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Synopsis

Coal is the principal energy source in India because of its large deposits and availability.
Coal has been extensively used in Indian power sector. Out of the total installed capacity
of 147.965 MW, coal was in use to produce 93.725 MW (63.34%) during the year 2009.
However, majority of coal in India contains high ash (as high as 45%) and sulphur (3-
5%). With the existing technology, carbon dioxide, oxides of nitrogen and sulphur
emitted by majority of the coal based power plants in India are significant attributing to
environmental pollution. Therefore there is a great need for an alternative technology
which can utilize this type of coal with its improved combustion and reducing pollution.
A circulating fluidized bed (CFB) is a relatively new and alternate technology gaining
popularity in power generation because of its capability of burning wide range of fuels
including coal, wood wastes, agricultural wastes, kerosene etc, its environmental
compatibility i.e efficient sulphur removal, low NO, emission and high combustion
efficiency. These factors led to the development of CFB steam generators. Research then

began on the various aspects related with CFB.

Recently majority of the work on hydrodynamics and heat transfer characteristics were
reported on a single riser of CFB unit operated under fast fluidization mode. Very few
researchers have reported about hydrodynamics and heat transfer characteristics, those
changes abruptly with change in dimensions (scale-up) of circular riser. Moreover, now
a days’ industry prefers fast fluidization with rectangular or square cross section CFB
riser for power generation. Another important integral component of CFB unit is cyclone
separator. Cyclone separator in the circulating fluidized bed boiler handles a large
volume of gas at high temperature. The unburned char particles entrained through the
riser passes through the cyclone separator along with volatile and flue gases. Extent of
combustion inside the cyclone separator is small due to less residence time and
insufficient oxygen. However, additional combustion of carbon monoxide and the
volatiles often occur in the cyclone separator. The outer skin temperature of the cyclone
separator is relatively high incurring excessive heat losses due to natural convection and
radiation. Recovery of the heat has been accomplished in many cases by circulation of
cool water or saturated steam to convert it into superheated steam. There is still scope to

increase the capacity of the CFB boiler through extraction of heat from the cyclone
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separator. From the literature review it is evident that most of the work has been

completed on hydrodynamics and bed-to-wall heat transfer characteristics for a single

cyclone separator.

Therefore, present work is focused to perform parametric studies and effect of scale-up
on heat transfer characteristics of risers and cyclone separators of CFB. To accomplish
the aim, three CFB units of same height and different dimensions of square cross section
were fabricated. CFD simulations using Fluent 6.3.26 were also performed for heated
portion of the riser. Effect of parameters like sand inventory, sand particle size,
superficial velocity of air and also the effect of risers’ cross sectional area and cyclone
separators’ barrel diameter on heat transfer characteristics were predicted. Numerous
numbers of experiments were conducted and subsequently the empirical correlation
models were also developed for the risers and cyclone separators. Hence this study will

be more promising and helpful for design and fabrication of the new CFBs.

In the present work, a flow regime study was carried out on the CFB riser of cross
section 0.15 m x (.15 m. Effect of superficial velocity of air on variation of pressure
drop and suspension density along the riser column was studied. Study on wall-to-bed
heat transfer Characteristics for risers of three different CFB units of different cross
sections 0.15 m x 0.15 m, 0.20 m x 0.20 m, and 0.25 m X 0.25 m has been completed.
Risers of ga]] the CFB units are of same height 2.85 m. To accomplish the scale-up study,
experiments were conducted on each CFB setup for five different non-dimensional air
velocities (U* = 3,5.5,6, 6.6 and 8) and two different weights of sand inventory per unit
area of the distribygey plate (P = 1750 N/m? and P = 3050 N/m?). Sand particles with
average size of 4¢() Km were used in all the experiments. Effect of parameter like riser
CTOSs section on the axial variation of heat transfer coefficients and off axial distribution
of bed leMmperatyre was compared for all the three beds. Effect of other operating
parameters like velocity of air and sand inventory on heat transfer characteristics were

also predicteq for individual CFB setup. The results obtained were compared with
available literatyreg,

In Individyg] CFB setup, effect of superficial velocity and sand inventory on

distributi ici
bution of beg temperature across the riser and heat transfer coefficient along the

riser height wag Studied. In all the setups it was observed that the bed temperature
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decreases with increase in cross section of the riser and superficial velocity of air in the
riser column, and increase with increases in sand inventory. Heat transfer coefficient
increases with increase in cross section of the riser and sand inventory, and decreases
with increase in superficial velocity of air.

Based on the scale-up study correlations on bed Nusselt number were obtained
separately for lower splash region, middle splash region and for the portion of riser
covering all regions i.e lower splash, middle splash and upper splash region. A best-fit
equation having non-dimensional numbers was obtained and constants of correlation
were obtained with the help of Findfit function of Mathematica 5.2. Experimental results

with the prediction of correlation showing maximum rms deviation of +11.66- 21.73%.

CFD simulations using Fluent 6.3.26 were also completed to study the effect of
superficial velocity of air, particle size, sand inventory and bed cross section area on heat
transfer characteristics. 3D CFD simulations were performed using the Fluent 6.3.26 on
steady state wall-to-bed heat transfer characteristics of CFB riser of cross section 0.15 m
x 0.15 m and height 2.85 m for heated portion (heater) of same cross section of riser and
height of 0.6 m, located at 0.6 m and 1.8 m above the distributor plate which is the lower
splash region and upper splash region of CFB, respectively. Further simulations on upper
splash region of height 0.6 m, located at 1.8 m above the distributor plate were
accomplished for risers of cross section 0.30 m x 0.30 m.

Modelling and meshing were done with Gambit software - version 2.4.6. The
wall of heater was maintained at the constant heat flux q” = 1000 W/m®. RNG k-& model
was used for turbulence modelling. Eulerian model with Gidaspow phase interaction
scheme was used to simulate the two phase flow (air + sand mixture flow).

Effect of particle size on heat transfer characteristics of lower splash region was
predicted using six particle sizes falling in the range of Geldart B type particles (60 pum,
100 pm, 160 pm, 260 pm, 360 um, 460 um) at sand inventory of 7 kg and superficial
velocity of air as 2.5 m/s for the heater of cross section 0.15 m x 0.15 m.

Effect of superficial velocity of air and sand inventory on heat transfer
characteristics was predicted with respect to lower splash region of riser of cross section
0.15 m x 0.15 m for two superficial velocities of air (2.5 m/s and 4 m/s) and two sand
inventories (4 kg and 7 kg) for particle size of 460 pm.

Effect of riser cross section on heat transfer characteristics was predicted with

respect to upper splash region of risers of cross section 0.15 m x 0.15 m and 0.30 m x
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0.30 m for two superficial velocities of air (2.5 m/s and 4 m/s) at 3050 N/m* (weight of
sand inventory per unit area of distributor plate) and sand particle size of 460 pm is used
during the simulation.

