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Summary:

Fluidization technology is extensively used in numerous industries for various processes
including waste-to-energy conversion, chemical synthesis, granulation, drying etc.
Fluidized bed systems are used for these applications, offering even heat distribution and
effective energy transmission for thermal systems. The addition or extraction of heat is
essential for accomplishing desired reactions and controlling the entire process.

One of the leading industries is engaged in performing research and development (R&D)
operations to efficiently capture carbon dioxide (CO3). In this process, the exhaust gases
need to be cooled down from a temperature of 400 °C to 100 °C or lower utilizing an
existing coolant. This study aims to examine and simulate the available data using CPFD
Barracuda VR® to create a more accurate and realistic model of a gas cooler.

This thesis aims to study literature, developing a bubbling fluidized bed, computing the
cooling load and tube length, finding the flowrate of the coolant to design an optimal gas
cooler according to the fluidized bed principle, where cooling tubes are immersed in the
dense region of the fluidized bed. The hot gas is introduced from the bottom, and it cools
down because of heat exchange between the coolant and the fluidization gas, as well as
between the coolant and the solid particles in the bed.

CPFD Barracuda VR® simulation version 23.1.0 and Techplot 360 is used for simulation
and post processing of data. Thermal calculation of the gas cooler is done by NTU method.

The findings of this study shows that the cooling load obtained from calculation is 742.6
J/s which is very close to the simulation result 750 J/s. The heat transfer area, the internal
cooling tubes length and coolant flow rate is found to be approximately 49500 mm?, 3221
mm and 12.78 kg/h respectively and vertical tubes shows better performance compared to
horizontal tubes alignment.

The University of South-Eastern Norway takes no responsibility for the results and
conclusions in this student report.
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Nomenclature
Symbol Description
U Minimum fluidized velocity
Fp Drag force
AP Pressure drop
A Cross-sectional area
Ps Density of solid
Pf Density of fluid
Emf Void fraction at minimum fluidization
g Gravitational force
dp Average particle diameter
U Viscosity of gas
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u; Dimensionless velocity
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Cp.co, Heat Capacity of Carbon-di-oxide

Nomenclature
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Mass flowrate of Coolant (water)
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Surface area of cooling tubes
Overall heat transfer coefficient
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1 Introduction

1 Introduction

Modern world facing one of its critical problems of rising temperature mostly causes by the
greenhouse gases emitting by industrial activities as well as other sources, many countries
agreed on carbon neutral peak by controlling the emission of gasses and efficient use of energy.
Effective utilization of energy is essential in the current industrial context, influencing both
financial feasibility and ecological durability. Industrial operations consume significant
quantities of energy, emphasizing the need for optimization to achieve cost reduction and
environmental responsibility. This thesis investigates techniques for enhancing energy
efficiency by analyzing bubbling fluidized bed systems as a case study. These systems are very
adaptable and efficient for investigating methods to reduce energy use while optimizing
performance of a process.

1.1 Background

Fluidization technology is very useful in many industrial applications. Various industrial
process including waste to energy conversion, chemical synthesis, granulation, drying,
agriculture, chemical looping, biomass gasification, pyrolysis, etc. are carried out in fluidized
bed reactors [1]. One of the most important applications of fluidization bed is as heating or
cooling system for the process due to having almost uniform heat distribution all over the bed
[2]. Energy transfer from solid to gas phase or two-phase mixture to heating or cooling medium
is a particularly important factor for fluidized bed reactor to control reactions by achieving
thermal control of reactor. Most of engineering solutions can be gained by heat addition or
extraction on the process [3].

Fluidized bed heat exchanger is one of the good choices for its highly efficient heat transfer
performance and excellent anti-fouling characteristics [4]. In the United States in the 1960s,
the fluidized bed heat exchanger was used for high-temperature seawater desalination [5]. The
applications of this technology was further developed and extended to other sectors like
geothermal, desalination, and wastewater treatment as well as others industrial scopes in
various countries in 1970s to next [6].

Bubbling fluidized bed technology was first used for gasification in 1921. Work on bubbling
fluidized bed combustion (BFBC) technology started in the 1950s, prior to circulating fluidized
bed combustion (CFBC). While CFBC plants are more common, BFBC designs are still sold
for specialized applications. BFBC plants are water-wall constructions with refractory lining.
Early designs had in-bed heat transfer tubing, but this practice has stopped due to high metal
loss. Instead, bed temperature is controlled by adjusting air distribution, and all heat is removed
by water walls and convection. BFBC units have a lower fluidizing velocity than CFBC units,
resulting in less elutriation and no recycle of solids. BFBC is ideal for burning high moisture
fuels and is cost-effective for small units. CFBC plants are preferred for larger quantities of
better-quality fuels [7].

Following figure 1.1 shows the overview of research progress of fluidized bed application in
heat exchangers from 1996 to 2020.
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Figure 1.2: Advantages and related application fields of fluidized bed heat exchangers [4]

The following figure 1.2 shows an overview of application, advantages, effective parameters
and two categories of heat exchangers with some examples of each. This shows the wide range
of applications of the heat exchangers such as pharmacy, sugar manufacturing, waste heat
recovery etc. [4]. Two flow categories are also shown in the figure where liquid -solid two flow
is like the flow in this study.
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1 Introduction

Although sophisticated technology is used to produce aluminum metal that leads lower carbon
dioxide emission, still have remarkable impact on environment and further research going on
to reduce more. Aluminum plays an important part in various technologies that are essential
for the transition towards clean energy. However, it is also a major contributor to CO>
emissions, releasing around 270 million metric tons of direct CO, emissions in 2022. This
accounts for almost 3% of the global direct industrial CO> emissions [8]. This study aims to
investigate designing such a cooler which will be efficient to cool a stream of carbon di oxide
(CO2) produced in the industry for further treatment. The heat exchanging cooling tube
emerging in the fluidized bed dense phase is considered.

Hot gas (CO;) outlet at 100 °C

Cold water
outlet

Cold water
inletat 30 °C

{
Solid particle __p
bed

- Gas
distributer

Hot gas (CO;) inlet at 400 °C

Figure 1.3: Diagram of gas cooler (source: MT-04-24 thesis task description).

Computational Particle Fluid Dynamics (CPFD) is one of the most efficient techniques for
solving mass, momentum, and energy conservation equations in complex circumstances.
CPFD is a computer-based simulation technique used to investigate fluid flow and related
phenomena. It is versatile, with applications in both the industrial and non-industrial sectors.
Computational Fluid Dynamics (CFD) analyses are widely used in aerodynamics and
hydrodynamics to calculate lift and drag, as well as field parameters like pressures and
velocities. These analyses have the potential to save significant time in the design process and
are less expensive than standard data collecting testing. However, physical examination cannot
be completely removed.

Some of the primary advantages of using Computational Particle Fluid Dynamics (CPFD) are

[9]:
e Cost saving

e Time saving

e Computer-based testing reduces costs by eliminating the need for physical
prototypes.

e This is a very useful tool to increase accuracy of calculation and prediction of flow
behavior.
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1 Introduction

1.2 Objectives

The purpose of this thesis is to study the previous work done by others to design an effective
cooler to extract heat from a gas flow stream by using a fluidized bed. The expectation of the
work can be pointed out as follows:

1.3

Design a bubbling fluidized bed considering given data and assumptions based on the
literature available.

Finding the heat transfer and calculate the cooling load, heat transfer area, coolant
flowrate as well as the tube length of heat exchanger.

Study several geometrical designs to find the best construction.

CPFD simulation of considered cases to fit the most realistic design.

Overview of report

The thesis report is structured according to the following chapter to fulfill the objectives of
work. The first chapter describes the introduction which contains a brief background and
targets of thesis. Chapter 2 provides literature study for the task. Various parameters and theory
are discussed in chapter 3. Computational Particle Fluid Dynamics (CPFD) terminology and
equations and drag model related to the topics are also covered by chapter 3. The methodology
of the task is given in chapter 4. Chapter 5 includes the result and discussion part of the thesis.
Conclusion and future extension of the task are pointed out in chapter 6.
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2 Literature review

2 Literature review

Fluidization refers to the process by which a bed of solid particles becomes a suspended mass
with fluid like characteristics and behaves like a fluid. A liquid or gas is used to pass through
the bed of particles where the fluid uplifts the solid particles and collectively work as fluid [10].
Fluidization is a very useful technique for handling particles in industries.

The effectiveness of fluidized bed relies on various factors, such as size, density, and shape,
the compositions of the mixture, the gas velocity during operation, the rate of solid flow into
the fluidizing column, the height of the bed, and other geometrical parameters of the fluidized
bed [11].

2.1 Fluidization techniques

The fluidization process involves the upward flow of fluid through a bed of small particles and
particles fluidized due to upward movement of gas. The upward-flowing gas provides sufficient
drag forces on particles to counterbalance the gravitational force acting downwards on the
particles. Simultaneously, particles exert drag forces on flowing fluid that are both equal and
opposite magnitude. The drag forces exerted on the particles have an impact on the local gas
velocity [12]. When the flow rate is low, gas that is moving upwards is unable to pass through
the empty spaces between stationary particles, also known as fixed beds. As the flow rate
increases, the particle bed undergoes expansion. If the flow rate is slightly increased over a
particular threshold, the gas that is going upwards will disperse all the particles. When the
compressive force between particles tend to exist, and the pressure drop at any given segment
of the bed is equivalent to the combined weight of the fluid and particles, the bed has undergone
fluidization [10].

Drag f
rag force d R W 5
0 c® ‘o° _7
] e o © e ° O
® ® L o Particles
e} ® ®
s " e)® o @ =
® e €] e ®
‘o (e \® 20 o

Gravitational force

] Gas distributors

Gas flow

Figure 2.1: Fluidization technique.
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2 Literature review
2.2 Fluidization regimes

The behaviors of the fluidized bed can vary based on several characteristics, including fluid
velocity, particle size, and particle properties. Different fluidization regimes can be observed
depending on these parameters.

Minimum Smooth Bubbling
fluidization fluidization fluidization

Fixed bed

— -

N

Gas or liquid Gas or liquid Liquid
(low velocity)
(a) (b) () (d)
Slugging Slugging Turbulent Lean phase

(Axial slugs) (Flat slugs) fluidization fluidization
L with pneumatic
transport

N

Gas or liquid
(high velocity)

(e) U] (@ (h)

Figure 2.2: Fluidization bed regimes [10].

Fixed bed: A fixed bed refers to a reactor or unit operation where a bed of solid particles,
catalysts, or adsorbents stays stationary while fluids (such as gases or liquids) flow through it
[10].

Minimum fluidization: Minimum fluidization is the point at which, when a fluid (gas or
liquid) is carried through solid particles in a bed at a specific velocity, the solid particles begin
to behave like a fluid. The pressure decrease throughout the bed becomes continuous at this
stage [10].

Smooth or homogenous fluidization: When there are no visible voids or channels and all the
particles in a bed are fluidized uniformly, it is referred to as smooth or homogeneous
fluidization. Heat transfer and mixing are consistent as a result [10].

