of non-spherical aerosol particles
was investigated in [9] using a theoretical model with experimental validation. The results of that
study indicated that the rotation of the aerosol particles led to particle deposition or sedimentation
[9]. Particle rotation was accounted within a numerical model of the design for co-firing biomass
applications [71]. It was shown that particle rotation or orientation affects the drag and lift of non-

spherical particles [71].

Section 2.1.4 describes the bulk approach that has been used in literature to study the motion of

particles within SAGD operations. There is very little information in literation about the occurrence
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and impact of particle rotation during fines migrations in SAGD operations. Thereby, the review
of the significance of particle rotation in other applications such as turbulent flows, aerosol
technology, and co-firing biomass applications leads to the research question: to determine the

impact of particle rotation during SAGD operations.

2.2 Evaluating Particle Motion using Particle Shadowgraph
Velocimetry (PSV)

A summary of the research questions/objectives that were identified for this thesis research based

on a review of the approaches used in the literature to model particle motion include:

1. to determine the suitability of using a spherical shape parameter as a length scale to obtain
parameters which describe particle motion,

2. to develop an experimental methodology to track the entire trajectory of the particle in order
to calculate the localized velocities and the terminal settling velocity of the particles,

3. to determine the effect of particle properties such as shape (or irregularity) on particle
transport during SAGD operations,

4. to identify factors that influence the localized motion of the particles.

5. to determine the impact of particle rotation during SAGD operations.

Therefore, the overall goal is to select a suitable measuring technique to analyze particle motion in
various flow media. Thereby the experimental analyses that were performed in this thesis research
were achieved using an optical diagnostic technique known as particle shadowgraph velocimetry

(PSV).

Shadowgraphy is a non-invasive technique that is used to analyze fluid flow in a number of
different applications [73]. In this technique the light source is placed behind the test-section to
provide back-illumination. Thereby, in the images obtained from this system, the test objects
appear dark against a bright background [60]. A shadowgraph image is an illustration of the

difference in refractive index between the test object and the surrounding medium [73]. In this
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thesis research thesis PSV was used to capture the localized motion of the particles and several

image processing techniques were developed in order to:

1. track the centroid of the particles,

calculate the localized velocities of the particles,

calculate the terminal settling velocity of the particles,

understand the flow field around particle motion during SAGD operations,

identify the factors that led to particle rotation,

A O i

demonstrate the impact of particle rotation on deposition and build-up during SAGD

operations.

2.3 Thesis Overview

In this thesis research three different PSV experimental set-ups were used to test the hypothesis
that using the spherical assumption to model non-spherical particles is invalid. Three experimental

analyses were performed including:

1. falling spherical particles and cylindrical particles within a rectangular channel in order to
calculate the coefficient of drag and particle Reynolds number,

2. spherical and irregularly shaped particles flowing within a single slot in SAGD operations
in order to investigate the impact of particle shape and rotation on the surrounding flow
field and

3. spherical and irregularly shaped particles flowing within a porous network to determine

factors that influence particle deposition within the near-slot region in SAGD operations.

Figure 3 gives an overview of the three experimental analysis and it gives a schematic of all the
particles that were used in this thesis research. The cylindrical particles were manufactured in-

house.
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Testing the Hypothesis:
Using the spherical assumption to model
non-spherical particles is invalid
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Figure 3 A schematic of the particles that were used in each of the three experimental analyses performed.
The cylindrical particles were manufactured in-house. In this thesis research the hypothesis that using the
spherical assumption to model non-spherical particles is invalid was tested by studying particle motion
in: (1) an open flow area i.e. a rectangular channel, (2) particle motion through narrow slots and (3)
particle motion within a porous network into a narrow slots.
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3 Terminal Settling Velocity and Coefficient of Drag of
Spherical and Cylindrical Particles using Particle

Shadowgraph Velocimetry

3.1 Introduction

This chapter illustrates the impact of particle shape on some of the fundamental parameters used
to define particle motion. The focus is on three parameters namely the settling velocity, the
coefficient of drag and the Reynolds number of the particle. This is an experimental study which
was performed by evaluating the motion of spherical particles and cylindrical particles falling
within a rectangular channel. The objectives of the study were to: (1) determine an appropriate
measuring technique and image processing approach to obtain the settling velocity of the particles
experimentally, (2) evaluate the dynamics of the falling particles and (3) select and provide
justification for an appropriate length scale to define the Reynolds number and coefficient of drag

of the particles.

The motivation of this study was to evaluate parameters, which can be used to describe the motion
of non-spherical particles with comparison to spherical particles. Spheres have a known length
scale, the diameter of the sphere, which can be easily used to define the physical properties and the
dynamics of motion of spherical particles. Conversely, shape parameters have been developed and
used as length scales to describe non-spherical particles [14]. One of the common length scales that
is used to describe non-spherical particles is the equivalent diameter [2,14]. This chapter evaluates
the coefficient of drag and particle Reynolds number based on experimental results with
comparison to the Haider and Levenspiel model [16] in order to determine a suitable length scale
to model the particles. The non-spherical particles used in this study were cylinders that were
manufactured manually using a guillotine chopping technique. Cylinders of various aspect ratios
were manufactured in order to obtain different particle shapes and the results were compared to
spherical particles. A PSV experimental set-up was used to capture the motion of the falling
particles and image processing techniques were developed to calculate parameters that describe

particle motion.
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3.2 Description of the Particles, Fluids and the Flow Geometry

Three (3) different spherical particles and six (6) different cylindrical particles were used in this
analysis. The experiments were performed in fluids with densities ranging between 919.44 kg/m?
to 1191.0 kg/m® and viscosities ranging between 0.000914 Pa.s to 0.0809 Pas. The spherical
particles used in this study had a higher density than the cylindrical particles. Thereby the spherical
particles were evaluated in five (5) different fluids within the full range of fluid densities mentioned
above. However, the cylindrical particles were evaluated in four (4) different fluids because the

particles floated in the fluid with a density of 1191.0 kg/m?.

A total of 39 experimental conditions were evaluated based on the particle and fluid combinations.
For each experimental condition, the experiments were repeated 15 times for the spherical particles
and 25 times for the cylindrical particles. Thereby, 825 experiments were performed. This was
done to ensure the repeatability of the experiments and to obtain some statistics of the particle
motion. The cylindrical particles were manufactured in lab as part of this thesis research. The length
of each particles varied slightly. Therefore, more repetitions were used in the cylindrical particle
experiments to minimize the uncertainty in the calculations and data analyses. The spherical
particles had a much smaller variation in size. Therefore, fewer repetitions were used in these

experiments. The particle and fluid properties are given in the following sub-sections.

3.2.1 Spherical Particles

The properties of the three spherical particles used in this study are shown in Table 1 below. The
motion of each of these particles were examined in five different fluids. The densities and

viscosities of the five (5) fluids [74—77] at room temperature (= 24°C) are given in. Table 2.

Table 1 The material, density and diameter of the spherical particles used in this phase of the study

Particle Particle Density, p, (kg/m?)
2mm Diameter Delrin (McMaster-Carr) 1411.68
4mm Diameter Delrin (McMaster-Carr) 1411.68
2mm Diameter Aluminum (McMaster-Carr) 2710
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Table 2 The densities and viscosities of the of the five (5) fluids that were used to spherical particles
experiments [74—77]. All the liquids were degassed using a vacuum pump (Labconco 117) having a vacuum
chamber attached. (Tap water was used in the experiments)

Fluid Fluid Density, ps(kg/m?) Fluid Viscosity, us(Pa.s)
Water 997.14 0.000914
20%-80% Glycerol-Water 1055.4 0.00178
40%—60% Glycerol-Water 1112.5 0.00419
70%—-30% Glycerol-Water 1191.0 0.0283
Canola Oil 919.44 0.0809

3.2.2 Cylindrical Particles

The cylindrical particles were made from 1.30 mm and 1.50 mm diameter opaque, black, constant
diameter mono-filament (fishing line, Hi-Seas Grand Slam). Additional components were attached
to a jewelry wire guillotine cutter tool (AL Findings Limited) in order to cut the mono-filament
into specified lengths as shown in Figure 4. This set-up was used to make cylindrical particles of
aspect ratios ranging from 1:1 to 1:5. The aspect ratio is defined by the ratio of the particle diameter,

dp, to the length of the particle, /, as:

A ¢ Ratio. AR = Particle Diameter _ dy
Spect BAHO A8 particle Length L, Equation 13

The base of the jewelry wire guillotine cutter tool was fixed onto an optical breadboard (Thorlabs).
The particle length ‘stop’ in Figure 4 has two projecting metal rods (not visible in the figure) that
is fixed within a clamp that is connected to the optical XY translation stage (Thorlabs). The
micrometer on the optical XY translation stage moved the particle length ‘stop’ forward to create
a spacing, that is equal to the length of the particle, in between the ‘stop’ and the acrylic sheet. This
acrylic sheet was fixed to the guillotine cutter and it contained particle guide holes equal to the
diameter of the particles. It also allowed for more than one particle to be cut in a single stroke of

the guillotine level.

20



Nylon
Fishing Line

Lever
Micrometer
(Pushes/Pulls
— the
Particle
Length ‘Stop’
Forwards and
Backwards)

Razor Blade

Acrylic Sheet

Particle Guide Holes

Particle Length ‘Stop’

(Controlled by the
Micrometer -
Sh Block
ool earing Bloc
Base of
_ Je\ye]ry Wire Optical
Guillotine Cutter Tool Breadboard

Figure 4 Particle chopper used to make cylindrical particles of diameters 1.30 mm and 1.50 mm and
aspect ratios, (AR = d,/l,) 1:1, 1:3 and 1:5. The micrometer on the XY Translation Stage was adjusted to
create a spacing equal to the particle length. Then a razor blade attached to a lever performed the cutting
action. The particle chopper is a modified design of a jewelry wire guillotine cutter tool (AL Findings
Limited).

The lever and the attached razor blade (Gillette) shown in Figure 4 were used to perform the cutting
action to make particles of specified lengths. In Figure 4, the shearing block, also made of acrylic,
was placed right at the base of the particle guide holes. Therefore, as the mono-filament were fed
through the acrylic sheet it immediately rested on the shearing block. The purpose of the shearing
block was to create a shearing cutting action to ensure that the ends of the particles were flat. A
piece of tape was placed around the shearing block in order to create a very thin space in between
the acrylic sheet and the shearing block to make room for the razor blade to perform the cutting
action. Figure 5 shows two-dimensional images that were taken of the nylon cylindrical particles
that were manufactured using the set-up in Figure 4. The particles were placed on a microscopic
glass slide and the sample images were taken using a lens (50x microscopic lens). The images were

calibrated by capturing an image of a ruler, whereby 1 mm is equivalent to 22 pixels.
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Figure 5 shows a sample image of each of the aspect ratios of the 1.30 mm diameter cylindrical
particles. The 2D projected area can be considered as the particle diameter % the particle length.
Therefore the expected projected areas of the 1.30 mm diameter nylon cylindrical particles at aspect
ratios of 1:1, 1:3 and 1:5 are 1.69 mm?, 5.07 mm? and 8.45 mm? respectively. The histograms of
the projected areas of the cylindrical particles that were calculated from the two-dimensional
images. The histogram values show that the projected area of the actual manufactured particles
were slightly larger than the expected values. This can be due to a slight uncertainty in the distance
between the particle length ‘stop’ and the shearing block shown in Figure 4. The properties of all
the cylindrical particles used in this study are given in Table 3. The properties of the four fluids

used for the cylindrical particles are given in Table 4.
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Figure 5 Sample two-dimensional images of the cylindrical particles that were manufactured for this
study. This figure shows images of the 1.30 mm diameter opaque, black, constant diameter mono-
filament (fishing lines, Hi-Seas Grand Slam) at aspect ratios, (AR = dy/l,) of 1:1, 1:3 and 1:5. The
histograms shows the distributed of the projected areas of the particles that were calculated from the two-
dimensional images of the particles.
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Table 3 The material, density, diameter, length and aspect ratios of the cylindrical particles that were made
using the set-up in Figure 4

Particle Particle Particle Aspect
Particle Material Density, Diameter, Length, Ratios,
pp(kg/m’)  dpy(mm) L, (mm) (AR =dy/ly)

1.30 1:1

Mono-filament 1.30 3.90 1:3

(Fishing lines, Hi-Seas 6.50 1:5
1140

Grand Slam) 1.50 1:1

Colour: Black 1.50 4.50 1:3

7.50 1:5

Table 4 The densities and viscosities of the of the four (4) fluids that were used to cylindrical particles
experiments [74-77].

Fluid Fluid Density, pr(kg/m?) Fluid Viscosity, us(Pa.s)
Water 997.14 0.000914
20%—-80% Glycerol-Water 1055.4 0.00178
40%—60% Glycerol-Water 1112.5 0.00419
Canola Oil 919.44 0.0809

3.3 Flow geometry

Two rectangular flow channels were used in the experiments. The short channel shown in Figure
6 (a) was used for the cylindrical particles in water and 20%-80% glycerol-water. However, in
other experimental conditions, the channel height in Figure 6 (a) was insufficient to allow the
particles to reach terminal velocity. Thereby, the taller channel shown in Figure 6 (b) was designed

and fabricated and used for the remainder of the experiments.
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Figure 6 The rectangular flow channels: (a) short channel and (b) tall channel. The channels were made
of acrylic sheet. The particle inlet was 3D printed using a clear photopolymer resin.

Both channels were 50mm square. The channel widths were made wide enough to reduce the wall
effects. The short channel in Figure 6 (a) was 200 mm in height and the tall channel in Figure 6 (b)
was 600 mm in height. The channels were made of 6.35 mm thick acrylic sheets and fabricated
with a laser cutter (VLS3.50, Universal Laser). The channel were glued together with clear liquid
acrylic cement (Model No. 3, SCIGRIP adhesives). For the tall channel ridges were added to the
channel walls in Figure 6 (b) to ensure proper alignment for the gluing process. The channel walls

were also glued onto the channel base.

The particle inlets shown in Figure 6 were manufactured using an additive manufacturing process
(Form 3, Formlabs Inc.) with a clear photopolymer resin. The particle inlet was placed at the center

of the channel cover which had alignment grooves to ensure that the particles began falling at the
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center of the channel. The channel cover was loose and removable to allow the channel to be filled

with fluid and to be cleaned at the end of each experiment.

3.4 Optical Experimental Set-up

Two PSV experimental set-ups were used to perform the experiments. One set-up was designed
for the short channel, as shown in Figure 7, and the other was designed for the tall channel, as
shown in Figure 8. One high speed camera was sufficient to capture the field of view in the short
channel. However, the height of the field of view of the tall channel in Figure 6 (b) was three (3)
times larger than the height of the field of view of the short channel in Figure 6 (a). Therefore, for
the tall channel it was necessary to use two cameras to capture the entire trajectory of the particles
and a different light source was needed in order to illuminate a field of view with a height of

600 mm.

The method of experiment was the same for both experimental set-ups whereby the flow channels
in Figure 6 were initially filled with each of the fluids given in Table 2. Each of the particles in
Table 1 and Table 3 were individually released from the particle inlet. This was done by filling the
syringes shown in Figure 7 and Figure 8 with the desirable fluid and the particles were pumped
into a tubing that had the opposite end fixed into the particle inlet. The particles were pumped at a
very low flow rate of 0.5 ml/min using a syringe pump (11 plus, Harvard Apparatus Inc.). The base
of the channels were tightly secured onto channel stands that were 3D printed (Ultimaker 2+). The
channel stands were secured on an optical table to avoid motion or vibrations during the

experiments as shown in Figure 7 and Figure 8.
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Figure 7 Particle shadowgraph velocimetry (PSV) experimental set-up for the short channel (Figure 6
(a)).One (1) high speed camera was sufficient to capture the motion of the falling particles within a field
of view of 50 mm x 200 mm. An LED panel was used to illuminate the field of view. This set-up was
used for the cylindrical particles in water and 20%-80% glycerol-water.

Table 5 Specifications of the PSV imaging system used for the short channel

Camera sensor size 2048 x 2048 pixels
Field-of-view (w x h) 204.8 x 204.8 mm
Working Distance 990 mm
Magnification 0.055

Digital resolution 0.10 mm pixels™

Particles fell in the direction of gravity and high speed cameras with a 2048x2048 pixel array
(4M180NCL, IO Industries Inc.) with macro lens (50 mm /1.4D, AF Nikkor) were used to capture
the motion of the falling particles in the stationary fluids. The cameras were connected to a

computer and a digital video recorder storage (DVR Express Core 2, IO Industries Inc.) to store
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the captured images of the trajectories of the particles. The frame rates ranged between 14 frames
per second (fps) to 155.12 fps, depending on the experimental conditions. Higher frame rates were
required in order to capture the particle motion in fluids of lower density such as water because the
particles fell quickly and covered the field of view in less than 10 seconds. However, for fluids of
higher density such as 40%—60% glycerol-water, the particles took more than 1 minute to fall. So

lower frame rates were adequate to freeze the motion of the particles.
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Figure 8 Particle shadowgraph velocimetry (PSV) experimental set-up for the tall channel (Figure 6 (b)).
Two (2) high speed cameras were needed in order to capture the field of view. The field of view of the
falling particles was 50 mm % 600 mm. A projector was used as the light source to illuminate such a large
field of view. This set-up was used for the cylindrical particles in 40%-60% glycerol-water and canola
oil and all of the spherical particles experiments.
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Table 6 Specifications of the PSV imaging system used for the tall channel. The camera (4M180NCL, IO
Industries Inc.) sensor size was cropped in order to achieve higher frames.

Camera sensor size 1200 x 1976 pixels
Field-of-view (w X h) 170 x 280 mm
Working Distance 1385 mm
Magnification 0.04

Digital resolution 0.14 mm pixels™!

An LED panel light source (Yongnuo Digital YN60OL) was used to provide back illumination to
the field of view for the short channel as shown in Figure 7. The LED panel light was covered with
two sheets of standard printing paper in order to achieve a more uniform light distribution and to
block out excessive light that may cause damage to the camera. A slide projector (Carousel 850,
Kodak) was used as the light source for the tall channel as shown in Figure 8. The slide projector
was placed behind the rectangular channel to provide back illumination for shadowgraphy. A
double layer of kite paper was attached to the back wall of the rectangular channel. The kite paper
was used to distribute the light coming from the slide projector throughout the field of view and to

prevent excessive light that may cause damage to the camera.

28



3.5 Data Processing: Calculates and Quantifies Particle Motion

This section describes the image processing techniques that were used to quantify the motion of
the particle. Particle motion was described as displacement, velocity and acceleration. These
parameters were obtained by tracking the centroid of the falling particle within the fluid. In-house
image processing codes (Matlab, The MathWorks Inc.) were developed which incorporated the use
of a minimal bounding objects function [78] and a derivativeFit function [79] as shown in
Sections 8.45—Appendix 45 and 8.46—Appendix 46. The twelve (12) steps that were used in the
image processing scheme are illustrated in Figure 9. The following sub-sections describes the four
phases of the image processing scheme shown in Figure 9: (1) Initialization of the code, (2) Pre-
processing of the image, (3) Image processing and (4) Calculations which quantified particle

motion. All four stages are performed within one image processing script.

Load Raw Images

Initialization
1. Crop the region 2. Binarize the images 3. Tnvert the images and 4. Regionprops function:
of interest with a ‘course’ remove small objects to identify the particle
threshold and to find the centroid
Pre-processing
8. Blgarlze the lmalgle 7. Stl:etch the. irnag.es to 6. Invert ﬂl?! 5. Crops a small region
and remove sma 4 adjust the intensity 4 — cropped images - around the particle
objects values
Image Processing
9. Regionprops 10. Fits a square to 11. Tracks the centroid
function: to obtain spherical particles of the fitted square
particle éutlin e and a rectangle to or rectangle as the
cylindrical particles particle falls
¢ 12. Calculates: the
Calculations —» displacement,
velocity, acceleration
of the particle

Figure 9 This is a flow chart describes image processing steps that were used to quantify particle motion.
The spherical or cylindrical particles were delineated in the image processing script with a function that
defines the minimal boundary of the particles [78]. Particle motion was determined by tracking the
centroid of the falling particle. The displacement, velocity and acceleration of the particle was found by
applying a derivativeFit function [79] to the tracked centroid locations.
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3.5.1 Initialization

Sheets of paper were used to diffuse the light from the light sources as shown in Figure 7 and
Figure 8. As a result, the background illumination in the raw shadowgraphy images were not
perfectly uniform. Therefore, the purpose of the initialization stage, shown in steps 1—4 in Figure
9, was to identify a region around the particle in each subsequent image within which the image
processing was performed. This localized image processing technique was used to assess the
intensity differences between the particle and the background within a small localized region

instead of considering the entire image as illustrated in Figure 10.
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Figure 10 The initialization stage of the image processing: (a) A sample raw image in which the region
of interest within the rectangular channel was identified and highlighted by the red dashed lines, (b) The
region of interest was cropped from the raw image, (c) The cropped image was binarized using a coarse
threshold and (d) The image was inverted and the boundary and the centroid of the particle were
identified. A localized boxed region centered at the centroid of the particle was defined as highlighted by
the solid red line. This localized region is the basis of the subsequent image processing steps.
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In the initialization stage, the raw images were first uploaded sequentially and the region of interest,
highlighted by the red dashed lines in Figure 10 (a) was cropped. The cropped region of interest
was binarized based on a coarse threshold. The images were inverted, then the boundary and the
centroid of the particle in each subsequent image were identified using a built-in function
(regionprop, Matlab, The Mathworks) and a minimal bounding objects function [78]. A small
boxed localized region centered at the centroid of the particle was identified as highlighted by the
solid red line in Figure 10 (d).

3.5.2 Pre-processing and Image Processing

The localized region in Figure 10 (d) was used as the initial step of the remaining stages of the
image processing scheme. The localized region was first inverted so that the particle appears bright
on a dark background as shown in Figure 11. The intensity values in the images were then
‘stretched’ to increase the contrast of the images. This was achieved by remapping the intensity
values of the image to fit closely to a range of 0 to 255 counts. Thereafter, two approaches were
employed to identify the boundary and the centroid of the particle: (1) a fitted circle approach and
(2) a boundary fitted approach based on the shape of the particle.

The fitted circle approach was performed using a built-in function (viscircles, Matlab, The
Mathworks) by fitting a circle to the intensity stretched images of the spherical particles, shown in
Figure 11. The function identifies the centroid of the spherical particles and calculates the particle
diameter. Then the centroid of the particles in each subsequent image can be tracked. The
processing steps of the fitted circle approach are shown in Figure 11. The fitted circle approach

was used to validate the boundary fitted approach.
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Figure 11 The processing steps of the fitted circle approach. This method which begins with a localized
region around the particle. The images are inverted and the intensity values are stretched. A circle is fitted
to the boundary of the particle and the centroid is identified and tracking in subsequent images.

The boundary fitted approach was achieved using a minimal bounding objects function [78]. This
approach was necessary as it fits a minimal bounding outline depending on the shape of the particle
appearing on the images obtained from the experiments. This tool fits a square to the 2D projected
images of the spherical particles and a rectangle to the 2D projected images of the cylindrical
particles. The cylindrical particles rotate while falling through the fluid. Therefore, throughout the
trajectory of the particles, the boundary fitted approach was needed to capture the outline of the
various shapes that would appear on the 2D projected images of the rotating cylindrical particles.
For the boundary fitted approach, the intensity stretched images were binarized with a specified
threshold. The 2D projected area was obtained and the boundary of the particle was traced using a
built-in function (bwboundaries, Matlab, The Mathworks). The minimal bounding objects function
[78] then fits a square/rectangle to the particles. Finally the centroid of the particles in each
subsequent image was identified and tracked. The processing steps of the boundary fitted approach

are shown in Figure 12.
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Figure 12 The processing steps of the boundary fitted approach. This method begins with a localized cropped
region around the particle. The images are inverted and the intensity values are stretched. The images are
then binarized and a minimal bounding objects function [78] was used to fit a square to the 2D images of
the spherical particles and a rectangle to the 2D images of the cylindrical particles. The centroid is identified

and tracking in subsequent images.

3.5.3 Calculations: Displacement, Velocity and Acceleration from

the Raw Images
The location of the centroid of the particle in each frame was identified and plotted as described in

Section 3.5.2. A derivativeFit function [79] was used to calculate and plot the velocity and
acceleration of the particle. First, the displacement plot is determined by plotting the location of
the centroid. Then the derivativeFit function was used to find the first derivative of the
displacement plot in order to obtain the particle velocity, ds, and the second derivative of the
displacement plot in order to obtain the particle acceleration, dds. The derivativeFit function,

shown in Equation 14, obtains the first and second derivatives by calculating the gradient of a curve

fitted over 1+2n points.
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[ds, dds] = derivativeFit ( ¢, s, n, order ) Equation 14
The 1-D array inputs to the derivativeFit function are shown in Equation 14 where 7 represents the
values of time, ¢, at each frame/image obtained within the data set. s represents the values of the
particle displacement which was obtain by tracking the centroid of the particle in each subsequent
frame. n is the number of points around a specific data point (one data point will be one specific
location of the centroid of the particle) in which the curve fitting will be performed. The order

defines the polynomial fit curve used, which can be linear or quadratic.

The experiments were performed at high frame rates. As a result the data points used to obtain the
displacement plot were tightly packed. Therefore, the value of # for the curve fitting was selected
to be equal to the number of frames it took for the spherical particles to move one particle diameter
and the number of frames it took for the cylindrical particles to move one particle length. Therefore,
at one specific data point in the displacement plot, a linear curve will be fittedto 1 —nto 1 + n data
points i.e. one particle diameter forwards and backwards for the spherical particles and one particle
length forwards and backwards for the cylindrical particles. The velocity was obtained by finding
the gradient or the first derivative of the fitted linear curve and the acceleration was found by

finding the second derivative.
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3.5.4 Methodology of Obtaining the Terminal Settling Velocity of

Particles from Experiments

The x and y components of the particle velocity were calculated from experimental data using the
image processing technique described in Section 3.5.3. Thereafter, the magnitude of velocity, |V,
was calculated. The average magnitude of the velocity within the constant velocity region was
calculated for each of the 25 particles within one experimental condition. The terminal settling
velocity, U, was obtained by finding the average of the constant velocities of the 25 cylindrical
particles as shown in the example in Figure 13. The plot of the magnitude of acceleration, |4|,
shown in Figure 14 confirms that the particles experienced zero acceleration within the terminal
settling velocity region. It was also observed that the 25 particles followed a similar trend for the
particle velocity and acceleration in the y direction. However, in the x direction the particle velocity

and acceleration exhibited different trends before reaching to the terminal settling velocity.
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Figure 13 Particle velocity in the x-direction V;, y-direction ¥}, and the magnitude N(V:2 +¥,2) of the

particle velocity |V] for 1.50 mm Diameter Nylon Cylindrical Particles with Aspect Ratio, A.R. = 1:5
(25 particles) in Water. The average terminal settling velocity, U; is 51.61 mm/s.
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Figure 14 Particle acceleration in the x-direction 4., y-direction 4,, and the magnitude V(4.2 +4,?) of the
particle acceleration |4| for 1.50 mm Diameter Nylon Cylindrical Particles with Aspect Ratio, A.R. = 1:5
(25 particles) in Water. The acceleration was observed to be zero within the region that was used to
determine the average terminal settling velocity in Figure 13.

36



3.6 Experimental Results and Analyses

The processed images were used to obtain the displacement, velocity and acceleration of the
particles as shown in Section 8.1-Appendix 1 to Section 8.39—Appendix 39. In this section, the
terminal settling velocity of both the spherical and cylindrical particles, obtained from experimental
data, were presented. Thereafter, the coefficient of drag and the particle Reynolds number were
obtained together with an evaluation to determine an appropriate length scale that can be used to

assess the motion of non-spherical particles.

3.6.1 Spherical Particles: Particle Trajectory, Displacement,

Velocity and Acceleration

The particle trajectory for one of the 4 mm delrin spheres falling within water is shown in Figure
15 (a). Two cameras were mounted vertically to image the motion of the particles falling within
the tall rectangular channel as shown in Figure 6. The tall channel was used to ensure that the
particles reach their terminal settling velocity. The cameras were mounted such that the two field
of views were slightly overlapped. The overlap region is shown in Figure 15 (a). Generally the
spherical particles moved back and forth in the x-direction before reaching their terminal settling
velocity. The amount of movement in the x-direction was dependent on the viscosity of the fluid

whereby for less viscous fluids the particles experienced more motion in the x-direction.

It was also observed that there was a very slight change in the gradient of the displacement plots
within the first 100 mm of the trajectory of the particle as shown in Figure 15 (b). This showed a
corresponding change in the particle velocity and acceleration as shown in Figure 15 (c¢) and (d).
The particle velocity plot showed that the 4 mm delrin particles reached their terminal settling
velocity at approximately 300 mm where the particle velocity reached an average constant value
and the average acceleration was zero. However, there were minor fluctuations in the velocity and
acceleration plots. These fluctuations may be attributed to the presence of vortex shedding as the
particles fell within the fluid or these can be due to digitization errors within the image processing.
The diameter of the 4 mm delrin particle is equivalent to 28 pixels, therefore when the raw images

were binarized there is a possibility that some pixels were lost during the image processing scheme.
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This can result in a slight shift in the location of the centroid of the particle that would impact the

calculation of the local velocity and acceleration of the particle.
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Figure 15 (a) The general trend of the particle trajectory that was observed for the spherical particles
falling within all of the fluids. (b) particle displacement, y, versus time, (¢) the y component of the particle
velocity and (d) the y component of the particle acceleration for 4 mm delrin spheres in Water. 15 particles
were used in the original experiment however, two particles appeared as outliers and were omitted from
this plot. This experimental condition was performed within the tall channel as shown in Figure 6 (b) in
order to allow the particles to reach terminal settling velocity.
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3.6.2 Cylindrical Particles: Particle Trajectory, Displacement,

Velocity and Acceleration

Cylindrical particles with aspect ratios 1:3 and 1:5 exhibited a similar particle trajectory while
falling through the fluid. Figure 16 (a) illustrates the general trend that was observed. The
cylindrical particles entered the rectangular channel vertically after exiting the particle inlet. The
particles maintained this vertical orientation within the first few frames as shown in Figure 16 (a).
Subsequently the particles experienced rotation in each subsequent frame, due to the unbalance of
forces, until it reached a new orientation and its terminal settling velocity. In this regard, each
cylindrical particle presented a different cross-sectional area towards the fluid within the three
different orientations throughout the particle trajectory shown in Figure 16 (a). This is in contrast
to the spherical particles which presents the same cross-sectional area towards the fluid regardless

of its orientation [80].

