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ABSTRACT

Since power plants were initially designed without SO, emission control in mind, power generating
facilities are struggling to comply with the increasingly stringent emissions legislation. One
possible approach to address this problem is using sulphur capturing technology. From the
available methods, the characteristics of semi-dry flue gas desulphurisation (FGD) technology
makes it a promising avenue to explore. Accordingly, a laboratory scale circulating fluidised bed
(CFB) riser was designed with the intention of performing FGD research. Although much research
was performed on fast fluidisation and the role of CFB’s in FGD, little is known about the influence
of varying riser heights on the hydrodynamics. Given the novelty that was associated with the
new system, the aim of this study was to describe the hydrodynamics of hydrated lime inside the
riser. This aim was achieved by discussing the influence of design and operating conditions on
the two-phase flow inside the system using both experimental findings and CFD modelling.

Similarity parameters were applied to literature data to determine a suitable range of operating
conditions and the desired particle size for this study. This ensured that the fast fluidisation regime
was obtained inside the riser such that the results remained relevant for future work. The
hydrodynamics were quantified through a few measured or calculated responses, including the
local and average solids volume fraction at several sampling ports, the radial non-uniformity index
and the pressure differentials associated with the riser. To discuss the influence of the varying
design and operating conditions on each response, extensive experimental work was required.
Therefore, the required time and resources were minimised by making use of a 22 full factorial as
well as a central composite design approach. This enabled the construction of linear and quadratic
regression models which supplemented the discussion regarding the hydrodynamics inside the

riser.

The inlet air velocity, solids feed rate and riser height settings were the three varying factors and
among these, the solids feed rate exhibited the weakest correlation with the responses mentioned
before. The experimental results indicated that preferential particle flow occurred near the riser
wall on the opposite side of the air inlet. This non-uniformity could be reduced by increasing the

inlet air velocity, decreasing the solids feed rate or decreasing the riser height.



Throughout literature, prominent exit effects were reported on risers with T-shaped outlets. In this
study, however, it was found that such an effect was only present inside the medium and tall risers
if the gas velocity was smaller than 6.5 m/s. Above 6.5 m/s, an exit effect was only present in the
medium sized riser. In addition, the pressure differential across the cylindrical riser sections with
respect to the overall pressure differential could be reduced by increasing the inlet air velocity. It
was further found that the exit assembly at the top of the medium height riser provided the least
resistance to flow given that the particles had to travel a shorter distance to the downstream

cyclone.

Apart from the experimental work, two-phase CFD models were created to supplement the
discussions regarding the riser hydrodynamics. The riser geometries were constructed in
Siemens NX-12™ and the simulations were performed in STAR-CCM+™ An Eulerian-Lagrangian
approach with two-way coupling was selected based on the fluidisation regime inside the riser. In
addition, the homogeneous Schiller-Neumann drag model was employed and the D[4,3] of the
sorbent was chosen as the average particle size. The models successfully described the trends
that were observed in the experimental work, despite the inability thereof to capture exact values.
In addition, the CFD data revealed flow swirling at the top of the riser and confirmed that lower
riser aspect ratios (or height-to-diameter — H/D) ratios were associated with more uniform patrticle
distributions. The latter finding contradicts literature and should be explored in future work. It was
found that several experimental observations regarding the riser hydrodynamics could be

explained with the assistance of the CFD models which was the desired outcome for this study.
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CHAPTER 1 - INTRODUCTION
1.1 BACKGROUND

Sangeetha and Sivakumar (2019) performed a temporal and spatial sulphur dioxide (SO3y)
analysis throughout South-Africa making use of data collected between 2004 and 2013*. The so-
called SO hotspot in South-Africa, illustrated in Figure 1.1, is attributed to the proximity of coal-
fired power plants in Gauteng and Mpumalanga®. The sulphur-bearing impurities in the coal that
is used to generate electricity forms SO, during the combustion process which is released into
the environment if not removed. Apart from the emission source, meteorological conditions (such
as relative humidity and wind speed) also affect the distribution of SO, throughout the
atmosphere?.

®

0.5

[EEN
Atmospheric SOz concentration (DU)

Figure 1.1: SO; variation throughout the planetary boundary layer height over South Africa in
autumn (Adapted from Sangeetha & Sivakumar, 2019)*

SO, reacts with atmospheric water to produce sulphurous acid (H2SOs3), which in turn leads to a
phenomenon called acid rain. Acid rain is harmful to forests, agriculture, lakes, sensitive aquatic
ecosystems, buildings and monuments?3. The impact of SO, on human health has also been
widely investigated. The two most common diseases related to chronic ambient SO, exposure
are cardiovascular and respiratory diseases®*°. The casual relationship of SO, to
cerebrovascular and chronic obstructive pulmonary diseases is also mentioned in research®.
Furthermore, elevated exposure to SO, is known to increase the occurrence of asthma and

bronchitis, and aggravates existing respiratory problems in asthmatic patients 2.



Apart from the respiratory and cardiovascular problems, no definitive evidence exists to suggest
that sulphur dioxide plays a role in the formation of lung cancer *°. It is however known that SO
prevents the production of a pro-inflammatory cytocine in human lung cells®° and when
combined with arsenic it promotes cell migration which may be relevant for future liver cancer
research'®. To avoid causing harm to humans and to mitigate damage to the environment, global
and national environmental legislation has become stricter regarding the maximum allowable SO-
emissions from power plants. According to South-African environmental legislation the maximum
permissible emission of SO, from electricity generating activities, was planned to decrease from
3500 mg/Nm? to 500 mg/Nm? in 2020 but instead reduced to 1000 mg/Nm? according to recent
legislation!!2, Since power plants were initially designed with minimum consideration for SO,
emissions, most of the existing power generating facilities are struggling to comply with the strict
legislation®®. Short-term solutions such as changing fuel sources (to cleaner fuels), pre-treating
raw materials or blending fuel sources have been implemented, however, the current solutions
do not prove sufficient to reach the new SO, targets >3, For this reason, flue gas desulphurisation
(FGD) processes are being implemented to achieve the legislative emission requirements?.

During FGD processes an absorbent with a high specific area (usually hydrated lime or limestone)
is brought into contact with flue gas to reduce the amount of SO, before it is released'**15, A
FGD process can be classified as wet, dry or semi-dry and the calcium based wet-FGD
technology is the most popular of the three®!¢. During a wet-FGD process, an aqueous solution
containing the absorbent is mixed with the flue gas and up to 98% of the SO; is removed?’. Wet-
FGD processes exhibit a high reagent utilisation efficiency and more stable operating conditions
when compared to dry and semi-dry processes'®®, The impressive removal efficiency and
sorbent utilisation is however achieved at the cost of large volumes of fresh water and a lot of
waste is produced. Additional drawbacks of wet-FGD processes include the large equipment

footprint, equipment corrosion, high energy consumption and high installation cost!¢1920,

Alternatively, a dry FGD process entails the introduction of a dry solid sorbent. This eliminates
the need for large quantities of water as is required for wet processes, and the dry waste
originating from dry FGD processes is more easily disposed of due to the absence of water?’.
Unfortunately, dry processes exhibit low sulphur removal efficiencies and less effectively utilises
the desulphurisation reagent®. Due to the low sorbent utilisation, dry processes typically require
3-4 times the theoretical amount of sorbent to remove significant amounts of SO2, which limits its
applications®®. In order to combine the advantages of both wet and dry FGD technologies, semi-

dry processes have been developed.



Such processes require less water and produce less pollution than wet-processes, while having
faster reaction rates and higher sulphur removal efficiencies than dry-processes. In order for FGD
technology to qualify as a semi-dry process, the dry alkaline sorbent will either be humidified, or
will come into contact with water at some point in the FGD system'’. A popular semi-dry FGD
method is termed a spray drying process which requires a large amount of space and patrticle
residence times of around 15s. The second, simpler alternative, is the circulating fluidised bed
(CFB) process which is trademarked by a moderate SO, removal efficiency of approximately 50%
which can be increased to over 97% if operated optimally®16-21-22.23 | ow sorbent utilisation, deposit
formation and the choking/particle settling within the CFB equipment can be expected, if the most
suitable operating parameters are not identified!®?!., This can be done by studying the
hydrodynamics and flow patterns of the powdered sorbent particles within the CFB.

Hydrodynamics refers to the study of the forces acting on solid particles submerged in a fluid and
the relative motion between the solids and fluids. These forces include, but are not limited to,
frictional, drag, pressure and viscous forces. The macroscopic flow behaviour inside CFB risers
is governed by these forces and is generally quantified through measurable parameters. Such
parameters include the (i) solids hold-up, (ii) gas and solids mixing and (iii) velocity profiles?*.
Changes in the forces acting on the particles, and hence the macroscopic flow behaviour, can be
brought about by varying the operating conditions, particle characteristics or the riser geometry.
Throughout literature, computational fluid dynamics (CFD) software is often used to find the most

optimal operating conditions through investigation of the following variables?618:20.2526;

e The sorbent recirculation rate,

e reagent feed rate,

e water feed rate and injection point,

o flue gas flowrate,

o feed temperatures and

e Lime adsorbent to sulphur (Ca/S) molar ratio (which in most literature studies are set to a

value between 1.2 - 2)21%3,

CFD software numerically solves equations that govern the flow of fluids, solids or a mixture of
phases throughout a domain?’. When the model has converged/is converging, a graphical
illustration of the solution is provided by such software, further enhancing the user’s

understanding of the hydrodynamics within the geometry.



Since a variety of configurations can be simulated using CFD modelling, it has become a time
saving and cost-effective design and optimisation tool that eliminates the need to build numerous
prototypes. Furthermore, a CFD model reveals the transport and thermodynamic behaviour of
fluids and particles within regions that may be experimentally inaccessible?®. Therefore, CFD
models are effective tools for troubleshooting and design purposes and can determine the best
recirculation rates and local and global particle residence times?**. Furthermore, information

about the hydrodynamics of the sorbent allows for the proper upscaling of CFB reactors3..

1.2 Problem Statement, Aim and Objectives
1.2.1 Problem statement

Despite large amounts of available research in the use of circulating fluidised beds for semi-dry
flue gas desulphurisation, little is known and understood about the interaction between the gas
and solid particles as well as the influence of the aspect (height to diameter) ratio of the riser on

the hydrodynamics therein.

1.2.2 Aim

The aim of this study is to describe the hydrodynamics of hydrated lime in the CFB riser using an

experimental and a two-phase CFD model approach.

1.2.3 Objectives

e To experimentally quantify the influence of the riser aspect ratio, gas velocity and solids
feed rate on the hydrodynamics inside the CFB riser.
e To numerically quantify the influence of the riser aspect ratio, gas velocity and solids feed

rate on the hydrodynamics inside the CFB riser.



1.3 Dissertation outline

Chapter 1 - Introduction:

In this chapter, the value of FGD technology is highlighted by discussing the current national
atmospheric SO, emission status. Furthermore, the available categories of FGD technologies are
briefly covered to support the reasoning behind semi-dry FGD research. Next, the definition of a
hydrodynamic study and the benefits of CFD modelling for such an investigation is provided. The

chapter is finalised with the problem statement, aim and objectives to be addressed in this work.

Chapter 2 - Literature review:

This chapter starts with a description of a general CFB-FGD process. Thereafter, the
hydrodynamics inside CFB’s are discussed, including the type of fluidisation required for FGD-
CFB applications. Furthermore, scaling laws are supplied with which the operating conditions of
laboratory, pilot and industrial scale systems may be compared. Afterwards, literature findings
regarding determining and analysing the solids holdup in CFB risers are summarised. Finally, the
influence of design and operating parameters on hydrodynamics is discussed in terms of the
information from the previous subsections. A summary of literature findings on the use of CFD
modelling for small and large-scale CFB applications is also included. In addition, the work that

was done on the CFD modelling of FGD CFB’s is discussed.

Chapter 3 - Experimental method:

Details of the experimental setup, its operation and the sorbent characterisation are provided in
the chapter. The procedure that was followed for the statistical design of the experiments is
discussed and the resulting experimental program is provided. Furthermore, the iso-kinetic

sampling system together with the other measurement equipment and techniques are described.

Chapter 4 — CFD model construction:

In this chapter, the CFD modelling procedure is explained. The model development includes a
description of the Eulerian-Lagrangian fluid mechanics, discretisation, solution algorithm and
residuals. The reasoning behind each selection during the construction of the simulation is
included within this discussion. Next the construction of the various geometries in NX-12™ as well
as the pre- and post-processing in the STAR-CCM+™ simulation software is described. The
simulation conditions are then outlined and critically evaluated. This chapter is concluded with the

construction of the mesh together with the grid and time-step independence analysis.

Chapter 5 - Results and discussion:
In this chapter, the objectives of this study are revisited when results obtained to substantiate the

objectives are being discussed. The hydrodynamics are discussed from an experimental point of



view in the first subsection by considering the influence of the varying factors on the solids holdup
and pressure differentials. The second subsection supplements the experimental findings from a
CFD-modelling perspective, and additional information that could not be gathered experimentally
is considered. The third subsection contains the results from the regression analysis, which further
highlights the correlation strength between the varying factors and specific hydrodynamic
indicators. The final subsection addresses the differences and similarities between the CFD and

experimental results.

Chapter 6 - Conclusions and recommendations

The conclusions regarding the effect of operating and design parameters on the hydrodynamics
inside the CFB riser are provided in this chapter. This chapter highlights the overall agreement of
the findings to the literature, and the shortcomings of the CFD models and experimental

procedures are listed. From the conclusions, recommendations for future work are provided.



CHAPTER 2 - LITERATURE REVIEW

2.1 CIRCULATING FLUIDISED BEDS AND FLUE GAS DESULPHURISATION
TECHNOLOGY

Circulating fluidised beds (CFB'’s) are also referred to as fast fluidised beds, riser reactors or
pneumatic transport reactors?*. The first CFB reactors were developed in the 1940’s and replaced
the use of fixed beds in hydrocarbon cracking processes?+323334 These systems were termed
fluid catalytic cracking (FCC) units and underwent further improvement throughout the years.
However, the use of a riser in conjunction with CFB technology and the study of its hydrodynamics
first started in the 1960’s and by the 1970’s CFB systems were installed in Germany for the
removal of acidic gasses?*3233, CFB technology has proven to be well suited for flue gas
desulphurisation (FGD) processes which have high selectivity requirements, fast reaction rates
and solids as primary reactants®*. CFB’s further provide excellent contact between the multiple
phases being processed and easily tolerate SO fluctuations, which resulted in the use thereof
for FGD since the 1980’s2223:3°,

Many different sorbents are available for FGD-CFB processes. Sodium-based sorbents are used
in wet FGD applications. For semi-dry FGD processes, commonly selected sorbents include fly
ash, activated carbon, coal char and zeolites®**33, A novel sodium-zinc-based sorbent for semi-
dry FGD was proposed by Zhang et al. (2015) since the reaction product could be regenerated
to provide useful ZnO and relatively pure SO2%. They went on to explain that calcium based FGD
products often oxidise to produce gypsum (CaSO.), which is usually discarded as waste.
Koralegadra et al., (2019) supported this claim by stating that 43% of FGD gypsum ends up in
landfills'3. However, they also noted that the remainder had been successfully repurposed for
applications such as drywalling, asphalt production and agriculture3.

Despite the gypsum by-product, hydrated lime (Ca(OH);) remains the most popular sorbent used
for CFB-FGD processes, although limestone and pre-treated lime are also commonly
used>®18:23.25293039  ynslaked lime requires hydration, during which the solids are submerged in
an excess amount of water for multiple hours, after which it is dried at temperatures that will not
reverse the process (< 580°C)*. The sorbents used for medium to large-scale FGD processes
contain between 30% - 90% Ca(OH),'%4! or 20% - 60% calcium oxide (CaO) depending on the
application®2642_ During a semi-dry FGD process, the hydrated lime is injected into a stream of
preheated air and flue gas upon entering the riser reactor?. Downstream of the CFB reactor, a
fabric filter and/or an electrostatic precipitator (ESP) is often installed to collect the solid products

that are formed by the neutralisation reaction inside the riser?1:23.25,



This installation increases the time available for the flue gas to react with the sorbent; up to 5%
of the removal has been found to take place inside an ESP*Z. In the absence of oxygen, CaSO;
is produced according to the primary overall reaction provided in Reaction 2-1!8, However, even
with a limited oxygen supply, a small quantity of the more desirable and valuable hemihydrate of
calcium sulphate (plaster of Paris) can be produced according to the overall reaction provided by

Reaction 2-24321,

1 1
Ca(OH); (5 + 505 (g = €aS03 5 H,0(5) + 5 Hz0) 21

1 1 1
Ca(OH)z (s) + S0z (g) + 5 02(g) = CaSOy 5 Hz0(5) + 5 Hz0(g) 22

The underlying mechanisms behind the reactions presented by Reactions 2-1 & 2-2 include (i)
the diffusion of SO, in water, (ii) the consequent dissolution of SO, to form H.SOs3, (iii) the
decomposition of H.SO3; to hydrogen and sulphite ions, (iv) the dissolution of hydrated lime to
calcium and hydroxide ions and (v) the reaction between calcium and sulphite ions. In wet and
semi-dry processes, absorption is the dominant mechanism for a successful reaction, while
adsorption is the determining factor during dry processes!®. Water is a crucial component during
wet and semi-dry processes since diffusion and dissolution, as discussed previously, cannot
occur without it. Humidification inside an FGD unit is achieved by spraying water into the CFB,

and in some cases, the relative humidity exponentially increases the removal efficiency?1:25:3944,

In industrial semi-dry FGD-CFB processes, up to 98% of the solid sorbent material is returned to
the riser, and the recirculation rate is controlled using either mechanical or non-mechanical
valves?t2, At low process temperatures (<650°C), a mechanical valve is preferred since it
controls the recirculation rate more efficiently when compared to a non-mechanical valve?.
However, non-mechanical valves are affordable, simpler and more suitable for high-temperature
processes. An example is a standpipe that accumulates a solids inventory from the cyclone and
controls the solids feed rate to the riser using aeration?*. The recycling of sorbent through the
system leads to a higher sorbent utilisation when compared to dry processes, further supporting

its use in the industry?:2,



2.2 THE HYDRODYNAMICS OF A CIRCULATING FLUIDISED BED RISER

2.2.1 Fluidisation in circulating fluidised beds

According to Geldart (1973), a particle can be classified into one of four categories based on its
physical properties*. The four categories are indicated in Figure 2.1, and the majority of the FGD
sorbents reported in the literature are either group A or C particles!®?526234647 Gince Geldart’s
publication, much work has been done to elaborate on which particles belong to groups A — D
based on different observations at elevated temperatures and pressures®. It was found that
particles that fall into one category may still exhibit characteristics belonging to another,
depending on the vast amount of variables that play a role during fluidisation“®. It is especially
difficult to discern between group A's and group C's behaviour at the boundary of transition
conditions between the two groups*®. Nonetheless, the Geldart classification gives an initial
indication of the conditions required for particles to transition from one fluidisation regime to
another in a fluidised bed. Apart from its Geldart classification, the type of fluidisation a patrticle

will undergo depends largely on the solids flux and superficial gas velocity®.
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Figure 2.1: Geldart's powder classification diagram with air as carrier phase at atmospheric
conditions (Adapted from Geldart, 1973)*

Six general fluidisation regimes include the fixed bed, bubbling, slugging, turbulent, fast
fluidisation and pneumatic transport regimes, as illustrated by Figure 2.2. However, Zhang et al.,

(2015) identified four operating regimes that are specifically used for CFB’s*.



These included dilute and dense riser upwards flow, core annular flow and a turbulent fluidised
bottom bed with a core annulus particle distribution®®. From these four regimes, the dilute riser
upwards flow should be regarded as pneumatic transport in Figure 2.2, while the three remaining

regimes represent different stages of the fast fluidisation regime.

Increasing superficial gas velocity

" . - - -
——
Fixed bed Bubbling Slug flow Turbulent Fast Pneumatic
regime regime fluidisation transport

Figure 2.2: Flow regimes for upward gas flow through solid material with the use of a gas
distributor (Adapted from Grace, 1986)%

The minimum fluidisation, slip, choking and transport velocities of a given patrticle-riser system
form a framework within which fluidisation may be described. The minimum fluidisation velocity
(Umf) can be determined experimentally by incrementally increasing the superficial gas velocity
through a particle bed until the maximum value of the bed pressure drop is obtained. The
maximum pressure drop indicates that the minimum fluidisation velocity has been reached®.
Furthermore, the minimum fluidisation velocity depends on the particle size, particle size
distribution (PSD), density and sphericity of the sorbent particles®. In a mixture containing two
different sizes of the same particle, the average Ums of each of the two-particle groups is used®.
Thus, the minimum fluidisation velocity decreases as the fraction of small particles in the mixture
increases®!. This illustrates how the choice of sorbent size affects not only the reaction rate but
also the fluidisation regime inside a riser reactor. Apart from the minimum fluidisation velocity, the
slip velocity is also of importance during CFB operation and is defined as the difference between

the interstitial gas and particle velocities.
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Most CFB’s are operated at high slip velocities, which exceed the single particle terminal
velocities?*4°, A CFB riser reactor is always operated well above the minimum fluidisation velocity,
with the slowest fluidisation regime being dense riser up-flow (in the lower bounds of the fast
fluidisation regime in Figure 2.2). During dense riser up-flow, a decrease in gas velocity or an
increase in the solids flux (Gs) will lead to an increase in axial pressure losses experienced inside
the riser. This results in type C choking, which is characterised by severe slugging, instable flow
and large pressure fluctuations®>4°. Choking occurs when the saturation carrying capacity of the
gas has been exceeded. The saturation carrying capacity is defined as the maximum solids
circulation rate that can be maintained at a specific velocity. The specific velocity below which
stable riser operation cannot be maintained is termed the choking velocity (Uch), and it increases
as the solid feed rate to the riser is increased*®°3, Nonetheless, FGD-CFB’s throughout literature
are operated well within the fast fluidisation regime rather than at its lower boundary, resulting in
solids flowing out through the top of the riser and a continuous sorbent feed at the bottom®“.
Furthermore, the solids are in a dispersed phase, while the gas is in a continuous phase?*. The
onset of the fast fluidisation regime occurs at velocities much higher than the particle terminal
velocities for Geldart A particles, and literature further suggests that the fast fluidisation regime is

subject to one or a combination of the following criteria244°:54:5556.57;

e The CFB is operated at velocities (U) exceeding the transport velocity (Urr). Commercial

CFB’s are commonly operated at U — Ut of between 0.5 -5 m/s.

e The axial particle concentration profile exhibits a bottom dense, middle transition and top
dilute phase (S-shaped profile). This phenomenon may be accompanied by solid refluxing

at the riser walls.

e The presence of the S-shaped density profile commonly reported in hydrodynamic studies
of CFB risers depends on the solids circulation rate being in excess of the saturation

carrying capacity and the design of the recycle loop.

The transport velocity (Utr) mentioned previously, lies beyond the choking velocity (Uch) such that
Umt < Ueh < Utr, and it should be regarded as a lower operating limit for CFB risers. In order to
calculate the transport velocity of a given fluid-particle system, the Archimedes number provided
in Equation 2-1 should be determined®®®°. Once the Archimedes number has been calculated,
the particle Reynolds number, given in Equation 2-2, may be used together with a suitable
empirical correlation to calculate the transport velocity®. These correlations have been found to
be 90% accurate*®. Kim et al., (2018) summarised the most popular empirical correlations that

are available throughout literature®*.
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However, only the correlations that are applicable at low (<10) Archimedes numbers have been

provided in Table 2-1 accordance with the result.

_ 94°pr(pp — py)

Ar > 2-1
Mg
_ Ugdypy 2-2
eqg = ————
My

In these expressions, g represents the gravitational acceleration, d,, the mean particle diameter
and p¢, pp,, 1y and Uy refer to the particle. Once the transport velocity has been determined, the
operating gas velocity may be chosen in density, fluid density, fluid viscosity and fluid velocity,
respectively.

Table 2-1: Summary of correlations developed to determine the transport velocity in fluid-
particle systems

Applicable range of Archimedes

Authors Correlation
numbers
Bi and Grace®® Rerp = 1.534r%5 2.00 < Ar < (4.00 x 10%)
Smolders and Bayens®?  Repp = 1.75Ar%468 1.00 < Ar < (2.00 x 10°)
5
0357 0.81 < Ar < (1.21 x 10%)
Khurram et al.®® Repp = 0.458Ar0482 (_) h
D 8 < (5) <112

In Annexure A, the ratio between the operating superficial gas velocity and the transport velocity
(Uy/Urg) of industrial and pilot scale CFB-FGD units were calculated?®2646:64_ All three correlations
from Table 2-1 were used, and the ratio varied between 2.5 — 3.1, depending on the application.
This shows that most of the commercial CFB-FGD units operate at a superficial gas velocity that

is at least double the calculated transport velocity.
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2.2.2 Similarity parameters

Given the difficulty associated with basic measurements inside an industrial-scale CFB riser, the
use of smaller-scale facilities is necessary for hydrodynamic studies. However, it is important that
the results obtained through the analysis of laboratory or pilot-scale CFB risers can also be
achieved on an industrial scale. To this end, van der Meer et al. (1999) listed eight parameters
that govern the hydrodynamics in a CFB riser. These included the (i) superficial gas velocity, (ii)
external solids circulation flux, (iii) mean particle diameter, (iv) particle density, (v) riser hydraulic
diameter, (vi) gas density, (vii) gas viscosity and (viii) gravitational acceleration®. In turn, these
parameters influence the riser pressure drop, solids hold-up, slip velocity, local solid volume
fraction, and the local solids mass flux (and velocity)®. Van der Meer et al. (1999) further identified
five dimensionless groups that describe these eight governing parameters, summarised by
Equations 2-3 - 2-7%. By ensuring that these dimensionless groups for both small- and large-
scale applications are equal, dynamic similarity will be achieved.

U 2
FTD = _0 2'3
gD
p
=2 2-4
Py
% 25
Red 2-6
G
= 2-7
ppUO
Uy
9 2.
U, 8

In most cases, it is impractical to ensure complete similarity between two units®’. For this reason,
scaling is performed with the use of three instead of five dimensionless groups. These are
represented by Equations 2-3, 2-7 and 2-8. By applying these scaling laws, the fluidisation regime,
solids holdup by volume fraction and the macroscopic moment of the solids remain reasonably

similar between two CFB applications®®.
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The validity of these three dimensionless groups have been verified at particle Reynolds numbers
below 4, but acceptable results could also be obtained at particle Reynolds numbers between 5
— 15%. Van der Meer et al. (1999) further stated that dynamic similarity at particle Reynolds
numbers exceeding 15 could not be maintained®. Hence, the use of the similarity parameters is
restricted to low particle Reynolds numbers. By applying the similarity parameters to current
industrial-scale CFB’s, the operating conditions of a laboratory-scale experiment can be specified.
This would ensure that the results are comparable to current applications and that the correct
fluidisation regime is used. However, limited details regarding the operation of large-scale FGD-
CFB units are reported throughout literature. The wide range of operating conditions that are
associated with general CFB’s is provided in Table 2-2. Furthermore, the operating parameters
of CFB’s that were specifically designed for FGD purposes have been listed in the third column
of Table 2-2 for comparison. These were obtained from studies that were performed on two
industrial-scale FGD units*%4, the reaction between SO, and commercially available hydrated

lime*® and a pilot scale unit with an 18 m tall riser?.

Zhou et al. (2011) tabulated several operating parameters of an industrial-scale FGD-CFB unit
that was used for the desulphurisation of a municipal solid waste incinerator, which is provided in
the fourth column of Table 2-2. They applied the three most important dimensionless groups to
the data in column four in order to design an experimental plan. Hence, their results were
comparable to other related literature findings. The final two columns of Table 2-2 contain
operating conditions of circulating fluidised bed combustion (CFBC) and fluid catalytic cracking
(FCC) processes, respectively. When comparing the data, it becomes apparent that the solids
flux of an FGD process is significantly less than that of CFBC or FCC processes. This can be
attributed to the rapid by-product formation and frequent catalyst regeneration that is required for

those two processes?*%,

Although the similarity parameters serve as a guide for up or down-scaling process units, care
should be taken to eliminate the influence of external factors on the results. One such factor is
electrostatic build-up which increases the pressure losses experienced along the riser — especially
in cases where research was based on the use of plastic particles. Usually, this factor is eliminated
by humidifying the carrier air to 40% — 60% or adding a powder additive®*®’. Another factor is
particle roughness; however, most industrial CFB’s use rough particles and the slight differences

in the particle friction coefficient does not influence the riser hydrodynamics®®.
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Table 2-2: Design parameters for various types of large-scale CFB units

Paramete General CFB-FGD Zhou et al., CFBC FCC
CFB’s units (2011) Units Units
r [54,48] [23,39,47,64,68] [64] [24,49,35,65] [24]
Uy 2-12 > 3 443 5-9 6- 28
Gg 10- 1000 1-10 1.60 10 — 100 400- 1200
d, (um) 50 — 500 10 — 125 48 100 — 300 40 - 80
Py - 2200 — 2600 2250 1800 — 2600 1100- 1700
D 05-9 1 -8 4.30 1-3 0.7-1.5
Py - - 0.78 - -
us - — 2.30 x 107° - -

*All parameters are in Sl-units except for particle size.

Chang and Louge (1992) have adapted the five known similarity parameters to account for non-
spherical particles; their proposed parameters are provided in Annexure B*®. They further stated
that the hydrodynamics inside a CFB riser does not depend on the equipment placed before or
after the reactor provided that the solids flux inside the riser is controlled. In conclusion, the
operating conditions from industrial CFB’s can be adapted for laboratory-scale units to design
experiments that are suitable for an intended application. For this purpose, known operating
conditions, such as those reported in Table 2-2, should be used. Although a good approximation
of the operating conditions may be obtained through this process, the hydrodynamic behaviour

inside the laboratory scale unit may still deviate from that of the industrial scale unit.

2.2.3 The solid volume fraction in FGD-CFB’s

The reaction rate, conversion and selectivity of the chemical reactions occurring inside an FGD-
CFB are dependent on the solid volume fraction inside the riser. This is attributed to the influence
of the solid volume fraction on the contact efficiency between the various phases and the heat
and mass transfer?431:326970 The solid volume fraction also influences the residence time which
is normally between 3 — 6 seconds in a large-scale unit?>%. Furthermore, an increased residence
time has been found to increase the desulphurisation efficiency in FGD-CFB’s?°. For this reason,
one of the objectives of a hydrodynamic study of a CFB is to discuss the solids holdup. For CFB’s
operating at or above the fast fluidisation regime, this is achieved by discussing the solid volume

fraction in both the radial and axial directions with respect to the centreline of the riser reactor.
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2.2.3.1 Local and average solid volume fractions

In order to discuss the radial or axial solids distribution throughout a riser reactor, the local (&)
and average (&) solid volume fractions have to be measured or calculated. To this end, various
intrusive (1) and non-intrusive (NI) measurement methods were summarised by Silva et al., (2012)

and Van Ommen et al., (2007) and are summarised as follows’*"2;

e Laser Doppler anemometry (NI)

e Tomography (NI)

¢ Radioactive particle tracking (NI)

e Particle image velocimetry (NI)

¢ Differential pressure measurement using pitot tubes (I)
o Fibre optic probes (I)

e Capacitance probes (1)

Non-intrusive techniques do not influence the flow behaviour in the riser and should be used
whenever possible’. However, intrusive fibre optic and capacitance probes are often used
together with accompanying software which reduces human errors and lowers the analysis
effort3:7374 Another intrusive measurement technique that was not included in the list is a
sampling probe. Non-isokinetic and isokinetic probes have been used for solids sampling
throughout literature and are more readily available than other equipment’ "2, Non-isokinetic
samplers have been able to determine the solid volume fraction with an accuracy of above 90%
and require less auxiliary equipment when compared to iso-kinetic samplers®23864_ Although the
added auxiliary equipment of an isokinetic sampler is a drawback, its benefit lies in the lessened
flow disturbance when compared to non-isokinetic sampling” 7. This can be ascribed to its
working principle, which requires that the superficial gas velocity at the sampling point must be
eqgual to the suction velocity of the probe. From solids sampling, the local solid volume fraction is

determined using Equation 2-9.

_ 9 My /Pp
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In the previous expression & is the local solid volume fraction, @, and Q,;, are the volumetric
flow rate of the particles and total mixture, respectively and i, is the mass flow rate of the
particles. The particle mass flow rate, m,, can be determined by dividing the mass of the material
sampled at a point by the sample collection duration’’. To determine the volumetric flow rate of
the mixture, Q,,:x, the suction velocity of the probe is used to represent the velocity of the particle-
gas mixture. The particulars of iso-kinetic sampling are further discussed in Section 3.3.4.3. In
addition to the various measurement methods, the local solid volume fraction is approximated

using a suitable empirical correlation such as those summarised by Li et al, (2019)3.

Such correlations make use of the radial position from the riser centre line (r), the riser radius (R)
and an approximated average local volume fraction (&) as input variables®!. Hence, an empirical
correlation together with either an intrusive or a non-intrusive measurement technique is used to
determine the local average solid volume fraction. Once the local solid volume fraction at various
positions along the riser radius has been determined, an average solid volume fraction can be
calculated using Equation 2-1078,

2 R
&= ﬁjo grdr 2-10

In the above equation & represents the average solid volume fraction, ¢, the local solid volume
fraction, R the riser radius and r the measurement distance from the riser centre.Alternatively,
various researchers determined the value of the average solid volume fraction without knowledge
of the local solid volume fraction through Equation 2-115%5764798081 | this case, the only required
measurement is the pressure difference between two points along the riser height. This is a
popular method for studies that are focussed on the axial solids holdup in a system as opposed
to the radial distribution of particles. Although this approach is convenient, it neglects the effect
of wall friction and gas-patrticle interaction on the measured pressure differential®®®2, This leads

to estimation errors in the development region of the riser, where such effects are enhanced®.

AP
ppgAh

1—-¢e)= ¢ = 2-11

In the previous equation, AP is the measured pressure difference, p, the particle density, g the

gravitational constant and 4h the distance between the two pressure measurement points.
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Similar to local solid volume fractions, empirical correlations have also been developed to predict
the average solid volume fraction. Such correlations rely on information regarding the riser
diameter, particle properties and operating conditions as input variables and are summarised in
Li et al., (2019)*!. To conclude, throughout literature the & has been determined from various
intrusive and non-intrusive technigques which include averaging local & values using pressure

measurements and applying researched and published correlations.

2.2.3.2 Radial solids holdup profiles in CFB’s

Throughout the literature, the radial solids distribution at various riser heights has been studied
by plotting the local solid volume fractions (&) across the diameter of a riser. Each value is plotted
against the distance of its sampling point from the centre of the riser (r) divided by the magnitude
of the riser radius (R). By dividing the distance of the sampling point by the radius, a normalised
distance is obtained with an r/R of 0 and 1, indicating the riser's centre and the risers’ wall,
respectively, as illustrated in Figure 2.3 a). The most frequently reported radial solids distribution
is the core-annulus flow profile which is a typical characteristic of the fast fluidisation
regime30:31:3254.64.69.78 Thjs type of flow occurs when the solids concentration is high at the walls
of the riser and low at the centre, where the majority of the gas passes through the riser. The
resulting radial solids distribution profile is flat at the centre and increased near the wall region,
which is defined at an r/R of above 0.75-0.9. This results in a concave parabolic shape as

illustrated in Figure 2.3 b)336978,

Riser top view

r/R=1

0 0.5 1
r/R

Figure 2.3: @) r/R normalisation and b) green and blue guides representing two different core-
annulus solids distributions forming half of a parabolic curve (Adapted from Yan & Zhu (2004)
and Wang et al., (2014))%78
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During core annulus flow, downward flowing particles in the wall region are frequently reported,
provided that the operating mass flux is sufficiently high®®3237  Although such a non-uniform
particle distribution increases the particle residence time, inhomogeneous flow in both the axial
and radial direction has been found to decrease the desulphurisation efficiency in CFB riser
reactors?, This is attributed to the weakened particle-flue gas interactions resulting from the high
solids concentration near the wall of the riser, which prevents sufficient gas flow across the
particles?®46, When the concave parabolic solids distribution curve is observed, it is usually

predominant near the bottom of the riser, where the flow is not yet fully developed.

As the flow develops, the curve flattens along the height of the riser until the solids are more
uniformly distributed over its cross-sectional area®. Consequently, the second most common
radial solids distribution has a flat profile. To quantify the deviation of the particles from a flat radial
profile, the radial non-uniformity index (RNI(e)) provided in Equation 2-12 is commonly
used?°838 The RNI(g,) value ranges between zero and one, with a smaller value indicating a

more uniform radial solids distribution or less of a parabolic shape.

a(&s)

\/55 X (gs,max - 55)

RNI(g;) =

2-12

Here, o(gs), & and &;5.,4, represent the standard deviation, average and maximum value of

the local solid volume fraction measurements, respectively.

