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NOMENCLATURE

w

Ty stress tensor

Ty Viscous stress

0, volume fraction

0 volume fraction

0 close pack volume fraction
€ Volume fraction.

B Interphase momentum transfer coefficient
Up velocity

Us gas velocity

p pressure

mp particle mass

g gravity

Vp volume of the particle

Ps Pressure

F body force

D, drag function.

Cd drag coefficient
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T, particle normal stress
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OZET

BASINCLI Bil} DOLASIMLI AKISKAN YATAK SISTEMINDE
HIDRODINAMIGIN SAYISAL ANALIZI

Kiiresel enerji talebinin gelecek yillarda da artacagi ve tiim diinyada gii¢ santrali sayisinin artmaya
devam edecegi goriilmektedir. Buna bagli olarak fosil yakitlarin kullanimi da tiim diinyada
artmaktadir. Istatistiklere gdre bu talep her yil bir 6nceki yila gore artis gdstermektedir. Diger
yandan, kiiresel 1sinma insanligin giinlimiizde en onemli sorunlarindan birisidir ve kiiresel
isinmanin en Onemli sorumlularindan olan fosil yakitlar, sera gazi salimlarinin en Onemli
kaynagidir. Enerjiye olan ihtiya¢ nedeniyle gii¢ santrallerinin sayisini azaltmak veya iiretimini
diisiirmek mimkiin degildir. Ancak bu santrallerin olusturdugu kirlilik miktari, verimlerinin
arttirllmasi ile azaltilabilir. Bu alanda son yillarda bir¢ok arastirma ve ¢alismalar yapilmaktadir.
Giinlimiizde bilgisayar teknolojinin ilerlemesi sayesinde hesaplama siiresi ve yiiksek maliyetinden
dolay1 aragtirilmas1 miimkiin olmayan yanma islemi bugiin farkli yonleriyle arastirilabilmektedir.
Sayisal modelleme c¢alismalar1 ve analizler, arastirmacilara karmasik islemler iizerinde
caligmalarina olanak saglamaktadir. Boylece, sayisal modelleme yontemi ile deneysel yontemlerle
zor ve pahali olan Olgiimler yapilabilmekte ve sistemler tasarlanamaktadir. Diger yandan,
simiilasyonlarla elde edilmis sonugclarin laboratuvar verileri ile dogrulanmasi, yanma iglemlerinin

gelistirilmesi ve arastirilmasinda 6nemlidir.

Bu tez calismasinda, laboratuvar verisinin ve yanma teorilerinin incelenmesiyle basingli bir
Dolasimli Akiskan Yatak Sistemi sayisal olarak incelenecektir. Bu analizler sonucunda, akigkan
yatak reaktoriinde yanma verimini arttirmak ve ¢alisma parametrelerinin etkileri detayli olarak
incelenecektir. Gelistirilecek sayisal model ileride yapilacak boyut yiikseltme calismalarinda da

kullanilabilir.



ABSTRACT

NUMERICAL ANALYSIS OF HYDRODYNAMICS IN A PRESSURIZED
CIRCULATING FLUIDIZED BED SYSTEM

The global energy demand is predicted to increase in the coming decades. And every year the
number of power plants around the world is increasing. Besides, the use of fossil fuels in the world
IS increasing, and the statistics show that this demand has increased every year compared to last
year. On the other hand, environmental pollution is one of the main concerns of humans, and fossil
fuels are one of the main sources of greenhouse gas emissions. It is not possible to reduce the
number of power plants or reduce their production at the moment. However, the amount of
pollution they produce can be decreased by increasing their efficiency, which requires a more
detailed analysis of the processes taking place inside these power plants. Although studies and
researches have been done in this field in the past years, today, thanks to the advancement of
technology, the combustion process can be studied from other aspects, which were not possible
before due to computational time and high cost. Numerical studies and analysis can greatly help
researchers to study the complex processes so that they can not only use it to better understand the
process, but also explore aspects of process behavior that may not have been possible before in
experimental models. On the other hand, what is important is to ensure that the simulated model
is well developed to represent the real laboratory model. Therefore, it can be said that verifying
laboratory data with corresponding simulation models plays an important role in improving and
investigating the combustion process. In this study, we will try to obtain the closest simulation
model by examining laboratory data and combustion theories so that we can rely on the results to
evaluate the effective parameters to increase the output efficiency of the fluidized bed-chamber.

The developed model can be also used for further scale-up studies.



1 INTRODUCTION

1.1 Global Energy Profile

The supply of fossil propellants, like oil and coal are continuing to decrease at an equally rapid
rate, while at the same time, the demand for energy is continuing to rise at a rapid rate as a result
of increasing population and economic development. Currently, a considerable amount of the
primary energy consumption that occurs on a global scale is attributable to the usage of fossil fuels.
12150 Mtoe were needed to meet global demand, with 32.8 percent coming from oil, 27.2 percent
from coal, 20.9 percent from natural gas, 10.2 percent from biofuels and wastes, 5.8 percent from
nuclear, 2.3 percent from hydropower, and 0.8 percent from other kinds of renewable energy [1].
Transportation, the generation of electricity, applications in industry, and even residential settings
are some of the most common and widespread uses of these energy sources. These energy sources

are put to use in a wide variety of contexts and settings.

It is estimated that approximately 31.7 percent of all primary energy sources that are utilised on a
global scale come from the process of generating electricity [2]. Peat and coal accounted for 40.6
percent of the resources that were used in the production of electricity. This was followed by
natural gas, which accounted for 21.4 percent of the resources, hydraulic power, which accounted
for 16.2 percent, nuclear power, which accounted for 13.4 percent, oil, which accounted for 5.1
percent, and other forms of renewable energy, which accounted for 3.3 percent. Conventional
combustion processes were responsible for the generation of the vast majority of the power, and
these processes drew their fuel supplies from either solid fuels or gas fuels, depending on the nature
of the process they were carrying out. As a result of this, people are consistently looking for ways
to advance the traditional procedure or investigating new conversion technologies to achieve
higher renovation efficiencies. This is done in order to meet the demand for increased conversion

efficiencies.

The supply of primary energy in Turkey is broken down into the following categories according
to the resources that feed it: 31.1 percent of the energy comes from coal and lignite, 28.8 percent
from oil, 30.9 percent from natural gas, 4.4 percent from biofuels and wastes, 2.9 percent from
hydropower, and 1.7 percent from other types of renewable energy foundations. Turkey had a main

energy supply of 106 Mtoe, which is equivalent to 0.9 percent of the main energy source of the



entire world. The generation of electricity makes use of a proportion of the world's primary energy
sources that is roughly equivalent to the consumption level seen on an everyday basis everywhere
else in the world [3]. This number is 31.7 percent of the total. In terms of the proportion, this
corresponds to 35.3% of Turkey's primary energy supply.

In Turkey, Natural gas is responsible for the generation of 50.1% of the electricity production,
while coal and peat are responsible for 37.2% of electrical output, hydraulic power is responsible
for 8.2% of electrical output, oil is responsible for 3.1% of electrical output, and renewable energy
is responsible for 1.4% of electrical output. The vast majority of the nation's electricity, which is
typically supplied by other countries, is produced through the utilisation of natural gas as a source
of fuel. This results in the importation of electricity. Even though coal is the most important source
of primary energy, it is only the second most important source of electricity generation that is

primarily derived from domestic resources.

The use of coal in the energy industry is likely to remain significant for the foreseeable future and
will likely continue to play an important role. Globally and domestically in Turkey, the demand
for primary energy and the production of electricity places a substantial premium on the use of
solid fuels such as coal and biomass. This holds true for both the production of electricity and the

production of primary energy.

The current estimate for the total recoverable coal reserves across the globe is 948 billion tonnes,
which, based on production rates across the globe, equates to a reserve to production ratio of 126
years. This estimate was developed using data collected from across the globe. This estimate was
formulated using data gathered from various locations all over the world. The vast majority of
those reserves are composed of anthracite and bituminous coal, which accounts for 47 percent of
the total, sub-bituminous coal, which accounts for 30 percent of the total, and lignite reserves,
which accounts for 23 percent of the total [4].

Although Turkey does not have a significant amount of oil or gas reserves, the country does have
a sizeable amount of natural gas and coal reserves. It is estimated that Turkey in its current form
has total recoverable coal reserves that amount to 14.6 billion tonnes, which is equivalent to 1.5
percent of the world's total coal reserves. These estimates are based on the country's historical coal
production. According to this estimation, there are a combined 13.5 billion tonnes of lignite and

1.3 billion tonnes of hard coal. According to the production rates [5], the reserve to production



ratio for coal was calculated to be 171 years. It was determined that there were 171 years worth of
reserves for every year of production, and the annual rate of total coal production was 85.3 million
tonnes. This total is made up almost entirely of lignite, which is responsible for 84 million tonnes

of the total weight.

