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Figure 2.8: Effect of immiscible liquid phase loading on axial gas holdups in the solid-
liquid-gas slurry bubble column with ¥ = 0.083 for a) Cyy = 0.995 and b) Cy, = 0.6. Lines
were added between individual data points to make comparisons clearer.
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Figure 2.9: Photograph of particle sedimentation with the spider sparger at Ug = 196
mm/s with L/S = 0.0416, ¥ = 0.083, Cy = 0.995 and d, = 70.9 pm.
The solids holdup profiles as a function of immiscible liquid phase loading for ¥ = 0.083
solids loading before and after glycerol (Cy = 0.6) addition are presented in Figure 2.10.
Prior to glycerol addition, local solid holdups were approximately constant along the
axial length of the column based on the dynamic pressure profile. Axial solid holdup
profiles after the glycerol addition showed a decrease as function of column height,
indicating vertical particle segregation based on the agglomerate size. Interparticle liquid

bridging produces a greater net gravitational force relative to the increased drag force for
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a particle agglomerate when compared to individual particles (i.e., increased volume
versus greater projected cross sectional area). The observed higher solids fraction loading
at the bottom half of the column reflected the previous as the agglomerates were not

fluidized as easily when compared to a gas-liquid-solid system.
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Figure 2.10: Effect of secondary liquid phase loading on solid holdup in the G-L-L-S
slurry bubble column with ¥ = 0.083 for Cy = 0.995 at (a) 218 mm/s and (b) 174 mm/s.

The axial solid holdup profiles after the glycerol addition intersect the gas-liquid-solid
profile approximately below the middle of the studied column height. It is important to
note that data was only collected from pressure ports that were below the liquid line prior
to the introduction of gas to the column (i.e., below the static liquid height). Pressure
ports and the subsequent tubing that were above the static liquid height were not used as
they would likely contain gas pockets that impact the pressure readings. The intersection
of the solid profiles was expected as the amount of solids in the column was constant
between runs, where comparable results were obtained in a previous study (Pjontek et al.,
2014). As glycerol was added to the column, the local solids holdup at the bottom of the
column increased and produced a steeper solid holdup profiles, indicating enhanced
particle agglomeration with higher glycerol loading. No additional particles were added
to the column between runs and the volume of glycerol added was too small to cause a
considerable increase in solid holdup (the maximum volume of glycerol added was 80

mL compared to 1600 mL of solids added). The observed modifications to the solids
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Figure 2.11: Solid holdups as a function of secondary liquid phase viscosity in a G-L-L-
S slurry bubble column with ¥ = 0.083 solids loading and a glycerol loading of L/S =
0.0333 at a) 218 mm/s and b) 196 mm/s.

These results were further confirmed by comparing the height of sedimented particles for
the two viscosities (Figure 2.12). It confirms that the system with higher secondary liquid
viscosity (Cr, = 0.995) generally exhibited more sedimentation behaviour than the system
with the lower secondary liquid viscosity (C, = 0.6). The sedimented particle height is
the height of sedimented particles measured from the side of the column. These observed
trends based on the secondary liquid phase viscosity agree with the Stokes comparison,
where the viscous Stokes number is inversely proportional to secondary liquid viscosity.
It is also important to note that these sedimented particles may not be accurately
represented in the solid holdup profiles (Figure 2.11) especially at higher L/S volumetric
ratios. The reason this trend is not observed in the solid holdup profiles likely due to the
reference port being completely within the sedimented portion of the column, affecting

results.
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Figure 2.12: Comparison of sedimented particle height as a function of secondary liquid
viscosity as secondary liquid loading increases incrementally.

2.5 Conclusions

The impact of solids loading was investigated with ¥ = 0.083, ¥ = 0.123 and ¥ = 0.165
loadings in a gas-liquid-solid slurry bubble column with 45 to 90 um glass beads. The
secondary liquid phase loading was then studied by incrementally adding glycerol to the
slurry bubble column. Immiscible phase liquid viscosity was investigated by using
aqueous glycerol solutions of with Cy, = 0.6 and Cy = 0.995, which have viscosities that
differ by two orders of magnitude. Secondary liquid viscosity and loading were found to
affect agglomeration behaviour in a gas-liquid-liquid-solid slurry bubble column tested

within a range of different superficial gas velocities.

