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PREFACE

Circulating fluidized bed (CFB) is an essential
mode of gas—-solid contact with high gas-solid contact effi-
ciency, high gas throughput and high flexibility of solid
handling. In boiler technology CFB combustion is gradually
getting more recognized and the capacity is approaching to
large scale utility boilers. Pressurized CFB combustion pro-
grams are also in progress. Application of CFB concept to
iron ore reduction is under progress in several countries.
Several new catalytic processes are also under development.
However, it is felt that CFB applications so far established

are still in the primitive stage.

The rapid commercial success of this technology drew
attention of many researchers. Since the commercialization of
this process outpaced fundamental research,a number of impor-
tant gaps in the understanding of this process remained. The
lack of information in those areas inhibits an optimum exploi-
tation of this technology. The present work is expected to be

an attempt in this direction.

(Md. Nawsher Ali Moral)
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ep particle emissivity

e, wall emissivity

e' effective emissivity L

E velocity of approach factor. 57173

(1 - m™)

E entrainment flux at a height h above dilute /
dense interface, kq/mzs

E, entrainment flux at dense bed surface (dense/
dilute interface) ., kg/mzs

E, entrainment flux above TDH ., kg/mzs

fp solid friction factor

fg gas friction factor

Fp-w particle-to-wall view factor

g acceleration due to gravity., 9.81 /s

Ggr.G solid circulation rate. kg/mzs

h. h0 average overall heat transfer coefficient, w/mzK

hp equivalent heat transfer coefficient. W/m2K

hw wall heat transfer coefficient., W/mzK

ht heat transfer coefficient between fin tip and
surrounding emulsion. W/m® X

hy homogeneous heat transfer coefficient, W/m? K

h_ radiative heat transfer coefficient, W/m® K

hg experimental heat transfer coefficient. W/m2K

h predicted heat transfer coefficient, W/m2K




h
gc
wp
wb

wt
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heat transfer coefficient for lean phase. W/mzK
heat transfer coefficient for dense phase. W/m%K

heat transfer coefficient for gas convection.
2
W/m“K

wall heat transfer coefficient for packed bed.
2
W/m“K

effective heat transfer coefficient of finned
tube related to bare tube surface. W/mzK

total heat transfer coefficient for finned tube
based on total area. W/mZK

depth of packed bed, m

bed height at minimum fluidization condition, m
pressure drop across the orificemeter, cm of water
pressure drop across the test section, cm of water
bed inventory. kg

solid inventory in dilute phase region. kg

solid inventory in the acceleration region, kg
solid inventory in the dense phase region. kg
solid inventory in slow bed. kg

current, ampere

modified Bessel function

thermal conductivity of fin material, W/mK
experimentally determined constant

apparent thermal conductivity of packed, bed, W/ mK

thermal conductivity of cluster, W/mK
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(xxviii)

effective thermal conductivity of the homoge-

neous gas particle medium, W/mK
thermal conductivity of fluid, W/mK
thermal conductivity of gas, W/mK
thermal conductivity of solid, W/mK

effective thermal conductivity of particle
cluster near the wall W/mK

thickness of emulsion, m

gas layer thickness, m

height of fin from the wall, m
length of fin, m

vertical height of heat transfer probe., m

distance between the pressure tappings across

the test section, m

length of heater, m

static bed height, m

effective length of the test section, m
height of dilute phase region, m

hei ght of dense phase region, m

height of slow bed, m

dimensionless probe height

actual volume flow rate of air, m>/s
ratio of orifice area to pipe area

fin parameter

mass of solids in slow bed. kg

mass of solids in dense phase region., kg
mass of solids in dilute phase region. kg

dimensionless parameters



APden

aPgu1

AP
AP

cye
AP

APSB
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number of fins

perimeter, m

pressure drop across the orifice meter, cm. of

water

pressure loss across the dense phase region.,N/m

pressure loas across the dilute phase region,

N/m2

pressure loss across the riser, W/m2

pressure loss across the primary cyclone, W/m2

pressure loss across the solids control valve,

W/m2

slow bed pressure loss, W/m>
heat flux, W/m>

total heat transfer, W

heat transfer from finned surface,
heat transfer from unfinned surface.,
radius of riser column, m
dimensionless radiation parameter
gap between the adjacent fins, m
thickness of fin, m

residence time, s

cluster residence time, s

bed temperature, K

surface or wall temperature, K

temperature differential, K

superficial velocity, m/s

W
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U terminal velocity, m/s

Up particle velocity, m/s

Ug gas velocity, n/s

U interstitial gas velocity in dilute phase region

( Uo/s Yo m/s

Ue velocity at minimum fluidization, s
U velocity at minimum bubbling . m/s
Uns velocity at minimum slugging. m/s
sr slug rise velocity, m/s
Uk velocity corresponding to onset of turbulent
fluidization, m/'s
kr transport velocity, m/s
v voltage, vVvolt
W solid mass flux., kg/s
Xy weight fraction of particles
X fraction of wall surface covered by particle
x/L dimensionless fin parameter
z a combined multiplier, product of Re, D and B

Dimensionless Groups

3 2
Ar Archimedes number -
c edes er , pg(ps Pg)gdp,/ug
Nu experimental Nusselt number, by dp,/kg
Nur, predicted Nusselt number, h., d_ /kg
TP

(Nup)e experimental particle Nusselt number.h_dp./kq
- C

(Nup)T predicted particle Nusselt number , thp,/kg
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Re
D

Remf
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gas-particle Nusselt number, hgc

total Nusselt mber ,

ota 8s nu i dphwp /kg
/k

T

udae /u
opg g

particle Reynolds number , Uodopg,ﬂig

Prandtl number , pg C

Reynolds number ,

a /kc
i 7RG

Reynolds number at minimum fluidization

condition, Umfdppg/hg

Letters

efficiency of fin

density of gas. kg/m3

bed density at the fin tip. kg/m3
density of solid, kg/m3

average suspension density, kg/rn3

kg/m3
solid concentration at the wall, kg/m3
kg/m3
3
kg/m
kg/m3
kg/m3

kg/ms

average voidage at a cross—section

suspension density.

density of emulsion.,
density of cluster,
density of water.

density of air,

viscosity of gas.

cluster porosity or cluster voidage

void fraction at minimum fluidization

condition
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dilute phase voidage at a distance h above
dense/dilute interface

volidage in dense phase region
average voidage of the dense phase region
voldage at transition region

fraction of wall surface covered by cluster

average residence time of packets., s

thermal time constant

8

Stefan - Boltzmann constant, 5.67 x 10 ° W/m

temperature difference, K

2,4
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ABSTRACT

Experimental investigations were made to study the
effect of fin and vertical probe height on hydrodynamics
and heat transfer in circulating fluidized beds (CFB). The
experiments were conducted in a 100 mm I.D.., 5.15 m tall
CFB unit. Air was supplied by a high pressure centrifugal
blower. The distributor plate used was straight hole ori-
fice type having 12.4 7. open area. The test section was
located at 2.75 m above the distributor and electric tape
heater was used as the source of heat. The temperatures of
the inside wall and the bed at about the midpoint in the
test section were measured with copper constantan thermo-=
couples. Five plain and five finned test sections have been
examined, three of which had rectangular fins and two had

pin finse.

Local sand of mean diameter 310 Um was used as the
bed material. Measurements covered a range of superficial
alr velocity from 5.6 to 12.5 m/s., suspension density from
18 to 76 kg/m3 and bed temperature from 330 to 365 K.
Three bed inventories of 20, 26 and 32 kg and five heat

fluxes in the range of 3580 to 7876 W/m? were used.
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One empirical model was developed with the help of
dimensional analysis to predict heat transfer in a hot CFB
to bare tube surfaces. One analytical model has been deve-
loped for the prediction of heat transfer to finned surfaces
in a CFB both for long and short fins. An empirical equation
has been developed correlating the parameters Nup ’ Rep and
L/D to estimate heat transfer from the probes of different

vertical heights. In addition one expression for calculating

particle residence time has also been derived.

The results predicted from the models and correla-
tions have been compared with the present experimental
results as well as those of other investigators., and good
agreement is observed. With the use of fins. the heat trans-
fer coefficient was found to decrease by a maximum of 32 oa
put the total heat transfer got enhanced by about 103 7
due to the additional surface area provided by the fins.
Heat transfer coefficient was found to decrease and particle
residence time was found to increase with the increase of

vertical height of the probe.
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INTRODUCTION

Increasing world demand for more energy together
with the oil embargo by OPEC in 1973-74 resulted in
exploring new, cheaper and readily available sources
of energy. This realisation evoked massive research and
development activities all over the world since the
middle of 1970's. The potential sources of energy can
broadly be divided into two classes. the renewable
energy and the non-renewable energy. In one hand the
renewable energy is site‘effective, on the other hand the
technology is not fully developed or is costly to harness.
Solar energy would become popular only if direct energy con-
version methods., simple, practicable and utility oriented
for large scale application on low cost projections are
made available. Although bio-mass is an old and established
technology., but its application is limited due to inade -
gquate concentration and some unpleasant properties of the
raw materials. Geothermal and hydro energies are being
considerably exploited and used in certain areas. The
development of wind and tidal energies are not yet so
promising. Nuclear energy is being utilized but there are
many arguments against its large scale application due to
the problem of waste disposal and environmental hazard. So

the dependable source of energy is the non-renewable energy



source that means the fossil fuels. The reserves of oil
and gas are limited., and unless otherwise new oil fields
are discovered, the present reserve will be depleted
within a few decades. Under these circumstances a number
of measures have been suggested towards future energy use.
Efficient energy conversion technique is one such measure.
The technique of fluidization is one of the efficient

means of energy utilization.

In the pfocess of meeting the growing demand for
electric power and heat. coal has been playing an import=
ant role worldwide. Also among the fossil fuels., reserves
of coal are much more abundant than others. So peoples are
depending increasingly upon coal day by day. rather than on
other fossil fuels. On the other hand, the quality of coal
is gradually degrading. The fluidized bed combustion is a
novel and more efficient method of burning such low grade
coal. It offers a method of burning insensitive to fuel
quality., capable of reducing sulphur and nitric oxide emi-
ssion, providing the best hope for the development of coal

*
fired gas turbine and combined cycle operation ﬁflJ7-

Circulating fluidized bed (CFB) combustion systems
have been developed only since the mid 1970's. Till then

almost all fluidized bed combustion efforts, particularly

* Numbers in parantheses indicate the references given at
the end of the thesis.



in the UK and USA, were directed toward the bubbling bed.
The oil crisis in 1973-=74 caught several countries that
were heavily dependent on the imported crude off balance.
and intensive research into alternate fuels commenced toO
meet the growing energy demand. Finland, Sweden and West
Germany in particular., started CFB programs at this time.
The world's first commercial CFB boiler went into service
at Pihlava, Finland in 1979 / 2_7. The pioneering com=
pany was Ahlstrom. and the aim was to convert an oil=fired
unit into a CFB boiler producing 20 +/h of steam from
woodwaste. Successful operation of this unit led to the
startup in 1981, of a 90 t/h (steam) CFB boiler at Kauttua.

