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ABSTRACT

EXPERIMENTAL INVESTIGATION OF FLUDIZED BED TO BE USED
AS SOLAR THERMAL ENERGY STORAGE

Polat, Esra
MSc., Department of Mechanical Engineering
Supervisor: Prof. Dr. lker Tar1

August 2019, 71 pages

An air-granular particle fluidized bed system with dimensions of 0.08 m x 0.4 m x
0.08 m designed and analyzed experimentally and modeled with a commercial CFD
software. The aim of the hydrodynamic and thermal experiments is validation of
the numerical model previously developed by Serdar Higdurmaz. For this purpose,
an experimental setup is built at METU and CFD model of Higdurmaz is modified
for the new geometry with the same solution settings. First-order time discretization
and Eulerian-Eulerian approach are used in the model. Syamlal O’Brien drag model
and Gunn thermal model are applied. Silica sand from Geldart B type particles is
used in both experimental and numerical studies. After sand particles, all
experimental studies are repeated with sintered bauxite particles, which are called
CARBOHSP, to compare the behaviors of different particles in the fluidized bed
system. Experimental results of pressure drop and bed height expansion are used
for validating the CFD model. During thermal experiments, 585 K hot sand is used
and, with K-type thermocouples, temperatures are measured and compared with the
simulation results. Both hydrodynamical and thermal experimental results are

consistent with the CFD results.

Keywords: Thermal Energy Storage, Bubbling Fluidized Bed, Multiphase Flow



0z

ISI ENERJi DEPOSU OLARAK KULLANILAN YATAKLARIN
DENEYSEL iINCELENMESI

Polat, Esra
Yiiksek Lisans, Makine Miihendisligi Boliimii
Tez Danismani: Prof. Dr. Ilker Tar

Agustos 2019, 71 sayfa

Hava ve graniiller tanecikli yapidaki, 0.08 m x 0.4 m X 0.08 m boyutlarinda
tasarlanan 1s1 enerjisi depolama iinitesi, deneysel ve hesaplamali akiskanlar
dinamigi yazilimi yardimiyla incelenmistir. Hidrodinamik ve 1sil deneyler Serdar
Hicdurmaz’in [19][29] sayisal ¢aligmasini dogrulamak amaciyla yapilmistir. Bu
amag dogrultusunda ODTU’de deney diizenegi kurulup Hicdurmaz’m modeli yeni
geometri ve ayni ¢oziim yollartyla tekrar modellenmistir. Modelde birinci derece
zaman ayristirma tercih edilmis ve Eulerian-Eulerian yaklagimi Kabul edilmistir.
Modelleme caligsmasi boyunca Syamlal-O’Brien siiriikleme modeli ve Gunn termal
modeli kullanilmistir. Her iki ¢alismada da Geldart B tanecik tipindeki silika kum
kullanilmistir. Biitiin deneyler kum taneciklerinden sonra tezde CARBOHSP olarak
anilan sinterlenmis boksit tanecikleriyle farkli pargaciklarin akiskan yatak i¢indeki
davranislarini karsilastirmak i¢in tekrar edilmistir. Yatak boyunca basing diistimii
ve yatak yiikselme oraninin deneysel sonuglar1 yazilim degerleri ile dogrulanmastir.
Isil deneyler sirasinda 585 K sicakliginda kum kullanilip sicaklik degerleri K tipi
1s10lgerler ile Ol¢iiliip model verileri ile kiyaslanmistir. Her iki deneyin sonuglari da

model sonuglari ile tutarlilik gostermistir.

Anahtar Kelimeler: Is1 Enerji Deposu, Kabarcikli Akigkan Yatak, Cok Fazli Akis
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CHAPTER 1

INTRODUCTION

1.1 Motivation

We have relied on burning fossil fuels to generate energy for quite a long time.
However, using coal, gas, and oil for our needs is causing a problem in today’s
world. One of the greatest environmental challenges is climate change, and our
addiction to fossil fuels is the main cause behind it. Even though we act like there is
a limitless available amount of these energy resources, actually they are fast
running out. Renewable energy is the answer to these problems, and solar energy is
a promising candidate with other clean energy suppliers. Solar energy can be
operated by current technologies as directly or indirectly. Wind, wave, low grade
geothermal and tidal are examples of indirect solar energy sources. Direct solar
energy source includes solar rays and they can be converted to useful energy by
two different technologies: solar photovoltaics (also known as PV) and solar
thermal energy systems (STEs). The main difference between solar photovoltaics
and STE is in their working principles. PV technology directly converts sunlight
into electricity using panels made of the semiconductor (such as silicon-
monocrystalline, and amorphous) cells [1]. Herewith, PV technology can be
operated only when the sun is available. Even though PV panels have reduced costs
for some time now, this technology has a significant drawback, which is that energy
can’t be stored without high energy storage costs. Second solar power technology,
Concentrated Solar Power systems (CSP) focus on the heating ability of solar rays.
The concentrated sun light can be directly used as a heat source or used to drive a
heat engine cycle. The most important advantage of CSP systems is that the heat
can be stored in various media easily and cheaply so these systems may not be

affected by the intermittent nature of the solar resource.
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The reasons behind the spectacular rise in solar panels shown in Figure 1.1 are the
money-savings, the low initial cost, the long lifetime of panels. Photovoltaic
systems are more common in daily life because of their easy applicability at
workplaces, solar farms and even in residential home use. Despite all, CSP systems
still have a strong advantage because of their storage ability which should be
further developed. In this study, the main aim is modeling and experimentally
investigating a fluidized bed thermal energy storage unit. In the literature, there are
many studies in the fluidization field. Most of them are numerical, and just a few
experimental studies exist. This study includes many similarities to Taghipour’s
study [20]. A similar experimental set-up has been built and numerically supported.
The difference between the experimental setups is the bed geometry. The most
important factor which makes this study different from Taghipour’s study is the
thermal experimental study because he validated his numerical study only

hydrodynamically.

1.2 Concentrated Solar Power Systems

The incident solar energy is not dense enough to obtain high temperatures. The
working principle of CSP systems relies on focusing solar radiation using reflectors
onto a receiver and transforming absorbed radiation to heat. In common
applications, this heat is carried by a heat transfer fluid (HTF) to a steam or gas
turbine, i.e., a heat engine to produce electricity. That heated HTF can also drive a
thermochemical process. Solar rays may be concentrated with two different
methods. The first one is the point focusing system; the second one is the line
focusing system. In applications, parabolic through and linear Fresnel collectors are
examples of line focusing systems. In contrast, solar tower and dish systems belong
to point focusing technologies. The four main CSP systems are represented in
Figure 1.3. Each CSP power generator technology has distinctive properties. They
have different working fluids, operating temperatures, abilities to focus sunlight,

compatibilities with the power cycles and costs.
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Parabolic Though Collector (PTC) systems have very high concentration ability;
these collectors can take HTF up to 500°C. These line focusing collectors have
cylindrically shaped parabolic mirrors and these reflect the sun rays onto a tubular
receiver positioned in the focus line of the parabola. This tubular receiver with HTF
transfers the heat to related devices [5]. Among the line focusing systems, PTC

systems have the best overall plant efficiency.