Bubbling fluidization: The upward fluid flow causes bubbles to form inside the bed in this
type of fluidization. Particles travel within and around the localized spaces that these bubbles
produce in the bed [10].

Slugging: The term "slugging" describes large agglomerations or "slugs"” of particles that arise
from the uneven flow of particles in a fluidized bed [10].

Turbulent fluidization: Turbulent fluidization happens at higher fluid speeds than smooth
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2 Literature review

fluidization. In this regime, the fluid flow becomes turbulent, which increases mixing and heat
transmission rates while also potentially causing particle attrition [10].

Pneumatic transport: Pneumatic transport is the movement of solid particles through a
pipeline utilizing a gas (typically air) as the transport medium. This approach is used to
transport large quantities of materials over great distances in industries [10].

2.3 Particles classification

Fluidization of particles mostly depend on the size and density of the particles which was
carefully investigated by Geldart and the following classification of four group of particle
behavior was proposed by Geldart which is widely accepted and used to model fluidized bed
[13].

> Group A: Small particles (30-150 um) with low density (<1.4 g/cm®). The fluidization
is simple, smooth, and consistent. It permits operation with low gas flows while
handling the growth and pace of the bubbles.

> Group B: Particles having a medium diameter (40-500 um) and density of 1.4-4 g/cm?.
Fluidization is suitable for high gas flow rates. The bubbles tend to expand rapidly and
occur at the start of fluidization.

» Group C: these are fine particles, under 30 um in size, hard to fluidized due to large
interparticle forces. They cause channeling in small beds, for example talc, flour starch
etc.

» Group D: known as ‘spoutable’ materials which are large, dense and hard to fluidized
in deep beds. Higher velocity can create a jet, causing materials to be blown out in a
spouting motion. Uneven gas distribution can lead to spouting behavior and several
channeling. Examples: coffee beans, lead shot certain metal ores.
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Figure 2.3: Classification of particles in 1973 by Geldart [13].
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2.4 Particle size distribution

Particle size distribution (PSD) is a statistical representation of the sizes of particles in each
sample. This method measures the relative proportions within specific size intervals, allowing
for a better understanding of the physical attributes of the system. Comprehending and
describing the particle size distribution (PSD) is essential for examining particulate materials
in scientific and industrial environments. This allows for the investigation of several parameters
such as the range of particle sizes, the average size, the width of the distribution, and the
existence of agglomerates or aggregates.

Fluidized bed efficiency depends on parameters like material properties, mixture composition,
gas velocity, solids flow rate, bed height, and geometrical parameters. Studying these factors
can enhance fluidized bed system design and performance [11].

2.5 Bubbling fluidization bed

Bubbling fluidized bed is a dynamic system where solid particles are kept suspended and stirred
by an upward flow of gas, usually air or another fluid. The gas velocity is regulated to ensure
that the particles exhibit behavior like that of a boiling liquid, resulting in the formation of
bubbles inside the bed. At operation this shows several regions along with its height. The
following figure 2.4 shows the larger particles require comparatively more drag force to pull
up so these particles form the dense phase in the bed, on the other hand smaller particles tends
to fluidize easily and create lean phase or free board height [10].

s
only fines here, and
’ only fines are entrained
g E g
lean ' " ;
phase or 2.
freeboard . ‘ both fines and
height, Hf PR coarse particles here
TDH .-, = uncertain
E 4300 P splash zone

holdup or density of solids, p

Figure 2.4: Dense phase and lean phase of particles in bubbling fluidized bed [10].
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2.5.1 Lower zone

At the lower part of the bubbling fluidized bed as in figure 2.4, more particles stay close and
comparatively the larger particles tend to be create more dense area. Bubbles appears here goes
up and gain larger in bubble size finally reach top of particles. This area is known as dense
phase [10].

2.5.2 Upper zone

The upper area of the bubbling fluidized bed contains less particles and most of them are
comparatively smaller in size. These smaller particles need less drag force for lifting and goes
up easily and create lean phase of the fluidized bed [10]. Figure 2.4 reveal that the fine particles
are allowed to escape at the top, in the middle of the bed both coarse particles and fines particles
are stay together. An uncertain splash area is also found in the bed where the particles are in
transition between dense phase and lean phase.

2.6 Gas distributor design

Ceramic or sintered metal porous plate distributors are commonly employed in small-scale
fluidization investigations due to their ability to offer high flow resistance, hence facilitating a
uniform gas distribution across the bed. This is possible as well using alternative materials,
such as filter cloth, compressed fibers, compacted wire plate, or a thin layer of microscopic
particles. However, certain materials require reinforcement using metal or wire plates featuring
substantial apertures. Although gas-solid contact is improved by these distributors, they
possess certain limitations for industrial applications. Which are as follows [10]:

high-pressure drop,

low construction strength, high cost,

low resistance to thermal stresses, and

the possibility of blockage caused by tiny particles or corrosion by products.

Some common gas distributors listed with stoichiometric view are shown in figure 2.5, 2.6 and
2.7. Different gas distributors have different purpose and suitable to the process according to
the nature of gas and the particles used in the bed as well as the bed parameters.

Slits
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Figure 2.5: Gas distributers (a) sandwiching perforated plates;(b) staggered perforated plates; (c) dished
perforated plate; (d) grate bars [10].
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e

Figure 2.7: : Babbles behaviors during fluidization (a) porous plate; (b) perforated plate; (c) nozzle-type tuyere;
(d) bubble cap tuyere [10].

This study assumed a uniform gas distributor which has equal distribution of gas at the bottom
of the cylindrical shape gas cooler.

Bubbling fluidized bed reactors achieve a yield of 70-75% in dry feed wood by maintaining a
feed size of 2-3 mm to control heating rate and residence time of solids, the size of the reactor
directly influences the rate at which it heats up. This reactor is special due to its utilization of
fluidized flow of gases, which efficiently controls the residence rate of the solids and other
substances [14].

Research on the transfer of heat to the walls of a fluidized bed has been conducted since 1949,
particularly by Mickley and Trilling. Their study focused on a type of fluidized bed known as
a circulating fluidized bed (CFB) [15]. The heat transfer coefficient directly affects the
efficiency of a heat exchanger. Due to the complexity of fluidized bed phenomena, the
influence of operational and geometric parameters on this coefficient is not always linear and
can be difficult to identify. However, many studies have revealed some behaviors in heat
transfer within fluidized beds [16].

The heat transfer coefficient is mostly influenced by the particle velocity and the particle
volume fraction. As the velocity of the particles rises, the heat transfer coefficient also
increases. This is because the agitation of the particles intensifies, leading to improved
movement and exchange between the wall and the center of the tube [17].
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Brookhaven National Laboratory investigated the use of fluidized beds of granular particles in
heat exchangers to prevent scale formation in high-temperature distillation of salty waters. By
keeping the bed on the saltwater side, the tube surfaces remained scale-free even after
prolonged testing with seawater at 330°F to 340°F. Calcium sulfate, forming as fresh feed was
added, stayed in suspension, and did not accumulate on the bed particles or in the external
piping system. The high heat transfer coefficients were maintained at around 850 Btu/hrft*°F
[5].

The investigation of heat transfer in a bubbling fluidized bed with a submerged superheater
tube bundles in a large-scale circulating fluidized bed boiler. The impact of bed particle size,
suspension density, and fluidizing number on the heat transfer coefficient was studied.
Parameters such as bubble fraction and emulsion contact time were calculated. A heat transfer
model predicted varying heat transfer coefficients ranging from 255 to 381 W/(m?K), with
smaller bed particle sizes leading to increased heat transfer. Additionally, longer emulsion
contact times with tube surface decreased the average heat transfer coefficient [18].On the other
hand A numerical study on wall-to-bed heat transfer in a circulating fluidized bed (CFB) riser.
3-D CFD were conducted to analyze heat transfer characteristics. A heated portion (0.15 m x
0.60 m) was placed above the distributor plate. The wall of the heater maintained a constant
heat flux of 1000 W/m?. The simulation considered air and sand mixture flow, using the RNG
k-& and Gidaspow models. For different Geldart B type particles sizes (60 pm to 460 pm)
results found that the bed temperature and heat transfer coefficient increases with increasing
bed inventory and particle size [19].

Temperature is almost constant throughout the bed in bubbling and turbulent fluidized bed.
Bubbles in the fluidized bed cause upward and downward particle motion and the bubbles
responsible for particle renewal at heat transfer surface. Vertical mixing is faster than lateral
motion and contributes more to the bed performance [10]. A study aimed to develop
engineering methods to predict heat transfer coefficient on tubes in bubbling fluidized beds.
Heat transfer occurs through gaseous convection, particle convection/conduction, and radiation
in high temperature operations. The recommended tube orientations are horizontal or vertical
only [3].

A study on different materials has been conducted comparing stainless steel, aluminum, and
copper as the particulate phase to observe the effect of particle properties such as the particle
density, specific heat, thermal conductivity, and size on the heat transfer characteristics of a
liquid-solid fluidized bed heat exchanger. The literature reveals that the final temperature
(saturation temperature) sharply decreases in the fixed bed regime while the fluid velocity is
rising. However, after minimum fluidization condition, there is no considerable difference
between values of the saturation temperature at different liquid velocities. The particle density
has two effects on the process: hydrodynamic and thermal. To isolate the hydrodynamic effects,
the particle mass heat capacity was kept constant while changing the density. Increasing density
resulted in a decrease in the final temperature value. Changing the specific heat capacity of
particles does not significantly affect bed hydrodynamics and heat transfer, but it alters the
energy absorption. The thermal conductivity of the stainless-steel particles has no major impact
on saturation temperature values. Stainless steel particles have superior heat transfer rates
compared to copper and aluminum. Particle diameter also affects heat transfer, with an
optimum saturation temperature value at d,, = 2 mm and a minimal Q;nqx/satuaration —temp at

the same diameter. This is due to changes in the particle's surface area and rising h value [20].
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Another study investigates heat transfer characteristics in a bubbling fluidized bed with a
submerged superheated tube bundles in an integrated fluidized bed heat exchanger. The effects
of bed particle size, suspension density, and fluidizing number on the average heat transfer
coefficient were evaluated. The physical parameters of bed particles and fluidizing air were
measured at different unit loads. Bubble fraction and contacting time of emulsion phase on the
heat transfer surface were calculated. A heat transfer model was used to predict the coefficient,
which varied from 255-381 W/(m?K), increasing with decreased particle size. Additionally,
the coefficient decreased with increased contact time and for that solids mixing is reduced [18].
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3 Theory

Some outcomes of theoretical study are described elaborately in this chapter which includes
fluidization velocity, fluidized bed particles properties, CPFD, governing equations, thermal
model as well as the thermal effect.