Finland, that was designed to burn coal, woodwaste and peat.

Iurgi, drawing on previous mineral processing
experience in CFB units, followed suit in 1982 with an
g4 MW (thermal) CFB combustor at Leunen, Germany. This
plant was designed to burn coal washery rejects with ash
content of upto 55 % and appears to have been a resound-
ing success / 3_7. In the relatively short span of 1its
commercial life., the CFB boiler along with its ‘bubblinc’
counterpart. has established itself as a reliable and at-
tractive option for industrial boilers to supply process
steam. Now it is competing as a utility boiler. Few CFB
utility boilers in the 100-150 MWe range are already in

operation, and some are in various stages of construction

—
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One of the main advantages of fluidized bed com-
bustion is that flame stability is assured by the quantity
of hot particles resident ih the system -~ the bed acts as a
thermal ballast. For fluidized bed combustors it is necé-
ssary to keep the particles below their ash fusion point.
while from an acid gas emission point of view it is desir-
able to operate at a temperature below about 950°C. These
constraints combine to limit operation in both bubbling bed
and CFB systems to a temperature range of 800—9OOOC

/5 7.

Early experience with bubbling bed combustors
showed that unburned carbon losses could be as high as
10-15 % £f6;7. The main reason for this appears to have
been that coal fines were too rapidly entrained from the
bed. Bulk fines recycling is inherent in the CFB system ,
because solids lcaaings in the cyclone are high and the
solids behave more as clusters than individuals. Under
these conditions fines are unable to escape easily by
virtue of their size alone. These factors combine to
extend the residence time of fines in the CFB system to
thie point where losses of unburned carbon rarely exceed

2 ¥ under normal condition [/ 2 _/.

Staged combustion is a characteristic feature of

all CFB boilers. Figure l.1 shows the combustion zones

together with the entry points of primary and secondary air.



Primary air is fed from below through the distributor,

and this stream contains about 50-60 7. of the stoichio=
metric requirements. Secondary air is admitted from the
side at a certain height, at this level the furnace envir-
onment changes from reducing to oxidizing. Fuel devolati-
lization and ignition occur in the lower oxfgen lean
environment. The probability of NOX formation at this
point is reduced. This strategy is more effective when the
fuel contains a high level of volatile organic compounds.
The main reason is the single-pass nature of gas flow
through the system, vis-a-vis the recirculating nature of
solids flow. Because staged combustion primarily affects
the gas phase, the effectiveness of the strategy is enhan-
ced when a greater proportion of fuel-bound nitrogen is

released in the form of volatilized organic compounde

Oxidizing
Zone

Secondary .. .. |0

! e « N 7 S
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FIG, 1.1 STAGED COMBUSTION IN CFB
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Figure 1.2 shows details of a CFB boiler. The

advantages of the same are as follows 3

(a) Fuel flexibility :

The CFB boiler can efficiently burn a wide variety
of fuels including low grade solid fuels rich in ash and
moisture. It has the flexibility of purning different types
of fuels in the same boiler. simultaneously and separately.
without substantial change in capacity and efficiency. Exam-
ples of fuels fired in CFB units are bituminous coal. an-
thracite, anthracite culm, coarse coal rejects, coal washery

tailings., peat., wood chips. wood waste, petroleum coke, oil

shale etc.

(b) High combustion efficiency :

Superior mixing in the CFB and the large reaction
space afford high combustion efficiencies for a wide variety
of fuels under different operating conditions. For its
Lunen boiler., in operation since 1982, Lurgi reports an

efficiency of 99 7 . Firing a mixture of bark. coal and

waste paper. Ahlstrom's boiler at Hylte Bruk in Sweden has
registered an efficiency of 98-99.5 % with oxygen level in
the flue gas at 2-32 % . Ahlstrom's Kauttna pPyroflow boiler

gave a combustion efficiency of 98.5 /. when the boiler was

at 50 X load with excess air maintained at 20 Z .



.

(¢) Efficient sulphur removal :

502 formed by oxidation of sulphur in fuel

s+0, = S0, % 9260 kJ/kg

enters into chemical reactions with moisture catalyzed by
sunlight to form acids. For limestone directly fed into the

CFB furnace as bed material. the following endothermic re-=

actions occur

CaCO4 Ca0 + CO, - 1830 kJ/kg CaCO4

MgO + CO, = 1183 kJ/kg MgCO,

MgCO3

In a sufficiently oxidizing environment, the porous calcin-

ed limestone reacts as given below :

C = CaSO4 + 15141 kJ

Cca0 + SO + 2

2

O,

N N[

MgO + SO, + Mgso, + Heat

CasO, and MgSO, (gypsum) retain the sulphur in the solid

form, rather than allowing 1t to escape as gaseous SO, .

Thermodynamically., the formation of CaSO4 is
favoured at lower temperatures. The rate of formation is
maximized at about 850°C. At temperatures exceeding 900°c,
the sulphur capture is greatly reduced. This is one of the

reasons why fluidized bed combustion processes are constra=

ined to the 800 = 900°C temperature range.



Good contact between gas and solid and the long
contact time in the CFB combustor afford better sulphur
capture at a given Ca/S ratio. Industrial CFB boilers

show 90 7. S capture at Ca/S ratio of 1.5 - 2.

(d) Low NO_ emission @

Owing to relatively low combustion temperature
and the staged combustion., NOx emission can be kept down
to the range of 100-300 ppm i}:} Staged combustion is
highly effective in limiting NOx formation. It has been
found that NO concentrations can be diminished progress-—
ively (by reduction to molecular nitrogen or possibly to
nitrous oxide., NZO) as combustion gases pass up the CFB
chamber and into the hot cyclone. The most reasonable
explanation appears to be that. despite the generally
oxidizing environment higher up in the system, NO is cata-
lytically reduced on the surface of uncombusted carbon par-
ticles. Nitrogen oxide emission levels respond to a number
of other system parameters as well. Flue gas recirculation
depresses NO_ and the introduction of ammonia or urea has

been suggested for effective NOX reductions.

(e) Simpler fuel handling and feed system :

In contrast to the conventiocnal pulverized coal
fired boiler, CFB boilers receive solid fuels in fairly
coarse sizes. This simplifies the upstream feed preparation.

But perhaps the main advantages of the CFB boiler is the
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need for only one (industrial boiler) or few (utility boiler)
feed points. The high degree of lateral solid mixing in tur-
bulent zone at the bottom ensures uniform feed distribution
within the bed. Besides the large height corrects any mal-

distributione.

(£) High heat release rates :

Lurgi, Ahlstrom and Gotaverken report running their
boilers at gas velocities around 6-8 m/s. This results in
high heat release rates (about 5 MW (th)/m2 ), and so needs

less floor area.

(g) Capability for good turndown and load following 3

The relatively high fluidizing gas velocity and the
use of staged combustion permit a fairly good turndown ratio
by simply reducing the proportionate amounts of fuel and
air. The turndown ratio of upto 5:1 has been achieved

(20 7 load).

CFB boilers respond quickly to load changes. The
given load can be readily adjusted by changing the ratio of

primary and secondary air and by controlling the golid cit=

culation ratee.

(h) High availability
The availability records of CFB boilers are highly
impressive. It is more than 90 % . During 2.5 years of

operation Ahlstrom's Kemira plant logged in 20,457 hours.
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The fundamental advantage of a fluidized system is
that it tends to maintain a uniform temperature throughout
the bed. Close temperature control is possible even when
there is evolution or absorption of large guantities of heat
inside the system, because the solid particles in a flwldizs
ed bed act as reservoirs and carriers of heat. Their vio-
lently turbulent motion enables them to absorb heat from the
fluid in one part of the system and to release it to the
fluid in another, thus tending to equalize the temperature

and to eliminate hot and cold spots within the system.

The major disadvantages of CFB's are however, (i)
erosion of reactor walls depending on velocity,reactor
design and materials, (ii) attrition of particles. (iii)
difficulty of immersing internals due to the possible ero-

sion and (iv) complexities of the hydrodynamics éfﬁ_7.

Dwindling reserves of high quality coal and the
imperative need for abatement at atmospheric pollution
have spurred the development of CFB technology for steam
generation. The heat transfer mechanisms of fluidized bed
boilers are quite different from the usual in boiler engin-=
eering. In conventional fossil fuel steam generator. the
physical mechanisms of heat transfer are restricted to
radiation and gas convection. In fluidized bed boilers other
mechanisms occur and not all in these mechanisms is fully
understood yet. Empirical data on heat transfer to surfaces

in fluidized beds are scarce. Not only the in-bed heat
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transfer differs appreciably from the usual., also the
transfer processes in and after the freeboard are quite
unconventional due to much lower gas temperature, low gas
velocities and heavy dust load. Designers of fluidized bed
steam generating system need design dats and procedures to
handle these features. This asks for an understanding of

the physical mechanisms controlling heat transfer in this
type of steam generator. An accurate understanding of the
heat transfer to the bed walls and to immersed surfaces is
required for proper design of circulating fluidized bed
boilers. It is also necessary to know how the heat transfer
coefficiént depends on various design and operating para-
meters. The process of heat exchange between the system and
the heat transfer surfaces is intimately associated with the
process of heat transfer between the fluidized solid and
the fluidizing gas. the rate at which the particles mix
inside the bed and the general behaviour and geometry of

the fluidized system. There is now considerably renewed
interest in large fluidized bed boilers for the efficient
production of energy. This necessitates not only an optimum
economic design but also a design that incorporates the ess-
ential features necessary for control of gaseous and solid
pollutants. The development of fluidized bed boilers for
the combustion of sulphur containing coal has particular
promise. CFB combustors have gained popular accep-

tance recently because they have demonstrated that they can
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burn a wide variety of fuels efficiently and in an environ-
mentally acceptable manner. In the current energy climate,
where fuel supplies cannot always be guaranteed over the
long term, a combustor may also require that a single com-—
bustion unit can handle widely different fuels over a load
range without a substantial loss in performance. The circu-

lating fluidized bed has shown this capability /8_7/.