It is observed that bed temperature and heat transfer coefficient increases with
increase in sand inventory and decreases with increase in particle size. Bed temperature
and heat transfer coefficient also decreases with increase in superficial velocity of air.
Bed temperature decreases and heat transfer coefficient increases with increase in cross
section of risers. Results obtained from CFD simulations and experimental results

obtained from available CFB setup of IIT Guwahati were in good agreement.

Heat transfer behaviour in the cylindrical portion of cyclone separators having different
size of barrel diameter belonging to three different CFB units also has been studied.
Steady state experiments were carried out by providing heat in the lower splash region of
the riser of a CFB and consequently examining bed-to-wall heat transfer in the cyclone
separator. To study the effect of scale-up (increase in barrel diameter of cyclone
separators) on heat transfer characteristics, experiments were conducted under similar
operating conditions on three CFB setups. Cyclone separator’s design ratios i.e ratios of
various dimensions of cyclone separator with respect to cyclone barrel diameter were
maintained same in each cyclone separator belonging to the three different CFB setups.
Experiments were conducted on each CFB setup for five non-dimensional air velocities
(U*=35,55,6,6.6 and 8) at two different weights of sand inventory per unit area of the
distributor plate (P = 1750 N/m? anq 3050 N/m?).

Effect of parameters like superficial velocity of air and sand inventory on heat
transfer characteristics wag investigated for individual cyclone separator. Local heat
transfer coefficient along the height of cylindrical portion of cyclone separators were
evaluated and compared. Also, beg temperature across the barrel diameter of all cyclone
separators were measured and compared. [ 1] the cyclone separators, it is observed that
the béd tempf:rature decreases with increase in cyclone’s barrel diameter and superficial
velocity of 'alr.. It increases with increases in sand inventory. Heat transfer coefficient
increases with increase in barre] diameter of the cyclone separator and inventory of sand.
It decreases with increase Superficial velocity of air.

Based on the scale-up Study, correlation on Nusselt number was obtained for
cyclone separators. A best-fit equatjop having four non-dimensional numbers fitting 60

-imental data poi ae . ) ) )
experm points was obtained and constants of the correlation was obtained with
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the help of Findfit function of Mathematica 5.2. Experimental results with the prediction

of correlation showing maximum rms deviation of + 14.31%.

The thesis is organised in seven chapters. Chapter 1 deals with the introduction. Chapter
2 presents the literature review and scope for the present investigations. In Chapter 3,
details about the experimental setups and procedure are explained. Chapter 4 includes
experimental results and discussions on parametric study and effect of scale-up on heat
transfer characteristics of circulating fluidized bed risers. Chapter 5 includes
computational study (modelling and simulation) using Fluent 6.3.26 on CFB risers.
Chapter 6 deals with experimental results and discussions on parametric study and effect
of scale-up on heat transfer characteristics of cyclone separators. Conclusions and future

scope are presented in Chapter 7.
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As Surface Area of Heater, m>
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G, Solid Circulation Rate (Solid Mass Flux), kg.m‘z.s'I
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L Distance between Two Consecutive Pressure Taps ( 0.6 m approx. for all
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M Middle Splash Region in the Riser of CFB

Nug Bed Nusselt Number, (h. Hp/k,)

P Wei%ht of Static Sand Inventory Mounted per unit Area of Distributor Plate,
N/m”

AP% Pressure Drop in terms of cm of Water

Q Heat Supplied at Heater, W

Qo Flow Rate or Discharge through Orifice Meter, m’

Q Amount Heat Carried by Air + Sand Mixture which was Calculated at the

Inlet of Cyclone Separator, W

@ O3 (q2) and (q3) are the Heat Carried by Air and Sand, respectively, Measured at
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q" Heat Flux for the Cyclope Separator, W/m’

Res Reynolds Number - Riser, (U'Hp Pe/lg)
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T To Bulk Mean Temperature of Bed or Mixture (Air + Sand) Flow - Riser, K

Tpe Bulk Mean Temperature of Air + Sand Mixture Flow - Cyclone Separator, K
Ts Wall Temperature of Heater - Riser, K

Tee wall Temperature of Cyclone Separator, K

U Upper Splash Region in the Riger of CFB
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[X/b]
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Gas (Air) Velocity, m/s
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Non-dimensional Velocity Parameter, (Ratio of Superficial Velocity of Air
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and eq. (4.4)} to the Total Height of the Riser {H;}). In correlation eq. (4.5)
{Hn} is the of Height from the Distributor Plate to the Midpoint of Heater

(1/R) is the Ratio of Distance (r) of the Thermocouple Location with respect to
(T2-T6) Measured from the Centre of Each Cyclone Separator to the Radius
(R) of that Cyclone (refer Fig. 3.5)

Non-dimensional Distance across the Heater

Non-dimensional Distance (Y/Dc) is the Ratio of Distance (Y) of the
Thermocouple Location with respect to (T7-T11) as shown in Fig. 3.5,
measured from the inlet of the Cyclone Separator, Normalized with Respect to
the Cyclone Barrel Diameter (D¢)

Non-dimensional Distance (Y/Hc) is the Ratio of Distance (Y) of the
Thermocouple Location with respect to (T7-T11) as shown in Fig. 3.5,

measured from the inlet of the Cyclone Separator, Normalized with Respect to
the Height of the Cyclone (Hc)

Greek Symbols
Density of Gas (Air), kg m™
Supension Density of Mixture (Air + Sand), kg m™

Viscosity of Gas ( Air),kgm™' s
Voidage, Voidage at Minimum Fluidization
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Abbreviations

CFB
FCC
ID
MS
OD

rms

Circulating Fluidized Bed
Face Centred Cubic
Inside Diameter

Mild Steel

Outside Diameter

Root Mean Square
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Chapter 1

Introduction

1.1 Motivation

Coal is the principal source of energy in India because of its large deposits and
availability. Coal is extensively used in Indian power sector. Out of the total installed
capacity of 147,965 MW, coal was in use to produce 93,725 MW (63.34%) during the
year 2009 (Goyal, 2009). However, majority of coal in India contains high ash (as high
as 45%) and sulphur (3-5%) (Goyal, 2009). High ash content in coal is responsible for
the derating of the power plant. Moreover, emissions of oxides of carbon. nitrogen and
sulphur are significantly high from power plants, where coal with high ash content has
been used with conventional technology. Therefore, there is a great need of an
alternative technology to utilize this type of coal for improving combustion and reducing
the pollution. Circulating fluidized bed (CFB) is one of the promising technologies to
deal with the combustion of coal with high ash and sulphur. Apart from using coal as a
fuel, CFB technology can be used for combustion of wide range of fuels including wood
wastes, agricultural wastes, biomass etc. Further, this technology is popular for
environmental compatibility in terms of sulphur capture and reduction of oxides of
nitrogen. CFB technology has been used in power production for last few decades.
However, many of the issues related to hydrodynamics and heat transfer on scale-up of
CFB is yet to be explored. Hence, present work is taken up to investigate behavior of

CFB in terms of bed geometry and operating parameters.