Linear Fresnel (LFR) systems work similar principles with PTC systems but,
distinctively, they apply linear focusing instead of circular focusing. Although PTC
systems show more widespread usage, LFR system collectors are cheaper. Mirrors
may be flat or capable of bending with basic constructions. Thanks to this design
simplicity, they allow the configuration in various types. At this point, their

collector-reflector structures supply packing ability. LFR systems can supply a



wide range of temperatures, 200 °C to 500 °C. Higher values are under

development [6].

The power tower system is an example of a central receiver or point focusing
system. Diversely from line focusing systems, they become of multiple tracking
mirrors (heliostats) and one center receiver which is installed on a tower. Because
of the fixed position of center tower receiver there is a limitation for collecting sun
lights but, to overcome that conflict receiver area is increased to reach necessary
energy efficiencies so this system needs wide land use. According to HTF

characteristics, power tower systems can produce up to 1000 °C.

Parabolic dish systems include a reflector with parabolic-shaped that focuses the
lights at a point onto a receiver. This system supplies HTF with a similar
temperature of power tower systems. As advantages, these systems have low mirror
costs, high quality, the easy setting for their modular structures and balanced design
[8]. Parabolic dishes are the most efficient solar to electricity technology due to
their high concentration ability. As a disadvantage, their maintenance cost is high
by the reason of required two-axis tracking system.

1.3 Thermal Energy Storage Systems for CSP Applications

Intermittent nature of solar energy necessitates incorporation with efficient thermal
energy storage (TES) systems. The materials used for TES systems should have
some characteristic properties for effectivity such as; high thermal conductivity,
high specific heat, high latent heat, chemical stability, low volume change, low
cost, non-toxic, easy availability [9]. These materials may be classified into three
main groups according to the heat storage mechanism as sensible, latent and

chemical.

Sensible heat storage materials store that energy of heat in their specific heat

capacity. Water, thermal oils, molten salts, liquid metals, and earth materials are the



best examples for this group [9].

All materials have some advantages and drawbacks. When water is easy to achieve,
has a low cost, and high specific heat capacity (C,), it also has a high vapor
pressure and leads to corrosion. Thermal oils have higher heat storage ability than
water due to their wide range of operating temperatures (12 °C-400°C) and lower
vapor pressure than water but have a high cost. If the operating temperature is
higher, molten salt became the most popular choice (operating temperature up to
600 °C). They have high thermal stability at high working temperatures, high
volumetric heat capacity, low vapor pressure but they have a high melting point and
low fluidity (this increases the pump cost). A power plant illustration with molten
salt heat storage system is seen in Figure 1.4 [10]. Earth materials are also used as
heat storage materials. Besides storage, they can be direct contact with heat, so
there is no heat exchanger cost. Also, they are available, cheap, non-toxic and non-
flammable [9].

Latent heat storage materials store the heat while phase changing processes. The
solid-liquid phase change is the most popular type due to the drawbacks of others
like huge volume change between liquid-gas phases. In the organic category;
paraffin, esters, alcohols, in inorganic category; salts, salts eutectics, salt hydrates,
metals, and alloys are the examples. While latent heat storage materials have a high

density of energy storage, they have low thermal conductivity [9].

Chemical heat storage systems use reactions to heat storage. Magnesium hydroxide,
calcium chloride and aluminum sulfate are some suitable examples of chemical
storage systems. These systems provide the highest capacity for thermal energy
storage. The disadvantages of these systems are reactions occur slowly and that

reaction materials may undergo sintering.
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1.4 Granular Particles as Heat Storage Medium

Two tank molten-salt thermal energy storage systems are state-of-the-art TES
systems in CSP technologies. Current molten salt storage systems face many
difficulties; material stability at high temperatures (high operating temperature
means high system efficiency), freezing of salt at low temperatures, material
compatibility with metal-nonmetal materials at high temperatures, high salt and,
silo costs. Granular solid particles can overcome these efficiency restricted factors.
According to Ma et al. [11] investigation cost analysis specify that when particle-
based TES systems costs less than $10/kWhy;,, molten salt-based TES systems cost
more than double of it. In the same study, researchers indicated that fluidized bed
TES systems can operate the system with higher than 800°C temperature and with

over % 95 efficiency.



In the literature, solid particles were operated in TES systems with different
techniques. In Warerkar et al. [12] study air-sand HEX was examined with cross
tubes. In spite of efficiency is high enough cracks were observed on the walls after
a short time. In some other applications moving bed exchangers were studied [13].
The main drawback of this system is lower efficiency due to indirect heat

exchange.

Fluidized bed (FB) system is one of the best solutions to utilize the advantages of
solid particles. As shown in Figure 1.5, hot particles can be fluidized by
compressed fluidizing gas and thermal energy in the system can be used for
producing power. While selecting particles, material properties (heat capacity,
particle size, and density), endurance ability, cost, and compatibility with
fluidization should be considered. In the below system, cold particles move through
the particle receiver to get heat by a lifting system. Hot particles fall into the hot
silo and by help of a feeder enter to the FB-heat exchanger. After transferring their
heat to fluidization gas, move through to a cold silo. The heated gas may drive a

Rankine steam generator or a Brayton cycle.
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In this experimental study, silica sand is the granular material. Also, fluid is air in

fluidization bed.

1.5 Phenomenon of Fluidization

Fluidization is a process that transforms granular solid particles into a fluidic state
by help of gas or liquid medium. There are various forms of the batch of solid
particles that contact a fluid. When the fluid moves through to the upper side of the
bed with a low flow rate and if solid particles stay stable, this type called fixed bed
and can be seen in Figure 1.6 (a). When the flow rate little increases, particles start
to mobilize, and this form is called expanded bed. If flow rate continues to increase,
at one point the drag force on particles and the weight of the particles come to a
balance region. This region is called the minimum fluidization condition. Also, the
velocity under this condition is named as velocity of minimum fluidization (U,s)
Figure 1.6 (b). After minimum fluidization, if flow rate increased and when the
system includes liquid as a fluid bed passes to smooth fluidization regime Figure
1.6 (c). All regimes are not common for liquid and gas fluid types. After minimum
fluidization, if the system is a gas-solid system bubbling is observed, Figure 1.6 (d).
In extraordinary cases, in a solid-liquid system, if solid particles are very dense,
bubbling may be observed. In solid-gas systems, if flow rate still increased and bed
is high enough and not have large a diameter, bubble size increases and spreads
across the vessel. This regime is called slugging Figure 1.6 (e). For coarse particles,
slugging maybe occurs as flat slugging, as seen in Figure 1.6 (f). Again in a solid-
gas system, if particles are fine enough and gas flow rate is quite high, the terminal
velocity of the solids is exceeded and visible entrainment occurs. In this regime,
bubbles turn to different shapes and sizes, and the turbulent motion of granular
particles are observed. As shown in Figure 1.6 (g) this state named as turbulent
fluidization. Finally if flow rate more increased, particles are moved through
outside of the bed. That final state is called as lean phase fluidization and shown in
Figure 1.6 (h).
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Figure 1.6 Various forms of batch of solids by contacting fluid [14]
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The minimum fluidization velocity as follows [2]:

Hg Remf
=|—- 1
Umf ( dspg ) ( )

Here Re,,; is Reynolds number in minimum fluidization conditions.