3.1.1 Minimum fluidization velocity

The minimum fluidized velocity (u,,s) refers to the superficial velocity of the gas required for
the initiation of fluidization in a packed bed. The state in consideration is called minimum
fluidization or incipient fluidization, where the force of drag is equal to the net weight of a
particle. The total drag force (Fp) exerted on the bed can be calculated by multiplying the
pressure drop (Ap.,f) across the bed by its cross-sectional area (A) [13].

The net weight can be calculated as the product of bed volume (V5 = ALyf), net density (s — pr)
and the fraction (1 — €,5) of the bed occupied by the bed particles.

ApmfA = Ame(ps - pf)(l - Smf)g (3.2)
Ap
%= (ps = P~ Emp)g (33)
mf

Where p; is particle density, pris fluid density, €., void fraction at minimum fluidization and

g 1s the gravitational force. The density of fluidized solids is calculated by subtracting the
fluid's density from the particles' density. The fraction of the bed that is occupied by particles
is measured as the number of particles significantly contributes to the pressure drop.

The Ergun equation precisely calculates the minimum fluidization velocity (MFV) by
evaluating the pressure drop per bed length using the following two terms [21].

dg'pf(ps - pf)g _ 1.75 dp - umf-pf ? + 150(1 — gmf) dp - umf-pf

N N Sy 97 w0 G
Or,
175 2 150(1 - Smf)
A=, e o) T (Remy) (35)

Where, Ar is Archimedes number, ¢, is particle sphericity.
_d5.pp(ps—pp)g

. (3.6)

r

And Reynold’s number at minimum fluidization velocity is.
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Rep, . (3.7)
The minimum fluidized velocity is as follows:
_ dIZJ(Ps — Pr)g ) Eﬁﬂf ¢ (3.8)

YT TS0 T,

3.1.2 Minimum bubbling velocity

The superficial velocity at which the first bubble appears in fluidization is denoted as minimum
bubbling velocity. Abrahamson And Geldart (1980) proposed a ratio (Zﬂ), which indicate the
mg

degree at which bed expansion occurs and the ration particularly depends on the fraction of
fines particles below 45um [22].

U, _ 2300p7*°u’>2exp (0.72F)

U, - d98g0934(p, — p)0:93

3.9)

Where, u,,, is the minimum bubbling velocity, U, is the minimum fluidization velocity, py is

the density of fluid, d,, is average particle diameter, p, is density of fluid, P, is particle weight
fraction < 45 pm.

3.1.3 Terminal velocity

Terminal velocity in a fluidized bed is the highest velocity at which particles can settle in the
fluidized condition. It occurs when the upward drag force on the particles is equal to the
downward force of gravity. This can be estimate by the following equation [23].

y [M(ps - Pf)gf (3.10)

Uy = Ug ,DZ
f

The dimension less terms u; of the above equation are calculated as by following equations.

-1
18 2.335—1.744 -
ul = ¢S] (3.11)

* [(drﬂz @)

Where the range of the particle sphericity is 0.5 < ¢s<1 and dimensionless particle size dj is
calculated by the following equation.

pr - (ps = Pf)gr (3.12)

PR CACE
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3.1.4 Mean dimeter

Mean diameters (d,,) reveal the average diameter of the particles parent in the range of
particle size distribution, and it is calculated as 70 pm (appendix A).

3.1.5 Other particle properties

The hydrodynamics of a fluidized bed is very critical and tough to predict as this is dependable
on various factors. Particles properties dominate most of the state of hydrodynamics of
fluidized bed. Particle Sphericity, Void Fraction, Skeletal density, true density, bulk density,
envelop density etc. have important effects on fluidization of particles.

Particle Sphericity: Sphericity measures how closely a particle resembles a sphere by
comparing surface areas. It is defined as @, and this can be express as follows.

surface of sphere

of same volume (3-13)

S “surface of particles

According to the definition the sphericity of sphere is 1 and for other particles the range is
0<@,<1 [10]. For this study the particle sphericity of alumina is considered as 0.7 in appendix
E.

Void Fraction: Void Fraction (6.,,) measures empty spaces in powder, range of void fraction
express as in between 0 and 1. Void fraction at minimum fluidization is taken as 0.442 for this
study, appendix E.

Bulk density: Bulk density is simply the mass of material per unit volume. However, for
powders, bulk density is not reliable as it can vary greatly based on packing. Additionally,
powders' bulk density can change over time [24].

True density: True particle density is an inherent property of material, unaffected by size,
shape, compaction, or packing, and remains constant and this is not change over time [24].

Envelop density: The ratio of particle mass to the combined volumes of solid and voids within
each piece is refers to the ratio of particle mass to the envelope volume according to (ASTM
D3766) [25]. Envelop density is considered for alumina as 1900 kg/m? in this study, appendix
E.
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Figure 3.1: Various particle properties [24].

3.2 Grid generation

3 Theory

Gridding, or meshing, is crucial for computational fluid dynamics simulation. It determines
simulation time and precision. Poor mesh quality leads to inaccurate results. Expertise in grid
generation is as important as other steps in the simulation process, which typically has five

main steps [26].

Build CAD ~ Mesh
model %

— Apply boundary
A l condition

Computational
analysis

Visualization

Figure 3.2: Steps of gridding, meshing and analysis in CPFD [26].
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3.3 CPFD terminology

A mesh is a technique that divides a geometry into several components for calculation. The
CPFD solver utilizes these elements to create control volumes. The diagram illustrates the key
components to describe the terms [26].

¢ Node -
Cell4++o L

Center Node

Cell Face
/‘/ Boundary
Boundary Face
Face %
Edge

Cell

Simple 2D Mesh Simple 3D mesh

Figure 3.3: 2D and 3D mesh in CPFD [26].

The above figure 3.3 shows the 2D and 3D mesh, and its various terms used in CPFD
simulation. The nomenclature of these components is defined as follows,

Cell = control volume into which domain is broken up.
Node = grid point.

Cell center = center of a cell.

Edge = boundary of a face.

Face = boundary of a cell.

Zone = grouping of nodes, faces, cells

Domain = group of node, face, and cell zones.

3.4 Governing equation

Continuous and Particulate Phase are two approaches to for a fluid with no interphase mass
transfer which is [27]:

a0

Where wu; is the fluid velocity and & is the fluid volume fraction. Then the momentum equation
for the fluid is

a(fzuf) 7 (Bruuy) = —— 7, — = F 46, (3.15)

t Pr Pt

The rate of momentum exchange per volume between the fluid and particle phases, both of
which are isothermal and incompressible, is denoted as F. The momentum equation discussed
here does not consider viscous molecular diffusion within the fluid. However, the interphase
drag power, F, accounts for the viscous drag between particles and fluid. While ignoring the
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laminar fluid viscous terms has minimal impact on dense particle flow, these terms can be
easily added to the fluid equation set. Unfortunately, there are currently no appropriate models
for dense particle flow, particularly for turbulent flow. Gas movement around closely packed
particles generates small sub-grid eddies and dissipation, while high-density particles act as
larger eddies for momentum transfer. Additionally, particles adhering to walls with sizes like
or larger than the viscous sublayer complicate momentum transfer at walls. The turbulent dense
particle flow is not addressed in this equation. However, the transfer of momentum from
discrete particles to the fluid, achieved through a turbulent closure model for sub-grid
momentum transfer, effectively predicts dense particle flows across a wide range of gas flow
conditions[27].

The particle probability distribution function ¢ (X, wu,, p,, 2, t) in the Particulate Phase
defines the dynamics of particle position, velocity, density, and volume. Mass remains stable
but size and density may vary. Solving the Liouville equation gives the evolution of ¢.

d¢

= t7 (puy) + Vy, - (pA) =0 (3.16)

Where V,, is the divergence operator with respect to velocity. According to the definition[28],
the discrete particle acceleration, A, can be defined as

1
A= Dp(uf — up) — <,0_ Vp + "L') +g (3.17)

p Bpp

Acceleration terms include aerodynamic drag, pressure gradient, interparticle stress gradient,
and gravity. Probability function gives particle count per unit volume at specific time intervals
(up, up + duy), (pp, pp + dpy), and (2,2, + di2,). Particle volume fraction is calculated
using the distribution function refers as follows.

6,=[J]¢0,dn,dp,du, (3.18)

The interphase momentum transfer function per volume in the Eulerian momentum equation
is:

1
F=[[]¢0,p, Dp(uf—up)—p—vp df, dp, du, (3.19)
14

The Eulerian governing equations for the particle phase may be obtained by taking the
moments of (4.3) and the particle conservation equations are found by multiplying equation
number (4.3) by 2,p, and 2,p,u, and integrating across particle density, volume, and
velocity coordinates. The particle equation is:

(6, - pp)

T (Opp,u;) =0 (3.20)

And the particle momentum equation is:
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a(6, - __
(pa—tpp)+‘7'(9pppm)

= —0pVp — V1, + O,p,9 + [ | | $2,p,[D,(u; — )| d2, dp, du, (3.21)
=V - [J ] ] ¢p2pp,[(up — W) (w, — 1) 42, - dpy, - dusy ]
Where the mean particle velocity u, is given by

1
Oppy

u,

NS 60,p,u, 2, dp, du, (3.22)

The average density is given by
Opp, = fff‘l’nppp o, dp, du, (3.23)

Where the volume fraction of fluid and particle phase must one, 65 + 6,, = 1.

3.5 Thermal modeling in CPFD

Several types of heat transfer mechanisms are considered in the fluidized bed in which
convective fluid to wall heat transfer, convective fluid to particle heat transfer and radiation
heat transfer are most dominating mechanisms [29].

Isothermal: An isothermal model assumes a constant temperature throughout the system and
does not solve heat transfer equations. This allows for faster simulation. In Barracuda Virtual
Reactor, the default isothermal temperature is 300 K.

Non-isothermal: A thermal model, on the other hand, calculates temperature gradients and
considers factors such as boundary conditions, thermal walls, and chemical reactions.

Appropriate areas must specify thermal properties, heat transfer coefficients, initial fluid and
particle temperatures, and boundary condition temperatures [29].

3.5.1 Convective fluid to wall heat transfer mechanism

The local heat transfer coefficient at the fluid-wall interface, hf,,, is determined by the

combined effects of the heat transfer coefficients in the lean gas phase, h;, and the dense
particle phase, h;. The heat transfer coefficient between the fluid and the wall is multiplied by
the function f,;, which represents the proportion of time that the dense particle phase is in
contact with the wall. The time fraction of dense phase contact, f,;, depends on the particle
volume fraction at the wall, 6,,, and the close pack value fraction, 6., [29].

hfW = hl + fdhd (324)
fi=1— e 100p/0cp) (3.25)

Lean phase: For lean phase heat transfer coefficient, the general form can be express as follows
[29].
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_ nip..n kf
h; = ((coRe,*Pr™ + c;) Tt (3.26)

Where n4, n,, ¢y, ¢4, ¢, are adjustable model parameters, the thermal conductivity of the
fluid is denoted as ky, while the cell length is represented by L. The Reynolds number and

Prandtl number are specifically specified as
U L .C
Pr-Yr N )

Re, =11~

(3.27)
Hr kr

Where p; is the fluid density, Uy is the fluid velocity, u, is the fluid viscosity and c,f is the
fluid heat capacity. This correlation is based on Douglas and Churchil, [30]. Where n; = 0.5,
n, = 033, Co = 04‘6, 1 = 366, Cy = 0.0

Dense phase: For the dense phase the general expression for the heat transfer coefficient is as
follows [29].