The pressure profiles in the bubble column with nitrogen and biodiesel were that were
linear indicating that the axial gas holdup was constant through the column since the
differential change in pressure was constant. Axial solids holdups in a G-L-S slurry
bubble column with nitrogen, biodiesel and glass beads indicated that the method
produced results that were in line with observations, where the solids holdups increased
with increased solid loadings. These results followed expectations and observations

confirming the validity of the methods.
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Particle agglomeration and bed defluidization were observed following the addition of
glycerol (L/S = 0.033 for C,, = 0.995 and L/S = 0.0500 for C,, = 0.60) to the slurry
bubble column. The axial solid holdup showed a greater decrease as a function of column
height, indicating axial particle segregation based on agglomerate size. Increased glycerol
loading resulted in more agglomeration based on elevated solids holdups at the bottom of

the column.

The axial solid holdup profiles with the lower viscosity showed a greater decrease as a
function of the column height. This contradicted the assumption that the immiscible
liquid phase with the greater viscosity would form more stable liquid bridges, resulting in

more particle agglomeration.
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Chapter 3

3  Effects of particle size and sparger design

3.1 Introduction

Particle agglomeration in G-L-L-S fluidized beds can be caused by Van der Waals forces,
electrostatic/Coulombic forces and/or interparticle liquid bridging. Van der Waals forces
are attractive forces that occur due to interaction between permanent dipoles (Keesom
forces), permanent/induced dipoles and dispersion forces of non-polar molecules
(London dispersion forces). Van der Waals forces generally affect particles in the micron
range (<10um) (Simons, 1996). Electrostatic forces are attractive forces that occur due to
interaction between particles with opposite charges which may be caused by
triboelectricifaction, ion collection, thermionic emission or frictional charging (Park and
Fan, 2007). These forces typically affect particles with low electrical dissipation rates
such as polymers (Park et al., 2002; Sowinski et al., 2010). Use of a liquid in gas-liquid-
liquid-solid fluidized beds increases a system’s electrical dissipation, generally reducing
electrostatic forces between particles. Liquid bridges are formed when two particles,
surrounded by a layer of a wetting liquid, collide and for a bridge binding the particles
together. Particle agglomeration in a nitrogen-biodiesel-glass-bead system has been
previously observed only after the addition of a secondary immiscible liquid such as
glycerol (Pjontek et al., 2014) which wets the particles. The attractive force for the
previous system is thus interparticle liquid bridging, which provides a gas-liquid-solid

configuration to study the impact of particle agglomeration in a slurry bubble column.

Hydroprocessing a heavy feedstock can generate mesophase a secondary liquid phase due
to an accelerated rate of thermal cracking relative to the rate of hydrogenation.
Hydroprocessing is a temperature-sensitive process, whereby small increases in
temperature can result in the formation of the previous coke-precursor material.
Mesophase was first identified and characterized by its optical anisotropy when observed
under polarized light (Bisoyi and Kumar, 2010; Brooks and Taylor, 1965). Coke is
generally defined as toluene insoluble materials and is believed to originate from the
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asphaltene fraction in the hydroprocessor feedstock (Srinivasan and McKnight, 1994).
Mesophase is thus an intermediate phase between solid coke and vacuum residue is
characterized as polar, denser and more viscous when compared to the continuous liquid
in a hydroprocessor (Srinivasan and McKnight, 1994). Previous studies have examined
potential formation mechanisms (Bagheri et al., 2012; Gray and McCaffrey, 2002;
Wiehe, 1994). A recent study by Bagheri et al. (2012), studied the in-situ formation of
mesophase in a stirred hot-stage reactor (440°C and 4.8 MPa). The study noted the
presence of large (surface area greater than 2000 pum?) and small (surface area less than
2000 um?®) mesophase domains and suggested that the large domains were formed due to
the coalescence of smaller domains. Another study by Sharshar et al. (2015) studied the
effect of temperature, catalyst concentration, partial pressure of hydrogen and agitation
speed on mesophase onset time. The authors found that as the temperature was increased
the mesophase onset time decreased and as catalyst concentration was increased, the
mesophase onset time increased. The other paramters were not found to have a significant

effect on mesophase onset time over the range of operating conditions tested.