2.2.3.3 Axial solids holdup profiles in CFB’s

To discuss the axial distribution of solids in a CFB riser, the average solid volume fraction (&) is
plotted against the riser height?*. A wide variety of axial solids density profiles within CFB risers
have been reported in literature, and typical profiles include the S-shaped, exponentially
decaying, C-shaped and linear profiles as lllustrated in Figure 2.4 a) — d)31%°, However, these
profiles depend on the operating conditions, particle properties and the riser geometry and can
exhibit novel profiles in some instances. An example of this can be found in a study by Wu et al.,
(2020) in which a W-shaped axial solids distribution was observed due to the chosen riser

design?.
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Upon entry, particles are accelerated from an initial to a finite velocity and are said to create a
development/acceleration region®’. The flow in the riser becomes fully developed once the
pressure drop becomes invariant with riser height, corresponding to a constant average solids
holdup?*™. An S-shaped (or sigmoidal) profile, as illustrated in Figure 2.4 a), is common in
systems operating under medium solids loadings (typically exceeding 100 kg/m2s) and high gas
velocities, as is the case in FCC-CFB applications®. As mentioned previously, one of the
requirements to achieve this profile is a solids flux close to or in excess of the saturation carrying
capacity, which can be seen in a study by Yan and Zhu (2004)%. A bottom dense phase
trademarks this sigmoidal axial solids holdup profile, a top dilute phase and a distinct inflexion
point between the two?4. Therefore, the solids holdup remains reasonably constant at the bottom
and decays throughout the freeboard region, which extends across the length of the acceleration
region®*. It was already mentioned in Section 2.2.1 that the S-shaped profile is often a measure
of the onset of fast fluidisation®®.

a) b)

Height
Height

Height
Height

0 & 1 0 & 1

Figure 2.4: Various axial suspension density profiles: a) S-shaped; b) exponentially decaying;
c) C-shaped & d) Linear (Adapted from Berruti et al., (1995) and Monazam et al., (2016))?+7°

As for FGD-CFB studies or studies utilising similar particles and operating conditions,
exponentially decaying profiles, as illustrated in Figure 2.4 b), are often reported. However, the
solids load in the riser reactor has to be well below the saturation carrying capacity to avoid
achieving an S-shaped profilg2431.67.69.70,
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The exponentially decaying axial profile is trademarked by a higher solids holdup at the bottom
of the riser (i.e. the acceleration region) than at the top. Furthermore, a gradual transition from
the bottom dense to the top dilute phase can be identified?4314%¢4 A C-shaped axial suspension
density profile has been obtained for a range of particle densities and sizes in CFB risers that
were operated at medium solids fluxes (6 - 280 kg/m?s) and comparatively high superficial gas
velocities (5 - 7 m/s)®"7%8_ An abrupt T-shaped or strongly restricted riser exit geometry paired
with operating conditions that were well below the saturation carrying capacity was present in all
of the studies that reported the C-shaped axial profile, which is further discussed when addressing
the riser geometry considerations in section 2.2.4.17°. Finally, linear axial profiles of the solids
holdup are characteristic of dilute pneumatic transport, in which case all of the solids are evenly
distributed throughout the riser reactor. This occurs when a sufficiently low amount of solids are
injected into the gas phase, and the solids flux is only slightly increased?®.

2.2.3.4 Clustering

Clustering is the phenomenon by which particles temporarily group together during the operation
of a CFB to form ellipsoidal shapes with a higher solids volume fraction when compared to their
surroundings®. In a review article by Cahyadi et al., (2017), the process of cluster formation is

explained as follows®’:

e Inelastic interparticle collisions create a local decrease in particle velocity and gas

pressure (due to the dissipation of kinetic energy).

e The local decrease in pressure causes gas and particles to flow towards the region to form
a cluster or a mesoscale structure, which is associated with a larger slip velocity than a

single particle®.

e The cluster has a higher density than a single particle, and collisions involving clusters
decrease the local granular temperature (particle velocity fluctuations) even further. This

leads to the additional growth of the cluster.

e Increasingly forceful interparticle collisions involving the clusters eventually lead to the

deformation thereof into smaller clusters or a dispersed particle phase.

The ongoing formation and deformation of clusters influence the drag force, pressure drop, slip
velocity, local voidage, mixing, heat and mass transfer within risers®’. Clustering further leads to
inhomogeneous solids distributions in the radial and axial directions of the riser and has been

found to decrease the desulphurisation efficiency in FGD applications?.
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2.2.4 The influence of operating and design parameters on CFB hydrodynamics
2.2.4.1 CFBriser geometry

The assembly through which particles exit a riser reactor has a significant influence on the
hydrodynamics. A T-shaped (or abrupt) exit structure is the most popular choice throughout
literature, although L-shaped and C-shaped (or smooth) exit structures, illustrated in Figure 2.5,
are also common®89, Although smooth exit geometries provide the least resistance to the flow of

solids, a large area of the bend undergoes erosion and corrosion®.

Dwivedi et al., (2021), however, stated that although a T-shaped outlet undergoes erosion across
a smaller area it occurs at a much faster rate when compared to smooth exit geometries®. Hence,
an exit geometry cannot solely be chosen based on its hydrodynamic influence. Regardless of
the mentioned issue, T-shaped exits are widely used for CFB’s and due to the abrupt change in
geometry, a C-shaped axial solids holdup profile is often reported. The C-shaped profile is caused
by the enhanced back mixing and internal recirculation that occurs when a portion of the particles
collide with the walls above and around the exit. These collisions cause particles to travel
downwards along the walls of the riser until they become suspended again®*79%5, Furthermore,
inertia allows several particles to become dislodged from the gas phase to travel up into the cavity,
illustrated in Figure 2.5 a). If the cavity is sufficiently high, such particles eventually lose
momentum and fall back down into the riser. Consequently, the solids holdup at the top of the
riser is increased, contributing to a phenomenon termed an exit effect’®88, Research has shown
that more substantial exit effects are observed when installing outlets with larger cavity heights.
However, after a certain point, the suspension density becomes independent from further

changes to the cavity height and this limit is reached sooner during low solids flux operation®>88,

The exit effect caused by T-shaped outlets has also been reported to improve the heat transfer
at the top of the riser, which could improve the reaction rates °8%8, However, the exit effect from
a T-shaped outlet is not only influenced by the structure itself. Monazam et al., (2016) observed
that the operating conditions and the type of particle feeder could prevent particle accumulation
at the top of the riser, despite the presence of a restricted exit geometry’. They also observed

that the exit effect was more pronounced during increased solids mass flux operation?®.
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I Cavity

Figure 2.5: Exit geometries for CFB risers that are frequently used throughout literature: a) T-
shaped; b) L-shaped and c) C-shaped (Adapted from Zhang et al., (2013))%

The combined influence of various factors on hydrodynamics was also considered in a study by
Pugsley et al., (1997). The authors investigated the exit effects in both a thin and a wide riser,
each with the same height-to-diameter (H/D) ratio®. They reported that in both risers, the exit
effects were limited to the top of the riser for Geldart A particles, whereas the increased solids
holdup extended all the way to the base of the wider riser for Geldart B particles. Breault et al.,
(2017) found that a higher gas velocity or a lower solids flux further increased the solids
concentration at the top of the riser resulting from a T-shaped exit®®. These authors illustrated that
the effect of the exit structure on the hydrodynamics could be altered by the riser geometry,

particle properties and operating conditions.

Throughout literature, H/D ratios between 3 — 28 have been used specifically for laboratory and
pilot scale FGD-CFB research purposes!®2325.26.466491 '|n FGD applications, the height of a riser
is chosen such that a sufficient volume of particles can be contained. The required volume of
particles will vary based on the reactive surface area. Furthermore, the desired residence time of
the sorbent depends on the sulphur removal efficiency that was intended for the process and this
is also a design specification for the vessel?*?4%8, Studies have shown that lowering the H/D ratio

leads to one of two cases:

e Case 1: The overall average solids holdup (&) decreases.

e Case 2: The overall average solids holdup (&) increases.

Xu et al., (2000) operated within or close to the bubbling fluidisation regime and reported that the
first case could be applied to Geldart A particles while the second case applies to Geldart B

particles®2.
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Conversely, Yan et al., (2004) operated in the fast fluidisation regime and reported that the second
case held for both Geldart A and B particles®®. They argued that the contrast between their study
and that of Xu et al. (2000) was due to the difference in the fluidisation regimes®. Various other
authors confirmed that Case 2 was applicable to both Geldart A and B particles when operating

in the fast fluidisation regime, which applies to FGD-CFB'’s as discussed in Section 2.2.15%7082,

Case 1 was explained by the lessened contribution of wall effects (such as friction) to the gas-
particle flow in wide diameter risers, which allowed patrticles to travel through the riser with more
ease®*%%92 However, Yan et al., (2004) explained Case 2 by stating that the gas still experienced
an increased flow resistance near the walls of the riser as opposed to the centre. This created a
velocity gradient across the riser radius, and a wider riser could facilitate a greater gas velocity
gradient. In turn, the greater gas velocity gradient leads to greater particle accumulation near the
riser walls. This explained the higher overall solids concentration that was observed in larger-

diameter risers®°.

A supplementary explanation for the second case was provided by Pugsley et al., (1997), who
stated that near-wall particle accumulation is limited in thinner risers since the area available for
the gas to flow independently from the particles is less®. Thus, wider risers facilitate a thicker
annulus (near wall particle accumulation). This explanation was also supported by the findings
from Noymer et al., (2000)°. Since the non-uniformity in the radial solids holdup profiles increase
as the riser's diameter increases, the flow development within the fast fluidisation regime is
slower®2%%, This could explain why Chang and Louge (1992) found and increased tendency of
choking in wider risers®. Despite the influence of the riser diameter on the radial and overall solids
holdup, it has not been found to transform an S-shaped axial solids holdup profile to an
exponential, linear or C-shaped profile or vice versa®®. Furthermore, the choice of exit geometries

and H/D ratios are not the only geometrical factors that influence the riser hydrodynamics.

In one study, particles were fed to a CFB with a loop seal instead of a valve which decelerated
the flow development and enhanced the non-uniformity of the solids distribution throughout the
unit’”®. The loop seal included a particle collection chamber below the cyclone in which fluidising
air was used to reintroduce particles to the riser. Another study found that by introducing the gas
through nozzles, the uniformity of the solids distribution at the bottom of the riser increased®.
Furthermore, by adding both gas nozzles and a distributor plate, the saturation carrying capacity

of the system could be increased, which allowed for higher solid flux operation®,
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On the other hand, the influence of structural changes to the riser, such as the addition of baffles,
mechanical rakes, rings, dispersion plates or enlarged riser sections, has also received some
attention. Such inserts not only improved the phase mixing, flow development and particle
residence times but also increased the desulphurisation efficiency in FGD related studies®20:29-9%;,
The improved FGD efficiency was thought to arise from the increased attrition between the
particles themselves and the wall due to the inserts. As the layer of accumulated reaction product
on the unreacted sorbent was removed via attrition, more active sites became available, and the
sulphur removal efficiency was enhanced?*?°, Unfortunately, internal structures also increase the
drag force that the particle-laden flow experiences and less economical operating conditions are
required for continued operation. Furthermore, more frequent equipment maintenance is to be

expected due to the increased structural abrasion?°,

2.2.4.2 Superficial gas velocity and solids flux

Most hydrodynamic studies found that i) an increase in the superficial gas velocity (Uy) or ii) a
decrease in the solids flux (G;) inside the riser reduces the overall solids holdup as well as the
particle residence times in CFB reactors®:. These observations hold true for a wide variety of
applications, including laboratory and pilot scale CFB systems that are operated at solid mass
fluxes of between 1 — 200 kg/m?s and with Geldart A or B particles?0-31:6981.8285 = Ag discussed in
Section 2.2.3.2, a radial parabolic solids holdup profile in a CFB riser is produced by the increased
particle accumulation at the walls of the riser (/R > 0.75)%%78, Research indicates that the near-
wall particles, rather than the particles at the riser’s centre, respond the most to changes in the
superficial gas velocity or the solids flux31¢%78, This means that while an increased superficial gas
velocity or a decreased solids flux decreases the solids concentration near the walls, the
behaviour of the solids in the centre will remain more or less constant. Wang et al., (2014) found,
on the other hand, that at high solids flux operation (G; > 700 kg/m?s) the particles in the middle
region of the riser (0.5 < r/R < 0.75) as opposed to those at the wall were the most sensitive to
changes in operating conditions’®. In addition, the dilute region in the centre of the riser increased
significantly as the velocity was increased or the solids flux was decreased. This is in contrast

with low solids flux operation where the area of the dilute region remained unchanged.

At a constant solids flux, the radial uniformity of the particle distribution improves as the gas
velocity is increased, which results in a lower RNI(g,) value at every riser height3!78. A decreased

solids flux at a constant gas velocity has been shown to have the same effect20:%4,
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This relationship can be illustrated using an operating diagram such as the one provided in Figure
2.6%. An increase in superficial gas velocity or a decrease in solids flux will result in a transition
from a less uniform (parabolic) to a more uniform (flat) radial particle distribution. Furthermore,
particle downflow near the riser walls has been found to increase as the RNI(g;) increases. This
was illustrated by Van de Velden et al. (2007) using the diagram provided in Figure 2.7, in which
the enhanced particle downflow at lower gas velocities is apparent®. In their study, they observed
that the downward particle velocity was approximately equal to the single particle terminal
velocity®. This agrees with the findings from Yang et al., (2021) who reported high solids velocities
in the centre of the riser but low solids velocities near the riser walls®. Although consistent with
other work®?, the findings from Van de Velden et al. (2007) is in contrast with that of Zhou et al.,
(2011) who reported that a higher gas velocity enhanced the downward flow of particles but only
at the lower sections of the riser®. This could be attributed to the venturi that was used in their
reactor which induced a large velocity at the bottom of the riser that forced solids to scatter

towards the walls and recirculate.
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Figure 2.6: Operating conditions corresponding to parabolic and flat radial solids profiles
(adapted from Yan et al., (2005))3*?
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Figure 2.7: Experimental results indicating enhanced downward flow near the riser wall at a
lower superficial gas velocity (Adapted from Van de Velden et al., (2007))%

Particles in the development region near the bottom of the riser respond the most to changes in
the superficial gas velocity and the solids flux as opposed to the solids near the top31%®78, Since
an increase in the superficial gas velocity or a decrease in the solids flux has been found to
increase the uniformity of the particle distribution?*, this will result in a smaller development region
and a larger fully developed region while also changing an S-shaped axial solids holdup profile to
an exponential profile?431326978 | j et al., (2019) stated that the more uniform overall particle
distributions could be attributed to the increased drag and consequently the enhanced interaction
between the gas and solid phases at higher gas velocities®!. Conversely, an increased solids flux
created a greater development region within the riser and enhanced the interaction between the

particles in the region. This increased the cluster formation and eventually led to less uniform

axial flows®78,

By adapting the operation of an FGD-CFB, the sulphur removal efficiency may be changed, but
the operational cost should be kept in mind?®2>2, For example, an increased superficial gas
velocity has been found to reduce the temperature gradient in the reactor, but a greater pressure

drop across the riser was induced, and the desulphurisation efficiency decreased®%4,
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The compromised desulphurisation efficiency at higher gas velocities can be explained by the
larger volume of unreacted sorbent required to remove the increased flux of SO,. The additional
volume of unreacted sorbent that is required exceeds the increased carrying capacity; thus, stable
riser operation with a suitable amount of solids cannot maintained?®. Furthermore, the reduced
residence time of the solid and gas phases means less time is available for the sorbent to react
with the S0O,?%8, In contrast to this, higher superficial gas velocities have been found to slightly
increase the performance of FGD-CFB’s in risers with internal baffles, which can be attributed to

the increased particle attrition due to the internal flow restrictions®182°.,

Since the flue gas flow rate usually depends on the power plant load, it is seldomly manipulated
in practice despite its hydrodynamic significance?. Thus, the solids flux remains the subject of
many hydrodynamic studies of FGD-CFB’s. When the solids load is increased, the particle
residence time increases, which improves the sulphur removal efficiency?>3!. An increased solids
flux also results in a higher lime to sulphur dioxide (Ca/S) molar ratio, further enhancing the FGD
capability of the reactor'®. Ollero et al., (2001) noted that one drawback of increasing the Ca/S
ratio is a lower sorbent utilisation?®. This may be explained by the reduced effect of collisions,
coalescence and fragmentation on the reaction rate at higher solid fluxes, due to the poor phase
mixing'®. Beyond a certain solid recirculation rate (of up to 98%), the added operational expense
associated with the increased pressure drop and low sorbent utilisation outweighs the removal

efficiency gained in the process?331:37.64.79.81

2.2.4.3 Particle characteristics

As discussed in Section 2.2.1, the mean size and density of the particles used in a CFB riser are
important for effective fluidisation. This is because the saturation carrying capacity increases and
the choking velocity of the system decreases as the size and density of both Geldart A and B
particles are decreased*®3. These two characteristics also influence the solids distribution inside
the riser. According to the literature, an increase in the density of the particles increases the radial
and axial solids holdup as well as the particle residence time within CFB risers?4. The higher solids
holdup is further accompanied by a slower flow development, thus extending the development

region at the bottom of the riser, as illustrated in Figure 2.83.
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Figure 2.8: The influence of particle density on the size and shape of the development region
inside a riser (adapted from Li et al., (2019))%

An increase in the mean particle size has the same effect on the solids holdup as an increase in
the particle density3#29, That is, a greater solids holdup near the bottom of the riser, a delay in
the solids flow development and a higher average particle residence time is to be expected. This
can be attributed to the larger drag force between the larger particles and the gas phase and,
consequently the tendency of particles to remain near the bottom of the riser®82, Since sorbents
with larger particle size or density are more likely to exhibit core annulus or non-uniform flow3?,

downward particle flow near the riser walls is also more common3,

Although larger particles exhibit higher residence times, less surface area is available for the
chemical reactions to take place, and this has been found to decrease the sulphur removal
efficiency'®. Therefore, a trade-off between a suitable residence time and an adequate amount of
specific surface area exists. Furthermore, the surface roughness of the particles also influences
the gas-solid hydrodynamics. The pressure loss induced by particles with rough surfaces is larger
than that of smooth particles of the same size and density. This effect is especially pronounced
at dilute operating conditions, as discovered by Chang and Louge (1992)*®. Chang and Louge
(1992) ascribed the increased pressure drop to the higher rate of cluster formation and higher

quantities of particles flowing downward at the walls of the riser to the rough particle surfaces.
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Apart from the mean particle size, the particle size distribution also plays a role in CFB
hydrodynamics. This was illustrated by Shi et al., (2014), who reported that inelastic inter-particle
collisions consumed more kinetic energy when a narrow PSD was used®. They investigated
PSD’s with spans ranging between approximately 0.5 — 2. This increased the cluster formation
as well as the radial non-uniformity at the bottom of the riser, which led to particle downflow near
the walls®. Conversely, a wider PSD was less sensitive to inter-particle collisions and entrance
effects®. It was further found that the coarser particles segregated to the bottom of the riser while
the particles with a size equal to or smaller than the Sauter mean diameter were easily fluidised
to the top®*. The increased concentration of large particles at the bottom of the riser was reported
in another study and can be explained by the different gravitational and drag forces the range of
particles experience due to their diverse sizes®. Consequently, the segregation of large particles
from small particles intensified as the width of the PSD increased®.

Although particle segregation occurred while using a wide PSD, smaller average residence times
were reported, given the reduced particle back mixing (downflow) when compared to the use of
a narrow PSD%. According to Yang et al., (2021), the superficial gas velocity has a larger impact
on the axial solids distribution than the PSD has, although they also reported a lower solids
concentration at the bottom of the riser as the width of the PSD increased®. These authors also

found that the PSD had a negligible effect on the solids' velocity and residence time distribution.

2.3 COMPUTATIONAL FLUID DYNAMICS

CFD modelling is often used to understand the behaviour of multi-phase flow in CFB’s. These
models either treat all the phases as continua or distinguish between the gas and solid phases
using different frameworks. The former is termed an Eulerian-Eulerian approach, while the latter
is known as an Eulerian-Lagrangian approach. The finer details of each approach and the fluid
mechanics involved are discussed in more detail in Section 4.1.1. In this section, an overview of
several publications is provided, and it includes the CFD modelling of CFB’s in general as well as
the CFD modelling of FGD-CFB’s specifically.
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2.3.1 CFD and general circulating fluidised beds
2.3.1.1 Large-scale applications

Yang and Wang (2020)*° studied the hydrodynamics of a CFB system with external particle
recirculation which was operated in a dense fluidisation regime and had an inner diameter of 0.2
m. The purpose of their study was to evaluate gas-solid characteristics and transport mechanisms
using a multi-phase patrticle in cell (MP-PIC) numerical approach where the drag coefficient was
determined via the Gidaspow drag model. The MP-PIC method is an Eulerian-Lagrangian
approach where the particles are represented as parcels instead of being individually modelled.
The authors achieved good agreement with experimental data and identified core-annulus flow
from their numerical results. Since their findings qualitatively described the experimental trends,
they argued that this approach might be used to model CFB’s and to identify suitable gas velocity
operating limits.

Using a similar MP-PIC approach, a study by Xie et al., (2018)° focussed on the applicability of
homogeneous and heterogeneous drag models for the numerical simulation of CFB’s. The
simulation procedure included “riser 1” with an inner diameter of 0.07 m using Geldart A particles
and “riser 2” with an inner diameter of 0.4 m using Geldart B particles. Although no experimental
data was collected, the CFB operating conditions and dimensions were based on the work of
other authors and were validated using their findings. From the six homogeneous and four

heterogeneous drag models that were compared, the following conclusions were made:

e Forriser 1. The homogeneous models over predicted the solid fluxes, and the accuracy
of the void fraction predictions was inconsistent. Conversely, heterogeneous models
improved the prediction accuracy and could predict core-annulus flow conditions.

e For riser 2: Both the homogeneous and heterogeneous drag models predicted

reasonable flow structures.

Instead of using an Eulerian-Lagrangian approach, a 2017 study by Chen et al. focussed on the
use of Eulerian-Eulerian methods for CFB applications®’. The authors attempted to improve the
prediction accuracy of existing CFD models by accounting for the anisotropic nature of the velocity
fluctuations of particles in CFB’s. Accordingly, the gas was modelled within a large-eddy
simulation framework, which included a sub-grid scale turbulent kinetic energy model, and the

particle behaviour was described via a second order moment (SOM) model.
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Since no experimental work was done, the model validity was tested against the experimental
findings of previous studies by different authors. The study was simplified further by only
considering a 2-dimensional riser. It was found that the CFD model successfully captured the
varying solids holdup distributions, turbulent kinetic energy and sub grid energy dissipation under
varying solids fluxes and showed good agreement with experimental findings. However, the LES-

SOM model requires further development before applying it to a 3-dimensional domain.

2.3.1.2 Small-scale applications

In a study by Zhang et al., (2018) CFD modelling was used to study the influence of temperature
and pressure on the hydrodynamics inside a riser filled with Geldart B particles®. The CFB had
an inner diameter of 0.1 m, and an Eulerian-Eulerian approach with the heterogeneous EMMS
drag model was used. The simulation results showed good agreement with the experimental data
that was collected. It was found that below 0.4 MPa, changes in the solids flux brought about
changes in the fluidisation regime within the riser. In addition, an increase in the operating
pressure reduced the solids holdup inside the riser if the solids flux was kept constant. An increase
in temperature was found to have a negligible influence on the axial solids holdup profile, although
slight increases in the solids velocity in the centre of the vessel were noted.

In a separate study, the EMMS drag model was also used; however, a solids stress model was
developed, and the MP-PIC approach was favoured®. The adapted model was validated using
available literature, which included a study in which the CFB had an inner diameter of 0.09 m. It
was concluded that this method reduced the dependence of the CFD prediction accuracy on the
resolution of the solution grid. This improvement was attributed to the sub-grid flow structures that

were accounted for.

Another study that was dedicated to CFD model improvement was done by Varas et al., (2017).
In this work, the reliability of the Eulerian-Lagrangian approach in the prediction of cluster
phenomena using a DEM approach was tested. Given the high computational cost that is
associated with DEM modelling techniques, a laboratory-scale CFB riser with an inner diameter
of 7 cm was used for validation purposes. The CFB was kept in the fast fluidisation regime, and
Geldart D particles were used. Although key cluster characteristics could be predicted using the
DEM approach, the number of larger clusters was over-predicted. More research on the influence

of drag and collision parameters on clustering was suggested.
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2.3.2 CFD and semi-dry FGD processes
2.3.2.1 Large-scale applications

In an article by Xue et al., (2015)? the performance of a semi-dry FGD-CFB riser with an inner
diameter of 0.2 m was described using both experimental and numerical methods. An unsteady
Eulerian-Eulerian approach was selected for the CFD model, and the heterogeneous Syamlal &
O’Brien (O-S) drag model and a continuous desulphurisation model were used. The CFD results
revealed that the jet water flow rate was the main determining factor of the desulphurisation
efficiency, after which the solid circulation rate had the second greatest effect.

In a 2011 study, the performance of a pilot scale semi-dry FGD unit was evaluated!®. The unit
was operated in the dense phase fluidisation regime, and the Eulerian-Lagrangian CFD model
included a 1% order reaction model, a k-¢ turbulence model and a simple heat transfer model
between the gas and solid phases. Good agreement between the experimental and predicted
desulphurisation efficiencies, temperature and pressure differentials could be obtained under
varying operating conditions. However, the model's predictive capability was reduced with
increasing flue gas flow rates and improved with increasing Ca/S ratios. After model validation,
the numerical model was applied to study the pressure distribution inside the vessel as well as

the trajectory and concentration of circulating ash.

Li et al., (2012)* applied an Eulerian-Eulerian model to model a CFB in which a Ca/fly ash-based
sorbent was used. The aim of the study was to quantify the effect of impinging streams on
desulphurisation efficiency, where impinging streams were defined as two inlets along the same
axis with opposing injection directions. It was found that the impingement increased two-phase
mixing and increased the desulphurisation efficiency by approximately 5%. From the CFD results,
the interaction in the impingement zone could be discussed, and the improvement in the reaction
efficiency could be explained. Experiments were also performed, although it was not used for

model validation but rather to calculate the residence times in the impingement zones.

2.3.2.2 Small-scale applications

In a study by Wu et al., (2020)?°, CFD was used to describe the influence of enlarged riser sections

on the hydrodynamics inside a semi-dry FGD-CFB.
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The CFD model was validated using experimental data, and an Eulerian-Eulerian approach,
together with the Wen-Yu drag model, was employed. Although no reaction kinetics were
incorporated, the study was performed with the intention of improving future FGD applications.

From the CFD data, the axial and radial solids holdup profiles could be discussed thoroughly.

In a 2012 publication, the performance of the QL-EMMS drag model was compared to that of the
O-S drag model, both of which are heterogeneous models?®. In this instance, the model employed
a unique sulphur capture model, only considered a 2-dimensional geometry and was constructed
within an Eulerian-Eulerian framework given the high concentration of solid particles. The QL-
EMMS models were constructed such that they could be compared to the experimental findings
from the available literature. It was determined that the QL-EMMS model underestimated the
increasing drag forces that arose from clustering and that the solid volume fraction within clusters
should be determined to improve its performance.

From the various findings, it became clear that experimental work was often used to validate the
CFD models, after which the model results were used to explain CFB phenomena. If no
experimental work was done, the models were generally validated and compared to the available
literature. For the most part, these publications focussed on improving the numerical tools that
are available for simulating fluidisation rather than finding optimal operating conditions for specific
cases. The qualitative behaviour of multi-phase flows in CFB’s has been successfully described
using CFD techniques, although the quantitative descriptions still have room for improvement.
While attempting to develop a model that would fit the experimental data as accurately as
possible, an additional focus of this study was to use CFD data to supplement the discussions

that followed from the experimental observations.
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CHAPTER 3 - EXPERIMENTAL METHOD

3.1 EXPERIMENTAL SETUP

3.1.1 P&ID and riser dimensions

A new CFB riser was constructed for the purpose of FGD research, and no previous work has
been done on the equipment. Therefore, the hydrodynamics inside the riser in its simplest state
had to be investigated to lay the groundwork for future investigations. To do this, the interaction
between the air and particles at various conditions were studied using the experimental method
outlined in Chapter 3. A P&ID of the experimental setup is provided in Figure 3.1 and the
description of its streams and units as well as its control and measurement equipment are
provided in Table 3-1. The CFB and its auxiliary equipment were constructed for this study
according to the design calculations in Annexure C and the additional changes that were made

during the commissioning phase of the experimental setup are discussed in Annexure D.

Table 3-1: Description of stream contents, process units and control equipment in Figure 3.1

Stream Description Item Description
G-01 Room temperature air CLN -01 Cyclone
Air and particle mixture from _
M-01 . FAN - 01 Variable speed fan
riser.

Air and particles that were not _
M - 02 FDR - 01 Variable speed screw feeder
removed by the cyclone

M _ 03 Air after passing through the HPR — 01 Sealed sorbent hopper (300 kg
fan capacity)

M — 04 Air after scrubbing MXR - 01 Fixed speed mixer

M — 05 Water and suspended particles RSR —01 CFB riser

S-01 Sorbent from the hopper VAL - 01 Variable speed rotary valve

S-02 Fresh sorbent feed VEN - 01 Venturi

S-03 Sorbent particles from cyclone  SCBR —01  Particle scrubber

W -01 Water from spray nozzles PS Port to use for iso-kinetic sampling

Item Description Item Description

FC-01 Variable speed screw feeder PT Flush pressure transmitters
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FC -02 Variable speed fan motor TT Resistance temperature detectors

Fl-01 Hot wire anemometer
FAN-01
M-02 —————— M-03
RSR-01 I >
g — M-01 ; A4
............ > : > M-04
— CLN SCBR-01

........... PT :
-01 : [¢— W-05
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Figure 3.1: A P&ID of the circulating fluidised bed riser setup that was used throughout the

experimental phase.
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Figure 3.2 illustrates the riser's dimensions and one of its three detachable cylindrical sections.
Removing one or two cylindrical sections from the riser shown in Figure 3.2 (a) could decrease
the riser height to a medium or low setting. These configurations receive further attention in
Chapter 4.1. Every cylindrical section has two pressure taps, a port for temperature measurement
and a port for water injection, the last of which will be used in future studies. The position of each
port is illustrated in Figure 3.2 (b), and the location of the ports was identical on all three riser
sections. Additionally, a varying number of solids sampling ports were installed at a 90° angle

from the measurement ports, as illustrated in Figures 3.2 (a) and (b).

03 mI Lot nnnenene Riser exit cavity: 0.05 m

...... Curved ducting

Riser inner diameter:
....... ) Outlet to cyclone 0.3m

1 ml | § e SOlIdS Sampllng
port

1m

Pressure tap

Tap for water nozzle

Solids

sampling port
1.5m
Tap for thermocouple

Pressure tap

Figure 3.2: (a) An illustration of the CFB riser and (b) the measurement ports on the one-meter
cylindrical sections
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In Figure 3.3, the dimensions of the riser’s bottom section are provided. For the purposes of this
study, solids inlet numbers one and two were sealed. The former was intended as a recirculation
inlet from the cyclone, and the latter as an additional sorbent entry point. However, only one entry
port was required for this study and no recycled stream to the riser was included. Furthermore,

the position of the solids sampling ports with respect to the other riser elements is illustrated in

Figure 3.4.

Solids inlet 1 (parallel to top outlet)

0.06 m §

Solids inlet 3

Figure 3.3: Dimensions of the air and solid inlets at the bottom of the riser

Top outlet & Solids inlet 1 (Sealed)

-

wen®
"

1200 120° ",

Non-isokinetic
» sampling ports

F

Solids inlet 3 Solids inlet 2 (Sealed)

Air inlet v
Measurement ports

Figure 3.4: The radial position of different riser elements
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3.1.2 System start-up and operation

An experiment was initiated by changing the fan to a setting that would deliver the desired air inlet
velocity according to the calibration curve that is provided in Annexure E2. Following this, the
rotary valve below the cyclone was switched to its highest speed setting. Next, the solids mixer
was started, and the feeder was changed to the setting that would deliver the desired solids feed
rate, according to the calibration curve provided in Annexure E1. While the mixer and feeder were
in motion, the hopper above the feeder was filled to capacity. The air flowing into the bottom of
the riser fluidised the powder inside the venturi, after which the two-phase mixture travelled
towards the top of the riser. From the abrupt riser exit, the suspension travelled towards the
cyclone, separating approximately 74 % of the solids from the gas phase. The calculation of the
cyclone’s removal efficiency has been provided in Annexure F. Air flowing from the top of the
cyclone, contained a reduced number of suspended particles and travelled through the fan. A
scrubber downstream from the fan reduced the amount of powder that was released into the

environment, and its working principle is further discussed in Annexure D2.

The particle flow from the bottom of the cyclone was captured in a 100 L container. Once full, the
container contents were reloaded into the hopper, and an empty drum was placed underneath
the cyclone. The injection of solids reduced the measured inlet air velocity, and the fan speed
was adjusted accordingly. Once the measured inlet air velocity remained within 0.6 m/s of the
target value for more than one minute, the riser reached a steady state. From this point onwards,
measurements could be made. In order to save time and resources, all of the experimental
treatment combinations that required three cylindrical riser sections were completed first. This
was followed by those at two sections and the last experiments were those that required only one

installed section.
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3.2 SORBENT CHARACTERISATION
3.2.1 Sorbent procurement and particle density

Following the discussion from Section 2.1, hydrated lime was chosen as the sorbent for this study.
Accordingly, one-kilogram samples of hydrated lime were ordered from four suppliers, namely
PPC, Lime distributors (ldwala), Tazchem and Afri-lime and the samples were analysed before
choosing the final supplier. Initially, the particle density of each sample was determined. The size
of the samples was reduced according to the procedure in Annexure G1 and each batch was
analysed using a Micromeritics AccuPyc 1l 1340. The results are provided in Table 3-2 from which
it can be seen that the Afri-lime sorbent had the highest particle density.

Table 3-2: The particle density of the sample from each of the four suppliers

Supplier Tazchem Idwala PPC Afri-lime

Particle density (kg/m?) 2084.6 2040.0 2029.2 2883.0

The PSD of each sample was determined using a Malvern Mastersizer 3000. Ethanol was used
as the dispersant since hydrated lime is water soluble. The four samples had similar PSD’s; for
this reason, only the Afri-lime sample's PSD is provided in Figure 3.5. The three remaining PSD’s
can be found in Annexure H. Figure 3.5 illustrates that the D[3,2] of the Afri-lime sample was 0.16
pum while the D[4,3] was equal to 14.85 pm and a discussion regarding the relevance of these two
parameters is provided in Annexure H. The Afri-ime sample had the highest D[3,2] when
compared to the other three suppliers while also having the lowest volume density of sub-micron
particles. Given that the sorbents used throughout FGD-CFB literature contain a small volume of
sub-micron particles?3152526 the Afri-lime supplier was deemed the most suitable choice for this

study based on the PSD results.

According to the discussion in Section 2.2.1, the hydrated lime that was used in this study can be
classified as Geldart C particles. This is in agreement with the Geldart classes that are used in
FGD-CFB applications throughout the literature. By determining the average particle size and
density of the hydrated lime samples from all four suppliers, it was also seen that the hydrated
lime that is available for large-scale applications in South-Africa are limited to Geldart C particles.
This was an important finding given that the Geldart class influences the fluidisation properties of

the particles, according to the discussion in Section 2.2.1.
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Figure 3.5: The Sauter mean diameter (D[3,2]) and volume moment mean (D[4,3]) retrieved

from the PSD analysis of the hydrated lime sample from Afri-lime

3.2.2 PSD analysis

The D[4,3] was the preferred definition for the average patrticle size throughout this study. This
was because it represents the size range that makes the sorbent's most significant contribution
to the bulk mass and volume. From a hydrodynamic point of view, these parameters are key
variables as opposed to the surface area, which would be the preferred parameter when
considering reaction chemistry. In the latter case, the D[3,2] would be the more suitable definition
of the average particle size. Furthermore, the CFD model calculates a drag force based on the
projected particle area. Since the particle volume, rather than the particle surface area, influences

the projected patrticle area, the D[4,3] was the most suitable parameter.

During an experimental run, the solids that were discarded from the bottom of the cyclone were
reloaded into the feeder hopper several times. However, only three-quarters of the particles that
passed through the cyclone were removed from the carrier air as detailed in Annexure F.
Therefore, it was necessary to determine whether the portion of particles that bypassed the
cyclone had any effect on the D[4,3] of the remaining sorbent. To this end, a 650 kg batch of
hydrated lime was loaded into the CFB system at an inlet air velocity of 6.1 m/s, and a solids feed
rate of 0.06 kg/s.
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As the batch passed through the system, the sorbent was captured underneath the cyclone in
100 L drums. From the captured lime, a representative sample was prepared according to the
procedures summarised in Annexure G2 and Annexure G1. A PSD analysis was performed on
the representative sample, and the sorbent that had been captured underneath the cyclone was
fed through the system two more times. After every cycle, a representative sample was obtained,
as detailed above, and a PSD analysis was performed. The D[4,3] that was recorded after every
cycle is provided in Table 3-3 and Figure 3.6 graphically illustrates the change in the PSDs. The
shift in the D[4,3] and the PSD after the first pass through the system indicates that a large volume
of sub-micron fine particles was removed from the sorbent. Given the reduced number of sub-
micron particles after the first pass, consecutive recycling did not alter the span of the PSD
significantly and the value of the D[4,3] remained within 20 um and 30 pum. Thus, fresh sorbent
was passed through the system at least once before starting with experimental measurements to
minimise the changing D[4,3] effect on the riser hydrodynamics. The final particle size was defined
as the average D[4,3] from cycles 1 — 3, as given in Table 3-3.