1.2 Regimes of Fluidization

Fluidization is the phenomenon by which solid particles are transformed into a fluid like
state through suspension in a gas or liquid (Fig. 1.1). Fluidized bed may have different
flow structures depending upon the flow velocity of fluid imposed on the bed. Various

regimes of fluidization are described as follows.
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1) Fixed Bed: When the fluid is passed through bottom of bed at a low flow rate, the
fluid merely percolates through the void spaces between stationary particles. This is

called a fixed bed as shown in Fig. 1.1 (a).

Fixed bed Minimum : Smooth
fluidization fluidization

Bubbling
fluidization

.
‘v X X
. . L] LR .
Y _hailaldda s

Gas or liquid Gas or liquid quuizj
(low vglocity)
(@ (b) (¢} (d)
S}ugging Slugging Turbulent Lean phase
(Axial slugs) (Flat slugs) fluidization fluidization
. .. with pneumatic
transport

p o ———— o ]

hY

Gas or liquid
(high velocity)

(@) ()] (9) h)

Fig.1.1 Regimes of Fluidization (Kunii and Levenspiel, 1991)

2) Expanded Bed: Particles move apart and a few of them start vibrating with further
increase of the flow velocity. However, the movement of particles is in a restricted

region. This regime is termed as the expanded bed.

3) Minimum Fluidization: At a still higher gas velocity, a point is reached when all the
particles are just suspended by the upward flowing fluid. This is referred as minimum
fluidized bed as shown in Fig. 1.1(b). This condition is achieved by counterbalancing of

the frictional force between particle and fluid by the weight of the particles.
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In solid - liquid system, increase in flow rate above minimum fluidization results in
smooth or progressive expansion of bed. Gross flow instabilities remain small, and
heterogeneity or large-scale voids of liquids are not observed. Such a fluidized bed is
called either homogeneously or smoothly fluidized bed as shown in Fig. 1.1(c). For gas -
solid systems, homogeneous fluidization is observed under special conditions of fine

light particles with dense gas at high pressure.

4) Bubbling Fluidization: Increasing flow rate beyond minimum fluidization, void
regions form near distributor plate and grow as they rise in the upward direction in the
bed. Gas-solid systems show large instabilities with bubbling and gas channeling with
rise in flow rate beyond minimum fluidization. At high flow rate, vigorous agitation of

particles is seen. Such a bed is called aggregative or heterogeneous or bubbling fluidized
bed as shown in Fig. 1.1(d).

5) Slugging Fluidization: The gas bubbles formed above the distributor plate coalescent
and grow as they rise, they may eventually become large enough to spread across the
vessel. In case of fine particles, their flow is smoothly down by the wall around the
rising void of gas. This is called as slugging with axial slugs shown in Fig. 1.1(e). For
coarse particles, the portion of the bed above the bubble is pushed upwards as in the case
of a piston. Particles rain down from the slug which finally disintegrates. At about this
time another slug forms and this unstable oscillatory motion is repeated. This is called

flat slugging as shown in Fig. 1.1(f).

6) Turbulent Fluidization: At sufficiently high gas flow rate, the terminal velocity of
solids is exceeded. the upper surface of bed disappears. entrainment becomes
appreciable and, instead of bubbles, turbulent motion of solid cluster and void of gas of

various size and shapes can be observed. This is the turbulent fluidized bed as shown in
Fig. 1.1(g).

7) Fast Fluidization: With further increase in gas velocity, solids are carried out of the
bed along with the gas-making a lean phase fluidized bed as shown in Fig. 1.1 (h). In
lean phase fluidization the rate of entrainment of particles is very high, necessitating the
use of an outside cyclone separator to recirculate the entrained particles back to the bed.

This system is called fast fluidized bed. Behaviour of fluidized bed varies significantly
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with superficial air velocity. Hydrodynamic characteristics and heat transfer

characteristics in CFB are explained in subsequent sections.

1.3 Hydrodynamic Characteristics

Various regimes of fluidization have been explained in the earlier section. It is observed
that depending on the air velocity, there may be different type of fluidization regimes.
Hydrodynamic properties like pressure, suspension density, voidage also changes along

the height of the riser with the change in velocity of air. Figure 1.2 explains the variation

of pressure drop with velocity.

3 T { W] TV T ! T T
[~ Fixed bed <— | — Fluidized bed
= }
S A
G
z o |
= | A ]
% ‘ Initiation of
1 g entrainment
0.5 ! L4 [ il ! Lo
i 5 10 50
U, (ecm/s}

Fig. 1.2 Ap versus Velocity Relationship (Kunii and Levenspiel, 1991)

Pressure drop versus velocity relationship is an indication of quality of fluidization. The
pressure drop is approximately proportional to gas velocity. With further increase in
velocity, the voidage in the fixed bed increases from &m t0 €mf. This results in a decrease
in pressure drop. With further rise in velocity, bed expands with appearance of bubbles,
which create non-homogeneity. Interestingly, despite rise in velocity, the pressure drop
remains unchanged. The reasoning for this effect is given in terms of well aeration of
dense gas solid phase that deformg easily without appreciable resistance a characteristic

liquid behavior. With decrease in gas velocity, fluidized particles settle to form a loose
bed (fixed bed) of voidage ¢,
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1.4 Heat Transfer Characteristics

Heat transfer study within the circulating fluidized beds has been a subject of detailed
investigations since 1980 onwards. CFB is an intermediate phase between turbulent
fluidized bed and dilute pneumatic conveying. Heat transfer characteristics are strongly
dependent on hydrodynamic characteristics of CFB unit. As noted in the earlier section,
distribution of particles in the riser column varies in the axial and off axial direction with
change in velocity of air. Heat transfer to the walls of a CFB is due to conduction from
clusters of particles falling along the walls. The heat transfer coefficient plays a major
role for designing a fluidized bed boiler. Following section presents the need of present

study.

1.5 Major Objectives of the Study

CFB technology has been used in power production for last few decades. It is observed
from literature that the bed hydrodynamics strongly influences the heat transfer
characteristics [Kunni and Levenspiel (1991)] and hydrodynamic characteristics differ
significantly with the geometry of the bed cross section [Zhou et al. (1994)]. However,
many of the issues related to heat transfer on scale-up of CFB is yet to be explored.
Risers of square and rectangular cross-sections are now widely employed in circulating
fluidized bed applications [Zhou et al. (1994)]. Hence, there is high demand for scale-up
study of CFB on heat transfer characteristics with square cross-sections. Hence, present
work is taken up to investigate behavior of CFB in terms of square bed geometry and

operating parameters on heat transfer characteristics.