The circulating fluidized bed boiler is outstanding
in its fuel flexibility. low pollutant emission and adapti-
bility to load change, and has become a subject of world
wide attention as an improved new type of coal combustion
boiler 17.9,10_7 . To maintain the combustion temperature
at an optimum level it is necessary for the walls of a CFB

furnace to absorb a desired fraction of the heat input to
the furnace. While the heat input is proportional to the bed
cross-section., the heat absorption is proportional to the
perimeter of the furnace. height remaining constant. Thus
with the increase in the capacity of the boiler., the heat
input and, hence. the required amount of heat absorption in-
creases, but the wall area available for heat extraction
does not increase in the same proportion. So large CFB boil-
ers are required to have additional heating surfaces across
the furnace or external heat exchangers. Both options are
costly and increase the risk of tube erosion. Finned tubes
are widely used in heat exchangers including the economizers

of boilers to enhance the total heat transfer rate. In modern
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boilers, panel wall tubes are welded to each other by flat
fins. These fins are only partially effective., because only
one side of the fins is available for heat transfer. The
other side faces the insulated casing of the boiler. The
heat absorption by each wall tube may be greatly increased
if additional heating surfaces can be provided by welding

to each tube, vertical fins projecting into the furnace.The
present exploratory work examines if the overall heat trans-
fer can be increased by using such projected fins on the
walls of a circulating fluidized bed. Experiments were
carried out at room temperatures, but covering other operat-
ing conditions relevant to commercial boilers such that at
least the knowledge of convective component of heat transfer

in actual boilers can be gained through this work.

Although fluidized bed is comparatively an old tech-
nology but the circulating bed is a recent development. The
bottom section of a circulating fluidized bed below the
secondary air inlet operates either in bubbling or turbulent
bed regime, whereas at the top it is either in the fast bed
or pneumatic transport regime. depending on the superficial
velocity used. Grace 1-1L47; Glicksman / 12/ and many
other workers have observed that the heat transfer coeffi-
cient is less at the fast bed than that in the bubbling bed
due to lower bed density. Inspite of tremendous progress of
commercialization of this technology., there is a serious

dearth of information in some important areas of design.
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Therefore, there are many areas of fundamental interest where
there is much yet to be done. Research on CFB systems is
being conducted at a brisk pace all around the world since
about 1980. It is, however, lagging behind the pace at

which its commercial application has been progressing. The
main research areas are heat transfer as a function of
important design parameters, combustion mechanisms, hydro-
dynamics of high velocity fluidization, influence of fuel

properties etc. / 13,14_/.

The present investigation has been carried out to
study not only the effect of operating variables but also
some experimehtal techniques to augment heat transfer by
using fins. The effects of vertical probe height, fin size
and geometry on heat transfer and hydrodynamics in circulat-

ing fluidized beds have also been studied.

Led Objectives of the Study

The main objectives of the present investigation are

devoted to heat transfer in circulating fluidized beds as

given below :

(1) Study of the effect of fins of rectangular and

pin shapes on hydrodynamics and heat transfer in a CFB.

(2) Study of the effect of vertical probe height

on heat transfer in a CFB .
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(3) Development of an empirical model with the
help of dimensional analysis to predict heat transfer in

a hot CFB +to bare tube surfaces.

(4) Development of a mathematical model for the
prediction of heat transfer to finned surfaces in a CFB,

both for long and short fins.

In addition, to form a base of the present work, the un-
finned surface was studied first in a CFB and the results

were compared with those of others available in literature.



CHAPTER - TT

LITERATURE REVIEW

2.1 Introduction

Since the developments in petroleum industry in the
early 1940's, fluidization has become a widely accepted tech-
nique for bringing about heat and mass transfer in chemical
and process industries and later to effect the combustion of

fossil fuels for power generation and process heat 4f15*7.

The history of development of fluidization technique
has been provided by Zenz and Othmer éul6_7, Jahnig 4—17;7
and Squires 1_18;19_7.

Different aspects of fluidization have been discussed
by Kunii and Levenspiel / 20_/, Yates / 21_/. Davidson.,
Clift and Harrison 4_22“7. Van Swaailj and Afgan 4_23_7. Rad=-
ovanovic / 24 7. Geldart / 25_7 and Howard / 26_7. Pell
4“27_7 explained the design aspects of heat transfer in gas

fluidized beds.

For a detailed account of hydrodynamics in circulat~
ing fluidized beds (CFB) one can note the reviews of Grace
/715 7, Yerushalmi and Avidan / 28_/, Geldart and Rhodes /29 7

Kwauk et al 4_30_7. Matsen £_31_7 and Horio 1_32~7-

The fundamentals of heat transfer in Fluidized beds

have been elucidated by Gelperin and Einstein 4_33;7 .
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Baskakov / 34_/ and Botterill / 35_/. Gutfinger and
Abauf [/ 36_/ and Saxena et al / 37_/ reviewed the bubbl-
ing bed heat transfer literatures. Heat transfer in CFB has
been reviewed by Grace / 11/ and Glicksman / 12_/. Wu
et al / 38_/ and Basu et al / 39,40_/ have compared data
of various investigators. Leckner 4_41;7 discussed the

mechanism of heat transfer with applications to CFB boilers

in his comprehensive reviewe

The CFB as a combustor with its fuel flexibility
and environmental compatibility is regarded as the ' second
generation fluidized bed'. A historical account of the deve-
lopment of fluidized bed combustion has been given by Hoy
and Kaya / 42_/, and Kullendorff and Andersson / 43_7.
Dry and LaNauze / 2_/ elaborated the mechanisms of combu-

stion and heat release in a fluid bed steam generator.

Most of the current activities in different areas of
circulating fluidized bed technology have been reported in
the proceedings of 1lst. 2nd and 3rd International Confer-

ences on CFB [/ 13,14,44_/.

2.2 History of Development of Fluidized Beds

The first large scale, commercially significant use
of fluidized beds was by Fritz Winkler for the gasification
of powdered coal. The patent for this process was awarded in

1922 and the first gas producer started smooth operations in
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1926 4_20H7. The combined effort of ESSO engineers together
with the engineers of M.W. Kellogg Company and Standard Oil
Company of Indiana, USA culminated in the first commercial
fluid catalytic cracking (FCC) unit, and the SOD Model-1I
was built at Standard Oil's Baton Rouge refinery and it went
into smooth operation in 1942. To reduce the heavy load on
dust collectors. upflow beds were replaced by downflow fluid-
ized beds, leading to SOD Model-II units. More than thirty
FCC wunits of this type were built to produce aviation gaso-—

line during world war - Il.

In 1944 Dorr-Oliver Company acquired rights to ESSO's
fluidization know-how for use in fields outside the petro-
leum industry. Concentrating on noncatalytic reactions of gas
with solid they developed the Fluosolids system for the roas-
ting of sulphide ores. The first such unit was constructed in
1947 4in Canada. In 1952 at Berlin, New Hampshire, Dorr =
Oliver introduced this type of roaster for producing 502
from sulphide  ores. Following the very rapid acceptance by
engineering organizations worldwide, CFB combustion techno=
logies are being increasingly utilized by a wide range of end
users including steam generation for process and power gener-—
ation applications. Figure 2.1 shows how the major CFB
technologies have progressed over the last decade ,» and it is
clear that scale-up developments are being led by Lurgi and
Ahlstrom. Ahlstrom currently has the largest unit in opera-
tion, but Lurgi has a number of larger units at various

stages of design and construction [/ 2_/.
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2.3 Applications of Fluidized Beds

Circulating fluidization is a growing new technology
in many fields where good fluid-solid contact is required.
Combustion and power generation., catalytic reactions, drying.
waste incineration and iron ore prereduction are good exam-

ples of some of its applications.

2 s 2al Current commercial status of CFB boilers

Till 1989 there are six major commercial CFB combu=
stion technologies / 2_7/. each having certain distinctive

features as given below :
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(a) Ahlstrom/Pyropower CFB system :

Ahlstrom, the first to build a commercial CFB boiler,
and Pyropower, its US subsidiary. have more than 40 plants
in operation (upto July 1990). Its simple, robust design
features a water-wall riser with refractory lining in the
lower region, and a vertical hot cyclone solid re-injection
is carried out with the aid of a loop seal. The largest CFB
boiler rated at 110 MWe is in operation at Nucla. Colorado.
It consists of a twin combustion chamber, 7m X 7+3m X 37m
tall. It is covered by EPRI program and represents a focal

point for the American utility industry.

(b) Lurgi CFB boiler :

Lurgi of Germany commissioned their first utility
boiler of 96 MWe at Duisburg and a 150 MWe unit is soon
to be started. Lurgi's first CFB boiler (1982) at Lunen
supplies process steam to an aluminium plant. The Lurgi
design is simpler than the Ahlstrom's. About 16 Lurgi CFB
boilers are in operation and another 16 are likely to come

on stream during the next few yeéars.

(e) Gotaverken CFB system @

Gotaverken of Sweden offers a design similar to
Ahlstrom's. They began extensive pilot work early in 1980,
and in 1983 placed the first commercial boiler in opera-=

tion. 2bout 11 Gotaverken boilers are now in operatiocn.



(a) Keeler / Dorr-Oliver CFB boiler :

The Keeler Boiler Company., which was taken over by
Dorr-Oliver., has recently entered the CFB market with boiler
contracts at Decatur, IL and Ceder Rapids. IA. These plants
based on coal, produce around 200 t/h of steam in each
boiler. The distinguishing feature is the inclusion of a full

length vortex finder in the hot cyclone.

(e) Studsvik CFB system 3

Studsvik Energieteknik AB of Sweden is a govern-
ment-based research and development company. A 25 MW (th)
prototype CFB boiler was installed in 1978. The technology
developed has been licenced by Babcock and Wilcox in USA,
Babcock Hitachi in Japan and Ensaldo in Italy. At least
seven boilers are in operation. It is characterized by the

use of a labyrinth collector rather than a hot cyclone.

(£) Battelle MSFB system :

The multisolid fluid bed system was developed by
Battelle Memorial Institute in Columbus. Chio. Eight comm-
ercial units are in operation. the largest being at Idemitsu

refinery in Japan having a steam capacity of 300 t/h.



2.4 Heat Transfer in Fluidized Beds

One of the reasons fluid beds have such wide appli=-
cation is their excellent heat transfer characteristics. Par-
ticles entering the fluidized bed rapidly reach the bed temp-=
erature. Particles within the bed are uniformly at the same
temperature. Gas entering the bed reaches the bed temperature
within a few centimeters 1_27_7. The high heat transfer rates
are mainly due to -the large surface area of solids available
for the contacting operation rather than high heat transfer

coefficient.

The mechanism of heat transfer in a fluidized bed is
quite different from the usual system. It is very complicated
because of the dependence of bed behaviour on a large number
of variasbles. Heat transfer to the walls of a CFB is due to
conduction from clusters of particles falling along the walls.

thermal radiation and convection to uncovered surface areas.