Table 3-3: The shift in the D[4,3] that was brought on by sorbent recycling

Times through cyclone 0 1 2 3 Average of 1 -3

D[4,3] (um) 148 215 222 272 23.6

Volume density (%)

0 0.1 1 10 100
Size classes (um)

- AS received 1 x through  ===2 x through  ===3x through

Figure 3.6: The PSD change that was brought on by sorbent recycling
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3.2.3 XRF analysis

A representative sample of the Afri-lime sorbent was prepared according to the process described
in Annexure G1 and sent to an independent laboratory for X-ray fluorescent (XRF) analysis. The
results from the analysis are provided in Table 3-4. Initially, the sample was heated to a
temperature of 1000°C for two hours until the weight of the sample stabilised. This removed the
water content, CO; and any additional volatiles while causing the major elements of the sorbent
to react with oxygen!®. From this process, a LOI of 14.37% was obtained. Next, the XRF analysis
was performed, and the chemical composition of the sample is provided in its oxidised state in
Table 3-4. Approximately 68% of the sample consisted of calcium oxide, which gives an indication
of the amount of calcium that was originally present in the form of calcium hydroxide. The main
impurities in the sorbent were SiO; and Al,O3 followed by Fe,Os. Although the XRF revealed that
the hydrated lime had a low-grade quality, the 68% CaO content falls within the 30% - 90% range
required for medium to large-scale FGD applications, as discussed in Chapter 2.1.

Table 3-4: Result from an XRF analysis of the hydrated lime sorbent

Composition (Weight %)

Component CaO LOI SiO;  ALO; Fe03 P05  TiO; K:O NaO MnO Trace*

Sorbent 68.03 1437 710 459 371 065 032 016 012 005 1.83

*Elements present in trace amounts as listed in Annexure H

3.3 EXPERIMENTAL PROCEDURE
3.3.1 Operating conditions

The influence of the following three factors on the hydrodynamics inside the riser were

investigated:

e The inlet air velocity,
e the solids feed rate and

e the riser height.
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Three operating levels were specified for each of the three factors, which will be referred to as
the low, medium and high settings, as summarised in Table 3-5. Since the riser height was
adjusted by adding or removing cylindrical sections the low, medium and high settings were
chosen to represent the installation of one, two and three of those sections respectively. However,
further calculations and experimental methods were required to select the three settings for the

inlet air velocity and the solids feed rate, which are discussed throughout the remainder of this

section.
Table 3-5: The low, medium and high settings of each independent variable
Factor Low (-1) Medium (0) High (+1)
Inlet air velocity (m/s) 4.3 6.5 8.6
Solids feed rate (kg/s) 0.04 0.05 0.06
Riser height

(number of cylindrical riser sections)

3.3.1.1 The low settings

The low setting of the sorbent feeder was determined experimentally. To protect the sorbent
feeder, it was always operated at or above its 12% setting. Below this setting, the auger stopped
rotating for prolonged periods, placing unnecessary stress on the feeder motor. Therefore, the
low setting of the solids feed rate in Table 3-5 corresponds to the 12% setting of the feeder
according to the calibration curve in Annexure E1. The low setting of the inlet air velocity was
determined mathematically. FGD-CFB’s are preferably operated at a riser superficial gas velocity
that is equal to twice the particle transport velocity, as discussed in Section 2.2.1.

This condition was defined as the minimum inlet air velocity for this study to ensure sufficient
fluidisation at every inlet air velocity setting. The Archimedes number that is associated with this
study is provided in the first row of Table 3-6. When comparing this value to those in Table 2-1 it
is seen that the correlations from both Khurram et al., (2015)%® and Smolders and Bayens,
(2001)%? are applicable. However, only the former considered the H/D ratio — which was a key
parameter in this study. Therefore, the particle transport velocity of the sorbent was calculated
using the empirical correlation from Khurram et al., (2015)% and the results are reported in the

bottom three rows of Table 3-6.
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The value of the riser height, H, is defined as the distance between the top of the riser and the
top of the venturi, while the remaining constants that were used for the calculations are provided
in Table 3-7. The temperatures at which the air density and viscosity were specified were chosen
as the average ambient temperature in the experimental workspace during the month of
November. The highest transport velocity was equal to 0.92 m/s and it was multiplied by two to
obtain a target superficial air velocity within the cylindrical riser sections. Given the varying
diameters of the riser and its air inlet, the superficial air velocity in the riser had to be converted
to an inlet air velocity. The resulting value of 4.1 m/s was chosen as the low setting for the air inlet
velocity. However, during commissioning it was determined that the riser was prone to slugging
at this velocity and the low setting was increased slightly to 4.3 m/s. This value corresponds to

the one reported in Table 3-5.

Table 3-6: Transport velocities at varying riser heights for the FGD-CFB system

Parameter Value Unit
Ar 1.33 (=)

Urg (H=4.8) 0.92 m/s
U (H=3.8) 0.85 m/s
U (H=2.8) 0.76 m/s
Uy (Upg X2) 1.84 m/s
Uintet, min 4.13 m/s

Table 3-7: Fixed parameters for this study

Constant Value Unit
d, (D[4,3]) 23.63 pum
Py 2883 kg/m3
D, iser 0.30 m
Dinjet 0.20 m
Py 1.19 (@22.9°C) kg/m3
U 1.83 x 1075 (@22.9°C) Pa-s
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3.3.1.2 The medium and high settings

The high setting for the solids feed rate was determined experimentally, as illustrated in Table
3-8. The riser was operated at the low inlet air velocity setting, and the feeder was started. The
speed setting of the feeder was increased in increments of 5% and allowed to run for five minutes
at each setting. During this time, the inlet air velocity of 4.3 m/s was maintained by manipulating
the fan setting. At a feeder setting of 22%, the saturation carrying capacity of the air has been
exceeded. This caused a solids build-up at the bottom of the riser, which was accompanied by
inconsistent pressure readings. Consequently, the feeder setting was decreased in increments of
1% and allowed to run for five minutes at each setting. At the feeders' 20% setting, stable riser
operation was once again achieved, and the maximum solids feed rate was fixed at a value of

0.06 kg/s according to the calibration curve in Annexure E1.

Table 3-8: Process used to decide the high setting of the solids feed rate

Feeder setting (%)

Could the system sustain the solids load in 12 17 22 21 20

suspension at Ujpjer = 4.3 m/s v v X X v

The high setting of the inlet air velocity was also determined experimentally. The fan was changed
to its 95% setting, and the maximum solids feed rate of 0.06 kg/s was injected into the riser. After
five minutes of operation, the inlet air velocity reached an average value of 8.1 m/s, which was
selected as the high setting for the experimental program in Table 3-5. This was because the high
setting of the solids feed rate would need a substantial amount of air to remain fluidised, thereby

creating a maximum air velocity requirement.

In Annexure C2, it was determined that a minimum solids feed rate of 0.03 kg/s would be required
to ensure a Ca/S ratio of 1.2 at an inlet air velocity of 13.5 m/s. However, the maximum inlet air
velocity for this study was fixed at 8.1 m/s, while the smallest solids feed rate was 0.04 kg/s.
Therefore, the condition where Ca/S > 1.2 will be met regardless of the experimental treatment

combination.
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3.3.2 Experimental design
3.3.2.1 Factorial design and the evaluation of curvature

Simulated data is seldomly validated using experimental procedures®?, If experimental validation
is performed, the experimental outline often entails changing one factor at a time while all other
variables are kept constant!®2, This approach is statistically inefficient and fails to account for the
combined influence of the different factors on a given responsel®®, Instead, the influence of the
independent variables (factors) on the hydrodynamics (responses) was described via the
statistical design of experiments (DOE) which also minimised the required number of
experiments. Two approaches were considered for this purpose. The first was a full factorial
design, during which the effect of every possible factor combination on the system was tested®.
The second, was a central composite design method during which a limited number of
experimental combinations were used. For the full factorial design, only the high and low settings
that are provided in Table 3-5 were considered and these were denoted by 1 and -1 respectively.
Consequently, a total of 8 runs were required®. The resulting experimental program is
represented by the cube in Figure 3.7 a) with each end of the blue, red and green lines

representing the low and high settings of the three factors respectively.
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Figure 3.7: a) The 22 full factorial design with a centre point (Adapted from Montgomery and
Runger (2014)!%) and b) a graphical illustration of a linear regression model failing to predict

curvature

In an article by Gutiérrez et al., (2002), a factorial design approach was used to assess the
influence of the Ca/S ratio, approach to adiabatic saturation temperature, solids recirculation ratio,

SO, concentration and the superficial gas velocity on the performance of a semi-dry FGD-CFB®,
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Using a simple linear regression model, they determined that the adiabatic saturation
temperature, the recirculation ratio, the Ca/S ratio and the interaction between the Ca/S ratio and
the recirculation ratio had the largest influence on the desulphurisation yield®. Although the DOE
was only one facet of their study, the resulting information was crucial to understanding the most
important factors to achieve the plant’'s objectives. Unfortunately, the analyses techniques
associated with a 2* factorial designs assume a linear relationship between the factors and the
response and is therefore unable to account for curvaturel®. This is graphically illustrated in
Figure 3.7 b).

To test whether curvature was present, experiments were performed at the centre point of the
experimental domain or the medium settings provided for each factor in Table 3-5%4, A test
statistic (t-statistic) was calculated from the generated data to quantify how much the mean of the
centre points differed from the mean of the original factorial design points'®. From the test
statistics, P-values were determined, which were compared to a 95% confidence interval. If the
P-values were less than the chosen value — the curvature was deemed significant. The t-statistic

for curvature is provided in Equation 3-11%4,

to curvature ﬁ 3-1

ng  MNg¢

Here y represents the mean of the measured responses, subscripts F & C refer to the factorial
design and centre point measurements respectively, 6 is the standard deviation and n is the
number of experimental observations. Since no replicate experiments were performed, the
standard deviation was estimated by the square root of the mean square error of the centre point

runs (MSE_,) by using Equation 3-21%.

62 = MSE. = SSEep Ycentre points(Vi — ¥e)?

= = 3-2
P n.—1 ne—1

In the previous expression SSE,, is the sum of squares of the error for the centre point runs and

y; is the measured response of the centre point runs. As a second measure of curvature, the
curvature sum of squares, as provided in Equation 3-3, was calculated. If it approached zero, the

extent of curvature in the regression analysis was deemed negligible®?,
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A linear regression model was chosen for a given response when both tests indicated that the
curvature could be ignored. The general form of the linear models is provided in Equation 3-4194,

and the coefficients were determined according to the method in Annexure |I.

_ nene@r — yc)? 3.3
ne +ng

SScurvature

V= Bo+ BaA+ BgB+ B:C+ BapAB + BgcBC + BacAC + BapcABC 3-4

Where B, represents the constant, § with a subscript represents the linear and interaction

coefficients, y is the predicted response, and A — C represents the factors.

3.3.2.2 Modifying the 2 design

To account for curvature, quadratic terms had to be included in the regression models. This could
be achieved by adding a third level or medium operating setting to each factor. However, 3 full
factorial designs require a larger number of experiments and resources when compared to 2%

designs. As a result, alternative solutions were considered, which included®4:

e Using a response surface method or,

e making use of central composite designs (CCD).

Since a CCD is developed sequentially, the data from the linear regression model analyses and
curvature tests could be used. Hence, experimental resources were not wasted. To add quadratic
terms, the 2% designs were augmented by adding axial points at a given distance from the
experimental domain's centre point, which will be referred to as the alpha value (a). CCD
predictions are optimised when the design is both rotatable and orthogonal'®*. When a design is
fully rotatable, the prediction error of all the points at the same distance from the centre point is
identical'®®. When a design is fully orthogonal, the predicted effect of a factor will be independent
of the effect of other factors or factor interactions®’. Whether an experimental design is rotatable,
orthogonal or a compromise between the two depends on the alpha value!®. The alpha value is
the distance between the centre point and the axial points, and three CCD’s are prevalent in the

literature.
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Riser height

These are the face-centred (a = 1), circumscribed (a > 1) and inscribed (a < 1) central composite
designs, as illustrated in Figure 3.8%, For circumscribed and inscribed CCD'’s, five levels for each
factor are required for the experimental runs. These factors are coded as -1, 0, 1 for the low,

medium and high factorial runs respectively and -a, +a for the axial runs.
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Figure 3.8: a) Face centred CCD and b) circumscribed CCD and c) inscribed CCD (Adapted
from Ranade and Thiagarajan, (2017))%

However, more than three a levels for the riser height were experimentally difficult to achieve,
making face-centred CCD’s the most suitable option. Unfortunately, face-centred CCD’s are not
rotatable, but according to the literature good designs may still be achieved in the absence of
rotatability!®. Since axial experimental runs were added, the general regression model from
Equation 3-4 could be replaced by Equation 3-5 to include quadratic terms if necessary°7:109110,
The coefficients () in Equation 3-5 were determined according to the method of least squares,
as given in Equation 3-6%. An example of a typical design matrix X for a face-centred CCD is
provided in Table 13 of Annexure |. Equation 3-6 was used to determine the coefficients for an

individual regression equation for every measured response y.

9 = Bo + PaA + BaA® + BB + BgB? + B.C + B.C? + BapAB + BcBC + BacAC 3-5

B=X"X)"(X"y) 3-6
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Where § is the predicted response, fis a M X 1 coefficient vector matrix, X is the N x M
design matrix (-1, 0, 1 & a, -a if applicable), and y is the measured response ina N x 1 vector
matrix. M equals the number of coefficients to be determined (including the constant §,) whereas

N represents the total number of experimental observations.

3.3.2.3 Statistical model adequacy
Coefficient of determination

The coefficient of determination (R?) of each regression model was determined to indicate the
extent to which the various models accounted for variance in the system311! The method for
determining the coefficient of determination remained the same whether a full factorial design or
a CCD was used. However, when the number of predictors in a statistical model increases, the
R? value improves even though the model’s fit remains unchanged or worsens, and this is termed
R? inflation'**. In such a case, inflation should be accounted for when determining the R2. Since
the number of experimental observations and model coefficients only varied when changing over
from a linear to a quadratic approach, the formula used to compute R? is provided in Equation
3-7*12, If the linear model was expanded upon by additional experimental observations or factors,
the effect of inflation would have been considered and the same holds true for the quadratic

models.

SSE

RZ=1-—
SST

In the previous equations SSE is the sum of the squared residuals as calculated by Equation 3-8,

and SST is the total sum of squares for the measurements as calculated by Equation 3-9.

n
SSE= ) (i =9’ 3-8
i=1
n
SST = ) i =9 3-9
i=1

In the above expressions n refers to the total number of experimental observations (including the

centre point runs) and, once again y; refers to the measured response.
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T-statistic

In order to determine the significance of the effect of each factor on the measured response, a
test statistic was computed'®4. In the case of a central composite design, Equation 3-10 was used
to obtain a vector matrix with each coefficient’s t-statistic'%. In the case of a 2" full factorial design,
the test statistic of all the regression coefficients (except for the constant) was the same, and that

value was computed with Equation 3-111%4,

tg = —F——— 3-10

to= 6+ <Z(xi - ,z)) 311

In the above equations, S, represents the coefficient under investigation, X is the design matrix
in coded units (-1,0 & 1) and x; represents the entries in the i row of the design matrix. Any
column of the design matrix was used to extract the values of x;, except for the column
corresponding to the constant. The constant’s column (which is a column filled with 1’s) was used
to determine the t-statistic of the constant only. The mean x , was equal to zero for all predictor
columns (except the column belonging to the constant) since X was orthogonal. This value was
used to determine the t-statistic for the constant as well. For the full factorial design and for the
CCD, ¢ represents the square root of the mean square error of the predicted response, and it
was calculated from Equation 3-12'3. The computed t-statistic, together with the t-distribution,
was then used to calculate a P-value for each model coefficient which will be discussed in the

next section.

6 =MSE = —— 3-12

Where n and p represent the total number of experimental observations (including the centre

point runs) and the number of model coefficients (excluding the constant), respectively!.
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P-value of the t-statistic

The t-distribution was used to determine P-values, and extracts from the t-distribution at the
relevant degrees of freedom, are provided in Table 14 of Annexure 12, Once a t-statistic has been
determined, the row corresponding to the correct degrees of freedom (n —p — 1) or (n, — 1) when
evaluating curvature) in the t-distribution was selected, and the t-statistic was compared to each
value in that row!%. Once a matching value has been obtained in the tabulated data, the alpha
value corresponding to that table entry was identified. The alpha value was compared to the
predefined confidence interval of 0.95'%, If the alpha value was below 0.05, the null hypothesis
was rejected, and the effect of that regression coefficient had a significant effect on the predicted
responsel®. Conversely, any alpha value exceeding 0.05 indicated that the regression coefficient
did not significantly affect the predicted response. If the t-statistic that was calculated was not
egual to a value in the t-distribution table, the two values corresponding to the upper and lower
limits of that calculated t-statistic were reported!®. In addition, interpolation was used to find an
alpha value between those two identified alpha values to obtain a single estimate. The

interpolation formula is provided and discussed in Annexure |.

3.3.3 Experimental program

As discussed in the preceding subsection, a 23 full factorial design approach was followed, which
is represented by the treatment combinations in brackets in Table 3-9. To enable the addition of
quadratic terms when necessary, axial experimental points were added, and these are indicated
without brackets in Table 3-9. Therefore, the final experimental program with all 20 of its treatment
combinations is indicated in Table 3-9 where the values (-1, 0, 1) represent the low, medium and

high settings of each independent variable, respectively.

The data that was collected from each experimental treatment combination was used to calculate
the seven parameters in Table 3-10. The response of each parameter to the changing conditions
was captured within the regression models that were constructed from the 2° as well as the CCD
design approaches. The VBA code that was written for each analysis method is provided in
Annexure J. Finally, the adequacy of the linear and quadratic models was determined according
to Section 3.3.2.3.
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Table 3-9: Face-centred CCD that was used as the experimental program for this study

Experiment number Inlet gas velocity Solids feed rate Riser height
[1] -1 1
2 -1 0 0
[3] 1 1 -1
[4] 1 1 1
(5] 0 0 0
[6] 0 0 0
7 0 0 0
8 0 0 0
0 -1 0
10 0 1 0
11 0 0 0
12 1 0
[13] -1 -1 1
[14] -1 1 -1
15 0 0 -1
[16] 1 -1 -1
[17] -1 -1 -1
[18] 1 -1 1
19 0 0 1
20 0 0 0

Table 3-10: Responses considered in the factorial design analysis

Response Unit Description Calculation

RNI(&5)pot - RNI(gs) at the bottom port. Equation 2-12
RNI(&§)mia - RNI(¢gs) at the middle port. Equation 2-12
RNI(&4)t0p - RNI(¢s) at the top port. Equation 2-12

_ Average solids holdup at the _
Estow - Equation 2-10
bottom port.

B Average solids holdup at the _
Esmed - _ Equation 2-10
middle port.




_ Average solids holdup at the _
Eshigh - Equation 2-10
top port.

AP, iser Pa Pressure drop across the riser. APy iser = Ppr—09) — Ppr-01)

Pressure drop across the
APgection Pa . s . [Apriser = Ppr—o9) — P(PT—03)]*
installed cylindrical sections.

*PT-09, PT-03 and PT-01 refer to the transmitters indicated in Figure 3.1.

3.3.4 Experimental data collection
3.3.4.1 Velocity data

All the air velocity measurements were made using a Testo 440 hot-wire anemometer, and further
details of the instrument are provided in Annexure K1. When measuring velocity at the riser inlet,
the tip of the anemometer was placed at the centre of the riser inlet during operation, and the
velocity data was displayed on a handheld device that communicated with the probe via
Bluetooth. The influence of the anemometer's position on the velocity measurement was
investigated by recording the average velocity at 5 locations across the inlet area, as illustrated
by Figure 3.9. At each measurement point, the velocity was recorded every three seconds for one
minute, and a correction factor was calculated using Equation 3-13. In all cases, the riser inlet
velocity measurements were multiplied by the correction factor, which was equal to 1.06, to adjust

for flow variations across the riser inlet.

Figure 3.9: Velocity measurement locations at the riser inlet
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UAverage

correction = = 1.06 3-13

measured

Where Ugperage aNd Uneqsurea represent the average of the five measurement locations and the

value of the inlet air velocity in the centre of the riser, respectively.

3.3.4.2 Pressure and temperature data

The pressure and temperature at various points along the riser were measured using installed
flush (i.e., non-intrusive) pressure transmitters and resistance temperature detectors. The details
of these instruments are provided in Annexure K1. All of the electronic equipment was connected
to and controlled from a PLC. During sorbent sampling, the non-isokinetic probe had to be
inserted or withdrawn from the sampling ports. This temporarily altered the flow conditions within
the riser since fluctuations in the pressure indicators could be observed. For this reason, the
pressure and temperature data was recorded after the sorbent sampling has been completed and
before an experimental run was ended. Once the sampling ports were sealed and the fluctuations
in the pressure data reached a minimum, the pressure and temperature data was recorded every

five seconds for a duration of five minutes and the data was exported to an excel file.

3.3.4.3 Non-isokinetic sampling

To determine the local mass flow rates of the hydrated lime inside the riser during a run, a non-
isokinetic sampling probe was constructed. A diagram of the probe is provided in Figure 3.10, and
photos as well as the dimensions thereof, have been included in Annexure K2. The probe was
connected to a vacuum line which could be partially opened or closed using a ball valve. A toggle
valve was used to shut off the suction line while repositioning the sampler in the riser such that
the ball valve could be kept open at a given setting. These valves were selected since the
pressure drop across a needle valve was too severe and limited the suction velocity that could be
obtained at the sampling tip. Behind the sampling tip of the probe, a lid was fastened across the
sampling port of the riser. This ensured that the 90° angle between the probe and the riser wall
remained in-tact while also minimising air flow into the riser through the port during sampling. The
hydrated lime sample was allowed to accumulate on top of a glass fibre filter paper encased in a
Perspex cylinder and held in place with a rubber seal. At every experimental treatment
combination, the non-isokinetic sampler was used to collect samples at three different riser

heights.
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Filter paper Toggle valve Ball valve

Figure 3.10: Non-isokinetic sampling probe

The height of every available sampling port that is illustrated in Figure 3.11 (a) is provided in Table

3-11. While one cylindrical section was installed, the three measurement ports labelled “B” in

Figure 3.11 (a) were used. However, while two sections were installed, measurement ports “B1”,

“B3” and “M2” were used. Lastly, in the case when three sections were installed, measurement

ports “B2”, “M1” and “T1” were used. At each of the three ports chosen for an experiment, the iso-

kinetic sampler was traversed from one radial sampling point to the next across the riser’s

diameter. The seven radial sampling points that were used are illustrated in Figure 3.11 (b), and

their positions are also provided in Table 3-11. A description of the non-isokinetic sampling

procedure that was followed to extract solids from the riser during an experiment is provided in

Annexure K2.

(a) )
° T1
L ]
° M2
° M1
L ]
° B3
® B2
L B1
.....................

(b)

7 6 5 4 3 2 1
«—0—0—0—0—0—0—0—» Sampling port

)
PLagnd
.
Diagity
o o
&

Air inlet

Reference point for port positions (0 m)

Figure 3.11: The location of the (a) axial and (b) radial sampling points
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Table 3-11: Axial and radial position of the sampling ports illustrated in Figure 3.11

Bl B2 B3 M1 M2 Tl
Distance from the reference point (m).

0.2 0.5 0.8 15 1.7 2.5

_ _ 2 3 4 5 6 7
Distance from the sampling port (cm).

0 5 10 15 20 25 30

A difference exists between the suction velocity at the probe tip and the gas velocity at the
measurement location when using a non-isokinetic sampling procedure. When the suction
velocity is less than that of the carrier gas, a portion of the particles bypass the probe during
sampling. On the other hand, too many particles are pulled into the sampler when its suction
velocity exceeds that of the carrier gas. For this reason, the influence of the probe’s suction
velocity on the sampled mass was investigated. These tests were performed at an inlet air velocity
of 6 m/s, and a solids feed rate of 0.04 kg/s and the riser at its medium height setting. Furthermore,
the samples were collected at radial positions 3, 4 and 5 in Figure 3.11 (b) and at riser port “B3”
in Figure 3.11 (a) according to the procedure in Annexure K2. The average of the three radial
samples was computed and converted to a solids flux using Equation 3-14. This process was
repeated at four additional probe suction velocities, and the result is illustrated in Figure 3.12.

G = 3-14

In the previous equation G is the mass flux in the probe tip in kg/m?s, m is the mass flow rate in
kg/s and A, op. is the area of the probe tip in m Figure 3.12 illustrates that the solids flux at 2
m/s and 2.5 m/s deviated from the values of the remaining three measurements and this can be
attributed to the unsteady nature of CFBs. However, from Figure 3.12, it can also be seen that
the measured solids flux at 1.5 m/s and 3.5 m/s were equal. Furthermore, the standard deviation
of the data was equal to 0.16 kg/m?s, which equates to a percentage deviation of 9%. Thus, the
probe’s suction velocity was found to have a negligible influence on the collected sample mass.

Consequently, the use of a non-isokinetic sampler was justified despite the observed fluctuations.
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Figure 3.12: The effect of probe suction velocity on the measured average solids flux in the
centre of the riser (U,= 2.8 m/s and G = 0.57 kg/m?s)

3.4 APPLICATION OF SIMILARITY PARAMETERS

By applying the similarity parameters from Section 2.2.2, the operating parameters of large-scale
FGD-CFB units can be adapted for a laboratory-scale unit and vice versa. Upon inspection of
Table 2-2 in Section 2.2.2, it can be seen that the operating conditions provided by Zhou et al.
(2011) are within the range of acceptable values reported for industrial-scale FGD-CFB units
throughout the literature. For this reason, their operating conditions were plugged into the three
similarity parameters most often used for scaling purposes. The results are provided in Section A
of Table 3-12. Target operating conditions for the setup in this study could be determined via the
data in Section A of Table 3-12. To do this, the fixed experimental parameters pertaining to this
work, as provided in Section B of Table 3-12, were used. These parameters included the air and
particle densities, the riser's inner diameter and the fluidising air viscosity. From the Froude
number in Section A together with the riser’s inner diameter from Section B, a target superficial
air velocity within the riser could be determined, and the result is provided in Section C. From the
second similarity parameter in Section A in Table 3-12 and the newly calculated air velocity, a

target solids flux for the system could be specified.
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Table 3-12: Similarity parameters of an industrial scale FGD-CFB unit

A: Similarity parameters from Zhou et al., (2011)%*

Similarity parameter Value Unit
Frp = Uy?/gD 0.47 (-)
Gs/ppUo 1.61 x 107* =)
Uy/U, 36.08 )

B: Fixed parameters for this study

Fixed parameter Value Unit
Py 2883 kg/m3
D 0.30 m
Py 1.19 (@22.9°C) kg/m3
By 1.83 x 1075 (@22.9°C) Pa-s

C: Resulting operating parameters applicable to this study

Calculated parameter Value Unit
Uy 1.18 m/s

G, 0.54 kg/m?s
19.44 um

In addition to the operating parameters, a target diameter for the hydrated lime particles was
obtained using the third similarity parameter in Section A of Table 3-12. This was done by
populating Equation 3-15 with the fixed parameters for this study and calculating the particle size
that would ensure a U, /U, ratio equal to that in Table 3-12. The resulting operating parameters

that were applicable to this study are given in Section C of Table 3-12.

dng

3-15

Ue = (pp _pf) x

The superficial gas velocity from Section C in Table 3-12 was converted to an inlet velocity, and

the solids flux was converted to a solids feed rate.
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The final target operating conditions obtained for this study through the similarity parameters are
provided in the third column of Table 3-13. The true operating conditions that were specified for
this study, according to Section 3.3.1, are reported in the fourth column of Table 3-13 for

comparison.

Table 3-13: The operating conditions obtained via similarity parameters versus those truly used

during the experimental phase

Experimental Unit Values obtained from Values specified for this
parameter scaling parameters study
Uintet m/s 2.65 43-8.6
U, iser m/s 1.18 1.84
m kg/s 0.04 0.04 - 0.06
d um 19.49 23.63
Urrmax X 2 m/s 1.69 1.84

When comparing the data in Table 3-13, it is seen that the lower end of the conditions that were
used in this study are comparable to the values obtained via the similarity calculations. The only
exception was the inlet air velocity which had a minimum value of 4.3 m/s, which is 60% higher
than the recommended value. Upon further investigation, it was determined that the unit described
by Zhou et al., (2011)%* in their publication operated at a riser superficial gas velocity that
exceeded twice its transport velocity as recommended throughout the literature. The calculation
procedure is provided in Annexure L. However, the target inlet air velocity of 2.65 m/s would
deliver a superficial gas velocity of 1.18 m/s for this study according to the similarity parameters.
In the final row of Table 3-13, the superficial gas velocity, which would be equal to twice the
transport velocity, is reported. By comparing this condition to the riser’s superficial gas velocity in
the same column, it can be seen that compliance with the recommended operating velocity would
be lost since the recommended superficial gas velocity (1.18 m/s) is less than twice the transport
velocity (1.69 m/s). Consequently, higher velocities were used in this work which explains the
discrepancy between the specified values for this work and those recommended by the similarity
parameters. In conclusion, the chosen operating conditions facilitated dynamic similarity between
this study and FGD-CFB units from the literature, enabling the comparison of the findings in

Chapter 5 to the previous work.
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CHAPTER 4 — CFD MODEL CONSTRUCTION
41 MODEL DEVELOPMENT

In this chapter the CFD model construction is explained. Initially, the most suitable model
equations for this hydrodynamic study are motivated. The following paragraphs explain the
simplifications that were made with regards to the turbulence model, the Eulerian-Lagrangian
model and the drag model since these parameters are often adjusted throughout literature to
achieve improved predictions. Afterwards, the discretization of the geometry and the solution
algorithms within the model were motivated. Based on these discussions, the software specific
actions are provided in Section 4.2 and 4.3.

4.1.1 Fluid mechanics
4.1.1.1 Conservation equations

In computational fluid dynamic (CFD) applications, the Navier-Stokes equations are applied to
model the flow of incompressible fluids. When a fluid has a Mach number lower than 0.2 and a
sufficiently low solid volume fraction, a general rule of thumb is to treat it as incompressible®.
Hence, the Mach number based on the flow velocity of the fluid that will allow for the assumption

of incompressibility to be evaluated was calculated using Equation 4-1°.

The speed of sound in dry air is approximately 331.5 m/s at 0°C, with speed increasing by
approximately 0.6 m/s for each 1 degree Celsius rise in temperature!*4, It further increases as the
humidity of the fluid rises!*®. According to these conditions, the fluid velocity would have to be at
least 66.3 m/s at 0°C before compressibility would have to be considered. Furthermore, the
discussions in Section 4.1.1.3 and 4.3.2.2 indicates that the solids volume fractions were
sufficiently low. Because of this and the low velocities that were used in the study, incompressible
flow could be assumed, and the Navier stokes equations as provided in Equation 4-2 could be

used®.

du
P = P9— VP + uviu 4-2

62



Where, u represents the fluid velocity, p, u, P represent the fluid density, dynamic viscosity and
pressure, respectively and V. = d/dx+ d/dy + d/0z represents the divergence in cartesian
coordinates. However, the fluid and flow variables' instantaneous values differed from their mean
values due to turbulence®116117 This is illustrated in Figure 4.1, where the blue line illustrates the
mean value of the velocity at a point, and the black line represents the instantaneous value
thereof.

U (m/s) ‘./_\\_//.\\_//_\\7/_\\_/_\\7/.\\74\\_/[_\7_ ..... U (m/s)

t(s)

Figure 4.1: The fluctuating nature of velocity over time in turbulent flow (Adapted from Welty et
al., 2015)%°

The CFD grid that would have been required to capture these fluctuations would have such a fine
resolution that a numerical solution would be impractical (it would take too much time to
converge). For this reason, the Reynolds averaged Navier-Stokes (RANS) equations were used
instead. During the time averaging process, all the fluid and flow variables were written in terms
of their mean and fluctuating components as illustrated by Equation 4-3, where velocity was used

as an example®.

U= Ux(x,y,2) + U y(x,y,21) 4-3

Where ¢ and ¢’,with ¢ any variable represents the mean and fluctuating components of that

variable.
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The resulting RANS equations are presented by Equation 4-4 to the following assumptions®%11¢:

e Incompressible flow,
e Constant fluid viscosity and

e Steady flow.

Pox, = “ox | ox \M3

ouU, 9P 0 < oU,
]

—pU U, | +F 4-4
xj pYU, ]) B

In the above expression y is the dynamic viscosity of the fluid and Fz represents the body forces
per unit volume. Since CFB’s are unsteady by nature, the RANS equations were instead written
as the URANS (unsteady RANS) equations. As will be discussed in the following sections, two-
way coupled Eulerian-Lagrangian simulations were performed, and the applicable URANS
formula is presented by Equation 4-5118%:119 The RANS and URANS equations represent the
conservation of momentum. Equation 4-6 represents the conservation of energy from the first law

of thermodynamics, while Equation 4-7 represents the conservation of mass!>°’.

a‘gfﬁi_i_ dgrUU, gfaﬁ+ 9 ou, UU,)|+ ¢Fg+ F 4-5
e axi = pfaxi ax] Ef Vf ax] Yy Ef B M -
J(pE
(gt)+v(pEUf):FB-Uf+V-(Uf-O')—V'q-l-SE 4-6
d(erpy)
T‘FVSfPfo =0 4-7

In this set of equations v represents the kinematic viscosity of the fluid, F), is the momentum
source per unit volume, E represents the energy per unit mass, g and o is the heat flux and stress

tensor, respectively and Sg is the energy source per unit volume.

4.1.1.2 Turbulence model

Three methods exist with which the turbulence in fluid flow may be resolved, and they are
provided for comparison in Table 4.1'%°, In the table RANS and URANS methods were identified
as the least computationally expensive, and this can be attributed to their reliance on empirical

correlations.
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However, numerous CFB studies followed a large eddy simulation (LES) approach?%97 This
means that the turbulence scales above a certain threshold were directly resolved using a
sufficiently fine grid, whereas the remaining scales were modelled using the Smagorinsky
turbulence model. However, the LES as well as the direct numerical simulation (DNS)
approaches, proved to be too computationally expensive for the large-scale CFB application in
this work. For this reason, only the turbulence models belonging to the RANS and URANS

categories were considered.

Table 4-1: Simulation aspects associated with different turbulence modelling techniques
(Adapted from Xiao & Cinnella, 2019)2°

_ RANS/
Turbulence modelling method LES DNS
URANS
) ) Only for flow scales below
Degree of modelling required Full Zero
a cut-off threshold
Only for flow scales above
Degree of resolved turbulence Zero Full
a cut-off threshold
Comparison of computational cost Lowest Intermediate Highest
Comparison of mesh Coarsest Intermediate Finest
Simulation time required Lowest Intermediate Highest

The second to last term in Equation 4-4 arose during the Reynolds averaging process and is
called the Reynolds stress term. The Reynolds stress quantified the contribution of turbulence to
the total shear stress tensor in the fluid®. In order to calculate the Reynolds stress, the

Boussinesq hypothesis as given by Equation 4-8, was used®2119:115,

2K

vy = U, = ——+ut(

3 4-8

oU; U,
an (')xi

Here k represents the turbulent kinetic energy and u; the turbulent eddy viscosity. Closure of the
RANS and unsteady RANS equations was therefore achieved by solving the turbulent eddy
viscosity (1) in Equation 4-8. To do this, the eddies had to be considered.
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Eddies are present in a wide range of sizes (henceforth referred to as length scales) in turbulent
flow and are responsible for the dissipative nature thereof. Within the larger length scales, energy
and momentum transport occur, and within the smallest length scale (Kolmogorov scale), energy
is dissipated to heat'?L. To explicitly solve the RANS equations, it would be necessary to account
for all the eddy length scales present in a specific flow. Unfortunately, this would be
computationally expensive for the simplest cases, which is why the mean influence of eddies on

the overall flow profile was approximated using turbulence models, as discussed previously'?°,

Various turbulence models are available to calculate the turbulent eddy viscosity (from Equation
4-8), and the oldest solution technique entails algebraically calculating a mixing length®°.
However, solution techniques incorporating transport equations have become more popular given
the improved accuracy when compared to algebraic approximations such as the mixing length
approach'?. For example, one-equation models contain one additional non-linear second-order
partial differential equation that needs to be solved before the turbulent eddy viscosity can be
determined!??, Such equations have the general form given in Equation 4-9.