Objectives of present study are explained as follows:

v’ To investigate, experimentally and numerically, the effect of various operating
parameters like sand inventory, superficial velocity of air, sand particle size on

distribution of bed temperature and local heat transfer coefficient.
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v To study, experimentally and numerically, the effect of scale-up (bed cross-
section) on wall-to-bed heat transfer characteristics in the CFB risers and to

develop empirical correlation.

v To study experimentally the effect of cyclone barrel diameter and other various
operating parameters like sand inventory, superficial velocity of air on bed-to-

wall heat transfer characteristics in the cyclone separators of CFBs and to

develop empirical correlation.

1.6 Organization of the Thesis

Chapter 2 discusses the literature review on experimental studies on riser, experimental
work accomplished to study the effect scale-up on both hydrodynamic and heat transfer

characteristics of riser, computational study on riser and experimental studies on cyclone
separator.

Chapter 3 deals with description on experimental setup and procedure to be followed.
Different subsections of this chapter explains the details about the CFB Setup fabricated
at IIT Guwahati, fabrication of heat transfer probe (heater) used in the riser column for
wall-to-bed heat transfer study and experimental procedure used while conducting heat
transfer study on CFB risers. Arrangement of thermocouples, and the procedure

followed to study bed-to-wall heat transfer characteristics in three cyclone separators is
also described.

Chapter 4 presents experimental investigations on hydrodynamic and wall-to-bed heat
transfer characteristics of CFB risers. Effect of various parameters like superficial
velocity of air on variation of pressure drop and suspension density along the riser
column is presented. Also effect of superficial velocity of air, sand inventory and bed
Cross section on off-axial bed temperature distribution and axial distribution of heat
transfer coefficient is also explained. Chapter also presents the empirical correlation

models on bed Nusselt number as a function of various non-dimensional numbers.
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Chapter 5 presents the modeling and simulation of riser using CFD software — Fluent
6.3.26. Results and discussion on effect of particle size, bed cross section, sand inventory

and superficial velocity of air on wall-to-bed heat transfer characteristics are explained.

Chapter 6 deals with experimental investigations on bed-to-wall heat transfer study in
cyclone separators. Effect of parameters like sand inventory, superficial velocity of air
and cyclone separators’ barrel diameter on heat transfer characteristics is explained.
Chapter also presents the empirical correlation model on Nusselt number as a function of

various non-dimensional numbers for the cyclone separators.

Chapter 7 summarizes the present work, states the conclusions drawn from the same. and

outlines the scope for future work.
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Chapter 2

Review of Literature and Scope for Present
Investigations

2.1 Introduction

In the present chapter, review of literature and scope for present investigations are
discussed. Sections 2.2 and 2.3 represent the review of experimental and computational
studies on CFB risers, respectively. In section 2.2, review on hydrodynamic and heat
transfer characteristics associated with risers is reported. In section 2.3, review on
numerical studies, modelling and simulation of CFB risers are reported. Section 2.4
reveals the review of experimental studies on cyclone separators. Section 2.5 summaries

the chapter and also explains the scope for present investigations.

2.2 Experimental Studies on Riser

In the present section, literature reported on various types of experimental work on CFB
riser is discussed. Review includes both hydrodynamic and heat transfer characteristics

along the riser column.

Extensive literature is available for heat transfer at the tubes suspended in the core of
CFB furnace. Fraley et al. (1983) studied heat transfer from a probe of 9.5 mm OD to a
flowing gas-solid mixture through a 75 mm diameter pipe.

Subbarao and Basu (1986) reported the cluster model to predict the heat transfer
coefficient in circulating fluidized beds. They have reported heat transfer coefficient is
mainly a function of gas and solid flow rates as well as bed density. They have used data
of Fraley et al. (1983) to test the validity of model. Only data of Fraley et al. (1983) has
been used to test the validity of the model as only they have reported gas and solid flow

rates as well as bed densities.
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Basu (1990) has proposed a mechanistic model to explain the interdependence of design
and operating parameters. Heat transfer to the wall of a fast fluidized bed has been
measured for four different particle sizes, two sizes of heat transfer probes and several
temperatures from 30°C to about 900°C. "
Kolar and Sundaresan (2002), and Sundaresan and Kolar (2002) reported heat
transfer from surface of tubes suspended in core of a CFB furnace to the bed. They have
proposed an empirical correlation model to predict the particle Nusselt number.
Masoumifard et al.(2008) conducted experiments on a fluidized bed in order to
verify the influence of the axial position, particle diameter and the superficial gas
velocity on the heat transfer coefficient from a small horizontal tube of 8 mm diameter,
immersed in the fluidized bed. In order to predict the heat transfer coefficient from the
fluidized bed to a horizontally immersed tube, a cluster based model has been proposed.
The model predictions were compared with the experimental data of this work as well as
those from the literature in a wide range of operating conditions. A close agreement was

found between the model predictions and the experimental findings.

However, heat transfer data obtained from the tube suspended in the core of CFB is not
applicable for water walls in CFB furnace because the flow pattern of the gas-solid
mixture is quite different. Extensive literature on hydrodynamic characterisitcs [Arena et
al. (1992), Glicksman et al. (1993), Schouten et al. (1999), Noymer et al. (2000), Yan et
al. (2005), Kolar and Leckner (2006), Singh and Mittal (2009)] and bed-to-wall
(membrane water walls) heat transfer characteristics for hot beds (bed temperature 800-
1200 K) and wall-to-bed heat transfer studies in cold CFB units (bed temperature less
than 425 K) [Basu and Nag (1987), Wu et al.(1987), Wirth (1995), Basu and Nag (1996),
Molerus and Wirth (1997), Shi et al. (1998), Fox et al. (1999), Kolar (2000), Pagliuso et
al. (2000), Grulovic et al.(2008), Gungor (2009)] is available.

Arena et al. (1992) reported the hydrodynamics of circulating fluidized beds with risers
of different shape and size like as rectangular riser of cross section 0.12 m x 0.012 m and
two cylindrical columns having internal diameter 0.12 m and 0.40 m.

Glicksman et al. (1993) reported the simplified scaling relationships for fluidized
beds. Schouten et al. (1999) reported that the gas flow pattern in the dense bottom-bed of
circulating fluidized beds, operated with Geldart-B type of solids, exhibits three different

types of dynamic behavior, dependent on the width of the riser and the aspect ratio of the
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dense bottom of bed. Recent studies on CFBs show that bed-to-wall heat transfer could
be correlated with hydrodynamic conditions in the bed [Noymer et al. (2000), Yan et al.
(2005)]. Noymer et al. (2000) developed two laboratory scale models to simulate the
hydrodynamic behaviour and study the effect of bed diameter on near-wall
hydrodynamics. Scaling of CFB boiler hydrodynamics was reported by Kolar and.
Leckner (2006). Singh and Mittal (2009) conducted experiments on comparative study
on hydrodynamic characteristics on two CFB setups of 0.20 m x 0.20 m and 0.25 m x
0.25 m.