The formation of this secondary immiscible liquid phase may result in particle
agglomeration due to interparticle liquid bridging and could impact the fluidized bed
behaviour. Previous studies have examined the effects of particle size, shape and material
in a cold-flow ebullated bed (Pjontek et al., 2014, 2011) and the secondary liquid phase
loading in a slurry bubble column (Siquier et al., 1991). Pjontek et al. (2014) studied
nitrogen-biodiesel-glycerol system with glass beds and aluminum cylinders. They found
that the smaller diameter particles (1.5 mm) demonstrated more signs of clustering when
compared to the larger particles (4 mm). The authors also carried out preliminary tests in
a slurry bubble column and found that the G-L-L-S system with glass beads between 100
and 150 pum was inoperable at a much lower glycerol loading (0.7 wt.% overall liquid
loading) when compared to the ebullated bed, which continued to operate at 5 wt.%
overall liquid loading. Siquier et al. (1991) measured the density gradient using a
sampling probe as a secondary liquid was added to the system in a cold-flow atmospheric
slurry bubble column system with atmospheric air, kerosene, water and glass beads (d, =
110 um). The authors identified three different situations depending on the operating

conditions:
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e Case 1: Two regions of solid suspension are observed. At the bottom of the
column, all four phases are present and particles have begun to cluster due to
the secondary immiscible liquid. Above this region, there are small amounts
of particles suspended in the continuous liquid and no secondary phase is
present.

e Case 2: Solid particles settle to the bottom of the column and form compact
sedimentation. The secondary liquid is primarily found wetting the particles
and filling the interparticle space. The remainder of the column contains
relatively small amount of particles and no secondary liquid.

e Case 3: Solids are fluidized similarly to before the secondary phase addition.

Siquier et al. (1991) observed that as the secondary phase was added, the particles formed
larger agglomerates and behaved like larger particles with a higher sedimentation
velocity, affecting the axial solid holdup profile.

Previous studies have shown that using smaller and dispersed catalyst particles in
hydroprocessing reduces coke formation on the catalyst (Kennepohl and Sanford, 1996).
It has been suggested that decreasing the catalyst diameters would increase the gas to
liquid hydrogen mass transfer and help equalize the thermal cracking and hydrogenation
reaction rates, thus minimizing the formation of mesophase. Nonetheless, a prior study
observed that smaller particles may form agglomerates at considerably lower secondary
liquid loadings (Pjontek et al., 2014). Current industrial hydroprocessors have an
ebullated bed configuration, where the liquid (e.g., atmospheric and vacuum residue) and
gas (e.g., hydrogen, evaporated lighter products) flow co-currently through a contained
bed of catalyst particles (1 mm < d, <5 mm). Fluidization in the previous configuration
is mainly the result of the liquid flowing through the particles, where an internal liquid
recycle line increases the liquid residence time. Slurry bubble column hydroprocessors
have also being studied at the pilot scale (Rana et al.,, 2007; Zhang et al., 2007).
Fluidization in a slurry bubble column configuration is mostly the result of the induced
local liquid flow from the wakes of rising bubbles which provides particle suspension (5

um < dp < 150 pum). The particle diameter in a gas-liquid-liquid-solid system can thus
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greatly influence the agglomeration tendencies in a hydroprocessor subject to mesophase

formation.