4 = cveE 4-9

Where c is a model constant and e is the mean kinetic energy. The mean kinetic energy in
Equation 4-9 has to be solved using both its transport equation and an algebraic specification of
the mixing length, which is incorporated into the calculation of &. In the near-wall sublayer, the
algebraic approximation of the mixing length is reasonably successful, which is why one-equation
models are mainly limited to near-wall flow investigations'?2123, However, two-equation models
are prevalent in industrial applications since it eliminates the need to algebraically specify a mixing
length?2123, From the available two-equation models, the k-¢ and k-w models are popular choices
for most applications, with the latter being preferred for swirling flows*®. The standard k-& (SKE)
equation has a PDE for the turbulent kinetic energy (Equation 4-10) and for the dissipation rate
(Equation 4-11), after which the calculation of the turbulent eddy viscosity follows in Equation
4-12121124 \With the turbulent eddy viscosity calculated, all of the terms in the RANS equations

could be solved?6:20.125,

d _ U 4-10
e (pKx) + V(pku) =V [(H + a—t) VK] + P — p(€q — €a0) + Sk
K
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d _ i &g £4%  €40° 4-11
o7 (Pea) +V(peat) =V || p+— | Veq| +—=CerPe = Cepafop (————— | + 5S¢,

&d K

K2 4-12
He = pCufu g_
d

Where all quantities pertain to the fluid phase, « is the turbulent kinetic energy, ¢, is the turbulent
dissipation rate and oy, g;,, C,, Cs,1,C,,» are model constants, B & P, are production terms, f,
and f, are damping factors and S, & S, , are user defined source terms. Another factor to consider
was that the k-¢ equations perform poorly in the presence of adverse pressure gradients and
cannot predict flow separation accurately as a result thereof!?:123, Modifications to the k-¢
eguation enhance its predictive capability and lessen its shortcomings. Such a maodification is the
realizable k-¢ (RKE) equation, which differs from the SKE in two ways. The first difference is a
different set of equations for the dissipation rate presented by Equations 4-13 - 4-15126.127,

d = He K e’ a0’
a—(ped)+V(p£du):|7 p+—|Veq|+ Cey3Se — Cepp——F—=p|——— |+ S, 4-13
t O-Sd K+ Uey

n
Csd3 = max (043, m) 4-14
S(k
_ 3 4-15
€ad

S¢ in the equations above is a source term, and S may be calculated using 4-16. The second
difference lies within the calculation of the turbulent eddy viscosity, where the value of C, is
approximated using Equation 4-16 rather than a constant'?62’. This version of the standard
eguation normally produces superior results when compared to the original equations and, at the
very least, provides similar results. However, since the degree of flow separation was insignificant

in this study, the SKE equations proved to be sufficient.

Kk\-1
C, = (AO + Au’ —) 4-16
€a

Where A, = 4.04 with A, 9, W, S (which is the strain rate), u*and ﬁ; are calculated by Equations
4-17 - 4-22 respectively.
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As = V6cos (9) 4-17

1
9= §arccos(\/€W) 4-18
S,.5.5,

_ 521k kL _
W= 21 —5 4-19
S = 23‘;3; 4-20
= [5,5,+0,0, 4-21
o= (00 4-22

u 2 ax] axi )

4.1.1.3 Eulerian-Lagrangian and Eulerian-Eulerian models

Both the Eulerian-Lagrangian (E-L) and Eulerian-Eulerian (E-E) techniques are available to solve
multi-phase flows in a CFD environment. When the former is chosen, the carrier phase is
modelled within an Eulerian reference frame and the dispersed phase within a Lagrangian
reference frame3®128, When using the E-L approach to model intermediate and high particulate
loadings, particles may be grouped together based on their properties to create nhumerous
parcels'®'? Thus, the carrier phase is modelled as a continuum, while parcels are individually
tracked throughout the domain®. Some of the advantages of the E-L approach lie in its ability to
more accurately account for particle collisions, including size distributions in drag calculations and

its validity at a wide range of Stokes and Knudsen numbers?!?2,

The E-E approach, unfortunately, does not provide the same advantages and is less descriptive
of individual particle physics. Nevertheless, it requires significantly less computational effort by
using empirical correlations (or the kinetic theory) and by representing the phases as
interpenetrating continua?®2>30.99.130_ The |lower computational effort together with its reasonable
prediction capability, has increased its use for the simulation of industrial scale processes.
Choosing between the E-E and E-L approach can at times be more straightforward than others.
For example, when stratified or slug flow occurs, the two phases in the mixture can easily be

distinguished from one another as illustrated by Figure 4.2.
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In this case the E-E approach would achieve satisfactory results, since it regards all phases as
continua®. However, most of the cases involving CFB’s do not involve stratified or slug flows and
this necessitates further analysis to determine which modelling approach is the most suitable for

the application.

;

Figure 4.2: Visual representation of a) stratified and b) slug flow

If the volume fraction of the particles/dispersed phase is less than 10-12%, an Eulerian-
Lagrangian approach is suitable since the high computational effort associated with this approach
is accommodated by the lower amount of particles present'®*°. Consequently, the user’s guide
for Fluent 6.1™ recommends using either the E-L or E-E method based on the particulate loading
level. To quantify the particulate loading level, the inter-particle spacing can be approximated
using Equation 4-231%:

1/3

Le _ (E”") 4-23
dy 6 kK

Where L, is a characteristic length, d,, the mean diameter of the dispersed phase and x = § The

particulate loading parameter and the material density ratio are calculated using Equation 4-24

and Equation 4-25 respectively3131,

&s Pp

€= — 4-24
&Py
p

y=-=2 4-25
Py

Where &; is the solid volume fraction, & is the void fraction, p is the density and subscripts p and

f refer to the solid and fluid phases, respectively.
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For high values of Z—" the two-phase flow is still sufficiently dilute to make use of the E-L
d

approach®®. However, should an intermediate load be identified using Equation 4-23, the
dimensionless form of the Stokes number can be determined using Equation 4-26 for further

analysist®,

dz U
gt = Pa%dk 4-26
18 puc Ly,

Where St is the Stokes number and subscripts, ¢ & d refer to the carrier and dispersed phase,
respectively, while subscript k refers to a characteristic quantity. Depending on the value of the

dimensionless Stokes number, the following can be deduced for intermediately loaded flows®*:

o If St << 1, then the particle follows the flow nicely, and the E-L method may be used.

e |If St ~ 1, any model approach is applicable, and the least computationally expensive
method may be chosen.

e |If St >> 1, an E-E approach is recommended, although an E-L approach remains a

possibility for certain simulations.

If an E-L approach is found to be applicable, the type of mathematical interaction between the
fluid and particle phases has to be specified. A strong correlation exists between the solid volume
fraction within the domain and the magnitude of the forces exerted between and within the
different phases that are present. The first possible scenario is when the carrier phase governs
the flow of the particles via drag and turbulence, but the forces that are exerted by the particles
have a small to negligible effect on the fluid*32133, The parcels will almost exactly follow the
streamlines in the flow, and this is termed one-way coupling®®°. The second scenario is termed
two-way coupling and is observed when the forces of the carrier phase and the dispersed phase
have a significant influence on each other!?¢13, This coupling should be expected when the mass
loading becomes higher'34. A third scenario is two-way coupling but with particle-particle
interaction (friction and collision) and particle-fluid-particle interaction (streamlines in a dense
phase) taken into consideration. This case is termed four-way coupling®®. In such a case, the
flow parcels can become completely dislodged from the carrier phase at regions with large

gradients.
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As can be expected, the computational effort increases as the coupling is increased from one-
way coupling to two- or four-way coupling. Thus, Crowe et al., (2012) stated that the choice of
coupling is generally based on experience or parameter estimation techniques®®®. In an article by
Elghobashi (1994) a map was presented which can be used to decide between one-, two- and
four-way coupling based on the solid volume fraction, and the map was later adapted by Cortes

and Gil (2007) to include the interparticle spacing at the boundaries using Equation 4-23136137,

In Figure 4.3, the map illustrating the most suitable coupling option for different particulate loading
levels is illustrated, together with the limit at which E-E methods become more practical. From
Figure 4.3 itis clear that one-way coupling is sufficient when the volume fraction of the solids (ay)
is less than 10 and the interparticle spacing (L«/d,) is more than 80. Between 10%< a, <102 and
8< L«/dp <80 two-way coupling should be considered since the increased volume of particles will
alter the energy and momentum of the fluid phase. At higher solid volume fractions four-way
coupling becomes necessary until such time as the solid volume percentage increases above
10%, in which case the E-E approach would be more practical given its lower computational

resource requirement.

Solid volume fraction (ay)
(Dilute) 106 103 101 (Dense)

%/
‘ Eulerian-Lagrangian
two-way four-way

coupling E coupling %////% Eulerian-Eulerian

one-way
coupling

80 8
Interparticle spacing (L,/d;)

Figure 4.3: Conditions under which different coupling types should be considered (Adapted
from Elghobashi (1994) and Cortes and Gil (2007))%6-137

Another parameter to determine how closely a particle will follow the streamlines of the carrier
phase is termed the patrticle relaxation time. The smaller the value of this parameter, the faster
the particle will respond to forces exerted by the carrier phase. However, long particle relaxation
times cause parcels to behave independently from the carrier phase. This parameter is easily

calculated without the use of CFD modelling techniques using Equation 4-27138139.140,
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d.2
_ Pp%_ 4-27

Apart from being a useful indicator of the type of approach to be used, the force balance used to
model the parcels in the E-L approach is often written in a way to include the relaxation factor. As
mentioned previously, parcels of particles are individually tracked throughout the domain when
using an Eulerian-Lagrangian approach. The properties of these individually tracked parcels are
reported at fixed points within the domain as the particles pass through them. Essentially, the
desired outcome of Lagrangian particle tracking is the parcel velocities since the velocity and
position will differ from the streamlines of the carrier fluid due to various forces acting on the
particles. For this reason, Newton’s second law of motion is used to account for such forces and
is provided in Equation 4-28°141142 By determining the parcel velocity, the position of the
particles may be determined. The different forces that act on the particles are added together to
equal the term on the left-hand side of Equation 4-28. In gas-solid two-way coupled systems, this
usually includes the forces due to gravity, buoyancy, fluid pressure and drag!#2.

au
Fnet = mya = m”d_tp 4-28

Discrete element method (DEM) Eulerian-Lagrangian models differ from the general Eulerian-
Lagrangian approach in the sense that it tracks individual particles instead of parcels!*®. By
explicitly modelling the inter-particle interactions it requires more computational effort making the
parcel approach more desirable for large-scale applications. Consequently, Equation 4-28 is
solved for each parcel using information from previous time steps in order to obtain the particle

trajectories that correspond to various groups of particles throughout the solution domain?°.

Once the particle trajectories have been obtained, the solid and fluid phases are coupled through
the void fraction. The fluid phase treats the volume that is occupied by the solid phase as a void
and vice versa, thereby limiting the available space through which the respective phases may
flow. Furthermore, the change in momentum experienced by the parcels throughout the domain
is accumulated across all cells and treated as a momentum source in the last term of Equation
4-52%143 |n the case of four-way coupling, an additional contact force is considered when solving
Newton’s second law of motion to account for inter-particle forces!*®. However, in general, this
approach is not feasible for the simulation of large-scale applications, as was discussed

previously.
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4.1.1.4 Drag model

The drag force acting on the particles had to be calculated to solve Equation 4-28. This was done
via Equation 4-29°014 while various drag models are available to calculate the drag coefficient
Cp.

1
Fp = —p:U%C,A 4-29
D pr D

Here Fp, Cp and A represent the drag force, drag coefficient and projected particle area
respectively. The drag model that would be the most appropriate for any given simulation depends
on the type of coupling required. When considering one-way and two-way coupling, the effect of
inter particle interaction is negligible in comparison to the gas-particle interactions as discussed
previously. Consequently, the effect of the particle volume fractions on the drag coefficient are
usually neglected. Furthermore, CFD models are often simplified by assuming that all of the
particles are spherical and these assumptions enable the use of the Schiller-Neumann drag model
that is represented by Equation 4-30%°. The Schiller-Neumann drag model is capable of providing
a drag coefficient which has a maximum deviation of 5% from the standard drag coefficient for all

particle Reynolds numbers below 800 — 1000513,

Cp = :—;(1 +0.15Re %) Re, < 1000
4-30

= 0.445 Rey > 1000

From a Reynolds number of 800 to 3000, the drag coefficient remains reasonably constant until
the critical Reynolds number has been reached!*®. However, in dense particle flows, the particle-
particle interactions significantly affect the hydrodynamics and must be accounted for when
solving each particle position using Newton's second law of motion. Thus, much work has been
done to improve existing drag formulations, the most notable being the development of
heterogeneous drag models. Such models account for non-uniform and time-varying multiscale

flow structures (such as clusters)'#®, making these especially useful for CFB analysis.
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Homogeneous drag models

Since homogenous drag models do not account for clustering during the calculation procedure,
these require less computational effort®®14°, However, reasonably accurate predictions may be
obtained using homogeneous models if extremely fine grids of 2-4 times the particle diameter are
used!*®. The previously discussed Shiller-Neuman drag model is an example of a homogeneous
drag model. Other popular homogeneous drag models that have been mentioned in CFB studies
include the Haider & Levenspiel, CIlift, Liu, Koch-hill, Wen-Yu, Syamlal & O’Brien (O-S) and
Gidaspow drag models. From these drag models the Haider & Levenspiel and Clift drag models
are tailored for non-spherical particles while the Liu drag model is useful for deforming particles

(such as dr0p|ets)146,147,148_

The remaining four drag models were developed with the assumption that the particles of interest
are spherical and rigid. Unfortunately, the Koch-hill model was originally designed for applications
with fluid Reynolds numbers that are below 1202°14° while the Wen-Yu model’s peak performance
is limited to dilute particle flows?>%. However, the O-S and Gidaspow drag models remain and
are suited for CFB modelling since these account for the local void fractions in the riser. This is
necessary since areas with high concentrations of particles will experience different drag forces
when compared to dilute regions. Both of these models perform similarly but the Gidaspow model
that is provided by the conditional formulas in Equation 4-31 is the predominant choice throughout

literature that are centred around CFB’s30.96:97.125.99

Hrép Pf|Uf_Up| .
Fp= 150 ——— 1.75 | ————— Ef > Ef i
° ( zdp2> * ( &rPpdyp e > Epmin

3ps |Us—Up| _
Fp= Cp——F—"—— 7265 if € < & i
D D4Pp dp Ji f r f,min

4-31

if Rey; < 1000

1+ 0.15(Re,)087
c, = 24< (Rey) >
Red

Cp = 0.445 if Reg = 1000
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In this model &, refers to the cut-off void fraction which is usually set to a value of 0.8. From
Equation 4-31 it becomes apparent that the drag force and the drag coefficient will be
approximated with different models depending on the average void fraction and the patrticle
Reynolds humber. The Gidaspow model is a combination of the Ergun equation and the Wen-Yu
drag model, with the former being used under normal circumstances and the latter being preferred
under dilute operating conditions®. Although this model accounts for local solid volume fractions,
it is predominantly used in DEM modelling or in conjunction with LES turbulent methods to obtain

more accurate particle or fluid information which aids with drag calculations®:97:12%,

Heterogeneous drag models

The most popular heterogeneous drag model found in numerical studies of CFB’s is the Energy
minimisation multiscale (EMMS) model*%%46.98 This model is favoured since it accounts for the
effect of clusters on the overall drag force experienced by the particles®®14°, It achieves this by
dividing the gas-solid flow into a dense phase, a dilute phase and an intermediate phase between
the two, thereby capturing the effect of mesoscale structures on the hydrodynamics®. This has
led to a drastic improvement in the predictive capability of CFD models that are applied to
circulating fluidised beds. Although the EMMS models and all variations thereof outperform
homogeneous drag models, these are computationally expensive especially when used in
conjunction with DEM modelling®®!. That being said, the EMMS method has been successfully

applied to the general Eulerian-Lagrangian approach as well®®.

4.1.2 Discretization

In the CFD environment, the partial differential equations (PDE’s) that describe the flow of fluids
and solids are solved using numerical methods. In general, either the finite difference method
(FDM), finite element method (FEM) or finite volume method (FVM) can be used for this
purpose’®?, The FVM is usually preferred of these three options, given its independence from the
type of mesh structure chosen?. STAR-CCM+™ uses the FVM for most simulations and utilises
an integral form of the governing equations. Three main steps are performed during the FVM,
which are (i) the mesh generation, (ii) the discretisation of PDE’s and (iii) the solution of the system

of equations®®:,
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During step one, the geometry is separated into discrete control volumes. Figure 4.4 provides the
three most common geometrical shapes used for meshing. From left to right, a hexahedral,
tetrahedral and polyhedral cell can be seen. A hexahedral mesh is known to cause minimal
numerical diffusion, leading to more accurate predictions'®*1%, Unfortunately, the construction of
hexahedral meshes is time-consuming and presents difficulties when used in complex
geometries. Conversely, a tetrahedral mesh is easier to construct, but the cells aren’t suitable for
excessive stretching. Thus, a large number of cells are required to divide the domain into control

volumes which increases the computational effort!54155:1%6,

Figure 4.4: Different cells used for CFD discretisation: (a) Hexahedral (b) tetrahedral and (c)
polyhedral cells (Adapted from Sosnowski et al., (2017))%

A polyhedral mesh combines the advantages of both hexahedral and tetrahedral meshes.
Polyhedral meshes are often derived from tetrahedral cells, which makes these suitable for
complex geometries®®*. However, the cells of a polyhedral mesh can be stretched to lower the
number of control volumes that are required for a CFD solution. Furthermore, the numerical
diffusion associated with a polyhedral mesh is lower than that of tetrahedral meshes and in some
cases outperform hexahedral meshes as well, since a larger number of neighbouring cells are
present®*, These characteristics lead to a better approximation of the gradients between different
mesh cells'®®. The control volumes resulting from the meshing procedure are distributed such that
the faces are situated midway between two nodes, as illustrated by Figure 4.5. Regardless of the
type of mesh chosen, the information pertaining to each variable is stored in the nodes during the

calculation procedure.
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Control volume

Control volume face

MNode

Figure 4.5: The position of nodes and control volume faces after mesh generation (Adapted
from Versteeg & Malalasekera (2007:116)%3

During step two of the FVM, the governing equations that were discussed in Section 4.1.1 are
integrated across the control volumes to yield a discretised numerical equation at each of the
various nodes'®®. Furthermore, the values and gradients of the variables at the control volume
face, as indicated in Figure 4.5, are required, in addition to those stored at the nodes?®. These
are generally approximated using interpolation schemes such as central differencing, upwind or
linear upwind models. Of the three, the simplest method is central differencing, provided in

Equation 4-32 for an arbitrary variable®3,

Yyt
2

Y, 4-32

Where y,, Yy and i, represent a variable of interest at the control volume interface, at the active
node and at the following node respectively. Once the discretisation process is complete, a
system of equations is constructed and solved using matrix algebra. A finer grid is associated
with more nodes and a larger system of equations, which explains the increased computational
effort in the CFD environment. The third step of the FVM is the solution of the discretised
equations and for this purpose a solution algorithm, as discussed in the next section, must be

chosen.
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4.1.3 Solution algorithm

4.1.3.1 Steady flow conditions without a Lagrangian phase

[ Guess a pressure field (p*). ]

!

Use p* to obtain the uncorrected

velocity matrix (u*) by solving the

discretised momentum equations.

|

Use u* to calculate a pressure

correction (p’).

}

4 N

Correct the pressure matrix such thatp =

p*+ p' and correct the velocity matrix (v)

using the velocity correction formulas.

o /

!

Solve all other constitutive

equations which influence

the flow field.

p*=p 1

NO ( Are the continuity and W YES End
momentum equations

loop.
L satisfied? J

Figure 4.6: Flow diagram illustrating the steps of the SIMPLE algorithm (Adapted from Versteeg
& Malalasekera (2007:190))%3
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Two main methods exist with which the discretised set of PDEs of the fluid phase may be solved.
The first is a coupled solver during which the pressure field is solved from a suitable equation of
state, the energy equation and the continuity equation*®1%3, When this method is chosen, the
velocity field matrix and the pressure matrix are solved simultaneously, which requires a lot of
computational effort!*®. The second method is a segregated solver, and this approach is suitable
if the gas is assumed to be incompressible!®3, Since the density of an incompressible gas remains
constant, a correct guess of the pressure field matrix should deliver a velocity field matrix which
satisfies the continuity equation®®3, A segregated solver therefore solves the pressure and velocity

fields separately using an iterative procedure which is less computationally expensivel43153.157,

The semi-implicit method for pressure-linked equations (SIMPLE) algorithm is the most notable
segregated solution algorithm throughout the literature and was chosen for this study. The
SIMPLE algorithm is initiated by guessing a pressure field*3, Using the pressure field, the
momentum equations are solved to yield a velocity field matrix. Once this has been completed,
the velocity field matrix is used to calculate a pressure correction term for subsequent
calculations. The pressure corrections are used to update the pressure field matrix and the
velocity field matrix with which all other constitutive equations are closed®®?, If the resulting velocity
field matrix does not satisfy the continuity equation, the process is repeated using the updated
pressure field matrix as the new guess with which the loop is initialised!®®. This process is

schematically illustrated in Figure 4.6.

4.1.3.2 Unsteady flow conditions with a Lagrangian phase

When transient conditions are simulated, the SIMPLE algorithm may be adapted by adding an
outer loop for time marching®3. This updated procedure is illustrated in Figure 4.7. During the
solution procedure, a time step size is chosen after which the SIMPLE algorithm is allowed to
converge®®3. Once convergence has been achieved the SIMPLE algorithm may be applied for a
given number of inner iterations after which the time is updated and the process is repeated until
a user defined time constraint has been achieved®3. As discussed in Section 4.1.1.3, parcel
trajectories are solved by completing a force balance to use in conjunction with Newton’s second
law of motion. However, certain forces can only be computed with information from the
surrounding carrier fluid**3. To accomplish this goal, the Lagrangian solution process is performed
before the SIMPLE algorithm by using the pressure and velocity information from the previous
time step!*®. After a set amount of sub steps, the solution procedure is terminated and the
resulting volume fraction and momentum source terms are fed to the SIMPLE loop to populate

the source terms in the URANS equations?#3,
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The general order of calculations is as follows:

¢ |Initialise a pressure and velocity field matrix.

¢ Solve Newton's second law of motion for each parcel.
¢ Run the SIMPLE algorithm.

e Update the time step.

e Repeat these steps until the user-defined time constraint has been reached.

[ Select a time step size ]

!

r— Sett=1¢t+ At

}

Apply the SIMPLE

algorithm.

NO l YES

End
H Is t = rma.x ?
loop.

Figure 4.7: Flow diagram illustrating the steps of the unsteady SIMPLE algorithm (Adapted from
Versteeg & Malalasekera (2007:190))°3

4.1.4 Residuals

As mentioned, a guessed pressure difference is used to eventually obtain corrected pressure and
velocity matrices with which the continuity, momentum and energy equations are solved. During
the solution process, the values of key variables are compared from one iteration to the next. If
the values between two consecutive iterations change, the difference between the values is called
the residual error. A CFD simulation would be perfectly converged once the residual error in every
mesh cell and of every variable is equal to the machine’s representation of “zero™3. In a
computer, a real number has a finite humber of decimals and all terms after that number of
decimal places are neglected. Thus, zero on a computer is not truly equal to its mathematical
definition.
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Nonetheless, computers used for CFD calculations have a sufficiently high number of decimal
places such that it would take an impractical amount of time for every residual in every cell to
reach zero®3. Instead of stopping the iterative process once all cells have a residual error equal
to zero, another stopping criterion is desired!®®. Generally, a global residual term for every
monitored variable is created to eliminate the need for inspecting every cell in the domain. The
global residual of all variables then has to satisfy a maximum value chosen by the user. In the
STAR-CCM+™ environment, this is done by calculating the root mean square (RMS) of the
residuals of every monitored variable using Equation 4-33%%6, By taking the square of the residual
in every cell, negative values will not cancel positive values during the calculation of the global

residual term?®6,

4-33

R rms

Where r; is a local cell residual, n refers to the number of cells in the mesh and R,.,,5 is the global
residual term using an RMS calculation. Upon inspection of Equation 4-33, it becomes clear that
the magnitude of R,,,, depends on the magnitude of the flow variables throughout the domain*®,
For example, if a velocity of 0.1 m/s changed to 0.01 m/s in all the cells, the R,.,,,s would be equal
to 0.09 m/s. However, if the velocity changed from 10 m/s to 1 m/s in all of the cells, the R,
would equal 9 m/s. Although both global residuals decreased by 90%, a user criterion of 103
would end the calculation procedure for the former case and not the latter. Since the global
residual will be larger for variables with greater orders of magnitude, the stopping criterion
specified by the user would have to be case specifict*3. Furthermore, the example only considered
velocity, whereas many different variables are monitored simultaneously, each with its own unit
and order of magnitude. To collectively consider the global residual of all key variables and to
specify a single stopping criterion, normalisation of the global residuals is performed using the

general formula given by Equation 4-34%°,

R
Rnorm = rFms 4-34

Where R,,,-n is the normalised residual for any given variable and F is a normalisation factor.
Versteeg and Malalasekera provided commonly used normalisation factors (F), two of which can

be represented in the form of Equation 4-35 and Equation 4-36%3,
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F= R, 2<ky<10 4-35

inlet cells

With k, the iteration number, j the cell number and 6 the flow variable of interest. STAR-CCM+™
uses an adapted form of Equation 4-35 in the sense that it only considers the first five iterations
of the simulation*®®. For the remainder of the simulation, the normalisation factor remains

constant. This can be presented mathematically by Equation 4-37.
F = max{|Ryms|% |Rrms|? o) |Rpms| X0} with kg = 5 4-37

All things considered, a residual plot reaching an asymptotic value indicates that the average
deviation of a variable remains the same from one iteration to the next. If the asymptotic values
are sufficiently low, the effect of the deviation is low enough that the simulation may be stopped.
However, convergence issues may be hidden during the averaging process if many cells have
decreasing residuals and only a few have increasing residuals?®®. For this reason, a simulation is
not necessarily converged in every cell once the residual plots indicate asymptotic behaviour and

further investigation of the variables of importance is recommended.

4.2 Computer-aided design of the riser

Computer-aided design (CAD) drawings of the riser were created in Siemens NX-12™according
to the dimensions in Section 3. Figure 4.8 (a)—(c) illustrates the assembly at its high, medium and
low height settings, respectively. A “mould” of the open space inside the riser through which
particle-entrained flow could occur was subsequently generated in the CAD software. Therefore,
the fluid region was represented as a single solid body. If the “moulds” were halved, each half
would be entirely solid as illustrated by Figure 4.9 (a). This was done since the modelling software
regards an imported solid as a fluid region unless it is specified otherwise. Furthermore, the three
tubes through which solids could be introduced to the riser were excluded to reduce residual noise
and the overall solution time of the CFD models. As an alternative, three circular indentations with
a diameter of 60 mm and a depth of 2 mm were added to the surface of the venturi, as illustrated
by Figure 4.9 (b). Once completed, each of the three riser drawings were exported as parasolid

files to enable compatibility with the Siemens STAR-CCM+™ software.
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Figure 4.8: CAD drawings of the riser at its (a) high, (b) medium and (c) low height settings

(@) (b)

e———» Fluid region

Figure 4.9: (a) The fluid region within the riser which is represented as a solid and (b)

indentations on the venturi that were used to represent the solids entry points
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4.3 Construction of the CFD simulations
4.3.1 Startup

For all three riser geometries, the modelling procedure was similar, with the only exception being
the parasolid file that was imported into the STAR-CCM+™ software. Once imported, the software
automatically creates a part with a single surface area. The surface was separated at every curve
such that the air inlet at the bottom, the outlet at the top and the three solids entry ports could be
distinguished from the remaining surface area. Consequently, six boundaries were created. Both
the air inlet and the entry port used for solids injection were specified as stagnation inlets. This
allowed the air flow at those boundaries to start from a state of rest. To achieve and maintain the
desired inlet air velocity at the bottom of the riser for a given simulation, the negative gauge
pressure at the top of the riser had to be varied. For this reason, the boundary at the top of the
riser was specified as a pressure outlet. The two remaining solids entry ports and the remaining
surfaces of the riser were specified as walls with a roughness height of 0.02 mm. The method

through which the wall roughness height was determined is provided in Annexure N.

4.3.2 Physics models
4.3.2.1 Model selection

The fluid region was specified as a gas phase. Since the gas never reached nor exceeded a Mach
number of 0.2, the RANS equations could be selected to describe its flow. The model was solved
in a three-dimensional domain, and the segregated flow model was used, given its ease of
computation, as was discussed in Section 4.1.3. Turbulence was accounted for through the k-¢
turbulence model, given its computational ease and the small amount of flow separation in the
modelling application. An implicit unsteady solver was used, which employs the algorithm that
was discussed in Section 4.1.3.2, while the fluid and particle properties, as well as the constants
that were adjusted from their default values, are provided in Table 4-2. The normal and tangential
wall restitution coefficients were adjusted but the chosen values still indicated near-elastic
collisions. Adjusted values from CFB literature are usually between 0.95 — 0.99202997.99 gnd are
in some cases chosen form a sensitivity analysis?. However, in this instance it was obtained from
time averaged data that was collected for a range of particles between 10 to 500 pum which were

imparted on a wall at 10 m/s%8,
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Given the large experimental setup as well as the great number of conditions to be simulated,
heterogeneous drag models would be too computationally expensive, as discussed in Section
4.1.1.4. Accordingly, a homogeneous model was selected. The particles would have to travel at

a velocity of 520 m/s to reach a particle Reynolds number of 800, and this calculation is provided
in Annexure O.

Table 4-2: List of constants used in the STAR-CCM+™ environment

Constant Symbol Unit Value
Density of air (@ 22.9°C) pr kg/m3 1.19
Dynamic viscosity of air (@ 22.9°C) Ur Pa-s 1.83 x 107>
Density of particles Pp kg/m3 2883
Wall normal restitution coefficient'®® - - 0.97
Wall tangential restitution coefficient'®® - - 0.94
Particle size dp um 23.63
Particle mass flow rate m, kg/s 0.04 / 0.05/0.06

Beyond this limit, the increasing error in the Schiller-Neumann drag coefficient predictions would
justify the use of more complex drag models as discussed in Section 4.1.1.4. However, this study
never reached a particle velocity of 520 m/s, which meant that the Schiller Neumann drag model
would suffice. This model was also deemed sufficient given the low average solid volume fraction
inside the riser as a result of operating in the transport fluidisation regime. Consequently, the inter-
particle interaction, which could contribute to large errors in drag calculations, were reduced.
Hence, the Schiller-Neumann drag model was chosen from the group of homogeneous drag
models that were discussed in Section 4.1.1.4. A surface injector was specified for the particles,
and the solids were introduced to the riser in a direction that was normal to the entry port. 30 000
Injection points were used, and the sorbent particle size was specified according to the average
D[4,3] obtained from the analysis in Section 3.1.2. Finally, the inlet mass flow rate of the injected

particles was entered according to the experimental conditions that were being simulated.
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4.3.2.2 Choice of approach and phase coupling

In Table 4-3 the minimum and maximum solid volume fractions from the experimental data is
provided. When following the discussion from Section 4.1.1.3, a Eulerian-Lagrangian approach
would be a suitable method for particle description since 10°< & < 10*. Furthermore, the Stokes
number was calculated using Equation 4-26. The slip velocity was obtained by simulating the
experiment in which the highest & was found. This occurred at the lowest air velocity, highest
solids feed rate and lowest riser height setting. The result is reported in the final column of Table
4-3 and since the Stokes number was significantly larger than one, a Eulerian-Eulerian approach

also had to be considered according to Section 4.1.1.3.

In Section 4.1.1.3, it was further shown that two-way coupling is recommended when 10°< & <
10% and 8 < L, /d,, < 80. Consequently, the interparticle spacing was calculated from Equations
4-23 — 4-25 and the results are reported in the third column of Table 4-3. Since 100% of the
calculated &; and L, /d,, parameters fell within the required range, a Eulerian-Lagrangian method
was chosen despite the high stokes number. Additionally, the particle relaxation time was
calculated using Equation 4-27 and found to have a value of 0.005 s. The relaxation time was
large enough for the particles to dislodge from gas streamlines in regions where sudden changes
in gas velocity occurred. For this reason, two-way coupling was chosen to account for the

interaction between the phases in addition to the Eulerian-Lagrangian approach.

Table 4-3: Indicators that were calculated to choose a suitable method of representation for the
solid phase in the CFD models

z, Li/d, t, (s) St
Maximum value 8.43 x 107* 21.8 0.005 4.8
Minimum value 5.07 x 1075 8.5

4.3.3 Simulation procedure

After the physics models had been selected and the necessary adjustments had been made, the
CFD model was started with a steady-state solver. The simulation was allowed to run until the

700" iteration, during which no solid particles were added to the riser.
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This was done to reduce the overall solution time by providing better initial values for the unsteady
and Lagrangian phase solvers. Throughout the entire simulation time, the air flow through the
riser was controlled by specifying a negative pressure across the outlet boundary at the top of the
riser, as is also experimentally induced by the draught fan. The specified value was adjusted until
the inlet air velocity at the bottom of the riser exceeded the target value by 0.2 m/s. By starting
the unsteady simulations at a slightly higher inlet gas velocity, the increased pressure drop that
resulted from the addition of particles was accounted for. At the 700" iteration, the steady state
solver was replaced by the implicit unsteady solver, and the Lagrangian phase was injected. The
number of inner and outer iterations were chosen as 3000 and 7, respectively. The former refers
to the number of iterations that the SIMPLE algorithm was allowed to converge, whereas the latter
refers to the number of times this process was repeated before updating the time step. This
procedure was applied to all of the CFD simulations, which include the grid and time-step
independence analyses. Nine CFD models were constructed at the conditions that correspond to
the corners and the centre point of the 22 experimental domain. This was graphically illustrated in
the factorial design discussion in Section 3.3.2.2 and corresponds to the experimental runs that
were indicated in brackets in Table 3-9.

4.3.4 Meshing and grid independence study

After selecting the relevant physics models, the geometry was divided into control volumes across
which the governing equations could be solved. Based on the discussion in Section 4.1.2, the
decision was made to use polyhedral cells. Since finer grids outperform coarser grids at the cost
of added solution time, the size of the cells had to be chosen carefully. For this reason, a grid

independence study was performed.

4.3.4.1 Mesh quality

The quality of a mesh in the STAR-CCM+™ environment can be measured by extracting cell
metrics — three of which were used for this study. The first was the cell skewness angle, which is
the angle between the cell face normal and the line connecting two cell centroids as illustrated by
the red arrow in Figure 4.10 (a). When the cell skewness angle is equal to 90°, the dot product
used within certain denominators becomes zero, which could lead to convergence issues!®®. The
second metric was the volume change which is the ratio between the volume of a given cell and
that of its neighbouring cells. An example of a small volume change ratio is provided in Figure
4.10 (b). When this happens, the solvers used during the solution procedure experience stability

issues?®®. The third metric was cell quality which indicates cell non-orthogonality.
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When the cell quality has a value approaching zero, it is considered an inadequate cell, as
illustrated by Figure 4.10 (c)*°6.

(a) (b) (c)

Figure 4.10: An example of a) cell skewness, b) cells with a small volume change ratio and c) a
highly non-orthogonal cell (Adapted from the STAR-CCM+™ user guide, 2019)*%6

I\

5

With regards to the three metrics, cells were flagged as invalid if one of the following criteria were

true:

e The cell skewness angle was greater than 85°,
e the volume change of a cell was smaller than 0.01 and

¢ the cell quality of a cell had a value below 0.0001.

4.3.4.2 Mesh properties

Seven different grids were constructed for evaluation, and the coarsest mesh had a base size of
80 mm. Global mesh refinement was achieved by decreasing the base size three times. Three of
the four grids were further refined at the top of the riser and the bottom venturi section to capture
large velocity gradients in those regions. This was achieved by creating the volumetric controls
that are illustrated in Figure 4.11 Volumetric controls in STAR-CCM+™ are user-specified regions
in which the properties of the mesh can be varied from the general properties specified for the
global grid. The properties of the grids that were used for the independence study is provided in
Table 4-4. The different grids were labelled according to their base size in mm and their level of
refinement. The latter was either “global” which indicated that no volumetric controls were added

or “local” which indicated the alternative.
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Figure 4.11: Region in which local mesh refinement was done at (a) the top of the riser and (b)

the bottom venturi section

Apart from varying the cell size, the number of prism layers that were used were varied until the
best mesh quality has been achieved. Only the final number of prism layers that were chosen for
each mesh is reported in Table 4-4. Prism layers refer to the cells that are adjacent to the walls
in which wall functions are used to solve the velocity gradient of the fluid phase. Since this
approach depends on empirical correlations instead of resolved physics, it was possible to use
larger cells near the wall region in order to reduce the computational effort.