Basu and Nag (1987) have proposed a model to predict the heat transfer in a circulating
fluidized bed. To verify the model, experiments were conducted in a 102 mm diameter
5.5 m high Plexiglas column, in which the heat transfer coefficient was measured for
different superficial velocities, solid circulation rates and at two particle sizes. The wall
to bed heat transfer was measured by a probe, flushed with the wall and installed 2.1 m
above the distributor plate. It was a 100 mm long 25 mm diameter carbon steel rod with
four iron constantan thermocouples located at uniform intervals of 20 mm along its
length.

Wirth (1995) reported wall-to-suspension heat transfer in circulating fluidized
bed depends on the fluid mechanics immediately near the wall and on the thermal
properties of the gas used. Experimental investigations on circulating fluidized bed of
low dimensionless pressure gradients with different solid particles like bronze, glass and
polystyrene at ambient temperatures show no influence of the conductivity and the heat
capacity of the solids on the heat transfer coefficient. A simple correlation is presented
for calculating the heat transfer coefficient in circulating fluidized bed. In the correlation,
Nusselt number is the function of dimensionless numbers which characterize the gas-
solid flow near the wall. These numbers are the Archimedes number and the pressure-
drop number. The last number relates the cross-sectional average solids concentration to
the solids concentration at minimum fluidization condition.

Shi et al. (1998) performed extensive series of measurements on wall-to-bed heat
transfer coefficients, for different solids like FCC, glass beads and solids velocities, in a
semi-industrial scale CFB unit running with a variety of solids fractions at ambient
temperatures. Their experiments have shown a significant influence of solids
concentration and solids movement near the heat transfer surface on the wall-to-bed heat

transfer coefficient. They proposed a model to describe the wall-to-bed heat transfer that
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is applicable over the entire range of possible local solids concentrations occurring in
CFB systems.

Heat transfer from the wall to the fast bed suspension was investigated for
several materials such as sand, FCC, steel by Fox et al. (1999). They have conducted
experiments on single circular cross section riser column operated with superficial
velocity of air varying from 7.5 — 8.5 m/s at constant particle size of 150 pm.

Meena (2004) has reported wall-to-bed heat transfer characteristics on upper
splash region of riser of cross section 0.102 m x 0.102 m and in cyclone separator of
same CFB unit of height 2 m.

Grulovic et al. (2008) have reported wall-to-bed heat transfer in hydraulic
transport and in particulate fluidized beds of spherical glass particles. They performed
experiments in circular riser of 1.36 m long copper tube 27.4/25.4 mm OD/ID as a
particulate fluidized beds with Reynolds number varying from 1960 to 7850 (particles of
0.80, 1.10, and 1.94 mm in diameter) and studied the influence of different parameters
such as velocity and voidage on heat transfer in fluidized beds.

Singh and Sharma (2008) have conducted experiments for the hydrodynamic and
wall-to-bed heat transfer characteristics on 0.15 m x 0.15 m bed cross section. They have
conducted experiments in the lower splash region of riser. Effect of superficial velocity
of air, effect of sand inventory on heat transfer characteristics was studied.

- Praghanmor (2009) has done comparative study on effect of operating parameters
like superficial velocity of air (2.8 m/s and 3.5 m/s), sand inventory on wall-to-bed heat
transfer characteristics of lower splash region of bed of cross section 0.20 m x 0.20 m
and 0.25 m x 0.25 m and also reported simulations on hydrodynamic characteristics of

riser of cross section 0.15 m x 0.15 m and height of 2.85 m using Fluent 6.3.26.

Literature on lower and middle splash region reveal that, Schouten et al. (1999) reported
hydrodynamics study in the bottom bed. Pagliuso et al. (2000) have reported bed-to-wall
heat transfer study in the lower splash region. They reported heat transfer coefficient
along the height of the heat exchanger increases with increase in bed density. A simple
correlation was proposed to calculate the heat transfer coefficient as a function of
particle diameter and suspension density.

Gungor (2009) has reported that in the CFB combustors, amount of bed-to-wall
heat transfer and second law efficiency considerably varies between the bottom and the

upper zones due to different hydrodynamic characteristics of each zone. He has used 2D
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CFB model which uses the particle-based approach which simultaneously predicts the
hydrodynamics and combustion aspects, second law efficiency and entropy generation
values which were obtained at different height and volume ratios of the heat transfer
surfaces for CFBs. Besides that, the influences of the water flow rates and heat
exchanger tube diameters on the second law efficiency are also investigated. Exergy
efficiency (also known as the second-law efficiency) computes the efficiency of a
process taking the second law of thermodynamics into account.

The energy B balance of a process is given by

Bin = Bnm + Blnvl + Brlr.vrrn\‘r'(l (2.1)
Exergy efficiency is defined as
(B_+B ) (2.2)
— 1 _ st destroved
N, 5

in

Table 2.1 shows the comparision of data reported in the litrature on wall-to bed heat
transfer studies for variopus parameters. Scale-up studies at laboratory level using
multiple CFB risers of different circular cross sections were accomplished and empirical
correlations were developed by Mickley and Trilling (1949) and Danziger (1963).

Details are as shown in Table 2.2.

Table 2.1 Comparision of Data Reported in Wall-to Bed Heat Trasnfer Studies for
Variopus Parameters

Author U Psus Hr (m) H/B dp
(m/s) (kg/m®) (Hem)
Basu and Nag (1987) 3-5 22 - 96.79 5.5 0.98 227
Fox et al (1999) 35-83 30- 170 5966 0.69 400
Basu and Nag (1987) 37-5 21.50 —58.63 5.5 0.98 87
Nagand Moral (1990) 7.2-12.5 25 - 62 5.15 2.55 310
Moral (1990) 7.2-125 25 — 62 5.15 17 310
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Table 2.2 Comparisons of Scale-up Studies on Heat Transfer Characteristics

Ref. CFB Sand Fluidizing Correlations
Riser Particle | Air Velocity
Column Size (m/s)
(m) (mm)

Mickely | 0.10 70-452 | 0.25-4.15 | h=0.029 (pm pg U/ Dp)" "

and 0.025 102 - 285 | 2.47 -4.27

Trilling Circular

(1949)

Danziger | 0.038 50 0.15-6.77 | hD/k, = 0.0784 (D, U, pg/pt,)”*°(W/ p,U)°*

(1963) 0.048 FCC --
Circular | Catalyst

Chen et al. (2005) reported mechanistic models, which were based on the surface
renewal concept. These models may be used for design heat transfer systems for both
bubbling dense beds and fast circulating fluidized beds. Predictions of these models are
in good agreement with available heat transfer data, with few points lying outside of +

25% bands.

2.3 Computational Studies on CFB Riser

Circulating fluidized bed (CFB) is widely used for various industrial applications which
include power generation, drying, cracking, and combustion. The increase and diversity
in CFB applications demand the need for the development of more -efficient
experimental techniques, realistic simulations, and other research and design tools.

In spite of many CFB applications, the complexity of the interaction between
phases in the risers presents a tangible challenge to the improvement and understanding
of these systems. The CFB design is notably complex in terms of scaling-up difficulties,
because of the high sensitivity of the flow to scale and operational conditions [Ding and
Gidaspow (1990)].