In addition to Turkey's vast coal reserves, the country's biomass resources also have a significant
amount of untapped potential as a national source of renewable energy that is derived from the
waste products of forestry and agriculture. This type of energy can be produced by burning the
residues that are left over from these industries. This opportunity arises from the fact that the
country's biomass resources consist of organic matter that has been discarded by these two types
of businesses. On an annual basis, it is estimated that Turkey's biomass resources have the potential
to produce 32 Mtoe of energy. It is estimated that the annual economic recovery of biomass is
approximately 17 Mtoe (Mtoe is an abbreviation for the term million tonnes of energy equivalent).
Turkey consumed a total of 4.8 million tonnes of biomass per year. The energy that is stored in
biomass can be reclaimed through the use of agricultural practises and waste, as well as residues
from forestry and wood processing, municipal waste, and agricultural waste. This energy can also
be recovered from municipal waste and agricultural waste. Domestic applications account for the
vast majority of this product's consumption in more rural areas [6]. In particular, it is used in the

kitchen and for heating homes.

Because of the world's coal reserves and the potential of biomass, the development of technologies
for the conversion of solid fuels is taking on an increasing amount of significance both
internationally and domestically in Turkey. This is the case in Turkey because of Turkey's position
as a regional leader in this field. Numerous factors contribute to why this is the case. Finding a
way to convert the dense fuel into the desired form (chemicals, electricity, artificial fuels, and
others) that is as gentle as probable on the environment and as cost-effective as possible is the
challenge that lies ahead. This is the challenge that needs to be overcome. It is possible to
accomplish this goal through the application of a wide range of conversion technologies, some of
which are already well-established, some of which are currently undergoing development, and
some of which are on the verge of being commercialised. While some of these conversion
technologies are already quite mature, others are still in the early stages of research and

development.



Despite being the most readily available fuel source, coal is also the most significant contributor
to the rise in CO2 emissions. Emissions of carbon dioxide are by far the most significant
contributor to emissions of greenhouse gases. In addition, coal is the source of emissions of
harmful gases such as sulphur dioxide, carbon monoxide, and nitrogen dioxide. In addition, the
majority of the blame for the rising levels of carbon dioxide in the atmosphere can be placed at the
feet of power plants that burn coal as their primary fuel source. Because of this, it is essential to
implement technologies that are not only more effective but also cause less damage to the
surrounding environment in order to lessen the negative effects that were outlined earlier.
Pulverized and fluidized beds[7] are the two methods of coal combustion that are utilised today on
the majority of the world's coal plants. In addition, pulverised methods are utilised. When utilising
fluidized bed combustion, it is more important to reduce the negative effects brought on by the
emissions produced by the combustion process than it is to reduce the emissions themselves. This
is because fluidized bed combustion produces fewer emissions overall than other combustion
methods. Oxy-fuel combustion has been the subject of a significant amount of research over the
past few decades, specifically with regard to the possibility of burning coal more effectively and
successfully capturing carbon dioxide [2-5]. This line of inquiry has been the focus of the majority
of this investigation. Over the course of the last few decades, a significant amount of attention has

been concentrated on pursuing this particular line of inquiry.

Utilizing fluidized bed reactors containing oxygen-rich atmospheres, this method permits the
combustion of coal in either an atmosphere or a high-pressure environment. These conditions can
both be satisfied. Fluidized bed combustion under oxyfuel conditions has been argued to hold the
most promise as a technology for capturing and storing carbon. This is because of the conditions
under which it operates. Because using this method already results in the flue gases being in a
pressurised state, it is not necessary to use a compressor to pressurise the flue gases as a result of
using this method. This is because using this method already results in the flue gases being in a
pressurised state. Fluidized bed technology is frequently utilised for a wide variety of applications,
including carbon capture and storage as well as clean coal combustion [8]. In order to accurately
predict the emission levels and achieve the optimal working conditions for these highly dynamic
systems, it is necessary to understand and optimise the gas-solid mixed-flow characteristics of the

reactor as well as the interactions between these characteristics. In addition to this, it is necessary



to understand the relationships between these characteristics and to optimise those relationships.
[9,10]

Scientists are currently conducting research on the flow characteristics of fluidized beds in an
effort to gain a more in-depth understanding of the subject matter. Their goal is to gain a better
grasp on the subject as a whole. Fluidized beds' hydrodynamic behaviour is influenced by a number
of parameters, including the minimum fluidization velocity, the particle size distribution, the gas
hold up, and the static bed height, amongst others. One of these parameters is the minimum
fluidization velocity. An additional factor to take into consideration is the gas hold-up.
Experiments are one method that can be used to investigate particle-flow interactions; however,
these investigations are labor- and resource-intensive, particularly for large-scale facilities.
Another method that can be used to investigate particle-flow interactions is computational
modeling. Thanks to recent advancements in computing power and modeling techniques,
numerical simulations are now capable of providing more comprehensive descriptions of
hydrodynamic processes [11]. Because of these advancements, numerical simulations can now

provide significantly more accurate predictions regarding the behavior of hydrodynamic systems.

1.2 Aim of the study

Different potential methods for carbon capture and storage can be used to reduce carbon dioxide
emissions and cut down on carbon dioxide emissions. To increase the efficiency and capture
carbon there are factors to take into account like the level of pressure, flow rate, and the quantity
of oxygen. To find the best combination it is necessary to take all these parameters into account
and change these variables and do the experiment over and over. Though, it is an expensive
endeavor to continue investigating these challenges, both in terms of time and money. However,
it would be possible to save both of these resources if, rather than experimenting, an accurate
simulated example was created. The research presented in this thesis will include a numerical
investigation of a laboratory-scale pressurized fluidized bed system’s cold flow riser analysis. The
findings of this inquiry are going to be presented as the purpose of the research. Verifying that the
output solutions of the simulated model are accurate is a prerequisite to employing the model in a

practical setting. This investigation will focus on constructing a numerical model of a pressurized



CFB system’s riser to assess the accuracy of the simulated mode by comparing it to data from prior
studies. The data collected from these earlier trials will be utilized to confirm the simulation mode's
dependability. This inquiry is being conducted in its totality to validate the dependability of the
simulated mode. And finally, the pressure differences will be calculated at different pressure and

temperatures.

1.3 BACKGROUND AND LITERATURE REVIEW

1.3.1 Technologies for Fluidized Bed Combustion

The transformation of solid particles that are inert into fluid-like properties is referred to as
"fluidization,” and it can be thought of as a transformation of fluid-like properties into fluid
properties. This process is also known as a transformation of fluid-like properties into fluid
properties. When solid particles are brought into contact with gas or liquid at a velocity that is high
enough to be considered critical, this transformation can take place. This velocity must be high
enough to be considered critical. Fluidized Bed Combustion is a cutting-edge technology that can
burn fuels that have high levels of ash and moisture as well as low levels of calorific value. This
is made possible by the fluidization of the bed in which the fuel is combusted. The fluidization of
the bed in which the fuel is burned makes it possible for this to occur. The term "combustion™ can
also be referred to by its alternative moniker, "fluidized bed combustion,” which is abbreviated as
"FBC." The FBC is equipped with the capability to burn a wide variety of low-grade solid fuels
such as coal, coke, and plastic, in addition to a wide variety of biomasses, with a high level of
efficiency[12]. This ability is one of the FBC's most advantageous features. The fact that the FBC
is capable of using a variety of fuels makes this possible. This is accomplished without the need
for fuel preparation processes such as pulverization, which are necessary for other combustion
systems to achieve the same results [13]. This can be accomplished without utilizing these
processes. The use of limestone, which is used for sulphate flocculation, reduces the amount of
sulphur emissions that are in the form of SO.. As a consequence of this, the FBC is better able to
meet its goal of reducing the number of emissions that it produces. In addition to this, the utilisation
of FBC leads to a lower output of NOyx in comparison to what would occur in the event that it were

not utilised, which results in a win for everyone involved. the primary reason for this is that the