— nlk_f
hg = (coRep 7 ) (3.28)
P

The Reynolds number and Prandtl number are specified as

Ky

Re (3.29)

14
Here n, = 0.75, ¢y = 0.525.

3.5.2 Convective fluid to particle heat transfer mechanism

The transfer of heat between the fluid phase and the particle phase is represented by the fluid-
to-particle heat transfer coefficient. The fluid-to-particle heat transfer coefficient can be
expressed as follows [29].

k
hp = ((C0R6£11PT0'33 + Cl) Tf + CZ) (330)

Where n4, ¢y, ¢4, ¢, are adjustable model parameters, the thermal conductivity of the fluid
is denoted as ks The Reynolds number specified as

_pPrUrUp)dy By Cor

Re
p )
Hr kr

(3.30)

The variables in the equation are defined as follows: p, represents the density of the fluid, Uy
represents the velocity of the fluid, Uy, represents the velocity of the particle, u; represents the
viscosity of the fluid, and c,  represents the heat capacity of the fluid.

The Nusselt number is lower in fluidized beds compared to a single sphere when the Reynolds
number is below 20. In a fluidized bed, the bubbling phenomenon causes the Nusselt number
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to be lower than 2.0. This is due to the presence of entrained particles in low Reynolds number
beds, which reduces the efficiency of particle-gas contact. However, in beds with larger particle
diameters, gas-particle contact improves. To capture fluid-to-particle heat transfer in a fluidized
bed, Virtual-Reactor uses a correlation based on McAdams' 1954 proposal [31] and the model
parameters are n; = 0.6,¢o = 0.37, ¢; = 0.01, ¢, = 0.0.

This correlation corresponds with the experimental evidence of Turton and Levenspiel on the
heat transfer coefficient between particles and fluid in fluidized beds with small particles [10].

3.5.3 Radiation thermal flow

The P-1 radiation model considers thermal radiation interactions between particles, between
particles and fluids, between particles and thermal barriers, and between fluids and thermal
walls. This model can be utilized with or without Thermal Wall Boundary Conditions (BCs)
[29].

The transport equation for the incident radiation in the P-1 radiation model is as follows

V-(I'VG)+4(an*c T*+E,) — (a—ap)G =0 (3.31)

By specifying any Thermal Wall Boundary Conditions (BCs), the Marshak boundary condition
is applied to determine the radiative heat flux at the thermal wall, q,,:

=T 06 ___Ew 40Tt — G
~aw =T (5) =z 40T =6 (832)
Where,

I is radiation diffuse coefficient in units of m

G is incident radiation to be solved in units of J/s/m?

a is absorption coefficient of the fluid mixture in units of 1/m
n is refractive index of the fluid mixture

o is the Stefan-Boltzmann constant.

T is fluid temperature in units of K

E,is equivalent emission of the particles

apis equivalent particle absorption coefficient in units of 1/m
&, 1 the emissivity of the thermal wall

The radiation diffuse coefficient is defined as the following equation,

1
_3(a+ap+af+ap)

(3.33)

The mixing rule is used to calculate the average qualities of a fluid mixture based on its
components.
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ny
a= Z Vi, - ag, (3.34)
i=1

The equivalent particle absorption coefficient is:

_ Api
ap = 7 . Efi (335)

The equivalent fluid scattering coefficient is:
%= . 0, (3.36)
i=1
Where oy, is scattering coefficient of fluid.

The equivalent particle scattering factor is:

Np
Apl-

0, = A (1-¢,).(1—0p) (3.37)

i=1

The refractive index of the fluid mixture, is calculated as:
ng
n?—1 ng —1

= —— 3.38
n2 + 2 xfl nj%i + 2 ( )

i=
The heat source, or sink, due to radiation, g, Iis:

~V-q, =V -(I'VG) = (a +a,)G — 4(an’sT* + E,) (3.39)

Radiation is accounted for in the fluid and particle energy equations by incorporating the heat
source into them [29].

3.5.4 Available model for drag force and drag model selection

In Barracuda VR®, the drag model calculates the force exerted on a particle (F,), by the

model's fluid. Virtual Reactor included various drag model fits for its specific features and can
use the drag models mentioned below [32].
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. Constant Drag

. Stokes

. Wen-Yu

. Ergun

. WenYu-Ergun

. Turton-Levenspiel

. Richardson, Davidson, and Harrison
. Haider-Levenspiel

. EMMS-Yang-2004

. Non-spherical Ganser

. Non-spherical Haider-Levenspiel

Drag models calculate force (F,), on a particle based on fluid and particle properties and
flow conditions, including mass (my),fluid velocity (uy), particles velocity (us), and drag
function (D). The force is calculated by following equation [32].

Fp = msD(uf — us) (3.40)

WenYu-Ergun drag model: Fluidized bed system contains both dilute phase as well as dense
phase, according to Bandara et al. [33] WenYu-Ergun drag model fits the best for the system.

For the dilute system, the Wen-Yu drag model is used and is expressed as:

3 pf|uf — us|
D, =—-C,—"— > 3.41
17 gd TsPs ( )

Here C, is the drag coefficient and given as a function of the Reynolds number.

24
Ca =07 Re <05
24
Ca = %= 67 (1+0.15Re®*™") 0.5 < Re < 1000 (3.42)
Cq = 0.4467%%° Re > 1000

Where Reynolds (Re) number is calculated by

_ 2057 (uy — )
Hr

Re

(3.43)
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75, Uy is the particle radius and fluid viscosity.

For the dense system, the Ergun drag model is considered,

1806, pr s — usl

D, =05 (_ 2) 3.44
? 6.Re ' TP (349
The blended Wen-Yu/Ergun drag model can be expressed as:
D, 0s < 0.750.p
D=4 D)( Os = 0.756cp ) 0.756p = 6, > 0.850 (3.45)
1Y% "M N0.856,p — 0.750,p UTeR = Ts = TEIEeR '

D, 0, > 0.850p

WenYu-Ergun drag model is used for multiphase flow simulations, particularly for gas-solid
fluidized system. This drag model is chosen for the simulation as the particles of the bed contain
both dilute phase as well as the dense phase of particles. This combined drag model effectively
handle the flow regimes, ranging from dilute phase to dense phase. The WenYu part of the
model applied for the dilute phase where particle to particle interaction is nominal and the
Ergun part of the model deals with dense phase where the particle-to-particle interactions are
significant.
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4 Methodology

Fluidized bed used as a heat exchanger like gas cooler, need to be shaped considering several
factors related to the geometry of the gas cooler as well as the parameters which have direct
effect for heat transfer requires calculation to obtain optimum value fits for the system.
Following stepwise approaches are being considered as the core method to find the best.

[ Calculation of minimum Fluidization velocity ]
[ Calculation minimum bubbling velocity ]
[ Calculation of terminal velocity of particles J
[ Assume area (A) and set superficial velocity ] )
[ Calculation of Diameter(D) and Height(H) of bed ]
ﬂ Compare
and verified
Run CPFD simulation based on above parameters for optimizing area
geometry
[ Calculation of total heat transfer (Q...) by available data }
[ Calculation ofcolling tube length and heat transfer area (A7) %:.
[ Finalized the parameters values by calculations. ]
Run CPFD simulation based on verified parameters and total heat
transfer (Quoal).

Figure 4.1: Overview of methodology.

The above figure 4.1 is the summary of the consecutive steps followed in this study. Firstly,
the minimum fluidization velocity (u,,f), minimum bubbling velocity (u,,,) and terminal
velocity (u.)is calculated to obtained the range(u,r < ump < usr <u,) of superficial
velocity(usf) which provide better fluidization. The fluidized bed height, diameter, total

particle mass in the bed is calculated to get geometry of the bed. Secondly, the thermal
calculation is being carried out to obtain the heat transfer surface area, tube length, coolant
flowrate as well as the overall cooling load.

4.1 Thermal approach

Conduction, convection, and radiation are three ways to transfer thermal energy. Conduction
occurs through temperature gradients, measured by heat conductivity. Convection occurs when
heat is carried by fluid movement, either forced or natural. Radiation happens when energy is
transferred between surfaces with different temperatures through electromagnetic waves.
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Radiation is significant at high temperatures, including combustion, but can also impact room
temperatures [34].

4.2 Cooling load

Heat transfer takes place between the fluidized particle/gas medium, known as the 'bed’, and
the submerged tube surfaces, known as the ‘walls'. The overall heat transfer (Q,perqz) from
bed materials to tube surfaces is assumed as equal according to energy conservation law [35].

Qoverait = Qwailts = Qbea (4.1)

Assuming the total available energy in the bed are obtained from the inlet carbon di oxide gas
which targeted to cool down by releasing thermal energy at the surface of tubes. Total heat
contain in a stream of a gas is being determined by following equation.

Qpea = QCOZ = mcoz- Cp,COZ (Thot,in - Thot,out) (4.2)

Where m,, is the flow rate of hot gas enter to the bed, C, ¢, heat capacity of the gas at
considered temperature, Ty, i, IS the inlet temperature and Ty, 0y 0 the possible outlet

temperature of gas. Similarly, the available thermal energy is transferred to the tubes contain
the coolant, water in this case, also being determined as follows:

Qwatt = Qwater = Mwater- Cp,water (Tcold,in - Tcold,out) (4-3)

Where 11,4, is the flow rate of hot coolant enter to the tubes, Cp,,,qcer heat capacity of the
water at considered temperature, Ty, i, IS the inlet temperature and Tjo¢ oqciS the possible
outlet temperature of water as coolant.

As the said earlier of this section the total thermal energy of bed materials is the maximum heat
available for the coolant to the taken out, so above equation can be combined to have follows:

. Qwater
Myater = (4.4)
Cp,water (Tcold,in - Tcold,out)

Assuming the flow of two stream of the hot gas and the coolant in the fluidized bed as
crossflow, Number of Transfer Units (NTU) method for heat exchanger calculation is
considered. NTU is a dimensionless number which is widely used for heat exchanger analysis
defined as [36].

C..:
NTU = f(e,—/2)

(4.5)

Cmax

Where ¢ is the effectiveness of heat exchanger. The effectiveness € of the heat exchanger can
be determined as follows.

Q
e =

Qmax

(4.6)
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Where Q,,4, IS the maximum heat transfer possible and formulated as,

Qmax = Cmin(Thot,in - Tcold,in) (4-7)

Where C,in, 1S equal to C.p;q OF Chor, Which ever is smaller. C.,;q and Cy,, is calculated
according to following equations.