Miller and Gidaspow (1992) reported that dense flow hydrodynamic experiments
measure either only the particle velocities or the particle concentrations until 1987.

Bader et al. (1988) reported studies on both the particle velocities, particle
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concentrations, which were determined together at first time for the riser flow. Since
then, modelers became able to compare and evaluate their theoretical models with

experimental studies in detail.

Different drag models, suggested by Syamlal and Obrien (1987), Arastoopour et al.
(1990), Gidaspow et al. (1994) were used to predict the most representative gas—solid

interphase exchange coefficient.

Gidaspow (1994) reported detailed discussion on the development of granular flow
models.

Currently, the Eulerian-Eulerian (two-fluid) model with kinetic theory of
granular flow is the most applicable approach to compute gas—solid flow in a CFB
[Benyahia et al. (2000), Zheng et al. (2001), Chan et al. (2005)]. This model is
particularly appropriate when the particle loading is relatively high. In the two-fluid
model, the particles are treated as a continuum as in the gas phase. Thus, there are two
interpenetrating phases’ gas and particles where each phase is characterized by its own
conservation equation of motion. The interactions between the two phases are expressed
by additional source terms added to the conservation equations. The kinetic theory of
granular flow is used to define the fluid properties of the particle or solid phase through
constitutive equations.

Gungor (2008) developed a model using a Particle Based Approach (PBA) to
accurately predict the axial pressure profile in CFBs. This simulation model also
accounts for the axial and radial distribution of voidage and for the solids volume
fraction.

Almuttahar and Taghipour (2008) reported a two-dimensional Eulerian—Eulerian
model incorporating the kinetic theory of granular flow which was developed to describe
the hydrodynamics of gas—solid flow in the riser section of a high density circulating
fluidized bed. A comprehensive numerical model evaluation by comparing experimental
results from the literature was done for various operating conditions. It is found that
model is capable of predicting the main features of the complex gas-solids flow for
different operating conditions within the high density fast fluidization regime. The
predicted solid volume fraction and axial particle velocity were reasonably in good
agreement with the experimental data. The developed model was capable of predicting

the core-annular flow pattern and the cluster formation of the solid phase. The model
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also predicts the coexistence of dense suspension up-flow (DSU) in the lower region
and high density fast fluidization in the upper region of the riser for high gas velocity
and solid mass flux. However, the model is incapable of accurately predicting the gas-
solid flow behavior in low density circulating fluidized bed risers. Hence, more care in '
setting up the model parameters and applying boundary conditions should be taken to

obtain better predictions at varying fluidization regimes.

Zheng et al. (2001) reported three different turbulence models, which were compared
with different closures; two models which consider the turbulence effect of the two
phases and one which ignores particles turbulence. The model which ignores the
particles turbulence, showed the greatest inconsistency predictions with the experimental
data. Although the other two models demonstrated better predictions, only one of them
showed reasonably good agreement with the experfmental data. Therefore, more
attention should be given to select the most appropriate turbulence model with the
correct empirical constants and closures of the transfer and dissipation of turbulent
energy between gas and solids.

Some information on turbulence parameters which hard to obtain in laboratory
conditions which can be easily estimated using CFD tools [Ranade (2002), Almuttahar
and Taghipour (2008)]. In addition, CFD models provide a more detailed data profile as
a function of space and time without interfering or disturbing the flow by internal probes

[Ranade (2002), Almuttahar and Taghipour (2008)].

Benyahia et al. (2000) used CFD tool to analyze gas solid flow. Gas / particle flow
behavior in the 2D riser section of a CFB, which was simulated using CFD package
Fluent to predict velocity, volume fraction, pressure, and turbulence parameters for each
phase.

Taghipour et al. (2005) reported a multifluid Eulerian model integrating the
kinetic theory for solid particles using Fluent. This CFD software was capable of
predicting the gas-solid behavior of a fluidized bed. Comparison of 2D model
predictions, using the Syamlal-O’Brien, Gidaspow, and Wen-Yu drag functions, and
experimental measurements on the time-average bed pressure drop and gas—solid flow
pattern were in reasonable agreement for most of the operating conditions. Almuttahar
and Taghipour (2008) also reported the optimum design and scale-up of CFB risers

require a fundamental understanding of the mixing patterns of phases including the
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variations on the solid distributions, the continuous formation and dissipation of clusters,
and the solid down-flows. They have predicted the gas and solid velocity and volume
fraction through 2D simulation on CFB riser. Hartge et al. (2009) predicted solids
volume fraction in the riser column of CFB. 3D CFD simulations using Fluent were
accomplished. Results obtained using various drag models like Symlal-O’Brien et al,

Gidaspow and Yang et al were compared with experimental data.

Behjat et al. (2008) reported the gas volume fraction average error between 2D CFD
simulation results and the experimental data for two different drag models, Syamlal-
O'Brien and Gidaspow, were 15.4% and 18.1% respectively. It is observed that Syamlal-
O'Brien drag model is a better model for predicting the hydrodynamics of gas—solid
flow. In this research, unsteady state behavior of gas—solid fluidized beds has been
investigated. Preliminary investigation of multiphase flow models revealed that
Eulerian-Eulerian model is suitable for modeling of industrial fluidized bed reactors. The
model includes continuity equations as well as momentum equations for both phases and
the equations for granular temperature of solid particles. A suitable numerical method
that employs finite volume method has been applied to discretize the equations. In order
to validate the model. predicted time-average bed expansion ratio and cross sectional
voidage profiles were compared with corresponding values of experimental data. This
comparison showed that the model can predict hydrodynamic behavior of gas solid
fluidized bed reasonably well. Simulation results also indicate that small bubbles were
produced at the bottom of the bed. These bubbles collide with each other as they move
upwards forming larger bobbles. Model predictions of bubble size and gas—solid flow
pattern using both Syamlal-O'Brien and Gidaspow drag models were similar.

Bastos et al. (2008) reported the simulations using Ansys CFX software version
10 and reported radial solid velocity profiles, computed on seven axial levels in the
circular riser of a high-flux circulating fluidized bed (HFCFB) using a two phase 3D

computational fluid dynamics model.

2.4 Experimental Studies on Cyclone Separator

The cyclone separator in the CFB boiler handles a large volume of gas at high
temperature. The outer skin temperature of the cyclone separator is relatively high;

therefore more heat losses occur by natural convection and radiation. To overcome this
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problem, some cyclone separators are made of water or steam cooled. This heat recovery
can enhance the capacity of the boiler. Therefore proper design of cyclone separators of
CFBs is essential. Therefore it is important to understand the heat transfer mechanism
and the effect of various operating parameters on the heat transfer process in the cyclone

separator.