temperatures at which combustion occurs are noticeably lower than those that are seen in
traditional power plants. On the other hand, because of the lower temperatures, there have not been
any problems with the ash melting in the FBC [14]. This is a direct result of the lower temperatures.
Figure 1.1 provides a visual representation of the numerous kinds of fuel that were utilised in the
FBC, along with the net calorific values that are associated with each kind of fuel. The following
are examples of what these fuels were composed of: The illustration makes it abundantly clear that
the difficulties that arise during the process of burning the fuel are significantly more manageable
on the right side of the graph, whereas on the left side of the graph, they become progressively
more difficult over time. This is the case because of the right side of the graph is located above the
left side of the graph. The fossil fuels that are compatible with FBC are shown in the portion of
the figure that is located to the right. On the other hand, applications on the left that involve
municipal solid waste (MSW), RDF, and plastics present challenges for FBC. It is possible for the
amount of thermal power required for combustion to range anywhere from 30 MWth to 90 MWth
when using fluidized bed processes; however, in most cases, they will fall somewhere in the middle
of that spectrum. In addition, the gasification process necessitates the utilisation of somewhere in
the range of 8 to 10 MWth of power in order to be successful [15]. FBCs are utilised in thermal
power ranges that are significantly higher the vast majority of the time. In addition to this, they are
capable of functioning across an extremely extensive range of conceivable scenarios. Additionally,
the production of NOy that is caused by FBC is noticeably lower than that which is caused by other
methods. This is due to the fact that FBC is a more efficient method. primarily because the
temperatures at which the combustion takes place are noticeably lower than those that are found
in traditional power plants. On the other hand, because of the lower temperatures in the FBC, there
are no issues whatsoever with the ash melting [16]. Also included in this figure is an explanation
of how the FBC was constructed. On the right side of the figure, the challenges that need to be
conquered while the fuel is being burned are depicted as being less severe, while on the left side
of the figure, the challenges that need to be conquered are depicted as being more severe. In order
to accomplish the goals that have been set for the FBC process, it is possible to make use of the
fossil fuels that are displayed on the right-hand side of the diagram. On the other hand, FBC
applications that involve plastics, RDF, and municipal solid waste are faced with challenges. The
wide range of power is necessary to ensure that the combustion process is successful. This is due

to the highly variable amount of heat that is produced as a result of the combustion process.



Because of their versatility, FBCs are used in almost any situation in which an application requires
a greater amount of thermal power. This is because FBCs are able to meet almost any demand. In
addition to this, they are able to function within a very large parameter space that contains a variety
of possible operational settings.
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Figure 1-1.1 Different variety of fuel used in FBC[17]

When determining the classification of fluidized beds, the regimes that are utilised in the beds are
taken into consideration. The type of regime that will be applied is going to be decided by how
quickly the gas rate is increased that is being delivered to the bed. Figure 1.2 provides a summary
of the many different fluidized bed regimes that can be put into practise. This category contains a
variety of different regimes, including fixed bed, bubbling bed, slugging bed, turbulent bed, rapid
bed, and pneumatic bed, among others. Whenever the gas velocity in the fixed bed is relatively



low, the drag force that acts to lift the bed is maintained at a level that is relatively low. This keeps
the bed from sinking. When the solids begin to migrate upward as a result of an increase in the
velocity of the gas in the system, this results in the formation of a fluidized bed. There are many
distinct fluidization regimes that can be observed, and each of these can be linked to the various
speeds at which the gases are moving. In recent years, the bubbling fluidized bed boiler and the
circulating fluidized bed boiler have been the two types of fluidized bed boilers that have seen the
greatest amount of use for the purpose of producing energy. Both of these boilers are fluidized
beds. The fluidized beds that contain gas or liquid are heated in both of these boilers, which serve
the same purpose. When air is injected into the bubbling fluidized bed that is located at the bottom
of the distributor, it causes the formation of bubbles in the solid phase of the emulsion, which then
rise to the surface. This occurs because the air triggers the formation of bubbles in the solid phase
of the emulsion. As the bubbles rise, they encounter one another. Because of this, larger bubbles
are produced when the smaller bubbles combine. At some point, the bubbles that were formed will
burst on the surface of the water where they were formed. This will happen at some point in the
future. This is the method that is utilised in order to combine the solids into a single homogenous
entity. The air that is supplied from below is subject to regulation so that the bed can remain in the
bubbling regime and so that there is minimal solid migration. This is done in order to keep the bed
in the bubbling regime. It is necessary to do this in order to maintain the bubbling state of the bed.
When it comes to the circulating fluidized bed, the air that is supplied is done so in such a way that
the solids migrate in such massive quantities that it is impossible to count them all. In other words,
the air is delivered in a manner that enables this to occur. The cyclone will recycle the solids it
catches from the bed so they can be used as bedding once again. This procedure will continue until

all solid waste has been collected.
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Figure 1-2.Flow Regimes of Fluidized Bed [18]

The following are some categories that can be used to describe the advantages that fluidized bed

boilers bring to the table:

1- Since the fuel particles behave in a manner that is analogous to that of liquids, the system can

be easily controlled, and the user needs to exert very little effort in order to do so.

2- The elimination of hot spots and the establishment of an even temperature distribution across
the entire area will both be the direct result of ensuring that the solids are thoroughly mixed. The
procedure can be carried out in a dependable and uncomplicated manner provided that this step is

followed.

3- In large reactors, materials can be pumped between two fluidized beds in order to facilitate the
transfer of heat between the beds. This helps the reactor operate more efficiently. The work is

carried out in enormous reactors.

4- Heat and mass transfer coefficients that are significantly higher than the average for the material.
As a direct consequence of this fact, heat exchangers are required to have a total surface area that

is a great deal less than what it was in the past.



5- Fluidized bed boilers offer greater versatility in terms of the types of fuels that can be burned in
the boiler. This allows the boiler to be used for a wider range of applications. Because of this, it
might work with fuels that have a low calorific value and a high percentage of moisture in them.
In other words, it depends on the specifics of the fuel.

6- As a result of the lower temperatures that are required for operation, the FBC emits a
significantly lower level of 6-NOx than a conventional combustor does. This is due to the fact that

the FBC operates at a lower temperature (800~900°C).

7- During the process of combustion that takes place in the furnace, it is possible for some of the
SO2 that is present in the FBC to be absorbed. because it allows the substance to be absorbed in a
fluidized bed while maintaining a low combustion temperature and making use of a limestone

system. This is made possible by the fact that it is a multi-step process.

8- Fluidized bed combustion (FBC) systems provide higher combustion efficiencies when

compared to systems that burn powdered coal.

9- The process of removing ash from FBCs has been streamlined to make the procedure less

complicated and more user-friendly.

The following is a list of some of the drawbacks that are associated with the use of fluidized bed

boilers:

1- The presence of fine particles makes it difficult and inefficient to estimate the flow of gas in
bubble beds, which in turn makes measuring gas flow difficult. This is because measuring gas flow
is difficult.

2- The rapid mixing of particles in the substrate, which is the primary source of the issue, is what
leads to the heterogeneous shelf life that develops in the reactor. This is the root cause of the
problem.

3- The surfaces of pipelines and ships may become worn and damaged as a result of the collision

of particles with those objects.

4- 1t will need to be replaced after the particles have been pulverised and transported using gas.
The transportation of the particles will be done using gas. This particular line of inquiry has its



primary point of interest focused on the bubble fluidized bed as its central topic of investigation.

1.4 Fluidization

The term "fluidization" refers to the transformation of solid particles into a condition similar to
that of a fluid while they are suspended in a gas or liquid. Fluidized beds have found widespread
application in a variety of industrial processes, including those involving the gasification,
pyrolysis, and combustion of a wide range of particulate materials, including biomass. The benefits
of fluidization include high heat transmission, temperature regulation and uniformity, favourable
gas-solid contact, and the ability to work with a diverse set of particle characteristics. Figure 1.3

shows the fluidization.
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Fluidized bed

A fluidized bed is a term that refers to a column that is made up of a collection of solid particles
and that is supported by a plate that is perforated. The fluid will have passed through the supporting
plate, the particle bed, and the fluid by the time it reaches the top of the column. Even though the
particles are subjected to the drag force of the fluid flow at low flow rates, their weight is what
keeps them in place. Particles will become suspended in the flow at a specific velocity, and the
force of drag will counteract the weight of the particles. Because of the striking resemblance
between this suspension's behavior and that of a viscous liquid, the terms fluidized particles and
fluidization were coined to describe it. We are primarily interested in the use of fluid beds for
gasification, which is one of the few technologies to take advantage of the tendency of solid

particles to behave similarly to liquids.

An increase in the fluid flow rate beyond what is necessary for the suspension to become fluidized
in the beginning will result in the suspension becoming more expansive. The formation of bubbles
is referred to as bubbling, aggregative, or heterogeneous fluidization, while uniform expansion is
referred to as homogeneous or particulate fluidization. Both of these terms refer to fluidization.
The bubbles are reasonably stable formations because they rise through the bed, have strong
borders, and are almost entirely devoid of particles. When the volume of fluid passing through the
column increases, the bubbles expand, and if the column is sufficiently thin, the bubbles can
eventually fill the cross-section and become slugs. Even further increases have the potential to
bring about a collapse in the bubbling, which would ultimately result in the bed being moved out

of the column.