The terminal velocity, Uy which mentioned above is defined as a velocity at which

all forces on the particle are in equilibrium and it can be expressed as;

4d5(p5 - pg)g)l/z

U, =

(2)

here Cp, represents the drag coefficient.

Fluidization quality depends on different factors. The first is the size and shape of
the granular solid particles. In fluidization, spherical shapes are demandable.
Broadly, fine particles lead to clumping if they are moist, but if they are dry, they
allow for satisfying fluidization at a wide range of gas flow rates.

In contrast, coarse particles are hard to fluidize. Generally slugging is observed,

also in this uneven state structural damage may occur.

Besides solid material properties, gas phase properties are also important.
Hydrodynamic properties of the gas, such as density and dynamic viscosity,

directly affect the behavior of fluidization in gas-solid systems.

The second important factor is the density ratio of the bed. Liquid-solid mixtures
tend to be homogenous but in solid-gas mixtures ratio is significant for fine
fluidization. Besides these, bed geometry, the tendency of solids to clumping, and

type of solids are some other factors.

11



Fluidized bed systems are useable for different industrial applications. Coal
gasification, heat exchangers, gasoline production from other petroleum fractions,
gasoline production from natural and synthesis gases, synthesis reactions,
metallurgical processes, solidification, the coating of objects and drying of solids
some important examples of these applications [14].

1.5.1 Bubbling Fluidized Bed

Fluidized bed system’s efficiency is directly related to the ratio of interaction
between different phases. In gas-solid systems flow regime of the gas through the
bed and its heat transfer ability with the solid particles affects the performance. As
mentioned earlier, after the minimum fluidization regime, one observes the
bubbling fluidization. In this regime bed appears divided into two different phases;
emulsion (dense regime) and bubbles. Bubble size, shape, and rising velocity are
the important parameters for the characterization of a bubbling fluidized bed.
Generally, bubbles are observed with Geldart A and B types of particles and mostly
while bubbles are small with Geldart A-type particles they are bigger with Geldart
B type. While designing a bubbling fluidized bed, superficial gas velocity should be

set between U,,r and Ur.
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Figure 1.7 Bubble schematic in bubbling fluidized bed [15]

As seen in Figure 1.7, bubbles are nearly hemispherical. The area under the bubble
is called the wake, and this area includes an important amount of solid particles. A
cloud occurs at the surrounding of the bubbles; this area has solid particles with

higher density from inside of bubbles but with lower density than the dense regime.

1.5.2 Geldart’s Classic Classification of Particles

Every granular solid particle cannot be fluidized. The motion characteristic of the
particle in a fluidized bed mostly depends on particle size and its density. Particles

are classified into four main groups by Geldart.

Group A particles can be easily fluidized and generally low gas flow rates are
enough for fluidization. Density of this group of particle is not high (<~1.4 g/cm3)
or/and have a small particle size (d <30 um) [16].
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Group B particles are named ‘sandlike’ particles. Generally in this group, particle
size changes between 150 um and 500 pm and the density of particles from 1.4 to 4

g/cm3[16]. Glass beads and sand are the best examples of this group.

Group C particles are also called ‘cohesive’ particles. The diameter of the particles
usually smaller than 30 pm like group A but fluidization ability is extremely low
because of the large interparticle forces. Flour and starch are common examples of

this group.

Group D particles are also known as ‘spoutable’ particles. These particles are very
dense and diameter also high when compared with other groups. Without an equal
flow rate in the bed and an improper bed type, they are not able to fluidize. Coffee
beans and lead shots are some examples of this group.

In this experimental study, silica sand will be used as early mentioned. In the
Geldart classification, our particles belong to group B.

10
Pl N
P10 x B N D
(kg m™) 7 \\
+4 N Sand-like Spoutable
A N
A N
1 Z A \x AN
<~ Aeratable N N
- ~ ~
- N N
1~ AN AN
— C o< N
| Cohesive
0.1 L L]
10 100 dp (um) 1000 10000

Figure 1.8 Geldart classification of the particles diagram [16]
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In fluidized bed applications, if granular particles are not specific, the bed contains
particles that have different sizes and shapes. Because of a wide range of particles
are not perfectly spherical a term as sphericity (¢) is used which defined as the ratio
of the surface area of a sphere to the surface of the particle with the same volume.
For perfect spherical particles ¢=1 but it’s less than one for irregular particles. The

formulary definition is; [17]

¢ =2 3

D

Here A.q is the perfect sphere surface area and A, is the surface area of the particle.

For nonspherical particles, equivalent diameter term is usable and defined as; [17]

d, = (22173 @)

In formulation V, represents particle volume.

With the information of density and diameter, particles are placed in the Geldart’s

diagram.

1.6 Thesis Overview

In this study, a sand-air fluidized bed was investigated experimentally and
simulated with ANSY'S Fluent 17.2.

In Chapter 1, the advantages of thermal energy storage systems and how a fluidized
bed with granular particles motivated the author was mentioned. Also, milestones

about fluidization theory were indicated for basic informing.

In Chapter 2, an experimental study was detailed expressed to the readers with both

visually and wordily.
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In Chapter 3, model development is briefly mentioned.

In Chapter 4, the results of the experimental studies and simulations were compared
and discussed in different aspects.

In Chapter 5, concluding remarks are mentioned in the direction of the results.
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CHAPTER 2

EXPERIMENTAL STUDY

In this chapter, the experimental setup will be described in detail and, the

eprocedures performed during the experiments will be explained.

The experimental set-up was built at the heat transfer laboratory of the Mechanical
Engineering Department of the Middle East Technical University. This laboratory

has much equipment such as a furnace, compressors, manometers, thermocouples.

The goal of the experimental study is observing the hydrodynamic and
thermodynamic behaviors of a fluidized bed in special cases. Herewith,

experiments were performed in two sections;
1- Hydrodynamic (cold) experiments
2- Thermal (hot) experiments

Section names are directly related to the particle temperature because in cold
experiments, particles were used at ambient temperature, but in hot experiments,

these were heated up.

2.1 Hydrodynamics Experiments

The experimental setup was ready to perform the experiments after the design,
production and necessary modification steps. Hydrodynamics experiments are
performed first. The schematics of hydrodynamics experimental set up is shown in

Figure 2.1.
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Figure 2.1 Schematics of hydrodynamics experimental setup

The setup consists of an air compressor, bed, wind box, and pipe connections
between them; pressure regulator, rotameter, two manometers, camera and granular
particles inside the bed.

Figure 2.2 shows the hydrodynamics experimental setup.
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Figure 2.2 The hydrodynamics experimental setup

First, the bed and the wind box was designed in the Catia program. These were
produced in the machine shop of the Mechanical Engineering Department of the
Middle East Technical University. All experiments were carried out in a 0.08 m x
0.4 m x 0.08 m fluidized bed (Fig. 2.3).
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Figure 2.3 Schematic drawing of bed

In cold experiments, the side and back walls were stainless steel and the front wall
was plexiglass to observe the motion of granular particles. In hot experiments, all
walls were stainless steel with 2 mm thickness because plexiglass is not appropriate
for high temperature applications. A conical wind box was produced from the same
stainless steel and it was placed between fluidized bed and air pipe to prevent

effects of the unbalanced entry of air.
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Geldart B type silica sand was used as solid particles with 600-micron diameter and
2300 kg/m3 density. Fluid was air at ambient conditions in all experiments.