Ceota = mwatercp,water (4.8)

Chot = mcoz Cp,co2 (4.9)

The ration of % is calculated and NTU also be calculated with the help of empirical

max

correlation in between. The area of the heat transfer surface is then calculated by following
equation.

hAwe ,  _NTU.Co .10
) tube — 1 .
h

NTU =

Cmin

Where h is overall heat transfer coefficient W/m?.K, A, is the overall surface area of the
cooling tubes. The internal cooling tubes is considered as uniform cylindrical tubes, and the
surface area is equal to the heat transfer area calculated earlier.

Atype = 2mrl (4.11)
Or,
| = Arupe (4.12)
2mr

Where, [ is the total length of the cooling tubes, r is the radius of the cooling tubes.

4.3 Fluidized bed approach

Fluid hydrodynamics and performances of a fluidized bed largely depend on the geometrical
parameters of fluidization bed. This method has studied to find out the best parameters at which
the particles will be fluidized in maximum efficiency in a bubbling fluidized bed condition as
well as least particles out flow. Several cases have been performed in simulation for different
superficial velocities (0.05 m/s?, 0.07 m/s?, 0.09 m/s>0.11 m/s? 0.13 m/s?), different H/D ratio
(0.5,1.0,1.5, 2.0, 2.5) and various area.

Finding optimum H/D ratio: The diameter of the cylindrical bed is calculated initially, and
the superficial velocity is set as 0.09 m/s? and several simulations done in the CPFD software
at which the particle entrainments is observed. This output confirms the optimum height to bed
ratio.

Finding optimum superficial velocity: the optimum H/D ratio and constant diameter as like
previous are simulated with various superficial velocity which provide an optimum superficial
velocity in which the fluidized bed performs efficiently which minimum particle out flow.
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Finding Optimum Area/diameter: several simulations help to find out the area optimum with
previously obtained H/D ratio and superficial velocity. This area of the cylindrical fluidized
bed is considered as the best to install the cooling system into the fluidized bed.

4.4 Thermal flow consideration

The total heat transfer, the heat transfer surface area, the tube length as well as the total coolant
load in the fluidized bed has been calculated. To observe the performance of heat transfer
efficiency of the bubbling fluidized bed of given data and calculated others geometrical
parameters horizontal tube alignment and vertical tube alignment is considered for further
analysis.

Heat load: Heat load of the fluidized bed shown negative value as the system perform as
cooler. For simplicity the flow is considered as the crossflow system and the overall heat
transfer is calculated according to the equation (4.2) in section three.

Tube length & coolant flow rate: Heat transfer surface area is calculated according to the
equation (4.11), which then give the tube length having same surface area for heat transfer. The
available water at 30°C is used as coolant and the required coolant flowrate is also calculated
by using the equation no (4.4).

Horizontal tubes: Assuming the outlet coolant temperature of different values, five different
cases has been performed in the simulation and best heat transfer efficiency is noted.

Vertical tubes: Similar analysis also contacted on the vertical tubes alignment which reveal
the heat transfer efficiency of the fluidized bed and then compare to each other.

4.5 Internal cooling tube design

To study the heat transfer effect on the bed, two types of cooling tube arrangement is
considered. Fluidized bed hydrodynamics and the particle collision to tube surface and walls
has significant impact on the heat transfer. These two alignments allow particles different ways
to come contact and time of contact is also important. Computational Particle Fluid Dynamics
(CPFD) Barracuda VR® software version 23.1.0 is used for simulation of several cases. The
Barracuda Virtual Reactor is an engineering tool used for simulating and optimizing particle-
fluid systems. Successful model setups can be used for various simulations with minor
modifications. It is crucial to understand the required output data, data analysis, and potential
future modifications when setting up a model. In Barracuda, simulation and post-processing
parameters should be established for accurate calculations and helpful data reporting. This
section provides a concise introduction to simulation parameters and the step-by-step process
for defining a model.

Vertical tube: Three coil of vertical tubes are inserted in the dense phase of the particles. Equal
distance is maintained among the tubes so that the particles have enough space for entrainment.
The tube length and diameter of the tubes are calculated based on the parameters involved in
the interaction. Following figure 4.2 shows a simple arrangement vertical cooling tube in the
bed.
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|

(@) (b) (©)

Figure 4.2: Vertical cooling tubes alignment (a) x-y-z view, (b) x-z plan, (c) x-z plan.

Horizontal tube: Horizontal cooling tubes figure 4.3 are also considered to observe the heat
transfer effect on the bed. The tubes length and diameter of the tubes are also calculated as

previous. Several cases are run in the simulation for these arrangements.

(@) (b) (©)

Figure 4.3: Horizontal cooling tubes alignment (a) x-y-z view, (b) x-z plan, (c) x-z plan.
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4.6 Isothermal simulation for optimizing bed properties.

Fluidization of particles in iso thermal condition is performed where the particle interaction
with fluid is observed in various range of parameters value.

4.6.1 Simulation setup

Firstly, the CAD model is imported to the CPFD Barracuda VR® and the mode need to be fit
with CAD file dimension and display dimension. Some excellent feature available in the
software interface which can be used to modify the grid lines. The cell numbers indicate the
minimum computation unit and for uniform grid set up it is 200000 which finally counts about
94600 to 96500 based of the internal cooling tube design. Figure 4.4 shows the (a) CAD model,
(b) flux plane, (c) data points, (d) combined grid and CAD model of the gas cooler.

(a) (b) (©) (d)
Figure 4.4: (a) CAD model, (b) flux plane, (c) data points, (d) combined grid and CAD model.

Gridding and grid checking: Uniform grid is setup for all over the structure. Some
modification also done to capture the internal structure in the cylindrical body. This
modification provides maximum actual cells for calculation. The final grid also checked, and
the figure (b) shows that it is in the acceptable limit.
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Figure 4.5: Uniform grid setup and grid checking on Barracuda VR®.

Global setting: This interphase as figure 4.6 is used to select the gravity setting as well as the
direction of gravity. Overall thermal setting starts also from here where iso thermal indicate
uniform temperature all over the body and non-isothermal is used for thermal effect on process.

Global Settings
Flow Type: Compressible

Fluid domain can contain: Gases and vapors
Particles can contain: Solids, liquids, and volatiles

Bubbles are not available for compressible simulations.
Gravity Settings

x-direction: l:l mfs’  y-direction: l:l mfs’  z-direction: m/s*

Thermal Settings

@® Isothermal
Temperature: K
O Thermal

Heat Transfer Coefficients
Radiation Model

None Mear wall P-1 Cap exposed particle area
Temperature Warning Limits

Minimum: 100 | K Maximum: 6000 | K

Record minimum and maximum temperatures in MinMaxTemp.data log file

Simulation Start Options

Help

Figure 4.6: Global settings setup.

Base materials setting: The materials need for the simulation process are available to select
in material properties library in this interphase. Material properties can also be edited according
to requirement both default and manual input.
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Particles properties: Particle properties in the bed are defined by the particle properties editor
figure 4.7. Drag model and PSD is required to input and other particle properties like sphericity

emissivity etc. also needful.

Particles

Contact and Collision Models

[ Particle Species Editor X
Close pack volume fraction:
Species-ID: 1 Drag Model
Maximum momentum redirection from collision: =
Comment: [Farticle in the bed Model Name: | Wen'u-Ergun v
Blended acceleration model for the contact force
Materials: Applied Materials Name Link To Default Value
Transfer liquid mass on collision ST @ . s
Stress Model Options @ File: [PSD.sf edit| = |a 0.75
%
wall Interactions Import Preset Distribution: v 2 2
a3 L 180
Size Range:
Normal-to-wall momentum retention: Oemrmg
Minimum: Maximum: micron-diameter
Tangent-to-wall retention: 0.85
Close Pack Volume Fraction
Diffuse bounce: El
® use global value: 0.6 O Specify value:
Cloud Options
P Surface and Shape [ agglomeration
Allow clouds to represent fractional particles Sphericity: se cut Pornt: [1.6e.05 | NSRS ® Muttiplier (constant):
. R O Multiplier (predefined):
Dense Fluid Forces Emissivity: Effective Size Filename: o
Multiplier (from file): | 4
Scattering Factor: Edit| 4
[ Enable virtual mass force aterng Factori 0|
[ Enable lift force Cancel Help

Help

(a)

(b)

Figure 4.7: Particle properties editor (a) & (b).

Initial condition: Both particle and fluid initial condition should be input according to the
requirement. The cell region can be selected by navigating Fluid 1C Editor or Particle IC

Editor shows in figure 4.8.

Fluid IC Editor X
Particle IC Editor X
Initial Conditions Tnitial conditions
Temperature: 673 K Initialize valume fraction in region ~
Species 001 - Particle in the bed ~
Pressure: 101325/ Pa i
Volume fraction |0.56
Velocity: | DH D|| D|ms
ty / Temperature 673 K
Fluid species: | Define Fluids
Region
[ mitial Conditions from File
Set Point Region (m)
1C file: 5 X | min | %o | max|
Yo [ min | Yo [ max|
Region | min | Zpe | 0.100108 |
Set Cell Region (m) cloud resolution
e min| e | ma] @ Use global resolution ]
- O Use local resolution
Yevin TN | Yone max
- O Specify resolution Clouds per cell Auto
Zisin m|n| Zona | max|
Special settings
” N .
Comment Random cloud initialization [ No particle momentum
— —— Comment
fluid initial condition in bed
initial bed hight of particles
Cancel Help

Figure 4.8: Fluid initial conditions and particle initial conditions in bed.
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I3 Pressure BC Editor

Locobon  Focrfane  Flud  Partcles  Tracers

Region

‘Set Cell Region (m)

Comment: [Fuid ex top

%] Plow BC Editor
Location

Region

FisxPlane  Flud  Partides  Tragers

‘St Call Region (m}

Directon

© Normai to surface: [Manimal Link
0 edirection

0 y-direction

®

Variation angle: 5] degrees:

Transient File

Comment: fluid entry ta cyindes

Cancel

x 5] Pressure BC Edtor X 5] Pressure BC Etor
locaion  FluxPlane  Fluid  Fartides  Tracers Location  FhoxPlane  Fluid  Particles  Tracers
Fow Coniions
Name: [pressure_boundary_top
) Transiert file:
Fuid species behavior
Moss flow rate
[ Bin by partide size | 10 |3 | bins @ Specty voloes:
Jo—
3 Output raw partide data
— "
] Outpit trscer deta e L
Temperause ) x
K-factor [
Fusd Compastion
Fuid inflow properties: Tnterior cell values ~
Applied fluids: Define Fluids
Comment: [fluid ext iop
Comment: |fluid et top
Help Cancel Help o] | comat || hep
x 5 Flow 8 Bten = x

Locaton  FluxPlane  Flud  Farndes  Tracers

Woma: [Fuid_srary_bottom

Fiuid species behavior

Mass flow rote.