Grace éfll_? regarded the circulating bed as inter-
mediate between a dense fluidized bed and a dilute pneumatic
conveying. He divided the overall surface~to-suspension heat
transfer coefficient into three separate, approximately addi-
tive components accounting for convective transfer due to
particles, gas phase convection and radiation. So the overall

heat transfer coefficient can be written as

hy = By * By, o+ By
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2.4.1 Heat transfer in bubbling beds

The majority of the experimental and theoretical
efforts has been toward an understanding of the mechani sms
of heat transfer in fluidized béds by unsteady state conduc-—
tion to moving solid particles at temperatures such that
radiation can be neglected (£ 900 K) and with particle
sizes (£ 1 mm) sufficiently small so that gas convection

can also be neglected for non-pressurised system ZT@?_?-

Dow and Jakob / 45_7., Leva et al [ 46_/, Leven-
spiel and Walten /" 47_/ and Wasen and Ahluwalia / 48_/
observed that the principal resistance to heat transfer 1is
3 fluid film, and the fluidized particles scour the film to
reduce the resistance to heat transfer., that is why, they
found high values of heat transfer rates in their experi-

ments. Main feature of thin film model has been shown in

Fig- 262 o

Van Heerden et al [/ 49_7/ proposed the first model
accounting for the thernal resistance of the thin gas film
as well as the layer of emulsion with its solids flowing
parallel to the wall. This model indicates that the heat
transfer coefficient between bed and wall should be large
for short heat exchange sections and smaller for long
sections.

In contrast with film models, Mickley and Fajr-
banks / 50_7 observed the unsteady heating of elements by
a small group of particles moving as individual unit called

the ‘packet f(or cluster) of emulsion phése' as the vehicle



\

for heat transfer. These packets are viewed to rest on the
surface for a short time, only to be swept away and repla-
ced by fresh emulsion from the main region of the bed. The

principal features of the model are shown in Fige 2e3.

Mickley and Fairbanks were the first to physically
model the heat transfer from a fluidized bed to an immersed
surface as a transient renewal process 5_51_7. In this model
the heat transfer coefficient continually increases as the
residence time decreases. Experiments by Dunsky et al 4_52_7
in stirred bed found that heat transfer coefficient appro-
aches a constant upper limit as the residence times are
decreased. This model has been modified by the introduction
of a contact resistance in series between the heat transfer
surface and the particles by Baskakov / 53_7., Patel /54 /.
Yoshida / 55_/. Kubie and Broughton / 56_/ and Wunsch-
mann and Schlunder 4*57_7. Zabrodsky éﬁ58_7 earlier
introduced an equivalent of contact resistance vize, thermal
resistance of an additional gas film gap between the heat
transfer surface and the first row of particles. The contact
resistance at the bed-wall interface is attributed to various
effects €.9-,» Kubie and Broughton 4—56;7 modelled voidage
variations in the bed near the wall, and Wunschmann and
Schlunder / 57_/ considered the reduced mean free path ‘of

the gas molecules.



—_
x

Do G A T T R e T

26

Growing gas film

Heat transfer by conduction
through the gas film

Descending parlicles
scour away the film

FIG. 2.2 MAIN FEATURE OF A THIN=-FILM
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Unsteady state conduction into
emulsion element at surface

Heated element leaves the

surface

FIG.2.3 MAIN FEATURES OF THE EMULSION CONTACT
PACKET MODEL
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Botterill and Williams / 59_/ were the first to
numerically model the thermal behaviour of discrete particles
adjacent to a heat transfer surface. They focussed on the
aspect of this model dealing with the mechanism of contact of
the emulsion with the heat transfer surface, instead of assum-
ing mean properties of emulsion, they considered the separate
roles played by the emulsion gas and the solids. The unsteady
state conduction equations were solved numerically for various
f£luid and solid properties to give isotherms for different
contact times. The results of these calculations show that
the solids with their large heat capacity provide an effec—
tive heat sink, so that heat transfer is primarily in the
region around the contact points of particles with the sur-=
face. Because of this., the heat flux can be taken to be
proportional to the number of contact points per unit

surface.

Botterill et al £f60_7 then extended this analysis
to a double layer of touching particles. As may be expected.
for very short contact time hardly any heat enters the second
layer. For large contact time the double layer treatment is

perfecte

Ziegler and Brazelton £f61_7 observed that absorp-
tion of heat by the fluidized particles rather than reduction

of film resistance was the principal mechanism of heat removal



at a surface. They developed a model somewhat similar to
that of Botterill and Williams / 59_/. Thus a particle is
viewed to move to the wall region where it is suddenly
bathed by fluid at the wall temperature. It absorbs heat
from the gas by unsteady state conduction while the gas
temperature remains unchanged and particle wall contact is

ignored.

Gabor / 62_/ has proposed theories describing
heat transfer process at the surface based on semi=-infinite
'packets of dense phase' composed of alternating flat layers
of gas and solids. Other authors have considered particles
having asperities on their surfaces 5—61;7; or single
particles with allowance for the region near the point of
contact where the mean free path of the gas is comparable to

the gap width [/ 64,65 _7.

Kolar et al éf66;7 verified the modified alternate-
slab model of Gabor 4_67_7 for the prediction of radiative
contribution to the total heat transfer. They assumed the
radiative and conductive components to be additive and ex-

pressed the total heat transfer coefficient. hw as

h = (hwne+ hwre)(l - fo) + fO hwrb

where f0 is the fractional heat transfer surface area

exposed to bubbles and hwce ’ hwre and hwrb are the

heat transfer coefficients of conduction and radiation
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through emulsion phase and radiation through bubble phase
respectively. They used the correlation of Yoshida et al
4768_7 to calculate h .4 and the alternate=slab model
of Gabor [ 69_/ as modified by Kolar et al [/ 67_7

was used in its extended form to calculate hwce and hwre'

2.4.2 Heat transfer in circulating fluidized beds

Kiang et al éf70_7 obtained data from a CFB unit
of 10 cm in diameter and 3.7m tall for cracking catalyst
having mean particle size of 353 micron. Heat transfer mea-
surements were made using four miniature heaters 1.9 cm
long at different levels of the bed. Their results for 53
micron particles are found considerably lower than that of

Basu and Nag / 39_/ for 87 micron particles.

Kobro and Brereton / 8_/ studied the load control
and fuel flexibility in CFB combustors. They reported heat
transfer results collected from a 3m long steel pipe having
0.2m in diameter., which achieved control in a unique way
using a combination of an uncooled particle storage zone and
a controlled return of circulating solids to the combustore.
Sand particles having mean diameters of 170 and 250 microns
and bed bulk temperatures of 298K and 1123K were used. They
measured the heat transfer coefficients for a 10 em long
sctive surface with velocity range from 6 to 12 m/s and

2
reported the results in the range of 70 = 280 W/m“K. They
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became successful to prove the use of CFB technology in the

pilot scale of Studsvik / Babcock and Wilcox boiler.

Subbarao and Basu / 71_/ reported heat transfer
results for 25 mm probe, 130 and 260 micron sand particles
at room temperature. They found increasing heat transfer
coefficient with increasing suspension density and further
added that as the bed density increases the effect of parti-
cle size appears to be distinct. Stromgberg / 12_/ earlier
observed similar things and also found in his experiment a
decrease in heat transfer coefficient with the increase in

column diameter.

Basu . et al £u73_7 experimentally verified the
effect of operating variables on bed to wall heat transfer
in a CFB. They found positive dependence of heat transfer
coefficient on suspension density and negative dependence on
superficial velocity. Earlier, Fraley et al £f74_7 also
reported similar effects of the variables -on heat transfer
coefficient. Wu et al [fﬁS_? observed the effect on heat
transfer of fluidization velocity independent of suspension

densitye.

Feugier et al 1776_7 measured the average heat
transfer coefficient to a water cooled jacket surrounding a
15 cm diameter, 7m hicgh bed. They observed the heat transfer

coefficient to be a strong function of particle diameter.
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Basu and Nag éf39_7 reported results for 87 and
227 micron sand particles and compared data from various
sources. They found strong dependence of heat transfer co-
efficient on suspension density and weak dependence on bed

inventory.

Andersson et al [/ 77_/ presented heat transfer
data for a 2.5 MW CFB combustor with a bed cross—section
of 70 cm x 70 cm _and 8.5 m high. They used 240 micron
Olivin sand as the bed material. Cne centimeter diameter
water cooled probes were installed flush with the walls.
Over the temperature range of the data (1200 K), the incre-
ase in the overall heat transfer coefficient corresponds
closely to the increase in the radiation heat transfer from

the particles at the bulk bed temperature to the walle.

Furchi et al 4T78_7 reported results for the
local heat transfer coefficient in a CFB unit of 72 mm
I.D, 6m high, where the gas-solid suspension flows under
fast fluidization condition. Class spheres of 109, 196 and
269 micron were tested at temperatures upto 250°C. The
local heat transfer coefficients for all the cases were
observed to vary inversely with the height of the bed. Pre-
ssure gradient along the bed height was found to a strong

function of solid inventory in the system.



Heat transfer in CFB has been reviewed by Glicks-
man 4712_7. He considered the probes to be small when the
typical transient time of particles past the length of the
probe is small compared to the thermal time constant of the
particles. Under these criteria., the small probes having 1
to 2 cm in diameter do not experience any significant temp-
erature change when particles of 100 micron or larger move
across it. From the data of Subbarao and Basu / 71_/ and
Basu et al 1739; 73_7 he found that the measured heat
transfer coefficieﬁt increases roughly as the square root of
the suspension density. He also noted that Kiang's 4_70_7
result for 53 micron particles are considerably lower than
that of Basu et al [/ 73_/ for 87 micron particles. The
heat transfer coefficients obtained for small surfaces re-
present an upper limit to the values for large heat transfer

surfaces.

The results of Andersson et al taken from a 70 cm
x 70 cm bed fall below those of Basu, Subbarao and Kiang
taken on a bed of 10 centimeters diameter. This suggests
that as bed size is increased there is a lower ratioc of the
wall solids fraction to the cross-sectional averaged solids
fractions 4_12;7. He found that the heat transfer to the
surfaces of a circulating bed are closely related to the bed
hydrodynamics. He further added that the heat transfer is a

function of the average cluster displacement before break up.
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the heat transfer coefficient varies inversely with the dis-

placement raised to the power between 1/4 and 1/2.

Sekthira et al / 79_7 studied heat transfer in a
CFB unit having seven 10 cm high sections of 8.8 cm I.D.
steel tubes with 15 cm I.D. water jackets. The data for 300
and 500 micron sand particles showed that heat transfer co-
efficients depend strongly on suspension density and have
almost no effect on gas velocities and bed temperatures. The
heat transfer coefficient decreases as the height above the

distributor increases.