Volume fraction of the sand particles was 0.6.

After the experiments with silica sand, hydrodynamics experiments were repeated
with CARBOHSP particles. These particles consist of Al,04, SiO,, Fe, 05, TiO, and
a few more. The density of CARBOHSP is 2500 kg/m3® and the mean diameter is
350 microns [28].

Figure 2.4 Real view of bed with sand and CARBOHSP particles
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Figure 2.4 shows the bed with two different solid particles. At the left side, the bed
filled with silica sand particles, at the right side, the bed filled with CARBOHSP
particles are shown. For both cases, the static bed height was 0.15 m. CARBOHSP
particles were used in hydrodynamics experiments only to compare its behavior

with the sand.

During the experiments with sand particles minimum fluidization velocity was

measured as 0.252 m/s and minimum fluidization bed height was around 0.165 m.

For the first section of the experiments, two different manometers were placed at
0.025 m and 0.39 m height and middle of the horizontal axis of the sidewall.
Manometers were purchased from the Pakkens brand and they can measure
pressure between 0-100 millibar. These manometers can be seen in Figure 2.4.
During cold experiments, hydrodynamic behaviors like pressure drop and bed
expansion of the bed were followed with superficial velocities of 0.38 m/s and 0.46

m/s.

At the bottom and upper of the bed wire meshes were placed to keep particles
inside of the bed. During experiments, a common wire mesh was used for
CARBOHSP and sand particles. The material of the wire mesh is stainless steel
with Cr and Ni. The gap between two wires is 197 micron and wire mesh includes
almost 56.000 holes through the bed cross-section. Also, a honeycomb plate was
fixed at the bottom of the bed to help the uniform airflow. The seal was applied

between bed and wind box for sealing.

A piston compressor was used for air supply, as seen in Figure 2.5. Compressor
brand and model are Ozen, TK-300/2x90. It has a 500 It vessel volume and two

cylinders. Its air supply capacity is 700 I/min and system pressure is 8 bars.
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Figure 2.5 Air compressor

Between the compressor and fluidized bed, a rotameter and a pressure regulator
were fixed on the pipe with 21mm inner diameter to stabilize the air properties.
Regulator’s brand is Hidroan, AC5010-10-1"".
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Figure 2.6 Rotameter and pressure regulator

Two clamps were used to stabilize the vibration of the system. An aluminum folio
pipe was used to throw air inside the bed with control.

Experiments were started by activating the compressor to achieve its maximum
system pressure. When oscillations on manometers decrease pressures were
recorded with the help of a camera. The necessary flow rate value was calculated
from multiplying the desired inlet velocity and the cross-sectional area of the bed.
During all experiments, the flowmeter was observed to prevent the compressor’s
sudden air supply inside through the bed from the inlet position. One or two
adjustments were made by hand to stabilize the airflow rate during the experiments.
Pressure values and motion of sand particles were recorded in every two minutes.
Pressure results were obtained by the processing of videos. During processing,
three different values were saved in a second and these values were averaged to
obtain a result for each superficial velocity. Pressure drop experiments were

repeated with superficial velocities of 0.21 m/s, 0.38 m/s, 0.46 m/s, 0.52 m/s and
0.6 mf/s.

24



2.2 Thermal Experiments

Thermal (hot) experiments are the second section of this study. This second setup
was constructed by changing hydrodynamics experimental setup. The main
difference was the temperature of the particles. K type thermocouples were inserted
into the center of the bed vertically at seven different elevations on a thin tube. The
test setup was prepared for higher temperatures, but higher temperatures could not
be obtained due to the limitation of the furnace. The tube was used to keep
thermocouple places fixed. The ceramic blanket insulator was used on the outside
of the bed with 0.1 W/mK thermal conductivity and 1000 J/kg-K capacity of
specific heat. The thickness of the insulator was 10 cm. Keysight-34972A model
data logger was used during all experiments.

Before starting the thermal experiments, sand and CARBOHSP particles were
heated in the furnace shown in Figure 2.7. A stainless steel container was designed
and produced compatible with the furnace’s inner dimensions to insert the particles
into the furnace. Heated particles were poured in the bed by hand. As in the
hydrodynamics experiments, the compressor was activated before starting
experiment. The same superficial velocities were applied to the bed and the

temperatures of 7 different points were recorded with the data logger.
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Figure 2.7 Furnace
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Figure 2.8 Schematic of thermal experimental setup

Figure 2.9 shows the thermal experimental set-up. The insulation material, the
thermocouples and the data logger are the differences from the first set-up.
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Figure 2.9 The thermal experimental set-up

During the experiments, few factors were observed which affected the accuracy of
the experimental results. The major factor is the fluctuations in the manometers and
flowmeter. During the pressure drop measurements, manometers were continuously
oscillated, and average pressure was determined by the data from the video via the
eyeball method. Flowmeter was also slightly oscillated, and this caused to
fluctuations in the superficial velocity. Also, while determining the bed expansion
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level eyeball method was used and this caused some deviations. Bubbles inside the

bed and vibration due to the compressor are the other reasons for the fluctuations.

2.3 Expected Uncertainty

During experimental studies, there is a difference between the true value and
measured value, which named as the error. Uncertainty term can be explained as
the possible error value in measurements. Uncertainty can be originated from
several reasons: measuring system errors, system-sensor interaction errors, system
disturbance errors, etc. Analyzing the uncertainty helps to understand the effects of
these errors on measurements. There are two types of uncertainties: single sample
and multiple sample ones. The difference is related to many taken independent data
from different test points [18]. In this study thermocouple-data logger system
records only one data in per two seconds so it can be categorized as a single sample

experiment.

In heat transfer experiments, velocity, radiation and conduction problems on the
probe are examples of possible error sources. In standard K-type thermocouples,
expected uncertainty is given as +2.2 C°. This range can be reduced to +1.1°C in

special types.

In the spec sheet of data acquisition system this range is indicated as +2.1 C° and
this value is equal to the sum of the probe accuracy (+1 C°) and probe vendor

specified accuracy (£1.1 C°).

Reasons for the errors (fluctuations, eyeball method) in hydrodynamic experiments
are stronger than the expected uncertainty, thus the manometers are left out of

expected uncertainty analysis.
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CHAPTER 3

CFD MODEL DEVELOPMENT

Hydrodynamics and thermal experiments were the first part of this study. After
completing measurements, the fluidized bed was modeled for hot and cold particle
cases. In this chapter, the numerical model of fluidized bed is explained.

3.1 Physical Components of the CFD Model

In this study; solid particles, fluidizing gas, and bed geometry creates the essential

physical components of the system.

3.1.1 Solid Particles

In fluidized bed studies, various solid particles were investigated as solid phase.
Diameter, specific heat capacity, chemical composition, conductivity, and porosity
are some important properties for selecting the particles. If the particles will be
used in a large system, the cost is also an important parameter. As mentioned in the
experimental setup section, amorphous silica sand was used in the fluidized bed

system. There are many motivations to select sand in dense fluidization regimes;

e Thermally stable at high temperatures (+900 °C) and this directly affects

cycle efficiency,
e Low cost and availability,

e Non-toxic, non-flammable,
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e Act as both heat transfer surface and storage medium so no need for a costly

heat exchanger.