Table 4-4: Grid independence analysis mesh properties

Grid name Mesh base Cells Prism layers Volumetric control base
size (mm) size (mm)
80 _Global 80 74791 4 -
80 Local 80 78379 4 20
60_Global 60 74594 2 -
60_Local 60 100439 2 12
40_Global 40 85976 2 -
40_Local 40 191437 2 8
20_Local 20 174607 4 -

4.3.4.3 Mesh quality comparison

Figure 4.12 indicates that the lowest percentage of invalid cells were present in the 20_Global,

60_Local and 60_Global grids, making these the most suitable candidates for further analyses.
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% Invalid cells

However, all seven grids were considered in subsequent analyses since a sufficiently low
percentage (<0.03%) of invalid cells were yielded. From Figure 4.12 it is further seen that the
addition of local mesh refinement considerably reduced the number of invalid cells of the 80 mm

and 60 mm grids while the improvement of the 40 mm grid was less pronounced.

0.030%
0.025% 1

0.020% +

0.015% +

0.010% -

0.005% - I

0.000% ]

80 _Global 80 Local 60 _Global 60 Local 40_Global 40 Local 20 _Global

Mesh refinement category

Figure 4.12: The percentage of invalid cells that were present in every grid that was used
for the independence study

Only a portion of the remaining valid cells within each mesh category had superior metric values,

which were defined as:

e Cell quality >0.5
o Skewness angle < 40°

¢ Volume change > 0.5

The percentage of cells with the abovementioned metric values for every grid is provided in Figure
4.13. The 40_Local grid had the highest percentage of good cells in all three metric categories.
Nevertheless, in all seven grids, more than 60% of the cells had good metrics and were therefore
considered in subsequent analyses. Figure 4.13 further shows that local grid refinement had an
overall favourable effect on the cell metrics. However, when considering the grids without
volumetric controls, a decrease in cell size improved the cell skewness but negatively influenced

the volume change metric.
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% Cells

When comparing the overall quality of the seven grids, the 60_Global, 60_Local and 20_Global
grids were superior based on their low percentage of invalid cells. Additionally, the 40_Local grid
contained a larger percentage of superior cells compared to the other grids, making these four

grids desirable options for further analysis.
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Cell quality > 0.5 Skewness angle <40° [ Volume change >0.5

Figure 4.13: The percentage of cells with good metrics in every mesh category

4.3.4.4 Mesh performance comparison

Three seconds of riser operation was simulated with each of the seven grids. The performance

parameters that were compared after three seconds included the:

e solution time,
e predicted gauge pressure at the top of the riser and
o the predicted average solid volume fractions at the bottom, middle and top riser

measurement ports.
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Time (min)

As the predicted conditions inside the riser after three seconds was not representative of the
experimental conditions at the time of data collection, the CFD data at this point was not compared
to experimental data during the grid-independence analysis. Instead, the simulation with the
20_Global mesh was used as a benchmark given its large degree of refinement and exceptionally
small number of invalid cells. lllustrations of each grid and its influence on the particle velocity at
the top and bottom of the riser can be found in Annexure P. Figure 4.14 shows that the addition
of local grid refinement increased the solution time with the exception of the 80 mm grid.
Furthermore, the shift from a 60_Global to a 60_Local mesh increased the solution time by more
than 30 minutes. The highest solution time of 256 minutes (4.3 hours) was recorded when using
the 40_Local grid, which is expected for a finer grid, but then also slightly contradicts the
observation for the 20 mm grid size.
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80_Global 80 _Local 60_Global 60_Local 40_Global 40 Local 20_Global

Mesh refinement category

Figure 4.14: The time required to simulate three seconds of riser operation for every mesh used

in the grid independence study

Figure 4.15 illustrates that the addition of local grid refinement decreased the predicted value of
the gauge pressure at the top of the riser. The consecutive refinement from the 60_Global to the
40_Local grids brought on a decrease in the gauge pressure prediction, while an increased value
was observed at the 20_Global grid. Furthermore, all seven grids delivered a gauge pressure

prediction within a standard deviation of 3%.
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Figure 4.15: The CFD predictions of gauge pressure at the top of the riser for different mesh

refinement categories

In Figure 4.16 the average solid volume fraction (g;) prediction at every riser port and every mesh
refinement category is provided. It was found that the predictions obtained with the 60-Global grid
exhibited the greatest deviation from those with the 20_Global grid. With the 20_Global grid, the
bottom port had the highest predicted value of & and the middle port the lowest, whereas the
opposite was true with the 60_Global grid. Apart from these two grids, the highest & prediction
was always achieved at the top port while the lowest prediction was achieved at the bottom port.
Nonetheless, none of the CFD models predicted the same trend as the 20_Global grid.

The most suitable grid was chosen through the process of elimination. Due to the large amount
of solution time associated with the 20_Global and the 40 Local grids, these two were not
deemed suitable for the aim of this study. From the remaining five grids, the 40_Global grid
produced the worst prediction of the gauge pressure at the top of the riser when compared to the
20_Global grid and was therefore eliminated from the list of suitable grids. When referring to
Figure 4.16, the CFD simulation with the 60_Global grid predicted the opposite order of g values
than the 20_Global grid and was eliminated as a consequence. From the three remaining grids,
the 60_Local mesh was chosen as the most suitable grid due to its low number of invalid cells

when compared to the 80 mm grids and its high percentage of superior cells in general.
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Figure 4.16: CFD predictions of the average solid volume fraction at the bottom, middle and top

riser ports after three seconds for various mesh refinement categories

4.3.5 Time-step independence study

When using an explicit numerical method to solve the PDEs in CFD modelling, the information
from the current time step dictates the prediction values at the next. Therefore, the time-steps
should be small enough to ensure that sufficient information is captured at every cell node.
Consequently, the time-step size requirements for explicit solvers are determined by using the
Courant—Friedrichs—Lewy (CFL) condition, which is also referred to as the Courant number as
defined by Equation 4-38130:159,

This condition provides a ratio between the distance travelled by the flow in a given time step to
the size of the cell. If the Courant number is greater than one, the flow has overshot the cell during
a time step and stability issues may occur. Therefore, it is recommended that the Courant number
should be lower than one®®®. Unlike explicit solvers which determine the node values one-by-one,
implicit solvers are inherently stable since these solvers solve a system of equations across the
entire solution domain®. For implicit schemes, the maximum CFL number is often set to a value

above 5 or completely disregarded given the solver’s inherent stability30:159.160,
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Here, Co is the Courant number, t-pp is the time step size chosen, U, is the velocity at a cell
face and x..; Is the size of the cell. An implicit approach was used in this study and despite its
stability, the influence of the time-step size on the CFD model predictions were evaluated. This
was done by testing three time-steps in combination with the 60 mm mesh with local mesh
refinement. After simulating three seconds of riser operation, the models were compared by their:

average courant number,

gauge pressure at the top of the riser,

solution time and

the average solid volume fractions at the bottom, middle and top riser measurement ports.

The results from the time-step analyses are presented in Table 4-5. From the table it can be seen
that only the largest time-step size produced an average Courant number above one. Moreover,
the value of 1.5 is still sufficiently small for an implicit solver when considering the inherent stability
detailed in the previous discussion. When looking at the third column in Table 4-5 it becomes
apparent that the time-step size had a negligible influence on the prediction of gauge pressure at
the top of the riser as expected from an implicit solver application. Finally, it was seen that a
decrease in the time step size significantly increased the solution time as illustrated by the final

column in Table 4-5.

Table 4-5: Values recorded from three CFD models at 3 s of simulated time with varying time-

step sizes
Time-step size Average Courant Gauge pressure at the Solution time
(s) number top of the riser (Pa) (hr)
0.005 14 -449 2.3
0.0025 0.7 -449 4.5
0.001 0.3 -450 11.5
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Solid volume fraction (€g)

In Figure 4.17, the influence of the time-step size on the solid volume fraction (g;) prediction is
illustrated. By reducing the time-step size from 0.005 s to 0.0025 s, the difference between the
g, at the top and bottom ports reduced. A further reduction to 0.001 s decreased the prediction of
the & at the middle port to its lowest value. With the smallest time-step, the difference between
the g at the top and bottom ports was less than with the largest time-step. The subtle changes in
Figure 4.17 did not justify the large amount of time required to complete the simulations with the
smaller time-steps. Additionally, Figure 4.17 illustrates that the top port had the highest € while
the bottom port had the lowest g for all three time-step sizes. Thus, the trends were captured
regardless of the time-step size. Consequently, the largest time-step size of 0.005 s was used in
all of the CFD models.

Solution time (h)
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Figure 4.17: The influence of the time-step size on the solid volume fraction prediction at every

riser port and the time taken to simulate three seconds of riser operation
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Solid volume fraction (&)

CHAPTER 5 - RESULTS AND DISCUSSION
5.1 EXPERIMENTAL DESCRIPTION OF THE HYDRODYNAMICS
5.1.1 Radial solids holdup

The local solid volume fraction (&) at seven radial points along the three axial sampling ports
were recorded during each experiment, as discussed in Section 3.3.4.3. In order to discuss the
radial solids holdup profiles, only the results pertaining to the low riser height setting were
provided. The profiles pertaining to the maximum riser height setting can be found in Annexure Q
and exhibit the same trends that will be discussed within this section. In addition, the confidence
intervals that are associated with the radial solids holdup profiles have been indicated along the
light blue profile for reference. The confidence intervals are discussed in more depth in Annexure
R. In Figure 5.1, the solids holdup profiles that were obtained at the bottom sampling port are
illustrated. The graph shows the solids volume fraction presented on the y-axis versus the radial
position indicated on the x-axis with a zero-value implying the axial centre of the riser. The arrow
on the riser’s top-view plane at the sampling point in the legend of Figure 5.1 denotes the travel
direction of the sampling probe.
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Figure 5.1: The radial solids holdup profile at the bottom sampling port under varying inlet

velocity and solid feed rate settings
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The dark blue line in Figure 5.1, had the least uniform solids distribution given the high
concentration of particles to the right-hand side of the sampling axis. To explain this trend, the top
view of the riser has been provided for reference next to the graph in Figure 5.1. The momentum
of the solids (i) and the air (U;;,;¢) that was injected in the lower left quadrant of the reference
image, resulted in preferential particle flow towards the upper right quadrant. This caused the
increased solid volume fraction near the right wall of the riser in most of the profiles in Figure 5.1.
The large particle concentration facilitated an increased number of inter-particle interactions
which further increased the solids holdup in such regions.

The light blue profile in Figure 5.1 was obtained at a decreased solids feed rate setting. Under
those conditions, a flatter solid volume fraction profile was observed, and the solids holdup near
the right riser wall was less. This suggests that a decrease in the solids feed rate resulted in more
uniform particle flow, especially near the riser walls. As discussed in Section 2.2, uniform flow
refers to the even distribution of particles along the radial plane of the riser. The increase in
uniformity as the solids feed rate is decreased was also observed at the high inlet air velocity
settings as indicated by the green lines in Figure 5.1, although the effect was less prominent. This
is consistent with the literature findings that were presented in Section 2.2.4.2. An increase in the
inlet air velocity resulted in a lower solid volume fraction at nearly every radial sampling point in
Figure 5.1. During high inlet air velocity experiments, the increased momentum transfer from the
carrier phase to the particles compensated for momentum losses due to inter-particle interactions
and friction. Hence, more uniform profiles were created. However, particle accumulation was
observed near the riser walls in Figure 5.1 regardless of the inlet air velocity setting. This
observation is attributed to the momentum losses at the walls of the riser due to friction.
Nevertheless, the relationship between the inlet air velocity and the radial solids holdup agrees
with the findings discussed in Section 2.2.4.2.

In Figure 5.2, the solids holdup profiles that were obtained at the middle sampling port are
illustrated. The blue profiles in were flatter than those in Figure 5.1 which suggests a higher
degree of flow development. However, the same could not be said about the red and green
profiles. Figure 5.2 further illustrates that an increase in the inlet air velocity or a decrease in the
solids feed rate increased the uniformity of the solids holdup profiles. Once again, these changes
were more noticeable near the wall region of the riser whereas the centre region (-0.3 <r/R < 0.3)

remained unchanged and this is consistent with literature findings.
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The influence of the operating parameters on the solids holdup at the top port is illustrated in
Figure 5.3. The operating conditions had the same influence on the radial solids holdup profiles
at the top sampling port as it did at the bottom and middle ports. However, a higher degree of
non-uniformity was present at the top port when compared to the middle port. This could have

been due to an exit effect as defined in Section 2.2.4.1 and this hypothesis is further explored in

Section 5.2.
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The influence of the riser height setting on the radial solids holdup profiles at the bottom port is
indicated in Figure 5.4 whereas the remainder of the radial solids holdup profiles are available in
Annexure Q. An increase in the riser height from one to three sections shifted the skewness of
the radial profiles and the same shift was observed at the middle sampling port but not at the top
sampling port. The maximum solids holdup was shifted more towards the middle and the left riser

wall with the top-view of the riser in the legend of Figure 5.3 as reference frame.

When comparing the dark blue profiles in Figure 5.4, the high solids volume fraction at the right
riser wall reduced when the height setting was increased. Although this seemed to increase its
uniformity, the shape of the dark blue profile in the bottom of Figure 5.4 indicates core annulus
flow which is by definition a non-uniform distribution according to Section 2.2.3.2 During core
annulus flow, a high concentration of low velocity or even downward flowing particles are present
near the riser walls while the centre of the riser contains a dilute suspension of upward flowing
particles. This results in the highest solids holdup being present along the riser walls. However,
only upwards flowing particles were sampled given the sampling angle of the probe. As a result,
the opposite trend is revealed since the upward flowing particles were increased near the riser
centre when compared to the walls. Nevertheless, this hypothesis could be confirmed by
considering the CFD results which will be discussed in Section 5.2.1.

For the light blue profile, an increase in the riser height created a spike in the solids holdup near
the left riser wall which also increased the non-uniformity of the profile. The red and green profiles
exhibited a decrease in the upwards flowing particles near the right riser wall as the height of the
riser was increased. This had a different effect depending on the remaining independent
variables. In the case of the dark green profile, a greater riser height increased the non-uniformity
since a high concentration of particles were obtained in an isolated part of the radial area towards
the left riser wall Similarly, the red profile was deemed less uniform but the particles were
concentrated towards the right centre region of the riser. The only exception was the light green
profile which exhibited more uniform flow upon an increase in riser height. However, in general
an increase in the riser height and therefore an increase in the H/D ratio reduced the uniformity

of the patrticle distributions.
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Figure 5.4: The influence of riser height on the radial solids holdup profiles at the bottom
sampling port

According to literature32%°, an increase in the H/D ratio created more uniform or flatter radial
distributions. However, by examining Figure 5.4 and the remaining solids holdup profiles in
Annexure Q, it was determined that an increase in the riser height (and therefore in the H/D ratio),
had the opposite effect. The low solids flux operation may have contributed to the deviation from
literature. Similar studies were performed at solids fluxes of between 1 — 200 kg/m?2s whereas this
study was performed at fluxes below 1 kg/m?s. Hence, the particles occupied a smaller cross-

sectional area than would have been the case if higher solids fluxes were used.
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Height from reference point (m)

Furthermore, in this study the riser height was changed in order to investigate the influence of the
H/D ratio on the solids holdup. Conversely, the riser diameter was varied to assess the same
influence throughout literature. This means that the ratio of the wall surface area to riser volume
remained unchanged in this work while it was varied throughout literature and this will be

discussed in more depth in Section 5.2.1.

5.1.2 Axial solids holdup

In Section 2.2.3, two methods for calculating the average solid volume fraction (&) were
proposed. The first was an integral method which relies on local solid volume fraction
measurements whereas the second was an approximation using pressure differential data. Both
were evaluated in Annexure S after which it was decided to use the integral method represented
by Equation 2-10. The average solid volume fraction at the three sampling ports were plotted
against the riser height under varying operating conditions. In Figure 5.5 the axial solids holdup
profiles in the tallest riser are illustrated. On the y-axis, the height of the sampling point from the
reference height is provided and the x-axis represents the average solid volume fraction at a given
height. The reference point is indicated in the image below the legend on the right of the figure.
The confidence intervals associated with the data at each measurement port has been
determined in Annexure R and added to the light blue profiles from Figure 5.5 - Figure 5.7 for

reference.
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Figure 5.5: Experimental axial solids holdup profiles under varying operating conditions at the

high riser height setting
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Due to the confidence intervals, no conclusions could be made regarding the shape of the light
green, dark green or light blue axial solids holdup profiles in Figure 5.5. However, some
conclusions could be made regarding the red and dark blue average solid volume fractions in
Figure 5.5. The & at the top of the riser exceeded the & values at the bottom for the dark blue
profile. The maximum solids holdup at the top suggests the presence of an exit effect which was
defined in Section 2.2.4.1, and this will be discussed in more depth throughout Section 5.2.2. An
increase in the inlet air velocity together with a decrease in the solids load seemed to have
reduced the exit effect as illustrated by the shift from the dark blue to the red line in Figure 5.5. In
addition, a decrease in the inlet air velocity settings shifted the entire axial profile towards the right
of Figure 5.5. This is in line with the literature findings from Section 2.2.4.2 despite the large

confidence intervals that were obtained in this work.

In Figure 5.6 the axial solids holdup profiles that were obtained for the medium riser height setting
are illustrated. Once again, the discussion will be limited to the red and dark blue profiles due to
the associated experimental error. The velocity of the red axial profile in Figure 5.6 is equal to that
of the two green profiles in Figure 5.5 and the velocity of the dark blue profile in Figure 5.6 is
similar to the velocity of the two blue profiles in Figure 5.5. At a high velocity (the red profile in
Figure 5.6) an exit effect was created when decreasing the riser height setting. This is indicated
by the high solid holdup at the top sampling port when compared to the bottom when operating
with two installed cylindrical riser sections. At a low velocity (the dark blue profile in Figure 5.6)
the maximum solids holdup shifted towards the bottom of the riser when its height was reduced.
Hence, the exit effect at the medium riser height setting was less than at the high setting when
operating at 4.3 m/s.

The axial solids holdup profiles at the low riser height setting are provided in Figure 5.7. In this
case, the confidence intervals were such that conclusions regarding the shape of the blue profiles
could be discussed with more certainty when compared to the others. Both the dark and light blue
profiles exhibited a higher & at the bottom of the riser when compared to the top, however, this
difference was less pronounced at the lower solid feed rate setting as depicted by the light-blue
profile. This indicates that the exit effect was negligible in the shortest riser; at least for the low
velocity experiments. Furthermore, when comparing the dark blue profiles from Figure 5.5 - Figure
5.7 the directly proportional relationship between the riser height setting and the exit effect can

be seen. This phenomenon is explained further in Section 5.2.
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According to Yan and Zhu (2004)%, a change in the riser diameter has no influence on the shape
of the axial solids holdup profile. However, the preceding discussion implies that a change in the
riser height does. Furthermore, no exponentially decaying or C-shaped profile can be seen
throughout Figure 5.5 - Figure 5.7 even though such profiles have been associated with numerous
CFB-FGD systems throughout literature. This may have been due to the presence of the venturi
at the bottom of the riser which accelerated the two-phase flow. As a result, the high velocity at
the bottom of the riser mitigated the particle accumulation that was required for the formation of

a C-shaped or exponentially decaying profile.

5.1.3 Pressure differential

To further evaluate the influence of the independent variables on the riser hydrodynamics, two
pressure differentials were considered. The first was the pressure differential across the installed
cylindrical sections while the second was the differential across the entire length of the riser.
These differentials are defined in Table 3-10 in Section 3.3.2. The experimental results are
provided in Table 5-1 along with the applicable confidence intervals determined and reported on
in Annexure R. When comparing the fourth and fifth columns in Table 5-1 it can be seen that the
pressure differential across the cylindrical sections (APs..tions) Were lower than those across the
entire riser (AP,is.-). The difference between the two may be regarded as the pressure drop
across the venturi. Furthermore, the pressure drop across the installed sections can be
represented as a percentage of the total pressure drop by applying Equation 5-1. These
percentages have been included in the final column of Table 5-1. According to literature, an
increase in the inlet air velocity reduces the average solids holdup and thereby the clustering and
phase interactions inside the riser?°31356° Consequently, the overall pressure losses due to
particle interactions are reduced at higher air velocities. This explains why APg.ctions(%)

decreased as the inlet air velocities in Table 5-1 increased.

100 X (AP.,.;;
APS@Cinns(%) = A(P : SECthnS) -
riser

From Table 5-1, it can be seen that when three cylindrical sections were installed, the venturi
caused 93% - 97% of the overall pressure drop. This can be attributed to the greater momentum
requirement that arose from increasing the tower height. When this was done, the frictional, drag
and gravitational forces acting on the particles while travelling towards the riser outlet increased.
In a response to this, the vacuum at the top of the riser had to be increased to maintain the same
inlet air velocity. Given the higher suction, the venturi effect was enhanced, which increased the

pressure differential across the restriction.
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This will be discussed in more detail in Section 5.2.4. However, in the medium and short risers,
the resistance to flow was less, which lowered the contribution of the venturi to the overall
pressure drop. This explains the higher AP, tions(%), at the medium and maximum height
settings. Since the contribution of AP, ¢ions 10 APy Was more pronounced, the influence of the
air velocity on the negation of particle interactions and the reduction of pressure losses can be

seen more clearly.

Table 5-1:The pressure differentials across the riser and its installed sections under varying

operating conditions and riser configurations

Installed Uintet Msolids APy iser APections AP ections
sections (m/s) (kg/s) (Pa) (Pa) (%)
3 4.3 0.04 390 7
4.3 0.06 585 6
8.6 0.04 1001 3
8.6 0.06 254 4
6.5 0.05 626 7
2 4.3 0.05 586 68
8.6 0.05 1211 32
6.5 0.04 637 61
6.5 0.05 888 44
6.5 0.06 897 44
1 4.3 0.04 469 339 72
4.3 0.06 594 360 61
8.6 0.04 1219 323 26
8.6 0.06 1184 354 30
6.5 0.05 869 363 42
Cl = +48 +3

The second to last column in Table 5-1 has been colour coded. As the pressure differential
increases in Table 5-1 the cells change to a darker green or yellow colour, and finally, a dark red
colour as the upper limit of the recorded values is approached.
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The pressure differential across the installed cylindrical sections was one order of magnitude
lower while operating at the high riser height settings compared to the medium or low riser height
settings. This suggests a lower superficial gas velocity within the tallest riser which is consistent
with the increased resistance to flow as discussed earlier. In Table 5-1, it can further be seen that
the pressure differential across the riser sections was the highest at the medium riser height
setting. The most probable explanation for the high-pressure differential across the medium riser
is its exit assembly. The exit structures were curved at the low and high riser height settings, as
shown in Section 4.1, whereas straight ducting was used at the medium riser height setting. This
means that the flow resistance due to the exit assembly within the medium riser was the lowest,
which would have increased the velocity gradient and the pressure differential. In Section 5.2, this
idea is explained in more detail. Apart from the varying exit structures, any variations in the solids
inventory between the riser height settings would have influenced the pressure differential.
However, the overall average solids holdup inside the riser was not determined experimentally.
In addition, the uncertainty associated with the axial solids holdup profiles in Section 5.1.2 was
too large to formulate definitive explanations for the different pressure differentials in this section.
Therefore, alternative explanations of the different pressure differentials will be provided from a
CFD perspective.

5.2 CFD DESCRIPTION OF THE HYDRODYNAMICS

As discussed in Section 4.3.3, results from nine CFD simulations were obtained so that the
influence of the three variables of interest on the riser hydrodynamics, could be evaluated. The
simulation conditions of the nine models corresponded to the 22 full factorial design points as
discussed in Section 3.3.2 and 4.3.3. From the nine CFD models, the radial solids holdup, axial
solids holdup, pressure differentials and exit effects could be investigated. Additional CFD models

were evaluated where necessary to supplement the discussions throughout this section.

5.2.1 Radial solids holdup

The simulated radial solids distribution at the middle sampling port under varying conditions is
illustrated in Figure 5.8. In order to compare the results to those in Section 5.1.1, the CFD riser
geometry was cut into planes along its z-axis and viewed from the top, where the orientation
corresponds to that in Figure 5.9. Figure 5.8 was divided into four quadrants to highlight the

changing operating and design parameters.
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The horizontal division between the quadrants separates the high, and low solids feed rate
settings, while the vertical line separates the high and low inlet air velocity settings. Furthermore,
the effect that a change in the riser height setting had on the solids distribution is illustrated within
each quadrant in Figure 5.8. The particles on each plane is represented by parcels, where each
dot represents several particles which were grouped together to increase the ease of computation
within the simulation software. The varying colours of the parcels indicate the velocity magnitude
with the lowest velocity being represented by a dark blue and the highest velocity by a red colour
as shown in the legend at the bottom of Figure 5.8. As mentioned previously, the parcels are
directed towards the reader to indicate upwards movement through the cut plane. In addition, the
empty space within the riser should be assumed to contain an insignificantly small concentration
of particles, as no parcels were present in those regions.
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Figure 5.8: The influence of varying operating and design parameters on the radial solids

distribution at the middle sampling port according to the CFD models
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Figure 5.9: Reference image for Figure 5.8, which indicates the relative position of various riser

elements

When considering Figure 5.8, a decrease in the riser height setting reduced the percentage of
concentrated particles near the riser's walls (r/R > 0.75). The particles covered a greater area in
the middle of the riser (0.5 < r/R < 0.75) instead. This means that the uniformity of the particle
distribution deteriorated as the riser height was increased, which agrees with the experimental
findings from Section 5.1.1. The influence of the H/D ratio on the solids holdup was discussed in
chapter 2. When the riser diameter is increased, the ratio between the wall area to the riser volume
will decrease according to Equation 5.2. However, the authors explained that although less wall
friction was present under such conditions, the increase in the available cross- sectional area
could facilitate a greater radial velocity gradient. Due to the greater velocity gradient, preferential
gas flow was observed in the centre of the riser and preferential particle flow was observed near
the walls of the riser, which increased the radial non-uniformity. In risers with a smaller diameter
the opposite was true and the momentum exchange from the gas to the near wall particles
increased. This increased the uniformity of the radial solids distributions within these risers despite

the increased effect of wall friction.

Wall area _ 2R X h _ 2
Riser volume TR2xh R

In this study, the height was varied instead of the riser diameter, which means that the ratio
between the wall area to the riser volume remained unchanged. However, in the taller riser, the
two-phase flow was in contact with the riser wall for a longer distance before reaching the top of
the riser. The additional friction meant that the near-wall particles in the medium and tall risers
were subject to lower near-wall gas flows when compared to the shortest riser. This increased
the volume of particles that concentrated near the walls, and, by definition, the non-uniformity of

the radial particle distribution was higher.
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To summarise, an increase in the riser diameter increased the non-uniformity of the solids
distribution according to literature findings. In contrast, an increase in the riser height setting had
the same effect, according to the conclusions of this study. Apart from the riser height setting,
variations in the simulated inlet air velocity also had an influence on the radial solids distributions
in Figure 5.8. As the inlet air velocity decreased, the solids distribution became less uniform
because the particle accumulation near the riser walls increased. This is consistent with literature
findings and is due to the reduced momentum transfer to the particles at lower carrier gas
velocities. Consequently, the extent to which the particles deviated from the gas streamlines
increased, and a more significant percentage accumulated within areas of lower flow. Compared
to the riser height setting and the inlet air velocity, the solids feed rate had a negligible effect on
the radial solids holdup.

Regardless of the operating and design conditions, the upper right corner of the scenes in Figure
5.8 contained the highest volume of particles. This suggests that the radial solids holdup in Figure
5.8 was influenced by the direction of particle and inlet air injection. The air that entered the riser
at the lower left corner of the riser, as depicted in Figure 5.9, directed the particle flow, which also
entered from the lower left corner, towards the opposite wall at the upper right corner of the riser
as shown in Figure 5.9. As a result, the air velocity in the riser did not reach a maximum value in
the centre as would be the case during core annulus flow. Instead, the maximum upwards particle
flow was obtained at the opposite side of the air inlet which agrees with the experimental findings
from Section 5.1.1. The implication of this was that possible core annulus flow could only be
observed at 4.3 m/s since the momentum transfer from the inlet air to the injected particles was
lower. In addition, the influence of the particle flow on the air flow through the two-way coupling
selection was increased at low velocities. Accordingly, the trajectory of the particle and air
streamlines changed at low inlet air velocities and at sufficiently high riser height settings. Since
the same trends could be identified at the top and bottom ports, those scenes were provided in

Annexure T.

5.2.2 Exit effects

As discussed in Section 2.2.4.1, an exit effect is an increase in the average solid volume fraction
at the top of a CFB riser due to the internal recirculation or the deceleration of particles near the
exit. The particles collide with the walls around the exit or lose momentum before reaching the

top of the riser, resulting in decelerated or downward patrticle flow.
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Figure 5.10: The influence of varying operating conditions on the exit effect

In this section, exit effects from the CFD models and their response to the varying design and
operating parameters will be discussed. Scenes were created to visualise the particle behaviour
at the top of the riser for each of the eight CFD models, which are provided in Figure 5.10. Figure
5.10 is divided into four quadrants to highlight the changing operating and design parameters.
The horizontal and vertical divisions between the quadrants separate the high and low solids feed
rate settings and the high and low inlet air velocity settings, respectively. In addition, the influence
of the riser height setting is illustrated within each quadrant, while the average solid volume
fractions within the top 0.5 m of each riser assembly were also included. Once again, the particles
are represented by parcels, where each dot represents several particles which were grouped
together to increase the ease of computation within the simulation software. The varying colours
of the parcels indicate the velocity magnitude with the lowest velocity being represented by a dark
blue and the highest velocity by a red colour as shown in the legend at the bottom of Figure 5.10.
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In this case, a side view of the top of the riser is provided and the parcel flow occurs in 3
dimensions. In addition, the empty space may again be assumed to contain an insignificantly
small concentration of particles, as no parcels were present in those regions. Upon inspection of
Figure 5.10, an increase in the solids feed rate resulted in a higher solid volume fraction at the
top of the riser (&top). Given that the inlet air velocity settings were kept constant for all four
scenes in the left-hand plane or for all four scenes in the right-hand plane, the number of particles
inside the riser increased together with the higher solids feed rate. Accordingly, the particle flow
shifted towards a denser fluidisation region, and the two-phase flow decelerated. Because of this,
a higher solid volume fraction throughout the riser was observed, and the exit effect became more

pronounced.

It is further noticed that the shift in the operating conditions from the left to the right quadrants in
Figure 5.10, which is associated with a change in gas velocity, brought about a more drastic visual
change in the exit effect than the shift from the top to the bottom quadrants, which is associated
with a change in solids feed rate. This indicates that the inlet air velocity had a stronger influence
on the exit effect when compared to that of the solids feed rate. In accordance with literature
findings as well as the experimental findings detailed in Section 5.1, a decrease in the inlet air
velocity brought about an increase in the solids inventory inside the riser. Furthermore, the exit
effect increased as a result thereof. When one riser section was installed, a reduction in the inlet
air velocity decelerated the upwards flow. Therefore, the solids inventory inside the riser as well
as the exit effect, increased. Although the same trend was observed when three sections were

installed, internal particle recirculation occurred in addition to the higher overall solids holdup.

To understand the influence of the riser height on the exit effect, two additional CFD models were
created to represent the medium riser height settings. The results are provided in Figure 5.11,
where it can be seen that the degree of internal particle recirculation was limited in the shortest
riser (with one cylindrical section installed). It can further be seen that when the riser was at its
medium height setting (with two installed sections), the particles collided with the cavity walls
above the exit but also with the roof of the riser. This is indicative of a more significant exit effect
when compared to that in the short riser. At the maximum riser height setting, the largest exit
effect could be observed at 4.3 m/s, while the exit effect was smaller when compared to the

medium riser at 8.6 m/s.
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Consequently, the combined influence of the riser height settings and the inlet air velocity
governed the degree of internal particle recirculation at the top of the riser. This was because the
riser height governed the degree of flow development, whereas the inlet air velocity governed
swirling. Both these factors will be discussed subsequently. The first factor that will be discussed
is the influence of riser height on the exit effect. Scenes of the gas velocity magnitude obtained
from the two-phase simulations throughout the riser at varying riser height settings are provided
in Figure 5.12.
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Figure 5.11: The influence of riser height on the exit effect
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Figure 5.12: Gas velocity magnitude profiles at the top of the riser at its (a) high, (b) medium

and (c) low height settings

The black arrows in Figure 5.12 point towards the edge of each 5.2 m/s velocity contour, which
was further highlighted by a red line. As the riser height decreased from three sections in Figure
5.12 a) to one section in Figure 5.12 c), the length of the black arrows decreased. This suggests
that the two-phase flow reached the riser exit in a lower state of development at lower riser height
settings. Since the flow in the taller risers was at a later stage of development, the particles were
more evenly distributed, as noticed and discussed in Section 5.2.1. Because of this, more
particles were located further away from the exit and had to travel a greater horizontal distance
before leaving the riser. Unfortunately, the upwards momentum of the particles caused these to
overshoot the riser exit and collide with the walls above the exit instead. In the medium and short
risers, the particles followed the gas streamlines more closely and were concentrated in one radial
region upon reaching the exit at the top. The approximate radial region where the majority of the
particle flow was present is indicated by the red cross in Figure 5.13. Since the particles had a
smaller horizontal distance to travel towards the riser exit, less overshooting became apparent.
Consequently, the likelihood of internal particle recirculation at the top of the riser decreased.
Since the riser height governed flow development and the degree to which particle concentration
positions deviated from the red cross in Figure 5.13, it had a large influence on the likelihood of
internal recirculation at the top of the riser. The increasing exit effect together with the riser height
at the top of Figure 5.12 corresponds to the experimental conclusions from Section 5.1.2.
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Figure 5.13: Top view of the riser for reference

The second factor which governed the exit effect was swirling. To illustrate the swirling effect at
the riser’s exit, the geometry in Figure 5.14 was rotated 90° in a clockwise direction around its z-
axis, and a plane was used to cut the geometry along the red arrow. Given that particle
recirculation was negligible in the short riser, according to the preceding discussion, the effect of
swirling on the internal particle recirculation was only considered in the medium and tall risers.
The scenes of the swirling air flow that was present at the riser exit under varying riser height
settings and operating conditions are indicated in Figure 5.15. In Figure 5.15, the gas velocity
vectors at the riser exit is indicated where the velocity magnitude is represented on a colour scale
as indicated in the legend at the bottom of the figure. In this case, the length of each vector was
kept constant to avoid confusion but as the vectors were rotated away from the reader the arrow

appeared shorter.

Figure 5.14: Reference image for the swirling scenes
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Figure 5.15: Swirling effects at varying riser heights and inlet air velocities

The degree of swirling at a given riser height varied based on the air velocity setting. The
counterclockwise swirling altered the particles’ trajectories to spiral towards the exit instead of
exiting in a straight line. However, this rapid directional change caused particles to dislodge and
collide with the walls of the riser instead. This is illustrated in Figure 5.16, where the patrticles
collide with the back wall of the riser due to the swirling. These particles collide with the walls,
travelled downwards and eventually re-joined the gas streamlines which flowed out through the
exit. In Figure 5.15, it can be seen that the swirling in the tall riser was more significant than the
swirling in the medium riser at 4.3 m/s. Consequently, the exit effect in the tall riser was more

pronounced.

However, at 8.6 m/s, the swirling in the medium riser exceeded that of the tall riser, and as a
result, the exit effect in the medium riser was greater. This explains the different solid volume
fractions at the top of the riser under varying height and velocity settings in Figure 5.11. To
summarise, the riser height determined whether particles would overshoot the exit, whereas the
velocity settings and exit assembly determined the degree of flow swirling. This implies that the
medium and tall risers were more likely to facilitate internal particle recirculation and that the

degree of swirling determined at which height setting the exit effect would be more pronounced.
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Figure 5.16: Dislodged particles travelling towards the back riser wall due to inertia

5.2.3 Axial solids holdup

In order to assess the influence of the operating conditions on the axial solids holdup, the profiles
in Figure 5.17 were generated. This was done by creating circular planes along the height of the
riser and extracting the surface averaged solids volume fraction from the simulation output.
Figure 5.17 only contains the axial solids holdup profiles that correspond to the shortest riser
since the same trends were identified in the simulations of the taller risers. These profiles have
been provided in Annexure T. The reference point for the y-axis in Figure 5.17 is at the top of the
conical section which was attached to the venturi. The riser's conical section was inaccessible
during this study's experimental phase and was therefore not included in the axial solids holdup
discussion in Section 5.1.2. Figure 5.17 shows that a higher average solid volume fraction was
present at the bottom and top of the riser when compared to the middle.