Gas sparger design is also critical for overall mixing and performance in a multi-phase
reactor. Many sparger designs are commercially available; however, they can be broadly
divided into two categories: plate and pipe spargers. The most common plate sparger is a
perforated plate sparger, while other designs also include porous plates and bubble cap
plates. Common pipe sparger designs include straight pipe, single ring, multiple ring and
spider spargers. Gas spargers are mainly characterized based on the orifice size, number
of orifices and sparger position. Gandhi et al. (1999) examined the effect of orifice
orientation and sparger height for a spider sparger in a slurry bubble column. The authors
observed that a sparger with downward facing orifices was more effective in solids
dispersion as the gas jets from the downward facing orifices provide good agitation
promoting solids dispersion. The ideal sparger height for their system with a downward
facing sparger at superficial gas velocity greater than 0.1 m/s was 0.05 m. The study also
suggested minimizing the sparger height with an upward facing sparger. Siquier et al.
(1991) and Pjontek et al. (2014) observed particle sedimentation at the bottom of the
column with a pipe sparger and a perforated plate sparger respectively. No studies have
previously been completed to compare the effect of sparger design on system operability

in a gas-liquid-liquid-solid system where interparticle liquid bridging occurs.

The purpose of this study is thus to expand on previous particle agglomeration
experiments (Pjontek et al., 2014; Siquier et al., 1991) by investigating the impact of the
particle diameter on the overall fluid dynamics of a slurry bubble column (i.e., solids
holdup profiles, extent of sedimentation) subjected to interparticle liquid bridging. The
secondary liquid phase loading and viscosity will also be varied throughout the
experiments to provide a broader range of experimental conditions. This work will also
investigate whether the sparger design used to disperse gas into the system has an effect

on the overall sedimentation behaviour.
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3.2 Materials and methods

3.2.1  Experimental system

Experiments were performed at atmospheric conditions in a clear polyvinyl chloride
column with a maximum height of 2.7 m and an inner diameter of 0.1524 m, large
enough to minimize wall effects on global phase holdups (Kantarci et al., 2005; Shah et
al., 1982). Gas was introduced at the bottom of the column. Superficial gas velocities
were varied between 28 and 218 mm/s and monitored using a rotameter (model FL4611-
V from Omega). Gas exited the system at the top of the column, passing through a
demister to remove any entrained biodiesel droplets before being exhausted. A
differential pressure transmitter (Rosemount 2051) was used to measure the dynamic
pressure profiles with a reference port located 57 mm above the distributor. Subsequent
pressure ports were spaced out as follows: the first four by 50.8 mm, the following six by
76.2 mm and the remaining thirteen by 101.6 mm. A schematic of the experimental setup

is provided in Figure 3.1.
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Figure 3.1:. Schematic of slurry bubble column for organic liquids.

Three gas spargers were used in this study, a spider sparger, a flat perforated plate
sparger and a conical-shaped perforated plate sparger. The spider sparger has six legs
extending from the center of the column 6 cm above the base of the column and each leg
has five 1.6 mm orifices angled downwards with a 30° angle to direct gas towards the
base of the column for particle suspension. The flat perforated plate sparger has thirty 1.6
mm orifices above a small windbox, used to evenly distribute the gas flow across the
plate. The cone-shaped perforated plate has an angle of 10° towards the center of the
column with thirty 1.6 mm orifices above a small windbox. It should be noted that each
sparger has an equal number of orifices and equivalent orifice diameters, thus isolating

the impact of the orifice location and the shape or design of the sparger on the observed
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agglomeration behaviour in the slurry bubble column. Since, the orifice diameter and
number of orifices are known to affect the total gas holdup in the column, the spider

sparger was designed considering the Weber number:

= PUso do _ peUedc’ (3-1)

Weg =
Yo-L N02d03YG—L

Since it has been reported that bubble breakup and axial mixing are enhanced when the
Weber number is greater than 2 (Deckwer, 1992), the sparger was designed exceed the
previous value for the studied superficial velocities. The Weber number for this system is
calculated to be 45.5 at a minimum superficial gas velocity of 88 mm/s. Table 3.1

presents the parameters used in Equation (3-1).

Table 3.1: Parameter values used for Equation (3-1).

Parameter Symbol Value Units

Superficial gas velocity Ug 0.088 m/s

Gas density PG 1.2 kg/m®
Column diameter de 0.152 m
Number of orifices No 30

Orifice diameter do 0.00159 m
Surface tension Yo, 00306 N/m

A summary of the experimental operating conditions is presented in Table 3.2. Due to the
open lab concept where the experiments were conducted, temperature control was
limited. Temperature changes were monitored in the column with a temperature
indicator. Operating condition uncertainties were based on instrument precision and

observed fluctuations during experiments.
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Table 3.2: Experimental operating conditions.