The thermal properties of sand generally tend to be in linear variation with
temperature. At room temperature, the specific heat capacity of the sand particles is
around 920 J/kg K and it is nearly 1130 J/kg K at 1000 K. Again at room
temperature, the thermal conductivity is 1 W/mK and almost 2 W/mK at 1000 K
[19][29]. As mentioned before, silica sand belongs to the Geldart B type particle

group.

In this study, CARBOHSP particles are investigated only experimentally because

the necessary information for simulations could not be found.

3.1.2 Fluidization Gas

In fluidized bed systems, liquid or gas materials are used as fluid. Water can be a
good example of the liquid type. CO, and air are the commonly used fluids in gas
phase. When gas type fluids are used in fluidized bed system moisture level
becomes an important parameter because it directly affects the quality of
fluidization due to moisture may make particles sticky. Air is determined as fluid in

this study because it is a good choice for fluidization, easy to use and no cost.

3.1.3 Bed Geometry

In the literature, different sizes and shapes of bed geometry were tested, but the
most preferred geometries are cylinder and the rectangular prism. Taghipour et al.
[20] were used a 0.28x1 m rectangular 2D system, Syamlal et al. [21] were used an
axisymmetric 2D geometry with H=2 m and D=0.229 m and Peirano et al. [22]

were used a rectangular 3D system with dimensions of 0.8x0.7x0.12 m.
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In this study, all experiments and simulations were occurred in a bed with
dimensions 0.08 m width, 0.08 m depth and 0.4m height. Rectangular prism bed
shape has an advantage for minimizing the total area for multi-bed designs. User-

defined design parameters are shown in Table 1.

Table 1. Parameters of physical model

Bed height 0.4 m
Bed width 0.08 m
Bed depth 0.08 m
Static bed height 0.15 m
Particle density 2300 kg/m?
Air density 1.225 kg/m?
Mean particle diameter 600 um
Initial void fraction 0.6 -
Superficial air velocity 0.38,0.46 m/s
Temperature of air inlet 300 K
Temperature of initial sand particles 585 K

3.2 Solution Approach

The structure of fluidized bed consists of two different phases as gas and solid so
CFD model built with the aid of multiphase flow and Eulerian-Eulerian model in
ANSYS Fluent 17.2. All simulations were solved with pressure-based solver and as

transient. Gravity was defined as 9.81 m/s?.

In the Eulerian-Eulerian approach, mass balance, momentum balance, and energy
balance equations are derived separately for each phase. These balances are
correlated with volume fractions of the phases. The conservation of the mass can be

expressed as;
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a(smpm) + V. (Emmem) =0 (5)

Because there is no mass change and mass transfer between phases in this study,
the right-hand side of the formula is zero. On the left-hand side, the first term
represents the mass accumulation and the second term is the mass flux rate.

Momentum balance equations for gas and solid phases can be expressed as [20];
a — ——> = - — —
pn (egpg0g) + V.(g4p4040,) = —€,VP + V. T, + 40,8 + Kys(vy — 05)  (6)

where s and g represent the solid and gas phases. K, is the momentum exchange
coefficient between gas and solids. P is pressure and 7, is stress tensor for the
above equation. The first term is momentum change, and the second term is
momentum transfer on the left-hand side. Equation (7) shows the energy balance
equation of the phases.

0 . 0P, - .
a (Empmhm) + V. (Empmumhm) =&n a_: v+ Tm: VUm - qu + Qint (7)

On the right hand side, the terms represent flow work, heat production because of
the viscous dissipation, the heat flux of convection and heat exchange of solid and

gas phases in line.

The most significant transfer mechanism between phases is drag forces in fluidized
beds. Syamlal and O’Brien drag correlation was applied for the drag model
[19][29]. Due to the cellular structure of dense regime, particle-particle collisions
occur and, it leads the momentum transfer between particles. The stress that occurs
from the collisions is named collisional stress. Restitution coefficient (egs) is a term
that defines this particle collision’s elasticity. If egg=1 this means fully elastic
collisions otherwise collisions are inelastic. In this simulation restitution coefficient

is assumed to be 0.99.
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Frictional stress is another type of stress on particles in dense regimes due to
contact of particles to each other. Frictional viscosity was derived from frictional
stress calculations by Johnson and Jackson [19] and this model was assumed in

simulation.

In the dense regime, granular particles tend to keep together due to the bulk
viscosity of solid phase. The bulk viscosity definition by Lun et al. is taken into

consideration in that simulation [19].

While validating the gas-solid fluidized bed’s experimental results with the CFD
model, some coefficients are used for accurate comparison. Restitution coefficient
and specularity coefficient are very important parameters while modeling the
interactions between particle-wall and particles each other. Restitution coefficient
directly affects the pressure fluctuations, size of the bubble, and rising velocity. In
the study of Hicdurmaz [19][29], several restitution coefficients and specularity
coefficients were tabulated for an averaged void profile to find the best option. As a
result, the restitution coefficient was selected 0.99 as early mentioned and the

specularity coefficient was determined as 0.1.

As the numerical solution approach, phase coupled SIMPLE algorithm was selected

due to suitability for pressure-velocity coupling.

In hydrodynamics simulations, pressure drop across the bed and the bed height

variation were converted.

The above approaches are common to both hydrodynamics and thermal
simulations. For the thermal model, some other settings and approaches were
applied. Firstly, thermal properties of air and sand are not constant due to
temperature change with time so these were set as temperature dependent by
piecewise-linear method. Heat loss from the walls by convection was considered in
boundary conditions with the shell method. The thermal conductivity and
thicknesses of stainless steel and insulation materials are the key parameters in this

method.
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Also, the heat transfer coefficient of air was set as 5 W/m?K due to the natural
convection considered during heat loss to the ambient. Figure 3.1 illustrates the
heat loss process, on the left-hand side of the figure represents the inside of the bed.
The deficiency of this setting is that thermal contact resistance was ignored because
its accurate prediction is very hard.
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Figure 3.1 Heat loss points through the outside of the bed

Heat transfer mechanism between phases is very important for fluidized bed

modeling and it can be detailed as;

Qine = hA(Ts - Tg) ®

where h is heat transfer coefficient between gas and solid. Temperature and
interphase heat transfer coefficient (h) is the parameters that are obtained from the
thermal model simulations. Gunn [23] Nusselt number correlation was considered

for thermal interphase interactions.
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Nug = (7—10gg +5&,2)(1+0.7Re **Pr'/3)+(1.33—2.4¢,
+1.2e,%)Re, %7 Pri/3 (9)

Here Pr is the Prandtl number and Re, represents the Reynolds number for particles

and it is defined as

_ psdslv.; - 5;'

Re (10)
IJ’Q
s and g subscripts represent the solid and gas phases.
Interphase heat transfer coefficient can be yield from below relation
h dg
Nug = (11)
kg

where k, defines the conductivity of air.

All these correlations were set as user-defined functions to calculate the interphase
heat transfer coefficient.