Although the profiles were seemingly C-shaped, the gradually decreasing solids holdup within the
conical section can be attributed to the increasing pipe diameter rather than to flow development.
The increased solids holdup near the top of the riser was caused by the exit effects that were
discussed in the previous section. Compared to the solids feed rate setting, the inlet air velocity
had a larger influence on the shape of the axial solids holdup profiles in Figure 5.17. As the inlet
air velocity was reduced, the exit effect became more pronounced, and this is consistent with the
discussion in the previous section. In addition, the overall solids holdup increased as the inlet air
velocity was reduced or the solids feed rate was increased. This relationship is well documented
throughout the literature, as discussed in Section 2.2.4.2. In Figure 5.18 and Figure 5.19, the
effect of the riser height on the axial solids holdup profiles can be seen, and the average overall

solids holdup inside the riser is indicated next to each profile
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Figure 5.19: Predicted axial solids holdup profiles under varying riser height settings at high

inlet air velocity and solids feed rate

In Figure 5.18, the presence of a prominent exit effect did not necessarily translate to a higher
overall solids holdup, since &, overall in the shorter riser was greater than that at the medium
riser. This is because the flow resistance that was caused by the varying exit structures also had
to be accounted for. When the riser height was changed to its high or low setting, bent ducting
was used to connect the riser exit structure to the cyclone. Given the double elbow, the extent of
flow separation, as well as the length of the exit duct, increased. Hence, the bent ducting created
an additional resistance to flow that was not present in the straight exit duct used for the medium
riser. Because of this, the pressure differential across the cylindrical sections in the medium riser

was greater, as illustrated in Table 5-2.

Table 5-2: Pressure differential between the base of the bottom cylindrical section and the riser

outlet before particle injection

Number of installed sections

Inlet air velocity (m/s) 1 2 3
4.3 5.2 Pa 6.5 Pa 4.8 Pa
8.6 22.2 Pa 23.3 Pa 15.5 Pa
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Because of this, a trade-off existed between the pressure gradient across the cylindrical sections
and the presence of an exit effect. Depending on these two factors, the overall solid volume
fraction within the riser varied. At 4.3 m/s, the overall solids holdup was primarily determined by
the pressure differentials in Table 5-2. This means that the medium riser had the lowest overall
solids volume fraction due to straight ducting on the riser exit. In addition, the tall riser had the
highest solids holdup, given the low-pressure differential across its cylindrical sections. However,
at 8.6 m/s, the capacity of the carrier gas to overcome the flow resistance across the riser exit
ducting was higher. Hence, the extent of the exit effects governed the overall solids holdup. For
example, the medium riser height setting had the greatest exit effect as well as the greatest overall
solids holdup, whereas the tallest riser had the lowest overall solids holdup given its reduced exit
effect.

5.2.4 Pressure differential

From the experimental data, it was determined that between 28% and 98% of the pressure losses
occurred across the venturi before the two-phase flow entered the installed cylindrical sections.
From the CFD models, further information regarding this occurrence could be obtained. In Figure
5.20 the general pressure gradient across the venturi at the bottom of the riser is illustrated. The
static pressure values corresponding to positions labelled (a) and (b) in Figure 5.20 have been

provided in Table 5-3 for various operating and design settings.

ssresnrsnnen ()

Figure 5.20: Static pressure gradient across the riser inlet
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When considering both Figure 5.20 and Table 5.3, the predicted pressure at position (a) was
close to atmospheric pressure. After the restriction, the two-phase flow accelerated which created
the low static pressures observed inside and after the venturi around label (b). This was due to
the venturi effect, wherein the pressure upstream of the restriction increased, as indicated by the
red colour, and the flow velocity through the restriction increased as a result thereof. The predicted
static pressure at the top of the riser can be found in the second to last column of Table 5-3. The
data was extracted from the position corresponding to the top pressure transmitter (PT-09) from
the experiments. Furthermore, the pressure at the top of the riser was subtracted from the
pressure at the inlet to estimate AP, ;.- and the results are reported in the final column of Table
5-3. Since the venturi caused flow acceleration around label (b), it had a higher velocity and lower

static pressure value when compared to Py, in Table 5-3. In addition, no noticeable trend

between the solids feed rate and the riser’s pressure drop could be identified from the CFD data.
As discussed previously, the low solids flux operation (less than 1 kg/m?s) may have contributed
to this deviation from literature. The absence of a heterogeneous drag model also caused an
underestimation of the overall solid volume fraction within the riser, given that the effect of varying
particle distributions on the drag forces was not accounted for. In turn, the pressure differential

across the riser was underestimated.

Table 5-3: Predicted static gauge pressure values for Figure 5.20 and the top of the riser

Installed Uintet My1ids a:Inlet b: Cone Piop AP iser
sections (m/s) (kg/s) (Pa) (Pa) (Pa) (Pa)
3 4.3 0.04 -9 —546 —432 423
4.3 0.06 -9 —521 —449 440
8.6 0.04 -36 —2299 —1573 1537
8.6 0.06 -37 —2125 —1570 1533
2 4.3 0.06 -9 —478 —458 449
8.6 0.06 -31 —-1919 —1456 1425
1 4.3 0.04 -10 —521 —407 397
4.3 0.06 -9 —474 —409 400
8.6 0.04 -35 —2081 —1383 1348
8.6 0.06 —34 —2125 —1386 1352
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In Table 5-3, it can be seen that AP,;.., increased together with the inlet air velocity setting.
However, the percentage of the pressure losses that occurred across the venturi overshadowed
the pressure losses across the riser sections. Since low solids feed rates were used, the
superficial gas velocity, which would sustain the fast fluidisation regime within the cylindrical riser
sections, was less. Hence, a greater force was required to achieve the desired air velocity after
the restriction than what was required to maintain the fluidisation regime within the riser. This
explains why the pressure differential across the venturi was one order of magnitude larger than
that across the cylindrical sections that contained the bulk of the particles. Consequently, the
simulation trends are comparable to the experimental findings in section 5.1.3.

The influence of the riser height on the outlet gauge pressure and the overall solids holdup was
similar. This is indicated in Figure 5.21 and Figure 5.22, where the overall solids holdup is
presented on the left axis and the outlet gauge pressure is presented on the right axis. The gauge
pressure at the riser outlet is indicative of the gas velocity in the riser with lower pressure values
indicating higher suction velocities. In both figures, the predicted overall solids holdup increased
or decreased together with the gauge pressure. Consequently, the lower gas velocities that are
associated with the less negative gauge pressures resulted in a higher solids holdup. This
inversely proportional relationship between the carrier gas velocity and the solids holdup has been

well established by previous researchers as discussed throughout Section 2.2
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5.3 STATISTICAL DESCRIPTION OF THE HYDRODYNAMICS
5.3.1 Radial non-uniformity index

As discussed in Section 2.2.3.2, the radial non-uniformity index (RNI(&s)) indicates the extent to
which particles deviate from a flat radial profile at a given riser height. From experimental data,
regression models were constructed to predict the RNI(g) at each of the three sampling ports
under varying inlet velocities, solids feed rates and riser height settings. The necessity to account
for curvature in the regression models was evaluated through the parameters in Table 5-4.
According to the P-values of curvature, it was unnecessary to include quadratic terms in the
regression models. However, the curvature sum of squares (SS.,;vature) at the top measurement
port was significantly larger than zero, with the maximum obtainable value being one. This
indicated that curvature had to be accounted for when predicting the RNI () at the top sampling
port after all. For this reason, linear regression models were used to describe the RNI(g;) at the
bottom and middle ports while a quadratic model was used at the top. The three applicable

regression models have been provided in Annexure U.
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Predicted RNI(g)

Table 5-4: Analysis of curvature in the relationship between the RNI(¢g) and the varying

operating conditions and riser height settings

Response |t0 curvaturel P rvature Sscuma_ture Regression model
(x1073)

RNI(£)por 0.69 0.64 9.45 Linear

RNI(&5)mia 2.30 0.31 4.49 Linear

RNI(&)op 0.52 0.72 106.97 Quadratic

After the regression models were generated, the predicted and experimental RNI (&) values at

each of the three sampling ports were compared and the comparison is illustrated in Figure 5.23

(a) — (c). The regression models that were used for the bottom and middle ports described 96%

and 99% of the variance respectively. This is indicated in Figure 5.23 (a) and (b) together with the

mean squared errors (MSE) associated with each regression model. Given the small MSE and

the large R? in both instances, the regression models provided a good fit for the data. The

quadratic regression model that was used to predict the RNI(&;) at the top port described 46% of
the variance in the data and had a MSE of 0.07 as illustrated in Figure 5.23 (c). Given the low

R?value, the RNI(«,) at the top port proved difficult to describe via a quadratic regression model.
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Figure 5.23: Normalised experimental versus predicted RNI (&) values at the (a) bottom port,

(b) middle port and (c) top port
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The inlet air velocity, riser height, and solids feed rate were the independent variables in the
regression models throughout the entirety of Section 5.3. The P-values that were associated with
each factor and factor combination in the RNI(e,) regression models, are reported in Table 5.5.
The P-values that were equal to or less than 0.05 indicated that the corresponding factor had a
significant correlation with the response and was therefore highlighted in blue.

At the bottom port, none of the factors had a significant statistical influence on the RNI(&).
However, the inlet air velocity and solids feed rate had the lowest P-values even though these
exceeded 0.05. This agrees with literature since the chances of particle clustering at the bottom
of the riser is higher than that at the top due to incomplete flow development at the bottom. As a
result, a change in the solids feed rate and inlet air velocity usually generates the greatest
response at the bottom of the riser. The span of the sorbent PSD may have contributed to the
weak correlations. Throughout literature, PSDs with spans ranging between 0.5 — 2 were used
where 2 was considered to be large®?%. However, in this study the sorbent had a span of 2.3
which indicates that a comparatively wide PSD was used. Furthermore, the hydrated lime had an
average particle size of 24 um, which is less than the sizes reported throughout literature.
According to the discussion in Section 2.2.4.3, the wider span and smaller particle size likely
reduced the occurrence of particle clustering at the bottom port, which would have weakened the

influence of the operating conditions on the RNI(&).

At the middle port, most of the factors and factor combinations had a significant effect on the
RNI(&) according to the data in Table 5-5. The only insignificant factor, pointed out by a high P-
value was the solids feed rate. However, when combined with other factors, the influence of the
solids feed rate on the RNI(g) at the middle port was deemed significant. To discuss the
influence of these factors on the RNI(&)miq, it may be useful to compare the findings to the CFD
results in Section 5.2.1. From the CFD models, it was determined that an increase in the riser
height or a decrease in the inlet air velocity increased the non-uniformity of the radial particle
distributions within the riser. The former was due to increased friction and flow development, while

the latter was due to the limited carrying capacity of the air at lower inlet air velocities.
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Table 5-5: P-values that were associated with each factor and factor combination from the

regression analysis of the RNI(&;)

Factor RNI(&5)pot RNI(&5)mid RNI(&4)t0p
Uintet 0.105 0.019 0.406
™ 0.060 0.104 0.686
H 0.368 0.016 0.676
Uinier X 0.455 0.033 0.617
Uiniet X H 0.109 0.051 0.418
mx H 0.189 0.029 0.736

Uinie X 0 X H 0.140 0.038 N/A

Uiniet” N/A N/A 0.050
m? N/A N/A 0.719
H? N/A N/A 0.089

According to the regression model of the RNI(&s)miq, this was only true under specific conditions,

namely:

e Two or three installed cylindrical sections and

e |nlet air velocities of between 4.3 m/s and 6.5 m/s.

Outside of these parameter limits, an increase in the riser height or a decrease in the inlet air
velocity decreased the RNI(&5)miq instead. Put differently, these changes resulted in more
uniform distributions. This is illustrated by the response surface that was constructed from the
regression model of the RNI(g)miq iIn Annexure V. The discrepancy between the experimental
findings and the CFD results may be explained by considering Figure 5.24. Since samples were
collected along the dashed lines in Figure 5.24 the RNI(g,) value of both cases would be equal,
despite the less uniform distribution in the second image. Furthermore, downwards flowing
particles were not sampled. Thus, if another set of radial data was collected at a 90° angle and
the downwards flowing particles were quantified, the non-uniformity would be better described by

this parameter.
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Figure 5.24: Hypothetical radial solids holdup distributions to illustrate the shortcomings in the

RNI(&,) calculations

0.8

H- m H
el m 006 3
Tl 004 3
06 T IR m 006 1
sl 0.04 1
.-hﬁ Ermm—as “"'h
”w: _-_f-_-:==-:;55:::_--==::::::::::""! W 005 2
e
E 0.4 ~~--u
&
02 T
L Top port
0.0 4 4 4 4 4 4
3 4 5 6 7 8 9 10

Inlet air velocity (m/s)

Figure 5.25: The experimentally determined relationship between the RNI (&), and the inlet

air velocity at varying solids feed rates and riser height settings

The regression model and CFD models only predicted similar hydrodynamic behaviour when the
non-uniformity of the radial solids distribution translated to the dashed measurement line in Figure
5.24. This only occurred at the conditions discussed previously. The quadratic regression model
that was constructed to predict the RNI(g5) at the top port indicated a strong second order
relationship between the RNI(g;) and the inlet air velocity. However, the experimental findings
were considered without applying the regression model, given the poor fit of the model, as
indicated in Figure 5.23 (c).
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The experimental results indicated that the RNI(e,) at the top port decreased as the inlet air
velocity was increased if the riser height remained sufficiently large. This is illustrated in Figure
5.25, where the RNI (&) decreased along the x-axis when the riser was at or above its medium
height setting. Once again, the reason for the riser height limitation on the RN/ (&), calculation
can be attributed to the sampling procedure. The non-uniformity was only captured through
sampling at the greater riser height settings since those conditions were associated with the least

uniform radial solids distributions.

5.3.2 Average solid volume fraction

From experimental data, regression models were generated to predict the average solid volume
fraction (&) at each of the three sampling ports under varying inlet velocities, solids feed rates
and riser height settings. Similar to the previous section, the P-values of curvature and the
curvature sum of squares for each of the three parameters were determined and reported in Table
5-6. Since the P-value of curvature for the average solid volume fraction at the top port was
smaller than 0.05, it was necessary to include quadratic terms in its regression model.
Furthermore, the curvature sum of squares (SS.vature) Of the average solid volume fraction at
all the measurement ports were significantly smaller than zero. For this reason, linear regression
models were used to describe the & at the bottom and middle port while a quadratic model was

used at the top port. The three applicable regression models have been provided in Annexure U.

Table 5-6: Analysis of curvature in the relationship between the average solid volume fraction

(&) and the varying operating conditions and riser height settings

Response |t0 curvaturel P urvature SSecurvature (X 1073)  Regression model
Espot 14.34 0.05 22.64 Linear
Esmid 3.00 0.21 60.80 Linear
Estop 86.02 0.01 69.41 Quadratic

A comparison between the predicted and experimental average solid volume fractions at every
sampling port together with their goodness of fit indicators is provided in Figure 5.26 (a) — (c). The
linear regression models which represented the average solid volume fractions at the bottom and

middle sampling ports, described 97% and 92% of the variance, respectively.
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Predicted &g

Given the small MSE and the large R? in both Figure 5.26, (a) and (b), the linear models were
deemed suitable to describe the experimental trends. However, the quadratic regression model
that was used to predict the & at the top port only accounted for 74% of the variance in the data
points. Hence, the low R? value limited the conclusions that could be made regarding the average

solid volume fraction at the top port via regression analysis.

Experimental &g

Figure 5.26: Normalised experimental versus predicted average solid volume fraction (&) at
the (a) bottom port using a linear regression model, (b) middle port using a linear regression

model and (c) top port using a quadratic regression model

In Table 5-7, the P-values of the various factors and factor combinations are provided. The inlet
air velocity was the only factor that had a P-value below 0.05 for all three of the & predictions as
indicated by the blue blocks in Table 5-7. This indicates that the inlet air velocity had the strongest
influence on the average solid volume fraction regardless of the sampling point. According to the
three regression models in Annexure U, an increase in the inlet air velocity resulted in a lower
average solid volume fraction. This held true regardless of the riser height setting, or the solids
feed rate and is consistent with literature findings. Since lower average solid volume fractions are
often associated with lower RNI(&) values throughout literature, the influence of the inlet air
velocity on both parameters should be similar. However, in the previous section, it was found that

an increased air velocity only decreased the RNI (&) values under specific circumstances.
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Table 5-7: P-values that were associated with each factor and factor combination from the

regression analysis of the &

Factor Espot E5mid Estop

Uintet 0.033 0.052 0.006

m 0.509 0.196 0.084

H 0.064 0.472 0.531

Uinter X 0.379 0.459 0.442

Uinier X H 0.086 0.776 0.592

mxH 0.229 0.767 0.367
Uinter X X H 0.121 0.617 N/A

Uintet’ N/A N/A 0.432

m? N/A N/A 0.290

H? N/A N/A 0.093

5.3.3 Pressure differential

Regression models were also composed to investigate the relationship between the pressure
differentials and the inlet velocity, solids feed rate and the riser height setting. Once again, the
pressure differential across the riser (AP, .-) as well as the installed cylindrical sections
(APgections) Were considered. The P-values of curvature and the curvature sum of squares of both
regression models are provided in Table 5-8. A strong quadratic relationship between AP, tions
and the factors were identified through the low P,,,yqture @nd high SS.rvature- ON the other hand,
a linear model was sufficient to describe the total pressure differential across the riser due to the
high P.yrvature @Nd 1OW S vature- ACcordingly, a linear regression model was used to describe
the pressure differential across the riser, while a quadratic model was used to describe the
pressure differential across the riser sections. These regression models are provided in Annexure
u.
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Predicted pressure differential

Table 5-8: Analysis of curvature in the relationship between the pressure differentials and the

varying operating conditions and riser height settings

$S curvature .
Response 10 curvaturel P ourvature (x 10-%) Regression model
AP octions 117.23 0.01 460.00 Quadratic
AP, icor 10.47 0.07 63.66 Linear

A comparison between the predicted and experimental values of both pressure differentials is
illustrated in Figure 5.27. Both regression models could describe more than 90% of the variance
in the data according to their R? values. Furthermore, the MSE of both regression models were
significantly smaller than one, indicating a good fit between the predicted and experimental
values. The quadratic regression model, which described APs,tions, Slightly outperformed the
linear regression model, which described AP,;.,.. However, both models were deemed suitable
to describe the correlation between the pressure differentials and the various factors of interest.

1.0
B APsections R2 =0.99

MSE = 4.05E-04
0.8 T O APriger R2 =0.94

MSE =3.21E-02

0.6

0.4

0.2

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Experimental pressure differential

Figure 5.27: Normalised experimental versus predicted pressure differential across the installed

riser sections and across the entire riser
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The P-values of the various factors and factor combinations are tabulated in Table 5-9. According
to these values, no statistically significant relationship could be identified between the three
independent variables and AP, .. This corresponds to the CFD findings in Section 5.2.4, where
it was determined that the greatest pressure gradient was found across the venturi. Hence, any
variations in the overall pressure differential due to the changing factors were overshadowed by
the pressure drop across the venturi. According to Section 5.2.4, the pressure differential across
the venturi was mainly a factor of the velocity setting of the run, which explains why the inlet air
velocity factor had the lowest P-value in the first column of Table 5-9, although it was not less
than 0.05. When the pressure losses across the venturi were removed from the equation, the
influence of the factors on the pressure differential became more apparent. This is represented
by the highlighted data of APg.;ions iN Table 5-9. In Table 5-9, the riser height and certain factor
combinations containing the riser height had a strong connection to APs,tions- According to the
regression model in Annexure U, the adjustment from one to two cylindrical sections increased
the pressure differential. Upon a further increase in the riser height, APg..:ions Started to decrease.
This is graphically illustrated by the response surface in Annexure V.

Table 5-9: P-values that were associated with each factor and factor combination from the

regression analysis of the pressure differentials

Factor APyiser APgections
Uiniet 0.086 0.072
m 0.464 0.115
H 0.138 0.000
Uinter X 0.165 0.485
Uiniet X H 0.173 0.777
mx H 0.360 0.016

Uintet Xm X H 0.281 N/A

Uintet? N/A 0.494
h? N/A 0.171
H? N/A 0.000
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This means that the medium riser height setting had the greatest pressure differential across its
cylindrical sections between the three. This agrees with the CFD data in Table 5-2 and was due
to the straight ducting that was used as the exit assembly in the medium riser. Since a straight
pipe was connected to the T-shaped outlet instead of a curved duct, the degree of flow separation
and swirling within the duct was reduced. In turn, the resistance to flow that was caused by the
exit geometry was less, and the velocity in the riser increased. For these reasons, a larger

pressure differential was observed.

5.4 COMPARISON BETWEEN EXPERIMENTAL AND CFD DATA
5.4.1 Solids holdup

Given the substantial amount of data, only a selected number of data sets were compared
throughout this section. The data sets were chosen at a fixed solids feed rate and riser height
setting but at varying inlet air velocity settings. This is because the inlet air velocity setting had a
larger influence on the various parameters in the CFD environment when compared to the
remaining two factors. In Figure 5.28, the radial solids holdup profiles at the bottom sampling port
can be seen. The figure has the same layout as those in Section 5.1.1 but in this case the
experimental and predicted profiles are compared. The blue profiles represent the comparison at
a low inlet air velocity while the green profiles represent the comparison at a high inlet air velocity.
The CFD data was extracted from a line probe across the same direction that the experimental

samples were obtained.

All four profiles in Figure 5.28 exhibit an increased solid volume fraction at 0 < r/R < 1. This
indicates that in both the modelling and experimental environment, the sorbent was directed
towards the opposite side of the air inlet upon entry as explained in Sections 5.1.1 and 5.2.1. In
Figure 5.28, a decrease in the inlet air velocity from 8.6 m/s to 4.3 m/s caused an increase in the
experimental and predicted solid volume fraction at most radial positions. Another resemblance
between the predicted and experimental data was identified upon inspecting the non-uniformity
of the profiles. At the middle sampling port in Figure 5.29, the radial profiles were more uniform
when compared to those at the bottom port in Figure 5.28. This is indicative of flow development
along the riser height in both the CFD and experimental environment. In addition, the non-
uniformity of the radial profiles at the top was higher than that at the middle due to exit effects,
regardless of the data type. This can be seen when comparing Figure 5.30 to Figure 5.29. For
the light green profile, this non-uniformity manifested as the particles being isolated to a smaller

area of the radial plane whereas the non-uniformity of the remaining profiles were more apparent.
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Figure 5.30: The predicted and experimental radial solids holdup profiles at the top sampling
port

Some key differences between the experimental and CFD radial solids holdup profiles can be
identified from Figure 5.28 - Figure 5.30. At the bottom and middle ports, the experimental data
suggest that the maximum solids holdup was present near the riser wall. In contrast to this, the
CFD data indicates that the middle region of the riser (0.25 < r/R < 0.75) contained most of the
particles. The underestimation of near-wall particles was likely caused by the application of the
homogeneous drag model as well as the selection of two-way coupling during the construction of
the CFD models. Due to these selections, the effect of clustering and inter-particle interactions
on the drag forces were not accounted for, as explained in Section 4.1.1. This increased the
prediction error in regions with high concentrations of particles since those regions were more
likely to be affected by inter-particle interactions and clustering. The reporting method used may
also have contributed to the underestimation of the near wall particles. This is because the
particles that may have been situated at a slight angle with respect to the data sampling line would
not have been captured. The number of predicted particles near the walls of the riser only
exceeded the predicted particle concentration in the centre under limited conditions, as discussed
in Section 5.2. At the top port, the position of the maximum particle concentrations was similar in
both the predicted and experimental profiles, as indicated in Figure 5.30. This was likely due to
the swirling effect and internal recirculation, as discussed in Section 5.2.2, which increased the

predicted solids holdup despite the absence of a heterogeneous drag model.
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Height from reference point (m)

The predicted and experimental axial solids holdup profiles are presented in Figure 5.31. The
layout of Figure 5.31 is similar to those in Section 5.1.2, however the predicted and experimental
data is compared. The blue profiles correspond to the low inlet air velocity setting while the green
profiles correspond to the high setting. As the inlet air velocity decreased from 8.6 m/s to 4.3 m/s,
the difference between the overall solid volume fraction at the top half of the riser and the bottom
half of the riser increased. In addition, the entire profile shifted towards the right of the x-axis.
These observations suggest that the inlet air velocity had an inversely proportional relationship
with the exit effect and the overall solid volume fraction, regardless of the data type. Despite the
comparable trends, the predicted average solid volume fractions were significantly less than that
of the experimental data. When considering the experimental data, the average solid volume
fraction at each of the three sampling points was calculated from the local solid samples. Since
no information was obtained from additional radial angles, these values likely under or overshot
the true values. From a modelling perspective, the choice of phase coupling and drag models
likely gave rise to the observed prediction error, as mentioned repeatedly throughout the previous
discussions. The underestimation of the average solid volume fractions could therefore have been
due to both experimental and modelling shortcomings. Regardless of the poor predictive
capabilities, the CFD models proved valuable in explaining the hydrodynamics within inaccessible
regions during the experimental phase of this study.
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Figure 5.31: Predicted and experimental axial solids holdup profiles
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5.4.2 Pressure differential

A comparison between the experimental and predicted static pressure differentials across the
riser is illustrated in Figure 5.32. In order to determine those differentials, the gauge pressure
values were recorded at PT-09, which is situated 0.15 m from the roof of the riser. The gauge
pressure at the inlet was then subtracted from these values to determine the pressure differential
across the riser. In Figure 5.32, the dark and light blue lines correspond to the predicted and
experimental pressure differentials. On the x-axis, placeholders for the various operating
conditions were used, and the value of each is provided in Table 5-10. From Figure 5.32, it can
be seen that the predicted pressure differential followed the same trend as the experimental
pressure differential with the exception of placeholder one. Point one represents the high setting
of all three independent variables, as reported in Table 5-10. Under those conditions, the
prediction error was the greatest, and this was likely due to the negligible influence of the solids
feed rate on the hydrodynamics in the CFD environment. This can be seen by comparing points
one and two, three and four, five and six or seven and eight of the dark blue profile in Figure 5.32.
Each of these pairs represents a change in the solids feed rate setting, and in each case, the

more significant prediction error belongs to the high solids feed rate.
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Figure 5.32: The experimental and predicted static pressure drop across the riser
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In Figure 5.33, a comparison between the experimental and predicted pressure differential across
the riser sections is illustrated. In this case, the pressure differential was computed by subtracting
the static pressure at the base of the bottom cylindrical section from the pressure value at P-09.
The CFD models underestimated the pressure differentials across the riser sections from points
four to eight in Figure 5.33. Since these points represent the lowest riser height setting, the data
suggests that the CFD models could not sufficiently describe the influence of riser height on the
pressure differential. Since a good resemblance was found between the experimental and CFD
data at the top of the riser, the prediction error in Figure 5.33 could only be due to faulty pressure

values at the base of the cylindrical sections.

The low predicted pressure differential across the shortest riser is also an indication that the
predicted solids inventory was underestimated when one riser section was installed. As discussed
previously, the most likely reason for this deviation is the absence of four-way phase coupling and
a heterogeneous drag model. Accordingly, from an experimental point of view, a decrease in the
riser height caused an increase in the particle inventory at the bottom of the riser while also
increasing the pressure differential across its sections. However, a decrease in the riser height
had a negligible effect on the pressure differential across its sections from a CFD perspective.
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Figure 5.33: The experimental and predicted static pressure drop across the riser sections
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Table 5-10: Operating conditions corresponding to the indicators in Figure 5.32 and Figure 5.33

Indicator

1 2 3 4 5 6 7 8

Installed sections

3 3 3 3 1 1 1 1

Uinlet (m/ S )

8.6 8.6 4.3 4.3 8.6 8.6 4.3 4.3

msolids (kg/S)

0.06 004 006 004 006 0.04 0.06 0.04

139



CHAPTER 6 - CONCLUSIONS AND RECOMMENDATIONS

6.1 CONCLUSIONS

The first objective of this study was to quantify the influence of design and operating conditions
on the hydrodynamics inside the CFB riser using an experimental approach. Conclusions drawn

from the experimental results are as follows:

e The particles were not uniformly distributed over the cross-sectional area of the riser
during operation. This non-uniformity was mainly due to an accumulation of particles at
the wall that was located on the opposite side of the air inlet. As a result, changing
conditions had a more prominent effect on the near-wall particles when compared to those
in the centre of the riser.

¢ Anincrease in the inlet air velocity, a decrease in the solids feed rate, or a reduction in the
riser height (a smaller H/D ratio) improved the uniformity of the radial solids holdup
profiles. Between these three variables, the inlet air velocity had the most significant

influence.

e An increase in the inlet air velocity decreased the pressure losses across the installed

cylindrical sections with respect to the losses across the entire riser.

e The maximum pressure drop across the installed cylindrical sections occurred at the
medium riser height setting. This suggests that the exit structure that was installed on top

of the medium riser provided less resistance to flow.

e At high inlet air velocities, the exit effect inside the medium riser was the largest. However,
at low and medium inlet air velocities, the tower height determined whether an exit effect
would be present. Under these circumstances, the exit effect enlarged as the riser height

was increased.

The regression analysis indicated the following:

e A decrease in the riser height or an increase in the inlet air velocity decreased the non-
uniformity, but only under limited conditions. These conditions were at inlet air velocities
of less than 6.5 m/s and at or above the medium riser height settings. Outside of these
limits, the opposite influence was observed.

¢ An increase in the inlet air velocity reduced the average solids holdup at the bottom and

middle sampling ports.
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e The riser height greatly influenced the pressure differential across the installed cylindrical
riser sections. When adjusting the riser from one to two cylindrical sections, the pressure
differential across these (APsqctions) INCreased. However, upon a further increase

AP, .:ions Started to decrease.

The second objective of this study was to quantify the influence of design and operating conditions
on the hydrodynamics inside the CFB riser using a numerical approach. The findings from the
CFD analysis were as follows:

e Anincrease in the inlet air velocity or the riser height improved the uniformity of the radial
solids holdup profiles. When compared to the other two factors, the solids feed rate had a
negligible influence on the radial solids holdup

e Possible core annulus flow was only observed at 4.3 m/s and the maximum riser height
setting.

o Two factors were necessary to create an exit effect. The first factor was the riser height,
which determined whether particles would collide with the walls above the exit. This mainly
occurred inside the medium and tall risers, which means that these were more likely to
facilitate internal particle recirculation. The second factor was the degree of flow swirling
which varied based on the air velocity setting. Between the medium and tall riser, the
vessel with the highest degree of flow swirling always contained the largest exit effect.

e A decreased inlet air velocity or an increased solids feed rate increased the overall solids
volume fraction inside the riser. At 4.3 m/s, the exit assembly governed the overall solids
volume fraction. However, at 8.6 m/s, the extent of the exit effect governed the overall
solids volume fraction.

e The pressure differential across the venturi overshadowed the pressure losses across the
installed cylindrical riser sections. However, the predicted overall solids volume fraction
increased or decreased together with the predicted pressure differential across the entire

riser.

The objectives of this study were realised to a great extent. The influence of the three main
operating and design conditions on the two-phase flow behaviour inside the CFB riser has been
thoroughly discussed. In addition, the CFD models demonstrated the same trends as the
experimental findings, despite its inability to reproduce exact experimental values. The results
from this study are comparable to literature findings, except for the influence of the H/D ratio on
the hydrodynamics. However, this deviation was due to the varying riser height, whereas the riser

diameter was changed in previous work.
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Fast fluidisation could be achieved within the experimental setup with the sorbent required for
FGD applications and suitable operating conditions could be maintained. Furthermore, the CFD
model was a useful tool for the description of the hydrodynamics. In general, the groundwork for

future FGD technology research has been lain.
6.2 RECOMMENDATIONS

Given that the overall solids volume fractions were underestimated together with the pressure
differential across the cylindrical sections, the CFD models can be improved in future studies. The
addition of a heterogeneous drag model should be considered to better approximate the drag
forces acting on the dispersed phase in regions of high particle concentrations. In addition, the
CFD post-processing could be refined by investigating more effective methods for reporting the
solids volume fraction. This is especially true for the description of near wall particles, for which
further model development may be necessary. Furthermore, DEM modelling should be
considered in the event of adequate computing capacity and less restrictive time constraints.

From an experimental point of view, the accuracy of the average solids volume fraction and
RNI(g,) calculations could be improved by increasing the number of radial solids sampling
angles. In addition, the sampling nozzle should be rotated 180°, and the suction through the
nozzle should be set to a smaller value to quantify the downward flow of particles inside the riser.
It is further recommended that the hydrodynamic study should be expanded to include the
influence of the cyclone and the riser exit ducting configuration in order to quantify the influence
of these units on the exit effect. Given that the eventual goal will be to remove SO, from flue gas,
the temperature and relative humidity inside the riser should be increased while operating within
the conditions specified in this work. If the experimental conditions are altered, the CFD models
should be adapted accordingly.
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ANNEXURES
CHAPTER 2
Annexure A: Operating velocity vs. transport velocity

Three articles reported operating conditions in large-scale FGD-CFB applications which included
an industrial and two pilot scale reactors. Using the reported operating conditions, the transport
velocities were calculated using the three correlations from Table 2-1°". Furthermore, if a range
of velocities were reported, the highest velocity was used for the calculation. The results are
provided in Table Al. The average ratio of the operating superficial gas velocity to the transport

velocity associated with a given study varied between 2.5 and 3.1.

Table Al: Calculation results of the average ratio between the superficial gas velocity and the

transport velocity

CFB-FGD scale

Parameter Unit
Industrial®* Pilot®® Pilot?®
d, um 48 100 83
Pr kg/m3 0.78 0.36 0.36
Pp kg/m?3 2250 2240 1000
lg Pa-s 23 x 1075 42 x 107° 42 x 1075
Ar - 3.60 4.56 1.16
U m/s 4.43 10.00 5.00
Urr, Bi& Grace m/s 1.78 3.77 2.29
Urr, smolders & Bayer m/s 1.96 411 2.61
Urr, khurram m/s 1.55 2.35 1.43
(Uo/UrR)average - 2.54 3.12 2.53
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Annexure B: Similarity parameters

Chang and Louge (1992)3°:

Fr* v
r =——""55 B-1
(gdpd’a)l/z
= G B-2
pgU
3
Ar = pppg(dpgb“) g B-3
1z
p
R=-F B-4
Pg
L= b B-5
dqu"‘
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CHAPTER 3
Annexure C: Additional design calculations (equipment specifications)

For this study, a CFB system was designed and constructed. The laboratory scale CFB riser was
designed to test the effect of three H/D ratios which were 16, 12.7 and 9.3 and these were chosen
from the range of H/D ratios that were reported for similar systems in Section 2.2.4.1.
Furthermore, the position of each riser inlet and the outlet were chosen to reflect those reported
in literature®. The riser, ducting and cyclone were constructed from carbon steel and covered
with one coat of phenoline-187 paint and one coat of thermaline-1248 paint to protect the steel
surfaces from corrosion and to provide insulation. The design and construction of the cyclone and
initially-used bag filters were outsourced. The specifications that were provided to the fan and
sorbent feeder suppliers were determined and detailed in this section.

C-1. Fan requirements

To size the auxiliary equipment, the following assumptions were made based on FGD-CFB

literature?>26.37;

o Particle size: 100 ym

e Particle density: 2240 kg/m?3

e Air density: 1.21 kg/m?®

e Air dynamic viscosity: 1.85 x 10°Pa-s
e Ca/Sratio of 1.2

e SO; content of 2% in flue gas

From these properties the transport velocity of hypothetical particles was determined using the
Archimedes and transport Reynolds numbers from the correlations provided in Section 2.2.1. The
results are reported in Table C1. Since FGD-CFB’s are generally operated at superficial gas
velocities that are equal to twice the transport velocity, the minimum value of 1.3 m/s from Table
C1 was selected as the minimum velocity in the riser. If the largest transport velocity from Table
C1 is multiplied by two, it is seen that approximately 6 m/s would be required and this was used
as an approximate maximum velocity within the riser. This concluded the determination of the

minimum and maximum air velocities that were required within the riser.
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Table C1: Transport velocities that were used during the design phase of the laboratory-scale

FGD unit
Correlation used Unit Value Riser height (m)
Utr, Bi & Grace m/s 2.06 N/A
U1R, smolders & Bayens m/s 2.05 N/A
UrR, zhang et al. m/s 3.23 N/A
Utr, Khurram m/s 1.54 4.8
Utr, Khurram m/s 141 3.8
UTr, khurram m/s 1.28 2.8

C-2. Feeder requirements

The solids feed rate that was required to ensure a Ca/S ratio of 1.2 at the maximum superficial
gas velocity of 6 m/s (which is equal to an inlet velocity of 13.5 m/s) was determined. By specifying
the minimum feed rate of the feeder at this value, the Ca/S ratio would always be sufficient.
Consequently, the superficial gas velocity was converted to a mass flow rate by using Equation
C-1. With the mass flow rate known, the molar flow rate of air was determined with Equation C-2.