Because of the bed's ability to expand and reduce flow resistance, the pressure drop does not
significantly increase after the incipient fluidization stage, even though the fluid flow velocity is
increased. Due to the fact that the entrained particles present a lower flow resistance, the pressure

drop will eventually decrease when entrainment occurs in the system.
Minimum fluidization:

In order to determine the minimum fluidization velocity, the pressure drop method was applied in
both the experiments and the process of modelling. This was done so that the results could be
compared. The pressure drops across the entirety of the fluidized bed, represented by the symbol

P, is measured at a variety of different superficial gas velocities. This allows for more accurate



results. When utilising this approach, the velocity of the gas is first increased and then decreased
over the course of the process. It is necessary to take this step-in order to prevent the hysteresis
that is typically observed as a direct result of utilising this method. The minimum fluidization
velocity can then be calculated based on the data for the decreasing superficial gas velocity. This
can be accomplished by first plotting two lines that roughly represent the pressure drop under fixed
bed conditions and then fluidized bed conditions, and then locating the point at which these two

lines intersect with one another.

When trying to determine an accurate minimum fluidization velocity all the way through the
model, it is absolutely necessary to have a thorough comprehension of the function that the close
pack factor plays in the process. The amount of pressure loss that takes place in the region
characterised by the fixed bed is influenced by the value of the close pack factor. This is because
the pressure loss in the region of the fluidized bed is only dependent on the weight of the suspended
particle bed. This is the reason why this is the case. The pressure drop in the fixed bed will increase
as the close pack factor increases. This will cause the slope of the fixed bed line to become steeper
as the close pack factor increases. This, in turn, will cause the intersection of the fixed and fluidized
bed lines to shift to lower superficial gas velocities. This will occur because the superficial gas
velocities will be lower. As a direct consequence of this fact, the minimum fluidization velocity

that has been predicted will decrease in proportion to the increase in the close packing factor.

The rate of air flow had to be gradually slowed down until the particles were able to settle in order
to determine the minimum fluidization velocity. This was done so that the minimum fluidization
velocity could be determined. It was determined that the minimum fluidization velocity for our
simulation should be the velocity at which the air was flowing at this point. In order to calculate
the Reynold's number and the minimum fluidization velocity, respectively, we made use of two
distinct formulas, one to find the Reynold's number, and the other to find the minimum fluidization
velocity. Specifically, we used one formula to find the Reynold's number, and the other formula

to find the minimum fluidization velocity.

The minimum fluidization Velocity Calculations:



The pressure drop that occurs when air moves over a packed bed is approximately proportional to
the superficial velocity of the air. In order to transition from a solid state to a fluidized one, the
velocity of the gas is continuously increased. When a bed is allowed to stand on its own, it will
reach a point that is referred to as the minimum or incipient fluidization point. This is the point at
which the mass of the bed is directly suspended by the flow of the air stream. The velocity of the

fluid in question is referred to as the "minimum fluidization velocity,” or simply "minimum

velocity”.
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Sieve size Dp is the minimal square aperture through which the particle can travel. Volume diameter
Dv is the radius of a sphere with the same volume as the particle in Eqg.2. Surface Volume diameter
Dsv in Eq.3 is the diameter of a sphere having the same external surface area /volume as the particle.
Sphericity (V) is defined as the surface area of an equivalent volume sphere divided by the particle's
surface area. A mass of material has particles that rest on top of one other due to gravity to form a
packed bed. However, depending on the particle shape and packing properties, a certain volume
of space in between the particles remains vacant; this area is referred to as voidage(€). Minimum
fluidization velocity (Ums ) is minimum velocity of complete fluidization is the minimal velocity

necessary to fully sustain the solids.



1.4.1 Hydrodynamics of Fluidized bed:

It is not possible to fluidize different kinds of particles in an effective manner even if it were possible.
Particle size is a crucial variable in fluidization. It is possible to categorise the particles according to
both their density as a whole and the size of the particles that make up the whole. When working with
particles that are classified as Category (C) and have a diameter of less than 30 microns, fluidization
can be an extremely challenging process to accomplish. Again, the challenge lies in fluidizing particles
that belong to Category (A), have a size range that falls between 20 and 100 microns, and demonstrate
significant expansion when the required minimum fluidized gas velocity is exceeded. When it comes
to fluidization, the best particles to work with are those that are classified as belonging to Category
(B) and have a size range that falls between 400 and 500 microns. As a result, the classification was
related to the influence of the average particle size and particle density on the properties of the

fluidized layer, as depicted in Figure 1.4.
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Figure 1-4 Diagram of the Geldart classification of particles[19 ]

1.4.2 Bubbling Fluidized Bed (BFB) Boilers

The bubbling motion is a characteristic of one variety of fluidized bed that is more common than



any other. There are approximately 10,000 BFB boilers thought to be operational around the world
at the present time. In addition to a furnace, the BFB boiler includes a section that is dedicated to
the convective exchange of heat. These are the two components that, when put together, constitute
the boiler. The heating device is made up of two distinct parts that are easily detachable from one
another and can be put to separate uses. It is made up of freeboard parts that are situated above the
bubbling bed of combustible solids as well as the bed itself. In addition to this, it also includes the
bed itself. In addition to that, the bed itself is included in the package. In terms of its operational
characteristics, the convection section performs its duties in a manner that is comparable to that of
a conventional boiler. The pressure settings of a BFB boiler furnace can be adjusted to either
atmospheric or enhanced levels, depending on the requirements of the user. These processes can
either use a pressurised fluidized bed combustion (PFBC) setup or an atmospheric fluidized bed
combustion (AFBC) setup [20]. Both of these setups are referred to as fluidized bed combustion .
The use of a bubbling fluidization regime is where bubbling fluidization boilers, also known as
BFB boilers, get their name from. This is suggested by the name of these types of boilers. The
fluidizing air that is supplied by the BFB boilers ought to make it possible to fluidize the solids
that are present in the bed. According to the findings of some studies, the minimum fluidization
velocity can be up to three or four times lower than the maximum fluidization velocity. The
information was obtained by comparing the two velocities. In a BFBC, fuels such as coal and
petroleum coke are pulverized into fragments ranging in size from 0 to 10 millimetres in one or
both directions. The size of the crushed fuels generated is mostly governed by a combination of
factors, such as the rank of the coal and the type of fuel supply being utilized. The external air that
is brought into the system serves two unique purposes: it oxidizes the system's components and
works as a fluidizer. The air is responsible for both functions when it's in motion. Following this
step, the gases that are produced by the exhaust flue are utilised to pre-heat the pressurised air, and
this air is then distributed throughout the bed. The velocity of the fluidizing air as it is typically
introduced into the reactor ranges anywhere from 1.2 to 3.7 metres per second, depending on the
normal rate at which it is introduced. Because the maximum amount of fuel that can be burned is
determined by the amount of fuel that can be burned, the rate at which air is forced through the
bed is an important factor in determining the maximum amount of fuel that can be burned, as this
maximum amount is determined by the maximum amount of fuel that can be burned. The majority

of bubbling fluidized bed boilers have evaporator tubes constructed directly into the bed of sand,



fuel, and limestone that is being heated. This is the case with almost all of these boilers. The
temperature of the bed can be kept at a stable level by removing excess heat using these tubes,
which were designed specifically for that purpose. The depth of the bed is typically measured to
be somewhere in the range of 0.9 to 1.5 metres in length on average. The depths typically fall
within this range. With each millimetre of increased bed depth, the pressure will decrease by
precisely 25,4 millimetres of water. As a result, a far smaller proportion of the material in the
bubbling fluidized bed is discarded. This is a direct consequence of the events that have transpired.
For every tonne of fuel that is consumed, only two to four kg of solid waste may be recycled. This

ratio cannot be sustained. Figure 1.5 illustrates a BFB combustor.
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Figure 1-5 Bubbling Fluidized Bed Boiler[21 ]

1.4.3 Circulating Fluidized Bed (CFB) Reactors

One of the reasons there is so much interest in the technique of circulating fluidized beds is that it
allows for a low-temperature, fuel-flexible burning process. This is one of the reasons why this
technology has gained so much interest. The circulating fluidized bed reactor is one of the types

of reactors that is used for the transformation of solid fuel more frequently than any other type.