The cyclone separator is an integral part of a CFB. It is a gas cleaning device that utilizes
the centrifugal force created by a spinning gas-solid stream to separate particles from a
gas. The gas-solid flow enters tangentially to the top of the cyclone. The solid particles
are forced to the wall by centrifugal force and then fall down along the wall by gravity.
The gas stream executes several complete turns, and it reverses at the bottom of the
cyclone to form the inner core that leaves from the top of the unit [Basu and Fraser
(1991), Nag (1998)].

Gas-solid flow structure and collection efficiency of the cyclone separator was reported
by Dietz (1981), Zhou and Soo (1990), Trefz and Muschelknautz (1993). They reported
that the cyclone efficiency decreases with increase in cyclone diameter, gas outlet duct
diameter, and gas inlet area.

Avci and Karagoz (2003) developed a mathematical model for calculation of
cyclohe efficiency, by taking into account, the effects of flow, particle and geometrical
parameters, and acceleration assuming that the mixture of fluid and particles is
homogenous, and acceleration diminishes depending on the friction and geometry.

Avci and Karagoz (2001) reported the theoretical analysis of pressure losses in
cyclone separators under the consideration of geometrical and flow parameters including
inlet geometry, surface roughness, velocity and particles concentration, has been
performed and a new equation has been developed. The results obtained in this study
were compared with experimental values for different type of cyclone separators. It is
found that the proposed equation could be used to predict the pressure losses easily and
it is worthy especially for industrial applications.

Xiang and Lee (2008) reported the effects of exit tube diameter on the flow field
in cyclone sej)arator. Results show that the exit tube diameter influences not only the

velocity magnitude, but also the shape of the velocity profiles within cyclones.
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However, no much literature exists on the cyclone separators’ heat transfer studies.
Orozco and Nguyen (1993) reported an analysis of the heat transfer characteristics of the
fin/refractory system in a cyclone furnace. Thermal stresses in the weld joint between the
fin and the tubes which contribute to the failure of the fins were estimated. The effect of
fins on the average heat transfer coefficient inside the cyclone separator of a CFB for
different operating parameters like solid circulation rate, gas superficial velocity and

pressure drop were studied by Nag and Gupta (1999).

Some studies on the heat transfer characteristics in a cyclone separator of a CFB were
reported by Nag and Singh (1996).

Gupta and Nag (2000) conducted experiments on cyclone separator’s wall-to-bed
heat transfer and hydrodynamic characteristics in the cold CFB unit of cross section
0.102 m x 0.102 m. It is reported that the cyclone separator is designed according to the
high-efficiency Lapple design and made to accommodate two identical heat transfer
probes. From the experimental results, the heat transfer coefficient is found to increase
with increase in solid circulation rate, as well as gas superficial velocity. The effect of
bed inventory and heat flux on heat transfer coefficient has also been investigated. An
empirical equation has been developed to predict the heat transfer coefficient in the
cyclone separator based on dimensional analysis. The experimental results were
compared with the predicted results and a good agreement was observed. The collection

efficiency of the cyclone separator was measured for all the operating conditions.

2.5 Summary and Scope for Present Investigations

From the literature review as explained in sections 2.2, it is evident that most of the work
is published on hydrodynamic and heat transfer characteristics of single riser column and
effect of scale-up on hydrodynamic characteristics of CFB. Few literature is available on
wall-to-bed heat transfer characteristics [Mickley and Trilling (1949), Danziger (1963),
Basu and Nag (1987), Wirth (1995), Shi et al. (1998), Fox et al. (1999), Grulovic et al.
(2008)]. Mickley and Trilling (1949), Danziger (1963) represent correlation on bed
Nusselt number developed from the scale-up of two circular risers as shown in Table 2.1.
However, it was observed from literature that the hydrodynamics characteristics differ
significantly with the geometry of the bed cross section [Zhou et. al (1994)] and bed

hydrodynamics strongly influences the heat transfer characteristics [Kunni and
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Levenspiel (1991)]. Risers of square and rectangular cross-sections are now widely
employed in circulating fluidized bed applications [Zhou et. al (1994)]. Also scale-up is
important for design point of view. Hence, there is high demand for scale-up study of .
CFB on heat transfer characteristics with square cross-sections. Therefore present work
involves parametric study and effect of scale-up on wall-to-bed heat transfer

characteristics using three CFB units of different square cross section riser.

Based on the available literature on simulation, it is found that most of the works
reported for the CFB hydrodynamic and heat transfer by Eulerian model with good
degree of accuracy (Section 2.3). Experimental findings of the present study will be

validated using Fluent 6.3.26 with Eulerian model.

It is evident from section 2.4 that most of the investigations were reported on
hydrodynamic characteristics of cyclone separators. Wall-to-bed heat transfer
characteristics of single cyclone separator are reported only by Gupta and Nag (2000).
Therefore present work involves parametric study and effect of scale-up on bed-to-wall

heat transfer characteristics using three cyclone separators of different diameters.
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Chapter 3

Experimental Setup and Procedure

3.1 Introduction

In the present chapter experimental setup and procedure are described. Section 3.2
represents the details about the CFB Setup fabricated at IIT Guwahati. Fabrication of
heat transfer probe (heater) used in the riser column for wall-to-bed heat transfer study is
also explained in this section. Experimental procedure used for the heat transfer study in
the riser column is described in section 3.3. Similarly experimental setup and procedure
used for conducting heat transfer study in the cyclone separators is described in section

3.4, followed by summary in section 3.5.

3.2 Experimental Setup

CFB setups were designed and fabricated at IIT Guwahati (Gavali, 2005). Figure 3.1
presents three CFB units with bed cross sections of 0.15 m x 0.15 m, 0.20 m x 0.20 m,
and 0.25 m x (.25 m. All the CFB units are constructed with same riser height of 2.85 m.
Both the riser and downcomer are of same cross-section area and made of Plexiglass. All
sections were interchangeable with one another. Hence, the set-ups were useful enough
for studying the different aspects of heat transfer along the bed height. Experiments were
conducted on the three CFB units with sand as the bed material and air as the fluidizing
medium. Air was supplied by a high-pressure high discharge blower, and the air flow
rate, controlled by main line bypass valve, was measured by a standard designed orifice
plate. A butterfly valve is located in the return leg of each unit to measure the solid
circulation rate in the column by closing the valve and measuring the volume of solids
collected above it over a certain period of time. Each CFB unit contains a cyclone
separator and a bag filter. Entrained solids will be recovered in a cyclone separator and
returned to the bottom of the riser column. Static pressure will be measured along the

riser height at suitable intervals and along the cyclone height. Fine wire mesh (BS 400)
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Fig. 3.1 Schematic of Experimental Setup

and cigarette filters were used at pressure tapping ends to minimize pressure fluctuations
in the water filled U-tube manometer.