Parameter Symbol Range Units

Superficial gas velocity Ug 88 t0 218 (x 2%) mm/s

Pressure P 1 atm
Column diameter d¢ 152.4 mm
Temperature T 21+5 °C

After each addition of glycerol to the column and before each change in superficial gas
velocity, the bed was fluidized for 5 minutes at the greatest superficial gas velocity for 5
min to ensure the secondary liquid phase was evenly dispersed. The bed was then
fluidized for 5 min at the superficial gas velocity for the run to ensure that the bed was at
steady state. Once the bed was adequately mixed, differential pressure readings were
taken across the bed in a randomized order. The pressure drop readings presented are the
average of readings taken over 1 min at a sampling rate of 20 Hz.

3.2.2  Fluid properties

The continuous and secondary liquid phases were selected based on the expected liquid
properties in an industrial hydroprocessor following mesophase formation. The properties
of mesophase are difficult to estimate and vary depending on the operating conditions
and feed composition; a range of secondary liquid phase viscosities and loadings were
thus studied. Glycerol was selected to simulate the denser and more viscous secondary
phase because its properties can be readily altered by adding water. Aqueous glycerol
solutions have previously been studied in an agglomerating system and are known to wet
the studied glass beads. Biodiesel was selected to simulate the continuous phase as it is a
relatively low viscosity organic liquid with a low flammability risk. The liquid phases
were also selected to minimize health and safety concerns while nitrogen was used as the
gas phase to reduce the potential of biodiesel vapour combustion. Relevant fluid
properties for the continuous liquid and gas in this study are provided in Table 3.3.
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Table 3.3: Fluid properties for the continuous liquid and gas.

Parameter Symbol Range Units

Biodiesel density PLc 870 + 2 kg/m?
Biodiesel viscosity Ly 6.0x10%+1% Pas
Gas density Pe 1.21+0.03  kg/m®

Relevant fluid properties for the studied aqueous glycerol solutions are provided in Table
3.4. During the slurry bubble column experiments as well as in isolated containers for
initial observations, the secondary liquid was found to adhere to the glass beads and was
thus not well dispersed in the continuous liquid phase. To accurately represent this
behaviour, the impact of the secondary liquid was approximated in the solid density
calculates (refer to Section 3.2.3). The viscosities of the two selected aqueous glycerol

solutions were used to compare viscosities that differed by two orders of magnitude.

Table 3.4: Fluid properties for the studied aqueous glycerol solutions at ambient

conditions.
. Viscosity (Pa-s) +1%
Cm Density (kg/m) E/ZEP C])
0.995 1250 1.087
0.600 1150 0.010

Viscosities were calculated using the relation from Cheng (2008) which is valid for

aqueous glycerol mixtures between 0 and 100°C:

a=0.705-0.0017T (3-2a)
b=(4.9+0.036T)a?® (3-2b)
L1 C .. 8Cn-C,) (3-2¢)

" aC, +b(1-C,)

M = M&H;ﬁa (3-2d)
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These values were compared to experimental measurements using a rotational
viscometer, the Brookfield DV-11+ Pro. Experimental readings were relatively close to the
relation, the relation was hence used to calculate the aqueous glycerol viscosity at the
operating temperature.

3.2.3  Particles properties

Relevant particle properties for this study are provided in Table 3.5. Glass beads were
selected as the solid phase since it has previously shown to agglomerate in a biodiesel-
glycerol (Pjontek et al., 2011). Two glass bead particle diameter ranges were chosen to
study the effect of particle size on agglomeration. Glass beads with diameters between 45
and 90 pm as well as between 125 and 180 um were selected as the small and large
particle sizes, respectively. These ranges were selected as the ranges do not overlap and
as they are within typical operating ranges for slurry bubble column particle diameters.
The average particle diameter of the larger particles was measured to be 154.0 um and
the average particle of diameter of the smaller particles was measured to be 70.9 pum

using the HELOS Particle Size Analysis, the cumulative particle size distributions are
shown in Figure 3.2. The agglomerate density (p, ), required for the solids holdup profile

measurement, was adjusted based on the assumption that the secondary immiscible liquid

is evenly distributed over all particles:
Pa :(1_XG/8A)pS +(XG/XA)pL,I (3-3)