This is because it is one of the types of reactors that can produce the highest level of energy
efficiency. The CFB technology has the potential to generate power in a manner that is both
beneficial to the environment and cost-effective if it makes use of a wide variety of carbon-free
fuels, such as biomass and recycled waste, in addition to carbon-containing fuels, such as
petroleum and coke. In this scenario, the CFB technology could generate power in a manner that
is both environmentally friendly and cost-effective. Fuels that have no impact on the environment
in terms of carbon emissions include, among other things, biomass and recycled waste. Because it
can burn a wider variety of fuels than any other kind of reactor, it has a significant advantage over
the constraints that are imposed by conventional combustion, which is a significant advantage.
Before the conventional procedures of coal combustion systems can be utilised, the fuel must first
be dried, and then it must be finely grinded. Both of these steps are necessary before the coal can
be burned. After carrying out each one of these procedures to its conclusion, the fuel can at long
last be introduced into the oven. Following the cutting of the fuel into large chunks, it is then
deposited into fuel chutes that are connected to ports in the lower section of the CFB's furnace.
Because of this, the steps that came before are no longer necessary. Traditional boilers, on the
other hand, burn the fuel in a massive flame that is brought to an extremely high temperature. This
creates the necessary heat for the boiler. These procedures are in no way, shape, or form mandated
by the CFB in any capacity. CFB technology makes use of a flameless combustion process that
involves the utilisation of circulating hot solids in order to burn fuel in a manner that is both
effective and kind to the environment. This allows the technology to burn fuel in a more
environmentally friendly manner. This enables the technology to burn fuel in a manner that is
friendlier to the environment than previous methods. Its low and consistent combustion
temperature prevents the formation of nitrogen oxides and makes it possible to inject limestone,
which absorbs acid gases as the fuel is burned. Both of these benefits are a direct result of the low
and consistent temperature of its combustion. Both of these advantages are a direct consequence
of the low and stable temperature at which its combustion takes place. These two factors help bring
about a decrease in the overall levels of air pollution. Because the ash that is produced from the
fuel does not melt during the combustion process, the CFB is the type of furnace that generates the
least amount of emission overall. This is due to the fact that the CFB is the most efficient type of
furnace. The hot solids are able to effectively transmit their heat throughout the entirety of the

boiler as a result of the clean heat transfer surfaces, which simultaneously lowers the risk of fouling



and corrosion. This allows for the effective transmission of heat from the hot solids. The amount
of pollution that plants cause has decreased as a direct result of this, which has led to an
improvement in the environment. It is possible to achieve a very high level of plant reliability with
only very minor amounts of maintenance being required in order to support the accomplishment
of a very high level of combustion efficiency. This will allow the plant to support the achievement
of the very high level of combustion efficiency. The collection of the solid particles that are
generated by the furnace is the responsibility of solid separators, which are cooled by steam. The
vast majority of the solid particles that were previously present in the furnace are subsequently
reintroduced into the furnace after being collected by the steam-cooled solid separators and then
returning there after being cooled by steam. On board the Trek, the particles pass through a section
of the heat exchanger that has a particularly high-performance rating prior to being recirculated
into the furnace. This is the part of the plant where steam coils are submerged in a bubbling bed
of hot solids in order to efficiently generate high temperatures and superheat steam. This ultimately

leads to a further reduction in the plant's operating costs as well as its emissions.

In CFB reactors, the reactor is loaded with a mixture of solid fuel and sand or ash, which is then
heated to a high temperature. This process is repeated until the desired temperature is reached.
This procedure is carried out several times until the required temperature is achieved. After that,
it is time to let the mixture warm up the reactor so that it can continue operating. In the initial stage
of this process, which consists of bringing the solid particles to the top of the reactor, air is the
agent that is responsible (or steam or oxygen). When applied to industrial settings, the particle
terminal velocity is typically much slower than the gas superficial velocity, which is typically
between 4 and 6 metres per second. This is because the particle terminal velocity is measured at
the particle's final resting place. This is due to the fact that the terminal velocity of a particle is
measured at the point where the particle comes to a complete stop. The average diameter of the
material particles grows to somewhere between 0.05 and 1 millimetre when they are subjected to
repeated passage through the system. Very high levels of solid mixing are produced as a result of
the turbulent regime that the gas and solid mixture encounters in CFB reactors. Because of this,
the superficial gas velocities that these reactors produce are noticeably higher than the average
value. In addition, the heat transfer coefficients are extraordinarily high, ranging from 100 to 200

W/m2 °C depending on the situation.

CFB reactors are constructed out of a riser, which is the primary location for the majority of the



reactions, a cyclone, which separates the solid from the hot gas, a downcomer, which enables
solids to be introduced into the reactor, and a non-mechanical solid circulation valve, which
enables solid particles to be recirculated back into the reactor while preventing reverse gas flow.
In the vast majority of situations, loop seals and L valves are utilised to provide assistance in the
process of solids being circulated through a system. This is the case because these components
help prevent leaks and ensure proper flow. Loop seals are a type of non-mechanical valve that are
typically utilised in applications that are carried out on an industrial scale. The fluidized bubble
bed, which functions as a pressure barrier between the reactor and the downcomer, is the element
of a loop seal that is considered to be the most fundamental. This bed will serve as the basis for
the construction of the loop seal. In addition to that, it is the duty of this bed to reintroduce any

solid particles that had been removed from the reactor at an earlier time.



2 METHODOLOGY

2.1 Numerical Method

When it comes to obtaining CFD solutions, there are many different options available, and the
right one must be chosen depending on the flow type (incompressible, compressible, turbulent,
laminar, etc.). First and foremost, Barracuda offers a variety of equation solvers, including
pressure-based equation solvers and density-based equation solvers respectively. For the purpose
of CFD analysis, a pressure-based solver was chosen as the equation solver because it offered
superior convergence performance with only a negligible loss in accuracy. Numerical simulations
were carried out utilizing the Barracuda software's CPFD approach. The CPFD method is used to
solve the three-dimensional particle and fluid governing equations [22]. The gas-solid phase drag
forces, which account for the gas-particle and particle-particle interactions in addition to the
pressure gradient and gravity, are used to estimate the particle acceleration. In the CPFD approach,

the appropriate conservation equations for gas flow are stated as [23];
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0, stands for the volume fraction, u, for the gas velocity, p for pressure, F represents the body

force and 1, is the viscous stress. The viscous stress is given by;
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The acceleration of particle is obtained by [24]:
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where u, and 8, are the velocity and the volume fraction of the particles respectively. D, and t,
are, the drag function and the stress tensor. Eq. 10 expresses the calculation of particle volume

fraction as:

9p = .Uf prdedppdup (10)

where, Vp is volume of the particle. Moreover, in CPFD, the particle normal stress (t,) is used to
calculate particle-to-particle collision which takes the adjacent particles contribution on a particle

momentum into account.

The 7, is given by [25] :

_ R6,"
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where 6., represents the close pack volume fraction. The static pressure is Ps and S stands for

Interphase momentum transfer coefficient and ¢ is Volume fraction.
2.2 Turbulence Model

Nearly every fluid flow that we come across in daily life is turbulent. The flow in and around cars,
airplanes, and buildings are common examples. Turbulent boundary layers surround and follow
solid bodies, such as cars, airplanes, and buildings. Additionally, the flow and combustion in
engines—in both gas turbines and combustors as well as piston engines—are quite turbulent.
Therefore, it is likely that the fluid flow we compute will be turbulent. In order to account for flow
turbulence in our calculations, Baracuda software uses Large Eddy Simulation (LES) approach
[26]. Large Eddy Simulation (LES) approach represents the most promising future methodology
for modelling the unsteady and intermittent behaviour of large-scale turbulent eddies present in



many industrial flows involving both complex physics and complex geometry[27]. The filtered
Navier-Stokes equations for the gas phase, as well as the filtered transport equations for energy

and species mass conservation, are solved in LES[28].

2.3 Drag Models

The choice of drag model used in CPFD modelling of gas-solids flow has a substantial impact on
the outcomes of the simulation. As a result, it is essential to conduct experiments using a variety
of different drag models in order to ensure that the outcome is independent of the drag model. The
simulation was analysed using not one, but two distinct drag models: Wen Yu-Ergun and EMMS.
This was done to demonstrate that the results were independent of the drag models. As a result of
the model having a constant mass flow rate at both its inlet and its outlet, a steady state solution
was accomplished. This indicates that the solution was time independent. The following is an

explanation of how particles are affected by drag force:

Fp = my, D(ug — up) (12)

where mp and D represent the particle mass and the drag function, respectively. In most of the

models, the drag function depends on flow conditions, geometry and the drag coefficient Cd.
2.3.1.1 Wen-Yu/Ergun Drag Model:

The drag model, which represents the interaction between the gas and particle phases, is crucial to
the success of the simulation. The drag model utilized here is a blend of Ergun’s [29] and Wen and
Yu's research [30]. Wen and Yu investigated systems with solids volume fractions between 0.01
and 0.61, whereas the Ergun correlation was created for systems with particle volume fractions
between 0.47 and 0.70. In the drag model of the Wen-Yu model mixed with the Ergun model, the
Wen-Yu correlation is used for solid volume fractions less than 0.75 Pcp. In comparison, the Ergun
equation is utilized for solid volume fractions more than 0.85 Pcp, where Pcp is the solid volume
fraction at close packing. For the solid volume fractions between 0.75 Pcp and 0.85 Pcp, a
transition function is employed to prevent potential numerical simulation issues caused by the

discontinuity and abrupt transition in the drag model. In this investigation, the particle-phase



volume fraction at close packing is 0.64; hence the solid volume fraction range between 0.48 and
0.54 marks the transition between the two correlations. The drag model of Wen-Yu correlation
mixed with Ergun correlation is displayed below. D is the force of drag, D1 is the force of drag
according to the Wen and Yu model, D> is the force of drag according to the Ergun model, Cq is

the drag coefficient, and Re is the Reynolds number.