) Binby particle sze |10 12 bins

Velacity flow - 0.00| mfs
2] upt rave paruce o
Pressue: w1325 s
O output wrecer data
Tempersturs o7
Fuid Composition

Appliod fas: | Dafine Fluids

Transent Fle

Comment: [flud entry 1o cylender

Help

‘Comment: flid entry to cylinder

cancal Help

cancel Help

Figure 4.10: Flow boundary setting.
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Boundary condition: The following figures 4.9 shows the boundary condition where figure
4.10 pressure boundary as well as flow boundary is defined as required for simulation cases.
All the direction is selected as Z-direction and particle out flow is allowed for all cases.

] Pressure BC Editr

locoton  FixxPlone  Fud  Fartides  Tracers
Behavar ot Buundary

© Wo outhow

1@ Oubflow with size fitering:

M

[

UNLIMITED

Units:

micron-dameter

O Feed specified &

O Feed spectied as mass

O Feed specified as mass flow rate

Feed Settings

Comment; fuid et top

T Fiow BC Editor

Locstion  FlscPlane  Fiud  Fartides  Tracers

O Use BC Connector data

:
5
[ I

Help

Simulation time setup: Both simulation time and the time steps are crucial for simulation.
Very little time steps may provide better outputs but takes longer real time. The total simulation
time may vary from case to case, but it should be sufficient to obtain optimum result. All the
cases of this study are done for time steps 0.005 s. the following figure 4.11 show the interface.

Time Controls

This section allows configuration of the time step size to take during a
period of time for the calculation. Only the first row is required.
Subsequent rows can be entered to have different time steps for
different time periods. For example, starting the calculation at a smaller
time step is recommended, and then increasing the time step for rows
2-5 over simulation time.

Time step and duration settings

Time step End time
1. [0.005 s [300 s
2. ‘ ‘ s ‘ ‘ s
3. ‘ ‘ s ‘ ‘ s
4. ‘ ‘ s ‘ ‘ s
5. ‘ ‘ s ‘ ‘ s

Advanced time step settings

Restart file intervals

Restart interval (IC_###) simulation seconds
Backtrack interval (IC_) realtime minutes

Help

Figure 4.11 Time-control setting.
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4.6.2 Simulation cases for isothermal

4 Methodology

The following table 4.1, 4.2 and 4.3 contains the data of several simulation conditions which
are used to simulate for finding geometrical parameters.

Table 4.1: Simulation parameters value for optimizing H/D ratio.

- Bottom Diameter | Height Mass of
Superficial | surface Volume .
. of of H/D particles
Case no. gas velocity | area of lind lind . of bed in bed
(m/s) cylinder cylinder | cylinder | ratio (m3) In pe
2 (m) (m) (kg)
(m*)
Simulation A01 0.0999 | 0.5 | 0.003132 | 5.951303
Simulation A02 0.1998 | 1.0 | 0.006265 | 11.90261
Simulation A03 0.9 0.03135| 0.1998 | 0.2997 | 1.5 | 0.009397 | 17.85391
Simulation A04 0.3996 | 2.0 | 0.012529 | 23.80521
Simulation A05 0.4995 | 2.5 | 0.015661 | 29.75651
Table 4.2: Simulation parameters value for optimizing superficial velocity.
Bottom
Superficial surface Diameter Hight of Mass of
. . . Volume of ) .
Case no. gas velocity area of of cylinder | cylinder bed (m3) particles in
(m/s) | cvlinder | (m) m)y | bed (kg)
(m*)
Simulation BO1 0.05
Simulation B02 0.07
Simulation B0O3 0.09 0.031354 0.1998 0.3997 0.01253 23.8052
Simulation BO4 0.11
Simulation B0O5 0.13
Table 4.3: Simulation parameters value for optimizing bottom surface area of cylinder.
Bottom
Superf|C|§I surface Dlameter Height of | Volume of MaTss of
Case no. gas velocity area of of cylinder Bed (m) | bed (m3) particles in
(m/s) cylinder (m) € € bed (kg)
(m?)
m/s m? m m m3 kg
Simulation C01 0.056438 | 0.268065 0.022558 | 42.86071
Simulation C02 0.9 0.040313 | 0.226557 0.3997 0.016113 30.6149
Simulation C03 ' 0.031354 | 0.199803 ' 0.012532 | 23.81117
Simulation C04 0.025654 | 0.180731 0.010254 | 19.48242
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4.7 Thermal Simulation for optimizing cooling capacity.

The thermal effect of the fluidized bed is optimized in the CPFD Barracuda VR®. The
previously obtained geometry is used to study further with active internal cooling tubes.
Simulation is performed for 500 seconds, and post processing of the data is used to observe the
outputs.

4.7.1 Simulation setup

Non-isothermal simulation provides the thermal study based on input data. Pervious section
4.6 is similar to many of the interphase setting and rest is tuned as follows.

Global setting: This option allows to input the data related to the temperature change in the
process. Fluid to wall heat transfer and fluid to particle heat transfer co-efficient is calculated
by default according to the equation discuss in section 3.5. there also three available options
for radiation model but for this study it is assumed as zero.

Global Settings
Flow Type: Compressible

Fluid domain can contain: Gases and vapors
Particles can contain: Solids, liquids, and volatiles

Bubbles are not available for compressible simulations.

Gravity Settings

x-direction: l:l mjs’  y-direction: l:l m/s®  z-direction: m/s

Thermal Settings

O Isothermal
Temperature: 673 | K
® Thermal
Heat Transfer Coefficients
Radiation Model

@ None O Near wall OP1 Cap exposed particle area

Temperature Warning Limits
Minimum: K Maximum: 6000 | K

[ Record minimum and maximum temperatures in MinMaxTemp.data log file

Simulation Start Options

Help

Figure 4.12: Global setting for non-isothermal condition.

Thermal wall boundary condition: Gas cooler contains cooling tubes inside the cylindrical
structure. Three cooling tubes are designed and arranged both horizontal and vertical
alinement. Thermal wall BC editor provides various option to input data like wall temperature
of tube, surface area of tubes and region of tubes by selecting the cell area in Barracuda VR®
window. The direction is selected as normal to the surface and emissivity value as unity as
default. The following figure 4.13 shows the three cooling tubes thermal setting in software.
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Thermal Wall BC Editor

Wall temperature distribution

Enabled (On at start of calculation)
Variable or Constant wall temperature

Wall temperature O File

Properties

Surface area ® Automatically calculated

Edit 4

© specy ‘

O Specify m
Region
Set Cell Region (m)
K | 0.01455 Xy | 0.174211
Yoo [ 0.457205 | Yy | 0.463216
Zin | 0.0273162 | Zper | 0.194256

Heat transfer direction
O X-direction
O v-direction
O z-direction

@® nNormal to surface Normal Limit

Comment

‘COILI

Help
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Thermal Wall BC Editor

Wall temperature distribution
Enabled (On at start of calculation)
Variable or Constant wall temperature

Wall temperature O File Edit
© specty X

Properties

Surface area @ Automatically calculated

-1

O Sspecify m
Region
Set cell Region (m)
o | 0.0128131 | Ko | 0.176759
Yoo | 0.496829 | Yo | 0.503617
& | 0.0256137 | Zou | 0.194256 |
Heat transfer direction
O X-direction
O Y-direction
© Z-direction
® Normal to surface Normal Limit v
Comment
coil2
Cancel Help

4.7.2 Simulation cases for non-isothermal

Figure 4.13: Thermal cooling tube setting.

Thermal Wall BC Editor

Wall temperature distribution
Enabled (On at start of calculation)
Variable or Constant wall temperature

wall temperature O File Edit 4

® spec ‘

Properties

Surface area ® Automatically calculated

O Specify m?
Region
Set Call Region (m)
e | 0.016328 | Xy | 0.173873
Yooa [ 0.536225 | Yo | 0.543363
2| 0.0273162 | Z | 0.194256
Heat transfer direction
O x-direction
O y-direction
O z-direction
@® Normal to surface Normal Limit v
Comment
|cmL3
o ] [

Several cases are performed as described follows where both horizontal and vertical alignment

of tubes are considered. The following table 4.4 and 4.5 show the conditions of simulations.

Table 4.4: Simulation cases for horizontal cooling tube in the bed.

Case no.

Temperature of coolant

Remarks

inlet (K)

outlet (K)

Simulation V01

30 80

H/D=1.0

Simulation V02

30 80

Bed materials at 293 k IC.

Simulation V03

30 80

H/D=2.0

Table 4.5: simulation cases for horizontal cooling tube in the bed.

Case no.

Temperature of coolant

Remarks

inlet (K)

outlet (K)

Simulation HO1

30

80

H/D=2.0
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5 Result and discussion

5 Result and discussion

This chapter describes the obtained result of different simulations conducted in CPFD
Barracuda VR®. The output is discussed according to the simulation conditions. Firstly, the
isothermal simulation is performed to optimize the fluidized bed parameters. These parameters
provide ideas to construct the geometry of the gas cooler. Finally, the non-isothermal
simulation reveals the thermal interaction among the particles, fluid, and walls of gas cooler.

5.1 Particles size distribution

Pericles are the core things on which the overall fluidization performance depends. This study
considers the alumina as the bed particles as recommend in thesis. Appendix D shows the
particles properties provided by external partner collaborating the thesis, Hydro Aluminum AS.
The range of particle in the collection is referred to as particle size distribution. The data used
for this study is obtained from them. The following figure 5.1 shows the particle size
distribution calculated based on the given data and according to calculation refers to the
appendix A.

Particle size distribution
30
25
20

15

quantity in %

10

© N Y ™ ) v © A\ o) » A \) © 2 v \} %) >
WASIPANIEI A SR S L N N N TS P A MR RN
0" A L G A K SIS S R

Particles diameter (um)

Figure 5.1: Particle size distribution.
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5.2 Fluidized gas properties

Fluidization gas properties are also important parameters depending on the nature of gas.
Carbon di oxide (COy) is considered as a fluidization gas. The gas properties like density,
viscosity etc. are considered at 400 °C which was automatically calculated by the software. The
following table shows the gas properties used in this work.

Table 5.1: Carbon-di-oxide properties calculated according to appendix B.

5 Result and discussion

Parameters Unit Value
Density (p,) kg/m? 0.7874923
Viscosity (i) N.s/m? 2.95871E-05
Heat capacity (Cp,4) j/kg. K 1.11389

5.3 Fluidized gas velocity

The following table contains the calculated data according to the equations discussed earlier.
The superficial velocity of different is calculated based on the given data and other gas and
particles properties in considered temperature.

Table 5.2: Fluidized bed properties.

Used equation i )
Parameters Obtained value unit
number
Minimum
e : (3.8) 0.00156 m/s
fluidization velocity
Minimum bubbling
. (3.9) 0.03239 m/s
velocity
Terminal velocity of
: (3.10) 0.14927 m/s
particles
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5 Result and discussion

5.3.1 Bed diameter, height, bottom surface area, bed static volume and
amount of bed material calculation

A cylindrical structure is considered as a basis for further calculation and design, other possible
structure is not studied. Therefore, the fluidized bed diameter, bed height, the bottom surface
area of cylinder as well as the static volume of bed material is calculated for every possible
case to simulate in Barracuda VR. All the calculations of these properties are based upon the
range of superficial velocity (u,,) from minimum bubbling velocity (u,,, ) to terminal velocity
(u,) to find out optimum bubbling fluidized bed of taken particles size distribution.