Although this correction was completed to account for the effect of the secondary liquid
phase density, the small volume of secondary liquid phase added relative to the volume
of solids added generally resulted in a negligible effect on the results. The largest change
in agglomerate density was calculated for an L/S of 0.0667 and C,, of 0.60, where the
agglomerate density was 2469 kg/m?, or 1.68% lower than the glass bead density.
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Table 3.5: Particle physical properties.

Parameter Symbol Range Units
Particle density (no glycerol) Ps 2500 kg/m®
Particle diameter (small) do 709+£18.6 pm
Particle diameter (large) do 154.0+£39.1 pm
Sphericity [0) ~1 -
100 +

90 +
80 +
70 +
60 +
50 +
40 +
30 +
20 +
10 +

—e—dp small

Cumulative distribution [%]

—m—dp large

0.0 50.0 100.0 150.0 200.0 250.0 300.0
Particle size [pm]

Figure 3.2: Cumulative particle diameter distribution calculated using the HELOS

3.3 Measurement techniques

3.3.1  Overall gas holdup

Visual measurements for the change in static liquid and slurry heights during operation
were used to estimate the overall gas holdup:

[HE—HiJ (3-4)
&g =
HE

These measurements were previously compared to overall gas holdups measuring using

the dynamic pressure profile in a gas-liquid bubble column. The visual estimate and
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pressure drop calculation were measured in a bubble column in triplicates for ten
superficial gas velocities. The average and maximum absolute gas holdup differences for
both methods were 0.008 and 0.015, respectively. The method comparison found that
although there is some error associated with the visual method, the absolute difference
was sufficiently small to use the visual measurements for the gas-liquid-liquid-solid

slurry bubble column experiments.

3.3.2 Axial solid holdup

The axial solid holdup (&) profile was calculated using the dynamic pressure profile:

_(pic—ps)és —(dP/dZ)g_l (3-5)
; Pr~PLc

The gas holdup was assumed to be axially uniform in the column in the above equation.
This assumption was previously justified in bubble column experiments, showing
negligible axial gas holdup changes based on the measured dynamic pressure profile of

the column.

The axial pressure profile term (AP/Az) in the previous equation was taken as the

derivative of a fitted curve through the pressure profile data. This method was used to
minimize the impact of experimental fluctuations in the data on the estimated local solids
holdup between adjacent pressure ports. A third order polynomial was used to fit the
pressure profile data. Figure 3.3a demonstrates the polynomial fitted curve for the
dynamic pressure profile data, which is located within the standard deviation of the
individual readings. Figure 3.3b compares the local solid holdup calculated using a
derivative estimate method based on linear interpolation between adjacent pressure
readings and the derivative of the fitted polynomial. In this work, individual
measurements will be represented by individual data points and profiles calculated using

relations or fitted curves will be represented by lines.
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Figure 3.3: Comparison of estimate based on individual pressure measurements and third
order fitted curve for the solid holdup profile with ¥ = 0.077 solids loading, d, = 154.0
pm, L/S =0.033, Cy = 0.6, and Ug = 218 mm/s.
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3.3.3  Flowability tests with the Revolution Powder Analyzer

Experiments were also conducted in a Revolution Powder Analyzer (RPA), a small scale
unit used to measure a powder’s ability to flow, consolidate, granulate, cake, pack and
fluidize in a rotating drum (Mercury Scientific, 2010). The RPA consists of a rotating
drum, a digital camera and a light shining through the drum towards the digital camera.
The accompanying software is used to measure the powder’s behaviour due to the drum
rotation from the images collected over time and use this data to calculate parameters that
represent some of the powder’s properties and behaviour. The powder’s behaviour is
monitored over a number of avalanches which are defined as a surface movement of a
specific percentage volume of the drum. The RPA was tested as a screening method for
comparison with the slurry bubble column experiments. If successful this could be a
valuable tool to examine where particle agglomeration and sedimentation is a concern in

a specific system.