The Wen-Yu/Ergun model is defined as:

D, 6, < 0.756,,
b _p 0= 0756
Ca=1 2= D) gas6. 0756, 0.756c < 6, < 0856 (13)
D,
6, > 0.856,,

2.3.1.2 EMMS Drag Model:

The energy minimization multiscale model, sometimes known as EMMS, is a heterogeneous drag

model commonly used to simulate gas—solid fluidized beds[31].
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2.4 Experimental Setup

The referral CFD model needs to be validated using the experimental data before the refinement
studies of the riser design can begin. This will allow the researchers to determine whether or not
the reliability level of the model is appropriate. Because the primary objective of employing a CFD
model is to make improvements with respect to the reference ejector design, and because making
these changes needs to be done using a verified model, the CFD model must be validated. The
reference riser model is constructed out of a plexiglass material that is transparent. After the mass
flow controller (mfc) was used to measure the flow rate of the compressed air, the air was then fed
to the riser. The level of ambient temperature was determined using a thermocouple and was

assumed to be the temperature of the feeding air.
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Figure 2-1 Experimental CFB Cold Model [32]

Fig.2.5 depicts the assembly of the cold model CFB system. System components include a CFB
riser, cyclone separator, ejector at the downcomer, and return conduit to the riser. The riser's height
is 7800 millimetres. The riser has an inside diameter of 94 mm and the downcomer has an inside



diameter of 34 mm. The downcomer features an ejector with a tube measuring 25.7 mm in width
and a nozzle measuring 2 mm in width. 140 mm is the inner diameter of a cyclone separator. The
ejector is mounted on the downcomer, which connects the riser and the cyclone. The downcomer
is attached to the riser at an angle of 450 degrees. Just above the dense bed, the recycled solid
material is added to the riser. The air blower that supplied the fluidization air was controlled by
the frequency controller (rpm control of blower motor). The orifice flow meter was used to
measure the velocity of the fluidization air, while the blower motor's revolutions per minute were
used to adjust the flow rate. Fluidization air traveled from the windbox and the distributor plate to
the riser. The distributor plate is made of fabric and is supported by steel mesh. Eleven pressure
ports along the solids circulating loop could be used to determine the pressure profile of the system.
There was one pressure port on the windbox, five on the riser, four on the downcomer, and four at
the end of the cyclone. A data logger was utilized to record the pressure at each port over a period
of time. During the cold tests, the solid circulation rate is measured at the downcomer using a ball
valve. Pressurized nitrogen served as the ejector’s driving gas. The flow rate was altered by a mass

flow controller (MFC), which combines a control valve and flowmeter.

2.5 Numerical Model:

Barracuda Virtual Reactor® v17.4.0, a computational fluid dynamics (CFD) tool, was utilised in
this project so that the outcomes of the real riser could be simulated. This allowed for a more
accurate representation of the riser's performance. The Barracuda Virtual Reactor® is a simulation
tool that provides particle-fluid dynamics, and it is used for the purpose of designing,
troubleshooting, and optimising industrial fluidized systems. Two distinct steps make up the
primary process that CFD software employs in order to solve problems. This process can be broken
down into these two steps. In the first stage of the process, the physical model is discretized into
finite volumes (elements) in order to generate a set of algebraic equations and make it possible to
apply partial differential equations as a finite volume approach. This is done so that the model can
be analysed using a finite volume approach. The use of the finite volume approach is now feasible
as a result of this. In the second stage of the CFD method, you will be tasked with solving a system

of algebraic equations in order to find an approximation of a solution to the aforementioned system.



In order to accomplish this goal, it would have been necessary to set a few different variations.
The mesh type, air quality, bed materials, particles specification, initial and boundary conditions,
solver, and hydrodynamic calculations were some of the various factors that were taken into

consideration.

2.5.1 CFD model structure

In this part CFD model structure is explained with detail.
2.5.1.1 distributer plate:

Because of the distributor plate's extremely minute pores, it is not possible for fine particles to
enter the wind box. This distributor plate features 715 holes that are 1 mm in diameter each. The
holes are angled at a 45-degree angle so that there is as little backflow of solid material as possible.

With a superficial gas velocity of 6 m/s through a riser, gas velocities through the holes are 40 m/s.
2.5.1.2 Riser:

In the course of the hot test facility, it was decided that the riser's dimensions should be the same
as those of the hot test facility. The riser is 94 millimetres in diameter and 7800 millimetres in
height. Figure 2.2 depicts the riser's overall layout and construction. The degree to which the wall
of the riser is smooth affects the nature of the interaction between the particles and the wall. In
order to accurately simulate the interaction between particles and walls, the normal to wall
momentum retention parameter was set to 0.5, and the tangent to wall momentum parameter was
set to 0.85.



Figure 2-2 CFB riser of Cold CFB model

2.5.2 Global Setting

A set of global settings was used to simulate the cycle. Earth's gravity was set at 9.807m/s? during

simulation. Set the temperature to 300° K for the isothermal flow.

2.5.3 Base Materials

2531 Air:

For preliminary analysis, air is selected as the working fluid. Fluid density is not constant because
the flow is compressible, as it is determined by ideal gas relations.



2.5.3.2 Bed material(silica):

Bed material was silica sand, whose weighted arithmetic mean diameter was 644 microns
according to sieve analysis. Densities of the bulk and particles were 1450 kg/m3 and 2545 kg/m3,
respectively.

Table 2.1 Bed material specifications

Bed material (silica sand) bulk density 1450 kg/m3
Bed material (silica sand) particles density 2545 kg/m3
Close pack volume fraction 0.65
. . . 40%
maximum momentum redirection from collision

2.5.4 Particles size distribution:

In the real model, the size distribution is indicated in only 3 points, for which we added 2 points
to the diagram by interpolation to make the distribution more uniform. The bed material was silica
sand, its size distribution can be seen in Figure 2.3. According to the Geldart powder classification
criteria, the sand particles used in CFB cold tests corresponded to Group B particles [33]. The

sand’s sphericity was 0.9.
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Figure 2-3 Cumulative particle size distribution



2.5.5 Initial Conditions
2.5.5.1 Fluid initial conditions

It was assumed that conditions of standard pressure and temperature existed. As a direct
consequence of this, the temperature was set to 300 Kelvin, and the pressure was set to 101325

pascals. Because there was no motion in the air, the velocity was also set to 0 metres per second.

2.5.5.2 Particles initial conditions:

As in the experiments, the amount of silica sand in the riser was assumed to be 3kilograms, which
corresponds to 29.8 cm bed height in the riser. Also, to simulate particle to particle interaction, it
was needed to set close pack volume fraction and maximum momentum redirection. close pack
volume fraction is the volume taken by number of particles in a given space of volume. close pack
volume fraction parameter was set to 0.65 and maximum momentum redirection from collision

was set to 40%.

2.5.6 Boundary Conditions:

After the discretization of the model into appropriate finite elements, boundary types have to be
assigned to inlet and outlets of the system. there are three type of boundaries which are pressure
boundaries, one injection boundary and a flow boundary. These boundary types will be discussed

respectively.

2.5.6.1 Pressure Boundary Conditions:

First the air was fed from the inlet of the riser at the bottom and it was exhausted to the open air
through the top. Due to the fact that air fed to a riser is released into the environment when it exits,

the pressure at the outlet is equal to the pressure in the environment.



2.5.6.2 Injection Boundary Conditions:

There are two inlets to the riser. One of these inlets is the air injected in the riser.
The air enters the riser through distributer plate. During this injection no particle exits the riser.

Figure 2-4 distribution plate

2.5.6.3 Flow Boundary Conditions:

A part of the air released from the top of the riser was fed from the inlet after distributer plate.

2.5.6.4 Velocity Boundary Condition Studies

Air was used for gasification agent and the flowrates of air were, 25, 32 and 38 Nm?®/h for 4, 5 and

6 m/s superficial gas velocity inside the riser.