Wu et al £h38.80,81_7 reported heat transfer data
obtained from 1530 mm probe, 188 micron sand particle at
277°c  /80_7. 22 mm probe, 171 micron sand particle at
35°¢ 1?@1_7 and from tube and membrane wall at temperatures
of 340 - 880°Cc for the sand particles of 222 to 299 micron
/ 38_/. Most of the data were taken using the CFB combustion
unit at university of British Columbia. The details of the
equipment are provided by Wu et al 4790_7. From these works
they concluded that at the same volume-averaged solid density.
there was no discermible effect of superficial gas velocity
on heat transfer. At high temperature and low suspension den-=
sity, radiation played a significant role. They also added
that heat transfer coefficients varied significantly with
lateral position of the tube. The magnitude of heat transfer

coefficient is higher for small heat transfer surface probes
and there is a moderate influence of particle size on heat

transfer coefficient.
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‘Basu £f40_7 investigated the heat transfer
in high temperature fast beds. He reported the
results for four particle sizes. two heat transfer probes
and temperatures in the range of 30—9OOOC. He compared the
results from various sources and gave a critical analysis of
the same. The heat transfer coefficients were found to in-
crease with the increase of suspension density in all the
cases and finer particles showed higher heat transfer co-
efficient. For very dilute beds, the particles contribute
to increased radiation. He modified the model of Basu and
Nag 4“39_7 where the maximum number of design and operat-

ing parameters were considered.

Dry and LaNauze [/ 2_/ studied combustion and heat
transfer in fluidized beds. He reported many advantages of
CFB combustor and gave a picture of current commercial
status of CFB boilers. In competition with bubbling beds.
the CFB boiler often demonstrates superior carbon burn -
out efficiency. The key to this combustion technique is the
hydrodynamic behaviour of the fluidized bed. They described
the mode of heat transfer in CFB by way of radiation and
convection between dense packets of solids and vessel walle.
Dense clusters or streamers tend to form on vertical sur-
faces. More often than not they move downward under gravity
as a 'sheet' of solids before being broken up and reformed,
sweeping the heat transfer surfaces. The design.construction

and operation of a fluidized bed combustor has been discussed
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in the book edited by Sens and Wilkinson / 82_/.

Leckner / 41_/ reviewed the heat transfer situa-
tion in CFB boilers on the basis of published works during
the period of 1988-89. He covered mainly the area of thermal
boundary layers and heat transfer mechanisms with special
emphasis on the application of CFB heat transfer in boilers.
It has been stated that radiation and heat transport by
particles across the boundary layer are the principal

mechanisms of heat £ransfer in CFB boilers.

Bi et al / 83_/ investigated the effects of ver-
tical length of heat transfer surface and the orientation
of heat probes in a 186 mm diameter CFB unit with three
heat probes having different lengths. They observed that
local heat transfer coefficients and their radial profiles
are influenced by both the vertical length and the orienta-
tion of the probes. In the central dilute region. the heat
transfer coefficients decrease from the bottom to the top of
the probes and the values of the coefficients obtained for
downward probe are higher than those measured for upward one.
In the dense region near the bed wall the trend is the

opposite.

Zheng et al / 84 / studied heat transfer in cir-
culating fluidized beds in two cold model test units. They
measured heat transfer coefficients for 140 micron quartz
sand and 443 micron resin at gas velocities from 3.7 to

5.8 m/s and for solid circulation mass fluxes from 2 to
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50 kg/mzs. Copper sphere probes of 5, 11, 15 and 18 mm in
diameter cooled by liquid nitrogen were used to measure local
heat transfer coefficients in the riser. A 3.7 m long 1lOmm
O«D. electrically heated vertical tube was employed for meas-
urement of local and length averaged heat transfer coeffici-
ents. The heat transfer coefficients were found to increase
with the increase of suspension density and decrease slightly
with increasing particle size. They further added that the
particle convection éomponent relative to gas convection com-
ponent is nearly constant for different sizes of probes., par-
ticles and for different hydrodynamic parameters in the bed at

a given suspension densitye.

Liu De-Chang et al 4_85_7 reported the heat trans-
fer coefficient for a horizontal tube in a fast fluidized bed
at room temperature. From the experimental observations they
found the correctness of two=-zone hydrodynamic model of CFB.
They also reported the increase of heat transfer coefficient
from bed centre to bed wall zones and a change along the

height of the riser columne.

2.4.3 Gas convection

For small particles of the size range (50=-500) micron,
gas convective heat transfer is small compared to particle
convection 4_11_7. It is important in the case of large par-

ticle diameter, high operating pressures and at very high gas
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velocities. Direct measurement of gas convective component is
difficult. Although the presence of particles may alter the
turbulence characteristics of the gas somewhat., gas convec=
tive component may be estimated based on correlations for gas
alone flowing through the column at the same superficial gas

velocity and with the same physical properties.

Several investigators have attempted to correlate the
convective component'of heat transfer process. Wen and Miller
4796_7 developed a correlation for predicting heat transfer

coefficient from dilute phase which is of the form

k ¢ 5 P 0.3 UT 0«21
hgc = ( EE—EB— ) ( EEEE ) (E_Eﬂ ) Pr
P P9 S P

Baskakov and Suprun éfé?_? have estimated it by using the
analogy between heat and mass transfer. In a later publica-
tion Baskakov et al. / 88_/ suggested the best £ LOTres

lation

h d 170 1/3

- gc P i
Nu = = .
gc = 0.009 Ar Pr

and stressed the need to account for the effect of surface,

size and shape in any future development of the correlatione

Gabor 5T39_7 proposed a heat transfer model to
predict heat transfer rate from an immersed surface to bed
for gas flow through the bed less than or equal to that re-

quired for minimum fluidization. The basis of the model is
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that all heat transfer is normal to the heater and can be
defined by an effective thermal conductivity £for an orth-
orhombic array of spherical particles and that all the heat
is removed by the gas flow. He derived the following equa-
tion to calculate total heat transfer coefficient (hw) by

solving a boundary value problem

md 4 Ke Cps G 5
h = + -
W b1 LH 2r2

=

He also measured heat transfer between an electrically
heated vertical tube and an air-fluidized bed. Three cylin-
drical heaters each 29 mm in diameter having lengths of 51,
102, and 203 mm. were used. In each measurement the heater
was positioned axially in the column about 64 mm above the
sintered stainless-steel air distributor plate. Heat trans-
fer data were taken over a range of alr fluidizing veloci-
ties from 0,031 /s to U . . The experimental data were
generally in good agreement with the values predicted from

his proposed model.

Botterill and Denloye / 90_7 proposed a modifica-
tion to the model of Gabor / 60_/ with K =K, Dby allow-
ing for a zone of increased voidage and thickness d/a
adjacent to the surface. Decker and Glicksman /91 7/ simpli-
fied this two-zone model and obtained an analytical solution
for hgc with comparable accuracy. provided particular con-

stants were used in the calculations. They have considered
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the simple approach of taking any additional wall resistance
in series with the bed resistance in the same manner as

with the particle convective component., so that

1
hgc =
(22 + (o)
h h
av wp
where h can be estimated from the Gabor's / 89_/ model.

av

Botterill and Denloye / 92_/ extended their experi=-
mental study to gas flow rate above incipient fluidization
beyond the maximum for the surface-to-bed heat transfer co-
efficient. In confirmity with Zabrodsky £_58_7 and other
workers they concluded that the contribution to heat trans-
fer by gas convection increased with particle size and gas

pressure.

Sathi et al /937 measured the heat transfer
coefficient between a smooth vertical tube immersed in a
fluidized bed of sand, silicon and alumina as a function of
bed temperature and fluidizing velocity. They found that the
heat transfer coefficient increased with the decrease in
particle size and increase in bed temperature at a certain
fluidizing velocity. Kiang et al é_ﬁ0_7; Fraley et al
éfﬁ4_7 and Martin 1—65;7 have all suggested equations
for the convective heat transfer coefficient. Grace éfll_7

reviewed the published data and correlaticns for heat
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transfer in contact with circulating beds and showed that
these models may differ from each other and from experimen-

tal data by more than hundred percent.

i~

For operations in high temperature fluidized bed
such as combustion, the potential contribution of thermal
radiation to heat transfer is an essential design parameter.
It is an important mode of heat transfer in fast beds espe-
cially at high temperature (Z>-700°C ) and low bed density
[ <% 30 kg/m3 ) [/ 40_/. Kharchenko and Mokhorin /04_/
proposed that there 1s no significant radiant heat transfer
contribution in high temperature fluidized beds upto 1270 K.
Ilchenko and Makhorin 4795_7 and Botterill 4796"7 con-
cluded that radiation component is insignificant at tempera-
tures below approximately 873K. In some other experimental
study., these workers {f§5.96;7 observed that the heat
transfer coefficient tends to increase with temperature
primarily because of the increased contribution by radiation
in the range of temperature 673-1673 K. Zabrodsky /97 7
argued that the radiative contribution to heat transfer is
not prominant upto temperatures of about 1400K. Dunsky and
Tamarin 1?@8_7 and Gelperin and Einstein £H33_7 contend
that the radiation contribution is insignificant at tempera-

tures below 1273K in fluidized beds.
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Yoshida et al 4?58_7 estimated the-radiation com=
ponent both theoretically and experimentally. They assumed
that heat is transferred by radiation from the bed through
bubbles on the heat exchange surface and that radiant heat
transfer affects the emulsion effective thermal conductivity.
Their conclusion was that upto temperatures nearly 1000°¢C
radiation is insignificant compared to the total heat trans-
fer coefficient and is affected by the emissivity of the

wall surface.

Vedamurthy and Sastri / 99 _/ estimated the radia-
tive contribution by assuming packets of particles 3 dp
thick which move from the core of the bed to the heat trans-
fer surface separated by a gas film 0.5 dp thick for a
given residence time. The packet consists of layers of solid
and gaseous elements which radiate as black bodies. Heat is
transferred from the packet to the wall by conduction through
the gas film and radiation through the transparent film. The
analysis was carried out for 0.5 = 3 mm ash particles at
temperatures from 800-1100°C and at air velocities (l.25 =
8) U - It can be seen from the calculations of Vedamurthy
and Sastri / 99_/ that radiation contributed between
17=-30 /% of the total heat transfer. They also carried out
another experimental study on the influence of bed parameters
on heat transfer in a fluidized bed combustor / 100_/. They

burnt Leco coal of size range from 3.15 to 6.3 mm in



an inert bed of coal ash. The bed temperature varied from
850 to 950°C, superficial velocities varying from 0.2 to
0.4 m/s. They found the maximum overall heat transfer co-

efficient from bed-to-wall to be 120 W/m?K, the radiation

contribution of which was 20 to 40 percente.

Basu / 101_/ reported the effect of combustion of
coal in heat transfer rate to an immersed surface in a fluid-
ized bed. He observed that the heat transfer coefficient in-
creases with carbon content in the bed, except when the mean
size of carbon particle is much larger than that of the inert
bed material. He found 5 to 10 percent contribution of radia-
tion heat transfer component on the overall heat transfer of

the system.

Flamant 4_102i7 concluded from his investigation
that radiation plays a significant role on heat transfer
at temperature above 700°C. The theoretical and experimental
investigations demonstrate the validity of the semi =
transparent medium concept to account for the combined heat
transfer by radiation and conduction between a wall and a
fluidized bed. The governing parameter is the conduction to
radiation interaction parameter N. If N > 5, the radia-
tive heat exchange is limited at the surface boundaries be-
tween the wall and the emulsion only. If N < 5, an interac-
tion occurs between the radiation and the conduction through

‘the dense phase, and the radiative transfer increases when N

decreases.