Figure 16 also shows the particle displacement, velocity and acceleration for the 1.50 mm diameter
nylon cylindrical particles with an aspect ratio of 1:5 falling within water. The 25 particles that
were used in this experimental condition followed a similar trend. Whereby in Figure 16 (b) there
was a slight change in the gradient of the displacement versus time plot within the region where
the particle experienced rotation. Figure 16 (c) shows that the particles entered the rectangular
channel with an initial velocity. This is because the particles were pumped into the particle inlet at
the top of the rectangular channel using a syringe pump and the flow tube, as shown in Figure 7
and Figure 8. The particle velocity slightly increased within the first few frames and then decreased
in each subsequent frame until the particles reach their terminal settling velocity. The particle also
decelerates after entering the rectangular channel and then accelerations until it reaches the terminal

settling velocity region where it experiences constant acceleration as shown in Figure 16 (d).

Please note: the short channel PSV set-up with one camera as shown in Figure 7 was used for the
cylindrical particles falling in water and 20%—-80% glycerol-water. For all other particles in this
study, the PSV set-up with two cameras mounted vertically together with the tall channel, as shown
in Figure 8, was used. Thereby the particle displacement in Figure 16 is representative of the short

channel whereas the particle displacement in Figure 15 is representative of the tall channel.
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Figure 16 (a) The general trend of the particle trajectory that was observed for the cylindrical particles
falling within all of the fluids. (b) particle displacement, y, versus time, (¢) the y component of the particle
velocity and (d) the y component of the particle acceleration for 1.50 mm Diameter Nylon Cylindrical
Particles with Aspect Ratio, A.R. =1:5 (25 particles) in Water. In this experimental condition the particles

reached terminal settling velocity within the short channel as shown in Figure 6 (a).

3.6.3 Spherical Particles:

Coefficient of Drag Obtained from Experimental Data

Terminal settling velocity and the

The terminal settling velocity of the particles were used to calculate the particle Reynolds number

in each experimental condition. For the spherical particles the coefficient of drag was calculated

using the Haider and Levenspiel model [16] as described in Section 2.1.2. The values of the

coefficients A, B, C and D are dependent on the particle sphericity, ¢, which is the ratio of the

surface of a sphere having the same volume of the particle to the actual surface area of the particle.

Therefore, the particle sphericity of the spherical particles was always 1. The values of the average

terminal settling velocity that were obtained from the 15 spherical particles at each experimental

condition along with the corresponding values of the particle Reynolds number and the coefficient

of drag are shown in Table 7.



Table 7 This table shows the average terminal settling velocity within the terminal settling velocity region
of the 15 spherical particles for each experimental condition. The terminal settling velocity were obtain from
the plots of the particle displacement versus the particle velocity (magnitude) for the spherical particles as
shown in Section 8.1 — Appendix 2 to Section 8.15 — Appendix 16. The particle Reynolds Number and the
coefficient of drag were calculated based on the average terminal settling velocity values. The coefficient
of drag was calculated based on the model in [16].

Particle Coefficient
Average
. Reynolds of
Terminal
Settli Number, Drag,
. . ettling
Particl Fluid Re
article ui Velocity, P Cp
U; (mm/s)
prU:d, 24 B c
15 particles E— 7o 1T ARe”] + D
p 7y Re [1+ 2]
Water 196.82 859.36 0.50
20%-80% Glycerol-Water 152.99 363.68 0.66
4 mm
40%-60% Glycerol-Water 108.37 115.23 1.08
Delrin ' . .
70%-30% Glycerol-Water 34.68 584 6.53
Canola Oil 54.86 2.49 12.88
Water 114.18 249.27 0.77
20%-80% Glycerol-Water 78.84 93.71 1.19
2 mm
40%—-60% Glycerol-Water 49 .85 26.50 2.34
Delrin . ' .
70%—-30% Glycerol-Water 12.07 1.02 28.05
Canola Oil 17.30 0.39 67.23
Water 289.97 633.04 0.55
20%-80% Glycerol-Water 241.99 287.62 0.73
2 mm
40%—-60% Glycerol-Water 184.59 08.14 1.16
Aluminum ' ' .
70%—30% Glycerol-Water 75.25 6.34 6.14
Canola Oil 60.41 1.37 21.48
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3.6.4 Uncertainty of the Experimental Terminal Settling Velocity

Measurements

The uncertainty of the experimental terminal settling velocity measurements was analyzed by
plotting the experimental values against the predicted theoretical values. This allows a comparison
of the data points with a 45 degree line through the origin (y = x) represented by the black dotted
line shown in Figure 17, Figure 18 and Figure 19. The spherical data was used to validate the
experimental measurements since it has a known length scale, which is the sphere diameter. The
model that was used to determine the theoretical terminal settling velocity takes into account the
balance of forces, that is, the drag force, buoyant force and weight of the spherical particles which

is given as:

mra(e,~ o)
Cd ,Df

Theoretical Terminal Settling Velocity, U, (Theoretical) = Equation 15

where  is the radius of the particle, p,, is the density of the particle, pr is the density of the fluid,
g is the acceleration due to gravity and cy is the coefficient of drag of the particle. The theoretical
terminal settling velocity model is an implicit equation because U; (Theoretical) is a function of ¢4
which is a function of Rep. Additionally, Re, is a function of U;(Theoretical). Therefore,

U: (Theoretical) cannot be solved without a direct value or simplified expression for c,.

U: (Theoretical) was thereby obtained using an iteration process. This process was performed by
first calculating the Re, using the particle and fluid properties and then cs using Haider and
Levenspiel model. The ¢, value was then used to calculate the U, (Theoretical). This value of
U: (Theoretical) was used to calculate a new value of Re, which was then used to calculate a new
value of cs and U;(Theoretical). This iterative process was repeated until the values of
U: (Theoretical) converged. Section 8.40 — Appendix 40 shows an example of the iteration process,
whereby the U;(Theoretical) was 213.413 mm/s for the 4 mm delrin particles in water. This
approach was used to find the U;(Theoretical) for the three different spheres falling in the five
different fluids used in this analysis as described in Section 3.2.1 — Table 1 and Table 2.

The particle density values for the delrin and aluminum spheres that were given in

Section 3.2.1 — Table 1 were obtained from the manufacturer data. However, the density of the
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particles were also measured and the values are presented in Section 8.41 — Appendix 41 and
Section 8.42 — Appendix 42. The mass of the each individual particle was measured using a scale
(Ohaus EX124 Explorer Analytical Balance) and the diameter of each particle was measured with
a digital Vernier caliper. The volume and density of the particles were then calculated using the

measured mass and diameter of the particles.

Section 8.41 — Appendix 41 shows the measured density of 20 individual 4 mm delrin particles.
The minimum measured density was 1.31 g/cm® and the maximum measured density was
1.40 g/cm?’. Thereby the median value of the measured particle density of the 4 mm delrin particles
was 1.36 g/cm’. Section 8.42 — Appendix 42 shows the measured density of 20 individual 2 mm
aluminum particles. The minimum measured density was 2.12 g/cm®, the maximum measured
density was 2.59 g/cm® and the median value of the measure particle density of the 2 mm aluminum
particles was 2.35 g/cm®. The standard density values for delrin and aluminum as shown in
Section 3.2.1 — Table 1 are 1.41 g/cm® and 2.71 g/cm? respectively. The standard density values
are different to the measured values of density probably because of changes in the material
properties of the particles during the manufacturing process. The minimum, maximum and medium
values of the measured particle densities were used in the calculation of U;(Theoretical) and
compared to the measured experimental values of the terminal settling velocity as shown in Figure

17, Figure 18 and Figure 19.

In Figure 17, the minimum density values of delrin and aluminum was used to calculate
U: (Theoretical). A close fit was established between the measured values of the terminal settling
velocities from the experimental data and the predicted theoretical values of the terminal settling
velocities of the particles. Similarly in Figure 18 and Figure 19, U, (Theoretical) was determined
using the maximum and median values respectively of the measured values of the densities of
delrin and aluminum. Figure 18 and Figure 19 shows that a slight change in the particle density
ranging from 0.04 g/cm? to 0.24 g/cm? resulted in a significant shift in the U;(Theoretical) data
points. The minimum and median values of the measured density values yielded a fairly close fit
of the predicted theoretical values compared to the experimental values of the terminal settling
velocities as shown in Figure 17 and Figure 19. This shows that the experimental method that was
used to determine the terminal settling velocity of both the spherical particles and the long aspect

ratio cylindrical particles is reliable.
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Figure 17 The theoretical terminal settling velocities, U, (Theoretical), plotted against the experimental
terminal settling velocities, U, (Experimental), of the spherical particles that were discussed in
section 3.6.3 and shown in Table 7. The dotted black line represents a plot of y = x which was used to
evaluate the agreement between the theoretical values and the experimental values of the terminal settling

velocity. The minimum values of the measured density of delrin and aluminum were used to calculate
U (Theoretical). This resulted in the closest fit between the experimental and theoretical values.
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Figure 18 The theoretical terminal settling velocities, U, (Theoretical), plotted against the experimental
terminal settling velocities, U, (Experimental), of the spherical particles that were discussed in
section 3.6.3 and shown in Table 7. The dotted black line represents a plot of y = x which was used to
evaluate the agreement between the theoretical values and the experimental values of the terminal settling
velocity. The maximum values of the measured density of delrin and aluminum were used to calculate
U: (Theoretical). The data points deviated further away from the y = x line compared to the plot obtained
in Figure 17 which was obtained using the minimum values of the measured density.
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Figure 19 The theoretical terminal settling velocities, U, (Theoretical), plotted against the experimental
terminal settling velocities, U, (Experimental), of the spherical particles that were discussed in
section 3.6.3 and shown in Table 7. The dotted black line represents a plot of y = x which was used to
evaluate the agreement between the theoretical values and the experimental values of the terminal settling
velocity. The median values of the measured terminal settling velocity of delrin and aluminum were used
to calculate U, (Theoretical). The experimental and theoretical data points had a closer fit compared to
Figure 18 where the maximum value of the measured density was used to determine U, (Theoretical).
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3.6.5 Cylindrical Particles: Terminal Settling Velocity and the
Coefficient of Drag Obtained from Experimental Data

The settling velocities, particle Reynolds numbers and coefficient of drag of the 1.30 mm diameter
and 1.50 mm diameter cylindrical particles which were obtained from experimental data are shown
in Table 8 and Table 9. The particle Reynolds number and the coefficient of drag were first
calculated using the equivalent diameter in Table 8 and Table 9 and secondly using the ratio of the

volume to the surface area of the particle as a length scale as shown in Section 8.43 — Appendix 43.

Table 8 This table shows the average terminal settling velocity within the terminal settling velocity region
of the 1.30 mm Diameter 25 nylon cylindrical particles for each experimental condition. The terminal
settling velocity were obtain from the plots of the particle displacement versus the particle velocity
(magnitude) for the spherical particles as shown in Section 8.16 — Appendix 17 to Section 8.27 — Appendix
28. The particle Reynolds Number and the coefficient of drag were calculated based on the average terminal
settling velocity values and the equivalent diameter of the particle. The coefficient of drag was calculated
based on the model in [16].

Average Particle
Terminal l;eynl(:lds Coefficient of Drag,
li umber
Particle Fluid Settling ’ Co
Velocity, Re, 24 114+ AR+ —S
U, (mm/s) psU,d, % 1+
25 particles uy
Nylon Water 43.62 70.82 1.36
Cylinders: 20%-80% Glycerol-Water 21.17 18.73 2.97
Dia. 1.30 mm  40%-60% Glycerol-Water 2.03 0.80 36.10
AR 1:1 Canola Oil 4.75 0.08 314.88
Nylon Water 47.64 111.55 1.33
Cylinders: 20%-80% Glycerol-Water 26.51 33.81 2.19
Dia. 1.30 mm  40%-60% Glycerol-Water 331 1.89 18.02
AR1:3 Canola Oil 7.63 0.19 144.65
Nylon Water 48.11 133.55 1.70
Cylinders: 20%-80% Glycerol-Water 27.40 41.43 224
Dia. 1.30 mm  40%-30% Glycerol-Water 533 3.60 11.33
AR 1:5 Canola Oil 8.68 0.25 113.99
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Table 9 This table shows the average terminal settling velocity within the terminal settling velocity region
of the 1.50 mm Diameter 25 nylon cylindrical particles for each experimental condition. The terminal
settling velocity were obtain from the plots of the particle displacement versus the particle velocity
(magnitude) for the spherical particles as shown in Section 8.28 — Appendix 18 to Section 8.39 — Appendix
39. The particle Reynolds Number and the coefficient of drag were calculated based on the average terminal
settling velocity values and the equivalent diameter of the particle. The coefficient of drag was calculated
based on the model in [16].

Average Particle
Terminal l;eynglds Coefficient of Drag,
i umber,
Particle Fluid settll.n & R Co
velocity, ‘ 2 [+ AReP]+—5
Us(mmss)y  prUcd, % i)
25 particles Ky
Nylon Water 46.76 87.58 1.23
Cylinders:  20%-80% Glycerol-Water 23.56 24.04 2.52
Dia. .50 mm  40%-60% Glycerol-Water 3.02 1.38 22.39
AR 1:1 :
Canola Oil 5.77 0.11 227.09
Nylon Water 52.55 141.98 1.27
Cylinders: ~ 20%-80% Glycerol-Water 28.57 42.05 1.95
Dia. 1.50 mm  40%-60% Glycerol-Water 6.71 4.42 8.99
AR 1:3 ;
Canola Oil 8.94 0.25 108.98
Nylon Water 51.61 165.31 1.69
Cylinders: 20%—-80% Glycerol-Water 28.66 50.00 2.07
Dia. 1.50 mm  40%-60% Glycerol-Water 704 5.65 7.98
AR 1:5 ;
Canola Oil 10.67 0.36 82.76
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3.6.6 Values of the Length Scales and the Four Parameters (A4, B, C

and D) which were used to calculate the Coefficient of Drag

The four parameters 4, B, C and D used to obtain the coefficient of drag in the Haider and
Levenspiel model [16] are obtained from Equation 6, Equation 7, Equation 8 and Equation 9 as
described in Section 2.1.2. The value of ¢ for the spherical particles is 1. However, ¢ varied for
each aspect ratio for the cylinders. It was noted that the values of the ¢ of the 1.30 mm diameter
and 1.50 mm diameter cylinders were the similar since the ratio of the surface area of the particle
to the surface area of a sphere of equivalent volume were equivalent. Table 10 shows the values of
@, A, B, C and D for all the particles used in this study. Table 11 includes the values of the two
length scales that were compared to calculate the particle Reynolds number and the coefficient of
drag of the particles used in this study, i.e. (1) equivalent diameter and (2) the ratio of the volume

to the surface area of the particle.

Table 10 The values of the four parameters A, B, C and D to determine the coefficient of drag using the
Haider and Levenspiel model. The values of A, B, C and D dependent on the particle sphericity, ¢, which
is the ratio of the surface area of a sphere having the same volume as the particle, s, to the surface area of
the particle, S.

Surface
Surface | areaofa
area sphere
Particle of with Particle
. Aspect . ..
Diameter . the equivalent | Sphericity | A B C D
Ratio )
d, (mm) particle, | volume as ¢
S the
(mm?) | particle,
s (mm?)
1:1 7.96 6.96 0.87 0.236 | 0.583 | 0.986 | 1038.469
1.30 1:3 18.58 14.47 0.78 0.297 | 0.530 | 1.509 | 381.346
Nylon 1:5 29.20 20.34 0.70 0.375 | 0.484 | 2.008 | 203.767
Cylinders 1:1 10.60 9.26 0.87 0.236 | 0.583 | 0.986 | 1038.469
1.50 1:3 24.74 19.27 0.78 0.297 | 0.530 | 1.509 | 381.346
1:5 38.88 27.08 0.70 0.375 | 0.484 | 2.008 | 203.767
Delrin 4.00 - 50.26 50.26 1.00 0.186 | 0.653 | 0.437 | 7185.354
Spheres 2.00 - 12.57 12.57 1.00 0.186 | 0.653 | 0.437 | 7185.354
Aluminum | 5 4 - 12.57 12.57 1.00 0.186 | 0.653 | 0.437 | 7185.354
Spheres
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Table 11 This table shows the values of the two length scales that were used to determine the coefficient of
drag of the particles and the particle Reynolds number of the cylinders i.e. the equivalent diameter of the
cylinders and the ratio of the volume to the surface area of the cylinders.

Particle Equivalent | Surface area of | Volume/Surface
! Aspect | Volume . .
Diameter Ratio i) Diameter the particle, Area
d, (mm) (mm) S (mm?) (mm)
1:1 7.96 6.96 7.96 0.22
1.30 1:3 18.58 14.47 18.58 0.28
Nylon 1:5 29.20 20.34 29.20 0.30
Cylinders 1:1 10.60 9.26 10.60 0.25
1.50 1:3 24.74 19.27 24.74 0.32
1:5 38.88 27.08 38.88 0.34
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3.6.7 The Equivalent Diameter as a Length Scale to determine the
Particle Reynolds Number and Coefficient of Drag

Figure 20 illustrates the coefficient of drag plotted versus the particle Reynolds number using the
values given in Table 7, Table 8 and Table 9. The data points are representative of the results that
were obtained for all the particles at each experimental condition. The experimental data obtained
from this study was superimposed onto the Haider and Levenspiel model at ¢ = 1, 0.906, 0.846,
0.806, 0.670. The values of ¢ in Figure 20 matched the values used to plot the correlation in Haider
and Levenspiel [16] whereby, a value of ¢ =1 is for spherical particles. The particle Reynolds
Number was found by using the equivalent diameter of the particle. It can be observed that at lower
values of the particle Reynolds number, i.e. between 1072 and 10' in Figure 20, the cylindrical
particles overlapped with the spherical particles more closely when compared to the particles have

a particle Reynolds number >10".

10tg
E 24 = ¢ — #=1
= — —_— — P =0.906
Co Re [1+A4Rep] + D &= 0.896
£ 1 @ =0.506
&= 0670
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O 20%-80% Gly-Wat: 2mm Delrin, 4mm Delrin, 2mm Aluminum
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Figure 20 A plot of the coefficient of drag of the particles, Cp plotted versus the particle Reynolds number
Re, which were obtained from experimental data. The coefficient of drag and the particle Reynolds
number were calculated based on the equivalent diameter of the particles as a length scale. The five curves
were obtained from the Haider and Levenspiel model for the coefficient of drag, plotted for five different
values of particle sphericity, ¢ i.e. 1, 0.906, 0.846, 0.806, 0.670. The particle sphericity is ratio of the
surface area of a sphere having the same volume as the particle to the actual surface area of the particle.
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The experimental data is replotted in Figure 21 for the cylindrical particles only with Reynolds
number >10" in order to demonstrate the impact of the aspect ratio of the particles. It was observed
that both the 1.30 mm diameter and 1.50 mm diameter cylinders with aspect ratio 1:1 overlapped
with the coefficient of drag curve at ¢ = 1. The cylindrical particles of aspect ratio 1:3 and 1:5
deviated further away from the ¢ = 1. Figure 21 shows that using the equivalent diameter as a
length scale does not result in an exact overlap of the non-dimensional parameters particles

Reynolds number and the coefficient of drag.

R 24 B c :; = r[J 906
A Cp = Re [1+ARef] + D & =0.846
N p [ + Re. @ = 0.806
N p & =0.670
\\\\3\ Water: 1.30 mm Cylinders, AR 1:1
\\\\ @® Water: 1.30 mm Cylinders, AR 1:3
N @ Water: 1.30 mm Cylinders, AR 1:5
\:\\ B Water: 1.50 mm Cylinders, AR 1:1
qu 10! \\i\ Water: 1.50 mm Cylinders, AR 1:3
i \5.\ B Water: 1.50 mm Cylinders, AR 1:5
é_f) N\ * 20%-80% Gly-Wat: 1.30mm Cylinder AR 1:1
=) \\\ 20%-80% Gly-Wat: 1.30mm Cylinder AR 1:3
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\‘:'5\‘ o N
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Figure 21 Illustrates the variation of the coefficient of drag, Cp, and the cylindrical particle Reynolds
number Re, with respect to the aspect ratio of the cylindrical particles. The coefficient of drag and the
particle Reynolds number were calculated based on the equivalent diameter of the cylindrical particles as
a length scale.
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3.6.8 Volume/Area as a Length Scale to determine the Particle

Reynolds Number and Coefficient of Drag

The particle Reynolds number and the coefficient of drag of the particles were then calculated

using: (1) the ratio of the volume to the surface area of the particles as a length scale and (2) the

average terminal settling velocity values obtained from experimental data given in Table 7, Table

18 and Table 19. The results are presented in Figure 22. It was observed that the non-dimensional

plot overlapped more closely as compared to the plots in Figure 20 and Figure 21. This indicates

that the ratio of the volume to the surface area of the particle is a more appropriate length scale to

define the particle Reynolds number and the coefficient of drag of the cylindrical particles used in

this study. The deviations that were observed for higher aspect ratio cylinders (i.e. 1:3 and 1:5) in

Figure 21 were significantly reduced when using the ratio of the volume to the surface area of the

particles as a length scale.
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Figure 22 A plot of the coefficient of drag of the particles, Cp plotted versus the particle Reynolds number
Re, which were obtained from experimental data. The coefficient of drag and the particle Reynolds
number were calculated using the ratio of the volume to the surface area of the cylindrical particles as a
length scale. The data points overlapped more closely compared to Figure 20. The five curves were
obtained from the Haider and Levenspiel model for the coefficient of drag, plotted for five different values
of particle sphericity, ¢ i.e. 1, 0.906, 0.846, 0.806, 0.670. The particle sphericity is ratio of the surface
area of a sphere having the same volume as the particle to the actual surface area of the particle.
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The experimental data, in which the ratio of the volume to the surface area of the particles was used
as a length scale, is replotted in Figure 23 in order to demonstrate the impact on the aspect ratio of
the particles. It was observed that the particle Reynolds number was approximately seven times
lower when the ratio of the volume to the surface area of the particles was used as a length scale,
as shown in Table 18 and Table 19 compared to when the equivalent diameter was used as a length
scale as shown in Table 8 and Table 9. Additionally, the coefficient of drag was approximately
three times higher using the volume to the surface area was used as a length scale compared to
using the equivalent diameter. Thereby all the experimental data points in the dimensionless plot
in Figure 21 was shifted to the left as shown in Figure 23. The range of particle Reynolds numbers
decreased by an order of magnitude with the ratio of the volume to the surface area of the particles

was used as a length scale as shown in Figure 23 compared to Figure 21.
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Figure 23 Illustrates the variation of the coefficient of drag, Cp, and the cylindrical particle Reynolds
number Re, with respect to the aspect ratio of the cylindrical particles. The coefficient of drag and the

particle Reynolds number were calculated based on the ratio of the volume to the surface area of the

cylindrical particles as a length scale. The data points overlapped more closely when compared to using

the equivalent diameter as a length scale in Figure 21.

The cylindrical data obtained in Madhav and Chhabra [61] deviated from the Haider and
Levenspiel model [16] for Re, >100 and ¢ >0.55 by almost 100% with the use of the sphericity
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factor, ¢ as the length scale. The results of this thesis research shows that Haider and Levenspiel
model [16] can be improved for cylindrical particles by using the ratio of the volume to the surface

area of the particles as a length scale as was observed in Figure 23.

Figure 24 shows the particle trajectories within the terminal settling velocity region for the 4 mm

delrin spherical particle and the 1.50 mm diameter cylindrical particle with aspect ratio of 1:5. The

: dp . . . . .
particle Reynolds number Re, = pr# is directly proportional to the terminal velocity and the
f

length scale used to define the particles. It was observed that the cylindrical particle moved in a

horizontal position within the region of terminal velocity as shown in Figure 24.
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Figure 24 This figure focuses on the particle trajectories within the terminal settling regions for the
spherical particle in Figure 15 and the cylindrical particle in Figure 16. It can be seen that the cylindrical
particle moved in a horizontal position within the region of terminal velocity. This indicates that the
equivalent diameter is not a suitable length scale to obtain the particle Reynolds number for long aspect
ratio particles. Shows the particle trajectory of the 4 mm delrin spherical particle falling within water
whereby the average terminal settling velocity of the particles was 196.82 mm/s. The plot of the
magnitude of velocity was obtained from the 13 spherical particles shown in Figure 15 and (b) Shows the
particle trajectory of the 1.50 mm diameter cylinders with an aspect ratio of 1:5 falling within water
whereby the average terminal settling velocity of the particles is 51.61 mm/s. The plot of the magnitude
of velocity was obtained from the 25 cylindrical particles shown in Figure 16. The raw image in (b) is
wider as this experiment was performed in the shorter channel whereby the camera was closer to the test
section compared to the tall channel used for the raw image in (a).
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The cylindrical particle has a cross-sectional area of a long aspect ratio rectangle acting on the fluid
when compared to the circular cross-section of the sphere. Thereby, the equivalent diameter is not
a suitable length scale to model long aspect ratio cylindrical particles. This is because the equivalent
diameter is used to model non-spherical particles as spheres and the trajectory of the cylindrical
particle in Figure 24 shows that the spherical assumption would not account for the rectangular

cross-section of the particle that is acting on the fluid within the terminal velocity region.

3.7 Conclusions

This chapter evaluated three parameters that are used to describe particle motion including: the
terminal settling velocity, the coefficient of drag and the particle Reynolds number. Two shape
parameters were considered to define the non-spherical particles used in this study. The results
showed that the ratio of the volume to the surface area of the particles is a more appropriate length
scale to define the particle Reynolds number and the coefficient of drag of the particles. This was
noted as the non-dimensionalized plot overlapped more closely with the model of Haider and
Levenspiel [16] when using the ratio of the volume to the surface area of the particles compared to
using the equivalent diameter for the particle Reynolds number length scale. The equivalent
diameter was more appropriate for the cylindrical particles with aspect ratio 1:1. However, the ratio
of the volume to the surface area of the particles was appropriate for the cylindrical particles with
aspect ratios 1:3 and 1:5 within the full range of particle Reynolds numbers that were used in this

study.
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4 The Motion of a Particle through Narrow Slots !

4.1 Introduction

The experimental results in the previous chapter demonstrates the occurrence of particle rotation
in non-spherical particles in a wide open channel. In this chapter, particle rotation will be
investigated in a channel geometry relevant to the industrial application SAGD. The analysis of the
motion of single particles flowing through a narrow slot which was published in [81]. The objective
of this study was to test the hypothesis that using the spherical assumption to model irregularly

shaped particles is invalid.

The narrow slot used in the experiments was designed based on the geometry of the slots within
the slotted liners used in SAGD operations. The kaolinite, montmorillonite, illite and mica clay
particles which a found in oil sand reservoirs are typically non-spherical or irregularly shaped
[29,30]. Thereby, two particle shapes were considered in the analysis including: a spherical particle
and an irregularly shaped particle in order to demonstrate the impact of particle shape. A PSV
measurement system was used to evaluate the motion of each particle within a single slot. The
particle properties were derived and analyzed based on the two dimensional projected images

obtained from the experiments. The flow field around the particles were evaluated.

! Components of this chapter have been published in:

L. Kinsale, D.S. Nobes, Development of an online system to measure sand production through mini-slots in
SAGD operations using PSV, in: Okanagan Fluid Dyn. Meet. Kelowna, Br. Columbia, Canada. August 21-24,
2017: pp. 182-186
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4.2 Description of the Fluid, Particles and the Flow Geometry

Two particles were used in this study: (1) spherical glass beads with a diameter of 3.16 mm and
(2) irregularly shaped glass beads with equivalent diameter ~2.5 mm. These particles were
individually released from the particle inlet into a vertically mounted flow cell and allowed to move
in the direction of gravity in a stationary fluid as shown in Figure 25. The flow cell was initially
filled with a 70%-30% glycerol-water solution. The glycerol-water solution was seeded with
20 um diameter polystyrene spherical microbeads tracer particles (Dynoseeds TS20, Microbeads
AS) in order to track the velocity of the surrounding fluid as the particles fell in the direction of
gravity. The density and dynamic viscosity of the fluid were 1191.6 kg/m* and 0.0298 Ns/m?,
respectively [82].

Flow
Channel

Particle
Inlet

____O-ring 29.8 mm
Groove N ’

P

i Particle
Motion
16 mm [ROI I
250 mm 7 o 4 lg
6 mm
Field of view
- ’ / Holes for bolts to
f ™ Acrylic’ assemble the
Windows flow cell
(a) (b)

Figure 25 (a) A schematic of the exploded flow cell assembly and (b) An enlarged image to clearly highlight
the dimensions of the field of view. The section within the dashed red lines is the region of interest (ROI)
which was considered in the analysis of the single particle motion.
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The flow cell is a sandwich of two windows and one flow channel which were all made of acrylic
sheets as illustrated in Figure 25 (a). The transparency of the acrylic sheets allowed optical access
to particle motion within the fluid. The flow channel was placed in between the two optical
windows and an o-ring was used to seal the fluid within the flow channel as shown in Figure 25 (a).
The assembly in Figure 25 (a) was then bolted together and filled with the fluid. The test section
or field of view is highlighted within the red box in Figure 25 (b). The depth of the flow channel
was 6.35 mm. The particle motion within the region of interest (ROI), as highlighted within the
blue dashed lines in Figure 25 (b), was considered in the analysis. The ROI contained a single slot
with a width of 6 mm and a height of 16 mm with a converging inlet to ensure that the particle

would flow into the ROI.

4.3 Optical Experimental Set-up

The PSV experimental set-up shown in Figure 26 was used the capture the motion of the particles
within the flow cell. The set-up consisted of a high speed camera (SP-5000C-PMCL, JAI) with
2560 x 2048 pixel resolution coupled with a macro lens (105mm {/2.8 DG Macro, Sigma). The
specifications of the imaging system are given in Table 12. A function generator was used in
conjunction with the camera to acquire images of the moving particles. A continuous LED light
source (Model BX404-520, Advanced Illumination Inc.) was used to provide back illumination to
the field of view. The camera captured the motion of the particles at a rate of 88 frames per second

as the particles fell in the direction of gravity as shown in Figure 26.

59



Particle Inlet

Flow Single Particle
Cell

High Speed Camera
LED Light Source with Macro Lens

Particle l l g
Motion

Function Generator I !