For the RPA measurements, 165 g of glass beads and 145 g of biodiesel were added to
the rotating drum and aqueous glycerol was added incrementally between runs. The
volume of glass beads added was approximately 110 cm® which is within the range

recommended by the manufacturer (80 to 120 cm®). After loading the mixture in the
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drum, a preparation time of 100 s was elapsed before initiating the analysis. The rotation
speed used was 0.6 rotations per minute, which was chosen after comparing the
manufacturer recommended speeds of 0.6 rpm and 0.3 rpm for repeatability and to
minimize run time. Data was collected for 150 avalanches; one avalanche is recorded
when the energy level of the powder drops by more than the avalanche threshold level
(0.3%). The avalanche threshold level used in this study is relatively low compared to
what has been used in other studies; however it is still within the range recommended by
the manufacturer. It was found in preliminary tests that a low avalanche threshold was

more accurate at detecting avalanches while also minimized running time.

The software summarized a variety of statistics including the avalanche angle and break
energy. The avalanche angle is the angle of the powder at the maximum power prior to
the start of the avalanche occurrence. The RPA software calculates the angle from the
center point of the powder edge to the top of the powder edge prior to each avalanche and
outputs the average of all the angle measurements. The break energy is the average of the
maximum energy level of the sample powder before an avalanche begins, which can be

used to qualitatively compare agglomerate strength.

3.4 Experimental results

3.4.1 Effect of particle size

Experiments were first carried out in a gas-liquid-solid (G-L-S) slurry bubble column
with a six-legged spider sparger to investigate the base case fluid dynamics, prior to
adding the secondary liquid phase. Solid holdups in the G-L-S slurry bubble column,
shown in Figure 3.4, were examined for two solid slurry loadings with two particle size
ranges (average d, = 70.9 and 154.0 um). The axial solid holdups profiles demonstrate
that the smaller particles were better dispersed in the column at Ug = 169mm/s. The axial
solids holdup profile decreased along the height of the column for the range of superficial
gas velocities studied, indicating that the larger particles were less well dispersed
throughout the column. The larger particles have a greater net gravitational force relative
to the increased drag force and thus are not as well dispersed in the column with the

spider gas sparger.
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Figure 3.4: Solid holdup as a function of solids loading in a G-L-S slurry bubble column
at a) 154.0 mm/s and b) 174 mm/s ¢) 196 mm/s and d) 218 mm/s.

Figure 3.5 compares the experimentally measured gas holdups in the gas-liquid-solid
slurry bubble column obtained for multiple solids loadings to the relation from Behkish et

al. (2006):
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Table 3.6 presents the parameters used in Equation (3-6).
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Figure 3.5: Gas holdup as a function of solids loading in a gas-liquid-solid slurry bubble
column using the relation from Behkish et al. (2006) (lines) and individual visual
measurements (data points).
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Table 3.6: Parameter values used for the Behkish et al. (2006) correlation (Equation (3-6)).

Parameter Value Units Comment
O 1.21 kg/m’
H 5.6x10°° Pas measured with Brookfield DV-11+ Pro rotational viscometer
Oue 30.6x10°  Nm™
P 0.101325 MPa total vapor pressure
= 0 MPa  vapor pressure of liquid assumed to be 0 due to low volatility
s of biodiesel
v oo
X 1.0 one component liquid phase (biodiesel)
K, 1.000 distributor coefficient for spider gas sparger configuration
K 1.364 distributor coefficient for perforated plate (PfP) gas sparger
d configuration
N, 30 number of orifices
d,  15875x10° m
a 0.015 distributor exponent for spider gas sparger configuration
a 0.293 distributor exponent for PfP gas sparger configuration for
£>0.3
a 0.303 distributor exponent for PfP gas sparger configuration for
0.055<£<0.3
a 0.293 distributor exponent for PfP gas sparger configuration for
£<0.055

The experimental gas holdups were reduced when increasing the solid concentrations, in

agreement with the predictions from the Behkish correlation. Higher solids concentration

leads to an increase of the slurry viscosity, promoting bubble coalescence (Kim et al.,