3 RESULTS AND DISCUSSIONS

3.1 Geometrical design

Solidworks v2017 software was used for specifying the geometry (drawing). 3 dimensional was

designed and imported to the Barracuda software.
3.1.1 Mesh Independency Studies

Mesh independency occurs when a given fixed type of element and free mesh, is discretized in
which the solution does not depend on the size of the finite element. A uniform mesh type was
used for the analysis, with 20000 elements, 40000 elements, and 80000 elements placed on the
axisymmetric planes of the 3-dimensional model in order to be able to conclude that the results are

independent of mesh size. Figure 3.1 depicts the riser's overall layout and construction

80000 40000 20000 L

Figure 3-1 riser geometrical design with different meshing size

Because the simulation can be run using a variety of meshing sizes, we need to ensure
that the outcomes are not dependent on the number of meshing that were used. In
consideration of these factors, three distinct meshing cell sizes were selected (80000,

40000, 20000). The pressure results for all three meshing sizes were shown in Figure



3.2 and the error for different mesh sizes compared to experimental results are shown
in table 3.1.
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Figure 3-2 comparison of axial pressure distribution using different meshing cells

Height(m) 80K Mesh 40k Mesh 20k Mesh
0.07 0.54 3.60 9.11
1.09 0.28 371 9.22
2.56 1.11 291 11.90
3.80 0.44 2.10 9.29
7.54 0.41 1.94 7.37

As seen in table 3.1, the pressure results for all three meshing sizes converged to almost the same
point. The results for 40,000 and 80,000 cells were practically equal, with error percentages of less
than 5%, however, the results for 20,000 cells were slightly different, with error percentages
ranging from 7% to 12%. While the results in 40k and 80k had acceptable error rates, we chose

the 40k meshing size because it is time-efficient because of the lower computational load.
3.2 Numerical Studies

3.2.1 Cloud number Independency Studies

We used the Barracuda software to set the number of clouds to one of three different cloud numbers

in order to demonstrate that the outcomes of our simulation are not dependent on the number of



clouds. These sizes are as follows: 3.42E+03, 7.79E+03, and 1.14E+04, respectively. The
outcomes from each of these three distinct cloud numbers were compiled, and we examined and
analysed them. The findings indicated that the analysis results are not dependent on the particle
number because the data converged at various points throughout the riser. Figure 3.3 represents

the whole set of results, and table 3.2 gives the margin of error for the results.
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Figure 3-3 comparison of axial pressure distribution using different cloud numbers

Height(m) (1.14E+04) (7.79E+03) (3.42E+03)
0.07 0.00 3.55 6.12
1.09 0.47 2.59 8.65
2.56 0.01 1.85 5.83
3.80 1.75 1.00 5.04
7.54 0.98 1.77 2.92

It is evident that the cloud number of 7.79E+03 was extremely near to the simulation with
1.14E+04 cloud numbers with an error rate of less than 4%, which is acceptable compared to the
cloud number of 3.42E+03 with an error rate of 5 to 8%. As a result, the cloud number of 7.79E+03

was picked since it produced an efficient and precise outcome.



3.2.2 Effects of Drag Modelss

We simulated the riser using both the Wen-Yu Ergun and the EMMS drag models so that we could
draw the conclusion that the results of the simulation are not dependent on the drag model. Both
models produced results that were comparable to one another, as shown in figure 3.4 There was a
marginal disparity in the results obtained by the two models up until the height of 4 metres, but

after that point, the results began to converge.
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Figure 3-4 comparison of axial pressure distribution using Wen-Yu Ergun and EMMS drag
models and experimental results

The error percentages for both drag models are calculated compared to experimental results and
demonstrated in table 3.3.

Height(m) Wen-Yu Ergun EMMS
0.07 0.00 3.96
1.09 0.47 3.36
2.56 0.01 4.94
3.80 1.75 0.51
7.54 0.98 1.77

As it can be seen in table 3.3, the error for results of both drag models have error below 5% which

shows the drag model independency of our simulation.



3.2.3 Air Velocity Studies and Comparison with Experimental results

In order to provide evidence that the result of the simulation can be trusted, the simulation was
used to calculate the pressure at five different points along the riser by using the the pressure
sensors at different heights located along the experimental riser. These simulations were carried
out on three different air flow rates, each of which was 4 metres per second, 5 metres per second,
and 6 metres per second using Wen-Yu Ergun drag model with 40k mesh size, in order to
demonstrate that the rxperiment is independent from air velocity. We were able to perform this
calculation because the experiment provided us with the necessary pressure data for the flow rates
that we were interested in. The outcomes of the simulation as well as the experiments were

compared, and the findings of the analysis can be seen in figures 3.5, 3.6, and 3.7.
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Figure 3-5 Comparison of axial pressure distribution using numerical simulation and
experimental results at 4m/s



6 —B— experimental(5m/s)

—O—numerical(5m/s)

Height(m)
S

0 5 10 15 20 25 30 35
Pressure(mbarg)

Figure 3-6 Comparison of axial pressure distribution using numerical simulation and
experimental results at 5m/s
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Figure 3-7 Comparison of axial pressure distribution using numerical simulation and
experimental results at 6m/s

As it can be seen the results of the simulation and experiment are close and at higher heights the
results converges with each other and we can see that by the increase of flowrate the pressure
increases slighty. At a gas velocity of 4 m/s, the majority of the pressure drop in the riser happens
within the lower 1 meter, accounting for 98% of the overall pressure drop. Additionally, most of



the bed inventory is located within this lower 1 meter, resulting in a regime that does not circulate
as a fluidized bed. When comparing the solid distribution within the riser, a more uniform

distribution is observed at 5 m/s and even more so at 6 m/s superficial gas velocity.

Height(m) Numerical sim. Numerical sim. Numerical sim.
am/s 5m/s 6m/s
0.07 1.59 1.54 2.90
1.09 4,50 2.07 2.60
2.56 2.33 0.91 0.30
3.80 2.38 2.22 0.70
7.54 1.23 2.00 1.40

When the errors at different flow rates are evaluated in table 3.4, it is possible to conclude that the

mistakes are less than 5%, which is appropriate and valid.

Regarding the particle distribution inside the riser, the particles started out at the bottom and
gradually rose to higher heights within the riser until there is a consistent, stable distribution of
particles throughout the riser. The riser had a constant pressure when no air was flowing into it,
but when air did, the pressure increased in stages, starting at the top and moving down until the
top and bottom pressures were equal and the pressure in the middle cells was higher than the
pressure in the top and bottom cells. The pressure at the bottom of the riser increased over time
while the pressure at the top of the riser decreased relative to the middle cells.

3.2.4 Minimum Fluidization

Experiments and the process of modelling both used the pressure drop method in order to
determine the minimum fluidization velocity[34]. This was done so that the results of each could
be compared. The two approaches were evaluated side by side to achieve this result. This was done
in order to ensure that a precise analysis of the results could be carried out. Wen Yu/Erun model
was used during the experiment since the results were close to experminetal measurements[35].At
a variety of different superficial gas velocities, the pressure drop that occurs throughout the entirety
of the fluidized bed is measured. Because of this, we are able to produce a representation of the
pressure drop that is more accurate and it is now possible to obtain more accurate results. During
the course of the process, the velocity of the gas that is being worked with is first sped up to a
higher level, and then it is slowed down to a lower level. It is essential to complete this step-in

order to eliminate the possibility of encountering hysteresis. Hysteresis is typically observed as a



direct result of utilising this method, so it is important to complete this step. After that, the
calculation to determine the minimum fluidization velocity can be made by using the data for the
decreasing superficial gas velocity. This will allow the minimum fluidization velocity to be
determined. This can be accomplished by first plotting two lines that roughly represent the pressure
drop under fixed bed conditions and then fluidized bed conditions, and then locating the point at
which these two lines intersect with one another. This can be done by first plotting two lines that
roughly represent the pressure drop under fixed bed conditions and then fluidized bed conditions.
To accomplish this, first plot two lines that roughly represent the pressure drop under fixed bed
conditions, and then plot two lines that roughly represent the pressure drop under fluidized bed

conditions.

When attempting to calculate an accurate minimum fluidization velocity all the way through the
model, it is absolutely necessary to have a complete comprehension of the role that the close pack
factor plays in the process. This is because the close pack factor plays a significant role in
determining the accuracy of the minimum fluidization velocity. The amount of pressure loss that
takes place in the region that is characterised by the fixed bed can be affected by the value of the
close pack factor. This effect is brought about by the stationary bed. This is because the pressure
loss in the region of the fluidized bed is only dependent on the weight of the suspended particle
bed. This is the case because fluidization makes the bed more porous. The reasoning behind why
things are the way they are can be summed up as follows: Because of the close pack factor, the
pressure drop in the fixed bed will be magnified to an increasing degree as the level of the bed
rises. In consequence of this, the gradient of the fixed bed line will advance toward a steeper angle,
although the close pack factor will continue to be the same. This, in turn, will cause the intersection
of the fixed and fluidized bed lines to shift to lower superficial gas velocities. This will occur
because the superficial gas velocities will be lower. This is going to happen due to the fact that the
superficial gas velocities are going to be lower. This is going to take place as a direct result of the
lower superficial gas velocities that are going to be present. As a result of this reality, it has been
predicted that the minimum fluidization velocity will decrease in a manner that is directly
proportional to the increase in the close packing factor. This will occur as a direct consequence of
the fact that the close packing factor is increasing; it is increasing at a faster rate now than it did

before.