Computer

Figure 26 A schematic of the Particle Shadowgraph Velocimetry (PSV) experimental set-up for the single
particles

Table 12 Specifications of the PSV system, Figure 26, which was used to study the motion of single particles
within the near-slot region in SAGD operations

Camera sensor size 2560 x 2048 pixels
Field-of-view (w % h) 29.8 x 23.8 mm
Magnification 0.43

Digital resolution 0.012 mm pixels’!
Image acquisition frequency 88 fps

4.4 Image Processing

Approximately 250 raw image were captured for each data set of the particle falling in the direction
of gravity as shown in Figure 26. The following sub-sections describes the image processing steps
that were used to analyze the data in the 250 images. In house processing codes (Matlab, The
MathWorks Inc.) together with a commerical software (Davis 8.3.1 LaVision GmbH) coupled with
in-house processing scripts were used to: (1) quantify the characteristics of the particles and (2)

quantify the velocity field around the particle.
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4.4.1 Particle Characterization

The raw images were processed to determine: the diameter of the sphere, the equivalent area
diameter of the irregularly shaped particle and the aspect ratio of the particles. These processing
steps were performed using a commercial software (Davis 8.3.1 LaVision GmbH) whereby a
recognition filter was used to detect the particles. This filter detected the particles based on a
defined minimal particle size and aspect ratio. Within the illuminated test-section, the particle
appeared dark and the 70%—-30% glycerol-water solution which was seeded with 20-um diameter
tracer particles appeared bright. Thereby, the particles were also detected based on the difference
between the intensity counts within the 2D projected area of the particle compared to that of the

surrounding fluid.

The properties of the particles were observed for every frame during the motion of the particle.
Thereby the equivalent diameter and aspect ratio was calculated in each vertical position as the
particle fell. This was done using the software. Figure 27 shows a sample processed image of the
spherical particle. The diameter of the sphere was calculated to be 3.213 mm and the yellow lines
(not drawn to scale) represents the lines that were used to calculate the aspect ratio of the sphere as
shown in Figure 27. Figure 28 shows a sample processed image of the irregularly shaped particle.
The equivalent diameter of the 2D projected area of the irregularly shaped particle is 2.66 mm and
the yellow lines (not drawn to scale) represent the shortest and longest length of the particles which
were used to determine the aspect ratio of the particles. The yellow circle (not drawn to scale)

represents the equivalent diameter of the irregularly shaped particle.
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Figure 27 A sample processed image of the spherical glass beads particle. The particle fell in the direction
of gravity within a 70%-30% glycerol-water solution. The diameter of the sphere in this image is
3.213 mm. The yellow lines highlight the shortest and longest lengths that were used to determine the
aspect ratio of the particle. The outline/diameter of the particle is also highlighted with the yellow circle.

Equivalent Diameter, D,

Aspect Ratio, AR of the Irregular Shaped Particle

70%—30% Glycerol-Water
seeded with
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Figure 28 A sample processed image of the irregularly shaped glass beads particle. The particle fell in the
direction of gravity within a 70%—-30% glycerol-water solution. The equivalent diameter of the particle
in this image is 2.66 mm. The yellow lines highlight the shortest and longest lengths that were used to
determine the aspect ratio of the particle. The equivalent diameter of the particle is also highlighted with
the yellow circle.
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4.4.2 The Velocity Field of the Surrounding Fluid

The velocity field of the fluid around the surrounding falling particle was also calculated in
commercial software (DaVis 8.3.1, LaVision GmbH). A geometric polygon mask was used to mask
out the regions outside of the open flow area as shown in Figure 27 and Figure 28. The particle
also appeared dark on a bright background. Therefore the intensity counts below a specified value
was set to zero in order to mask out the particle so that the velocity calculations would capture only
the motion of the surrounding fluid. A particle image velocimetry (PIV) time series multi-pass
cross-correlation algorithm was applied to consecutive images to calculate the velocity vector field.
Elliptical interrogation windows with 87% overlap were used to perform the cross-correlation.
First, an interrogation window size of 128 x 128 pixels were used to capture the larger changes in
the fluid velocity. Then an interrogation window size of 64 X 64 pixels were applied to sequential
images to complete the cross-correlation. The fluid velocity vector field that was obtained from
this software was plotted using an in-house post-processing code using functions found in [83]

(PIVMat Matlab, The MathWorks Inc.).

63



4.5 Experimental Results and Analysis

Processed images were used to obtain the equivalent diameter and aspect ratio of the particles in
each subsequent frame as the particles fell within the fluid. This section also analyzes the velocity
vector field of the surrounding fluid around the particle. The results in this section is aimed to
evaluate if the spherical assumption is adequate to model the motion of non-spherical particles

within confined flow geometries as can be found in SAGD operations.

4.5.1 The Equivalent Diameter and the Aspect Ratio of the Particles

The equivalent diameter and the aspect ratio were plotted against the vertical y location of the
particle which was non-dimensionalized with the length, /, of the slot as shown in Figure 29 and
Figure 30 respectively. The results shown in Figure 29 indicate that the diameter of the sphere
remains constant throughout all the images. This is expected as the sphere does not change shape
or size as it falls through the fluid. However, the slight variation in the diameter plot for the sphere

in Figure 29 can be attributed to the uncertainty in the image processing technique.

Conversely, there was significant variation in the equivalent diameter plot for the irregularly shaped
particle in Figure 29. This variation occurred because the 2D projected area of the irregularly
shaped particle changed in each frame. This is evidence of particle rotation. Similar trends were
observed in the aspect ratio plots of both particles as shown in Figure 30. The aspect ratio of the
spherical particles in Figure 30 are slightly less than 1, this can be possibly be due to having
insufficient pixels within the 2D projected image of the particle to adequately describe the shape
of the particle [84]. The irregularly shaped particle displayed much more variation than the
spherical particle in Figure 30. This is also evidence of particle rotation in the irregularly shaped

particle.
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Figure 29 The equivalent diameter, D. of both the irregularly shaped particle and the spherical particle.
For each particle D. was calculated for every subsequent frame as the particles fell through the fluid. D,
was plotted versus the vertical y location of the particle which was non-dimensionalized with the length,
1, of the slot.
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Figure 30 The aspect ratio of both the spherical particle and the irregularly shaped particle. For each
particle the aspect ratio was calculated for every subsequent frame as the particles fell through the fluid.
The aspect ratio was plotted versus the vertical y location of the particle which was non-dimensionalized
with the length, /, of the slot.
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4.5.2 The Velocity Field of the Surrounding Fluid around the

Particles

Figure 31 and Figure 32 shows the velocity profiles of the surrounding fluid around the spherical
particle and the irregularly shaped particle respectively at four different vertical locations. For the
spherical particle, the maximum flow velocity occurred at similar places at the four different
locations, that is, at the left side and at the right side of the particle as shown in Figure 31. The
velocity field around the spherical particle were also very similar, the slight variations may be due
to the difficulty in measuring the flow field closest to the boundary of the particle or possibly due
to particle rotation in the out of plane direction. The variations in the velocity profile around the
spherical particle could be attributed to the subtle particle movement in the x-direction toward the
walls of the slot. The velocity flow field around the spherical particle in Figure 31 was also

somewhat symmetrical at the four different locations.

Conversely at all four locations, the velocity profiles around the irregularly shaped particles in
Figure 32 were not symmetrical. The spherical assumption indicates that the velocity field of the
fluid surrounding the particle should be symmetrical. However, Figure 32 illustrates that particle
shape and rotation impacts the flow field around the particle which resulted in different non-
symmetrical velocity profiles at the four different vertical locations. Thereby, using the spherical
assumption to model the motion of irregularly shaped particles within confined flow geometries as
can be found in SAGD operations is inadequate. It was also observed that the magnitude of the
velocity of the surrounding fluid was generally less for the irregularly shaped particle compared to
the spherical particle. Additionally, the distribution of the velocity field around the irregularly
shaped particle varied at each vertical position in Figure 32. Whereby, the maximum velocity
occurred closest to the sharpest edge of the particle, which moved in every frame as the particle

rotates.
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Figure 31 The velocity field of the surrounding fluid around the spherical particle shown at four (4)
vertical locations as the particle fell through the fluid. The diameter of the sphere is 3.213 mm.
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Figure 32 The velocity field of the surrounding fluid around the irregularly shaped particle shown at four
(4) vertical locations as the particle fell through the fluid. The equivalent diameter of the irregularly

shaped particle is 2.66 mm.

Figure 33 and Figure 34 zooms in on the velocity vector field of the surrounding fluid around the

spherical particle and the irregularly shaped particle at the four different locations shown in Figure

31 and Figure 32 respectively. For the spherical particle, the distribution of the magnitudes of the

fluid velocity as indicated by the color map and the direction of the velocity vectors indicated by

the black arrows in Figure 33 were similar at the four vertical locations, (a), (b), (c) and (d). A

symmetrical velocity profile was also observed at each location.
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Figure 33 Illustrates the velocity vector field of the surrounding fluid within a localized region around
the spherical particle at the four (4) different vertical locations (a), (b), (¢), and (d) corresponding to four
(4) positions shown in Figure 31 as the particle fell within the fluid.

The length of the velocity vectors of the surrounding fluid around the irregularly shaped particle
which are indicated by the black arrows in Figure 34 are shorter compared to the velocity vectors
around the spherical particle in Figure 33. This shows that the overall velocity of the surrounding
fluid was less around the irregularly shaped particle compared to the spherical particle.
Additionally, the distribution of the magnitudes of the fluid velocity around the irregularly shaped
particle as indicated by the color map in Figure 34 were different at the four vertical locations, (a),

(b), (c) and (d) as the particle rotates. Also a slightly different non-symmetrical velocity profile
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was observed at each location. The results in Chapter 3 showed that the drag coefficient of non-
spherical particles falling in a wide-open flow area can be modelled as spheres if the correct length
scale is used. However, for industrial applications such as SAGD operations which consist of
confined flow geometries, using the spherical assumption to model irregularly shaped particles will
be inadequate to capture significant aspects of particle motion. This was noted as Figure 33 and

Figure 34 demonstrate the impact of particle shape and rotation on the surrounding fluid flow field.
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Figure 34 Illustrates the velocity vector field of the surrounding fluid within a localized region around
the irregularly shaped particle at the four (4) different vertical locations (a), (b), (c), and (d) corresponding
to four (4) positions shown in Figure 32 as the particle fell within the fluid.
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4.6 Conclusion

This chapter evaluated whether the use of the spherical assumption is adequate to model the motion
of non-spherical particles within confined flow geometries in an industrial application known as
SAGD. An experimental analysis was performed to evaluate the motion of a spherical particle as
well as an irregularly shaped particle falling within a single narrow slot flow geometry which is
applicable in sand control devices in SAGD operations. The analysis of particle motion through
the single narrow slot demonstrated the importance of considering the exact shape of the particle.
The presence of particle rotation was confirmed by the fluctuation in the plots of the equivalent

diameter and the aspect ratio of the irregularly shaped particle falling through the fluid.

Previously, the analysis in Chapter 3 was performed in an open flow geometry which was more
than ten times wider than the diameter of the particles. The results showed that the drag coefficient
of non-spherical particles can be modelled as spheres if the correct length scale is used. However,
in this chapter, the results demonstrated the limitations of using the spherical assumption to model
the motion of irregularly shaped particles a confined flow geometry. It was observed that for
irregularly shaped particles, as small as 2.66 mm, the spherical assumption will not account for the
impact of particle shape and rotation on the surrounding fluid flow field. The spherical assumption
also implies that the velocity profile around the particle should be symmetrical. However, a non-
symmetric velocity profile was also observed around the irregularly shaped particle. This chapter
simplifies particle motion within SAGD operation by analyzing individual particles falling within
a slot. However, in real conditions in SAGD operations, multiple particles are transported with the
fluid flow, therefore the occurrence of particle rotation of non-spherical particles which affects the

flow field around the particle can also influence the transport of near-by particles as well.
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5 Particle Transportation and Deposition within a

Porous Network into a Narrow Slot?

5.1 Introduction

The previous chapter highlighted the significance of particle shape and rotation using a single
particle within an open flow geometry. This chapter is an experimental study of multiple particles
flowing within a porous network into a narrow slot which is a replication of the flow geometries
found in SAGD. The results of this study was published in [11]. The objective of this study is to

identify important features of particle transport that need to be included in any modelling effort.

To provide a relevant set of conditions, this investigation explores the behavior of solid particles
transported by a viscous fluid in a complex geometry. The geometry is a simulated 2D porous
media with a region of converging flow into a narrow slot. To characterize particle shape and
motion of the discrete, transported phase as well as the continuous phase, PSV and several image
processing techniques were employed. The continuous phase was seeded with tracer particles and
two types of larger particles including spherical and irregularly shaped particles of greater densities

were used to represent the fines found in oil sand reservoirs.

The goal is to identify the various factors that can impact particle deposition or build-up within a
flow area by analyzing the velocity vector field of the continuous phase as well as the general
motion of individual particles. A complete understanding of the rotation of particles is a complex
task that requires calculation of the forces acting on the body and the surface of each particle, which
is beyond the scope of this research. Here however, the problem was simplified and three
parameters were identified and investigated that could influence particle rotation, namely the initial
particle orientation, the location of the particle in the flow relative to solid bodies, and the shape of

the particle.

2 Components of this chapter have been published in:

L.K. Kinsale, M.A. Kazemi, J.A.W. Elliott, D.S. Nobes, Transportation and deposition of spherical and
irregularly shaped particles flowing through a porous network into a narrow slot, Exp. Therm. Fluid Sci. 109
(2019) 109894. doi:10.1016/j.expthermflusci.2019.109894
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5.2 Description of the Fluid, Particles and the Flow Geometry

This experimental study includes both velocity measurements of the continuous phase using only
tracer particles and build-up tests using larger spherical and irregularly shaped particles. Three
geometries were used including an open slot, and two inlet conditions aimed to simulate porous
media using cylindrical pillars and diamond shaped pillars as shown in Figure 35. For every
geometry, experiments were performed at three flow conditions of different Reynolds numbers
(Re) 0.1, 1 and 10. These Re correspond to flow rates (Q) of 0.3, 3 and 30 ml/min. Therefore, a

total of 27 experimental runs were performed in this study.

The flow conditions in the experiments were determined by matching the Re at the entrance of the
slot. The Re which is defined by (Re = pUL/u) was calculated based on the density (p) and dynamic
viscosity (u) of the liquid at room temperature ( = 24 °C), the width of the slot (L) and the average
velocity in the slot (U = Q/A4). The density and dynamic viscosity of the 70%—-30% glycerol-water
solution were 1191.6 kg/m> and 0.0298 Ns/m?, respectively [82]; the width of the slot (L) was
1 mm and depth 2 mm giving a cross-sectional area of the slot (4) of 2 mm? The average fluid flow
velocities in this study were: 0.0025 m/s, 0.025 m/s and 0.25 m/s for Re=0.1, 1 and 10

respectively.

The experiments were performed with three different types of particles: 20-um diameter
polystyrene spherical microbeads (Dynoseeds TS20, Microbeads AS) tracer particles to determine
the continuous phase fluid velocity, and 80-um diameter spherical glass beads and 40-pm diameter
silicon carbide irregularly shaped particles (AGSCO Corp.) to mimic particle transport and to
perform the build-up tests. The particles mixed in the fluid were injected from the top of the flow
cell at constant flow rates using a syringe pump (70-2002 PHD 2000, Harvard Apparatus Inc.), in
the same direction as gravity. Figure 35 shows the flow cell assembly and the three different

geometries used in the experiments.

Each flow cell was a sandwich of a flow channel and a transparent window to allow optical access.
The window, as shown in Figure 35 (a) was made of a 6.35-mm thick acrylic sheet and fabricated
with a laser cutter (VLS3.50, Universal Laser). The flow channel shown in Figure 35 (a) and (b)
was manufactured using an additive manufacturing process (Form 2, Formlabs Inc.) with a clear

photopolymer resin. The arranged slots shown in Figure 35 (b) were included into the top section
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of the flow channel to allow distribution of the solid particles across the field of view. Three
different configurations of the flow cell were used in this study as shown in Figure 35 (c). These
include: (1) an open slot, (i1) equally spaced cylindrical pillars of 1-mm diameter and 2-mm depth,
and (ii1) equally spaced diamond shaped pillars circumscribed into 1 mm diameter circles and 2
mm in depth. These geometries were selected to study the phenomena that occur in the near-slot
region in the SAGD oil recovery process. The open slot geometry was compared to the simulated
porous media geometries to investigate the effect of the presence of the simulated porous media on
the flow field and particle build-up. The circular pillars and diamond shaped pillars were included
to evaluate whether a change in the shape of the simulated porous network would significantly
impact the flow field and the deposition of particles within the near-slot region. Section 8.47—

Appendix 47 presents detailed drawings of the flow cells shown in Figure 35.
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Figure 35 A schematic of the flow cell used in this study. (a) The exploded view of the flow cell assembly,
(b) the flow channel where the region of interest (ROI) is highlighted with a red box and (c) enlarged
images of the ROI to demonstrate the three inlet conditions: (1) the open slot and pillars which were 2 mm
in height aimed to simulate porous media: (2) 1 mm diameter cylindrical pillars and (3) diamond shaped
pillars circumscribed into 1 mm diameter circles. The field of view (FOV) for the continuous phase
velocity measurements are highlighted in the blue boxes. Note that the FOV for the build-up tests was
slightly wider than the FOV for the velocity measurements of the continuous phase [11]. A detailed
drawing is given in Section 8.47—-Appendix 47.
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5.3 Optical Experimental Set-up

The experimental set-up as illustrated in Figure 36 consists of a camera imaging the flow cell in a
shadowgraph configuration illuminated by a high-current LED light source. A high speed camera
(Photron FastCam Mini WX 50) with 2048 x 2048 pixel resolution was used to capture velocity
measurements of the continuous phase. The continuous phase flow velocity measurements at
0O = 0.3 ml/min and 3 ml/min were performed at a frame rate of 125 fps. However, at the highest
flowrate Q = 30 ml/min the images were captured at a frame rate of 750 fps in order to freeze the
motion of the tracer particles added to the flow field. A second camera with the same
2048 x 2048 pixel resolution (4M180, 10 Industries Inc.) was used for imaging particle build-up
over longer time periods. This camera was connected to a digital video recorder storage (DVR
Express Core 2, IO Industries Inc.) and a computer. For the build-up tests, two sets of images were
collected for 12 seconds at 36 frames per second (fps) and exposure time of 150 pus with 16 minutes
interval between each recording. Each camera was combined with a macro lens (105 mm £72.8,
Sigma) to image the field of view illuminated by an LED light source (BX0404-520 nm; Advanced

Illumination Inc.) which provided uniform back illumination.

LED Light
Source with F]‘O“"
Uniform Cell I
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Figure 36 A schematic of the Particle Shadowgraph Velocimetry (PSV) experimental set-up for the
multiple particles analysis
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Table 13 Specifications of the PSV system, shown in Figure 36, which used to study the motion of multiple
particles within the near-slot region in SAGD operations.

Camera sensor size 2048 x 2048 pixels
Field-of-view (w x h) 16 x 16 mm
Magnification 0.704

Digital resolution 0.008 mm pixels™!

5.4 Image Processing

Several image processing techniques were employed to detect and track the particles within the
region of interest and to determine parameters such as the fluid velocity field, particle deposition,
particle size distribution, and particle rotation. All image processing was performed using
commercial software (DaVis 8.3.1 LaVision GmbH) and in-house post-processing scripts (Matlab,
The MathWorks Inc.). The following sections describe the techniques used to process and analyze

the experimental data.

5.4.1 Particle Detection and the Fitted Ellipse Approach

Particle detection is the first data processing step that was used in order to assess particle motion
within the near-slot region. Five image processing steps were used to detect the particles and to fit
ellipses to the irregularly shaped particles: (1) A 2D Gaussian smoothing filter with a kernel size
of 31 pixels and a standard deviation of 0.2 was applied to the raw shadowgraph images to invert
the images and to reduce the noise. (2) The local standard deviation of the smoothed image was
normalized between 0 and 1 and the scaled standard deviation was multiplied by itself thrice. (3)
The smoothed image itself was also normalized between 0 and 1 and the resulting scaled image
was multiplied by itself. (4) The images obtained in step 2 and 3 were averaged and the resultant
image was binarized. (5) The particles were detected and an ellipse was fitted to each particle using
a built-in function (regionprop, Matlab, The Mathworks). Subsequently the location of the centroid
of each ellipses fitted to the particles was also identified using (regionprop, Matlab, The
Mathworks). The angular orientation of each ellipse with respect to the vertical axis was also

determined.
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5.4.2 Particle Tracking

Images were pre-processed using the technique described in Section 5.4.1 for particle detection.
From this step, the coordinates of the centroid of every individual particle were detected in each
image. A built-in function (regionprop, Matlab, The Mathworks) was used to determine the
coordinates of the centroid of every individual ellipse as well as the orientation of each ellipse with
respect to the vertical axis. Finally, particle tracking was performed using a method developed in
reference [85] which is a modified approach based on that by Baek and Lee [86]. Particles within
a user defined radius are assumed to have similar displacement in direction and magnitude and
based on the most probable trajectory, the velocity of an individual particle is determined. If there
are no neighboring particles within the radius, then the nearest-neighbor-in-the-next-frame
approach is used. The displacements of individual ellipses were obtained by identifying each

particle in the subsequent frame.

5.4.3 Particle Characterization
The particles suspended in the flow contained a variety of particle sizes and shapes. Figure 37 (a)
shows an image of a sample of the irregularly shaped 40-um silicon carbide particles. To determine
the general particle characteristics, 2D images were taken of 2213 particles, which were placed on
microscope glass slides in order to obtain an approximation of the size and shape distributions. The
images used in the size and shape analysis were taken using a lens (50 microscopic lens) with a

higher magnification than the macro lens used for the experimental analysis.

There are several parameters in the literature which can be used to characterize particle size or
shape [14,15,87-92]. For the purpose of identifying the size or degree of irregularity of the particles
used in this study, some of the more commonly used parameters in the literature namely equivalent

diameter, aspect ratio and roundness, are used [14,15,87-93].

The equivalent diameter was determined from the projected area of each particle in the 2D images
by calculating the diameter of a circle having the same area [46]. The particle size distribution

obtained is shown in Figure 37 (b) where the average particle size of the sample was 43 um, which
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is comparable to the particle size of 40 um in the manufacturer specifications (AGSCO

Corporation).

Among the various methods available in the literature to determine the aspect ratio [15,87,89], the
method selected and used in this study is the calculation of the ratio of the minor axis to the major
axis of a fitted ellipse to the particles [14,90]. The average aspect ratio obtained from the sample
of 2213 particles was 0.68 as shown in Figure 37 (¢). In some studies the aspect ratio is referred to
by different names such as sphericity [92] or elongation [ 14]. However, the mathematical definition

is similar which is given as:

Minor Axis of Fitted Ellipse  d; .
Major Axis of Fitted Ellipse _ d, Equation 16

Aspect Ratio =

where di and d; are the ‘width’ and ‘length’ of a particle. Since measuring d1 and > for each particle
was difficult, the equivalent dimensions of the fitted ellipse to each particle were used to calculate
the aspect ratio, where d and d> were the minor and major axes of the fitted ellipses [14]. The
aspect ratio varies from 0 to 1, where a value of 1 indicates that the particle is a perfect sphere
[14,90]. The aspect ratio was calculated using a customized code developed in the study in

reference [92] using reference [94].

Roundness is a parameter that indicates the degree to which the shape or outline of a particle
deviates from a circle. It is an indication of the smoothness of the edges of the particle
[14,92,95,96]. In some studies, roundness is referred to by different names such as circularity [87],
sphericity [15], or shape factor [97]. However, the implications or mathematical definitions are
similar. Traditionally, the roundness is calculated using the ratio of the projected area to the
perimeter of the particle squared [14,87,93]. Alternatively, another approach to attain the roundness
for two-dimensional images was developed in [91,92]. This approach was used to define the
roundness of the particles used in this study. The approach calculates the roundness using the ratio
of the average radius of curvature of the outline of a particle to the radius of the maximum inscribed
circle. This was done using a circle fitting method to the corners of the particle [91,92,95]. The
value of roundness ranges from 0 to 1. The value of roundness decreases from 1 as the outline of
the particle deviates from a perfect circle [14]. The average roundness calculated for the 2213

particles was 0.40 as shown from the distribution in Figure 37 (d).
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Figure 37 To determine the particle characteristics of the irregularly shaped silicon carbide particles
(AGSCO Corp.), 2D images were taken of 2213 particles. (a) One sample images selected from the 55
2D images that were taken. (b) The particle size distribution (equivalent diameter) of the particles
whereby the average particle size is 43 um. (c) The distribution of the aspect ratios of the particles (i.e.
the ratio of the minor axes to the major axes of the fitted ellipses). The average particle aspect ratio was
0.68. (d) The distribution of the roundness of the particles. The average round is 0.40.
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5.4.4 Velocity Field Measurements of the Continuous Phase

The velocity vector field was calculated using particle image velocimetry (PIV) image processing
using commercial software (DaVis 8.3.1, LaVision GmbH). Several pre-processing techniques
were used to remove background noise and to allow the tracer particles to appear bright on a dark
background. The images were first inverted and the inverted images were multiplied by themselves.
An average of the product was calculated and subtracted from the multiplied images, and then the

velocity field processing was performed.

A single-frame time-series sum-of-correlation vector calculation was applied to the pre-processed
images. A multi-pass cross-correlation, with decreasing interrogation windows sizes, was applied
to sequential pre-processed images to calculate the velocity field. Initially, three passes were
performed using an interrogation window size of 128 x128 pixels with 87% window overlap to
capture large changes in the velocity field. This was followed by another three passes using a
64 x 64 pixels interrogation window size with 87% window overlap between sequential
correlations. The interrogation window sizes were selected to allow the particles to move at least
one half of the interrogation window size between subsequent frames [98]. The average of the
processed images was calculated to determine the velocity vector field. Finally, an in-house post-
processing code using functions found in [83] (PIVMat Matlab, The MathWorks Inc.) was used

for post-processing and plotting of the velocity vector maps.

It is important to note that there is uncertainty related to the processing interrogation window size
and cross-correlation that are used to find the average velocity field [99,100]. It has been found in
literature that in an ideal case a symmetric correlation peak would be achieved if particles were
matched perfectly during the cross-correlation of images. However, in reality a perfect match may
not be achieved resulting in a non-symmetric correlation peak [100]. In this study, the uncertainty

of the average velocity field was attained using:

O-x
Ux = \/_N Equation 17

where, U, is the uncertainty of the average velocity, o, is the standard deviation, and N is the
number of measured variables, that is the number of available vectors [101]. The uncertainty of the

average velocity vector was calculated using (DaVis 8.3.1, LaVision GmbH). The maximum
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uncertainty was estimated to range from 1.33 % of the maximum velocities for the low Re case to

5.73 % of the maximum velocities at high Re.

5.4.5 Build-up Tests: Obtaining the Thickness of the Deposited

Layer of Particles

The thickness of the deposited layers in the vicinity of the slot was obtained by processing
individual images with custom approaches (Matlab, The Mathworks). To demonstrate the variation
of the layer thickness with time, two datasets of 432 images were collected. The first dataset
consisted of images collected from time ¢ =0 seconds to =12 seconds and the second dataset
consisted of images collected from 7 = 16 minutes to time ¢ = 16.2 minutes. For each data set, the
average of the 432 images was calculated to eliminate the moving particles and focus solely on the
deposited layers along the entrance of the slot. The average of the images calculated for each data
set was converted to a binary image where the particles appeared as white ‘blobs’ on a black
background. All the white blobs except the two significantly largest ones, which represented the
deposited layers at the entrance of the slot, were removed. Thereby the deposited layer could be

observed.
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5.5 Experimental Results and Analyses

5.5.1 Velocity Vector Field of the Continuous Phase

The velocity field measurements were performed, using 20-um tracer particles, for nine
experimental conditions as shown in Figure 38. The FOV used for analysis in this study represents
the flow convergence zone into a confined narrow 2D slot [102,103]. Each row in Figure 38 shows
the flow field for different geometries at the same Re = 0.1, 1 or 10. Over the range of the
experiments the velocity varied by two orders of magnitude. To highlight this, logarithmic
colormaps are used in Figure 38 to allow better observation of the lower velocity regions in the

flow. Each column in Figure 38 compares the flow field in a specific geometry at different Re.

It can be seen in Figure 38 that the velocity distribution for each experimental condition is almost
symmetric about the centerline of the slot, x = 0. In general, the flow characteristics are similar for
each Re but are strongly influenced by the particular flow geometry. A parabolic velocity profile
was observed within the rectangular slots which is in agreement with the theoretically calculated
velocities in the range of Re investigated here [104]. The velocity increased within the near-slot
region due to the change in the cross-sectional area which provides a smaller open flow area at the

entrance of the slot.

Within the porous region, the relative maximum velocities occurred diagonally between the pore
spaces, while the minimum relative velocity within the porous region occurred at the walls of the
pillars and along the entrance of the slot as indicated by the red arrows in Figure 38. The average
local velocities (Uave) within the low velocity regions adjacent to the wall on one side of the
entrance of the slot indicated by the red boxes shown in Figure 38 were then plotted against Re for

all three geometry configurations as shown in Figure 39.
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Figure 38 The velocity field within the region of interest for the three flow cell configurations (the open

slot and inlet conditions aimed to simulate porous media using cylindrical pillars or diamond shaped
pillars). The colors in the background represent the velocity magnitude (\ (#2+v?)) and the black arrows
represent the velocity vector field. The low velocity regions are selected with red boxes and the average
velocities Uq. within the low velocity regions are shown.[11].

Figure 39 shows the extent to which U, within the low velocity region changes with respect to
the flow geometry. It was noted that that as Re increases U increases for the three flow cell
configurations. However, it was observed that U,y for the two flow cells with the simulated porous
media at the inlet were generally higher than those for the open slot. The cylindrical pillars had a
diameter of 1 mm and the diamond shaped pillars were circumscribed within 1 mm diameter
circles. Comparing these two flow cells, the diamond shaped pillar flow cell had a greater open
flow area. Therefore, Uy within the low velocity region was lower than that for the cylindrical

pillars as shown in Figure 39.