3.2.1 Mesh Refinement Study

Cubic meshes are created uniformly by ANSYS Meshing tool. If the diameter of
the particle is higher than the ten times of the mesh size accuracy of the results is
exceedingly high [30]. Also, acceptable results are achieved by higher ratios than
the ten in the literature. [7]. Figure 3.2 shows the meshed domain of the simulation

study with 5 mm mesh size.
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Figure 3.2 Mesh setting for computational domain

The ratio between particle diameter and mesh size is enough for satisfying results,
but a relative study is required for grid independence. Therefore, 2.5 mm x 2.5 mm
mesh size is selected to compare the results. Figure 3.3 shows bed height variation
with time at different mesh sizes. Change leaning of the graph shows that an
important deviation does not exist between the bed heights of different meshes.
Because of finer meshes leading to higher computational costs and results are close

enough 5 mm x 5 mm mesh size is selected during the simulations.
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Figure 3.3 Temporal bed heights for various mesh sizes

3.2.2 Time Step Optimization

The most important parameters of the time step size selection are computational
costs and convergence during the solution. Different time step sizes should be

tested to get the best results.

In this study, 1e-3 s, 5e-4 s and 1 e-4 s time step sizes are compared. Figure 3.4
shows pressure drop variation with different time step sizes. 1 e-3 s was accepted
for best choice because average value of the different time step sizes is extremely
close. Real experiment results are compatible with the numerical results so that
time step size was chosen with a maximum iteration number as 20 for lower

computational costs.
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Figure 3.4 Temporal pressure drop variation for different time steps
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CHAPTER 4

RESULTS AND DISCUSSION

Experimental and CFD model studies were introduced separately in previous
chapters. Results of simulations were validated with experiments to define real-life
results as accurate and repeatable. In this chapter, the results were compared and

discussed.

4.1 Hydrodynamics Results

In gas-solid fluidized bed applications, many hydrodynamical properties can be
discussed. Pressure drop, voidage profiles, velocity distribution of granular
particles, inconstant bed height levels and, shape of bubbles are the significant
parameters in hydrodynamic verification. In this study, pressure drop and bed
height were dealt with due to their computational characteristics [19][29].

4.1.1 Pressure Drop

Change of pressure drop in a specific region of the fluidized bed diagram is one of
the best expressions in the hydrodynamic field. In theory, pressure drop linearly
changes with velocity increase until minimum fluidization conditions and then
stays constant at higher superficial velocities. Theoretical change diagram is shown

in Figure 4.1.
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Figure 4.1 Theoretical change of pressure drop with superficial velocity [24]

In reality, the diagram is slightly different from theoretical diagram as shown in
Figure 4.2. Pressure drop changes linearly at low flow rates similar to theory. After
reaching the maximum pressure drop a small amount of decrease is observed and
this stationary pressure condition is named as static pressure of the bed. This
decrease can be explained by the change in voidage. At that point, void fraction
increases from the fixed bed condition to the fluidization condition. After this
decrease, pressure drop remains stable instead of the gas velocity rise. When
superficial velocity starts to diminish void fraction returns to the initial fixed bed
value from the fluidization value, and this passing occurs gently without any

sudden changes.
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Figure 4.2 Pressure drop across the bed change with superficial gas velocity [14]

This stationary behavior of the pressure drop can be explained from the definition
of static pressure inside the bed. If wall interaction is ignored, static pressure drop
can be defined as the total weight of particles divided by the cross-section area of

the bed and this explanation is independent of the gas velocity.

Figure 4.3 shows experimental results of this study and Taghipour’s [19][20].
Pressure drop across the bed values were compared at 0.21 m/s, 0.38 m/s and 0.46
m/s superficial velocities. The tendency of results is stable similarly with theory.
Numerical values of the results are not the same due to different bed geometries. As
mentioned before weight of the particles and cross-sectional area directly affects

the pressure drop and both of them are different for these cases.
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Figure 4.3 Pressure drop inside the bed at different experimental studies

In literature, pressure drop change was studied with different drag models. Syamlal
O’Brien model more accurately foresees the pressure drop pattern [19][29]. Figure
4.4 shows experimental and CFD results of pressure drop across the bed. Pressure

drop values tend to be almost constant at both results as predicted.
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Figure 4.4 Pressure drop inside the bed (Py—¢ 025 m — Py=039m)
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Hydrodynamics experiments were repeated for CARBOHSP particles after sand.
The aim of these measurements was to observe the behavior of new particles and
discussing the effects of different parameters. In Table 2, important velocities of
different particles are compared. In theoretical calculation, minimum fluidization
velocities of sand and CARBOHSP particles are found as 0.236 m/s and 0.071 m/s
from equation (1). Additionally, terminal velocities are found as 4.521 m/s and
2.393 m/s from equation (2). Minimum fluidization velocity of sand is higher than
CARBOHSP particle and reason behind this value may relate with higher sphericity
and small diameter of CARBOHSP particles.

Table 2. Important velocities of different particles

SAND |CARBOHSP
minimum fluidization velocity 0.252 0.174 m/s
minimum bubbling velocity 0.338 0.260 m/s
terminal velocity 2.611 1.988 m/s

As seen in Figure 4.5, pressure drop across the bed with CARBOHSP particles is
higher than the pressure drop with sand at the same superficial gas velocities. As
explained before, the reason is related to basic pressure definition. In the same
volume, the weight of CARBOHSP particles is higher than the weight of sand the
particles. Bed cross-section area is same for both cases so pressure drop is higher at
fluidization bed with CARBOHSP particles.
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Figure 4.5 Experimental pressure drop variation with different granular particles
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4.1.2 Bed Expansion Ratio

Bed expansion is a natural result in two-phase fluidized bed systems. Bed
expansion is affected by the two factors, the dense phase’s expansion degree and
bubbles [25]. After the minimum fluidization point, increasing the superficial
velocity causes the bubbling linearly and bed expansion occurs due to space
occupied by the gas bubbles.

The bed expansion ratio can be explained as bed expansion divided by the initial
bed height.

0

% Bed Expansion Ratio = ( ) * 100 (12)

0
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In Figure 4.6 experimental and simulative bed expansion changes analyzed by the
eyeball method. As excepted bed expansion ratio rises with superficial velocity

rate.

The reason for the difference between the experimental and simulation results
originated from the drag model. Syamlal O’Brien drag model couldn’t envisage the

fluidization at low velocities [19][29].
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Figure 4.6 Experimental and simulated bed expansion ratio of sand particles for

different velocities

The bed expansion ratio is one of the best metering tools for comparing the
hydrodynamic behaviors of particles. As mentioned in pressure drop section,
CARBOHSP particles were tested to observe differences between sand particles.
Figure 4.6 was created to see the bed expansion ratio trend of CARBOHSP

particles.
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Figure 4.7 Experimental bed expansion ratios of sand and CARBOHSP particles

As seen in Figure 4.7, CARBOHSP particles have a higher bed expansion ratio than
sand particles at the same superficial velocities. Smaller diameter and higher
sphericity of CARBOHSP particles are the main reasons of this difference [26].

h

\ 0.050 0.1

Figure 4.8 Similar views of bubbles in experimental and CFD studies
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Figure 4.8 shows similar extended beds and bubble shapes from the experiment and
simulation scenes at the same superficial velocity u=0.38 m/s.