The fluidized bed diameter is simply calculated according to following equation.

1

Dran = (o) (5.)

Us, T

Where Dpp is fluidized bed diameter, v is the volumetric flowrate of gas.
Bottom surface area (Acyjiger’s bottom)Of the cylinder is calculated by the equation bellow and
several cases are simulated in purpose of finding optimum geometry.

Acylinder’s bottom — Z ’ DFB2 (5.2)

Bed static volume and total bed material or the amount of alumina used in the bed for several
cases are determined according to following.

Vep = Acylinder's bottom * HBED (5-3)

Here V5 is the volume of the static bed, Hggp is the static bed height.

The total mass of the alumina in the bed is the calculated by multiplying the volume of bed to
particle envelop density which is taken as 1900 kg/m?.

MFB = 1900 kg/m3 . VFB (54)

Where, Mg is the mass of the particles in the bed.

5.4 Cooling performance calculation

According to the given data the total available heat of the gas cooler and other parameters are
calculated by using the equations discussed in chapter (4.2) and appendix B. The overall heat
transfer co-efficient is assumed as 100 W/m?.K. The following table shows the calculated
values of different parameters.

Table 5.3: Thermal calculation of various parameters.

Used equation

Unit Value
number

Parameters
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Cooling load (Qprar) (4.3) J/s 742.6

Heat transfer surface area
(4.11) mm? 49500

(Atube)
Cooling tubes length (1) (4.12) mm 3152
Coolant flowrate
i (4.4) kg/h 12.78
(mwater)

5.5 H/D ratio of the bed

Height to bed ratio in range of 0.5 to 2.5 is considered to performed in simulations. The overall
particles outflow is observed at the top of the cylindrical body. The simulation time was 300s
and particles in the bed are observed. The following figure shows various H/D rato and particles

distribution in the bed.

Particle volume fraction
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0.08
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0.02

H/D=0.5

H/D=1.0

H/D=1.5

300 s

H/D=2.0 H/D=2.5

Figure 5.2: Particles distributions throughout the bed.

The following graph figure 5.3 shows the five simulations conducted in the software where the
inlet gas flowrate and bottom surface area of the cylinder are maintained constant as 0.09 m/s
and 0,031354 m? respectively. Simulation_A01 and simulation _A02 shows the zero outflow
of the particle at the top. The simulation _A03, A04 and AOQ5 reveal particles outflow at top of

cylinder.
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Figure 5.3: Particle out flow for simulation_A01, A02, A03, A04 and A05.
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The below figure 5.4 shows the time integrated mass of all species with time. According to the
plot, Simulation_AO05 gives the largest amount of particles outflow of the cylinder which is
about 0.18 kg. Simulation_A04 and A03 have outflow about 0.09 kg and 0.02 kg respectively.
Rest two simulation have zero outflow of particles.
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Figure 5.4: Time-integrated particle mass of all species.
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Here the graph supports taking the H/D ratio in a range of 1.0 to 2.0. less than the H/D ratio
1.0 the above figure 5.4 shows there are less bed expansion and total bed height become too
small to insert the cooling tube (see figure 5.2). The less height also says the less particles in
the bed fluidize and less interaction for heat transfer. On the other hand, a larger H/D ratio than
2.0 shows a large amount of particle go out of the cylinder. This range is taken later for thermal
simulation of the fluidized bed.

5.6 Optimum superficial velocity

The superficial velocities used in the fluidization of the particles are considered in between
the minimum bubbling velocity to the terminal velocity. Within the range five simulation are
conducted to observe the particle s distribution in the fluidized bed as well as the particle out
flow at the top. The following five graph of figure 5.5 shows the particle outflow at top of the
cylindrical body of gas cooler. Simulation_BO01 represent the superficial velocity of 0.05 m/s
and the simulation_B02, B03, B04 and BO5 represent superficial velocity of 0.07 m/s?, 0.09
m/s? 0.11 m/s> 0.13 m/s? respectively. All the simulations run for 300 seconds.

0025

Particles out flow (kg/s) at top_B01
Particles out flow (kg/s) at top_B02

0015 1 1 1 1 1 ] r
0 50 100 150 200 250 300 0.06L L 1 1 1 1 ]
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(a) Simulation BO1 (b) Simulation B02
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Figure 5.5: Particle out flow for simulation_B01, B02, B03, B04 and B05

Cumulative particle mass outflow is shown in figure 5.6 below. Simulation_BO01 represent
the lowest superficial velocity and simulation_BO5 is for highest superficial velocity close to
terminal velocity. The simulation_BO5 indicate the highest amount of particle 0.16 kg go out
from the cylinder, after that simulation_B04, in which the amount is 0.14 kg. Zero particle out
flow is shown by simulation_BO1 for superficial velocity of 0.05 m/s but this also create less
turbulence in the bed. Considering the better hydrodynamics and minimum particle outflow
simulation_03 can be considered as the optimum for the process which is 0.09 m/s.
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Figure 5.6: Cumulative particle mass out flow for 300 s.

5.7 Optimum area

The bottom surface area of the cylindrical body is also simulated by keeping the bed height
constant which provide the mass of the bed materials for the fluidization bed. Four simulations
are performed to observe the particle distributions and expansion of static bed.
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Figure 5.7: Particle out flow for simulation_C01, C02, C03, and C04.

The above figure 5.7 shows the simulation result which indicate bottom surface area of
cylindrical bed of 0.056438 m?, 0.040313 m?, 0.031354 m? and 0.025654 m? respectively. This
finding says that every simulation provides very less out flow of particles.

5.8 Heat transfer performance

Several simulations are conducted to find thermal performance of the gas cooler. Both vertical
and horizontal alignment of internal cooling tubes system is performed in Barracuda VR®
23.1.0 version and obtained data is processed for graphical representation.

5.8.1 Vertical cooling tubes performance

Simulation_VO01: This case of the simulation used the coolant available at 30 °C and outlet
coolant temperature assumed as 80 °C. The following figure 5.8 shows the overall heat transfer
rate as well as the heat transfer rate of individual cooling tubes inserted into the dense phase of
the fluidized bed. The overall cooling load obtained from the graph is about 750 J/s where
individual three cooling tubes shows about 220 J/s each. The graph also reveals that the gas
cooler of this conditions takes about 280 s to reach the equilibrium performance at which the
operation of the gas cooler should be stable. The negative sign of the plot value refers to the
fluidized system releases thermal energy to the coolant.

58



5 Result and discussion

0
" A Mwwmwwmmwww
]
& -2000
; l’ntal'r\:‘all and baffle ht.‘a:. transfer rate to sy :wm (J{s)
~ :n :n: ::gE g? i :::: transfe :::; :z f::;g 8;:;
_-E ooling tube 02 i heat rate to fluid (J/s)
E !
&= -4000
O
p]
[
et
[0
| S
= -6000
2
n
<
©
=
- -8000
D
I
-10000
0 100 200 300 400 500
Time (s)

Figure 5.8: Heat transfer rate for vertical tubes.

Below figure 5.9 shows the average fluid temperature at the top of the cylinder over time. Here
this is clearly seen that the fluid temperature goes down during simulation of this case. The
initial temperature of the fluid was 673 K which takes about 280 seconds to reach a constant
outlet fluid temperature close to 360 K and continuation of the graph confirms the operating
stability of the system.
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Figure 5.9: Average temperature at top of the gas cooler.

Time integrated heat transfer for simulation_V01 at figure 5.10 shows the value of total heat
transfer is approximately 10,00,000 J for 500 seconds. The graph is rapidly high at the
beginning of simulation and later changes gradually as the heat transfer rate tends to be stable.
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Figure 5.10: Time integrated heat transfer of cooling tubes.

Pressure of the fluid at top of the cylinder also change due to inlet gas interaction with the
particles in the bed. Figure 5.11 shows the pressure curve for time zero to 500 seconds where
the gas pressure drops rapidly in the beginning and maintain stable curve after 200 seconds.
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The following figure 5.12 shows the temperature profile over time. The initial temperature
change over time and reach to about 360 k in stable conditions.
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Figure 5.12 : fluid temperature profile over time.

The following figure 5.13: shows the particles temperature changes over time. The initial
temperature of the particles was 673 k and after 230 sec its reach to temperature about 360 k.
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Figure 5.13: Particle temperature changed over time.

Simulation_V02: The simulation of this case use the H/D ratio 1.0 and the initial particle
temperature is 293 K. The following graph in figure 5.14 shows (a) the total heat transfer rate
of the system, (b) gas temperature at the top of cylinder, (c) time integrated heat transfer from
wall to system and (d) the pressure from initial to final simulation time.
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Figure 5.14: Simulation outputs (a) heat transfer rate of system, (b) Gas temperature at outlet, (c) time integrated
heat transfer (d) pressure of gas.

As the particle temperature (293) input is lower than the gas inlet temperature (673 K), the
graph shows that the thermal energy transfer from gas to particle in the bed is positive. Later
these turns to negative direction which indicate the thermal energy floe out of the system by
coolant (average temperature 328 K). the time integrated heat transfer also takes about 250 s
to turn toward negative direction figure 5.14 (c). pressure changes very little during the
simulation figure 5.14 (d) whereas the fluid temperature changes significantly from 673 K to
350 K and this takes about 380 seconds to be stable. Figure 5.14 (d) shows instant change of
gas inlet temperature due to gas to particles heat transfer happening rapidly in the fluidized
bed. time integrated heat transfer shows that total heat transfer after 500 seconds is about
12,00,000 J.

Simulation_V03: This simulation for vertical internal cooling tube arrangement is performed
with H/D ratio 2.0 that means the total bed materials used hare about 23 kg. The simulation run
for 500 seconds, and the output of simulation shown at figure 5.15. Figure 5.15 (a) shows the
heat transfer rate of the system although the system is not seemed like stable but the trends of
the graph tales heat transfer rate at 500 s is about 950 J/s. Fluid temperature obtained at the top
of cylinder is about 460 K figure 5.15 (b). the amount of total heat transfer of the system is
about 10,00,000 J in 500 s by the graph 5.15 (c).
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Figure 5.15: Simulation_V3 (a) heat transfer rate, (b) fluid temperareture, (c) Time intregated heat transfer, (d)
time intrigated mass out flow at top.

5.8.2 Horizontal cooling tubes performance

Simulation_HO01: Horizontal tubes inserted in the dense phase of the fluidized bed are
simulated in this case. The simulation result shown in figure 5.16 where (a) heat transfer rate,
(b) fluid temperature at top, (c) time integrated heat transfer. After 250 seconds the heat transfer
rate curve nearly stable with in a little range of fluctuations figure 5.16 (a) but the fluid
temperature curve still downward in the same trends in figure 5.16 (b) which may go further
by increasing simulation time. Time integrated heat transfer shows the value approximately
5,00,000 J in 250 seconds.
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Figure 5.16 Simulation output of horizontal tubes (a) heat transfer rate, (b) fluid temperature at top, (c) time
integrated heat transfer.