25 Heat Transfer from Finned Surfaces in Fluidized Beds

The performance characteristics of finned tubes in flu-
idized beds are motmuch known. Only few pioneering experiments
have been reported in the literature. But no work in circula-

ting fluidized bed on finned surface has been reported yet.

Petrie et al £T103_7 published experimental data
for bundles of horizontal finned tubesoperating in a fluidiz-
ed calciner. They investigated heat transfer from a steam =
heated bundle of 19 tubes (Dj = 19 mm) immersed in a
0.305=m=diameter fluidized bed. The tubes were arranged on
a 57 mm centre-to-centre triangular pitch. Tubes with no fins.
tubes with 197 fin/m and tubes with 433 fins/m were used in
the experiments. The height of the fin was 10 mm. Two sizes
of sands, 497 and 530 micron were used as bed material. The
air mass velocity (G) was used in the range of 0.186-0.384
kg/mzs . The effects of air mass velocity and particle size
on heat transfer rate were studied. Heat transfer from finned
tube heat exchanger was represented by an effectiveness fac-
tor of the finned surface (&) defined by

Q
g =

h ., A (Tw - Tb)

They found that the effectiveness factor for the finned
tubes increased with the increase in fluidization velocity.

It decreased with increase in the particle diameter. With an
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increase in fin count, i.e., increase in the number of fins
per unit length or decrease of fin gap, the effectiv-
eness factor is decreased. However, the increased area more
than compensated for the decreased effectiveness factor
over the range of variables studied. Heat transfer coeffi-
cients based on actual fin area were found to be upto 50 A
of those for bare tubes. By using finned tubes with a sur-
face area of some 15 times greater than that of the base
tube, a six or seven fold gain in heat transfer flux could
be obtained compared with that using plain tubes of the same

diametere.

Bartel et al 4_104“7 investigated heat transfer
from a single horizontal steel tube with discontinuous fins
to an air fluidized bed. Tubes having 172 mm length were
mounted horizontally at 0.203 m above a perforated steel
distributor plate. All the tubes were 16 mm in diameter and
had 315 fins/m. The static height of the bed above the dis-
tributor plate was kept at 0«56 m. A 172 mm long electrical
resistance rod heater was inserted in the tubes. Experimen=
tal variables were fin height., fin thickness, air fluidiza-
tion velocity and particle diameter. They observed that the
total rate of heat transfer from a single horizontal discon-
tinuous finned tube continued to increase with fin height.
although it leveled off when the height increased from

9 to 2504 MM e
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Investigations carried out by experimental/semiempi-
rical studies of Genetti and coworkers / 104,105_/ assumed
a particle mode of heat transfer. With suitable assumptions.,
a boundary value problem was formulated to describe the temp=
erature in the particle while it is near the hot tube surface.
Gamma distribution functions were utilized to predict the
mean particle residence time. A heat transfer model was used
to predict heat transfer in a thin rectangular fin attached
to the heated tube. The heat transfer rate into the fin and
convection coefficient was determined, and then a suitable
correlation was found for a given tube-fin configuration. Simi=-
lar studies have been conducted by Ziegler et al 4“106_7
whose results agreed well with those of Genetti et al. Zieg-
ler also found that the shorter the particle contact time,

the higher the predicted heat transfer coefficient.

Professor Elliott's / 107_/ first experiment using
a built=-up finned tube bundle immersed in a shallow fluidized
bed at a depth of 80 mm gave somewhat surprising heat trans-
fer coefficients which were significantly in excess of the
existing data, all of which had been obtained in deep fluidiz-

ed bed.

Gelperin et al / 108_/ have reported the results of
measurements of heat transfer between horizontal tubes with
transverse rectangular copper and duraluminium fins (6 = 4mm)
and a fluidized bed of quartz sand (dp = 350 Mm). Within the

range of experiments they found the optimum gap (s) between
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the fins to be 6 mm. With such a gap the effective heat
transfer coefficient,related to the smooth tube surface area.
reached its maximum value. The measurement of temperature
over the fin height shows that the difference between a fluid-
ized bed and some point of a fin becomes negligible at a dis-
tance about 10 mm from the base of copper fin and at a dis-

tance of 6 mm for duraluminium fine.

Bartel and Genetti / 109_/ studied the effects of
fin height. centre;to—centre distance between the tubes., par-
ticle diameter ~and fluidization velocity on heat transfer
rate from a horizontal bundle of seven serrated finned tubes
in an staggered array. It was observed that the rate of heat
transfer increased with increase in fin height, but the rate
leveled off for a fin height of about 25 mm, and further in-
crease in fin height resulted in little increase in heat tran-
sfer rate. The heat transfer rate was sensitive to tube spac-
ing for a bundle of short finned tubes. But the rate of heat
transfer for tubes with 22mm fins were found to be independent
of centre-to-centre tube distance. The probable reason was
that when a bundle of short finned tubes were expanded. par-
ticles could move easily into the region between the tubes
as the reslstance encountered by the particles in moving from
the tips of the fins toward the centre tube was relatively
small, and as a result, the rate of heat transfer was increa-
sed. However, with long fins, increasing the centre-to-centre

tube distance did not increase the rate of heat transfer
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noticeably, implying that the resistance to particle movement
from the fin tips to the centre of the tube was not changed
and was the principal resistance. The heat transfer coeffi-
cients incressed with decrease in particle diameter for all
fin heights (3 = 22mm). The heat transfer coefficients in-
creased with increase in air mass velocity. but in most cases
a maximum value was reached and further increase in air mass

velocity decreased with heat transfer rate.

Natusch and Blenke / 110_/ studied the effect of
transverse rectangular fin on heat transfer. Both the tube
and fins were made of copper. The tube was 25 mm in diameter,
the height of fins ranged from 7.5.tq 37.5 mm with 0.5 to 2mm
thickness and a gap from 2 to 1O mm. Some close size fract-
ions of glass beads (dp = 400 - 800 Mm) were fluidized with
air. No effect of fin thickness on total heat transfer coeffi-
cient (hw) has been observed in their experiments. For the
calculation of heat transfer coefficient for a fin the authors

suggested the following empirical correlation

- 002? l
h = h expl )
Wl w S + Bl + 3.8
_ 0,37
where, B = 0.36 ¥+ N + 0,247

The equation is wvalid for N > 6 and 400 <£ dp < 800 MKm



48

Gelperin et al éﬁlll_7 studied the effect of trans-
verse fin profile. The experiments were performed with fins
of rectangular, parabolic, triangular and trapezoidal profiles.
The cylindrical body of the tube was 24 mm in diameter., the
fins were 4 mm high in all of the cases. The distance between
the fin bases (spacing) ranged from O to 12 mm for the fins
of triangular profile, and from 2 to 12 mm for other cases.
The cylindrical bodies of finned probes were made of brass.
Quartz sand of mean diameter 350 Mm was fluidized with air.
The authors measured the effective heat transfer coefficient
(hwb). In all the cases the lowest h ., were found for the
rectangular profile and the highest were observed for trian-
gular profile and at higher superficial velocities, for para-

bolic profile.

Priebe and Genetti é_ll2_7 studied heat transfer
from a horizontal bundle of extended surface tubes to an alr
fluidized bed about 2.44m tall with an inside cross—=section
of 0.356 by 0.165 m. The distributor plate consisted of two
layers of 200-mesh stainless steel wire cloth sandwiched
between two perforated steel plates. Micarta plates, located
on opposite sides of the column. held the heater and tube
assemblies. Escoa finned tubes were used to study the eff-
ects of heat flux and fin spacing on the heat transfer coeff-
jcients. The results show that. when fin spacing is more than
ten particle diameters, the heat transfer coefficient is

nearly constant. indicating very little particle hindrance.
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When fin spacing was reduced from ten particle diameters,

the heat transfer coefficient began to fall rapidly until

the fin spacing was two particle diameters. Heatron spined
tubes were used in a general study to determine the effect

of spine height, spines per turn, spine material and air
mass velocity on heat transfer coefficients. The heat trans-
fer coefficients were greater for copper spines than that for
stainless-steel spines. Heat transfer coefficients were
slightly larger for the same tube with fewer spines per turn.

There were no clear trends with respect to spine height.

Genetti and Kratovil / 113_/ studied the effect of
fin height (6=10.5 mm)., fin spacing (197-709 W), particle
diameter (173, 262 and 551 Mm) and air fluidization mass
velocity ( G = 0.135 - 0.949 kg/mzs) on the total heat
transfer coefficient between a horizontal bundle of electri-
cally heated tubes with helical fins, and a rectangular air
fluidized bed (0.355 x 0.165 mm). The distributor plate con-
sisted of two layers of 200-mesh stainless steel wire cloth
sandwiched between = two perforated steel plates. The results
revealed that the heat transfer coefficient (hw) increased
with decreasing particle size. The sensitivity of hw on par=
ticle size diminished as the fin spacing decreased and as the
fin height increased. With decrease in fin height (from 10.5
to 6 mm) the heat transfer coefficients increased. Particle

motion in and out of the fin space was hindered with long
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fins. The heat transfer coefficients increased with increase

in fin spacing (from 1 to 4.7 mm).

Chen and Withers ﬁfll4_7 investigated the potential
for use of finned tube to increase the heat transfer duty per
unit bed volume in fluidized bed. They used the cylindrical
bed vessel, built out of acrylic plastic, was of O.l4 m I.D.
and 1l.22 m high. Electric cartridge heaters. used as heat
source, were centered within the inner diameter of various
test sections. Glass spheres of three different sizes (127,
254 and 610 Mm) were used as bed material. Wolverine Trufin
type with integral spiral fins were used in this investiga-
tion. They defined a figure of merit (hA)finned/(hA)bare
as capacity function. The results indicate that for a given
fin geometry the capacity function increases, reaches a maxi-
mum and then decreases with the increase of fin gap. They
observed that fin density (fin per meter) has a stronger
effect than fin height on the ratio of heat transfer coeffi-
cients (hg/hy ). They concluded that increasing fin count
i.e. decreasing fin gap causes a definite decrease in the
ratio of heat transfer coefficients. An increase of (20=30) /.
in the maximum value of heat transfer coefficient was obser=-
ved as fin density decreased from 748 to 354. In the range
of experimental facilities they found a substantial increase
of the order of (20-190) percent heat transfer capability
over plain tubes. Finally., they concluded that when the fin

tube performance, defined by the ratio of effective heat
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transfer coefficient compared to that obtained on a plain

tube under identical conditions (hf/hb). is unity., exceeds
unity or is even just a substantial fraction of unity. one
may expect the finned tube to provide higher heat transfer

duty per unit length than a plain tube.