However, due to having the largest open flow area, U, within the low velocity region was the
smallest for the open slot compared to all other geometries. By comparing the velocity distributions
in different geometries at a given Re, represented by each row in Figure 39, it was observed that
the presence of the simulated porous media had a remarkable effect on the flow in the near-slot

region.
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Figure 39 A plot of the average velocity U,y within the low velocity regions, represented by the red boxes
in Figure 38, versus Reynolds number (Re = 0.1, 1.0 and 10) for the three flow cell configurations (the
open slot and inlet conditions aimed to simulate porous media using cylindrical pillars or diamond shaped
pillars). [11]

5.5.2 Particle Deposition

Particle deposition occurs when the particles deviate from the fluid flow streamlines and eventually
settle on the surface of the flow geometry. The build-up tests were performed in order to identify
the factors that lead to particle deposition. The results from the build-up tests corresponds to the
flow velocity results from in Figure 38 and Figure 39. Whereby particle deposition occurred within
the regions of low velocities as highlighted by the red boxes and red arrows in Figure 38. The
particle build-up that occurred during the 12 seconds of data collection, at time = 0 and at time
¢t = 16 minutes are shown in Figure 40, Figure 41 and Figure 42. The build-up tests were performed
using the 80-pum spherical glass beads and 40-pum irregularly shaped silicon carbide particles within
the three flow geometries at Re = 0.1, 1 and 10. The initial layers of particle build-up at time =0
in Figure 40, Figure 41 and Figure 42 are due to the particles settling during the time to fill the
flow cell and preparation for the experiments. There was a variation in thickness of the initial layer
of particle build-up at time ¢ = 0 because a controlled and uniform particle concentration at the inlet
of the flow channel was not achieved. The results from the build-up tests were analyzed based on

any visible changes of the initial layer of particles after 16 minutes.
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Figure 40 shows that at the lowest flowrate (Re = 0.1), the thickness of the deposited layer in all
geometries increased after 16 minutes for both types of particles. This corresponds to the data
presented in Figure 39 whereby at Re = 0.1, U, within the low velocity region was approximately
zero for all the geometries. It was noted that at Re = 0.1, Ua,. for the open slot was 0.000085 m/s
which is the lowest value and an order of magnitude lower than the two geometries. This value was
followed by the diamond shaped pillars in which the value of Us. was 0.00078 m/s then the
cylindrical pillars had a Ug.e of 0.00081 m/s. Figure 40 shows that the particle build-up thickness
at 16 minutes for both the spherical and irregularly shaped particles were the highest at the lowest
value of U,.. Whereby the thickest layer of deposited particles at 16 minutes occurred within the
open-slot, followed by the diamond shaped pillars then the cylindrical pillars.
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Figure 40 Particle deposition which occurred during the 12 seconds of data collection, starting at time
t =0 and then at time 7= 16 minutes. This figure shows the particle deposition for both spherical and
irregularly shaped particles in three flow cell configurations: open slot, cylindrical pillars, and diamond
shaped pillars, at Re = 0.1 [11].

At Re =1, the values of U, within the low velocity regions were calculated to be 0.0013 m/s,
0.0086 m/s and 0.0075 m/s for the open slot, cylindrical pillars, and diamond shaped pillars,
respectively as shown in Figure 38 and Figure 39. The values were an order of magnitude higher
than the U at Re=0.1. At Re=1 the open slot was the only geometry that had a significant
particle build-up at 16 minutes as shown in Figure 41. The presence of the simulated porous media
(i.e. the cylindrical pillars and the diamond shaped pillars) significantly reduced the open flow area
and thereby the values of U.. were higher as a result the particles were washed away after

16 minutes for these flow geometries. It was observed that there was a thicker layer of deposited
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particles after 16 minutes for the spherical particles compared to the irregularly particles. This
probably occurred because the spherical particles were larger and heavier compared to the

irregularly shaped particles.
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Figure 41 Particle deposition which occurred during the 12 seconds of data collection, starting at time
t =0 and then at time 7= 16 minutes. This figure shows the particle deposition for both spherical and
irregularly shaped particles in three flow cell configurations: open slot, cylindrical pillars, and diamond
shaped pillars, at Re =1 [11].

Uave within the low velocity regions were 0.0148 m/s, 0.0870 m/s and 0.0829 m/s for the open slot,
cylindrical pillars, and diamond shaped pillars respectively at Re = 10, which is an order of
magnitude higher than the values obtained at Re = 1. At Re = 10, the high velocity of the fluid
washed away the particles almost immediately after the flow was initiated. Therefore in order to
demonstrate how quickly the particles washed away, prior to the start of the experiment the
particle—fluid mixture was allowed to flow into the flow channels at a low flow rate to allow a large
layer of particles to be formed. Then the flow increased to the highest flowrate, O = 30 ml/min,
and the data was collected. As described in Section 5.3 the thickness of the deposited layer of
particles was found by finding the average of the 432 images collected during the build-up tests for
a duration of 12 seconds first at time ¢ = 0 then at # = 16 minutes. However, at Re = 10, the particles
washed away so quickly that the average of the entire 432 images dataset over 12 seconds could
not capture the phenomena. Therefore, beginning at # = 16 minutes the deposited layer of particles
shown in Figure 42 was determined by finding the average of the first 35 images which is 8% of

the original data set. This shows that approximately within the first minute of pumping the fluids
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at a flowrate of O = 30 ml/min at Re = 10 a significant amount of particles were washed away as

shown in Figure 42.
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Figure 42 Particle deposition which occurred during the 12 seconds of data collection, starting at time
t =0 and then at time ¢ = 16 minutes. This figure shows the particle deposition for both spherical and
irregularly shaped particles in three flow cell configurations: open slot, cylindrical pillars, and diamond
shaped pillars, at Re = 10 [11].

Two phenomena that influences particle deposition are (1) inertial effects and (2) gravitational
effects. By analyzing the experimental results and the properties of both the fluids and the particles,
it was found that the particle deposition shown in Figure 40, Figure 41 and Figure 42 are mostly
attributed to gravitational effects. This was determined by evaluating the values of the Stokes
number and the gravitational terminal settling velocity of the particles. The density and viscosity
of the 70%-30% glycerol-water fluid that was used in the build-up tests are 1191.6 kg/m® and
0.0298 Ns/m? respectively. The Stokes numbers for the tracer particles, 80 um spherical glass
beads and 40 um irregularly shaped silicon carbide particles at the maximum fluid flow velocity
were 3.92 x 10, 1.49 x 102 and 5.54 x 10~ respectively which are all << 1. At the lowest and
intermediate flowrates, the Stokes numbers would be even smaller for the three types of particles.
This indicates that particle inertial effects were negligible in this study. A sample calculation for

the Stokes numbers is given in Section 8.44 Appendix 44.

However, the particle—fluid density difference between the continuous phase and the tracer
particles, 80 um spherical glass beads and 40 um irregularly shaped silicon carbide particles

were 0.142 g/cm®, 1.308 g/cm® and 2.02 g/cm® respectively. Additionally, the gravitational
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terminal settling velocity, Uy, the 80 um spherical glass beads and the 40 um irregularly shaped
silicon carbide particles were 1.05 x 10 m/s, 1.53 x 10 m/s and 6.82 x 10~ m/s respectively. The
U, for the tracer particles were much less than the average fluid velocities at Re =0.1, 1 and 10
(0 =0.0025 m/s, 0.025 m/s and 0.25 m/s.), this indicates that the tracer particles followed the flow
faithfully. The values of U; and the particle—fluid density difference for the silicon carbide particles
indicate that the deviation of the particles from the fluid flow streamlines to be deposited within
the flow channel can be attributed to gravitational forces. A sample calculation for the gravitational

terminal settling velocity is given in Section 8.44 Appendix 44.

5.5.3 Particle Rotation

Once the velocities were quantified using the tracer particles, a series of separate experiments were
carried out at the same flow rates in the same geometries with the difference being that larger
particles were used instead of tracer particles. Using the image processing techniques described in
Sections 5.4.2 and 5.4.3 each irregularly shaped particle appearing in the images was identified by
a fitted ellipse. The angles of rotation, 8, between the major axis of the fitted ellipse and the vertical

axis (y) were measured for each particle in each image.

Figure 43 shows the rotations of six selected particles labeled (a) to (f) as they entered the slot
section in the open channel at Re = 1. The aspect ratio, roundness and the color assigned in Figure
43 to each of the six selected particles are given in Table 14. Each particle shown in Figure 43 is
tracked as it is transported throughout the length of the slot. The six grayscale figures illustrate the
sequence of the snapshots of selected particles within the flow that includes various shapes of
particles. Every 4 frame is shown for each sequence to avoid overlapping images of particles. The
snapshots were edited to exclude many other surrounding particles in the flow and to provide a
better illustration of the motion of individual particles. The line plots below each pair of grayscale
figures show the vertical locations (in every 4th frame) of the selected particles plotted against the
absolute value of the difference between the angle of rotation, 6, (in every 4th frame) and the initial

angle of rotation, 0; each of individual particles .
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Table 14 The aspect ratio and roundness of the six particles (a)-(f) shown in Figure 43 [11]

Particles (color code) Aspect Ratio Roundness
@ 0.140 0.801
© 0.404 0.843
®) 0.444 0.588
(@) 0.418 0.560
O 0.172 0.728
O 0.358 0.686

Particles with similar characteristics were paired in Figure 43 that have all but one parameter in
common: either the initial angle 6, the particle distance from the wall, or the particle shape. It can
be seen that the particles (a) and (b), highlighted with red and blue in Figure 43, were both located
at relatively the same distance from the walls. However, particle (b), which is initially not aligned
with the flow field, rotates in the direction of the flow much more than particle (a). It was observed
that the initial orientation 6 at which the particle enters the slot region strongly affected the particle
rotation in the section. Particle (b) also has a higher aspect ratio than particle (a), which may have

also contributed to particle (b) experiencing a higher rotation.

From the comparison of the rotations of the particles (c) and (d) (highlighted with yellow and green
respectively in Figure 43) it can be seen that the distance of the particle from the walls is another
important factor in the rotation. Both particles (c) and (d) have a similar shape and both enter the
channel with similar orientation. However, particle (c) is closer to the center of the slot where the
velocity variation in the cross-stream direction is lower compared to the position of particle (d).
Particle (c) is located within the region closer to the peak of the parabolic velocity profile and the
gradient in stream-wise velocity is lower. As a result, it moves with a relatively smaller amount of
rotation as it passes through the slot towards the exit compared to particle (d) that is in a region of

stronger stream-wise velocity gradient, leading to faster rotation rate of the particle.

Finally, the comparison of particles (e) and (f) (highlighted with orange and purple in Figure 43
further confirms that the particle shape (i.e. the aspect ratio) has a significant impact on the rotation.
Both particles entered the channel with a similar angle as well as a similar initial position with

respect to the walls. However, particle (f) with an aspect ratio of 0.358 undergoes a higher level of
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rotation compared to particle (e) with an aspect ratio of 0.172, because particle (f) is more exposed
to a velocity difference on its surface due to its shape. Particle (¢) shows minimal deviation from
its initial orientation while passing through the slot compared to particle (f). Comparing all particles
(a—f), it can be seen in Figure 43 that particle (d) experienced the highest rotation. This particle is
relatively larger than the five other particles and also maintains the smallest distance to the solid

wall where a higher gradient in the stream-wise velocity field exists.
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Figure 43 Factors that influenced the rotation of six selected particles flowing through the slot of the open
channel at Re = 1. The velocity vector field and the streamlines of the continuous phase are shown at left
corner. The six grayscale figures are snapshots of selected particles at every 4th frame to avoid
overlapping images of particles. The line plots are vertical locations of the center of the fitted ellipse to
the particle plotted versus the absolute value of the difference between the angle of rotation of the
particles, 0, (in every 4th frame) and the initial angle, 6;, of each particle [11].
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So far, we have discussed some parameters that could potentially affect the rotation of different
particles in the slot. However, particles behave differently when they enter a more complex part of
the geometry such as the simulated porous region shown in Figure 44. To better illustrate how the
rotation of particles can influence the deposition of particles, a sequence of snapshots of two
separate particles flowing near the slot entrance is compared in Figure 44. The snapshots in Figure
44 were edited to exclude other surrounding particles in the flow and to provide a better illustration
of the motion of individual particles. Note that the trajectories of particles P and P> in Figure 44
were captured at two different times and then were overlapped onto one image. Therefore, P1 and

P> were not at any time in physical contact.

As shown in Figure 44, even though both particles seemingly have similar aspect ratios, initial
orientations, and initial locations in the channel, they showed completely different motions in the
near slot region. Both particles almost followed the same streamline in the first three frames.
However, particle P begins to cross the streamline and rotates which caused it to collide into the
layer of deposited particles on the horizontal surface before the entrance to the slot. Particle P>
remained oriented along the local velocity vectors (or the streamlines) and followed the flow
convergence and flowed through into the slot. It appears that P> did not rotate before entering the
slot section and maintains its orientation along the fluid flow path before the slot. On entering the

slot, it rotates significantly compared to the curvature of the flow.

From the observation of these two particles in Figure 44 it can be seen that the rotation of a particle
during its motion is a key factor which affects whether the particle deposits or exits the porous
media into the channel. Factors such as the difference in the shapes, which could not be seen clearly
in the projected 2D images, higher weight of P compared to P2, or interaction with other
neighboring particles that have been removed from the images might have affected the deposition
of Pi. This indicates that understanding the detailed behavior of particles in such flows is complex

and requires more extensive study.
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Figure 44 The trajectory of two particles that are transported through a porous network into a narrow slot
at Re = 0.1. The images were edited to exclude the surrounding particles. P, and P flowed at two different
times in the experiments and therefore, they were not in physical contact. [11].
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5.6 Conclusion

This chapter strictly focuses on the observations made from an experimental study to illustrate the
importance of considering the actual shape of particles when modeling particle transport within a
fluid. The behavior of solid particles that flow through a porous medium into a narrow slot has
been explored using PSV measurements and image processing techniques. Irregularly shaped
particles have been traditionally modelled as spheres to reduce the complexity of the mathematical
models. This study observed that the differences in the shapes and the sizes of the particles
influence their dynamic behaviors in the flow, including their rotation, which in turn affect their

tendencies to be deposited on the solid walls.

The results give a visual understanding of the significance of particle shape and rotation on particle
deposition even at a microscale. The rotation of particles depends on several factors including their
shape, initial orientations, and relative locations in the flow field. These factors can join together
and influence particle deposition near the slot entrance. This work also highlights that the particle—
fluid density difference driven gravitational settling velocity can have a significant impact on
particle deposition. It was observed that particle inertial effects were negligible in the flow regimes

investigated.

In general, velocity of the continuous phase has a significant impact on the build-up of the particles.
Particle build-up was most likely to occur in regions of lower continuous phase velocity. It was
observed that at lower flow rates, the build-up of fine particles in the near-slot region can potentially
plug the pore throats and change the local permeability. Cylindrical pillars appear to be slightly
more resistant to the formation of a layer of particles near the slot opening. Their geometry
generated slightly higher flow rates due to their larger size compared to the diamond shape.
However, the presence of the simulated porous media influenced the flow field within the near-slot
region. Ua. within the low velocity regions for the cylindrical pillars and diamond shaped pillars
were generally greater than that of the open slot. As a result, particle build-up within the near-slot
region of the open slot after 16 minutes was greater than the build-up within the simulated porous

media geometries.
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6 Conclusions

The focus of this thesis research was the motion of particles within various flow geometries
including: a rectangular channel, a narrow slot and a porous network. Three different particle
shapes were studied including spherical particles, cylindrical particles and irregularly shaped
particles. Three modifications of a PSV experimental set-up together with various image
processing techniques were used to examine various aspects of particle motion such as: the settling
velocity, the particle Reynolds number, the coefficient of drag, particle rotation and deposition.
This study was also applied to a geometry relevant to an industrial application known as SAGD in

which particle motion is of importance.

The importance of selecting an appropriate length scale to define non-dimensional parameters that
can be used to model particle motion was one of the main objectives of this work. This was
achieved by investigating one of the commonly used correlations in literature to determine the
coefficient of drag of non-spherical particles that was developed by Haider and Levenspiel. This
model utilized the equivalent diameter as a length scale to define the particle Reynolds number. In
the Haider and Levenspiel model, the non-dimensionalized plot of the particle Reynolds number
versus the coefficient of drag did not overlap exactly for experimental measurements of particles
of various shapes. Additionally, other models in the literature such as Dioguardi et. al and Madhav
and Chhabra showed that the plot of the particle Reynolds number versus the coefficient of drag
did not overlap exactly for particles Reynolds number greater than 10. These models also used
shape parameters that related the particles to a sphere. Therefore, in this thesis research, an
experimental study was performed in order to identify an appropriate length scale to model particle
motion. It was determined that the ratio of the volume to the surface area of long aspect ratio
cylinders is an appropriate length scale to define the particle Reynolds number and the coefficient
of drag. The results also showed that the general trajectory of the cylindrical particles differed from
the spherical particles. The cylindrical particles generally fell vertically within the few frames and
then rotated until the particles reached settling velocity. In the terminal settling velocity region the
particle wobbled. The spherical particles moved back and forth in the horizontal direction before

reaching terminal settling velocity. The differences in the particle trajectories of the spherical
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compared to the cylindrical particles reflected in a difference in the pattern of the particle velocity

profile between the spherical particles and the cylindrical particles.

Another objective of this research was to evaluate the use of the spherical assumption to model the
motion of non-spherical particles within confined and complex flow geometries in an industrial
application known as SAGD. Four particle geometries were considered in the study of particle
motion in SAGD operations. These include an open slot, an open flow geometry into a narrow slot,
and two patterns of porous media into a narrow slot. Two shapes of particles were considered in
each geometry. These include (1) spherical particles and (2) irregularly shaped particles. The
results illustrated that particle shape and rotation affects the flow field around the particle. Using
the spherical assumption to model the motion of non-spherical particles implies that the velocity
profile around the particle should be symmetrical. However, a non-symmetrical velocity profile
was observed around the irregularly shaped particles. The velocity profile around the irregularly

shaped particle also varied as the particle fell within the slot.

The results of the study that included an open flow geometry into a narrow slot and two patterns of
porous media into a narrow slot present a visual understanding of the significance of particle shape
and rotation on particle deposition even at a microscale. The rotation of a particle depends on
several factors including their shape, initial orientation, and relative locations in the flow field.
These factors can combine together to influence particle deposition near the slot entrance. This
work also highlights that the particle—fluid density difference driven gravitational settling velocity
can have a significant impact on particle deposition. It was observed that particle inertial effects
were negligible in the flow regimes investigated. Thereby, the results also demonstrated the
limitations of modelling non-spherical particles as spheres. The spherical assumption neglects
significant factors such as particle rotation and the corresponding impact on particle deposition and
build-up. Particle shape and rotation were also shown to influence the surrounding fluid flow field

differently when compared to spheres.

Previously, the analysis in Chapter 3 was performed in an open flow geometry which was more
than ten times wider than the diameter of the particles. The results showed that the drag coefficient
of non-spherical particles can be modelled as spheres if the correct length scale is used. However,
in this chapter, the results demonstrated the limitations of using the spherical assumption to model

the motion of irregularly shaped particles a confined flow geometry. It was observed that for
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irregularly shaped particles, as small as 2.66 mm, the spherical assumption will not account for the
impact of particle shape and rotation on the surrounding fluid flow field. The spherical assumption
also implies that the velocity profile around the particle should be symmetrical. However, a non-
symmetric velocity profile was also observed around the irregularly shaped particle. This chapter
simplifies particle motion within SAGD operation by analyzing individual particles falling within
a slot. However, in real conditions in SAGD operations, multiple particles are transported with the
fluid flow, therefore the occurrence of particle rotation of non-spherical particles which affects the

flow field around the particle can also influence the transport of near-by particles as well.

6.1 Future Work

The experimental study of falling spheres and cylinders within a rectangular channel in Chapter 3
was used to determine the settling velocity of the particles and to select an appropriate length scale
to define particle motion. One recommendation for further research is to include tracer particles to
the surrounding fluids to better understand the velocity field of the fluid around the spherical
particles compared to the cylindrical particles. This analysis should be coupled with: (1) image
processing schemes that can detect and describe the flow structures around the particle as it falls
within the fluid and (2) further post processing to analyze the forces acting on the particle. Another
recommendation for future work of this study is to analyze the motion of multiple particles falling

within the channel in order to understand the impact of the motion of one particle on another.

The analysis of particle motion within the near-slot region in SAGD operations as described in
Chapters 4 and 5 can be further studied by analyzing particle motion within a packed porous media
into a narrow slot. An important consideration to achieve this study would be to select an
appropriate optical diagnostic technique to capture the three dimensional effects of particle motion

within a densely packed porous media.
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8 Appendices

8.1 Appendix 1: 4mm Diameter Delrin Spheres in Water

8.1.1 Particle

Displacement,

Particle

Velocity

and Particle

Acceleration for 4mm Diameter Delrin Spheres in Water

Fluid: Water

Particle Displacement

100

500 -

600

t (sec)

Particle: 4mm Diameter Delrin

Particle Velocity

100 -

400 -

500 -

600 1 1 1
140 160 180 200

Vy(mm/sec)

Particle Acceleration

100 -

500 -

-100 0

100 200

Ay(mm/secz)

Rey: 859.36

—Particle 1
—Particle 2
—Particle 3
Particle 4
Particle 5
Particle 6
—Particle 7
—Particle 8
—Particle 9
—Particle 10
Particle 11
—Particle 12
Particle 13
—Particle 14
—Particle 15

Figure 45 Particle displacement, y, velocity, V,, and acceleration, 4,, for 4mm Diameter Delrin
(15 particles) in Water. Two particles (represented by the light blue and mustard lines) were outliers
because the velocity plots exhibited unusual trends within 375 mm and 450 mm of the particle
displacement. The outliers in the original data were removed and plotted in Figure 46 and Figure 47 in
order to obtain a better estimate of the terminal settling velocity and average constant acceleration.
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8.1.2 x-Velocity (Vy), y-Velocity (V,) and Magnitude of Velocity (|V])

for 4mm Diameter Delrin Spheres in Water

Fluid: Water Particle: 4mm Diameter Delrin Rep: 859.36
Vs Wy 14
0r 0r 0r
=R
100 100 100 - \Q\ —Particle 1
—Particle 2
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Figure 46 Particle velocity in the x-direction V;, y-direction ¥}, and the magnitude V(V:2 +¥,2) of the
particle velocity |V| for 4mm Diameter Delrin in Water. The average terminal settling velocity, U, is
196.82 mm/s. Note: the two (2) outliers shown in Figure 45 were omitted in order to obtain a better
estimate of the terminal settling velocity. Therefore only 13 particles are shown in this plots.
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8.1.3 x-Acceleration (Ax), y-Acceleration (4,) and Magnitude of

Acceleration (J4|) for 4mm Diameter Delrin Spheres in Water

Fluid: Water Particle: 4mm Diameter Delrin Rep: 859.36
4x 4 A
0r 0 0
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Figure 47 Particle acceleration in the x-direction A,, y-direction 4,, and the magnitude V(4,2 +4,%) of the
particle acceleration |4| for 4mm Diameter Delrin in Water. Note: the two (2) outliers shown in Figure 45
were omitted in order to obtain a better estimate of the average acceleration within the terminal velocity
region. Therefore only 13 particles are shown in this plots.
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8.2 Appendix 2: 4mm Delrin Spheres in 20%-80% Glycerol-
Water

8.2.1 Particle

Displacement, Particle

Velocity and Particle
Acceleration for 4mm Diameter Delrin Spheres in 20%—-80%

Glycerol-Water

Fluid: 20%—-80% Glycerol-Water
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Figure 48 Particle displacement, y, velocity, V,, and acceleration, 4,, for 4mm Diameter Delrin
(15 particles) in 20%—-80% Glycerol-Water.
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8.2.2 x-Velocity (Vx), y-Velocity (V,) and Magnitude of Velocity (|V])
for 4mm Diameter Delrin Spheres in 20%-80% Glycerol—

Water

Fluid: 20%—-80% Glycerol-Water
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Figure 49 Particle velocity in the x-direction V;, y-direction V,, and the magnitude \(V.? +7,2) of the

particle velocity |V] for 4mm Diameter Delrin (15 particles) in 20%—80% Glycerol-Water. The average
terminal settling velocity, U; is 152.99 mm/s.
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8.2.3 x-Acceleration (Ax), y-Acceleration (4,) and Magnitude of

Acceleration (|4|) for 4mm Diameter Delrin Spheres in 20%—

80% Glycerol-Water

Fluid: 20%—-80% Glycerol-Water
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Figure 50 Particle acceleration in the x-direction A,, y-direction 4,, and the magnitude V(4> +4,%) of the
particle acceleration |4| for 4mm Diameter Delrin (15 particles) in 20%—80% Glycerol-Water.
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8.3 Appendix 3: 4mm Delrin Spheres in 40%—-60% Glycerol-
Water

8.3.1 Particle

Displacement, Particle

Velocity and Particle
Acceleration for 4mm Diameter Delrin Spheres in 40%-60%

Glycerol-Water

Fluid: 40%—-60% Glycerol-Water Particle: 4mm Diameter Delrin Rep: 115.23
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Figure 51 Particle displacement, y, velocity, V,, and acceleration, 4,, for 4mm Diameter Delrin
(15 particles) in 40%—-60% Glycerol-Water.

113



8.3.2 x-Velocity (Vx), y-Velocity (V,) and Magnitude of Velocity (|V])
for 4mm Diameter Delrin Spheres in 40%—-60% Glycerol—
Water

Fluid: 40%—-60% Glycerol-Water

Particle: 4mm Diameter Delrin

Rep: 115.23

Vi

100 -

400 -

500

600 : :
-20 0 20
Vx(mm/ sec)

100 -

500 -

600

80

100 120

Vv(mm/sec)

100 -

500 -

600

14

80 100
|V | (mm/sec)

120

—Particle 1
—Particle 2
—Particle 3
—Particle 4
Particle 5
Particle 6
—Particle 7
—Particle 8
— Particle 9
—Particle 10
Particle 11
—Particle 12
Particle 13
—Particle 14
—Particle 15

Figure 52 Particle velocity in the x-direction V;, y-direction V,, and the magnitude \(V.? +7,2) of the

particle velocity |V] for 4mm Diameter Delrin (15 particles) in 40%—60% Glycerol-Water. The average
terminal settling velocity, U; is 108.37 mm/s.
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8.3.3 x-Acceleration (Ax), y-Acceleration (4,) and Magnitude of
Acceleration (|4]) for 4mm Diameter Delrin Spheres in 40%—

60% Glycerol-Water

Fluid: 40%—-60% Glycerol-Water Particle: 4mm Diameter Delrin Rep: 115.23
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Figure 53 Particle acceleration in the x-direction A,, y-direction 4,, and the magnitude V(4> +4,) of the
particle acceleration |4| for 4mm Diameter Delrin (15 particles) in 40%—-60% Glycerol-Water.
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8.4 Appendix 4: 4mm Delrin Spheres in 70%-30% Glycerol-
Water

8.4.1 Particle Displacement, Particle Velocity and Particle
Acceleration for 4mm Diameter Delrin Spheres in 70%-30%

Glycerol-Water

Fluid: 70%-30% Glycerol-Water Particle: 4mm Diameter Delrin Rep: 5.84
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Figure 54 Particle displacement, y, velocity, V,, and acceleration, 4,, for 4mm Diameter Delrin
(15 particles) in 70%—-30% Glycerol-Water. The outliers at displacement 260 mm occurred within the
overlap between the two cameras. In this region there was a variation in the light distribution compared
to the rest of the field of view. A uniform distribution of light was not achieved with the projector and
kite paper as shown in Figure 8 and describe in Section 3.5.1. This affected the binarization of the particle
within that region and thereby a slight shift in the location of the centroid of the particle from the image
processing scheme.
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8.4.2 x-Velocity (Vy), y-Velocity (V,) and Magnitude of Velocity (|}V])
for 4mm Diameter Delrin Spheres in 70%-30% Glycerol—

Water
Fluid: 70%-30% Glycerol-Water Particle: 4mm Diameter Delrin Rep: 5.84
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Figure 55 Particle velocity in the x-direction V;, y-direction V,, and the magnitude \(V.? +7,2) of the
particle velocity |V] for 4mm Diameter Delrin (15 particles) in 70%—30% Glycerol-Water. The average
terminal settling velocity, U; is 34.68 mm/s. The outliers at displacement 260 mm occurred within the
overlap between the two cameras. In this region there was a variation in the light distribution compared
to the rest of the field of view. A uniform distribution of light was not achieved with the projector and
kite paper as shown in Figure 8 and describe in Section 3.5.1. This affected the binarization of the particle
within that region and thereby a slight shift in the location of the centroid of the particle from the image
processing scheme.
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8.4.3 x-Acceleration (Ax), y-Acceleration (4,) and Magnitude of
Acceleration (|4|) for 4mm Diameter Delrin Spheres in 70%—

30% Glycerol-Water

Fluid: 70%-30% Glycerol-Water Particle: 4mm Diameter Delrin Rep: 5.84
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Figure 56 Particle acceleration in the x-direction A,, y-direction 4,, and the magnitude V(4> +4,) of the
particle acceleration |4| for 4mm Diameter Delrin (15 particles) in 70%—30% Glycerol-Water. The
outliers at displacement 260 mm occurred within the overlap between the two cameras. In this region
there was a variation in the light distribution compared to the rest of the field of view. A uniform
distribution of light was not achieved with the projector and kite paper as shown in Figure 8 and describe
in Section 3.5.1. This affected the binarization of the particle within that region and thereby a slight shift
in the location of the centroid of the particle from the image processing scheme.
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8.5 Appendix 5: 4mm Delrin Spheres in Canola Oil

8.5.1 Particle Displacement, Particle Velocity and Particle

Acceleration for 4mm Diameter Delrin Spheres in Canola Oil

Fluid: Canola Oil Particle: 4mm Diameter Delrin Rep: 2.49
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Figure 57 Particle displacement, y, velocity, V,, and acceleration, 4,, for 4mm Diameter Delrin (15
particles) in Canola Oil. The outliers at displacement 260 mm occurred within the overlap between the
two cameras. In this region there was a variation in the light distribution compared to the rest of the field
of view. A uniform distribution of light was not achieved with the projector and kite paper as shown in
Figure 8 and describe in Section 3.5.1. This affected the binarization of the particle within that region and
thereby a slight shift in the location of the centroid of the particle from the image processing scheme.
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8.5.2 x-Velocity (Vy), y-Velocity (V,) and Magnitude of Velocity (|V])

for 4mm Diameter Delrin Spheres in Canola Oil

Fluid: Canola Oil Particle: 4mm Diameter Delrin Rep: 2.49
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Figure 58 Particle velocity in the x-direction V;, y-direction ¥}, and the magnitude N(V:2 +¥,2) of the
particle velocity |V] for 4mm Diameter Delrin in Canola Oil. The average terminal settling velocity, U; is
54.86 mm/s. The outliers at displacement 260 mm occurred within the overlap between the two cameras.
In this region there was a variation in the light distribution compared to the rest of the field of view. A
uniform distribution of light was not achieved with the projector and kite paper as shown in Figure 8 and
describe in Section 3.5.1. This affected the binarization of the particle within that region and thereby a
slight shift in the location of the centroid of the particle from the image processing scheme.
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8.5.3 x-Acceleration (Ax), y-Acceleration (4,) and Magnitude of