4.2 Thermal Results

As mentioned before, the most important advantages of the fluidized bed is the
capability of heat storage and achieving the hot air from hot granules. To observe
the thermodynamic behavior of this model, the temperature and interphase heat

transfer coefficient between phases were considered.

4.2.1 Temperature Gradient

The temperature gradient was obtained with the help of K-type thermocouples and
CFD simulations separately. Initial temperatures of air and sand were measured
nearly 300K and 585 K respectively in experiments also these temperatures were
set in simulations as initial values. Temperature of the air comes up to sand
temperature in 0.03 s inside the static bed elevations. This short time refers to that
air-particle resistance is very small during the convective heat transformation.
Figure 4.9 shows the temperature gradient of sand particles and air. The reason for
not straight distribution is bubbling regime in the fluidized bed and same figure

concludes that both phases have almost the same temperature during the process.
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Figure 4.9 Temperature variations of phases at first 60 s in CFD results at y=0.10 m
and u=0.38 m/s
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Figure 4.10 shows how temperature gradient changes with time in experiment and
CFD simulation under the same conditions. Results belong to temperatures at
y=0.10 m while superficial velocity is 0.46 m/s, and the model was simulated for
the first 1000 s. The most compatible results were obtained from when the
elevation was 0.10 m as expected. This location is the center of the initial sand
mass and outermost point to the high fluctuation levels. Lower temperature attitude
of CFD analysis can be explained with the high heat loss due to the ignoring of the

thermal contact resistance.
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Figure 4.11 Experimental air temperature values at different elevations, u=0.46 m/s

During the experiments, temperature is measured from different points of the bed.
Figure 4.11 indicates the trend of temperature changes at various elevations when
u=0.46 m/s. When the height of the measurement point increases initial temperature

of that point decreases. Main reason for this variety is after furnace process sand
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was spilling into the bed manually and a time difference occurred. Notwithstanding
this, after a short time, all points show almost the same temperature gradient
because of the bulk acting of sand particles. Also, some peaks are observed on the

temperature gradient due to the bubbling regime in the bed.

Additionally, bed temperature comes to initial room temperature after 4200 s when
u=0.38 m/s. It means heat storage system supplies 70 minutes of hot air after the
heat source is deactivated.

After completed the thermal experiments with sand particles, procedure was
repeated by CARBOHSP particles to see the distinction between solids. Figure 4.12
shows how those particles getting cooler at same superficial velocity. This figure

indicates that sand and CARBOHSP particles show similar trends in the cooling

process.
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Figure 4.12 Experimental air temperature variations of fluidized bed with sand and
CARBOHSP particles when u=0.38 m/s and y=0.10 m
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4.2.2 Heat Transfer Coefficient Between Phases

The solution approach of interphase heat transfer coefficient was stated in the
previous chapter. Equation (11) shows that; interphase heat transfer coefficient is
the function of air thermal conductivity and Nusselt number. Gunn’s Nusselt
number correlation explains that Re, , Pr and sand volume fraction affects the heat
transfer coefficient. If details of Reg and Pr numbers are considered, weakness of
connection between temperature is easily realized. It means that the overwhelming
factor on the heat transfer coefficient is air thermal conductivity. Air thermal
conductivity increases by temperature. It explains why the heat transfer coefficient
decreases by the drop in bed temperature. In the simulation, heat transfer

coefficient was calculated from different heights and with different velocities.
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Figure 4.13 Real attitude of interphase heat transfer coefficient (u=0.38m/s)
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In Figure 4.13, the real alteration of interphase heat transfer coefficient is shown.
These fluctuations occur due to the bubbles. As known, solid volume fraction
directly affects the h and the bubbling regime continuously changes this ratio, and
therefore linear changes could not be observed. The next figure for the heat transfer

coefficient includes mean values of every 5 seconds to see more clear diagrams.

In Figure 4.14, heat transfer coefficient values are plotted at various elevations.
Simulation was repeated with superficial velocities of 0.38 m/s and 0.46 m/s. As
seen in the figure, the heat transfer coefficient is changed by elevation oppositely.
The solid volume fraction may be the main reason for this decrement. Equation (9)

states that when &, increases Nu and interphase heat transfer coefficient decrease.
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Figure 4.14 Interphase heat transfer coefficient change with time from CFD results

at different elevations
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Figure 4.15 Experimental variation of the air exit temperature at u=0.46 m/s

Figure 4.15 shows how the temperature of exit air changes with time. This
temperature variation of phases differs from the results of Hicdurmaz’s study. In his
study, after a very short time, different phase temperatures were equal. The main
reasons for this difference may be using different bed geometry and heat loss due to

not perfect isolation.
4.2.3 Heat Transfer Analysis Between Phases

In previous pages, the results show similar trends between phases and validation
methods. Last, a heat transfer analysis is necessary to display the efficiency of the

system.

In fluidized bed systems, three basic heat transfer mechanisms are still valid. These
are conduction between particles, conduction between particles and walls,

convection between particles and fluid, and radiation. General energy balance can
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be written as

T
=Qs_s + Qs—f + Qraa T Qs—wau (13)

mscp,sa

Here, m, represents the mass of sand, ¢, s is specific heat capacity of sand particles,
Qs—s is solid-solid conduction, Qs_ is solid-fluid convection, Qs_,,q; is solid-wall

conduction, and Q,,4 is radiation.

In this study, c, ¢ can be assumed as equal to c, ., because Figure 4.11 shows
temperature gradient of the sand particles at different elevations are almost same
and it means solid phase can be accepted as lumped instead of inter particles. Gas
radiation is also can be ignored due to low emissivity of gas [27].

Thermal discharge efficiency of this process based on the First Law of

Thermodynamics can be defined as

__ Thermal energy transmitted to the air (14)

Thermal energy in solid particles

Figure 4.16 shows efficiency variations for different times in experimental and
CFD studies. The experimental efficiency values are higher than the CFD results. It
is probably originated from the higher heat loss in CFD studies. Also, these
efficiency ratios are lower than the expected amounts. Efficiency can be increased
with higher initial air temperature and better sealing of the fluidized bed.
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Figure 4.16 Heat transfer efficiency between phases for different studies

As mentioned before, a fluidized bed system was tested experimentally and
simulated via the Ansys Fluent tool. Because of persistent fluctuations during
experiments, an absolute accurate comparison between these different studies is not
possible even though the results and tendencies of the changes are supporting each
other. CFD studies supply more details and more data than experiments because
during experiments results can be obtained for everywhere in the domain. The
disadvantage of the numerical study is that some important properties must be set
for the entire bed uniformly. Finally, it can be concluded that experimental results
mostly reflect the truth better than the CFD results.
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CHAPTER 5

CONCLUSIONS

The main motivation behind this fluidized bed study is preparing a substructure for
developing the energy storage components in CSP systems. Thanks to this, higher
availability and efficiency plants with thermal energy storage can be built with the
production of lower-cost electricity. In this direction, the numerical study of
Higdurmaz [19][29] was validated experimentally. There are some other studies in
the literature similar to this study. The most comparable one include similar
hydrodynamical set-ups and numerical approaches. Nevertheless, this study differs

from the others with the included thermal experimental study.