Summary of findings: Various parameters calculated in this study to find the best geometry
as well as better heat transfer performance of the gas cooler are reported earlier of this chapter.

The calculation for the heat transfer of the gas cooler unit using the NTU method which give
very close result the simulation_V01 but for more realistic model of fluidized bed heat transfer
complex calculation should perform including heat transfer coefficient calculation and other
parameters.

The fluidization gas velocity was selected with range of superficial velocity and found the
optimum as 0.9 m/s but other velocity close to it also workable. H/D ratio range from 1.0 to
2.0 indicate the particle mass in the bed about 11.9 kg to 23.8 kg respectively. Within this range
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vertical tubes simulation_V01 and Simulation_V03 both performed better than the horizontal
simulation_HO1.

Simulation_HO01 show the runtime 250 s which supposed to run 500 s but stop due to
unavailable computer storage. So, the result of this simulation is compared with other
depending on the run time and plot trends.

In CPFD Barracuda VR® the thermal input setting is considered the average tube surface
temperature in between inlet coolant temperature to outlet temperature which is also an
approximation this also can be reduced by inserting the temperature range splitting into several
segments. The software automatically calculated the heat transfer surface area as well as the
heat transfer coefficient based on the model selected for drag force. Grid generation shows the
overall geometry may not considered if the part of geometry become very small in the cell in
grid generation.

The work presented in the thesis report recommend extending in future to get more realistic
model of gas cooler and accurate parameters that’s fits practically.

e Cyclone separator and particle collector should attach with presented design to prevent
loss of bed materials.

e Fluidized bed simulation data needs to be validated with experiment practically for real
system.

e Study with wide range of temperature different of coolant inlet and outlet.

e Different types of calculation and methods like log mean temperature difference
(LMTD) requires finding deviation.

e Should study the segment wise temperature input of cooling tube to get more realistic
simulation where present study used the uniform temperature all over the tube surface.

e Several tubes arrangement with wide range of temperature should study more for better
result.

e Calculation of heat transfer co-efficient (h) for such a system is highly recommended
instead of assumption. This will provide more information about design.

e Several structures of fluidized bed column may consider as particles will have more or
less space inside the bed.

e The different types of distributor plates should study.

66



6 Conclusion

6 Conclusion

A fluidized bed gas cooler is an efficient system for thermal control of a process stream. The
review of this topic shows that this fluidized bed heat exchanger has multi-applications in
various field. The task was to design fluidized bed-based gas cooler as well as the performance
calculation with CPFD Barracuda VR®. The geometrical parameters have studied based on
given data and later it was simulated on the software. The cooling load, heat transfer area, the
internal cooling tubes length and coolant flow rate is found to be approximately 742.6 J/s,
49500 mm?, 3221 mm and 12.78 kg/h respectively. Several simulations run in the CPFD
Barracuda VR®, and the heat transfer rate also found about 750.0 J/s where the inlet hot gas
cools down from 400 °C to about 90-100 °C for H/D ratio 1.0 and a bit more for H/D ratio 2.0
in vertical internal cooling tubes arrangement. Some simulations were also performed to tune
the geometrical shape of the gas cooler where maximum particle distribution is maintained
with less particles outflow of the top of the gas cooler. Vertical internal cooling tubes found
better performance compared to horizontal tubes arrangement.
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Appendices

Appendix A
Mean diameter calculation of particles.
Quantity in Di‘ameter in Actual quantity Actual Avarage diameter
Parcentage (%) micrometer .
Cumulative (um) parcentage (%) guantity (um)

0 6 0 0 0
0,03 6,21 0,03 0,0003 4,83092E-05
0,06 7,09 0,03 0,0003 4,23131E-05
0,09 9,14 0,07 0,0007 7,65864E-05
0,16 11,79 0,13 0,0013 0,000110263
0,29 15,2 0,26 0,0026 0,000171053
0,55 19,6 0,47 0,0047 0,000239796
1,02 25,27 1,18 0,0118 0,000466957
2,2 32,58 3,17 0,0317 0,00097299
5,37 42,01 7,1 0,071 0,001690074
12,47 54,17 13,49 0,1349 0,002490308
25,96 69,85 20,54 0,2054 0,002940587
46,5 90,06 24,52 0,2452 0,002722629
71,02 116,12 19,19 0,1919 0,001652601
90,21 149,72 7,92 0,0792 0,000528987
98,13 193,04 1,7 0,017 8,80646E-05
99,83 248,9 0,17 0,0017 6,83005E-06
100 320,93 0 0 0

Sum 0,014248348

Mean diameter (d,)

70,18357517
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Appendices

Data chart for calculating NTU for crossflow heat exchangers and gas properties.

T o1, —»

T,,orT,,

!

—» T orT,

e o

NTU
Thermophysical properties of carbon-di-oxide (COz):

T I [ 107 v 10¢ k- 10¢ - 10

(K) (kg /m?) (kJikg-K) (N -s/m%) (m'/s) (Wim - K) (m*fs) Pr

Ammonia (NH,) (continued)
400 0.5136 2.287 138 269 3.0 313 0.853
420 0. 4888 2322 145 297 404 356 0833
440 0.4664 2357 1525 327 435 306 0.826
460 0.4460 2.393 159 357 46.3 434 0522
480 0.4273 2430 166.5 39.0 492 474 0522
500 0.4101 2467 173 422 525 519 0813
520 0.3942 2504 180 457 545 §5.2 0.827
540 0.3795 2.540 186.5 4591 575 39.7 0824
560 0.3708 2517 193 520 6.6 63.4 0.827
580 0.3533 2613 199.5 565 63.8 (9.1 0817

Carbon Dioxide (CO;), AL = 44,01 Kg/kmol
280 1.9022 0.830 140 7.36 15.20 963 0.763
300 1L.7730 0.851 149 240 16.55 11.0 0.766
320 16609 0.872 156 939 18.05 125 0.754
340 1.5618 0.891 165 106 1970 142 0.746
360 1.4743 0.908 173 11.7 212 158 0.741
380 1.3961 0.926 181 13.0 2275 17.6 0737
400 1.3257 0.942 190 143 243 19.5 0737
450 L1782 0.981 210 178 28.3 245 0728
500 10594 1.02 231 218 325 30.1 0.725
550 0.9625 1.05 251 26.1 36.6 36.2 0.721
600 0.8826 1.08 270 306 407 427 o717
650 0.8143 1.10 288 354 445 497 0712
700 0.7564 113 305 403 48.1 56.3 0717
750 0.7057 1.15 321 455 517 63.7 0714
800 06614 117 337 510 551 712 0716
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Appendices

Alumina particles properties used in CPFD Barracuda VR® (a) density, (b) enthalpy,

(c) Thermal conductivity (d) heat capacity.
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Appendix D

Carbon dioxide properties used in CPFD Barracuda VR® (a)viscosity, (b) enthalpy, (c)
heat capacity (d) thermal conductivity.

Appendices

g -TE+06 [~
5.5E-05 |-
5E-05 |-
45605 75ES06
w i £l
@ 4E-05 =
. 2
2 35605 Z -BE+06
2 I o
I £
@ 3EOSF ]
5 o w
2.5E-05 | -8.5E+06 [~
2E-05 F
1.5E-05 |- -9E+06 -
L T - 1 — L — P 1 P )
0 500 1000 1500 2000 500 1000 1500 2000
Temperature (K) Temperature (K)
(a) (b)
01
1300 |-
g‘ 0.08
—_ | [ .08 -
< 1200 o §
f=1] =1
= I >
= =
- 1100 - 2 L
,5_5' I g 0.06
8 2
[-% [ c
1000 -
g I 8
- = 004
3 r g
T ooof 5
=
=
| 0.02
800 [~
| - | I | IR R | | 1 | J
0 500 1000 1500 2000 0 500 1000 1500 2000
Temperature (K) Temperature (K)

(©)

(d)

74




Appendices

Appendix E
Particle properties and gas flow conditions provided by Hydro Aluminium AS.
Parameter Unit Value
Mean alumina diameter pm 74
Particle envelope density kg/m?3 1900
Particle sphericity - 0.7
Void fraction at minimum fluidization - 0.442
Particle weight. Fraction. < 45 um - 0.0894
Parameter Unit Value
Inlet gas flowrate kg/h 8
Inlet gas pressure bar 1

75



Appendices

Appendix F

Task description.

University of
South-Eastern Norway

Faculty of Technology, Matural Sciences and Maritime Sciences, Campus Porsgrunn

FMHG606 Master's Thesis

Title: CPFD simulation of fluidized bed-based gas cooler
USN supervisor: Chameera Jayarathna

External partner: Hydro Aluminium &5 (Ron Mangalam Jacob, Burkhard Sachs, etc)

Task background:

Hydro Aluminium AS is one of the leading Aluminium producers in the world. Even though
hydro is already low carbon emitter per unit mass of Aluminium they produce, they are
continuously working on R & D activities to bring the emission level down. For one of such R
& D activities, need a cooler to design to cool down a stream of 00z at 400 %C and ([at
atmospheric pressure) to 100 °C or lower.

Task description:

Based on the nature of the R & D activities, the above-menticned cooler need to be designed
bazed on the fluidized bed concept. A cooling coil with running cold water should be
submerged in the dense part of the fluidized bed, and hot gas is fed from the bottom. Hot gas
is then cooled down due to heat transfer between hot gas, solids in the bed, and cooling water.

A figure of the concept is shown below.
i Gas out (100 °C)

— e
‘ Water in {30 °C)
——
Solid particle bed — A

T Gas distributer

Tﬁas i (400 °C)
Following tasks are assumed to be included in the research work.

= A detailed literature study should be done for such a cocler design.

* The geometry size should be calculated based on the gas volume flow rate and the
selected fluidization regime. A suitable gas volume flow rate will be discussed.

» The required cooling load and tube length should be calculated, and the mass flow rate
of the cooling liquid [water] should be calculated.

* A possible geometry should be considered based on first principal models.

» The CFD model for the case should be made with the CPFD software Barracuda VR, and
the design should be further optimized to maximize the cooling efficiency and
minimize the particle entrainment.
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Student category: EET and PT students who has actively followed the CFD course {PT3110-1)
during the autumn semester.

Is the task suitable for online students [not present at the campus]? No

Practical arrangements:
The student will use a CPFD software called Barracuda VR. USN will provide access to the
software.

Supervision:

Az a general rule, the student is entitled to 15-20 hours of supervision. This includes necessary
timie for the supervisor to prepare for supervision meetings (reading material to be discussed,
etc).

Signatures: LA
Supervisor (date and signature): : T 23022024

Student [write clearly in all capitalized letters):  MD AL-AMIN

n-24

Student [date and signature):

o\~
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