Acceleration (J4|) for 4mm Diameter Delrin Spheres in Canola

Oil
Fluid: Canola Oil Particle: 4mm Diameter Delrin Rep: 2.49
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Figure 59 Particle acceleration in the x-direction A,, y-direction 4,, and the magnitude V(4> +4,%) of the
particle acceleration |4| for 4mm Diameter Delrin in Canola Oil. The outliers at displacement 260 mm
occurred within the overlap between the two cameras. In this region there was a variation in the light
distribution compared to the rest of the field of view. A uniform distribution of light was not achieved
with the projector and kite paper as shown in Figure 8 and describe in Section 3.5.1. This affected the
binarization of the particle within that region and thereby a slight shift in the location of the centroid of
the particle from the image processing scheme.
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8.6 Appendix 6: 2mm Diameter Delrin Spheres in Water

8.6.1 Particle Displacement, Particle Velocity and Particle

Acceleration for 2mm Diameter Delrin Spheres in Water

Fluid: Water Particle: 2mm Diameter Delrin Rep: 249.27
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Figure 60 Particle displacement, y, velocity, V,, and acceleration, 4,, for 2mm Diameter Delrin
(15 particles) in Water. Four particles (represented by the pink, blue, light green and purple lines) were
outliers because the velocity plots exhibited unusual trends within 360 mm and 420 mm of the particle
displacement. The outliers in the original data were removed and plotted in Figure 61 and Figure 62 in
order to obtain a better estimate of the terminal settling velocity and average constant acceleration.
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8.6.2 x-Velocity (Vy), y-Velocity (V,) and Magnitude of Velocity (|V])

for 2mm Diameter Delrin Spheres in Water

Fluid: Water Particle: 2mm Diameter Delrin Rep: 249.27
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Figure 61 Particle velocity in the x-direction V;, y-direction ¥}, and the magnitude N(V:2 +¥,2) of the
particle velocity |V] for 2mm Diameter Delrin in Water. The average terminal settling velocity, U, is
114.18 mm/s. Note: the four (4) outliers shown in Figure 60 were omitted in order to obtain a better
estimate of the terminal settling velocity. Therefore only 11 particles are shown in this plots.
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8.6.3 x-Acceleration (Ax), y-Acceleration (4,) and Magnitude of

Acceleration (|4|) for 2mm Diameter Delrin Spheres in Water

Fluid: Water
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Figure 62 Particle acceleration in the x-direction A,, y-direction 4,, and the magnitude V(4.2 +4,2) of the
particle acceleration |4| for 2mm Diameter Delrin in Water. Note: the four (4) outliers shown in Figure
60 were omitted in order to obtain a better estimate of the average acceleration within the terminal velocity
region. Therefore only 11 particles are shown in this plots.
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8.7 Appendix 7: 2mm Delrin Spheres in 20%-80% Glycerol-
Water

8.7.1 Particle

Displacement, Particle

Velocity and Particle
Acceleration for 2mm Diameter Delrin Spheres in 20%-80%

Glycerol-Water

Fluid: 20%-80% Glycerol-Water

Particle: 2mm Diameter Delrin Rep: 93.71
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Figure 63 Particle displacement, y, velocity, V,, and acceleration, 4,, for 2mm Diameter Delrin
(15 particles) in 20%—-80% glycerol-water. The outliers at displacement 260 mm occurred within the
overlap between the two cameras. In this region there was a variation in the light distribution compared
to the rest of the field of view. A uniform distribution of light was not achieved with the projector and
kite paper as shown in Figure 8 and describe in Section 3.5.1. This affected the binarization of the particle

within that region and thereby a slight shift in the location of the centroid of the particle from the image
processing scheme.
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8.7.2 x-Velocity (Vx), y-Velocity (V)) and Magnitude of Velocity (|V])
for 2mm Diameter Delrin Spheres in 20%-80% Glycerol—

Water
Fluid: 20%—-80% Glycerol-Water Particle: 2mm Diameter Delrin Rep: 93.71
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Figure 64 Particle velocity in the x-direction V;, y-direction ¥}, and the magnitude N(V:2 +¥,2) of the
particle velocity |V] for 2mm Diameter Delrin in 20%-80% glycerol-water. The average terminal settling
velocity, U, is 78.84 mm/s. The outliers at displacement 260 mm occurred within the overlap between the
two cameras. In this region there was a variation in the light distribution compared to the rest of the field
of view. A uniform distribution of light was not achieved with the projector and kite paper as shown in
Figure 8 and describe in Section 3.5.1. This affected the binarization of the particle within that region and
thereby a slight shift in the location of the centroid of the particle from the image processing scheme.
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8.7.3 x-Acceleration (Ax), y-Acceleration (4,) and Magnitude of
Acceleration (|4]) for 2mm Diameter Delrin Spheres in 20%—

80% Glycerol-Water

Fluid: 20%—-80% Glycerol-Water Particle: 2mm Diameter Delrin Rep: 93.71
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Figure 65 Particle acceleration in the x-direction A,, y-direction 4,, and the magnitude V(4.2 +4,2) of the
particle acceleration |4| for 2mm Diameter Delrin in 20%-80% glycerol-water. The outliers at
displacement 260 mm occurred within the overlap between the two cameras. In this region there was a
variation in the light distribution compared to the rest of the field of view. A uniform distribution of light
was not achieved with the projector and kite paper as shown in Figure 8 and describe in Section 3.5.1.
This affected the binarization of the particle within that region and thereby a slight shift in the location of
the centroid of the particle from the image processing scheme.
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8.8 Appendix 8: 2mm Delrin Spheres in 40%—-60% Glycerol-
Water

8.8.1 Particle

Displacement, Particle

Velocity and Particle
Acceleration for 2mm Diameter Delrin Spheres in 40%—-60%

Glycerol-Water

Fluid: 40%—-60% Glycerol-Water

Particle: 2mm Diameter Delrin Rep: 26.50
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Figure 66 Particle displacement, y, velocity, V,, and acceleration, 4,, for 2mm Diameter Delrin
(15 particles) in 40%—60% glycerol-water. The outliers at displacement 260 mm occurred within the
overlap between the two cameras. In this region there was a variation in the light distribution compared
to the rest of the field of view. A uniform distribution of light was not achieved with the projector and
kite paper as shown in Figure 8 and describe in Section 3.5.1. This affected the binarization of the particle

within that region and thereby a slight shift in the location of the centroid of the particle from the image
processing scheme.
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8.8.2 x-Velocity (Vx), y-Velocity (V) and Magnitude of Velocity (|V])
for 2mm Diameter Delrin Spheres in 40%—-60% Glycerol—

Water
Fluid: 40%—-60% Glycerol-Water Particle: 2mm Diameter Delrin Rep: 26.50
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Figure 67 Particle velocity in the x-direction V;, y-direction ¥}, and the magnitude N(V:2 +¥,2) of the
particle velocity |V] for 2mm Diameter Delrin (15 particles) in 40%—60% glycerol-water. The average
terminal settling velocity, U; is 49.85 mm/s. The outliers at displacement 260 mm occurred within the
overlap between the two cameras. In this region there was a variation in the light distribution compared
to the rest of the field of view. A uniform distribution of light was not achieved with the projector and
kite paper as shown in Figure 8 and describe in Section 3.5.1. This affected the binarization of the particle

within that region and thereby a slight shift in the location of the centroid of the particle from the image
processing scheme.
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8.8.3 x-Acceleration (Ax), y-Acceleration (4,) and Magnitude of
Acceleration (|4]) for 2mm Diameter Delrin Spheres in 40%—

60% Glycerol-Water

Fluid: 40%—-60% Glycerol-Water Particle: 2mm Diameter Delrin Rep: 26.50
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Figure 68 Particle acceleration in the x-direction A,, y-direction 4,, and the magnitude V(4.2 +4,2) of the
particle acceleration |4| for 2mm Diameter Delrin (15 particles) in 40%—60% glycerol-water. The outliers
at displacement 260 mm occurred within the overlap between the two cameras. In this region there was a
variation in the light distribution compared to the rest of the field of view. A uniform distribution of light
was not achieved with the projector and kite paper as shown in Figure 8 and describe in Section 3.5.1.
This affected the binarization of the particle within that region and thereby a slight shift in the location of
the centroid of the particle from the image processing scheme
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8.9 Appendix 9: 2mm Delrin Spheres in 70%-30% Glycerol-
Water

8.9.1 Particle

Displacement, Particle

Velocity and Particle
Acceleration for 2mm Diameter Delrin Spheres in 70%-30%

Glycerol-Water

Fluid: 70%-30% Glycerol-Water Particle: 2mm Diameter Delrin Rep: 1.02
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Figure 69 Particle displacement, y, velocity, V,, and acceleration, 4,, for 2mm Diameter Delrin
(15 particles) in 70%—-30% glycerol-water. The outliers at displacement 260 mm occurred within the
overlap between the two cameras. In this region there was a variation in the light distribution compared
to the rest of the field of view. A uniform distribution of light was not achieved with the projector and
kite paper as shown in Figure 8 and describe in Section 3.5.1. This affected the binarization of the particle
within that region and thereby a slight shift in the location of the centroid of the particle from the image
processing scheme.
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8.9.2 x-Velocity (Vx), y-Velocity (V,) and Magnitude of Velocity (|}V])
for 2mm Diameter Delrin Spheres in 70%-30% Glycerol—

Water
Fluid: 70%-30% Glycerol-Water Particle: 2mm Diameter Delrin Rep: 1.02
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Figure 70 Particle velocity in the x-direction V;, y-direction ¥}, and the magnitude N(V:2 +¥,2) of the
particle velocity |V] for 2mm Diameter Delrin (15 particles) in 70%—-30% glycerol-water. The average
terminal settling velocity, U; is 12.07 mm/s. The outliers at displacement 260 mm occurred within the
overlap between the two cameras. In this region there was a variation in the light distribution compared
to the rest of the field of view. A uniform distribution of light was not achieved with the projector and
kite paper as shown in Figure 8 and describe in Section 3.5.1. This affected the binarization of the particle

within that region and thereby a slight shift in the location of the centroid of the particle from the image
processing scheme.
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8.9.3 x-Acceleration (Ax), y-Acceleration (4,) and Magnitude of
Acceleration (|4]) for 2mm Diameter Delrin Spheres in 70%—

30% Glycerol-Water

Fluid: 70%-30% Glycerol-Water Particle: 2mm Diameter Delrin Rep: 1.02
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Figure 71 Particle acceleration in the x-direction A,, y-direction 4,, and the magnitude V(4.2 +4,2) of the
particle acceleration |4| for 2mm Diameter Delrin (15 particles) in 70%—30% glycerol-water. The outliers
at displacement 260 mm occurred within the overlap between the two cameras. In this region there was a
variation in the light distribution compared to the rest of the field of view. A uniform distribution of light
was not achieved with the projector and kite paper as shown in Figure 8 and describe in Section 3.5.1.
This affected the binarization of the particle within that region and thereby a slight shift in the location of
the centroid of the particle from the image processing scheme.
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8.10 Appendix 10: 2mm Delrin Spheres in Canola Oil

8.10.1 Particle Displacement, Particle Velocity and Particle

Acceleration for 2mm Diameter Delrin Spheres in Canola Qil

Fluid: Canola Oil Particle: 2mm Diameter Delrin Rep: 0.39
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Figure 72 Particle displacement, y, velocity, V,, and acceleration, 4,, for 2mm Diameter Delrin
(15 particles) in Canola Oil. In this region there was a variation in the light distribution compared to the
rest of the field of view. A uniform distribution of light was not achieved with the projector and kite paper
as shown in Figure 8 and describe in Section 3.5.1. This affected the binarization of the particle within

that region and thereby a slight shift in the location of the centroid of the particle from the image
processing scheme.
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8.10.2 x-Velocity (Vx), y-Velocity (FV,) and Magnitude of
Velocity (|V]) for 2mm Diameter Delrin Spheres in Canola Oil

Fluid: Canola Oil Particle: 2mm Diameter Delrin Rep: 0.39
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Figure 73 Particle velocity in the x-direction V;, y-direction ¥}, and the magnitude V(V:2 +¥,2) of the
particle velocity |V] for 2mm Diameter Delrin (15 particles) in Canola Oil. The average terminal settling
velocity, Uy is 17.30 mm/s. In this region there was a variation in the light distribution compared to the
rest of the field of view. A uniform distribution of light was not achieved with the projector and kite paper
as shown in Figure 8 and describe in Section 3.5.1. This affected the binarization of the particle within
that region and thereby a slight shift in the location of the centroid of the particle from the image
processing scheme.
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8.10.3 x-Acceleration (A), y-Acceleration (4,) and Magnitude of

Acceleration (|4]) for 2mm Diameter Delrin Spheres in

Canola Oil
Fluid: Canola Oil Particle: 2mm Diameter Delrin Rep: 0.39
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Figure 74 Particle acceleration in the x-direction A,, y-direction 4,, and the magnitude V(4.2 +4,2) of the
particle acceleration |4| for 2mm Diameter Delrin (15 particles) in Canola Oil. In this region there was a
variation in the light distribution compared to the rest of the field of view. A uniform distribution of light
was not achieved with the projector and kite paper as shown in Figure 8 and describe in Section 3.5.1.
This affected the binarization of the particle within that region and thereby a slight shift in the location of
the centroid of the particle from the image processing scheme.
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8.11 Appendix 11: 2mm Diameter Aluminum Spheres in Water

8.11.1 Particle Displacement, Particle Velocity and Particle

Acceleration for 2mm Diameter Aluminum Spheres in Water

Fluid: Water

Particle: 2mm Diameter Aluminum Rep: 633.04
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Figure 75 Particle displacement, y, velocity, V), and acceleration, 4,, for 2mm Diameter Aluminum

(15 particles) in Water.
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8.11.2

x-Velocity (Vx), y-Velocity (V) and Magnitude of Velocity

(IV]) for 2mm Diameter Aluminum Spheres in Water

Fluid: Water
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Figure 76 Particle velocity in the x-direction V;, y-direction ¥}, and the magnitude N(V:2 +¥,2) of the
particle velocity |V] for 2mm Diameter Aluminum (15 particles) in Water. The average terminal settling

velocity, U, is 289.97 mm/s.
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8.11.3 x-Acceleration (Ax), y-Acceleration (4,) and Magnitude of

Acceleration (|A|) for 2mm Diameter Aluminum Spheres in

Water

Fluid: Water

Particle: 2mm Diameter Aluminum

Rep: 633.04
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Figure 77 Particle acceleration in the x-direction A,, y-direction 4,, and the magnitude V(4> +4,%) of the

particle acceleration |4| for 2mm Diameter Aluminum (15 particles) in Water.
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8.12 Appendix 12: 2mm Diameter Aluminum Spheres in 20%—
80% Glycerol-Water

8.12.1 Particle Displacement, Particle Velocity and Particle

Acceleration for 2mm Diameter Aluminum Spheres in 20%—

80% Glycerol-Water

Fluid: 20%—-80% Glycerol-Water Particle: 2mm Diameter Aluminum Rep: 287.62
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100 100 f 100 - —Particle 2
—Particle 3
Particle 4
200 - 200 200 Particle 5
Particle 6
e s g —Particle 7
£ 300 E300 € 300 —Particle 8
= ™~ = —Particle 9
—Particle 10
400 - 400 400 - Particle 11
—Particle 12
Particle 13
500 - 500 - 500 b | —Particle 14
—Particle 15
600, : ) s 240 250 000 T,

t (sec)

Vv(mm/sec)

Ay(mm/secz)

Figure 78 Particle displacement, y, velocity, ¥}, and acceleration, 4,, for 2mm Diameter Aluminum
(15 particles) in 20%—-80% glycerol—water.
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8.12.2 x-Velocity (Vx), y-Velocity (V) and Magnitude of Velocity

(IV]) for 2mm Diameter Aluminum Spheres in 20%-80%
Glycerol-Water

Fluid: 20%—-80% Glycerol-Water Particle: 2mm Diameter Aluminum Rep: 287.62
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Figure 79 Particle velocity in the x-direction V;, y-direction V,, and the magnitude V(V.? +7,2) of the
particle velocity |V] for 2mm Diameter Aluminum (15 particles) in 20%—80% glycerol-water. The
average terminal settling velocity, U, is 241.99 mm/s.
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8.12.3

x-Acceleration (Ax), y-Acceleration (4,) and Magnitude of

Acceleration (|A|) for 2mm Diameter Aluminum Spheres in

20%—-80% Glycerol-Water

Fluid: 20%—-80% Glycerol-Water
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Figure 80 Particle acceleration in the x-direction A,, y-direction 4,, and the magnitude V(4,2 +4,%) of the
particle acceleration |4| for 2mm Diameter Aluminum (15 particles) in 20%—-80% glycerol—water.
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8.13 Appendix 13: 2mm Diameter Aluminum Spheres in 40%—
60% Glycerol-Water

8.13.1 Particle Displacement, Particle Velocity and Particle
Acceleration for 2mm Diameter Aluminum Spheres in 40%—

60% Glycerol-Water

Fluid: 40%—-60% Glycerol-Water Particle: 2mm Diameter Aluminum Rep: 98.14

Particle Displacement Particle Velocity Particle Acceleration
0 0 0
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Figure 81 Particle displacement, y, velocity, ¥}, and acceleration, 4,, for 2mm Diameter Aluminum
(15 particles) in 40%—-60% Glycerol-Water. The outliers at displacement 260 mm occurred within the
overlap between the two cameras. In this region there was a variation in the light distribution compared
to the rest of the field of view. A uniform distribution of light was not achieved with the projector and
kite paper as shown in Figure 8 and describe in Section 3.5.1. This affected the binarization of the particle

within that region and thereby a slight shift in the location of the centroid of the particle from the image
processing scheme.
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8.13.2 x-Velocity (Vx), y-Velocity (V) and Magnitude of Velocity

(IV]) for 2mm Diameter Aluminum Spheres in 40%—-60%
Glycerol-Water

Fluid: 40%—-60% Glycerol-Water

Particle: 2mm Diameter Aluminum Rep: 98.14
Vi Vy V]
0- 0r 0r-
100 - 100 - 100 —Particle 1
—Particle 2
—Particle 3
200 - 200 200 Particle 4
Particle 5
7 E = Particle 6
£300 E 300 £300 — Particle 7
= = N —Particle 8
— Particle 9
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Figure 82 Particle velocity in the x-direction V;, y-direction V,, and the magnitude V(V.? +7,2) of the
particle velocity |V] for 2mm Diameter Aluminum in 40%—-60% Glycerol-Water. The average terminal
settling velocity, U; is 184.59 mm/s. The outliers at displacement 260 mm occurred within the overlap
between the two cameras. In this region there was a variation in the light distribution compared to the rest
of the field of view. A uniform distribution of light was not achieved with the projector and kite paper as
shown in Figure 8 and describe in Section 3.5.1. This affected the binarization of the particle within that

region and thereby a slight shift in the location of the centroid of the particle from the image processing
scheme.
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8.13.3 x-Acceleration (Ax), y-Acceleration (4,) and Magnitude of
Acceleration (|A|) for 2mm Diameter Aluminum Spheres in

40%—60% Glycerol-Water

Fluid: 40%—-60% Glycerol-Water Particle: 2mm Diameter Aluminum Rep: 98.14
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Figure 83 Particle acceleration in the x-direction A,, y-direction 4,, and the magnitude V(4> +4,%) of the
particle acceleration |4| for 2mm Diameter Aluminum in 40%-60% Glycerol-Water. The outliers at
displacement 260 mm occurred within the overlap between the two cameras. In this region there was a
variation in the light distribution compared to the rest of the field of view. A uniform distribution of light
was not achieved with the projector and kite paper as shown in Figure 8 and describe in Section 3.5.1.

This affected the binarization of the particle within that region and thereby a slight shift in the location of
the centroid of the particle from the image processing scheme.
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8.14 Appendix 14: 2mm Diameter Aluminum Spheres in 70%—
30% Glycerol-Water

8.14.1 Particle Displacement, Particle Velocity and Particle
Acceleration for 2mm Diameter Aluminum Spheres in 70%—

30% Glycerol-Water

Fluid: 70%-30% Glycerol-Water Particle: 2mm Diameter Aluminum Rep: 6.34
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Figure 84 Particle displacement, y, velocity, ¥}, and acceleration, 4,, for 2mm Diameter Aluminum
(15 particles) in 70%—-30% Glycerol-Water. The outliers at displacement 260 mm occurred within the
overlap between the two cameras. In this region there was a variation in the light distribution compared
to the rest of the field of view. A uniform distribution of light was not achieved with the projector and
kite paper as shown in Figure 8 and describe in Section 3.5.1. This affected the binarization of the particle

within that region and thereby a slight shift in the location of the centroid of the particle from the image
processing scheme.
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8.14.2 x-Velocity (Vx), y-Velocity (V) and Magnitude of Velocity
(IV]) for 2mm Diameter Aluminum Spheres in 70%-30%
Glycerol-Water

Fluid: 70%-30% Glycerol-Water Particle: 2mm Diameter Aluminum Rep: 6.34
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Figure 85 Particle velocity in the x-direction V;, y-direction V,, and the magnitude V(V.? +7,2) of the
particle velocity |V] for 2mm Diameter Aluminum in 70%-30% Glycerol-Water. The average terminal
settling velocity, U; is 75.25 mm/s. The outliers at displacement 260 mm occurred within the overlap
between the two cameras. In this region there was a variation in the light distribution compared to the rest
of the field of view. A uniform distribution of light was not achieved with the projector and kite paper as
shown in Figure 8 and describe in Section 3.5.1. This affected the binarization of the particle within that

region and thereby a slight shift in the location of the centroid of the particle from the image processing
scheme.
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8.14.3 x-Acceleration (Ax), y-Acceleration (4,) and Magnitude of

Acceleration (|A|) for 2mm Diameter Aluminum Spheres in

70%-30% Glycerol-Water

Fluid: 70%-30% Glycerol-Water Particle: 2mm Diameter Aluminum Rep: 6.34
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Figure 86 Particle acceleration in the x-direction A,, y-direction 4,, and the magnitude V(4> +4,%) of the
particle acceleration |4| for 2mm Diameter Aluminum in 70%-30% Glycerol-Water. The outliers at
displacement 260 mm occurred within the overlap between the two cameras. In this region there was a
variation in the light distribution compared to the rest of the field of view. A uniform distribution of light
was not achieved with the projector and kite paper as shown in Figure 8 and describe in Section 3.5.1.
This affected the binarization of the particle within that region and thereby a slight shift in the location of
the centroid of the particle from the image processing scheme.
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8.15 Appendix 15: 2mm Diameter Aluminum Spheres in Canola
Oil
8.15.1 Particle Displacement, Particle Velocity and Particle

Acceleration for 2mm Diameter Aluminum Spheres in

Canola Oil

Fluid: Canola Oil

Particle: 2mm Diameter Aluminum Rep: 1.37
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Figure 87 Particle displacement, y, velocity, ¥}, and acceleration, 4,, for 2mm Diameter Aluminum
(15 particles) in Canola Oil.
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8.15.2

x-Velocity (Vx), y-Velocity (V) and Magnitude of Velocity

(IV]) for 2mm Diameter Aluminum Spheres in Canola Oil

Fluid: Canola Oil
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Figure 88 Particle velocity in the x-direction V;, y-direction ¥}, and the magnitude N(V;2 +¥,2) of the
particle velocity |V] for 2mm Diameter Aluminum in Canola Qil. The average terminal settling velocity,

U;1s 60.41 mm/s.
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8.15.3 x-Acceleration (A), y-Acceleration (4,) and Magnitude of

Acceleration (|4|) for 2mm Diameter Aluminum Spheres in

Canola Oil
Fluid: Canola Oil Particle: 2mm Diameter Aluminum Rep: 1.37
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Figure 89 Particle acceleration in the x-direction A,, y-direction 4,, and the magnitude V(4> +4,%) of the
particle acceleration |4| for 2mm Diameter Aluminum in Canola Oil.
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8.16 Appendix 16: 1.30 mm Diameter and 1:1 Aspect Ratio (AR =
dy/ly) Nylon Cylindrical Particles in Water

8.16.1 Particle Displacement, Particle Velocity and Particle

Acceleration for 1.30 mm Diameter and 1:1 Aspect Ratio

(AR = dyl,) Nylon Cylindrical Particles in Water

Fluid: Water Particle: 1.30 mm Diameter, Aspect Ratio 1:1 Rep: 67.6372
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Figure 90 Particle displacement, y, velocity, V,, and acceleration, 4,, for 1.30 mm Diameter Nylon
Cylindrical Particles with Aspect Ratio, A.R. = 1:1 (25 particles) in Water.
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8.16.2 x-Velocity (Vx), y-Velocity (V) and Magnitude of Velocity
(V) for 1.30 mm Diameter and 1:1 Aspect Ratio (AR = dy/1p)
Nylon Cylindrical Particles in Water

Fluid: Water Particle: 1.30 mm Diameter, Aspect Ratio 1:1 Rep: 67.6372
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Figure 91 Particle velocity in the x-direction V;, y-direction ¥}, and the magnitude N(V:2 +¥,2) of the
particle velocity |V] for 1.30 mm Diameter Nylon Cylindrical Particles with Aspect Ratio, A.R. = 1:1
(25 particles) in Water. The average terminal settling velocity, U; is 43.62 mm/s.
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8.16.3 x-Acceleration (Ax), y-Acceleration (4,) and Magnitude of
Acceleration (|4|) for 1.30 mm Diameter and 1:1 Aspect Ratio
(AR = dy/1y) Nylon Cylindrical Particles in Water

Fluid: Water Particle: 1.30 mm Diameter, Aspect Ratio 1:1 Rep: 67.6372
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Figure 92 Particle acceleration in the x-direction A,, y-direction 4,, and the magnitude V(4.2 +4,2) of the
particle acceleration |4| for 1.30 mm Diameter Nylon Cylindrical Particles with Aspect Ratio, A.R. = 1:1
(25 particles) in Water.
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8.17 Appendix 17: 1.30 mm Diameter and 1:1 Aspect Ratio (AR =
dy/l;) Nylon Cylindrical Particles in 20%-80% Glycerol—
Water

8.17.1 Particle Displacement, Particle Velocity and Particle
Acceleration for 1.30 mm Diameter and 1:1 Aspect Ratio (AR =
dy/l;) Nylon Cylindrical Particles in 20%—-80% Glycerol-Water

Fluid: 20%-80% Glycerol-Water  Particle: 1.30 mm Dia. and Aspect Ratio 1:1 Rep: 18.73
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Figure 93 Particle displacement, y, velocity, V,, and acceleration, 4,, for 1.30 mm Diameter Nylon
Cylindrical Particles with Aspect Ratio, A.R. = 1:1 (25 particles) in 20%—-80% Glycerol-Water.
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8.17.2 x-Velocity (Vx), y-Velocity (V) and Magnitude of Velocity
(V) for 1.30 mm Diameter and 1:1 Aspect Ratio (AR = d,/1y)
Nylon Cylindrical Particles in 20%—-80% Glycerol-Water

Fluid: 20%—-80% Glycerol-Water  Particle: 1.30 mm Dia. & Aspect Ratio 1:1 Rep: 18.73
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Figure 94 Particle velocity in the x-direction V;, y-direction ¥}, and the magnitude N(V;2 +¥,2) of the
particle velocity |V] for 1.30 mm Diameter Nylon Cylindrical Particles with Aspect Ratio, A.R. = 1:1
(25 particles) in 20%—-80% Glycerol-Water. The average terminal settling velocity, U is 21.17 mm/s.
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8.17.3 x-Acceleration (Ax), y-Acceleration (4,) and Magnitude of
Acceleration (|A4|) for 1.30 mm Diameter and 1:1 Aspect Ratio
(AR = dy/1y) Nylon Cylindrical Particles in 20%—-80% Glycerol-
Water

Fluid: 20%—-80% Glycerol-Water  Particle: 1.30 mm Dia. & Aspect Ratio 1:1 Rep: 18.73
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Figure 95 Particle acceleration in the x-direction A,, y-direction 4,, and the magnitude V(4> +4,%) of the
particle acceleration |4| 1.30 mm Diameter Nylon Cylindrical Particles with Aspect Ratio, A.R. = 1:1
(25 particles) in 20%—-80% Glycerol-Water.