Saxena et al 1_3?_7 reviewed some studies on finned
tube heat transfer in fluidized beds. The primary conclusions
drawn by them relating to horizontal finned heat exchange

tubes are the following @

(1) Fins increase the rate of heat transfer to tubes.
Their effectiveness increases, reaches a maximum and then de-
creases with decreasing spacing distance and increasing fin

heighte.

(ii) An increase in tube-to-tube spacing in a bundle
of short-finned tubes, which reduces the resistance to parti-
cle movement between the tubes, increases the total heat
transfer coefficient. However, an increase in tube-to-tube
spacing for a bundle of long finned tubes does not noticeably
increase the heat transfer rate, implying that the resistance

to particle movement between the fins predominates.

(iii) Correlations developed for finned tube heat
transfer are for the most part based on the model by Ziegler
et al / 106_/ which considers heat transfer only to the

first particle layer near a heat transfer surface. This type
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of model is limited to short residence time where the heat
has not had sufficient time to penetrate further particle

depth.

Staub and coworkers 47115;7 studied modelling of
the flow behaviour along with finned tube performance in the
turbulent flow regime. In their study they summarized preli-
minary data to validate the scaling of turbulent bed behaviour
from room temperature to high temperature conditions. Wood et
al 1_116_7 also conducted measurements related to the extent
of its splash zone influence on tube heat transfer coefficients
in horizontal banks of both bare and finned tubes. The tests
were conducted with beds of silica (0.93 mm dia.), fluidized
with air at atmospheric pressure and room temperature in a

O.3 m x 0.3 m cross—section.

Krause and Peters 4_117_7 carried out experiments
on heat transfer from horizontal serrated finned tube in an
air fluidized bed of uniformly sized particles. The apparatus
used was made of plexiglass with inside dimensions, 33 cm
wide by 30.5 cm long and a height of 1.8 m above the dis-
tributor plate. Heat was supplied by a 12.5 cm long, 1700
watt cartridge heater. Escoa serrated finned tubes were used
in a study on the effect of fin length (4.76 =~ 17.46 mm) ,
fin spacing (3 fins per centimeter). air fluidization mass
velocity (1 = 24 times Gmf) on heat transfer coefficiente.
They introcduced the term heat transfer capacity function

i g i =
( ) defined by - (hgyp AT)/(hbare Atube) and stated
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that the capacity function is a direct measure of the heat
transfer capability for a finned tube relative to a bare
tube under the same fluidization condition. The capacity
function can be increased by a factor of approximately six
times., depending on flow conditions and fin geometry. They
concluded that when the ratio of hfin/hbare approaches
unity or even a fraction of unity. finned tube will provide
a higher heat transfer capacity per unit length than bare
tube. The results revealed that the tube with shorter fins
provides the best heat transfer when compared to bare tube
of similar geometry and identical flow conditions. It also
indicates that particles penetrate into the surfaces between

the fins by an interactive relationship that depends on both

fin height and fin spacinge.

Glicksman / 51_/ reviewed some studies on finned
tube heat transfer in fluidized bed. He showed that almost
all of the data available for finned surfaces relate to par-
ticles with diameter of 0.6 mn or less. Staub et al 4—115_7
presented data for particles of diameter in the range 0.65
to 2.6 mm. In most findings he found the‘heat transfer co-
efficients for finned surfaces jare reduced by 30 to 50 per-
cent of the bare tube surface. Hekfurther added that many
investigators / 103, 109, 114_7/ concluded that even with
this reduction in heat transfer coefficient and the inclusion
of fin efficiency, fins still can provide increased overall

heat transfer.



54

2.6 Factors Affecting the Heat Transfer in Circulating
Fluidized Beds

The process of heat exchange between a fluidized bed
and the heat transfer surface is intimately associated with
the process of heat transfer between the fluidized solids.
and the fluidizing gas., the rate at which the particles mix
inside the bed, the general behaviour and geometry of the
fluidized system. Consequently, the factors which control the
heat transfer characteristics of the system include the vari-
ables which determine the fluidizing properties of the bed as

given below @

(i) Properties of fluidized and fluidizing materials.
(1i) Operating conditions, and

(i1i) Bed geometry

2.6.1 Influence of physical properties of fluidized and
fluidizing materials
The thermal conductivity of the solid has practically
no influence on heat transfer coefficient /o 63_7 where
as the thermal conductivity of fluidizing gas has the great-

est influence on heat transfer coefficient in a fluidized bed

/ 118, 119 _7/. Wen and Leva / 120_/ established a
correlation where h a kg'G « Gelperin and Einstein 1_33_7

reported that the increase in heat transfer coefficient with
the temperature of the fluidized bed largely results from

the increase in gas thermal conductivity with bed temperature
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and not just from increased thermal radiation.

The effect of solid heat capacity on heat transfer
coefficient is revealed from the investigations of many
workers. Dow and Jakob / 45 _/ suggested a correlation
where the dependence of h on the solid heat capacity was
observed. In fact, all the correlations are of the form of

n
ha (P_c__) « The value of n varies from 0.25 4_45_7

s ps
to 0.8 4”121_7. But Wunder and Mersmann £_122_7 have
presented a model where no influence of solid heat capacity
was admitted. Specific heat of fluid does not affect the
heat transfer at moderate pressure. But at high pressures
h 1s found to be increasing with Cpg . This dependence is
revealed clearly in fluidization by liquids / 119_/ when

the specific heat of the fluids and of the solid particles

are comparable.

2.662 Influence of operating variables

Heat transfer coefficient has a strong dependence on
the fluid velocity., particularly in fluidized bed. Kobro and
Brereton {TB_?. Basu and Nag 1739_7 and many others have
reported that the heat transfer coefficient decreases with
increase in superficial velocity in circulating fluidized
beds. Wu et al / 80_/ have reported that fluidizing velo-
city has only marginal effect on bed-to-wall heat transfer
coefficient once the bed density was established. Wunder and

Mersmann / 122 7 observed that for very fine solid particles,
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the highest value of heat transfer coefficient reaches upto
two orders of magnitude above comparable values for fixed
bed or single phase gas flow. The steep increase in heat
transfer coefficient from fixed bed to fluidized bed is the
result of a fundamental change in the heat transfer mechan=-

ism induced by the solid motion.

The effect of particle size on heat transfer coeff-
icient is quite significant.Baskakov / 123_/ varied the
particle size by more than three orders and revealed that
heat transfer coefficient decreases with increase in parti=-
cle size. Wunder and Mersmann 4-122”7 have reported from
the published works a relationship between the particle dia-
meter and maximum heat transfer coefficient as h_ _ @ dS'é
which is valid only for 0.05 < dp < 2 mm. Decker and
Glicksman / 124_/ have observed that heat transfer coeffi-
cient decreases with increase in particle size for small
particles. Mickley and Trilling / 125_/ worked with five
different particle sizes from 70-451 Mm, Kobro and Brereton
é_éw7 performed experiments with two particle sizes (170 and
250 Mm), Basu and Nag 4-39“7 experimented with two particle
sizes (87 and 227 Mm). All of these investigators observed
that heat transfer coefficient decreases with increase in
particle size. The data of Wu et al / 80_/ and Sekthira

et al 4??9;7 showed that for long heat transfer surfaces

the effect of particle size is not so prominant in heat
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transfer study. The shape and surface of the solid particles
are found to be influencing the heat transfer rate. It is

found to be higher for round and smooth particles £f122i7.

2603 Influence of bed geometry

Controversial data have been presented by different
authors on the influence of bed dimension on heat transfer.
Majority of the data agree with the fact that the heat trans-
fer coefficient does not depend on bed height. Analysis of
Dow and Jakob 1_45_7 shows that decreasing heat transfer
coefficient with increasing bed height is a combined effect
of surface height and a number of other factors. Celperin and
Einstein £h33_7 showed that the dependence of heat transfer
coefficient on bed diameter cannot be assessed either quali-
tatively or quantitatively. The data of Mickley and Trilling
/157 on 0.1 m and 0.025 m diameter beds did not indica-
te any effect of column diameter. The data of Stromberg
4—72_7 suggest that the heat transfer coefficient decreases
with increase in column diameter. Glicksman / 12_/ reported
that a small active heat transfer probe would give an upper
limit to the heat transfer in a circulating fluidized bed.

Wu et al 1?38_7 reviewed some relevant studies and from
their own data concluded that, - depending on the vertical
length of heat transfer surface, one will obtain very differ-
ent average heat transfer coefficients which will differ by

upto 200 percent.
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2.6.4 Influence of distributor design

The distributor has a strong influence on the size
and frequency of the bubbles in a fluidized bed. This in
turn, affects the combustion of coal in the bed. The dist=-
ributor affects the attrition of the bed material / 35_/.

A poorly designed distributor may lead to low combustion
efficiency, agglomeration or can produce channelling in the
bed. Wen / 126_/ suggested that in order to reduce dumping,
the orifice diameteg should not be more than 3 to 8 times
the particle diameter. Grewal and Saxena 4*127_7 performed
experiments and studied the effect of distributor design on
heat transfer from an immersed horizontal tube in a fluidiz-
ed bed. They used two different distributors. The first one
had 7.7 percent opening and the holes were in square array.
The second one had 37.5 percent opening and the holes were
In triangular array. They observed that for small values of
(G - Gmf)' the values of total heat transfer coefficient
(hw) for the second distributor were larger than those for

the first distributor. As the value of (G = Gmf) was incre=-
ased, the first distributor gave higher values of hw « With
further increase in (G - Gmf)' the differences in the
values of h, for the two distributors diminished and the
trend became reverse. They explained the effect of distri-

butor design on total heat transfer coefficient on the basis

of its effect on the initial bubble size and frequency.
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2.7 Hydrodynamics

Glicksman / 12_/ stated that the important hyd-
rodynamic factors in circulating fluidized beds are the
fraction of the wall covered by particles and gass, i.e«,
voidage phenomena and the average contact time of the par-

ticles at the wall.