Heat transfer probes (heater section) of suitable design have been used to
investigate the local heat transfer coefficient along the riser. Heater can be placed at any
appropriate height above the distributor plate for one set of experiments and then
positions can be changed for next set of experiments by keeping the same set of
operating parameters fixed as in the first set. Electrical energy input to the heaters will be
controlled by variac and measured with Wattmeter. The constructional feature of the
heater is as shown in Fig. 3.2. The heater section was fabricated with MS sheet of 2 mm
thickness with a height of 0.6 m (Fig. 3.2). Nichrome wire as a heater coil of 2 kW
capacities was wound over the mica sheet of 1.5 mm thickness which covers the MS
wall of the heater section. Another mica sheet, which acts as an electric insulator, was
wrapped over fhe Nichrome wire. To avoid the heat losses by radiation, ceramic wool

and asbestos sheets were wrapped over the assembly.

TH-1848_Shankarrao 28



N

)

2
N
o

N

NOIOIOINISIOIS]

KOO OTEC

QOGO

AN RN

I Nichrome Wire 2  Mica

3 Mica 4  Wall Temperature Thermocouple
5 Asbestos Sheet 6 Ceramic Wool

7 MS Sheet Probe Wall 8  Bed Temperature Thermocouple

Fig. 3.2 Schematic of Heater

Heat was supplied to the heater section with electric supply through variac. To measure
the temperature of the surface of the heater section and the bed, calibrated T-type
thermocouples were installed on the wall as well as inside the heater section respectively
in the same height as shown in Fig. 3.3.

Ten set of thermocouples with equal spacing of 0.055 m along the height of the
heater section were used to measure the bed temperature and surface temperature of the
heater section, as shown in Fig. 3.3. A section was taken in the lateral direction at 0.44 m
above the inlet of the heater. Five thermocouples were placed along the horizontal
direction in this section with equal spacing at the non-dimensional distance [X/b] of 0.1,
0.3, 0.5, 0.7 and 0.9, respectively (Fig. 3.3). Fabrications of all heaters for three different
CFB units were done in a similar way. Here the non-dimensional distance [X/b] is the
distance (X) measured from the left hand side wall of the heater to the thermocouple end,

normalized with respect to the width (b) of the heater.
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Fig. 3.3 Positions of Thermocouples in Heater Section

Experiments were conducted on each CFB unit keeping other two CFB units in off
position. Experiments were conducted under similar operating conditions on three CFB
units when heater section (as shown in Fig. 3.1) was placed at upper (U), middle (M) and

lower (L) position i.e at a height of 0.6 m, 1.2 m and 1.8 m above the distributor plate

respectively.

Snaps 1-3 show the experimental facility, data acquisition system and electrical

instrumentation. Specifications used for the present study are given in Appendix A.
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3.3 Experimental Procedure for Riser

Experiments were conducted under steady state condition on the three CFB units to
examine the effect of bed cross section on heat transfer characteristics under similar
operating conditions. To maintain the similar operating conditions in each CFB unit,
weight of static sand inventory per unit area of distributor plate (P) was maintained
same. Also, experiments on each CFB unit were carried out at five superficial velocities
of air (U = 2.5 m/s, 2.75 m/s, 3 m/s, 3.3 m/s, and 4 m/s). Non-dimensional form for

superficial velocity of air (U*) is given by

U:z: :% (3.1)
mf

Where (U") and (U, are superficial air velocity and minimum fluidizing air velocity,
respectively. All experiments were conducted with mean particle size of 460 pm
(Appendix B) and input heat flux at the wall of each heater was maintained at 1000
W/m’® (Appendix C). Input heat flux was restricted to 1000 W/m? to prevent damage of
plexiglass column of riser and to avoid breakage of Nichrome wire. Experiments were
conducted with two different sand inventories so that weight per unit area of distributor
plate of each CFB setup was maintained either 3050 N/m? or 1750 N/m°> (Appendix C).
The range of the weight of sand inventory per unit area of the distributor plate 1750-
3050 N/m” was selected because beyond this limit of inventory, fast fluidization was not
achievable. This is because there would be insufficient amount of sand inventory on the
distributor plate to achieve fast fluidization if it was less than 1750 N/m-. Experiments
could not be conducted for the value of weight of the sand inventory per unit area of the
distributor plate (P) more than 3050 N/m”* because of constraint of maximum capacity of
experimental setup (blower) to push the maximum weight of inventory of sand per unit
area of distributor plate into the fast fluidization above the distributor plate in 0.25 m x
0.25 m CFB setup.

At particular weight of sand on distributor plate of a CFB setup, effect of
velocity of air on off-axial bed temperature distribution and axial distribution of heat
transfer coefficient in the heater section was studied by varying non-dimensional
velocity parameter (U*) from 5 to 8 (Appendix C). U* was varying from 5 to 8, because,

at U™ <5, fast fluidization was not achievable and U* > 8 was limited by the capacity of

the blower.
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The suspeﬁsion density of the bed (ps,s) can be evaluated (Appendix C) by the equation
(Kunni and Levenspiel, 1991)

Pus = P, (1-€)+p, (3:2)
where voidage (€) is defined as the volume fraction of the bed by occupied by air
bubbles. The bed voidage (€) at any cross-section of riser has been estimated from the
measured pressure drop (AP,) from a differential water filled U-tube manometer
connected across two preésure taps separated by a distance 0.6 m along the height of the
riser. pg is the density of air in kg/m’.

Voidage (¢€) is given by
_ 10Ah
piL,

e=1

(3.3)

where Ah is difference of height in manometric fluid, measured in cm of water, L, is the
distance between two consecutive pressure taps ( 0.6 m approx. for all CFB units )
across which pressure drop, hence voidage has to be determined, ps is the density of sand
(2600 kg/m’).

Solid circulation rate (Gg) i.e (solid mass flux) (Appendix C) is given by

G — ps La AD(I_gmf)
* Agt

3.4)

where L, is accumulation height in m, t is the time elapsed in s after closing the
butterfly valve to gain L, in graduated column of down-comer, ps is the density of sand
in kg/m3, Ag and Ap are cross sectional area of riser column and graduated column or
sand height measuring section in m? respectively, as shown in Fig. 3.1, &y is the
voidage at minimum fluidization. In the present study, Ag = Ap in each CFB unit.

The local heat transfer coefficient (h) is calculated (Appendix C) by

0 (3.5)
- Ag (Ts _TB)
where Q is rate of heat supplied to the heater measured using calibrated wattmeter. T-
type calibrated thermocouples (Appendix D) and data acquisition system with Easy Lab
software version 1.0 were used to measure the surface temperature (Ts) and (bulk mean)
bed temperature (Tg), As is the surface area of the heater.

Average heat transfer coefficient (h,,) along the heater section at its any

particular location above the distributor plate is calculated by
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1 H (3.6)
m'g = F 6“

where H is the height of the heater (0.6 m), hy is the local heat transfer coefficient. Local
heat transfer coefficient (hy) is calculated at 10 different points (y = 1, 2....... 10 as shown

in Fig. 3.3) along the height of heater section.

3.4 Experimental Procedure for Cyclone Separator

Parametric Studies were done on cyclone separators of three CFB setups with riser of
cross section<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>