Mair = Ugair X Ariser X Pair = 0.51kg/s C-1
. Mgir X 1000
Ngir = . - 17.71 mole/s C-2
air

Where mg;, is the mass flow rate of air, A, iS the cross sectional area of the riser, p,;, is the
density of air, n,;,- is the molar flow rate of air and M,;, is the molar mass of air which is equal
to 28.97 g/mole. It was assumed that 2% of the air consisted of SO, and the corresponding molar
flowrate was determined using Equation C-3. Since the molar flow rate of sulphur (S) would be
equal to that of the sulphur dioxide (SO.), the moles of Ca required to satisfy a Ca/S ratio of 1.2
was calculated using Equation C-4. This was converted to a mass flow rate through Equation C-
5.

Ngpp = Ng = Ngir X 2% = 0.35 mole/s c-3

Neg = Ng X 1.2 =0.43 mole/s C-4
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Thca = T.lca X MCCL = 1704‘ g/s C_5

Where ng and n., represent the molar flow rates of sulphur and calcium respectively, m¢, is
the mass flow rate of calcium and M, is the molar mass of calcium which is equal to 40.08
g/mole. Once the required mass flow rate of calcium has been determined it had to be converted
to a mass flow rate of sorbent in order to size the feeder. With no information regarding the
chemical composition of the sorbent, it was assumed to consist of 70 % CaO on a mass basis
during the design phase of the FGD unit. Thus a 100 g of the sorbent would contain 70 g of the
CaO compound which was written in terms of moles through Equation C-6. From here, the mass
of Ca that would be present in a 100 g sample was determined from Equation C-7 which may also

be defined as its weight percentage in the sorbent.

m
Nego = ﬁ = N¢q = 1.25 moles C-6
a

Meg = Neg X Meg = W%cq = 50.03% C-7

Where nc,o is the molar amount of CaO; m,, is equal to 70 g; M., is the molar mass of CaO
which is equal to 56.08 g/mole and W%, is the percentage of calcium present in the sorbent on
a mass basis. With the required mass flow rate of calcium as determined in Equation C-5 and the
weight percentage of Ca in the sorbent as determined with Equation C-7, the overall mass flow
rate of the sorbent could be determined using Equation C-8. According to these calculations, the
feeder had to deliver at least 0.03 kg/s to meet the required Ca/S ratio of 1.2 at the highest gas
flow rate of 6 m/s.

. mc
Msorbent = Woaca = 34.06 g/s C-8

Here m., was determined by Equation C-5 as the required Calcium feed rate and g, pen: iS the

corresponding sorbent feed rate after adjusting for impurities.
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C-3. Pressure drop and summary

The pressure drop across the system was estimated using Equation C-9. From literature, the
maximum pressure drop across a laboratory scale FGD riser was used in the calculation

(AP,iser)®t while that of the cyclone and filters were estimates from the respective suppliers.

AP = APriser + APcyclone + APfilters C-9

55kPa= 25+4+15+15
To summarise, the instruments and process units were ordered according to the requirements
specified. These included a superficial gas velocity of between 1.3 — 6.0 m/s, a pressure drop of

5.5 kPa and a minimum solids feed rate of 0.03 kg/s together with the assumptions that were
listed in Section C1.
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Annexure D: Changes made during commissioning

D1. Sorbent feeder

The sorbent feeder consisted of a hopper in which the hydrated lime could be loaded before
starting with experiments, a constant speed mixer and a variable speed auger. However, the
diameter of the auger outlet was greater than the riser inlet and originally a fitting was used to
connect the two as illustrated in Figure D1. During operation, the powder was forced through the

fitting and the declining diameter caused a blockage within the pipe.

Pipe fitting

A

100 mm Feeder outlet <o

A

Flexible tubes

A

60 mm Solids inlet

Figure D1: Original connection between the feeder outlet and the riser inlet

Several attempts were made to solve the problem as illustrated in Figure D2. The fitting was
replaced by a wide flexible tube which was fixed over the riser inlet using a narrow flexible tube
as shown in Figure D2 (a). Furthermore, compressed air was introduced at the bottom of the wide
tube through a small cavity. Although these changes ensured a more gradual change in diameter
and allowed for particle agitation, a dense powder cake eventually formed within the tubes and

the flow of sorbent stopped.
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Figure D2: Various feeder configurations tested during system commissioning

Next, the wide tube was left partially open as illustrated in Figure D2 (b) and (c) which allowed
the riser to pull in additional air through the sorbent feed pipe. This ensured particle agitation
either as the sorbent was discharged from the auger or at the sudden decline in diameter brought
on by the narrow tube. Although a longer operating period could be achieved with these
adjustments, the inlet blocked within five minutes of riser operation. For all three options a build-
up of powder started along the edge of the riser inlet as illustrated in Figure D3. The powder
collapsed into the pipe causing a blockage after a few minutes of operation. Furthermore, the
build-up of sorbent was more significant when operating at low inlet air velocities (< 4 m/s). This
was attributed to the frictional forces acting on the sorbent being in excess of the force applied by

the suction air in the opposite direction.

With the acquired knowledge a ramp was installed across which the sorbent could enter the riser
inlet as illustrated by Figure D2 (d). The steep ramp increased the downward component of the
gravitational force which prevented particle accumulation on top of its surface at low operating
velocities. Additionally, the solids were fed into the centre of the riser inlet to prevent particle
accumulation along the pipe edges at low operating velocities. This solved the problem and the

commissioning of the system could continue.
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A 4

Outlet

A 4

Transparent tube

Riser inlet

v

Figure D3: Powder build-up caused by the edge of an inner pipe

D2. Scrubber

The original design of the CFB unit included a primary HEPA filter and a secondary bag filter to
trap the particles that were not removed by the cyclone. This is illustrated in Figure D4 where
BFL-01 represent the filters and H-01 - H-03 refer to hypothetical material streams. The remaining
descriptions from Figure D4 received attention in Section 3.1.1. After sorbent characterisation as
discussed in Section 3.1.2 it was found that the mean diameter of the sorbent was equal to
approximately 23 um which was much smaller than the anticipated 100 ym that was assumed
during the design phase. Consequently, the cyclone’s efficiency was compromised, and a large
volume of hydrated lime bypassed the cyclone and collected on-top of the filters. This increased
the pressure drop across the system which prevented the desired fluidisation regime within the
upstream riser. To circumvent this problem, the filters were removed and a scrubber was
designed and installed after FAN-01 as represented by SCBR-01 in Figure D5.

M-02 H-02 g H-03
BFL-01 i
M-01 FAN-01

CLN

01 [
H-01

VAL-01
S-03

Figure D4: A partial P&ID with the original filter setup
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M-02
¥
— j&— W-05
CLN SCBR-
M-01 | -01 01
M-05

VAL-01
S-03

Figure D5: A partial P&ID with the updated filter setup

The most important features of the scrubber are illustrated in Figure D6. With the scrubber, the
sorbent could be removed from the air without compromising the fluidisation regime in the
upstream riser. This was possible since enough space was allowed between the water surface at

the bottom of the tank and the air outlet to the top as illustrated in Figure D6.

2500 dm?3 Tank <

Air & sorbent

entrance

¥2” Lines for tap water <

» Air to atmosphere

Water at fixed level
Supporting frame

Figure D6: Scrubber concept design
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In Figure D7 (a) the nine misting nozzles that were installed inside and around the gas outlet at
the top of the tank are depicted. As the air and particle suspension entered the tank, the particles
collided with water mist and settled to the bottom of the scrubber. Given that the unit reduced the
amount of particles that were released to the atmosphere, it was deduced that the water droplets
were sufficiently small to capture the sorbent. If the size of the water droplets were increased, the
particles would likely travel past the droplets in streamlines instead of colliding with them?6:, A
final design feature was the pump that was used to recirculate the water at the bottom of the tank
to prevent particle settling and to ensure that a homogeneous water-particle mixture was
discarded through the tank overflow. The discarded slurry was stored in sealed containers for

future work.

(b)

Water to pump Water to tank ~ Water overflow

from tank from pump

»

» \Water mist nozzle

Figure D7: Design features of the scrubber used for sorbent capture
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Annexure E: Calibration curves

El. Sorbent feeder calibration curve

To construct the sorbent feeder’s calibration curve, the following procedure was followed:

1. Before loading, the feeder and its mixer was switched on. This was done to protect the

feeder motor since a loaded hopper placed unnecessary strain on the auger during start-

up. The feeder was started at its twelve percent setting to further protect the motor and it

was never operated below this point. Next, two containers were collected.

2. Container 1 was placed at the feeder outlet to capture the discharged sorbent after which

the hopper was loaded.

3. Container 2 was weighed and the speed setting of the feeder was changed to twelve

percent.
4. Container 1 was replaced by container 2 and a stopwatch was started.

After 60 seconds has passed, container 2 was removed and container 1 was placed in its

stead once again.

6. Container 2 was weighed while the feeder was left at or changed to its 12% speed setting.

This was to reduce the sorbent flow while weighing the container and to prevent frequent

starting and stopping of the feeder.

7. The weight difference determined from container 2 was divided by 60 seconds to

determine the feed rate at that specific speed setting.

8. The contents of container 2 was loaded into the hopper and the hopper was refilled.

9. Container 2 was weighed.

10. The speed setting was increased by five percent.

11. Steps 4 — 10 were repeated until the feed rate at the 100% setting has been established.

12. The hopper was allowed to empty and the feeder and its mixer was switched off.

In Figure E1 the calibration curve of the sorbent feeder is illustrated. The sorbent feeder could

deliver approximately 0.35 kg/s while running at its highest setting and 0.04 kg/s while running at

its lowest setting. According to the design calculations that were provided in Annexure C2, the

feeder delivered a sufficient feed rate to ensure that the Ca/S ratio in the riser would be greater

than 1.2 regardless of the superficial gas velocity.
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Figure E1: Calibration curve of the sorbent feeder

E2. Fan calibration curve

To construct the fan’s calibration curve as represented in

Figure E2, the following procedure was followed:

The hot-wire anemometer was placed at the centre of the air inlet at the bottom of the
riser.

The fan was changed to its ten percent setting.

The fan was allowed to run until the inlet velocity fluctuations were at a minimum.

Every three seconds a velocity reading was recorded using the handheld device and this
was done for a duration of one minute.

The average air velocity which corresponded to the given fan setting was recorded.

The fan speed was increased by five percent.

Steps 3 — 6 were repeated until the inlet velocity at the 100% setting of the fan had been
established.

The fan was switched off and the anemometer removed.

The inlet velocities were multiplied by the correction factor that was determined in Section 3.3.4.1

and the final calibration curve of the fan is illustrated in. The results indicate that the fan could

deliver

an inlet velocity of 19.5 m/s while operating at its highest setting and 2.1 m/s at its 10%
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setting in the absence of particles. Thus, the fan could deliver the minimum and maximum

requirements for this study.

e I
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L L L
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Figure E2: Calibration curve of the fan
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Annexure F: Cyclone efficiency

The percentage solids that the cyclone removed from the suspension was determined through a
material balance. The sorbent feeder was changed to its 20% setting and the hopper was loaded
by a measured amount of sorbent. Once loaded, the riser was operated at an inlet air velocity of
6.1 m/s until the hopper was empty. The weight of the sorbent that was collected underneath the
cyclone was recorded and this process was repeated two times. The results are provided in Table
F1 and it can be seen that approximately 73.5 % of the particles that were present in the carrier

gas were removed through the cyclone.

Table F1: Material balance over the cyclone

Sorbent loaded Sorbent removed by cyclone Percentage sorbent retained
(kg) (kg) (%)
58.4 43.8 75.0
91.6 66.6 72.7
48.4 35.2 72.7
Average 73.5
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Annexure G: Sample preparation

G1. Mechanical riffler

The size of certain sorbent samples had to be reduced to smaller representative batches. Spin
riffling is a more reliable method of powder sampling than cone and quartering and chute
sampling, as it is less sensitive to the degree of homogeneity of the feed stock and creates a
smaller opportunity for sampling errors due to operator bias'®2. For this reason the mechanical
riffler as indicated in Figure G1 was used to reduce samples sizes from a starting batch of 5 kg
or smaller.

Rotating buckets

Figure G2: Hydrated lime in the first, third and fifth bucket

174



The procedure to reduce a sample size was as follows:

1)

2)

3)

4)

5)

6)

7)

The mechanical riffler was cleaned using a brush and a cloth to prevent contamination of

the hydrated lime.

A 1 kg sample was added to the hopper and the vibration level was set to 50%. When the
vibration level was increased beyond 50%, particles were lost over the edge of the ramp

across which the material entered the rotating buckets.

The riffler was switched on and the material was divided into six batches that were

representative of the original sample.

Once all of the material has been fed into the rotating buckets the riffler was switched off
and the contents of the first, third and fifth bucket as illustrated in Figure G2, were returned
to the hopper. Therefore, the weight of the contents inside the hopper was equal to one
half of the material fed during the previous repetition. The material from the remaining
buckets were placed in a storage container.

Steps 3) and 4) were repeated until the combined contents of the first, third and fifth bucket
weighed approximately 8 g. The material from those three buckets were placed in an
airtight storage container for particle density analysis, while the material from buckets two,
four and six were returned to the hopper.

Steps 3) and 4) were repeated until the combined contents of the first, third and fifth bucket
weighed approximately 1 g. The material from those buckets were stored in an airtight

container for a PSD analysis.

The two samples were stored for analysis and the riffler was switched off and cleaned.

G2. Cone and quartering

When a sample batch weighed in excess of 5 kg, cone and quartering was performed until the

sample size was small enough to use the mechanical riffler'®3, This was done by shovelling the

hydrated lime powder into a cone that was then flattened. Following this, the heap was divided

into four equal sections and two opposing corners of the quartered heap was removed. The

remaining sorbent was mixed with the shovel during the process of creating a new cone. Finally,

the whole process of flattening the cone, dividing it into four parts, removing two opposing corners

from the heap and creating a new cone was repeated until a 5 kg sample remained. This process

is illustrated by the flow diagram in Figure G3.
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1. Create a well-mixed cone of sorbent. 2. Flatten the cone using a shovel

4. Use two opposite corners to create

3. Divide the flattened heap into quarters. .
a smaller well-mixed cone.

Figure G3: The process of cone and quartering to reduce the size of large samples (Adapted
from Michaud (2015))64
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Annexure H: PSD’s & XRF trace elements

The difference between the D[3,2] and the D[4,3] lies within the property that is emphasised during
its calculation. The D[3,2] indicates which particle size classes contribute the most to the available
surface area of the bulk material, whereas the D[4,3] indicates which size classes contribute the
most to the mass of the bulk material'®>1%, The formula that is used by the Malvern Mastersizer
3000 to compute the D[3,2] and the D[4,3] from the PSD is provided in Equation H-17,
Furthermore, the PSD’s of the three additional supplied sorbents and the Sauter mean diameter
and volume moment mean of each is provided by Figure H1 to Figure H3.

1
A dim_S]m_n

A

D[m,n] H-1

Where V; represents the volume percentage of particles larger than size range i and d;

represents the geometric mean between size range i and i + 1, i.e. (,/dl- X dl-+1).

3
X
N—r 2 -
2
1% D[3,2] = 0.08
c h
]
©
o
E 14 D[4,3] = 23.20}
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Figure H1: The Sauter mean diameter (D[3,2]) and volume moment mean (D[4,3]) resulting

from the PSD analysis of the hydrated lime sample from Idwala
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Figure H2: The Sauter mean diameter (D[3,2]) and volume moment mean (D[4,3]) resulting

from the PSD analysis of the hydrated lime sample from PPC
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Figure H3: The Sauter mean diameter (D[3,2]) and volume moment mean (D[4,3]) resulting

from the PSD analysis of the hydrated lime sample from Tazchem
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From the XRF analysis it was determined that trace elements accounted for 1.8% of the total

sorbent weight and they are listed in Table H1.

Table H1: Minor elements present in the hydrated lime sorbent from Afri-lime as determined via
an XRF analysis

Weight percentage Weight percentage

Element (%) Element (%)
Ni 0.05 Nd 0.01
Zn 0.35 Gd 0.01
As 0.03 Ho 0.02
Sr 0.31 Yb 0.01
Zr 0.03 Lu 0.01
Ag 0.19 Ta 0.19
La 0.02 Pb 0.20
Ce 0.02 Bi 0.16
U 0.11 Th 0.06

V205 0.02 Cr203 0.01
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Annexure I: regression analysis

1. Linear Regression

The coefficients for the linear regression equation of any 22 factorial design can be determined
from the fixed effects of the factors and their interactions. Suppose that the three factors are
denoted by A, B and C respectively, then the experimental design matrix will have the form
presented in Table I1. Once again, the -1 and 1 represent the low and high levels of the factors

respectively. Example values for a theoretical response has been entered into the last column.

Table 11: Example of a 22 full factorial design matrix

A B C AB AC BC ABC Response
1 1 1 -1 -1 1 -1 0.6 =V
1 1 1 1 -1 -1 1 0.3 =y
1 1 -1 -1 1 -1 1 0.5 =y
1 -1 -1 1 1 1 -1 02 =y
1 1 1 1 1 1 1 1.0 =y
1 -1 1 -1 1 -1 -1 0.6 =y
1 1 -1 1 -1 -1 -1 0.9 =y
1 -1 -1 -1 -1 1 1 04 =y

If an “n” amount of replicates are performed at each factorial design point, the response is the
sum of all replicates (i.e. if the top entry was found to be 0.6 and then 0.7, the column entry would
be 1.3)!!2, The effect of the main factors are defined as the difference between the averaged
result of the runs at the high level and the averaged result of the runs at the low level. This can

be expressed mathematically by Equations I-1 - 1-3112,

_ _ 1
Acfrect = Yay — Ya- = F()’zzz + Y212 + V221 T Y211 — V122 + Y112 + Y121 + Y111]) I-1
1 -2
Beffect = Yp+ — Y- = F(ﬁzz + Y121 + Y222 + Y221 — V112 + Vi1 + Y212 + Y211D)
-3

_ _ 1
Ceffect = Ye+ — Ye- = F(ﬁzz + Y223 + Y222 + Y212 — 121 + Y111 + Y221 + V211D
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Where k is the number of levels for each factor. In order to determine the two-way interaction
effects, the difference between the average effect of factor one at a high level of factor two, and
the average effect of factor one at a low level of factor two is computed!2. Alternatively, the levels
(-1 or 1) in the desired interaction column of Table I1 (for example AB) could be multiplied with
the response corresponding to each level'®4. After this process has been completed, the resulting
values should be added together and divided by 4n. The resulting mathematical expressions are
provided in Equations I-4 - |-6112168,

1
ABeffect = F(—Jﬁzz + Y112 = Y121 T Y111 T Y222 — Y212 + V221 — Y211) -4

1 -5
ACeffect = k=1 (=Y122 = Y112 t Y121 + Y111 + Y222 + Y212 — Y221 — Y211)

1 -6
BCeffect = F("‘)ﬁzz = Y112 — Y121 T Y111 T Y222 — Y212 — Y221 + Y211)

Finally, the three-way interaction effect can be calculated using Equation I-7, following the same
approach used to determine the two-way interaction effects%4.

1
ABCeffect = k=1 (=Y122 + Y112 + Y121 — Y111 + Y222 — Y212 — Y221 + Y211) -7

With all the main and interaction effects calculated, the coefficients in the linear regression model
provided by Equation I-8 can be determined. With the exception of B, the coefficients are exactly
equal to a half of the interaction effects!'?. The constant B, is the average value of the measured

responses. Table |12 represents all of the coefficients required to complete the regression model.

Y= Bo+ BaA+BgB+ B:C+ BagAB + BcBC + PacAC + BapcABC + E 1-8

Table 12: Determination of the various coefficients used in the linear regression model of a 23
full factorial design?68

BO — 3—/ ﬁA _ Aeffect ﬁB _ Beffect ﬂc _ Ceffect
2 2 2
_ ABeffect _ ACeffect _ BCeffect _ ABCeffect
,BAB - T .BAC - T .BBC - T ﬁABC - T
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2. Central composite design

The design matrix (denoted by X in Equation 3-6) of the central composite design with three
factors used throughout this dissertation has 10 columns to calculate the regression coefficient of
every term in the regression equation. The matrix is provided in Table 13, to illustrate the different
combinations of the factors used. The first column consists of only 1°’s and is used to determine
the constant in the regression equation. Clearly quadratic terms have been added to the
calculation as can be seen in columns 5 — 7. Finally, the remaining three columns is used to

determine the regression coefficients of the interaction terms.

Table I3: Design matrix of a typical face centred central composite design

1 A B C (A)? (B)* €2 (AxB) Ax(EC) (B)x(C)
1 -1 1 1 1 1 1 -1 -1 1
1 -1 0 0 1 0 0 0 0 0
1 1 1 -1 1 1 1 1 -1 -1
1 1 1 1 1 1 1 1 1 1
1 0 0 0 0 0 0 0 0 0
1 0 0 0 0 0 0 0 0 0
1 0 0 0 0 0 0 0 0 0
1 0 0 0 0 0 0 0 0 0
1 0 -1 0 0 1 0 0 0 0
1 0 1 0 0 1 0 0 0 0
1 0 0 0 0 0 0 0 0 0
1 1 0 0 1 0 0 0 0 0
1 -1 -1 1 1 1 1 1 -1 -1
1 -1 1 -1 1 1 1 -1 1 -1
1 0 0 -1 0 0 1 0 0 0
1 1 -1 -1 1 1 1 -1 -1 1
1 -1 -1 -1 1 1 1 1 1 1
1 1 -1 1 1 1 1 -1 1 -1
1 0 0 1 0 0 1 0 0 0
1 0 0 0 0 0 0 0 0 0
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T-distributions

Following the discussion in Section 3.3.2.3 and Annexure R, the values of T at the relevant
degrees of freedom for the different alpha values are provided in Table 4. The rest of the table
can be found in Montgomery and Runger, 2014 although the table is available in most statistics
handbooks. Should a T-value be identified that falls within two of the percentage points,
interpolation may be used to find an approximate value of alpha — which can be used to find the

P-value. The general formula for two point interpolation is given in Equation 1-91°,

Table 14: Percentage points tqy Of the t distribution at varying degrees of freedom (Taken from
Montgomery and Runger, 2014)%

DOF =1 DOF =2 DOF =5 DOF =10
Percentage o Percentage o Percentage o Percentage o
points points points points

0.33 0.4000 0.29 0.4000 0.27 0.4000 0.26 0.4000
1.00 0.2500 0.82 0.2500 0.73 0.2500 0.70 0.2500
3.08 0.1000 1.89 0.1000 1.48 0.1000 1.37 0.1000
6.31 0.0500 2.92 0.0500 2.02 0.0500 1.81 0.0500
12.71 0.0250 4.30 0.0250 2.57 0.0250 2.23 0.0250
31.82 0.0100 6.97 0.0100 3.37 0.0100 2.76 0.0100
63.66 0.0050 9.93 0.0050 4.03 0.0050 3.17 0.0050
127.32 0.0025 14.09 0.0025 4.77 0.0025 3.58 0.0025
318.31 0.0010 23.33 0.0010 5.89 0.0010 4.14 0.0010
636.62 0.0005 31.60 0.0005 6.87 0.0005 4.59 0.0005

y=xn+ j:__zll 2 —y1) 1-9

Where y is the desired alpha value, y; and y, are the lower and upper limits corresponding to x;
and x, respectively, x is the calculated t-statistic and x, and x, are the two percentage points that

represents the upper and lower limits of the calculated the t-statistic.
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Annexure J: Factorial design code

Two Microsoft Excel™ VBA codes were written to analyse the factorial design data. The first was
a code for the full 23 factorial design whereas the second was for the face centred central
composite design as discussed in Section 3.3.2. Initially, a sheet was created and given the name
“Design matrix linear”. In the sheet, the table that is presented in Figure J1 was constructed where
cell “B2” contained the heading “Velocity”. The columns of the table represented the three factors
and factor combinations and the final column in contained the first entries from the experimental
results. The entries were normalised such that the column contained values between zero and

one. The remaining data was added in additional columns to the right of Figure J1.

1 1 1 -1 -1 1 =il 0.12
1 -1 1 1 -1 -1 1 0.49
1 1 -1 -1 1 =i 1 1.00
1 -1 -1 1 1 1 -1 0.70
1 1 1 1 1 1 1 0.22
1 -1 1 -1 1 -1 -1 0.00
1 1 -1 1 -1 =il =il 0.20
0 0 0 0 0 0 0 0.24
0 0 0 0 0 0 0 0.23
1 -1 -1 -1 -1 1 1 0.11

Figure J1: Excel table containing the linear design matrix and the relevant response data

The low medium and high settings of the factors and their combinations were represented by a “-
17, “0” or “1” respectively. These values are fixed characteristics of the 2 full factorial design. Two
command buttons were added to sheet “Design matrix linear” as indicated in Figure J2. The top
button contained the code which analysed the factorial design while the bottom button could be

used to clear the sheet which would contain the results from the analysis. The code for the bottom

button was as follows:

Private Sub CommandButton2_Click()
Worksheets("Analysis Linear").Range("B25:R3000").Clear
End Sub

Analyse Full factorial design

Clear

Figure J2: Command buttons for the linear regression analysis
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The results from the top button in Figure J2, were printed in a separate excel sheet named

“Analysis Linear” and in the initial formatting of the results sheet is provided in Figure J3.
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Figure J3: Results sheet for the linear regression analysis
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The results from the VBA code included all the parameters discussed in Section 3.3.2. The P-
values of the coefficients as well as the regression formulas were also discussed in-depth
throughout this study. After the code has been activated, the empty spaces in Figure J3 were
populated with data as illustrated in Figure J4. This process was repeated for each column of

data that was entered into the table in the sheet “Design matrix Linear”.

| £, ave..BOT ]
Formula: 0.3309992392 +(-0.221)Velocity + (0.03)MFR + [-0.147 Height + (0.047)[Velocity)[MFR} + (0.125){Velocity){Height) + [-0.067 )[MFR}(Height) + (0.102)(Velocity)[MFR)(Height)
MSE centre point 0.000110086
MSE;oia 1.14E02
R 97.34%
s 0.35
He 0.24
T-StEtistiCunatre 14.34
P-value e 0.05 0.020 =P{T= [t]}= 0.050
SBaurvature 2.264E02
Factor Effect Coefficient SE of coefficient T-value P approximation Prange
Constant 0.3309992 0.033726651 5.81417465 0.010 0.010 <P(T=|t|}< 0.020
Velocity -0.4413 -0.2206445 0.038 -5.8514695 0.033 0.020 <P{T> |t|}< 0.050
Further quality SFR 0.0604 0.0301777 0.038 0.80030915 0.509 0.500 <P(T=|t|}< 0.800
indicators Height -0.2944 -0.1472232 0.038 -3.9043425 0.064 0.050 <P{T= |t|}=< 0.100
[Velocity)[SFR) 0.0942 0.0470877 0.038 1.24876114 0.379 0.200 <P{T> |t|}< 0.500
[Velocity)(Height) 0.2502 0.1250976 0.038 3.31757595 0.086 0.050 <P(T>|t|})< 0.100
[SFR)(Height) -0.1344 -0.0672003 0.038 -1.7821441 0.229 0.200 <P{T> |t|}< 0.500
[Velocity)(SFR)[Height) 0.2039 0.1019546 0.038 170382575 0.121 0.100 <P{T= |t|}=< 0.200

Figure J4: Result population from the linear regression analysis
The VBA code for the 22 full factorial design was as follows:

Private Sub CommandButton1_Click()

Dim U, SFR, H, U_SFR, U_H, SFR_H, U_SFR_H, p, constant, zz As Variant

Dim Tdist, Ue, SS, diff, diff2, SFRe, He, U_SFRe, U_He, SFR_He, totalf, U_SFR_He, calc, total, val, coef, y As
Variant

Dim1i, 1, k,j, m, NC, NF, XX, XXX, gg, hh, A, B, T1, T2 As Integer

Dim formula As String

Dim muF, SSCURV, mu, MSESUM2, MSE, MSET As Double

Dim MSESUM, subcalcl, tstat As Double

tests =0
Save =0
7Z=9

For tests = 0 To 30

If IsEmpty(Cells(3, Z)) Then
tests = 30

Else
tests =tests + 1
Save = Save + 1

Z=7+1
End If
Next
ccl=9
cc2=15
cc3 =16
cc5 =26
cc6=9
cc7=5
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cc8=10

ccl0=7

ccl2 =16
ccl3 =22
ccl5 =15
ccl6 =15
ccl7 =15
ccl8 =25
cc25 =44
cc26 =37
cc27 =10
ccnew =3

For parentLoop = 1 To Save

Worksheets("Analysis Linear").Range("B2:L22").Copy
Worksheets("Analysis Linear").Cells(cc18, 2).PasteSpecial Paste:=xlPasteFormats

Worksheets("Analysis Linear").Range("B3:B22").Copy
Worksheets("Analysis Linear").Range("B" & cc5, "B" & cc25).PasteSpecial Paste:=xIPasteAll

Worksheets("Analysis Linear").Range("C14:C22").Copy
Worksheets("Analysis Linear").Cells(cc26, 3).PasteSpecial Paste:=xIPasteAll

Worksheets("Analysis Linear").Range("D14:114").Copy
Worksheets("Analysis Linear").Cells(cc26, 4).PasteSpecial Paste:=xIPasteAll

cc28=ccl+1
Worksheets("Analysis Linear").Cells(cc18, 2) = Cells(2, cc28)

constant = WorksheetFunction.Average(Range(Cells(3, ccl), Cells(12, cc1)))
Worksheets("Analysis Linear").Cells(cc2, 5) = Round(constant, 10)

'effects and coefficients......evevereeennne.

val=10

Fori=3To 12
calc = Cells(i, 2) * Cells(i, cc1)
val = val + calc

Next

Ue =val

Worksheets("Analysis Linear").Cells(cc3, 4) = Ue / 4
Worksheets("Analysis Linear").Cells(cc3,5) = Ue / 8

val=0
Fori=3To 12

calc = Cells(i, 3) * Cells(i, cc1)
val = val + calc

Next

SFRe = val
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cc3=cc3+1
Worksheets("Analysis Linear").Cells(cc3, 4) = SFRe / 4
Worksheets("Analysis Linear").Cells(cc3, 5) = SFRe / 8

val=0
Fori=3To 12

calc = Cells(i, 4) * Cells(i, cc1)
val = val + calc

Next
He =val
cc3=cc3+1

Worksheets("Analysis Linear").Cells(cc3, 4) = He / 4
Worksheets("Analysis Linear").Cells(cc3,5) = He / 8

val=0
Fori=3To 12

calc = Cells(i, 5) * Cells(i, cc1)
val = val + calc

Next
U_SFRe =val
cc3=cc3+1

Worksheets("Analysis Linear").Cells(cc3, 4) = U_SFRe / 4
Worksheets("Analysis Linear").Cells(cc3, 5) = U_SFRe / 8

val=0
Fori=3To 12

calc = Cells(j, 6) * Cells(i, cc1)
val = val + calc

Next
U_He =val
cc3=cc3+1

Worksheets("Analysis Linear").Cells(cc3, 4) = U_He / 4
Worksheets("Analysis Linear").Cells(cc3,5) = U_He / 8

val=0
Fori=3To 12

calc = Cells(i, 7) * (Cells(i, ccl1))
val = val + calc

Next
SFR_He = val
cc3=cc3+1

Worksheets("Analysis Linear").Cells(cc3, 4) = SFR_He / 4
Worksheets("Analysis Linear").Cells(cc3, 5) = SFR_He / 8
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val=0
Fori=3To 12

calc = Cells(i, 8) * Cells(i, cc1)
val = val + calc

Next
U_SFR_He =val
cc3=cc3+1

Worksheets("Analysis Linear").Cells(cc3, 4) = U_SFR_He / 4
Worksheets("Analysis Linear").Cells(cc3, 5) = U_SFR_He / 8

"formula Prifntu..ce .

ccd=cc2+7
coef = Worksheets("Analysis Linear").Range("E" & cc2, "E" & cc4)

formula = Round(coef(1, 1), 10) & " + (" & Round(coef(2, 1), 3) & ")Velocity + (" & Round(coef(3, 1), 3) &
"JMFR + (" & Round(coef(4, 1), 3) & ")Height + (" & Round(coef(5, 1), 3) & ") (Velocity)(MFR) + (" &
Round(coef(6, 1), 3) & ")(Velocity) (Height) + (" & Round(coef(7, 1), 3) & ")(MFR)(Height) + (" &
Round(coef(8, 1), 3) & ")(Velocity) (MFR) (Height)"

Worksheets("Analysis Linear").Cells(ccnew, 3) = formula

‘average factorial and CP TUNS..... s

—

3

2
=3

4

— e —

total =0
totalf =0

Fori=3To 12
If Cells(i, j) = 0 And Cells(i, k) = 0 And Cells(i,1) = 0 Then
total = total + Cells(i, cc1)

Else

totalf = totalf + Cells(j, cc1)
End If
Next

muC = total * 0.5
Worksheets("Analysis Linear").Cells(cc6, 3) = muC

XXX =cc6-1
muF = totalf / 8
Worksheets("Analysis Linear").Cells(XXX, 3) = muF

"MSE CENLIE POINT.eerieerrrrrereereerseessesssssesseessessssesseseans
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3

2
=3

4

— e

MSESUM2 =0
MSESUM =0

Do Whilei<=12

If Cells(i, j) = 0 And Cells(i, k) = 0 And Cells(i, 1) = 0 Then
MSESUM = (Cells(i, cc1) - muC) * 2
MSESUM2 = MSESUM + MSESUM2

End If

i=i+1

Loop

Worksheets("Analysis Linear").Cells(cc7, 3) = MSESUM2

"£aNd SS CUIVATUTE..cccouierereerisseersesersesessersseresesenes
subcalcl = Sqr(MSESUM2 * ((1 / 2) + (1 / 8)))
tstat = ((muF - muC) / (subcalcl))

Worksheets("Analysis Linear").Cells(cc8, 3) = tstat

cc9 =cc8 + 2

SSCURV = (2 * 8 * ((muF - muC) * 2)) / 10

Worksheets("Analysis Linear").Cells(cc9, 3) = SSCURV

A=3

ForA=3To 12

y = coef(1, 1) + (coef(2, 1) * Cells(A, 2)) + (coef(3, 1) * Cells(A, 3)) + (coef(4, 1) * Cells(A, 4)) + (coef(5,1) *
Cells(A, 5)) + (coef(6, 1) * Cells(A, 6)) + (coef(7, 1) * Cells(A, 7)) + (coef(8, 1) * Cells(A, 8))

Cells(A, 1) =y

Next

‘R SQUATE..c.orerrrrrererresreerirnee
A=3
diff2=0
zz2 =0
ForA=3To 12
diff = (Cells(A, ccl) - Cells(A, 1)) ~ 2
zz = (Cells(A, cc1) - WorksheetFunction.Average(Range(Cells(3, cc1), Cells(12, cc1)))) * 2
722 = 7722 + 77
diff2 = diff2 + diff
Next

Rsqr =1 - (diff2 / zz2)

Worksheets("Analysis Linear").Cells(cc10, 3) = FormatPercent(Rsqr, 2)
Range("A3:A12").Clear

MSET = diff2 / 2
ccll=ccl0-1

Worksheets("Analysis Linear").Cells(cc11, 3) = MSET
SS = Sqr(MSET) / Sqr(8)

190



Worksheets("Analysis Linear").Range("F" & cc12, "F" & cc13) = Round(SS, 10)

ccl4 =ccl2-1
Worksheets("Analysis Linear").Cells(cc14, 6) = Round(Sqr(MSET) / (Sqr(10)), 10)

i=1

T1=1

ForT1=1To8

Worksheets("Analysis Linear").Cells(cc15, 7) = Round(Worksheets("Analysis Linear").Cells(cc15, 5) /
Worksheets("Analysis Linear").Cells(cc15, 6), 10)

ccl5=ccl5+1

Next

Tdist = Worksheets("Analysis Linear").Range("G" & cc16, "G" & cc13)

Fork=1To8

If Abs(Tdist(k, 1)) > Worksheets("T-distribution").Cells(13, "E") Then
Worksheets("Analysis Linear").Cells(cc17,8) ="+ 0"
Worksheets("Analysis Linear").Cells(cc17,9) = "P(T > |t|) < 0.001"

Elself Abs(Tdist(k, 1)) < Worksheets("T-distribution").Cells(4, "E") Then
Worksheets("Analysis Linear").Cells(cc17,8) = "> 0.8"
Worksheets("Analysis Linear").Cells(cc17,9) = "P(T > |t|) > 0.8"

Else

i=4
Do Whilei <= 13
j=i+1

If Abs(Tdist(k, 1)) = Worksheets("T-distribution").Cells(i, "E") Then
Worksheets("Analysis Linear").Cells(cc17, 8) = WorksheetFunction.RoundDown (2 * Worksheets("T-
distribution").Cells(i, "F"), 10)
Worksheets("Analysis Linear").Cells(cc17, 9) = Worksheets("Analysis Linear").Cells(cc17, 8)
i=13
End If

If Worksheets("T-distribution").Cells(i, "B") < Abs(Tdist(k, 1)) And Abs(Tdist(k, 1)) < Worksheets("T-
distribution").Cells(j, "E") Then
Worksheets("Analysis Linear").Cells(cc17, 8) = WorksheetFunction.RoundDown (2 * ((((Worksheets("T-
distribution").Cells(j, "F") - Worksheets("T-distribution").Cells(i, "F")) / (Worksheets("T-
distribution").Cells(j, "E") - Worksheets("T-distribution").Cells(i, "E"))) * (Abs(Tdist(k, 1)) - Worksheets("T-
distribution").Cells(i, "E"))) + Worksheets("T-distribution").Cells(i, "F")), 10)

A = Round(2 * Worksheets("T-distribution").Cells(i, "F"), 10)
B = Round(2 * Worksheets("T-distribution").Cells(j, "F"), 10)
ranges = Format(B, "0.000") & " < P(T > |t|) < " & Format(4, "0.000")
Worksheets("Analysis Linear").Cells(cc17, 9) = ranges
i=13
End If

i=i+1
Loop
End If

ccl7=ccl7+1
Next

cc28=cc27+1
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If Abs(Worksheets("Analysis Linear").Cells(cc27, 3)) > Worksheets("T-distribution").Cells(13, "H") Then
Worksheets("Analysis Linear").Cells(cc28, 3) ="+ 0"
Worksheets("Analysis Linear").Cells(cc28, 4) = "P(T > |t|) < 0.001"
Worksheets("Analysis Linear").Cells(cc28, 4).Font.Size = 10

Elself Abs(Worksheets("Analysis Linear").Cells(cc27, 3)) < Worksheets("T-distribution").Cells(4, "H") Then
Worksheets("Analysis Linear").Cells(cc28, 3) ="> 0.8"
Worksheets("Analysis Linear").Cells(cc28, 4) = "P(T > |t[)> 0.8"
Worksheets("Analysis Linear").Cells(cc28, 4).Font.Size = 10

Else

i=4
Do Whilei <=13
j=i+1

If Abs(Worksheets("Analysis Linear").Cells(cc27, 3)) = Worksheets("T-distribution").Cells(i, "H") Then
Worksheets("Analysis Linear").Cells(cc28, 3) = WorksheetFunction.RoundDown (2 * Worksheets("T-
distribution").Cells(i, "I"), 10)
Worksheets("Analysis Linear").Cells(cc28, 4) = "P(T > |t|)=" & Worksheets("Analysis
Linear").Cells(cc28, 3)
Worksheets("Analysis Linear").Cells(cc28, 4).Font.Size = 10
i=13
End If

If Worksheets("T-distribution").Cells(i, "H") < Abs(Worksheets("Analysis Linear").Cells(cc27, 3)) And

Abs(Worksheets("Analysis Linear").Cells(cc27, 3)) < Worksheets("T-distribution").Cells(j, "H") Then

Worksheets("Analysis Linear").Cells(cc28, 3) = WorksheetFunction.RoundDown (2 * ((((Worksheets("T-
distribution").Cells(j, "I") - Worksheets("T-distribution").Cells(i, "I")) / (Worksheets("T-
distribution").Cells(j, "H") - Worksheets("T-distribution").Cells(i, "H"))) * (Abs(Worksheets("Analysis
Linear").Cells(cc27, 3)) - Worksheets("T-distribution").Cells(i, "H"))) + Worksheets("T-distribution").Cells(j,
"1")),10)

A = Round(2 * Worksheets("T-distribution").Cells(i, "I"), 10)

B = Round(2 * Worksheets("T-distribution").Cells(j, "I'"), 10)

ranges = Format(B, "0.000") & " <P(T > |t|) < " & Format(4A, "0.000")

Worksheets("Analysis Linear").Cells(cc28, 4) = ranges

Worksheets("Analysis Linear").Cells(cc28, 4).Font.Size = 10

i=13

End If

i=i+1

Loop
End If
ccl=ccl+1
cc2=cc2+23
cc3=cc3+17
cc5 =cc5 + 23
cc6 =ccb + 23
cc7 =cc7 + 23
cc8 =cc8 + 23

ccl0=ccl10 + 23
ccl2=ccl2 + 23
ccl3=ccl13+ 23
ccl5 =ccl5+ 15
ccl6 =ccl6 + 23
ccl7 =ccl7 + 15
cc18 =cc18 + 23
cc25 =cc25+ 23

192



cc26 =cc26 + 23
cc27 =cc27 + 23
ccnew = ccnew + 23

Next

cc1l9=cc7-3
Worksheets("Analysis Linear").Range("B" & cc19, "L" & cc13).Clear

End Sub

A face centred central composite design was also created for every response that was considered
in the full factorial design analysis. A new sheet was created and named “Design matrix CCD”
which contained the design matrix that is characteristic of a face centred CCD with three factors
and three responses. This is illustrated in Figure J6. Once again, the final column of the table in
Figure J6 contained the normalised experimental data and columns could be added or removed
as required. The results from the CCD analysis were recorded in an additional sheet named
“Analysis” and the initial formatting and population of the results table that was created is
illustrated in Figure J7 and Figure J8. Once again all the necessary parameters as discussed in
Section 3.3.2 were included. Two buttons were included in the sheet named “Design matrix CCD”
and these are provided in Figure J5. The bottom button cleared the results sheet from the CCD
analysis via the following code:

Private Sub CommandButton2_Click()
Worksheets("Analysis").Range("B23:R3000").Clear

End Sub

The top button contained the VBA code which is provided in the remainder of this annexure.