157



8.18 Appendix 18: 1.30 mm Diameter and 1:1 Aspect Ratio (AR =
dy/l;) Nylon Cylindrical Particles in 40%—-60% Glycerol—
Water

8.18.1 Particle Displacement, Particle Velocity and Particle

Acceleration for 1.30 mm Diameter and 1:1 Aspect Ratio (AR =
dy/l;) Nylon Cylindrical Particles in 40%—60% Glycerol-Water

Fluid: 40%—-60% Glycerol-Water ~ Particle: 1.30 mm Dia. and Aspect Ratio 1:1 Rep: 0.80
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Figure 96 Particle displacement, y, velocity, V,, and acceleration, 4,, for 1.30 mm Diameter Nylon
Cylindrical Particles with Aspect Ratio, A.R. = 1:1 (25 particles) in 40%—-60% Glycerol-Water.
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8.18.2 x-Velocity (Vx), y-Velocity (Vy) and Magnitude of Velocity
(V] for 1.30 mm Diameter and 1:1 Aspect Ratio (AR = d,/1p)
Nylon Cylindrical Particles in 40%—-60% Glycerol-Water

Fluid: 40%—-60% Glycerol-Water
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Figure 97 Particle velocity in the x-direction V;, y-direction ¥}, and the magnitude N(V:2 +¥,2) of the
particle velocity |V] for 1.30 mm Diameter Nylon Cylindrical Particles with Aspect Ratio, A.R. = 1:1
(25 particles) in 40%—60% Glycerol-Water. The average terminal settling velocity, U is 2.03 mm/s.
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8.18.3 x-Acceleration (Ax), y-Acceleration (4,) and Magnitude of
Acceleration (|A4|) for 1.30 mm Diameter and 1:1 Aspect Ratio
(AR = dy/1y) Nylon Cylindrical Particles in 40%—60% Glycerol-
Water

Fluid: 40%—60% Glycerol-Water  Particle: 1.30 mm Dia. and Aspect Ratio 1:1 Rep: 0.80
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Figure 98 Particle acceleration in the x-direction A,, y-direction 4,, and the magnitude V(4> +4,%) of the
particle acceleration |4| for 1.30 mm Diameter Nylon Cylindrical Particles with Aspect Ratio, A.R. = 1:1
(25 particles) in 40%—-60% Glycerol-Water.
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8.19 Appendix 19: 1.30 mm Diameter and 1:1 Aspect Ratio (AR =
dy/l;) Nylon Cylindrical Particles in Canola Oil

8.19.1

Particle Displacement, Particle Velocity and Particle

Acceleration for 1.30 mm Diameter and 1:1 Aspect Ratio (AR =
dy/ly) Nylon Cylindrical Particles in Canola Oil

Fluid: Canola Oil
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Figure 99 Particle displacement, y, velocity, V,, and acceleration, 4,, for 1.30 mm Diameter Nylon
Cylindrical Particles with Aspect Ratio, A.R. = 1:1 (25 particles) in Canola Oil.
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8.19.2

x-Velocity (Vx), y-Velocity (V) and Magnitude of Velocity

(V) for 1.30 mm Diameter and 1:1 Aspect Ratio (AR = d,/1y)

Nylon Cylindrical Particles in Canola Oil

Fluid: Canola Oil
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Figure 100 Particle velocity in the x-direction Vs, y-direction V,, and the magnitude (¥, +¥,%) of the
particle velocity |V] for 1.30 mm Diameter Nylon Cylindrical Particles with Aspect Ratio, A.R. = 1:1
(25 particles) in Canola Oil. The average terminal settling velocity, U, is 4.69 mm/s.
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8.19.3 x-Acceleration (Ax), y-Acceleration (4,) and Magnitude of
Acceleration (|A4|) for 1.30 mm Diameter and 1:1 Aspect Ratio
(AR = dy/1y) Nylon Cylindrical Particles in Canola Oil

Fluid: Canola Oil Particle: 1.30 mm Dia. and Aspect Ratio 1:1 Rep: 0. 0.08
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Figure 101 Particle acceleration in the x-direction 4., y-direction 4,, and the magnitude V(4.2 +4,%) of
the particle acceleration |4| for 1.30 mm Diameter Nylon Cylindrical Particles with Aspect Ratio, A.R. =
1:1 (25 particles) in Canola Oil.
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8.20 Appendix 20: 1.30 mm Diameter and 1:3 Aspect Ratio (AR =
dy/ly) Nylon Cylindrical Particles in Water

8.20.1 Particle Displacement, Particle Velocity and Particle

Acceleration for 1.30 mm Diameter and 1:3 Aspect Ratio (AR =
dy/l;) Nylon Cylindrical Particles in Water

Fluid: Water

Particle: 1.30 mm Diameter, Aspect Ratio 1:3

Rey: 106.54
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Figure 102 Particle displacement, y, velocity, V;, and acceleration, 4,, for 1.30 mm Diameter Nylon
Cylindrical Particles with Aspect Ratio, A.R. = 1:3 (25 particles) in Water.
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8.20.2 x-Velocity (Vx), y-Velocity (V) and Magnitude of Velocity
(V) for 1.30 mm Diameter and 1:3 Aspect Ratio (AR = d,/1y)
Nylon Cylindrical Particles in Water

Fluid: Water Particle: 1.30 mm Diameter, Aspect Ratio 1:3 Rep: 106.54
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Figure 103 Particle velocity in the x-direction Vs, y-direction ,, and the magnitude (V.2 +V,%) of the
particle velocity |V] for 1.30 mm Diameter Nylon Cylindrical Particles with Aspect Ratio, A.R. = 1:3
(25 particles) in Water. The average terminal settling velocity, U; is 47.64 mm/s.
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8.20.3 x-Acceleration (Ax), y-Acceleration (4,) and Magnitude of
Acceleration (|A4|) for 1.30 mm Diameter and 1:3 Aspect Ratio
(AR = dy/1y) Nylon Cylindrical Particles in Water

Fluid: Water Particle: 1.30 mm Diameter, Aspect Ratio 1:3 Rep: 106.54
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Figure 104 Particle acceleration in the x-direction 4., y-direction 4,, and the magnitude V(4.2 +4,%) of
the particle acceleration |4| for 1.30 mm Diameter Nylon Cylindrical Particles with Aspect Ratio, A.R. =
1:3 (25 particles) in Water.
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8.21 Appendix 21: 1.30 mm Diameter and 1:3 Aspect Ratio (AR =
dy/l;) Nylon Cylindrical Particles in 20%-80% Glycerol—
Water

8.21.1 Particle Displacement, Particle Velocity and Particle
Acceleration for 1.30 mm Diameter and 1:3 Aspect Ratio (AR =
dy/l;) Nylon Cylindrical Particles in 20%—-80% Glycerol-Water

Fluid: 20%-80% Glycerol-Water  Particle: 1.30 mm Dia. and Aspect Ratio 1:3  Rep: 33.81
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Figure 105 Particle displacement, y, velocity, V;, and acceleration, 4,, for 1.30 mm Diameter Nylon
Cylindrical Particles with Aspect Ratio, A.R. = 1:3 (25 particles) in 20%—-80% Glycerol-Water.
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8.21.2 x-Velocity (Vx), y-Velocity (V) and Magnitude of Velocity
(V) for 1.30 mm Diameter and 1:3 Aspect Ratio (AR = d,/1y)
Nylon Cylindrical Particles in 20%—-80% Glycerol-Water

Fluid: 20%—-80% Glycerol-Water  Particle: 1.30 mm Dia. & Aspect Ratio 1:3  Rep: 33.81
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Figure 106 Particle velocity in the x-direction Vs, y-direction V,, and the magnitude (V.2 +7,%) of the
particle velocity |V] for 1.30 mm Diameter Nylon Cylindrical Particles with Aspect Ratio, A.R. = 1:3
(25 particles) in 20%—-80% Glycerol-Water. The average terminal settling velocity, U; is 26.51 mm/s.
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8.21.3 x-Acceleration (Ax), y-Acceleration (4,) and Magnitude of
Acceleration (|A4|) for 1.30 mm Diameter and 1:3 Aspect Ratio
(AR = dy/1y) Nylon Cylindrical Particles in 20%—-80% Glycerol-
Water

Fluid: 20%—-80% Glycerol-Water  Particle: 1.30 mm Dia. & Aspect Ratio 1:3  Rep: 33.81
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Figure 107 Particle acceleration in the x-direction 4., y-direction 4,, and the magnitude V(4.2 +4,%) of
the particle acceleration |4| for 1.30 mm Diameter Nylon Cylindrical Particles with Aspect Ratio,
A.R. = 1:3 (25 particles) in 20%—-80% Glycerol-Water.
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8.22 Appendix 22: 1.30 mm Diameter and 1:3 Aspect Ratio (AR =

dy/ly) Nylon Cylindrical Particles in 40%—-60% Glycerol-
Water

8.22.1 Particle Displacement, Particle Velocity and Particle
Acceleration for 1.30 mm Diameter and 1:3 Aspect Ratio (AR =
dy/l,) Nylon Cylindrical Particles in 40%—60% Glycerol-Water

Fluid: 40%—60% Glycerol-Water  Particle: 1.30 mm Dia. and Aspect Ratio 1:3 Rep: 1.89
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Figure 108 Particle displacement, y, velocity, V;, and acceleration, 4,, for 1.30 mm Diameter Nylon
Cylindrical Particles with Aspect Ratio, A.R. = 1:3 (25 particles) in 40%—60% Glycerol-Water. The
outliers at displacement 500 mm occurred in this region there was a low light compared to the rest of the
field of view. A uniform distribution of light was not achieved with the projector and kite paper as shown
in Figure 8 and describe in Section 3.5.1. This affected the binarization of the particle within that region
and thereby a slight shift in the location of the centroid of the particle from the image processing scheme.
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8.22.2 x-Velocity (Vx), y-Velocity (V) and Magnitude of Velocity
(V) for 1.30 mm Diameter and 1:3 Aspect Ratio (AR = d,/1y)
Nylon Cylindrical Particles in 40%—-60% Glycerol-Water

Fluid: 40%—60% Glycerol-Water  Particle: 1.30 mm Dia. and Aspect Ratio 1:3  Rep: 1.89
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Figure 109 Particle velocity in the x-direction Vs, y-direction ,, and the magnitude (V.2 +,%) of the
particle velocity |V] for 1.30 mm Diameter Nylon Cylindrical Particles with Aspect Ratio, A.R. = 1:3
(25 particles) in 40%—60% Glycerol-Water. The average terminal settling velocity, U; is 3.31 mm/s. The
outliers at displacement 500 mm occurred in this region there was a low light compared to the rest of the
field of view. A uniform distribution of light was not achieved with the projector and kite paper as shown
in Figure 8 and describe in Section 3.5.1. This affected the binarization of the particle within that region
and thereby a slight shift in the location of the centroid of the particle from the image processing scheme.
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8.22.3 x-Acceleration (Ax), y-Acceleration (4,) and Magnitude of
Acceleration (|A4|) for 1.30 mm Diameter and 1:3 Aspect Ratio
(AR = dy/1y) Nylon Cylindrical Particles in 40%—60% Glycerol-
Water

Fluid: 40%—60% Glycerol-Water  Particle: 1.30 mm Dia. and Aspect Ratio 1:3  Rep: 1.89
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Figure 110 Particle acceleration in the x-direction 4., y-direction 4,, and the magnitude V(4.2 +4,%) of
the particle acceleration |4| for 1.30 mm Diameter Nylon Cylindrical Particles with Aspect Ratio, A.R. =
1:3 (25 particles) in 40%—60% Glycerol-Water. The outliers at displacement 500 mm occurred in this
region there was a low light compared to the rest of the field of view. A uniform distribution of light was
not achieved with the projector and kite paper as shown in Figure 8 and describe in Section 3.5.1. This
affected the binarization of the particle within that region and thereby a slight shift in the location of the
centroid of the particle from the image processing scheme.
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8.23 Appendix 23: 1.30 mm Diameter and 1:3 Aspect Ratio (AR =
dy/l;) Nylon Cylindrical Particles in Canola Oil

8.23.1 Particle Displacement, Particle Velocity and Particle
Acceleration for 1.30 mm Diameter and 1:3 Aspect Ratio (AR =
dy/l;) Nylon Cylindrical Particles in Canola QOil

Fluid: Canola Oil Particle: 1.30 mm Dia. and Aspect Ratio 1:3 Rep: 0.19
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Figure 111 Particle displacement, y, velocity, V,, and acceleration, 4,, for 1.30 mm Diameter Nylon
Cylindrical Particles with Aspect Ratio, A.R. = 1:3 (25 particles) in Canola Oil. The outliers at
displacement 260 mm occurred within the overlap between the two cameras. In this region there was a
variation in the light distribution compared to the rest of the field of view. A uniform distribution of light
was not achieved with the projector and kite paper as shown in Figure 8 and describe in Section 3.5.1.
This affected the binarization of the particle within that region and thereby a slight shift in the location of
the centroid of the particle from the image processing scheme.
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Fluid: Canola Oil
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Figure 112 Particle velocity in the x-direction Vs, y-direction ,, and the magnitude (V.2 +,%) of the
particle velocity |V] for 1.30 mm Diameter Nylon Cylindrical Particles with Aspect Ratio, A.R. = 1:3
(25 particles) in Canola Oil. The magnitude of velocity deviated slightly to the left between 490 mm and
520 mm. Therefore the average was calculated between 430 mm and 475 mm in order to obtain a more
accurate representation of the terminal settling velocity. The average terminal settling velocity, U, is
7.63 mm/s. The outliers at displacement 260 mm occurred within the overlap between the two cameras.
In this region there was a variation in the light distribution compared to the rest of the field of view. A
uniform distribution of light was not achieved with the projector and kite paper as shown in Figure 8 and
describe in Section 3.5.1. This affected the binarization of the particle within that region and thereby a
slight shift in the location of the centroid of the particle from the image processing scheme.
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8.23.3 x-Acceleration (Ax), y-Acceleration (4,) and Magnitude of
Acceleration (|A4|) for 1.30 mm Diameter and 1:3 Aspect Ratio
(AR = dy/1y) Nylon Cylindrical Particles in Canola Oil

Fluid: Canola Oil Particle: 1.30 mm Dia. and Aspect Ratio 1:3 Rep: 0.19
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Figure 113 Particle acceleration in the x-direction 4., y-direction 4,, and the magnitude V(4.* +4,%) of
the particle acceleration |4| for 1.30 mm Diameter Nylon Cylindrical Particles with Aspect Ratio,
A.R. = 1:3 (25 particles) in Canola Oil. The outliers at displacement 260 mm occurred within the overlap
between the two cameras. In this region there was a variation in the light distribution compared to the rest
of the field of view. A uniform distribution of light was not achieved with the projector and kite paper as
shown in Figure 8 and describe in Section 3.5.1. This affected the binarization of the particle within that
region and thereby a slight shift in the location of the centroid of the particle from the image processing
scheme.
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8.24 Appendix 24: 1.30 mm Diameter and 1:5 Aspect Ratio (AR =
dy/ly) Nylon Cylindrical Particles in Water

8.24.1 Particle Displacement, Particle Velocity and Particle

Acceleration for 1.30 mm Diameter and 1:5 Aspect Ratio (AR =
dy/ly) Nylon Cylindrical Particles in Water

Fluid: Water

Particle: 1.30 mm Diameter, Aspect Ratio 1:5

Particle Acceleration

Rep: 133.55

Particle Displacement Particle Velocity — Particle 1
—Particle 2
—Particle 3
0 Or Or Particle 4
Particle 5
201 20¢ 201 Particle 6
sl a0l a0l & —Part?clc 7
' —Particle 8
—Particle 9
o0 O 60 —Particle 10
80 80 & g0l Part%clc 11
z = = —Part%clc 12
£ 100 E 100} £ 100 Particle 13
z =~ = —— Particle 14
120 - 120 120 - —Particle 15
—Particle 16
140 - 140 140 - Particle 17
Particle 18
160 160 160 - —Particle 19
Particle 20
180 L 180 180 F — Particle 21
500 ‘ ‘ —Particle 22
Mo 0 o@ w0 M e o e e
£ (sec) Vy(mm/sec) A v(mm/seCZ) ——Particle 25

Figure 114 Particle displacement, y, velocity, V;, and acceleration, 4,, for 1.30 mm Diameter Nylon
Cylindrical Particles with Aspect Ratio, A.R. = 1:5 (25 particles) in Water.
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8.24.2 x-Velocity (Vx), y-Velocity (V) and Magnitude of Velocity
(V) for 1.30 mm Diameter and 1:5 Aspect Ratio (AR = d,/1y)
Nylon Cylindrical Particles in Water

Fluid: Water Particle: 1.30 mm Diameter, Aspect Ratio 1:5 Rep: 133.55
Va Vy ’VI —Particle 1
—Particle 2
0. —Particle 3
—— Particle 4
20k Particle 5
Particle 6
401 — Particle 7
—Particle 8
60 |-¢ —Particle 9
—Particle 10
80 - Particle 11
'E“ —Particle 12
£ 100 Particle 13
= —Particle 14
120 - | — Particle 15
—Particle 16
140 L 140 - 140 - U= Particle 17
| | 48.11 mm/s ——Particle 18
160 - 160 - 1600 | — Particle 19
‘ Particle 20
180 180 1 1800 1 — Particle 21
—Particle 22
200 s ‘ 200 ‘ ‘ : ‘ ‘ ‘ —Particle 23
220 0 20 40 60 80 100 200 60 80 100  — Particle 24
Vx(mm/sec) Vy(mm/sec) |V'| (mm/sec) — Particle 25

Figure 115 Particle velocity in the x-direction Vs, y-direction ,, and the magnitude (V.2 +V,%) of the
particle velocity |V] for 1.30 mm Diameter Nylon Cylindrical Particles with Aspect Ratio, A.R. = 1:5
(25 particles) in Water. The average terminal settling velocity, U; is 60.41 mm/s.
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8.24.3 x-Acceleration (Ax), y-Acceleration (4,) and Magnitude of
Acceleration (|4|) for 1.30 mm Diameter and 1:5 Aspect Ratio
(AR = dy/1y) Nylon Cylindrical Particles in Water

Fluid: Water Particle: 1.30 mm Diameter, Aspect Ratio 1:5 Rep: 133.55
Ax Ay ’Al —Particle 1
—Particle 2
—Particle 3
0 or 0 — Particle 4
2 ) Particle 5
20 20 201558 Particle 6
—Particle 7
10 0 — 40 —Particle 8
60 & 60 L S 60 7 —Particle 9
W —Particle 10
80 - 80 80 Particle 11
e = e —Particle 12
£ 100 E 100 £ 100 Particle 13
>~ ~ = ——Particle 14
120 - 120 - 120 —Particle 15
—Particle 16
140 | 140} 140 Particle 17
——Particle 18
160 1601 160 | —Particle 19
Particle 20
1801 180¢ 180} —Particle 21
200 L ‘ ‘ 200 ‘ ‘ ‘ —Particle 22
~50 0 50 200 -100 0 100 200 : ‘ —Particle 23
2 A (mm/sec?) 0 100 200 —Particle 24
Ax(mm/sec ) y 4| (mm/secz) —Particle 25

Figure 116 Particle acceleration in the x-direction 4., y-direction 4,, and the magnitude V(4.2 +4,%) of
the particle acceleration |4| for 1.30 mm Diameter Nylon Cylindrical Particles with Aspect Ratio, A.R. =
1:5 (25 particles) in Water.
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8.25 Appendix 25: 1.30 mm Diameter and 1:5 Aspect Ratio (AR =
dy/l;) Nylon Cylindrical Particles in 20%-80% Glycerol—
Water

8.25.1 Particle Displacement, Particle Velocity and Particle
Acceleration for 1.30 mm Diameter and 1:5 Aspect Ratio (AR =
dy/l;) Nylon Cylindrical Particles in 20%—-80% Glycerol-Water

Fluid: 20%-80% Glycerol-Water  Particle: 1.30 mm Dia. and Aspect Ratio 1:5 Rep: 41.43

Particle Displacement Particle Velocity Particle Acceleration
——Particle 1
—Particle 2
0 —Particle 3
Particle 4
20 Particle 5
Particle 6
40 —Particle 7
—Particle 8
60 - — Particle 9
—Particle 10
80 Particle 11
e ——Particle 12
£ 100 Particle 13
: —— Particle 14
120 - — Particle 15
—Particle 16
140 - 1401 Particle 17
Particle 18
160 160 - — Particle 19
Particle 20
180 1 180 & A) — Particle 21
—Particle 22
\ : : 200 bt ‘ ‘ ‘ ‘ —Particle 23
2000 2 4 6 20 30 40 50 200 40 20 0 20 —Particle 24
¢ (sec) Vy(mm/sec) Av(mm/secz) ——Particle 25

Figure 117 Particle displacement, y, velocity, V;, and acceleration, 4,, for 1.30 mm Diameter Nylon
Cylindrical Particles with Aspect Ratio, A.R. = 1:5 (25 particles) in 20%—-80% Glycerol-Water.
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8.25.2 x-Velocity (Vx), y-Velocity (V) and Magnitude of Velocity
(V] for 1.30 mm Diameter and 1:5 Aspect Ratio (AR = d,/1p)
Nylon Cylindrical Particles in 20%-80% Glycerol-Water

Fluid: 20%-80% Glycerol-Water  Particle: 1.30 mm Dia. and Aspect Ratio 1:5 Rep: 41.43

Vi Vy 14

—Particle 1
—Particle 2
—Particle 3
Particle 4
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—Particle 7
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—Particle 16
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160 b 160 - 160 L 7Part%clc 19
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180 180 - U= — Particle 21
180 F 27.40 mm/s — particle 22

. ) 200 ‘ : : —Particle 23

Vx(mm/sec) Vy(mm/sec) V| (mm/sec) — Particle 25

Figure 118 Particle velocity in the x-direction Vs, y-direction ,, and the magnitude (V.2 +,%) of the
particle velocity |V] for 1.30 mm Diameter Nylon Cylindrical Particles with Aspect Ratio, A.R. = 1:5
(25 particles) in 20%—-80% Glycerol-Water. The average terminal settling velocity, U; is 27.40 mm/s.
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8.25.3 x-Acceleration (Ax), y-Acceleration (4,) and Magnitude of
Acceleration (|4|) for 1.30 mm Diameter and 1:5 Aspect Ratio
(AR = dy/1y) Nylon Cylindrical Particles in 20%—-80% Glycerol-
Water

Fluid: 20%—-80% Glycerol-Water  Particle: 1.30 mm Dia. and Aspect Ratio 1:5 Rep: 41.43
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Figure 119 Particle acceleration in the x-direction 4., y-direction 4,, and the magnitude V(4.2 +4,%) of
the particle acceleration |4| for 1.30 mm Diameter Nylon Cylindrical Particles with Aspect Ratio, A.R. =
1:5 (25 particles) in 20%—80% Glycerol-Water.
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8.26 Appendix 26: 1.30 mm Diameter and 1:5 Aspect Ratio (AR =
dy/l;) Nylon Cylindrical Particles in 40%—-60% Glycerol—
Water

8.26.1

Particle Particle and Particle

Displacement, Velocity

Acceleration for 1.30 mm Diameter and 1:5 Aspect Ratio (AR =
dy/l,) Nylon Cylindrical Particles in 40%—60% Glycerol-Water

Fluid: 40%—60% Glycerol-Water  Particle: 1.30 mm Dia. and Aspect Ratio 1:5 Rep: 3.60

Particle Displacement Particle Velocity Particle Acceleration

—Particle 1
—Particle 2
—Particle 3
Particle 4
Particle 5
Particle 6
—Particle 7
—Particle 8
—Particle 9
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-1

-0.5 0
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0.5
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Figure 120 Particle displacement, y, velocity, V;, and acceleration, 4,, for 1.30 mm Diameter Nylon
Cylindrical Particles with Aspect Ratio, A.R. = 1:5 (25 particles) in 40%—60% Glycerol-Water. The
outliers at displacement 260 mm occurred within the overlap between the two cameras. In this region
there was a variation in the light distribution compared to the rest of the field of view. A uniform
distribution of light was not achieved with the projector and kite paper as shown in Figure 8 and describe
in Section 3.5.1. This affected the binarization of the particle within that region and thereby a slight shift
in the location of the centroid of the particle from the image processing scheme.
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8.26.2 x-Velocity (Vx), y-Velocity (V) and Magnitude of Velocity
(V) for 1.30 mm Diameter and 1:5 Aspect Ratio (AR = dy/1p)
Nylon Cylindrical Particles in 40%—-60% Glycerol-Water

Fluid: 40%—60% Glycerol-Water  Particle: 1.30 mm Dia. and Aspect Ratio 1:5 Rep: 3.60
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100 -

500 500 +

500 -

Figure 121 Particle velocity in the x-direction Vs, y-direction V,, and the magnitude (V.2 +,%) of the
particle velocity |V] for 1.30 mm Diameter Nylon Cylindrical Particles with Aspect Ratio, A.R. = 1:5
(25 particles) in 40%—60% Glycerol-Water. The average terminal settling velocity, U; is 5.33 mm/s. The
outliers at displacement 260 mm occurred within the overlap between the two cameras. In this region
there was a variation in the light distribution compared to the rest of the field of view. A uniform
distribution of light was not achieved with the projector and kite paper as shown in Figure 8 and describe
in Section 3.5.1. This affected the binarization of the particle within that region and thereby a slight shift
in the location of the centroid of the particle from the image processing scheme.
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8.26.3 x-Acceleration (Ax), y-Acceleration (4,) and Magnitude of
Acceleration (|4|) for 1.30 mm Diameter and 1:5 Aspect Ratio
(AR = dy/1y) Nylon Cylindrical Particles in 40%—60% Glycerol-
Water

Fluid: 40%—60% Glycerol-Water  Particle: 1.30 mm Dia. and Aspect Ratio 1:5 Rep: 3.60

Ax Ay |A| —Particle 1
—Particle 2
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—Particle 4
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4| (mm/secz) —Particle 25

100 100

400

500 500

600 0.2 0 0.2 -1 05 0 05

2
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Figure 122 Particle acceleration in the x-direction 4., y-direction 4,, and the magnitude V(4.2 +4,%) of
the particle acceleration |4| for 1.30 mm Diameter Nylon Cylindrical Particles with Aspect Ratio, A.R. =
1:5 (25 particles) in 40%—60% Glycerol-Water. The outliers at displacement 260 mm occurred within
the overlap between the two cameras. In this region there was a variation in the light distribution compared
to the rest of the field of view. A uniform distribution of light was not achieved with the projector and
kite paper as shown in Figure 8 and describe in Section 3.5.1. This affected the binarization of the particle
within that region and thereby a slight shift in the location of the centroid of the particle from the image
processing scheme.
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8.27 Appendix 27: 1.30 mm Diameter and 1:5 Aspect Ratio (AR =
dy/l;) Nylon Cylindrical Particles in Canola Oil

8.27.1 Particle

Displacement,

Particle

Velocity

and Particle

Acceleration for 1.30 mm Diameter and 1:5 Aspect Ratio (AR =
dy/l;) Nylon Cylindrical Particles in Canola QOil

Fluid: Canola Oil
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Figure 123 Particle displacement, y, velocity, V,, and acceleration, 4,, for 1.30 mm Diameter Nylon
Cylindrical Particles with Aspect Ratio, A.R. = 1:5 (25 particles) in Canola Oil. The outliers at
displacement 260 mm occurred within the overlap between the two cameras. In this region there was a
variation in the light distribution compared to the rest of the field of view. A uniform distribution of light
was not achieved with the projector and kite paper as shown in Figure 8 and describe in Section 3.5.1.
This affected the binarization of the particle within that region and thereby a slight shift in the location of
the centroid of the particle from the image processing scheme.
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8.27.2
(V) for 1.30 mm Diameter and 1:5 Aspect Ratio (AR = dy/1p)

x-Velocity (Vx), y-Velocity (V) and Magnitude of Velocity

Nylon Cylindrical Particles in Canola Oil

Fluid: Canola Oil Particle: 1.30 mm Dia. and Aspect Ratio 1:5 Rep: 0.25
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Figure 124 Particle velocity in the x-direction Vs, y-direction V,, and the magnitude (V.2 +7,%) of the
particle velocity |V] for 1.30 mm Diameter Nylon Cylindrical Particles with Aspect Ratio, A.R. = 1:5
(25 particles) in Canola Oil. The magnitude of velocity deviated slightly to the left between 470 mm and
520 mm. Therefore the average was calculated between 340 mm and 460 mm in order to obtain a more
accurate representation of the terminal settling velocity. The average terminal settling velocity, U, is
8.68 mm/s. The outliers at displacement 260 mm occurred within the overlap between the two cameras.
In this region there was a variation in the light distribution compared to the rest of the field of view. A
uniform distribution of light was not achieved with the projector and kite paper as shown in Figure 8 and
describe in Section 3.5.1. This affected the binarization of the particle within that region and thereby a
slight shift in the location of the centroid of the particle from the image processing scheme.
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8.27.3

x-Acceleration (Ax), y-Acceleration (4,) and Magnitude of

Acceleration (|4|) for 1.30 mm Diameter and 1:5 Aspect Ratio
(AR = dy/1y) Nylon Cylindrical Particles in Canola Oil

Fluid: Canola Oil
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Figure 125 Particle acceleration in the x-direction 4., y-direction 4,, and the magnitude V(4.2 +4,%) of
the particle acceleration |4| for 1.30 mm Diameter Nylon Cylindrical Particles with Aspect Ratio, A.R. =
1:5 (25 particles) in Canola Oil. The outliers at displacement 260 mm occurred within the overlap
between the two cameras. In this region there was a variation in the light distribution compared to the rest
of the field of view. A uniform distribution of light was not achieved with the projector and kite paper as
shown in Figure 8 and describe in Section 3.5.1. This affected the binarization of the particle within that

region and thereby a slight shift in the location of the centroid of the particle from the image processing
scheme.
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8.28 Appendix 28: 1.50 mm Diameter and 1:1 Aspect Ratio (AR =
dy/ly) Nylon Cylindrical Particles in Water

8.28.1

Particle Displacement, Particle Velocity and Particle

Acceleration for 1.50 mm Diameter and 1:1 Aspect Ratio (AR =
dy/l;) Nylon Cylindrical Particles in Water

Fluid: Water Particle: 1.50 mm Diameter, Aspect Ratio 1:1 Rep: 87.58
Particle Displacement Particle Velocity Particle Acceleration Particle |
—Particle 2
0 —Particle 3
Y 7 0 Particle 4
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[ 40 b [
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5 o) g —iart%c%c g
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140 140 - 140 - Particle 17
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160 160 | 160 - —Particle 19
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180 180 180 1 — Particle 21
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200 : 200 ‘ ‘ ‘ ‘ 200 L ‘ ! —Particle 23
0 2 4 4?/ (rifn/s:cg) 30 -10 0 10 —Particle 24
t (sec) y Ay(mm/secz) —Particle 25

Figure 126 Particle displacement, y, velocity, V,, and acceleration, 4,, for 1.50 mm Diameter Nylon
Cylindrical Particles with Aspect Ratio, A.R. = 1:1 (25 particles) in Water.
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8.28.2 x-Velocity (Vx), y-Velocity (V) and Magnitude of Velocity
(V) for 1.50 mm Diameter and 1:1 Aspect Ratio (AR = d,/1p)
Nylon Cylindrical Particles in Water

Fluid: Water Particle: 1.50 mm Diameter, Aspect Ratio 1:1 Rep: 87.58
Va Vy ’VI —Particle 1
—Particle 2
0 0. 0 —Particle 3
——Particle 4
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|- 2 .
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Figure 127 Particle velocity in the x-direction Vs, y-direction V,, and the magnitude (V.2 +7,%) of the
particle velocity |V| for 1.50 mm Diameter Nylon Cylindrical Particles with Aspect Ratio, A.R. = 1:1
(25 particles) in Water. The average terminal settling velocity, U; is 46.76 mm/s.
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8.28.3 x-Acceleration (Ax), y-Acceleration (4,) and Magnitude of
Acceleration (|4]) for 1.50 mm Diameter and 1:1 Aspect Ratio
(AR = dy/1y) Nylon Cylindrical Particles in Water

Fluid: Water Particle: 1.50 mm Diameter, Aspect Ratio 1:1 Rep: 87.58
Ax Ay ’Al —Particle 1
—Particle 2
—Particle 3
or 0 —Particle 4
20l 20 Particle 5
Particle 6
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Figure 128 Particle acceleration in the x-direction 4., y-direction 4,, and the magnitude V(4.2 +4,%) of
the particle acceleration |4| for 1.50 mm Diameter Nylon Cylindrical Particles with Aspect Ratio, A.R. =
1:1 (25 particles) in Water.
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8.29 Appendix 29: 1.50 mm Diameter and 1:1 Aspect Ratio (AR =
dy/l;) Nylon Cylindrical Particles in 20%-80% Glycerol—
Water