For the purpose of determining the minimum fluidization velocity, the rate of air flow had to be
gradually slowed down until the particles were able to settle. Only then could the minimum
fluidization velocity be calculated. After that, only then was it possible to calculate the minimum
fluidization velocity. The purpose of the experiment was to find out what the minimum fluidization
velocity should be, so this was done in order to accomplish that. After some deliberation, it was
decided that the fluidization velocity for our simulation should be set at a level no lower than the
velocity at which the air was moving at this particular point. After much thought and consideration,
we came to this conclusion. In order for us to accurately determine the Reynold's number as well
as the minimum fluidization velocity, we relied on two distinct formulas, one for each calculation.
Both of these formulas were utilised in order to determine the Reynold's number and the minimum
fluidization velocity, respectively. In the paragraphs that follow, these two equations will each be
broken down in detail. The chart that was produced as a result of running the simulation can be

seen in the figures 3.8 and 3.9 that can be found further down on this page.
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Figure 3-8 Pressure drops across the fluidized bed



Many correlations have been offered for calculating the minimal fluidization velocity. The

following table lists common correlations found in publication [36] .

Table 3.5. Minimum fluidization velocity for 1, 5 and 10 bar with different Correlation

Author Correlation Umt
(1bar)
[37] Reys = [(33.7)? + 0.04084r]° — 33.7 0.23
[38] Rems = [(25.7)% + 0.0365A47]%° — 25.7 0.252
[39] Reps = [(25.3)%2 + 0.0571Ar]%> — 25.3 0.515
[40] Reps = [(25.3)% + 0.0651Ar]%> — 25.3 0.483
[41] Reps = [(27.2)% + 0.0408Ar]%> — 27.2 0.285
[42] Repr = [(28.7)% + 0.0494Ar]%> — 28.7 0.334
[43] Repr = [(18.7)% + 0.03134r]%° — 18.7 0.289
[44] Reps = [(31.6)% + 0.0425Ar]%> — 31.6 0.260
Unmt is calculated using the general correlation equation of
Repr = Umf—jppg = [C? + C,AT)? - C,

Umf

(5bar)

0.136

0.142

0.230

0.259

0.158

0.188

0.144

0.151

Where C1 and C2 are empirical constants and Ar stands for Archimedes number.

Umf

(10bar)

0.127

0.141

0.152

0.157

0.144

0.152

0.142

0.143

The obtained minimum fluidization velocities for the tested pressure conditions at 300 K are shown

in Table with various correlations.



3.2.5 Steady Behavior of simulation in high-pressure and high temperature

After ensuring that the results obtained by the simulator are accurate and reliable, a simulation was
run with two distinct temperatures, three distinct pressures, and a flowrate of six meters per second.
The temperature and pressures of the atmosphere increased, which led to an increase in the pressure
difference between the riser's internal pressure and that of the atmosphere. In addition to this, the
differential in pressure increased at the same time as the temperature climbed as well. As illustrated
in Figure 3.10, pressure differences increase as pressure increases. The pressure differential was
greater than 5bar in 10bar and greater than 1bar in Sbar.
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Figure 3-9 Comparison of axial pressure distribution at 6m/s and 300°K in in 1, 5 and 10 bar.

The same thing can be seen in the figure 3.11, and the same pattern can be seen once the

temperature is set to 300°K.
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Figure 3-10 Comparison of axial pressure distribution at 6m/s and 1200°K in in 1, 5 and 10 bar.

The figure 3.11 that is displayed above shows the changes in pressure that occur at three different

pressures when the temperature is 1200 degrees Kelvin. The pressure differences also rose as the
pressure continued to climb.

3.2.6 Riser Simulation results

The results for particle distribution and pressure all over the riser through time in the conducted
simulation are shown below.
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Figure 3-11 Particle distribution inside riser through time since the start of air flow

As can be seen in the figure 3.12 , the particles were initially positioned at the bottom of the riser
and gradually rose to higher heights within the riser until there is a uniform stable distribution of
particles all over the riser.
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Figure 3-12 Pressure of the cells inside riser through time since the start of air flow

As can be seen in figure 3.13, when no air flowed into the riser, the pressure throughout the riser
was the same, and when air flowed into it, the pressure at the top of the riser increased first,
followed by the pressure at the lower heights, until the pressure at the top and bottom of the riser
were the same, and the pressure in the middle cells was higher than the pressure at the top and



bottom. In comparison to the middle cells, the pressure at the lower end of the riser increased over

time, while the pressure at the top end decreased.

P Gage 1

5.14E+00
5.12E+00
5.10E+00
5.08E+00
5.06E+00
5.04E+00
5.02E+00
5.00E+00
4.98E+00

4.96E+00
0 1 2 3 4 5 6 7 8 9 10

Velocity (m/s)

Time (s)

Figure 3-13 Pressure of the Gage 1 insdie riser through time since the start of air flow

An instance of simulations presented in figure 3-14 indicates that the pressures remain constant
after a few seconds. However, to ensure the accuracy of the findings, we extended the calculations

up to 10 seconds.



4 CONCLUSION

The numerical studies of a circulating fluidized bed chamber under pressurised conditions were
conducted as the scope of the thesis. The axial pressure distributions along the CFB reactor have
been obtained at different operating conditions. The numerical results were compared to the
outcomes of the previous experiments that had been carried out on a laboratory scale CFB test
setup located at TUBITAK MRC premises.

Barracuda Virtual Reactor® v17.4.0 software has been used in simulations. The mesh
independence study has been carried out to show that the simulation results are independent of the
mesh numbers. According to the research conducted, a mesh of 40k was found sufficient enough
to achieve accurate results. All three meshing sizes produced almost at similar pressure results
with error rate of almost 10%. However, because the deviation of 20K cell results was
more(7%~12%) than 40K and 80K(less than 5%), and the simulation time of 80K was longer, 40K
cell size was decided to be used in further simulations because it was accurate enough and needed

less simulation time.

Additionally, the simulations have been carried out for three different cloud numbers, and the
findings have been compared. It was found that 7.79E+03 number of clouds is enough and used in

the further parametric simulations.

The riser was simulated using the Wen-Yu Ergun and EMMS drag models to examine which drag
model better predicts the axial pressure distribution. Both models produced similar results with
error rate less than 5% compared to experiments. On the other hand, Wen-Yu Ergun model
predicted better the results with an error rate below 2% compared to measurements. Therefore,
this model has been chosen for further analysis. The simulation was performed to compare the
pressure results at five different points along the riser with experimental measurements conducted
by using the pressure sensors. The simulations were realized at 4 m/s, 5 m/s, and 6 m/s gas
velocities using Wen-Yu Ergun drag model with 40k mesh size to investigate the pressure

distribution along the riser by varying the air flow velocity.

The superficial gas velocity has been changed to calculate the minimum fluidization velocity by

drawing a diagram for pressure drop versus air velocity. At the end of the simulations the error



rate for pressure values at all three flow rates were below 5%. To determine the minimum
fluidization velocity, the air flow rate had to be slowed down until particles settled. This study was
performed to determine the minimum fluidization velocity. Various correlations from the literature
were employed to carry out the theoretical calculation of the minimum fluidization velocity. The
corrleation developed by Wen, C. Y. and Yu, Y. H. in the first row of Table 3.5 predicted closer

the minimum fludization velocity compared to numerical findings.

Increasing pressure leads to a corresponding increase in pressure along the riser, as observed at 1,
5, and 10 bar. The behavior of pressure remains consistent when the temperature is increased from
300K to 1200K. However, the data also suggests that other factors can impact this relationship, as
increasing pressure at 300K for 10 bar results in a greater change in pressure along the riser than
increasing pressure at 1200K for 10 bar. Further research is needed to better understand the
complex interplay between pressure and temperature in the riser of the CFB reactor.

In conclusion, we were able to simulate the riser of a CFB bed and the results were reliable. It can
be concluded that the obtained simulation data satisfied our expectation and showed that
simulations can predict accurate enough the hydrodynamics of the flow developed in the fluidized
bed system and can be used in design of fluidized bed reactors before construction and evaluation

of the possible problems.
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