Fluidized bed systems can be created with different heat storage mediums; sensible,
chemical and latent. Silica sand from sensible heat storage group was chosen in this
case because of the advantages as stability at high temperatures, no need for heat
exchanger and not a dangerous material. Besides these low cost and availability are
other important factors if this plant will be in a desert area, the cost approaches to
zero. This study realized with a bed with dimensions 0.08 m x 0.4 m x 0.08 m and

granular particles were categorized in Geldart B type particles with 600 um.

System modeled and experimented hydrodynamically and thermally. The model
was built in ANSYS Fluent 17.2 with the help of the Syamlal O’Brien drag model
and the Gunn thermal model. Also, for the multiphase structure Eulerian-Eulerian
approach was applied. In the first part of experiments and simulations,
hydrodynamic behaviors of the bed were validated with the data of pressure drop
across the bed and bed expansion ratio and results adjusted with each other.
Pressure drop was measured by the help of two manometers from the bottom and

top of the bed and bed expansion estimated with eyeball method. Experiments were
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repeated with CARBOHSP particles and hydrodynamic results show that these
particles have better fluidization inclination than sand particles. The pressure drop
across the bed is stable with different superficial velocities because of the pressure

definition and the bed height ratio increases with higher superficial velocities.

In both experimental studies, air was used at room temperature for fluid regime but
sand was at room temperature only in the hydrodynamic part. Its initial temperature
is around 585 K in the second part of experiments. In the second part of the study,
interphase heat transfer coefficient and temperature of the sand and air were
studied. Also, CARBOHSP and, sand particles were compared experimentally and
these performed similar cooling behaviors. Temperature gradient was determined
by K-type thermocouples at different elevations. Diagram of heat transfer
coefficient demonstrated that when the measuring point height increases, heat

transfer coefficient decreases and values linearly change with temperature values.

The most important difference between Higdurmaz’s study is air-sand temperature
gradients during discharging processes. Instead of both phases have almost the
same temperature after a short time in these study temperatures comes to
equilibrium after 550 s. The strongest reasons behind this variation are using
different bed geometry and heat losses from the wall in reality. Heat losses from the
walls are not considered in his thesis because the study was established for

integrating the unit with lvanpah Solar Power Plant with multiple packing units.

Causes of the few small differences between results may be originated from the
filters which are fitted at the locations under the lower manometer and over the
higher manometer. These filters must be used to prevent the particles escaping from
the bed, but they led to some extra pressure drop in the bed. In thermal results, the
heat losses from the insulation and inability to predict the thermal contact resistance
may be the causes of the observed deviations.
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5.1. Future Work

In the future, to improve the technology readiness of the investigated thermal

energy storage concept,

e Experiments may be conducted at higher temperatures with proper

equipment,

e Different granular particles may be investigated if they provide higher

efficiency that can overcome the higher costs of particles.

e The proposed thermal energy storage module may be tested coupling it with

a solar received that can supply the hot particles.
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APPENDICES

A. Experimental Temperature (K) Variation of Sand Particles at Different
Elevations for First 340 s, U=0.38

y=0.05m y=0.10 m y=0.20 m y=0.35m
2 586 577 421 361
4 586 576 408 354
6 585 576 404 355
8 567 574 457 399
10 560 575 448 389
12 557 575 438 382
14 556 573 429 377
16 556 573 421 372
18 555 572 414 369
20 553 571 408 366
22 553 571 402 364
24 553 570 398 361
26 553 570 396 359
28 551 569 392 357
30 551 568 389 356
32 552 568 387 354
34 551 568 386 354
36 551 568 385 354
38 551 567 383 353
40 550 567 381 353
42 549 566 381 353
44 549 566 380 352
46 549 566 380 352
48 549 566 380 352
50 548 565 381 352
52 547 565 382 352
54 547 565 384 353
56 547 565 384 353
58 547 564 422 380
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60 552 564 462 409
62 541 551 477 419
64 537 550 483 419
66 534 546 485 420
68 533 545 487 422
70 531 545 487 422
72 529 545 488 423
74 528 542 490 424
76 526 539 492 426
78 525 537 493 428
80 524 535 493 429
82 522 533 494 431
84 522 531 494 432
86 522 530 494 432
88 523 528 494 432
90 523 527 493 431
92 523 527 493 433
94 523 526 493 432
96 522 525 493 430
98 521 523 493 432
100 520 522 493 431
102 519 522 492 431
104 518 520 492 431
106 518 518 492 430
108 518 517 491 429
110 517 516 491 430
112 516 515 491 431
114 516 515 490 431
116 516 514 490 431
118 514 512 490 430
120 513 512 490 430
122 512 511 490 431
124 511 510 489 431
126 510 509 489 430
128 509 508 489 431
130 508 507 488 433
132 506 506 488 434
134 505 505 488 434
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136 505 505 487 434
138 505 505 487 435
140 505 503 486 434
142 503 502 486 434
144 501 502 485 435
146 501 502 485 435
148 500 500 484 434
150 498 500 484 434
152 498 499 484 433
154 498 499 483 433
156 497 498 483 434
158 497 498 482 433
160 496 496 482 434
162 495 496 482 432
164 495 495 482 433
166 493 495 481 434
168 493 494 481 435
170 491 493 480 434
172 492 493 480 434
174 492 492 480 433
176 491 491 480 433
178 490 491 479 434
180 490 490 479 434
182 489 490 478 434
184 488 489 478 434
186 487 489 477 434
188 487 488 477 434
190 487 488 477 433
192 486 487 477 434
194 486 486 476 434
196 485 486 476 432
198 485 485 475 433
200 484 485 475 434
202 482 484 475 434
204 482 483 474 432
206 483 482 474 433
208 482 481 473 432
210 481 480 472 432
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212 482 479 472 432
214 482 478 471 432
216 481 478 470 432
218 480 477 470 431
220 478 476 470 431
222 477 476 469 431
224 476 475 469 431
226 476 475 468 431
228 475 474 468 431
230 474 474 468 431
232 474 473 467 431
234 474 472 466 431
236 472 472 466 430
238 472 471 465 430
240 471 471 465 430
242 471 470 465 430
244 471 470 465 429
246 470 469 464 429
248 469 469 464 429
250 469 468 464 428
252 468 468 463 429
254 468 467 463 429
256 467 467 463 428
258 467 466 462 429
260 466 466 461 428
262 466 465 461 428
264 465 465 460 428
266 464 464 460 429
268 464 464 460 428
270 463 463 460 428
272 463 463 459 428
274 462 462 459 428
276 461 462 458 427
278 461 461 458 428
280 461 461 458 427
282 461 460 458 427
284 460 459 457 427
286 460 459 457 427
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288 459 459 456 426
290 459 458 456 426
292 458 458 455 426
294 457 457 455 426
296 457 457 455 426
298 457 456 454 426
300 456 455 454 426
302 456 455 454 425
304 455 455 453 425
306 455 455 452 424
308 454 454 452 424
310 454 453 452 424
312 453 453 451 424
314 452 452 451 423
316 452 452 450 423
318 451 451 450 423
320 451 451 450 422
322 450 450 449 422
324 450 450 449 422
326 449 449 448 422
328 449 449 448 422
330 448 448 447 422
332 448 448 447 422
334 447 447 446 422
336 447 447 446 421
338 447 446 445 420
340 446 446 445 420
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