8.29.1 Particle Displacement, Particle Velocity and Particle
Acceleration for 1.50 mm Diameter and 1:1 Aspect Ratio (AR =
dy/l;) Nylon Cylindrical Particles in 20%—-80% Glycerol-Water

Fluid: 20%-80% Glycerol-Water  Particle: 1.50 mm Dia. and Aspect Ratio 1:1 Rep: 24.04

Particle Displacement Particle Velocity Particle Acceleration
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Figure 129 Particle displacement, y, velocity, V;, and acceleration, 4,, for 1.50 mm Diameter Nylon
Cylindrical Particles with Aspect Ratio, A.R. = 1:1 (25 particles) in 20%—-80% Glycerol-Water.
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8.29.2 x-Velocity (Vx), y-Velocity (V) and Magnitude of Velocity
(V] for 1.50 mm Diameter and 1:1 Aspect Ratio (AR = d,/1p)
Nylon Cylindrical Particles in 20%-80% Glycerol-Water

Fluid: 209%-80% Glycerol-Water  Particle: 1.50 mm Dia. & Aspect Ratio 1:1  Rep: 24.04
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Figure 130 Particle velocity in the x-direction Vs, y-direction ,, and the magnitude (V.2 +7,%) of the
particle velocity |V] for 1.50 mm Diameter Nylon Cylindrical Particles with Aspect Ratio, A.R. = 1:1
(25 particles) in 20%—-80% Glycerol-Water. The average terminal settling velocity, U; is 23.56 mm/s.
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8.29.3 x-Acceleration (Ax), y-Acceleration (4,) and Magnitude of
Acceleration (|4]) for 1.50 mm Diameter and 1:1 Aspect Ratio
(AR = dy/1y) Nylon Cylindrical Particles in 20%—-80% Glycerol-
Water

Fluid: 20%—-80% Glycerol-Water  Particle: 1.50 mm Dia. & Aspect Ratio 1:1 Rep: 24.04
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Figure 131 Particle acceleration in the x-direction 4., y-direction 4,, and the magnitude V(4.2 +4,%) of
the particle acceleration |4| for 1.50 mm Diameter Nylon Cylindrical Particles with Aspect Ratio, A.R. =
1:1 (25 particles) in 20%—80% Glycerol-Water.
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8.30 Appendix 30: 1.50 mm Diameter and 1:1 Aspect Ratio (AR =
dy/l;) Nylon Cylindrical Particles in 40%—-60% Glycerol—
Water

8.30.1 Particle Displacement, Particle Velocity and Particle

Acceleration for 1.50 mm Diameter and 1:1 Aspect Ratio (AR =
dy/l,) Nylon Cylindrical Particles in 40%—60% Glycerol-Water

Fluid: 40%—-60% Glycerol-Water ~ Particle: 1.50 mm Dia. and Aspect Ratio 1:1  Rep: 1.38
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Figure 132 Particle displacement, y, velocity, V;, and acceleration, 4,, for 1.50 mm Diameter Nylon
Cylindrical Particles with Aspect Ratio, A.R. = 1:1 (25 particles) in 40%—-60% Glycerol-Water.
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8.30.2

(V) for 1.50 mm Diameter and 1:1 Aspect Ratio (AR = d,/1p)
Nylon Cylindrical Particles in 40%—-60% Glycerol-Water

x-Velocity (Vx), y-Velocity (V) and Magnitude of Velocity
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Figure 133 Particle velocity in the x-direction Vs, y-direction V,, and the magnitude (V.2 +7,%) of the
particle velocity |V| for 1.50 mm Diameter Nylon Cylindrical Particles with Aspect Ratio, A.R. = 1:1
(25 particles) in 40%—-60% Glycerol-Water. The average terminal settling velocity, U; is 3.02 mm/s.
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8.30.3 x-Acceleration (Ax), y-Acceleration (4,) and Magnitude of
Acceleration (|4|) for 1.50 mm Diameter and 1:1 Aspect Ratio
(AR = dy/1ly) Nylon Cylindrical Particles in 40%—60% Glycerol-
Water

Fluid: 40%—-60% Glycerol-Water  Particle: 1.50 mm Dia. and Aspect Ratio 1:1 Rep: 1.38
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Figure 134 Particle acceleration in the x-direction A,, y-direction 4,, and the magnitude V(4.2 +4,%) of
the particle acceleration |4| for 1.50 mm Diameter Nylon Cylindrical Particles with Aspect Ratio, A.R. =
1:1 (25 particles) in 40%—60% Glycerol-Water.
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8.31 Appendix 31: 1.50 mm Diameter and 1:1 Aspect Ratio (AR =
dy/l;) Nylon Cylindrical Particles in Canola Oil

8.31.1

Particle Displacement, Particle Velocity and Particle

Acceleration for 1.50 mm Diameter and 1:1 Aspect Ratio (AR =
dy/l;) Nylon Cylindrical Particles in Canola QOil

Fluid: Canola Oil Particle: 1.50 mm Dia. and Aspect Ratio 1:1 Rep: 0.11
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Figure 135 Particle displacement, y, velocity, V,, and acceleration, 4,, for 1.50 mm Diameter Nylon
Cylindrical Particles with Aspect Ratio, A.R. =1:1 (25 particles) in Canola Oil.
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8.31.2 x-Velocity (Vx), y-Velocity (V) and Magnitude of Velocity
(V) for 1.50 mm Diameter and 1:1 Aspect Ratio (AR = d,/1p)
Nylon Cylindrical Particles in Canola Oil

Fluid: Canola Oil
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Figure 136 Particle velocity in the x-direction Vs, y-direction ,, and the magnitude (V.2 +7,%) of the
particle velocity |V] for 1.50 mm Diameter Nylon Cylindrical Particles with Aspect Ratio, A.R. = 1:1
(25 particles) in Canola Oil. The magnitude of velocity deviated slightly to the left between 390 mm and
520 mm. Therefore the average was calculated between 140 mm and 380 mm in order to obtain a more
accurate representation of the terminal settling velocity. The average terminal settling velocity, U, is
5.77 mm/s.
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8.31.3 x-Acceleration (Ax), y-Acceleration (4,) and Magnitude of
Acceleration (|4]) for 1.50 mm Diameter and 1:1 Aspect Ratio
(AR = dy/1y) Nylon Cylindrical Particles in Canola Oil

Fluid: Canola Oil Particle: 1.50 mm Dia. and Aspect Ratio 1:1 Rep: 0.11
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Figure 137 Particle acceleration in the x-direction 4., y-direction 4,, and the magnitude V(4.2 +4,%) of

the particle acceleration |4| for 1.50 mm Diameter Nylon Cylindrical Particles with Aspect Ratio, A.R. =
1:1 (25 particles) in Canola Oil.
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8.32 Appendix 32: 1.50 mm Diameter and 1:3 Aspect Ratio (AR =
dy/ly) Nylon Cylindrical Particles in Water

8.32.1 Particle Displacement, Particle Velocity and Particle

Acceleration for 1.50 mm Diameter and 1:3 Aspect Ratio (AR =
dy/l;) Nylon Cylindrical Particles in Water

Fluid: Water

Particle: 1.50 mm Diameter, Aspect Ratio 1:3

Rey: 141.98
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Figure 138 Particle displacement, y, velocity, V,, and acceleration, 4,, for 1.50 mm Diameter Nylon
Cylindrical Particles with Aspect Ratio, A.R. = 1:3 (25 particles) in Water.
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8.32.2 x-Velocity (Vx), y-Velocity (V) and Magnitude of Velocity
(V) for 1.50 mm Diameter and 1:3 Aspect Ratio (AR = dy/1y)
Nylon Cylindrical Particles in Water

Fluid: Water Particle: 1.50 mm Diameter, Aspect Ratio 1:3 Rep: 141.98
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Figure 139 Particle velocity in the x-direction Vs, y-direction V,, and the magnitude (V.2 +,%) of the
particle velocity |V] for 1.50 mm Diameter Nylon Cylindrical Particles with Aspect Ratio, A.R. = 1:3
(25 particles) in Water. The average terminal settling velocity, U; is 60.41 mm/s.
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8.32.3 x-Acceleration (Ax), y-Acceleration (4,) and Magnitude of
Acceleration (|4|) for 1.50 mm Diameter and 1:3 Aspect Ratio
(AR = dy/1y) Nylon Cylindrical Particles in Water

Fluid: Water Particle: 1.50 mm Diameter, Aspect Ratio 1:3 Rep: 141.98
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Figure 140 Particle acceleration in the x-direction 4., y-direction 4,, and the magnitude V(4.2 +4,%) of
the particle acceleration |4| for 1.50 mm Diameter Nylon Cylindrical Particles with Aspect Ratio,
A.R. = 1:3 (25 particles) in Water.
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8.33 Appendix 33: 1.50 mm Diameter and 1:3 Aspect Ratio (AR =
dy/l;) Nylon Cylindrical Particles in 20%-80% Glycerol—
Water

8.33.1 Particle Displacement, Particle Velocity and Particle
Acceleration for 1.50 mm Diameter and 1:3 Aspect Ratio (AR =
dy/l;) Nylon Cylindrical Particles in 20%-80% Glycerol-Water

Fluid: 20%-80% Glycerol-Water  Particle: 1.50 mm Dia. and Aspect Ratio 1:3  Rep: 42.05
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Figure 141 Particle displacement, y, velocity, V;, and acceleration, 4,, for 1.50 mm Diameter Nylon
Cylindrical Particles with Aspect Ratio, A.R. = 1:3 (25 particles) in 20%—-80% Glycerol-Water.
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8.33.2 x-Velocity (Vx), y-Velocity (V) and Magnitude of Velocity
(V) for 1.50 mm Diameter and 1:3 Aspect Ratio (AR = dy/1y)
Nylon Cylindrical Particles in 20%—-80% Glycerol-Water

Fluid: 20%—-80% Glycerol-Water  Particle: 1.50 mm Dia. & Aspect Ratio 1:3  Rep: 42.05
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Figure 142 Particle velocity in the x-direction Vs, y-direction ,, and the magnitude (V.2 +7,%) of the
particle velocity |V] for 1.50 mm Diameter Nylon Cylindrical Particles with Aspect Ratio, A.R. = 1:3
(25 particles) in 20%—-80% Glycerol-Water. The average terminal settling velocity, U; is 28.57 mm/s.
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8.33.3 x-Acceleration (Ax), y-Acceleration (4,) and Magnitude of
Acceleration (|A4|) for 1.50 mm Diameter and 1:3 Aspect Ratio
(AR = dy/1y) Nylon Cylindrical Particles in 20%—-80% Glycerol-
Water

Fluid: 20%—-80% Glycerol-Water  Particle: 1.50 mm Dia. & Aspect Ratio 1:3  Rep: 42.05
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Figure 143 Particle acceleration in the x-direction 4., y-direction 4,, and the magnitude V(4.2 +4,%) of
the particle acceleration |4| for 1.50 mm Diameter Nylon Cylindrical Particles with Aspect Ratio, A.R. =
1:3 (25 particles) in 20%—80% Glycerol-Water.
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8.34 Appendix 34: 1.50 mm Diameter and 1:3 Aspect Ratio (4R =
dy/l;) Nylon Cylindrical Particles in 40%—-60% Glycerol—
Water

8.34.1

Particle Particle and Particle

Displacement, Velocity

Acceleration for 1.50 mm Diameter and 1:3 Aspect Ratio (AR =
dy/l;) Nylon Cylindrical Particles in 40%—60% Glycerol-Water

Fluid: 40%—-60% Glycerol-Water
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Figure 144 Particle displacement, y, velocity, V;, and acceleration, 4,, for 1.50 mm Diameter Nylon
Cylindrical Particles with Aspect Ratio, A.R. = 1:3 (25 particles) in 40%—-60% Glycerol-Water.
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8.34.2 x-Velocity (Vx), y-Velocity (V) and Magnitude of Velocity
(V) for 1.50 mm Diameter and 1:3 Aspect Ratio (AR = dy/1y)
Nylon Cylindrical Particles in 40%—-60% Glycerol-Water

Fluid: 40%—60% Glycerol-Water  Particle: 1.50 mm Dia. and Aspect Ratio 1:3  Rep: 4.42
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Figure 145 Particle velocity in the x-direction Vs, y-direction V,, and the magnitude (V.2 +7,%) of the
particle velocity |V] for 1.50 mm Diameter Nylon Cylindrical Particles with Aspect Ratio, A.R. = 1:3
(25 particles) in 40%—-60% Glycerol-Water. The average terminal settling velocity, U; is 6.71 mm/s.
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8.34.3 x-Acceleration (Ax), y-Acceleration (4,) and Magnitude of
Acceleration (|A4|) for 1.50 mm Diameter and 1:3 Aspect Ratio
(AR = dy/1y) Nylon Cylindrical Particles in 40%—60% Glycerol-
Water

Fluid: 40%—60% Glycerol-Water  Particle: 1.50 mm Dia. and Aspect Ratio 1:3  Rep: 4.42

Ax Ay 4| ——Particle 1
—Particle 2
—Particle 3
—Particle 4
Particle 5
Particle 6
—Particle 7
—Particle 8
—Particle 9
—Particle 10
Particle 11
—Particle 12
Particle 13
— Particle 14
— Particle 15
—Particle 16
Particle 17
~— Particle 18
— Particle 19

100 - 100 -

400 -

i 500

200 Particle 20
— Particle 21
—Particle 22

: 600 - : ‘ i
60?0,2 0 02 -0.5 0 0.5 6000 0‘2 0‘4 0‘6 —Particle 23
2 A (mm/sec> : : : —Particle 24
A (mm/sec”) y( ) 4] (mm/secz) —Particle 25

Figure 146 Particle acceleration in the x-direction 4., y-direction 4,, and the magnitude V(4.2 +4,%) of
the particle acceleration |4| for 1.50 mm Diameter Nylon Cylindrical Particles with Aspect Ratio, A.R. =
1:3 (25 particles) in 40%—60% Glycerol-Water.
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8.35 Appendix 35: 1.50 mm Diameter and 1:3 Aspect Ratio (4R =
dy/l;) Nylon Cylindrical Particles in Canola Oil

8.35.1

Particle Displacement, Particle Velocity and Particle

Acceleration for 1.50 mm Diameter and 1:3 Aspect Ratio (AR =
dy/ly) Nylon Cylindrical Particles in Canola Oil

Fluid: Canola Oil Particle: 1.50 mm Dia. and Aspect Ratio 1:3 Rep: 0.25
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Figure 147 Particle displacement, y, velocity, V,, and acceleration, 4,, for 1.50 mm Diameter Nylon
Cylindrical Particles with Aspect Ratio, A.R. = 1:3 (25 particles) in Canola Oil. The outliers at
displacement 260 mm occurred within the overlap between the two cameras. In this region there was a
variation in the light distribution compared to the rest of the field of view. A uniform distribution of light
was not achieved with the projector and kite paper as shown in Figure 8 and describe in Section 3.5.1.
This affected the binarization of the particle within that region and thereby a slight shift in the location of
the centroid of the particle from the image processing scheme.
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8.35.2

x-Velocity (Vx), y-Velocity (V) and Magnitude of Velocity

(V) for 1.50 mm Diameter and 1:3 Aspect Ratio (AR = dy/1y)

Nylon Cylindrical Particles in Canola Oil

Fluid: Canola Oil
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Figure 148 Particle velocity in the x-direction Vs, y-direction V,, and the magnitude (V.2 +,%) of the
particle velocity |V] for 1.50 mm Diameter Nylon Cylindrical Particles with Aspect Ratio, A.R. = 1:3
(25 particles) in Canola Oil. The magnitude of velocity deviated slightly to the left between 490 mm and
520 mm. Therefore the average was calculated between 390 mm and 480 mm in order to obtain a more
accurate representation of the terminal settling velocity. The average terminal settling velocity, U, is
8.94 mm/s. The outliers at displacement 260 mm occurred within the overlap between the two cameras.
In this region there was a variation in the light distribution compared to the rest of the field of view. A
uniform distribution of light was not achieved with the projector and kite paper as shown in Figure 8 and
describe in Section 3.5.1. This affected the binarization of the particle within that region and thereby a
slight shift in the location of the centroid of the particle from the image processing scheme.
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8.35.3 x-Acceleration (Ax), y-Acceleration (4,) and Magnitude of
Acceleration (|A4|) for 1.50 mm Diameter and 1:3 Aspect Ratio
(AR = dy/1y) Nylon Cylindrical Particles in Canola Oil

Fluid: Canola Oil Particle: 1.50 mm Dia. and Aspect Ratio 1:3 Rep: 0.25
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Figure 149 Particle acceleration in the x-direction 4., y-direction 4,, and the magnitude V(4.2 +4,%) of
the particle acceleration |4| for 1.50 mm Diameter Nylon Cylindrical Particles with Aspect Ratio,
A.R. = 1:3 (25 particles) in Canola Oil. The outliers at displacement 260 mm occurred within the overlap
between the two cameras. In this region there was a variation in the light distribution compared to the rest
of the field of view. A uniform distribution of light was not achieved with the projector and kite paper as
shown in Figure 8 and describe in Section 3.5.1. This affected the binarization of the particle within that
region and thereby a slight shift in the location of the centroid of the particle from the image processing
scheme.
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8.36 Appendix 36: 1.50 mm Diameter and 1:5 Aspect Ratio (AR =
dy/ly) Nylon Cylindrical Particles in Water

8.36.1 Particle Displacement, Particle Velocity and Particle
Acceleration for 1.50 mm Diameter and 1:5 Aspect Ratio (AR =
dy/ly) Nylon Cylindrical Particles in Water

Fluid: Water Particle: 1.50 mm Diameter, Aspect Ratio 1:5 Rep: 165.31

Particle Displacement Particle Velocity Particle Acceleration — Particle |
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Figure 150 Particle displacement, y, velocity, V;, and acceleration, 4,, for 1.50 mm Diameter Nylon
Cylindrical Particles with Aspect Ratio, A.R. = 1:5 (25 particles) in Water.
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8.36.2 x-Velocity (Vx), y-Velocity (V) and Magnitude of Velocity
(V) for 1.50 mm Diameter and 1:5 Aspect Ratio (AR = d,/1y)
Nylon Cylindrical Particles in Water

Fluid: Water Particle: 1.50 mm Diameter, Aspect Ratio 1:5 Rep: 165.31
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Figure 151 Particle velocity in the x-direction Vs, y-direction ,, and the magnitude (V.2 +7,%) of the
particle velocity |V] for 1.50 mm Diameter Nylon Cylindrical Particles with Aspect Ratio, A.R. = 1:5
(25 particles) in Water. The average terminal settling velocity, Uy is 51.61 mm/s.
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8.36.3 x-Acceleration (Ax), y-Acceleration (4,) and Magnitude of
Acceleration (|4|) for 1.50 mm Diameter and 1:5 Aspect Ratio
(AR = dy/l,) Nylon Cylindrical Particles in Water

Fluid: Water Particle: 1.50 mm Diameter, Aspect Ratio 1:5 Rep: 165.31
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Figure 152 Particle acceleration in the x-direction 4., y-direction 4,, and the magnitude V(4.2 +4,%) of
the particle acceleration |4| for 1.50 mm Diameter Nylon Cylindrical Particles with Aspect Ratio, A.R. =
1:5 (25 particles) in Water.
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8.37 Appendix 37: 1.50 mm Diameter and 1:5 Aspect Ratio (AR =
dy/l;) Nylon Cylindrical Particles in 20%-80% Glycerol—
Water

8.37.1 Particle Displacement, Particle Velocity and Particle
Acceleration for 1.50 mm Diameter and 1:5 Aspect Ratio (AR =
dy/l;) Nylon Cylindrical Particles in 20%—-80% Glycerol-Water

Fluid: 20%-80% Glycerol-Water  Particle: 1.50 mm Dia. and Aspect Ratio 1:5 Rep: 50.00
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Figure 153 Particle displacement, y, velocity, V,, and acceleration, 4,, for 1.50 mm Diameter Nylon
Cylindrical Particles with Aspect Ratio, A.R. = 1:5 (25 particles) in 20%—80% Glycerol-Water.
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8.37.2 x-Velocity (Vx), y-Velocity (V) and Magnitude of Velocity
(V) for 1.50 mm Diameter and 1:5 Aspect Ratio (AR = dy/1p)
Nylon Cylindrical Particles in 20%—-80% Glycerol-Water

Fluid: 20%—-80% Glycerol-Water  Particle: 1.50 mm Dia. & Aspect Ratio 1:5 Rep: 50.00
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Figure 154 Particle velocity in the x-direction Vs, y-direction V,, and the magnitude (V.2 +,%) of the

particle velocity |V] for 1.50 mm Diameter Nylon Cylindrical Particles with Aspect Ratio, A.R. = 1:5
(25 particles) in 20%—-80% Glycerol-Water. The average terminal settling velocity, U; is 28.66 mm/s.
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8.37.3 x-Acceleration (A), y-Acceleration (4,) and Magnitude of
Acceleration (|4]) for 1.50 mm Diameter and 1:5 Aspect Ratio
(AR = dy/1y) Nylon Cylindrical Particles in 20%—-80% Glycerol-
Water

Fluid: 20%—-80% Glycerol-Water  Particle: 1.50 mm Dia. & Aspect Ratio 1:5 Rep: 50.00

Ax 4y 4]

—Particle 1
—Particle 2
—Particle 3
— Particle 4
Particle 5
Particle 6
—Particle 7
—Particle 8
—Particle 9
—Particle 10
Particle 11
—Particle 12
Particle 13
— Particle 14
— Particle 15
—Particle 16
140 | 140 - 140l Part%clc 17
——Particle 18
160 - 160 - 160 —Part%olc 19
Particle 20
180 180 180 —Particle 21
200l | | | —Particic 22
200 ‘ ‘ ‘ ‘ —Particle 23
220 0 ) 20 40A (:m/seiz) 20 2000 20 40 —Part%clc 24
Ax(mm/sec ) ¥ 4] (mm/secz) — Particle 25

20

40 -

60 -

Figure 155 Particle acceleration in the x-direction 4., y-direction 4,, and the magnitude V(4.2 +4,%) of
the particle acceleration |4| for 1.50 mm Diameter Nylon Cylindrical Particles with Aspect Ratio, A.R. =
1:5 (25 particles) in 20%—80% Glycerol-Water.
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8.38 Appendix 38: 1.50 mm Diameter and 1:5 Aspect Ratio (AR =
dy/l;) Nylon Cylindrical Particles in 40%—-60% Glycerol—
Water

8.38.1 Particle Displacement, Particle Velocity and Particle
Acceleration for 1.50 mm Diameter and 1:5 Aspect Ratio (AR =
dy/l,) Nylon Cylindrical Particles in 40%—60% Glycerol-Water

Fluid: 40%—-60% Glycerol-Water  Particle: 1.50 mm Dia. and Aspect Ratio 1:5 Rep: 5.65
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Figure 156 Particle displacement, y, velocity, V;, and acceleration, 4,, for 1.50 mm Diameter Nylon
Cylindrical Particles with Aspect Ratio, A.R. = 1:5 (25 particles) in 40%—-60% Glycerol-Water.

218



8.38.2 x-Velocity (Vx), y-Velocity (V) and Magnitude of Velocity
(V] for 1.50 mm Diameter and 1:5 Aspect Ratio (AR = d,/1p)
Nylon Cylindrical Particles in 40%—-60% Glycerol-Water

Fluid: 40%—-60% Glycerol-Water ~ Particle: 1.50 mm Dia. and Aspect Ratio 1:5 Rep: 5.65
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Figure 157 Particle velocity in the x-direction Vs, y-direction ¥,, and the magnitude N(V:2 +V,?) of the
particle velocity |V] for 1.50 mm Diameter Nylon Cylindrical Particles with Aspect Ratio, A.R. = 1:5
(25 particles) in 40%—60% Glycerol-Water. The average terminal settling velocity, U, is 7.24 mm/s.
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8.38.3 x-Acceleration (Ax), y-Acceleration (4,) and Magnitude of
Acceleration (|4]) for 1.50 mm Diameter and 1:5 Aspect Ratio
(AR = dy/1y) Nylon Cylindrical Particles in 40%—60% Glycerol-
Water

Fluid: 40%—60% Glycerol-Water  Particle: 1.50 mm Dia. and Aspect Ratio 1:5 Rep: 5.65
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Figure 158 Particle acceleration in the x-direction 4., y-direction 4,, and the magnitude V(4.2 +4,%) of
the particle acceleration |4| for 1.50 mm Diameter Nylon Cylindrical Particles with Aspect Ratio, A.R. =
1:5 (25 particles) in 40%—60% Glycerol-Water.
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8.39 Appendix 39: 1.50 mm Diameter and 1:5 Aspect Ratio (AR =
dy/l;) Nylon Cylindrical Particles in Canola Oil

8.39.1 Particle Displacement, Particle

Velocity and Particle
Acceleration for 1.50 mm Diameter and 1:5 Aspect Ratio (AR =
dy/ly) Nylon Cylindrical Particles in Canola Oil

Fluid: Canola Oil

Particle: 1.50 mm Dia. and Aspect Ratio 1:5 Rep: 0.36
Particle Displacement Particle Velocity Particle Acceleration
0 0r 0
100 - 100 100 -
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Figure 159 Particle displacement, y, velocity, V,, and acceleration, 4,, for 1.50 mm Diameter Nylon
Cylindrical Particles with Aspect Ratio, A.R. = 1:5 (25 particles) in Canola Oil. The outliers at
displacement 260 mm occurred within the overlap between the two cameras. In this region there was a
variation in the light distribution compared to the rest of the field of view. A uniform distribution of light
was not achieved with the projector and kite paper as shown in Figure 8 and describe in Section 3.5.1.
This affected the binarization of the particle within that region and thereby a slight shift in the location of
the centroid of the particle from the image processing scheme. Note: 25 particles were used in this
experiment however the light distribution was particularly problematic for this experimental condition so
there were 15 outliers which were omitted from this plot.
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8.39.2 x-Velocity (Vx), y-Velocity (V) and Magnitude of Velocity
(V) for 1.50 mm Diameter and 1:5 Aspect Ratio (AR = dy/1p)
Nylon Cylindrical Particles in Canola Oil

Fluid: Canola Oil Particle: 1.50 mm Dia. and Aspect Ratio 1:5 Rep: 0.36
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Figure 160 Particle velocity in the x-direction Vs, y-direction ,, and the magnitude (V.2 +,%) of the
particle velocity |V] for 1.50 mm Diameter Nylon Cylindrical Particles with Aspect Ratio, A.R. = 1:5
(25 particles) in Canola Oil. The average terminal settling velocity, U; is 10.67 mm/s. The outliers at
displacement 260 mm occurred within the overlap between the two cameras. In this region there was a
variation in the light distribution compared to the rest of the field of view. A uniform distribution of light
was not achieved with the projector and kite paper as shown in Figure 8 and describe in Section 3.5.1.
This affected the binarization of the particle within that region and thereby a slight shift in the location of
the centroid of the particle from the image processing scheme. Note: 25 particles were used in this
experiment however the light distribution was particularly problematic for this experimental condition so
there were 15 outliers which were omitted from this plot.
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8.39.3 x-Acceleration (Ax), y-Acceleration (4,) and Magnitude of
Acceleration (|4]) for 1.50 mm Diameter and 1:5 Aspect Ratio
(AR = dy/1y) Nylon Cylindrical Particles in Canola Oil

Fluid: Canola Oil Particle: 1.50 mm Dia. and Aspect Ratio 1:5 Rep: 0.36
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Figure 161 Particle acceleration in the x-direction 4., y-direction 4,, and the magnitude V(4.* +4,%) of
the particle acceleration |4| for 1.50 mm Diameter Nylon Cylindrical Particles with Aspect Ratio, A.R. =
1:5 (25 particles) in Canola Oil. The outliers at displacement 260 mm occurred within the overlap
between the two cameras. In this region there was a variation in the light distribution compared to the rest
of the field of view. A uniform distribution of light was not achieved with the projector and kite paper as
shown in Figure 8 and describe in Section 3.5.1. This affected the binarization of the particle within that
region and thereby a slight shift in the location of the centroid of the particle from the image processing
scheme. Note: 25 particles were used in this experiment however the light distribution was particularly
problematic for this experimental condition so there were 15 outliers which were omitted from this plot.
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8.40 Appendix 40 The Predicted Theoretical Values of the
Terminal Settling Velocity of the 4 mm Delrin Spheres in
Water

The predicted theoretical values of the spherical particles used in Chapter 3 were obtained using
the iteration procedure described in Section 3.6.4. The predicted theoretical values were compared
to the measured values of the terminal settling velocity obtained from the experiments. This
comparison was performed in order to evaluate the uncertainty of the experimental measurements.
The iterative approach was used to calculate the theoretical terminal settling velocity of the three
different spheres i.e. the 4 mm derlin, 2 mm delrin and 2 mm aluminum spheres falling within the
five different fluids i.e. water, 20%-80% glycerol-water, 40%-60% glycerol-water, 70%-30%
glycerol-water, and canola oil. Table 15 shows an example of the values obtained from the iteration

process to determine the theoretical terminal settling velocity the 4 mm delrin particles in water.

224



Table 15 The predicted theoretical values of the terminal settling velocity and the coefficient of drag of the 4 mm delrin particles in water.