Analyse CCD

Clear

Figure J5: Command buttons for the CCD analysis
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Figure J6: Excel table containing the CCD matrix and the relevant response data
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C8 - I =1-(C6/CT7)

A B E D E F G H
2 £, ave..BOT
3 Formula:
4
5
] SSE:
7 S5T:
8 R | | #DIV/0! _|
o i
. SE of P
Coefficient . T-value 3 . P Range

10 coefficient Approximation
1
12
13 Further
14 .
= quality

indicators
16
17
18
19
20

Figure J7: Results sheet for the CCD regression analysis

I £, ave..BOT
Formula:  0.209 + (-0.214)Velocity + (0.033)MFR + (-0.134)Height + (0.078)Velocity*2 + (0.018)MFR"2 + (0.063)Height"2 + (0.045){Velocity)(MFR) + (0.12)(Velocity)(Height) + (-0.064)(MFR)(Height)

o
SSE: 0.134735267
53T: 1.048651867
R 87.15%
o SE of p
Coefficient coefficient T-value Approximation P Range
0.209119 0.03390 5241 0.00 < 0.001
-0.213906 0.03671 -5.828 0.00 <0.001
Further 0.039252 0.03671 1.070 0.33 0.200 <P(T> |1]) < 0.500
quality -0.134426 0.03671 -3.662 0.00 0.002 < P{T> |t]) < 0.005
indicators 0.078241 0.07000 1.118 0.31 0.200 < P{T> |t]) < 0.500
0018247 0.07000 0261 070 0500 <P(T > |t]) < 0.800
0.062673 0.07000 0.895 0.41 0.200 <P{T > |t]) < 0.500
0.0449859 0.04104 1.086 0.32 0.200 <P{T> |t]) < 0.500
0.119522 0.04104 2912 0.02 0.010 < P{T> |t|) < 0.020
-0.064205 0.04104 -1.564 0.16 0.100 < P{T > |t]) < 0.200

Figure J8: Result population from the CCD regression analysis

Private Sub CommandButton1_Click()
Worksheets("Design matrix CCD").Activate

Dim X, coef(), y, SSE, p(), value, SST, MSE, tcalc1(), SE(), PT(), temp As Variant
Dim formula, ranges As String

Dim i, j, k, DOF, tests, parentLoop, AP1, AP11, AP2, AP3 As Integer

"coUNt COIUMMNS..cevvvieecrereee et

tests =0
Save =0
Z=12
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For tests = 0 To 30
If IsEmpty(Cells(3, Z)) Then
tests = 30
Else
tests =tests + 1
Save = Save + 1
72=7+1
End If
Next

'paste formatting and headings.......ccccumeeeneeereeenneeereersneenn.
AP1 =11

AP2=3

AP3 =12

AP4 =6

AP5=7

AP6 =38

ap7 =23

AP9 =31

For parentLoop = 1 To Save
H = parentLoop + 11

AP8 =ap7 +1

Worksheets("Analysis").Range("B2:R20").Copy

Worksheets("Analysis").Cells(ap7, 2).PasteSpecial Paste:=xIPasteFormats
Worksheets("Analysis").Cells(8, 3).Copy

Worksheets("Analysis").Cells(AP6, 3).PasteSpecial Paste:=xIPasteFormulas
Worksheets("Analysis").Range("B3:B20").Copy

Worksheets("Analysis").Cells(AP8, 2).PasteSpecial Paste:=xlPasteAll
Worksheets("Analysis").Range("C10:G10").Copy

Worksheets("Analysis").Cells(AP9, 3).PasteSpecial Paste:=xlPasteAll

hh=H+1

Worksheets("Analysis").Cells(ap7, 2) = Worksheets("Design matrix CCD").Cells(2, hh)

X = Range("B3:K22")

y = Range(Cells(3, H), Cells(22, H))

coef() =

WorksheetFunction.MMult(WorksheetFunction.MInverse(WorksheetFunction. MMult(WorksheetFunction.Tr
anspose(X), X)), WorksheetFunction.MMult(WorksheetFunction.Transpose(X), y))

AP11=AP1+9
Worksheets("Analysis").Range("c" & AP1, "c" & AP11) = coef()

formula = (Round(coef(1, 1), 3) & " + (" & Round(coef(2, 1), 3) & ")Velocity" & " + (" & Round(coef(3, 1), 3)
& ")MFR" & " + (" & Round(coef(4, 1), 3) & ")Height" & " + (" & Round(coef(5, 1), 3) & ")Velocity"2" & " + ("
& Round(coef(6, 1), 3) & ")MFR”*2" & " + (" & Round(coef(7, 1), 3) & ")Height"2" & " + (" & Round(coef(8,
1),3) & ")(Velocity) (MFR)" & " + (" & Round(coef(9, 1), 3) & ") (Velocity) (Height)" & " + (" &
Round(coef(10, 1), 3) & ")(MFR)(Height)")

Worksheets("Analysis").Cells(AP2, 3) = formula
AP2 =AP2 + 21
SSE=0

Worksheets("Design matrix CCD").Activate
Fori=1To 20
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j=i+2

Cells(j, 1) = coef(1, 1) + (coef(2, 1) * Cells(j, 3)) + (coef(3, 1) * Cells(j, 4)) + (coef(4, 1) * Cells(j, 5)) +
(coef(5, 1) * Cells(j, 6)) + (coef(6, 1) * Cells(j, 7)) + (coef(7, 1) * Cells(j, 8)) + (coef(8, 1) * Cells(j, 9)) +
(coef(9, 1) * Cells(j, 10)) + (coef(10, 1) * Cells(j, 11))

Next

p() = Range("A3", "A22")
Range("A3","A22").Clear

i=1
SSE=0

Fori=1To 20
j=i+2
value = (Cells(j, AP3) - p(i, 1)) * 2
SSE = SSE + value

Next

i=1

SST=0

Fori=1To 20
j=i+2
value = (Cells(j, AP3) - WorksheetFunction.Average(Range(Cells(3, AP3), Cells(22, AP3)))) * 2
SST = SST + value

Next

AP3=AP3+1

tcalc1() = WorksheetFunction.MInverse(WorksheetFunction.MMult(WorksheetFunction.Transpose(X), X))
DOF =10
MSE = SSE / DOF

k=1
Fork=1To 10

i=k+2

Cells(i, 1) = Sqr(tcalc1(k, k) * MSE)
Next

SE() = Range("A3:A12")
Worksheets("Analysis").Range("d" & AP1, "d" & AP11) = SE()

i=1
AP111 = AP1
Fori=1To 10

Worksheets("Analysis").Cells(AP111, 5) = coef(i, 1) / SE(i, 1)
AP111 =AP111+1
Next

Worksheets("Analysis").Cells(AP4, 3) = SSE
Worksheets("Analysis").Cells(AP5, 3) = SST

Dim T As Variant

Range("A3:A12").Clear

AP1111=AP1+9

T = Worksheets("Analysis").Range("e" & AP1, "e" & AP1111)
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k=1
1=AP1

Fork=1To 10

If Abs(T(k, 1)) > Worksheets("T-distribution").Cells(13, "B") Then
Worksheets("Analysis").Cells(l, 6) = 0
Worksheets("Analysis").Cells(l, 7) = "< 0.001"

Elself Abs(T(k, 1)) < Worksheets("T-distribution™).Cells(4, "B") Then
Worksheets("Analysis").Cells(l, 6) = 1
Worksheets("Analysis").Cells(l, 7) = "> 0.8"

Else

i=4
Do While i <= 12
j=i+1

If Abs(T(k, 1)) = Worksheets("T-distribution").Cells(i, "B") Then
Worksheets("Analysis").Cells(l, 6) = 2 * Worksheets("T-distribution").Cells(i, "C")
Worksheets("Analysis").Cells(l, 7) = Worksheets("Analysis").Cells(l, 6)
i=13

End If

If Worksheets("T-distribution").Cells(i, "B") < Abs(T(k, 1)) And Abs(T(k, 1)) < Worksheets("T-
distribution").Cells(j, "B") Then
Worksheets("Analysis").Cells(l, 6) = 2 * ((((Worksheets("T-distribution").Cells(j, "C") - Worksheets("T-
distribution").Cells(i, "C")) / (Worksheets("T-distribution").Cells(j, "B") - Worksheets("T-
distribution").Cells(i, "B"))) * (Abs(T(k, 1)) - Worksheets("T-distribution").Cells(i, "B"))) + Worksheets("T-
distribution").Cells(i, "C"))

A = Round(2 * Worksheets("T-distribution").Cells(i, "C"), 3)
B = Round(2 * Worksheets("T-distribution").Cells(j, "C"), 3)
ranges = Format(B, "0.000") & " < P(T > |t|) < " & Format(A4, "0.000")
Worksheets("Analysis").Cells(l, 7) = ranges
i=13
End If

i=i+1
Loop

End If
I=14+1
Next

ap7 = ap7 + 21
AP6 = AP6 + 21
AP9 = AP9 + 21
AP1 =AP1 +21
AP4 = AP4 + 21
AP5 = AP5 + 21

Next

ap7 =ap7-21

AP10 = ap7 + 18

Worksheets("Analysis").Range("B" & ap7, "R" & AP10).Clear

End Sub
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Throughout the VBA codes that were presented in this chapter, reference is made to a T-

distribution and the applicable information was retrieved from a separate sheet named “T-

distribution”. The information contained in the previously mentioned sheet is illustrated in Figure

Jo.

[N T R T TR - Y R CA

= =t | = | =
WP =

0.4000
0.2500
0.1000
0.0500
0.0250
0.010:0
0.0050
0.0025
0.0010
0.0005

Figure J9: T-distribution data

DOF=2
t
0.289
0.816
1886
2920
4,303
6.965
9.925
14.08%
23.326
31.598

a
0.4000
0.2500
0.1000
0.0500
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0.0100
0.0050
0.0025
0.0010
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DOF=1
t
0.325
1.000
3.078
6.314
12706
31.821
6:3.657
127.320
318.310
636.620

04000
0. 2500
0. 1000
0.0500
0.0250
00100
0.0050
0.0025
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00005
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Annexure K: Instrument details

K1. General information

The measurement ranges of the thermocouples, pressure transmitters and the anemometer as

well as the operating ranges of the fan and feeder are provided in Table K1 along with additional

information.
Table K1: Measurement instrument and process unit information

Description Range Accuracy Supplier Model
Variable speed ZEST Weg MBF with

0.03 -0.34 kg/s + 0.01 kg/s )
screw feeder group agitator
Variable speed _

0.00-18.43 m/s + (0.03 + (0.04 x U)) Trojan fans BC10
fan motor
Hot wire

0.0-50.0m/s % (0.03 + (0.04 x U)) Testo Testo 440
anemometer
Flush pressure )

) 0.0 — 10.0 kPa +05% Wika S-11
transmitters
Resistance .
Swift heat &
temperature 0.0-300.0 °C +0.6°C PT-100
control

detectors

200



K2. Non-isokinetic sampling probe

—— Toggle valve Perspex sample Sampling portlid 1D =0.041 cm
L————— Connected to vacuum container

(b)

i \ W ' i ; “'v |
Gk | f i
"»".‘ ¢ % ‘ ;‘- | ‘|~ | '
N ‘ e IR

'.4.5‘\\. \

s bt
Filter paper Perspex cylinder
—> Rubber Seal

Figure K1: (a) The sampling probe and (b) the sample containers’ assembly

The non-isokinetic sampling procedure was as follows:

1. The perspex container and a clean filter paper was weighed.

2. The filter paper was placed inside the sampling container and the sampler was
assembled.

3. Both valves were opened and the suction velocity at the tip of the probe was measured
using the Testo 440 hot wire anemometer.

4. The superficial gas velocity inside the riser was determined from the target inlet velocity

of the given experiment.
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10.

11.
12.

13.

14.
15.
16.

17.

18.
19.
20.
21.
22.
23.
24.
25.
26.
27.

The ball valve was adjusted until the average suction velocity at the probe tip over 60
seconds was close to the calculated superficial gas velocity.

The probe suction velocity thus had a value of 1.8 m/s, 2.7 m/s or 3.6 m/s when aiming
for a target inlet velocity of 4.1 m/s, 6.1 m/s or 8.1 m/s respectively.

Once the desired suction velocity has been reached only the toggle valve was closed.
Once riser steady state has been reached the bottom port was opened and the sampler
lid was fastened to the port.

The probe was placed at the first radial location as discussed in Section 3.3.4.3 with the
tip facing downwards.

A stopwatch was started and the toggle valve was opened for 60 seconds after which it
was closed.

The sampler was disassembled while the probe remained inside the riser.

The probe tip was rotated 180° to prevent excessive sample accumulation inside the
line.

The sorbent, perspex container and filter paper was weighed and the difference in mass
between the empty and full container was recorded.

The container was cleaned and weighed together with a clean filter paper.

The probe tip that was attached to the riser port was briefly cleaned with compressed air.
The filter paper was placed inside the sampling container and the sampler was
reassembled.

The probe was positioned at the next radial location as discussed in Section 3.3.4.3 with
the tip facing downwards.

Steps 10 — 17 were repeated at every radial sampling location.

The probe was removed and the port lid was secured.

The suction velocity was recalibrated according to steps 1 — 7.

The middle port was opened and the sampler lid was fastened to the port.

Steps 9 — 18 were followed at the middle port.

The probe was removed and the port lid was secured.

The suction velocity was recalibrated according to steps 1 — 7.

The top port was opened and the sampler lid was fastened to the port.

Steps 9 — 18 were followed at the middle port.

The probe was removed and the port lid was secured.
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Annexure L: Transport velocity from Zhou ef al., (2011)

In order to determine the transport velocity for the FGD-CFB unit described by Zhou et al., (2011)
64 the correlation from Bi and Grace was used. This is because the H/D ratio of the unit was equal
to 5.4 while the Archimedes number had a value of 3.6. These factors made the correlation from
Bi & Grace the only suitable correlation from the list of options that were provided in Table 2-1 of
Section 2.2.1. The resulting transport velocity is provided in Table L1 together with the operating
superficial gas velocity they reported. From Table L1 it can be seen that the condition where the
superficial gas velocity should be equal to twice the transport velocity was exceeded.

Table L1: Transport velocity of an industrial scale FGD-CFB unit

Parameter Value Unit
Urr 1.78 m/s

Ui iser 4.43 m/s
Urgp X2 3.57 m/s
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Annexure M: Setup photos

Figure M1: Riser during its construction
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Figure M2: Riser when only one cylindrical section was installed
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Figure M3: The cyclone while it was attached to the bottom riser section
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Figure M4: The scrubber
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Figure M5: Different feeder assemblies that were tested

Figure M6: The sorbent mixer and screw feeder
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Figure M7: The draught fan
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Figure M8: An example of the sample during coning and quartering
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Figure M9: Clogged feed pipe during operation
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CHAPTER 4
Annexure N: Calculation of the wall roughness height

The wall roughness height was approximated by applying friction factor correlations that were
suggested by Nikuradse®®. Depending on the tube properties, either the Reynolds number or the
wall roughness will have the greatest effect on the friction factor. Equation N-1 is generally used
to determine the friction factor in smooth tubes where the Reynolds number has the greatest
influence. Alternatively, Equation N-2 is used to determine the friction factor in rough tubes where
the roughness height has a more significant effect on the friction factor®®. However, Equation N-
1 may be applied to rough tubes below a certain threshold of Reynolds numbers even though it
was originally defined for smooth tubes. The range of Reynolds numbers for which each

correlation is applicable is limited by Test; ¢, which is given by Equation N-3.

1
\/—f_ =4 X l0g10 (Re X \/?f> - 04 TeStff > 0.01 N-1
f

1 D
—=4X loglo <—) + 2.28 T€Stff < 0.01 N-2

VIt e

D
Testff = e N-3

Re\/Tf

Where f; is the friction factor, Re is the Reynolds number, D is the riser diameter and e is the
wall roughness height. The roughness height was approximated by using Equation N-1 under the
assumption of smooth surfaces and Equation N-2 under the assumption of rough surfaces in
order to determine the most suitable correlation. For Equation N-1, the Reynolds number was
calculated from the highest superficial gas velocity setting used during the experiments. This was
done to calculate the lowest possible value of Testyr. With the Reynolds number known, the
friction factor could be determined using Equation N-1 and the wall roughness could be
approximated from Moody'’s friction factor plot as provided by Figure N1. The results are reported
in Table N1 and indicate that the condition stipulated for Equation N-1 held true. Hence, the

roughness height approximation of 0.02 mm could be applied.
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For Equation N-2, Moody’s diagram for friction factors in rough pipes as given in Figure N2 was
used to determine the wall roughness height of commercial steel with a diameter of 0.3 m or 11.8
inches. With the roughness known, Equation N-2 could be used to calculate the friction factor and
once again Tests; could be determined. From the results reported in Table N1, the Testss
condition for Equation N-2 was not satisfied. Consequently, the results from Equation N-1 was
used in the simulation and it was determined that the Reynolds number made a greater

contribution to the friction factor than the wall roughness height for this study.

Table N1: Roughness height calculation results

Variable Unit Value
D m 0.30
Uy m/s 3.6
Pr kg /m® 1.2
i Pa-s 1.83 x 1075
Re (-) 70463

Equation H-1, Valid when Tests>> 0.01

fr () 0.0048
e/D (=) 5 x 1073
e mm 0.02
Testsf (=) 4.1

Equation H-2, Valid when Test;r < 0.01

e/D (-) 0.00016
fr (=) 0.00328
e mm 0.05
Testss =) 1.6
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Annexure O: Calculation of the Schiller-Neumann limiting velocity

The particle Reynolds number may be determined from Equation O-1. In order for Equation O-1
to have a value of 800 in this study, the superficial gas velocity in the riser would have to exceed
520.63 m/s. The values of each variable that was used for the calculation is given in Table O1.
Conversely, for a particle with an average diameter of 2 mm the superficial gas velocity limit would
be equal to 6.15 m/s. Thus, the small diameter of the particles that were used within this study
allowed for the use of the Schiller Neumann drag model as it ensured a low particle Reynolds
number (<800) and in turn sufficiently dilute conditions.

Uyd
Re, = — 2P~ O-1
Kr

Table O1: Values used to calculate the gas velocity at a particle Reynolds number of 800

Variable Value Unit
d, 23.63 pum
Pr 1.19 kg/m3
1% 1.83 x 107> Pa-s
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Figure P1: (a) The finest mesh used for a given simulation and the particle velocity magnitude

at the top of the riser (b) without local mesh refinement and (c) with local mesh refinement
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Solid volume fraction (&)

CHAPTER 5

Annexure Q: Additional experimental results

In Figure Q1 - Figure Q4 the experimental radial solids holdup profiles at the three sampling ports

are indicated. As discussed in Section 5.1.1, the following trends could be identified:

An increase in the inlet air velocity or a decrease in the solids feed rate created flatter or

more uniform radial solids holdup profiles by reducing clustering/phase interactions.

Changes in the operating conditions had a greater effect on the particles near the wall

when compared to those at the centre of the riser.

When compared to the solids feed rate, the inlet air velocity had a stronger influence on

the radial solids holdup profiles at all of the sampling ports.

An increase in the riser height caused the maximum local solids holdup to shift to the left

while also creating less uniform particle distributions in most cases.

2.0E-03 Uinlet m
| Bottom port m 43 006
m 43 004
LOEOS T m 86 006
I 86 0.04
1.2E-03 + W 65 0.05
out
8.0E-04 1 A
i .
L /’ \\ I‘
I..“ ,’ \\ ’I’ :.h ______ !-..\‘ -1
4.0E-04 4 T 7l . et SN .
--“.‘ ST -_\:A"""--\ ~a e
[ ..::ZZ::::-.:':':E'E“EI:““"“""": ::: :""'"-'.:f_‘"j"“;::z'f{ f:n
0.0 P— } A -:“‘-?[1"’7“7"'1 ;
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r/'R

Figure Q1: The radial solids holdup profile at the bottom sampling port under varying inlet

velocity and solid feed rate settings
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Figure Q2: The radial solids holdup profile at the middle sampling port under varying inlet
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Average solid volume fraction (&;)

Annexure R: Experimental confidence intervals

In order to assess the repeatability of the solid volume fraction measurements, confidence
intervals were calculated. The collected data from the six repeated centre point runs were used
(i.e. at the medium settings of the three independent variables). In Figure R1, the average solid
volume fraction at every radial location at the bottom port is plotted. The 95% confidence intervals
(Cl) at each measurement location were included as error bars and were calculated using
Equation R-110°,

ta/z,n—l (6)

Vn

cl = R-1

Where t,/, -1 is obtained from the t-distribution table in Annexure |, 6 is the standard deviation
and n refers to the number of experimental observations. The labels next to the data points in
Figure R1, represent the standard deviations. The variation in the solid volume fraction estimates
were less at the centre of the riser (-0.3 < r/R < 0.3) when compared to those near the riser walls
in Figure R1. In Figure R2, the degree of confidence that is associated with each radial solid
volume fraction measurement at the middle port is illustrated. Once again, larger confidence
intervals were obtained at the walls of the riser as opposed to the centre region which indicates a
greater degree of uncertainty near the wall regions. The same could be said about the solid

volume fraction at the top port and this is illustrated in Figure R3
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Figure R1: Average solid volume fractions and associated confidence intervals along the

diameter of the riser at the bottom port with data from six identical experiments.

222

H
2



Average solid volume fraction (&)

Average solid volume fraction (&;)

6.0E-04

Middle port

4.0E-04 4

M 54% 29%
2.0E-04 4 o 24% 21%

* 59% 14% + 19% +
0.0 } } } } } } }
-1.0 -0.7 -0.3 0.0 0.3 0.7 1.0
r’'R

Uinlet m
B 65 0.05
out
-1
-
m
Uinlet

Figure R2: Average solid volume fractions and associated confidence intervals along the

diameter of the riser at the middle port with data from six identical experiments
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Figure R3: Average solid volume fractions and associated confidence intervals along the

diameter of the riser at the top port with data from six identical experiments
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The large variation in the solid volume fractions near the walls of the riser may be ascribed to the
influence of wall friction and inter-particle interactions. As discussed in Chapter 5, these effects
likely contributed to particle accumulation near the walls of the riser which increased the likelihood
of particle clustering. According to Section 2.2.3.4, the ongoing formation and deformation of
clusters could have influenced the drag forces, pressure drop, slip velocity, etc. In turn the
variability in the solids holdup near the riser walls could have caused the increased standard
deviations. It was also found that the standard deviation of the solid volume fractions near the
centre of the riser and at the right riser wall were the lowest at the middle sampling port.
Conversely, the standard deviation that was associated with the solids holdup near the left riser
wall was the highest at the middle port. Nonetheless, the purpose of the experiments was to
identify trends rather than exact ¢ values. Hence, the large standard deviations in Figure R1 to

Figure R3 was not considered to be detrimental to the objectives of this study.

The confidence interval of the average solid volume fraction (&) at each sampling port was also
determined and the result is illustrated in Figure R4. From Figure R4, it can be seen that a higher
confidence interval was obtained at the top sampling port when compared to the middle and
bottom sampling ports. This was likely due to internal recirculation at the top port due to the abrupt
exit. Finally, the confidence intervals that were associated with the pressure drop across the riser
and its installed sections are reported in Table R1. The standard deviation in the pressure
differential measurements was equal to 5% which is sufficiently low for the aim of this study.
Furthermore, the uncertainty was likely caused by the cluster formation and deformation in the

riser and the occasional surging of particles through the system.

Table R1: Error that was associated with the pressure drop data

AP, iser Pa [AP;iser = P(PT—09) - P(PT—Ol)]* 48

AP gections Pa [APrl’ser = P(PT—09) - P(PT—OB)] 3
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Annexure S: Choice of &g calculation method

The two most popular methods for determining the average solid volume fraction in CFB risers
have been provided in Section 2.2.3.1. The first method as represented by Equation 2-10 will be
referred to as the integral method and the second method which is given by Equation 2-11 will be
referred to as the pressure method. Both methods were used to determine the average solid
volume fraction at the top sampling port as illustrated by the blue dot in Figure S1, while three
cylindrical sections were installed. The pressure drop and height between PT-08 and PT-07 in
Figure S1, was used for the pressure method while the sampled sorbent at the blue dot in Figure
S1 was used for the integral method. The results are reported in Table S1 together with the

arithmetic mean as determined from Equation S-1 for comparison.

RSR-01
........... PT
08

Figure S1: The sampling port where the average solid volume fraction was determined in order

to compare calculation methods

7

X Z SS,l' S-1

i=1

& =

N -

Where i indicates the radial measurement point along the riser diameter and ¢, indicates the solid

volume fraction at the given point.
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Table S1: The average solid volume fraction at the top port resulting from two different

calculation methods

Operating conditions Method of & calculation
. . . . Pressure
Riser inlet velocity Solids feed rate Integral Arithmetic mean
differential
(m/s) (kgl/s) (x107%) (x 107%)
(x107%)

4.3 0.04 3.3 39 3.2

4.3 0.06 6.2 47 6.7

8.6 0.06 1.9 37 1.9

8.6 0.04 1.2 42 1.1

6.5 0.05 2.0 44 2.0

By inspecting any given row in Table S1, it can be seen that the average solid volume fraction
that was calculated via the pressure method was one order of magnitude larger than the values
obtained via the integral method and the arithmetic mean. The over approximation occurred since
the pressure method failed to account for the influence of phase interactions and frictional losses
on the pressure drop as explained in Section 2.2.3.1. In addition, the distance between PT-08
and PT-07 may have been too large which further increased the error associated with the
pressure method due to the wall friction and phase interactions. Given the uncertainty related to
the pressure method and the availability of local solid volume fraction data, it was decided to use
the integral method to calculate the average solid volume fractions in this study. Since data along
the entire riser diameter was available, Equation 2-10 had to be applied twice and the average of
the two values were used. This is because Equation 2-10 is defined along the radius of the riser
instead of the entire diameter. From the seven local solids holdup values, the centre point was

used twice — once in each calculation.
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Annexure T: Additional CFD modelling results

T1. Radial solids distributions

The radial scenes from the CFD models that were not discussed in Section 5.2.1, are provided
here. Figure T1 and Figure T2, represent the results at the bottom and top ports, respectively. As
discussed in Section 5.2.1, an increase in the inlet air velocity or a decrease in the riser height
improved the uniformity of the radial solids distributions. This trend was reflected regardless of

whether the bottom, middle or top sampling points were used.

72 wN\W
~ =

8.6 m/s; 0.06 kg/s; 8.6 m/s; 0.06 kg/s; 4.3 m/s; 0.06 kg/s; 4.3 m/s; 0.06 kg/s;
3 Sections 1 Section 3 Sections 1 Section
v S
1 u:“:%’ A
1 WS i
! \ 3 %%ﬁf N\
1 :\ é}" 1 N &
b % R
1 < e oy
: e ‘\&%
1
: fo 1':\
: ; AN S
1 o *
8.6 m/s; 0.04 kg/s; 8.6 m/s; 0.04kg/s; | 4.3 mis; 0.04kgls; 4.3 m/s; 0.04 kg/s;
3 Sections 1 Section | 3 Sections 1 Section
1 4 7 9 12 15 17 20

Particle velocity magnitude (m/s)

Figure T1: The influence of varying operating and design parameters on the radial solids
distribution at the bottom sampling port according to the CFD models
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Figure T2: The influence of varying operating and design parameters on the radial solids
distribution at the top sampling port according to the CFD models
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Height from reference point (m)

T2.

Axial solids holdup profiles

In Figure T3, the axial solids holdup profiles at within the tallest riser are provided. The same

trends that were discussed in Section 5.2.3 can be seen from the profiles and may be summarised

as follows:

o A decreased inlet air velocity enhanced the exit effect.

o A decreased inlet air velocity or an increased solids feed rate increased the overall solids

holdup.
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Figure T3: Predicted axial solids holdup profiles under varying operating conditions at the

maximum riser height setting
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Annexure U: Regression models

The final regression models that were used to discuss hydrodynamic parameters according to the

factorial design analysis are provided in Table Ul. A quadratic regression model rather than a

linear regression model was used only for the following parameters:

e Radial non uniformity index at the top port (RNI(&s)top)-

e Average solid volume fraction at the top port (s‘swp).

o Pressure differential across the installed cylindrical riser sections (4Psqction)-

Table U1l: Regression models for the hydrodynamic indicators that were discussed in Section

53

Response Regression model
0.688 + (-0.122)Velocity + (0.172)MFR + (-0.055)Height + (0.042)(Velocity)(MFR) +
RNT(25)por (-0.12)(Velocity)(Height) + (0.085)(MFR)(Height) + (0.107)(Velocity)(MFR)(Height)
0.438 + (0.135)Velocity + (-0.053)MFR + (0.147)Height + (-0.106)(Velocity)(MFR) +
RNI(25)mia (-0.078)(Velocity)(Height) + (-0.112)(MFR)(Height) + (-0.098)(Velocity)(MFR)(Height)
RNI(Ss)top 0.354 + (-0.079)Velocity + (0.024)MFR + (-0.026)Height + (0.367)Velocity? + (0.034)MFR? +
(-0.313)Height? + (-0.042)(Velocity)(MFR) + (-0.085)(Velocity)(Height) + (0.016)(MFR)(Height)
_ 0.331 + (-0.221)Velocity + (0.03)MFR + (-0.147)Height + (0.047)(Velocity)(MFR) +
Esbot (0.125)(Velocity)(Height) + (-0.067)(MFR)(Height) + (0.102)(Velocity)(MFR)(Height)
_ 0.354 + (-0.275)Velocity + (0.125)MFR + (-0.06)Height + (-0.063)(Velocity)(MFR) +
Eomid (0.021)(Velocity)(Height) + (-0.023)(MFR)(Height) + (0.04)(Velocity)(MFR)(Height)
_ 0.234 + (-0.189)Velocity + (0.105)MFR + (-0.034)Height + (-0.088) Velocity? + (0.12)MFR? +
Estop (0.192)Height? + (-0.05)(Velocity)(MFR) + (-0.03)(Velocity)(Height) + (0.06)(MFR)(Height)
0.515 + (0.21)Velocity + (-0.06)MFR + (-0.16)Height + (-0.143)(Velocity)(MFR) +
APriser (-0.137)(Velocity)(Height) + (-0.083)(MFR)(Height) + (-0.101)(Velocity)(MFR)(Height)
0.981 + (-0.013)Velocity + (0.009)MFR + (-0.412)Height + (-0.004)Velocity? + (-0.026)MFR? +
APgection

(-0.498)Height? + (-0.005)(Velocity)(MFR) + (0.001)(Velocity)(Height) + (-0.021)(MFR)(Height)
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Annexure V: Selected response surfaces

In Figure V1 and Figure V2 the two response surfaces that were mentioned in Section 5.3 are
provided. In both figures the values of the selected independent variables were represented by a
-1, 0 and 1 for the low medium and high settings respectively. In Figure V1, it can be seen that
four of the blocks on the bottom plane were highlighted. These blocks represent the domain in
which an increase in the riser height setting or a decrease in the inlet air velocity resulted in a
lower non-uniformity at the middle sampling port. This region was highlighted it corresponds with
the CFD findings in Section 5.2 as well as the literature findings from Sections 2.2.4.1 and 2.2.4.2.

E Agreement with CFD data

Figure V1: Response surface of the RNI(¢;),,,, at a fixed solids feed rate of 0.06 kg/s

In Figure V2, the response surface of the pressure differential across the installed cylindrical riser
sections is provided. As discussed in Sections 5.1.3 and 5.3.3, the pressure differential across
the installed sections was the greatest when the riser was at its medium height setting. However,
from Figure V2, the pressure differential increases together with the riser height until a turning
point is reached shortly after the medium riser height setting. After this point, the pressure

differential started to decrease again according the quadratic regression model.
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