2014). Larger bubbles formed due to bubble coalescence have an increased rise velocity

compared to smaller bubbles, reducing the bubble’s residence time in the column and

thus lowering the overall gas holdup. As expected, increasing the superficial gas velocity

was found to result in higher gas holdups for all solid loadings. The approximately linear

increase in the gas holdups as a function of superficial velocity is indicative of the
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coalescing bubble flow regime, in agreement with visual observations. The larger
particles generally resulted in lower experimental gas holdups compared to the smaller

particles, as predicted by the Behkish correlation.

The effect of particle size and secondary liquid phase loadings on the axial solids
holdup profiles for a 0.083 solids loading, before and after glycerol (Cy = 0.6) addition,
are presented in Figure 3.6 (dp ave = 154.0 pm) and Figure 3.7 (dp ave = 70.9 pum). Based on
the dynamic pressure profiles, local solid holdups were approximately constant along the
height of the column for the smaller particle size prior to the addition of the secondary
liquid phase. Axial solid holdup profiles for the larger particle size exhibit a decreasing
gradient, indicating some vertical segregation. This behaviour demonstrates an increased
gravitational force acting on the larger particles relative to the increased drag force, thus
reducing the vertical dispersion in the column. Similarly, as glycerol was added to the
slurry bubble column, the rate of solids holdup reduction as a function of column height
increased considerably for all studied conditions. This suggests that particles
agglomerated as glycerol was added to the column, segregating vertically based on the
agglomerate size. The observed rise of solids holdup at the base of the column as glycerol
was added to the column, when compared to the G-L-S system, indicated that these
agglomerates were more difficult to properly fluidize. The previous trend was observed

for both particle sizes and over the range of studied superficial gas velocities.
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Figure 3.6: Effect of secondary liquid phase ~ Figure 3.7: Effect of secondary liquid phase

loading on solid holdup in the G-L-L-S slurry loading on solid holdup in the G-L-L-S slurry

bubble column with ¥=0.077, d; ae = 154.0 bubble column with ¥=0.083, d; ae = 70.9 pm,

um, Cy = 0.6 at (a) 169 mm/s (b) 196 mm/s Cw = 0.6 at (a) 169 mm/s (b) 196 mm/s and (c)
and (c) 218 mm/s. 218 mm/s.
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Particle sedimentation at the bottom of the column was first visually observed at a liquid
to solid volumetric ratio (L/S) of 0.033. A previous ebullated bed study (Pjontek et al.,
2014) observed that as the particle diameter decreases, the bed will become more
sensitive to sedimentation; however, the previous was noted for glass beads in the range

of 1.5 to 4 mm and with a circulating liquid (superficial velocities up to 121 mm/s).

Another method of determining if particles will agglomerate in a fluid-fluid-solid system
is to compare the viscous Stokes number (St,, ) to the critical Stokes number (St;, ):
8mu, (3-7a)

Sty =—=
v ?muL’-d?J

St,, = [1+ Ej In (1] &7
e h,

Three granulation regimes have been defined based on the comparison of St,, and St;,

(Simons and Fairbrother, 2000):

i.  Non-inertial regime (St,, << St;,): all collisions result in agglomeration
ii.  Inertial regime (St, = St;,) : some collision result in agglomeration

iii.  Coating regime (St, >> St ): no collisions result in agglomeration

If the Stokes number is greater than the critical Stokes number, it is then assumed that the
particles rebound and do not form a liquid bridge. The previous is due to the decreased
bridge strength, which will dissipate the relative kinetic energy of the colliding particles

and allow them to rebound (Ennis et al., 1991).

Many of the parameters required for this comparison are difficult to obtain precisely for a
slurry bubble column system (dispersed liquid phase layer thickness, collision velocity,
and characteristic length of surface). Nonetheless, the Stokes numbers comparison does
allow for a qualitative analysis of fluid-fluid-particle agglomeration. For example,
assuming all other parameters remain equal for the studied slurry bubble column system,

the larger particles should result in a viscous Stokes larger by a multiplication factor of