Surface
Surface | Y€ °fa Coefficient of Drag f
Fluid Viscosity | Particle Particle | Theoretical |Experimental| Particle | ' |sphere with Particle oe lflsf“he‘;es rag for
Density o Density Settling Settling |Reynolds equivalent . P ’
Hy Diameter i L i L the 3 Sphericity| A B C D Cp
Pr a4, (m) Pp Velocity Velocity |Number, particle volume P

(kg/m’) (Pa.5) P (kg/m®) | Ur mm/s) | U, (mm/s) Re, .| asthe 24 . c

— S (mm?) . 221+ AReP] +

.. particle, Re D

|ﬂrg(ﬂ,,—ﬂ,) . [1+R—e]

[ capy s (mm")

N
997.14 | 0.000914 0.004 1360 196.82 859.363 50.265 50.265 1 0.186 | 0.653 | 0.437 | 7185.354 0.503033568
997.14 | 0.000914 0.004 1360 211.163 196.82 921.987 50.265 50.265 1 0.186 | 0.653 | 0.437 | 7185.354 0.493821293
997.14 | 0.000914 0.004 1360 213.123 196.82 930.548 50.265 50.265 1 0.186 | 0.653 | 0.437 | 7185.354 0.492651752
997.14 | 0.000914 0.004 1360 213.376 196.82 931.651 50.265 50.265 1 0.186 | 0.653 | 0.437 | 7185.354 0.492502397
997.14 | 0.000914 0.004 1360 213.409 196.82 931.793 50.265 50.265 1 0.186 | 0.653 | 0.437 | 7185.354 0.492483309
997.14 | 0.000914 0.004 1360 213.413 196.82 931.811 50.265 50.265 1 0.186 | 0.653 | 0.437 | 7185.354 0.492480869
997.14 | 0.000914 0.004 1360 213.413 196.82 931.813 50.265 50.265 1 0.186 | 0.653 | 0.437 | 7185.354 0.492480558
997.14 | 0.000914 0.004 1360 213.413 196.82 931.813 50.265 50.265 1 0.186 | 0.653 | 0.437 | 7185.354 0.492480518
997.14 | 0.000914 0.004 1360 213.413 196.82 931.813 50.265 50.265 1 0.186 | 0.653 | 0.437 | 7185.354 0.492480513
997.14 | 0.000914 0.004 1360 213.413 196.82 931.813 50.265 50.265 1 0.186 | 0.653 | 0.437 | 7185.354 0.492480512
997.14 | 0.000914 0.004 1360 213.413 196.82 931.813 50.265 50.265 1 0.186 | 0.653 | 0.437 | 7185.354 0.492480512
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8.41 Appendix 41 Measured Mass, Diameter and Density of 4 mm

Delrin Spherical Particles

Table 16 shows the measured mass, diameter, volume and density of the spherical delrin particles
which were used in the experimental analysis in Chapter 3. These values were used in the
uncertainty analysis in Section 3.6.4. The mass of 20 delrin particles were determined using a scale
(Ohaus Explorer Analytical Balance). Each particle was placed within a plastic container with a
mass of 2021 mg. Then the mass of the plastic container and the particle were measured as shown
in Table 16. The mass of the particle was obtained by subtracting the mass of the plastic container.
The diameter of the particles were measured with a digital Vernier caliper. The volume and density

of the particles were then calculated using the measured mass and diameter of the particles.

Table 16 The measured mass, diameter, volume and density of the 4 mm delrin spheres.

. Mass of the Mass . .
Particle Container and 1 Particle of . Diameter Volur3ne Dens1t3y
Number 1 Particle (mm) (mm’) | (g/cm’)

(mg) )

1 2066 45 3.98 33.01 1.36

2 2066 45 3.98 33.01 1.36

3 2065 44 3.98 33.01 1.33

4 2066 45 3.98 33.01 1.36
5 2065 44 3.98 33.01 1.33

6 2065 44 3.98 33.01 1.33

7 2065 44 3.98 33.01 1.33

8 2065 44 3.98 33.01 1.33

9 2065 44 3.98 33.01 1.33

10 2065 44 3.98 33.01 1.33
11 2065 44 3.98 33.01 1.33
12 2064 43 3.97 32.76 1.31
13 2066 45 3.98 33.01 1.36
14 2065 44 3.98 33.01 1.33
15 2064 43 3.97 32.76 1.31
16 2064 43 3.97 32.76 1.31
17 2065 44 3.97 32.76 1.34
18 2066 45 3.98 33.01 1.36
19 2067 46 3.98 33.01 1.39
20 2067 46 3.97 32.76 1.40
Average 443 3.98 32.95 1.34
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8.42 Appendix 42 Measured Diameter, Mass and Density of 2 mm

Aluminium Spherical Particles

Table 17 shows the measured mass, diameter, volume and density of the spherical delrin particles
which were used in the experimental analysis in Chapter 3. These values were also used in the
uncertainty analysis in Section 3.6.4. The mass, diameter, volume and density of the 2 mm

aluminum particles were found using the approach described in Section 8.41 — Appendix 41.

Table 17 The measured mass, diameter, volume and density of the 2 mm aluminum spheres.

. Mass Mass of . .
Iﬂiﬁgi (Container & 1 Particle) 1 Particle Dl(?:lnnel;er \Egll;ig;e ]()g?clrsrll?)/
(mg) (mg)

1 2030 9 2.01 4.25 2.12
2 2031 10 2.01 4.25 2.35
3 2031 10 2.00 4.19 2.39
4 2031 10 2.00 4.19 2.39
5 2031 10 2.01 4.25 2.35
6 2031 10 2.01 4.25 2.35
7 2031 10 2.00 4.19 2.39
8 2030 9 2.00 4.19 2.15
9 2031 10 2.01 4.25 2.35
10 2030 9 2.00 4.19 2.15
11 2031 10 2.00 4.19 2.39
12 2031 10 2.01 4.25 2.35
13 2031 10 2.01 4.25 2.35
14 2031 10 2.01 4.25 2.35
15 2032 11 2.01 4.25 2.59
16 2031 10 2.00 4.19 2.39
17 2031 10 2.01 4.25 2.35
18 2031 10 2.00 4.19 2.39
19 2031 10 2.00 4.19 2.39
20 2031 10 2.01 4.25 2.35
Average 9.9 2.01 4.22 2.34
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8.43 Appendix 43 Particle Reynolds Number and the Coefficient
of Drag of the Cylindrical Particles using the Ratio of Volume
to the Surface Area of the Particle as a Length Scale

Table 18 This table shows the average terminal settling velocity within the terminal settling velocity region
of the 1.30 mm Diameter 25 nylon cylindrical particles for each experimental condition. The terminal
settling velocity were obtain from the plots of the particle displacement versus the particle velocity
(magnitude) for the spherical particles as shown in Section 8.16 — Appendix 16 to Section 8.27 — Appendix
27. The particle Reynolds Number and the coefficient of drag were calculated based on the average terminal
settling velocity values and the ratio of the volume to the surface area of the particle as a length scale. The
coefficient of drag was calculated based on the model in [16].

Average
Terminal Particle
settling l;eynglds Coefficient of Drag,
i umber
Particle Fluid velocity, ’ Co
Ut (mm/s) Rep ﬁ [1 +A4 ReB] + CD
(Obtained from  psUcdp, % [1+]
Experiments) 1%
25 particles
Nylon Water 43.62 10.31 4.48
Cylinders: 20%—80% Glycerol-Water 21.17 272 12.55
Dia. 1.30 mm  40%-60% Glycerol-Water 2.03 0.12 219.45
AR 1:1 .
Canola Oil 475 0.02 1186.59
Nylon Water 47.64 14.48 3.74
Cylinders: 20%—-80% Glycerol-Water 26.51 4.38 9.05
Dia. 1.30 mm  40%-60% Glycerol-Water 331 0.24 111.98
AR 1:3 :
Canola Oil 7.63 0.04 592.24
Nylon Water 48.11 15.51 3.88
Cylinders: 20%-80% Glycerol-Water 27.40 4.80 9.05
Dia. 1.30 mm  40%-30% Glycerol-Water 533 0.42 71.52
AR 1:5 :
Canola Oil 8.68 0.05 506.54
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Table 19 This table shows the average terminal settling velocity within the terminal settling velocity region
of the 1.50 mm Diameter 25 nylon cylindrical particles for each experimental condition. The terminal
settling velocity were obtain from the plots of the particle displacement versus the particle velocity
(magnitude) for the spherical particles as shown in Section 8.28 — Appendix 18 to Section 8.39 — Appendix
39. The particle Reynolds Number and the coefficient of drag were calculated based on the average terminal
settling velocity values and the ratio of the volume to the surface area of the particle as a length scale. The
coefficient of drag was calculated based on the model in [16].

Average
Terminal Particle
settling
velocity Reynolds ¢ officient of Drag,
. . ’ Number, C
Particle Fluid Ut (mm/s) D
(Obtained Rey w1+ AR+
f pf Ut dp Re [1+E]
rom —_—
Experiments) s
25 particles
Nylon Water 46.76 12.75 3.85
Cylinders: 20%—-80% Glycerol-Water 23.56 3.50 10.24
Dia. 1.50 mm  40%-60% Glycerol-Water 302 0.20 130.94
AR 1:1 .
Canola Oil 5.77 0.03 850.74
Nylon Water 52.55 18.43 3.18
Cylinders: 20%-80% Glycerol-Water 28 57 545 7.64
Dia. 1.50 mm  40%-60% Glycerol-Water 6.71 0.57 51.18
AR 1:3 :
Canola Oil 8.94 0.06 441.95
Nylon Water 51.61 19.19 3.38
Cylinders: 20%—-80% Glycerol-Water 28.66 580 7.83
Dia. 1.50 mm  40%-60% Glycerol-Water 724 0.66 47.82
AR 1:5 .
Canola Oil 10.67 0.07 362.53
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8.44 Appendix 44: Stokes’ Number and Gravitational Terminal
settling velocity for the Multiple Particles within the Near-
Slot Region in SAGD Operations

The appendix includes the particle properties of the 20 um tracer particles, the 80 um spherical
particles and the 43 um irregularly shaped particles for the multiple particle analysis used in
Section 5.5.2. The density and viscosity of the fluid are given in Section 5.2. The sample
calculations for the terminal settling velocity and the Stokes number of the spherical glad beads are

shown below.

Table 20 Diameter, density, particle—fluid density difference and terminal settling velocity of the three
particles used in Chapter 5 and discussed in Section 5.5.2 namely, tracer particles (polystyrene spherical
microbeads), spherical particles (glass beads) and irregularly shaped (silicon carbide). Note the equivalent
diameter was used as the length scale to characterize the irregularly shaped particles.

d, Py Pp — Py U, Stokes Number (at
PARTICLES (um) | (g/em?) | (g/cm?) (m/s) the maximum flow
velocity of 0.25m/s)
Tracer particles
(polystyrene spherical 20 1.05 —0.142 —1.05x107° 3.92x107°
microbeads)
Spherical particles 80 2.5 1.308 1.53x10"* 1.49x1072
(glass beads)
Irregularly shaped
(silicon carbide) s 554x10-3
. : 43 3.21 2.018 6.82 x10 :
using the Equivalent
Diameter

Sample Calculations for the terminal settling velocity and Stokes number for the spherical glass

beads.

g9 d} (pp = py)
18 u

Terminal settling velocity, U, =

Where g is the acceleration due to gravity, d,, is the diameter of the particles, p,, is the density of

the particle, py is the density of the continuous phase and p is the viscosity of the fluid
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_ 981 m/s x (80 x 107°)? x 1308 kg/m?
= 18 X 0.0298 Pa.s

U, =153 x 107* m/s

pp dp U

Stokes Number = 18—.Udc

Where p,, is the density of the particle, d,, is the diameter of the particles, U is the average fluid

velocity of the continuous phase, p is the viscosity of the fluid and d, is the typical dimension of
the geometry containing the fluid flow. The pillar spacing of 0.5 mm was used as the typical

dimension of the geometry containing the fluid.

2500 kg/m3 x (80 x 107°m)? x 0.25 m/s
18 x 0.0298 Pa.s x (0.5 X 10~3)m

Stokes Number =

Stokes Number = 1.49 x 1072

Note: The Stokes numbers for all three particles were << 1 at the maximum flow velocity of
0.25 m/s. Therefore, at the lowest and intermediate flow velocities of 0.0025 m/s and 0.025 m/s (as
described in Section 5.2.) the Stokes numbers would be even smaller. The Stokes numbers of the
particles in the open slot geometry would be less than the Stokes numbers within for the porous
matrix geometries with the cylindrical and diamond shaped pillars. Since the slot width of 1 mm
would be used to define d.. These factors indicate that particle inertial effects for the three different
particles are negligible for all three flow conditions and the three flow geometries used in this

chapter 5.
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8.45 Appendix 45: Image Processing Code — Image Preprocessing
and Boundary Fitted Approach

This section presents the customized image processing code that was developed to analysis the
motion of the falling spheres and cylinders which were described in Chapter 3, Section 3.5.2. The
2D projected area was obtained and the boundary of the particle was traced using a built-in function
(bwboundaries, Matlab, The Mathworks). The minimal bounding objects function [78] then fits a

square/rectangle to the particles.

o°
o°

This code was customized by Lisa Kinsale and Professor David S. Nobes
Date: Wednesday, April 21, 2021

o\

o°

This code uses the function found in:
John D’Errico, A suite of minimal bounding objects,
https://www.mathworks.com/matlabcentral/fileexchange/34767-a-suite-of-
minimal-bounding-objects),

% MATLAB Central File Exchange

o\

o\

function [x min, y min, stats, CYLINDER,angle] = LKK FitBox(img, showImages)
Will look for a square particle in the provided image

Will fit a box to it

% Will return the properties of that Box.

o\

o°

if showImages ==
figure (3); set (3, 'pos', [860 245 420 3601]);

figure (4); set(4, 'pos', [1330 610 420 36017);

figure (6); set (6, 'pos', [1330 135 420 3601]);

end

o°

% Image Preprocessing - Course Threshold
Identifying the particle and cropping a square region around the particle
This is done to perform the analysis locally instead of throughout the

% entire image

o\°

o\°

threshold = 0.194; %black and white threshold - typical values: 0.10, 0.12,
0.14, 0.20

bw

im2bw (img, threshold); % binarize the cropped image based on a threshold

inverted img = imcomplement (bw); % Calculating the inverted image
$The particle appears bright on a dark background
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oe

(i.e. the reverse of the raw image)

thres for remove obj = 20; %threshold for removing small objects - typical
values: 2, 4
bin img = bwareaopen (inverted img, thres for remove obj); % Remove small

objects from binary image

%% get outlines of each object

[B_course,L course,N course] = bwboundaries (bin img);

%get stats

stats preproc= regionprops (L course, 'Centroid', 'Area',6 'Perimeter');
Centroid preproc = cat(l, stats preproc.Centroid);

Perimeter preproc = cat(l,stats preproc.Perimeter);

Area preproc = cat(l,stats preproc.Area);

CircleMetric preproc = (Perimeter preproc.”2)./(4*pi*Perimeter preproc);
$circularity metric

CircleMetric preproc = CircleMetric preproc (l1:N_course);

SquareMetric preproc = NaN(N course,l);

TriangleMetric preproc = NaN(N course,l);

CYLINDER preproc = NaN(N_course,l); % setup a structure to hold the found the
cylinders

%% Detects the particle based on a course threshold and crops an area around
the particle in each frame
if showImages ==

% Update the figure image

figure (3)

imagesc (bin_ img) ;

title('Detected Particle wt Course Thres.')

set (gcf, 'color','w")

squ_size = 50; % defining the square box around the particle in which we
are performing the analysis

% Defining the limits of the axis

x min = Centroid preproc(l,1l)-squ size;
x max = Centroid preproc(l,1)+squ size;
y min = Centroid preproc(l,2)-squ_size;
y max = Centroid preproc(l,2)+squ_size;
Particle Region Crop = ([x min, x max, y min, y max]);
axis ([Particle Region Crop]l);
end

%% Crops an area around the particle in the Raw Image based on the region
defined in figure (3) with the course threshold
if showImages == 1

figure (4)
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width = x max - x min;
height y max - y min;
Raw_image crop = imcrop (img, [x min y min width height]);

end

%% Crops an area around the particle in the Raw Image based on the region
defined in figure (3) with the course threshold
if showImages == 1

inverted raw _img = imcomplement (Raw_image crop) ;

stretch img = imadjust (inverted raw img, [0.70 0.90]); %might need to
adjust this %[0.6 1] for 2mm delrin

binarize newpreproc = imbinarize(stretch img, 0.45);
thres remove obj newpreproc = 30; %threshold for removing small objects -

typical values: 2, 4

bin img newpreproc =
bwareaopen (binarize newpreproc,thres remove obj newpreproc); % Remove small
objects from binary image

figure (4)

imagesc (bin_img newpreproc);
title ('Preprocessed Image')
set (gcf, 'color','w")
colormap (gray) ;

hold on

end

%% get outlines of each object

[B,L,N] = bwboundaries (bin img newpreproc);

%sget stats

stats= regionprops (L, 'Centroid', 'Area', 'Perimeter');
Centroid = cat(l, stats.Centroid);

Perimeter = cat(l,stats.Perimeter);

Area = cat(l,stats.Area);

CircleMetric = (Perimeter.”2)./(4*pi*Area); Scircularity metric
CircleMetric = CircleMetric (1:N);

SquareMetric NaN (N, 1) ;

TriangleMetric = NaN(N, 1) ;

CYLINDER = NaN(N,1); % setup a structure to hold the found the cylinders

%% Plots the centroid from [B,L,N] = bwboundaries(bin img newpreproc) above
% AND the centers of the circle from using viscircles above
if showImages == 1

figure (4)

hold on
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end

o9
3]

if

end

[Ie)
T

plot (Centroid(1l),Centroid(2),

now label with results
showImages
RGB label2rgb (L) ;

figure (6)
clf

% Update the figure image
imagesc (RGB); hold on;

'r+', "MarkerSize',10) ;

title ('Colour Coded with wrapped rectangles')

set (gcf, 'color','w")

axis([Centroid(l,1)-squ size, Centroid(l,1)+squ_size, Centroid(l,2)-
squ_size, Centroid(l,2)+squ_size]);

for each boundary,

clear CYLINDER;
for k=1:N
boundary = B{k};

fit to bounding box,

[rx,ry,boxArea] minboundrect ( boundary(:,2),

boundary (:,1)

y are flipped in images

ctal);

and calculate some parameters

$x and

%$get width and height of bounding box

width = sgrt( sum( (rx(2)-rx(1l)).”2 + (ry(2)-ry(l))."2));
height = sqrt( sum( (rx(2)-rx(3)) .72+ (ry(2)-ry(3))."2));
aspectRatio = width/height;
if aspectRatio > 1

aspectRatio = height/width; %make aspect ratio less than unity
end
SquareMetric (k) = aspectRatio; %aspect ratio of box sides

TriangleMetric (k)

= Area (k) /boxArea;

$filled area vs box area

%% Plot a line around the object

Major 1 = [rx(l)+((abs(rx(2)-rx(1)))/2) ry(l)+((abs(ry(l)-ry(2)))/2)
Major 2 = [rx (4)+ ((abs (rx(3)-rx(4)))/2) ry(4)+((abs(ry(4)-ry(3)))/2)
Minor 1 = [rx(1)=((abs(rx(4)-rx(1)))/2) ry(l)+((abs(ry(4)-ry(1l)))/2)
Minor 2 = [rx(2)=((abs (rx(3)-rx(2)))/2) ry(2)+((abs(ry(3)-ry(2)))/2)
distl = abs(Major 1(1)-Major 2(1)) + abs(Major 1(2)-Major 2(2));
dist2 = abs(Minor 1(1)-Minor 2(1)) + abs(Minor 1(2)-Minor 2(2));

if distl<dist2 %

end

o

templ = Minor 1;
temp2 = Minor_ 2;
Minor 1 = Major_ 1;
Minor 2 = Major 2;
Major 1 = templ;
Major 2 = temp2;
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angle =
(2*pi);

360 * atan( (Major 2(2)-Major 1(2)) / (Major 1(1)-Major 2(1)) )

if showImages ==
plot ([rx(l) rx(2)

r', 'linewidth',1);
% plot the MAJOR and MINOR Axis

rx(3) rx(4) rx(1l)], [ry(l) ry(2) ry(3) ry(4) ry(l)],

plot (Major 1(1), Major 1(2), 'b.', 'MarkerSize',8);
plot (Major 2(1), Major 2(2), 'bo', 'MarkerSize',5);
plot ([Major 1(1) Major 2(1)], [Major 1(2) Major 2(2)], 'b',

'"linewidth',1);

’

plot (Minor 1 (1)
plot (Minor_ 2 (1)
plot ([Minor 1 (1
'"linewidth',1);
end

, Minor 1(2),
, Minor 2(2) 'ro',
) Minor 2 (1)

'r.', 'MarkerSize',8
'MarkerSize',5

)
’ )
], [Minor 1(2) Minor 2(2)]1, 'r',

CYLINDER (k) .rx =
CYLINDER (k) .ry =
if width < height

rx;
ryr

CYLINDER (k) .width = width;
CYLINDER (k) .height = height;
else
CYLINDER (k) .width = height;
CYLINDER (k) .height = width;
end
CYLINDER (k) .aspectRatio = aspectRatio;
end
hold off

%% define some thresholds for each metric
%do in order of circle, triangle, square,

%$same shape to multiple objects

rectangle to avoid assigning the

isCircle = (CircleMetric < 1.1);

isTriangle = ~isCircle & (TriangleMetric < 0.6);

isSquare = ~isCircle & ~isTriangle & (SquareMetric > 0.9);

isRectangle= ~isCircle & ~isTriangle & ~isSquare; Srectangle isn't any of
these

%assign shape to each object

whichShape = cell (N, 1
whichShape (isCircle)
whichShape (isTriangle
whichShape (isSquare)
whichShape (isRectangle)

)7
= {
) =
= {

if showImages
hold on;

'Circle'};
{'aTriangle'};

'Square'};
{'"Rectangle'};

title('Colour Coded with particle specs')

% Plot the centroid.
plot (Centroid(1,1),

Centroid(1l,2),

"rt') g
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plot (Centroid(1l,1), Centroid(l,2), 'bo', 'MarkerSize',5);

Combined = [CircleMetric, SquareMetric, TriangleMetric];
for k=1:N

Txt = sprintf ('C=%0.3f S=%0.3f T=%0.3f', Combined(k,:));
text ( Centroid(k,1)-45, Centroid(k,2)+25, Txt);
text ( Centroid(k,1l)-45, Centroid(k,2)+30, whichShape{k}):;
angletxt = sprintf ('Angle=%0.2f', angle);
text ( Centroid(k,1)-45, Centroid(k,2)+35, angletxt);

end

hold off

end
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8.46 Appendix 46: Image Processing Code — Tracking the
Centroid of the Particles and Calculating the Particle

Displacement, Velocity and Acceleration

This section presents the customized image processing code that was developed to calculate the
displacement, velocity and acceleration of the falling spheres and cylinders which were described
in Chapter 3, Section 3.5.3. A derivativeFit function [79] was used to find the first derivative of the
displacement plot in order to obtain the particle velocity, ds, and the second derivative of the
displacement plot in order to obtain the particle acceleration, dds.

%% This code was developed by Lisa Kinsale, Professor David S. Nobes and Kyle

Bricker
% Date: Wednesday, April 21, 2021

o\

This code uses two functions:

(1) A minimal bounding objects function developed in:

% John D’Errico, A suite of minimal bounding objects, (2022).

% https://www.mathworks.com/matlabcentral/fileexchange/34767-a-suite-of-
minimal-bounding-objects),

% MATLAB Central File Exchange

o°

o

(2) A derivative fit function developed in:

K. Bricker, D.S. Nobes, derivativeFit,
https://www.mathworks.com/matlabcentral/fileexchange/89371-derivativefit,
MATLAB Central File Exchange

o oo

o°

function LKK_ ShowImages (varargin)

%% inputs

if isempty(varargin) %% Edit if running file as main
clear

close all

LKK folder = 'E:\3 40Gly 60Water\1.50mm\AR 1-5 1.50mm\Camera 2\1.50mm ARI-
5 40Gly 60Water 1'; % Must be a folder containing one data set

LKK filename = '1.50mm ARI1-5 40Gly 60Water 1 Flare 2 %04d.png'; % Naming
scheme for images

start Im = 3102;
stop Im = 3191;

step = 1;
N factor = 5; % curve fitting factor n (increase this for less noise)
saveData = 1;
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Im ROI = [358,9,655-358,2025-9]; % Box to search for particles (Default:
[770,120,1300-770,1736-12017)

output = 'Data\'; % Output folder

showImages = 1; % Displayes additional figures in image processing (takes
much longer to run)

makeGif = 0;

trackCorner = 0; % tracks a corner of the particle instead of the centroid

graphType = 1; % graphType = 0 : Graphs raw acceleration and velocity as
red points, as well as the normalized curves in blue

% graphType = 1 : Graphs only the normalized velocity and

acceleration curves

FR = 149.7; %FrameRate in fps (frames per sec)
CF 17; %$Calibration factor 1lmm = 17 pixels

else %% Inputs if running as function
LKK folder = varargin{l};
LKK filename = varargin{2};
start Im = varargin{3};
stop Im = varargin{4};
step = varargin{5};
N factor = varargin{6};
saveData = 1;
Im ROI = varargin{7};
output = varargin{8};
showImages = varargin{9};
makeGif = varargin{l10};
trackCorner = varargin{ll};
graphType = varargin{l2};
end

%% Set up a figure
if showImages ==
figure (1) ;
set (1, '"Position', [75 100 500 5001])
end
figure (2);
set (2, 'Position', [650 100 250 6007])
%% Show some images

clc
for i = start Im :step: stop Im
%clc
r Iml = sprintf( LKK filename, 1i);
Iml = imread([LKK folder '\' r Iml]);
fprintf (['Processing Image: ' LKK filename '\n'], 1i);

if showImages ==
figure (1)
imagesc (Iml) ;

rectangle ( 'Position',Im ROI, ...
'EdgeColor', 'r',...
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'LineWidth', 1,...
'LineStyle','-")

end

cropped Iml = imcrop(Iml, Im ROI);
figure (2)

clf

imagesc (cropped Iml);

% Fit the particle

[stats,CYLINDER, anglecurrent] = LKK_FitBox(cropped_Iml, showImages) ;
angle (i) = anglecurrent;

saveStats (i) = stats(l);

%% Calculates off of the top left point of the particle
if trackCorner ==
if i==start Im % Grab first top left point
px (i) CYLINDER.Tx (1) ;
py (i) = CYLINDER.ry (1) ;

else $ Find where the point has moved to
for 3 = 1:4

dx = abs(px(i-step) - CYLINDER.rx(j));
dy = abs(py(i-step) - CYLINDER.ry(j)):;
if § == 1
d = dx+dy;
temp = J;
else
if d > dx+dy
d = dx+dy;
temp = J;
end
end
end
px (i) = CYLINDER.rx (temp) ;
py (i) = CYLINDER.ry (temp) ;
end
end
figure (2)
clf

imagesc (cropped Iml);
axis equal
Centroid = stats.Centroid;

Cent X (i) = Centroid(1l);
Cent Y (i) = Centroid(2);
hold on

plot (Centroid(1l),Centroid(2), 'r+','MarkerSize',8);
plot (Cent X,Cent Y, 'r.','MarkerSize',5);
if trackCorner ==

plot(px (i), py(i), 'b+','MarkerSize',8);

plot (px,py, 'b.','MarkerSize',5);
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end

hold off

drawnow
end
%% If Calculating off top left point
if trackCorner == 1

Cent X = px;
Cent Y = py;
end

%% Displacement Graph

figure (5)

set (5, '"Position', [75 100 500 500])
I = start Im:step:stop Im;

I =1';
s = Cent Y(start Im:step:end);
s = (s");
if graphType == 1
[ds, dds] = derivativeFit( I, s, N _factor,
elseif graphType == 0
[ds, dds] = derivativeFit( I, s, N _factor,

Dds = diff(s) / step;
Ddds = diff (Dds)/ step;
end

plot (I, s,'-b.");
title('Displacement');

xlabel ('Time (Frame)');

ylabel ('Y-Displacement (Pixels)');
%% Angle

angle = angle(start Im:step:end);
figure (8)

set (8, '"Position', [75 700 500 500])
plot(I,angle, '-b.");
yline (0, ':");
title('Angle');
xlabel ('Time (Frame)');
ylabel ('Angle (degrees)');
%% Velocity
figure (6)
set (6, 'Position', [650 100 500 5001])
plot (I,ds,'-b.");
if graphType ==
hold on
DI = I(l:end-1)+0.5*step;
plot (DI,Dds, 'r.");

hold off
end
title(['Velocity N = ' num2str (N factor)]);
xlabel ('Time (Frame)');

ylabel ('Y-Velocity (Pixels / Frame)');
%% Acceleration
figure (7)
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set (7, '"Position'

plot(I,dds, '-b.");
if graphType == 0
hold on
DI = I(2:end-1);

plot (DI,Ddds, 'r.
hold off
end
yline (0, ':
mean dds =

")

title ([

xlabel ('Time (Frame)

ylabel ('Y-Acceleration

%% Save

if saveDat
status
Cent X
Cent X (:
Cent Y = (
Cent Y = Cent_Y(
Displacement = s
Velocity = ds;
Acceleration =
Frames = I(:);

Cent X

'Acceleration N = '

[1225 100 500 50017)

")

mean (dds) ;

")

(Pixels / Frame”2)'

= mkdir (output) ;
Cent X(start Im:step:end);

)i

Cent Y(start Im:step:end);

):
()

dds;

stats = saveStats(start Im:step:end);

save ( [ output
'Acceleration’',
save ( [ output
figure (2)
savefig ([output
figure (5
savefig ([output
figure (6
savefig (
figure (7
savefig (
figure (8
savefig ([output,

[

)

[

)
[output
)
[output
)
[

if makeGif == 1

Im Name =

F Name = [output

ISFILE = isfile(

if ISFILE

disp( [
folder!'] ) ;

elseif ISFIL

folder =

Fol Proc =

'GraphData' ] ,
'angle',
'Stats'

'raw.gif'; %

[LKK folder
dir (

'Displacement’,
1, 'stats' );

'Centroid.fig']);
'Displacement.fig']);
'"Velocity.fig']);
'"Acceleration.fig']);

'Angle.fig'])

file name
Im Name]; % file path
F Name ) ;

v\v
fullfile(

17
folder,
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'Cent X',

num2str (N_factor)]);

)7

'step',

'There is already a gif file named

'RLtif!

)

4

'Cent Y',
'N_factor',

)

Im Name,

’

'Velocity',
'Frames'

);

in the



Com = {['Original frame range of ' , num2str(l), ' to '
num2str (200) ]} ;
for j = start Im : step : stop Im

Name Proc = sprintf( LKK filename, J);

Im Proc = imread( [folder, Name Proc] )

[imind, im] = rgb2ind(Im Proc, 256);

if j == start Im

imwrite (imind, im, F Name, 'gif', 'Loopcount',inf, 'DelayTime',

0.1, 'Comment', Com);

else

4

’

imwrite (imind, im, F Name, 'gif', 'WriteMode', "append', 'DelayTime', 0.1);
end
disp( [ Name Proc ' has been added to the ' Im Name ' file' ] )
end
end

’

end

o°

Q. oe

isp('Complete');
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8.47 Appendix 47: Solid Modeling

This section presents the detail solid modeling drawings of the flow channels that was designed to
analyze particle motion within the near-slot region in Chapter 5, Section 5.2. The solid models of
the flow channel were developed in SolidWorks 2021, Dassault Systémes and then 3D printed
(Form 2, Formlabs Inc.). In the drawing the three types of flow channel geometries were presented:
Type 1 is the open slot geometry, Type 2 is the cylindrical pillars flow geometry which was aimed
to simulate porous media at the inlet of the slot and Type 3 is the diamond shaped pillars flow

geometry which was aimed to simulate porous media at the inlet of the slot.
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