207 ol Voidage

The pioneer work in this field by Yerushalmi and his
co-workers / 128,129,130_/ at city college of New York (CCNY)
was later reviewed by Yerushalmi and Avidan / 28_/. Continu-
ing research at CCNY, principally by Weinstein and his ass-
ociates 1_13L47 has confirmed that the structure of the
dense phase in a fast fluidized bed consists of a dilute core
and a dense wall region, first reported by Gajdos and Bierl
/" 132_7/. Further confirmation was provided by Hartge et al
4_133_7 employing fibre optic probes. The state of high
velocity fluidization was also critically reviewed by Geldart
and Rhodes 1“29_7- They concluded that the nonuniform radial
solid concentration distribution is typical of all flowing
gas~solid system at velocities from incipient fluidization to
dilute phase pneumatic transport. Matsen éf134_7 stated that
in a dense-phase flow, the circulation fluxes are in the range
of 150-1460 kg/mzs, average densities in the riser are
160-240 kg/mB: the voidages are ©0.85 = 0.9 and superficial
solid velocities are 3-5 m/s. Radial density profile measur-

ed by Saxton and Worley / 135/ in a large riser show
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considerable nonuniformities with densities at the wall 10

to 20 times those in the centre of the vertical pipe. S00

et al / 136_/ showed that at conveying velocities in a 5
iner. (125 mm) diameter horizontal pipe, small particles
travel much more slowly at the walls than in the centre of
the tube, moreover solid concentrations were higher at the
wall. Horio et al / 137_/ measured particle velocities in
the free board of a bed fluidized at 0.3 to 0.5 m/s and
found that particles travelled downwards at the wall. Morooka
came to a similar conclusion and in addition found that par-
ticle concentration increased greatly in the region of the
wall. In both the studies of solid hold-up., voidages were
greater than 0.98. Abed 4*138_7 fluidized FCC up to

0.55 m/s and measured higher voidages (upto 0.79) on the
hed axis than at the wall (0.6). The observation of Grace and
Harrison / 139_/ and Farrokhalaee and Clift (/ 140_/ in
small experimental units and that of Whitehead et al 4_14147
and Abed / 142/ in large industrial size beds showed that
all bubbling fluidized beds are non-uniform. Visual observa=-
tion and Video tape 4?19_7 show fast beds to comprise of
dense clusters or strands and a ~ gas phase continum with
dispersed solids / 143_/. Measurements with pitot tubes,
capacitance probes and X-rays / 131, 132, 144 _/ suggest
that these wall layers are intermittent and extend typically
10-20 mm into the column; Particles generally move up through
the core of the bed and flow down the wall in the form of

streamers which are called clusters. These streamers are
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continuously formed, dissolved and reformed / 40_/. The
thickness of streamer sliding down the wall was measured

by Rhodes et al / 145_/ and Horio et al [/ 146_/ as
several millimeters. Bolton and Davidson 4_147_7 observ=-

ed that the velocity of the falling film is about 0.5 m/s

and the particle hold=up in the falling streamer is more

than twice that in the riser core. Li and Kwauk / 148_7/
noted two regions in the S-shapped axial voidage profile

in fast fluidizationta dilute phase region at the top and

a dense phase region at the bottom. Between these two regions
there exists a transition zone in which is located the
inflection point of voidage, Li et al [/ 149_/ further
extended the studies and identified three operating regions
of axial voidage profiles in fast fluidized beds on the basis
of the relation between the solids rate (GS) and the satura-
tion carrying capacity of the flowing gas (K*)- When the
solid flow rate through the bed is equal to the saturation
carrying capacity of the gas (K*). at the operating velocity,
the voidage profile will be 'S' shaped . There will be a
dense phase region at the bottom and a dilute phase region

at the top. When the solid flow rate is less than K* only
dilute flow exists., and when the solid flow exceeds K* the
dense phase extends to the top of the bed. Yang 4—150_70
Rhodes and Geldart 4?151#7 and few other investigators

have shown that the zones or regimes comprise of a relatively

dilute core of solids in the middle and a dense region of
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generally down-flowing solids near the walle.

The radial non-uniformity of voidage at least for
small cross-section reactors, is now generally accepted
111_7. There is, however, a need of data on large diameter
units. Some investigators feel the assumption of cluster
is not necessary to explain the high gas=-solid slip velocity.
Although it can be explained by the downflow of solids in
the reactor annulus, video pictures demonstrate the existance
of long solid agglomerates. There is a general agreement on
the existence of a dense bed at the bottom and a relatively

dilute region at the top of CFB.

2 I () Residence time

It is a very important parameter for the study of
heat transfer in circulating fluidized beds, but there is a
serious scarcity of information about the particle resid-
ence time in the available literature. In many of the theo-
retical models the heat transfer process is postulated to be
governed by the residence time of the particle or emulsion
phase on heat transfer surface. To date applications of these
theories have been hampered by :«ck of definitive informa-
tion regarding the actual residence time in fluidized beds.
Mickley and Fairbanks / 152_7 and later Baskakov / 123_/
attempted to measure residence time by recording the temp-

erature fluctuation at the surface of small test heaters.
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Koppel et al / 153_7 measured the residence time on the
Vessel's external wall by taking photograph of the particles
through a transparent wall. Ozkaynak and Chen 4—154_7 measur=-
ed residence time of the emulsion phase on the surface of an

»

&4

st res-

1

internal tube under normal fluidized conditiorn.
ponse capacitance probe was used which permitted direct in-
dication of emulsion and void phase contact at the surface

of the test tube. Measurements were obtained for four diff-
erent types of glass épheres over a wide range of fluidizing
alr velocities. At low excess alr flow rate their data were
close to those recorded by Mickley and Fairbanks 4*152_7
while at high excess flow rates the results approached those
recorded by Baskakov 1_123_7. Finally. they concluded that

a definitive explanation of the various trends cannot be given
in view of the limited understanding of the residence pheno=

menon on surfaces of submerged tubes.

any correlation of residence time is scarce in the
published literature. Subbarao [flSS_? derived an express-
ion of cluster residence time based on his cluster model. The
correlation suggested by Subbarao £f155*7 for the average

cluster residence time on the wall is as follows 3

Psus b

¢ )1/3 U1/3
C (]

w2/3

c
3 o
S S
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The stable bubble diameter, D can be calculated from the

following expression

U2
2 Ug
D. -
b g
20,
If —a— = Dbed . then bubble diameter is taken to be equal

to the bed diameter. It assumes that small spherical clusters
detach themselves from the wall or loose their identify after
traversing a length equivalent to the diameter of the cluster
(typically 10 mm). Thus for a given operating condition., it
gives the lower limit of residence time. The residence time
on the wall is less than the time the strand takes to traver-
se the length of the heat transfer surface and the time it

takes to dissolve.

Glicksman / 12_/ derived an expression for residence
time considering the wall friction which was estimated from
the measured maximum fall velocity. For a small probe located
on an adiabatic wall, the residence time. tr may be appro-

ximated as

This analysis does not take account of the time the cluster
takes to be dissolved. It is possible that the cluster may

loose its identity before it traverses the entire length of
the heat transferring surface. Under these circumstances the

above relation will give the upper limit of residence time.
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He assumed that clusters swept to the wall start accelerat-
ing downward from rest till it reaches a maxium velocity.
Vmax . Except in cases where the clusters break-up before
traversing the entire length of heat transferring surfaces.

the residence time can be calculated by the equation of

motion which follows 5712;7

S8

v b4 ( e_ gt I./Vmax

v t
max I

LQLE

Beyond the acceleration distance (which is about 15 cm) the
residence time, tr can be estimated from the free fall velo-

city (UT} by substituting its value for vmax o LeBes

248 Models of Fluidized Beds

Heat transfer in a circulating fluidized bed depends
on a large number of variables. Several investigators have
attempted to correlate these parameters. Mickley and Fairbanks
/ 50 7/ developed the first physical model of heat transfer
from a bubbling bed by introducing the packet theory. Martin
/765 7 developed a heat transfer model (for bubbling bed)
based on kinetic tleory of gases. Subbarao and Basu éf156_7
suggested a heat transfer model for CFB with the concept of

clusters in the lean phase. Basu and Nag 4_39_7 extended
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this model by including a wall resistance in series with the
homogeneous semi=infinite medium of particles. Clicksman
1&12_7 developed a mechanistic model with the concept of
cluster and wall resistance. Sekthira, Lee and Genetti 4_79_7
developed a CFB model based on particle theory of Ziegter

et al / 106_/. Chen et al [/ 157_/ developed a model for
high temperature in CFB. Suleyman Biyikli et al [/ 158_/
developed a phenomenological model for heat transfer in the
free board of a fluidized bed. Mahalingam and Kolar 45159_7
developed a heat transfer model for the membrane wall of a
high temperature circulating fluidized bed. Nag and ltoral
4_16057 developed an empirical model based on dimensional
analysis of the parameters relevant to CFB heat transfer with

the concept of cluster theory of Mickley and Fairbanks ngo_}ﬁ

The important hydrodynamic models are developed by
Rhodes and Geldart é_l6l_7. Yang / 150_/, Kunii and Leven-

spiel /162 7 and Heng Zhang et al / 163_7.

248s1 Heat transfer models
(a) Bubbling bed models

Mickley and Failrbanks é_50_7 developed the fLlrsc
physical model of heat transfer from a filuidized bed by
introducing the packet theory, where a packet of particles
from the bed at temperature Tb is swept into contact with

the heat transfer surface at a temperature Tw and gives up
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heat by unsteady state diffusion, then the rate of heat tran-

sfer (Q) is given by

Q =  _ x p o 12 (T, - T.)

where, Ap is the area of the packet in contact with the heat
transfer surface. kg and ﬂe are the effective thermal con-
ductivity and density of packet of emulsion respectively. Thus

the local instantaneous heat transfer coefficient is given by

k_ P 1/2
h. = (.-=_e ps,

wi nt
r

Now the time averaged local heat transfer coefficient hw
should reflect the variation of hwi with contact time as
Awell as the variation of contact time from one packet to

another. Thus hw is given by

hoy I (tr) dt..

e g
]
O'-R

where I (tr) is the fraction of surface occupied by packets
of age between tr and tr+dtr . On substitution, the time

averaged local heat transfer co-fficient is given by

where t_ is the proper characteristic contact time of packets

defined by
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-1/2

(tr) =

1/2
£ I (tr) at_

0O R

Detailed analyses about the feasibility of application and
modification of the model by other authors have been discuss—

ed in Art' 2.4.1-

Martin / 64,65_/ has had considerable success pre-
dicting heat transfer in conventional fluidized bed with a
model based on a cqntroversial analogy between particle motion
and molecular motion described by the kinetic theory of gases.
In Martin's model, single particle transfer at the surface is
said to be rate-controlling. Transfer in the gas between a
surface and the particle which has reached the surface is

estimated using a relationship due to Schlunder 4f164_7.

Nu = S P 4[(1+Kn) Ln(1+—K’£n—)-1:|

i

where, Kn Knudsen number

}\g V 2nRT/M

4 2
= - (2-1)
d 7
P( 2 - R/M)
P “pg
The accommodation coefficient., 7., for a gas can be calcul-

ated from [/ 64_/

(0.6B - 1 - 1000/T)/B _=1

7'= [1 + 10 ]
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where, B = 2.8 for air, so that 7 = 0.9 for air at a
temperature of 298K. For most of the cases the thermal re-=

sistance within the particles can Dbe ignored. Martin's

predicted hpc can then be predicted from the following
correlation
h d Nu
pc p [ sp
= = C l - -
= z exp ( e )
g
P ¢ s g al e~ 9 1/2
where, Z = D AP ( B B )
6 Ag 5 €. C
mf

k is a constant which should lie in the range 2=4

and C is the volumetric concentration of particles.
(b) CFB models

Subbarac and Basu / 156_/ developed a heat transfer
model for circulating fluidized bed with the concept of clus-
ters in lean phase. They considered the heat transfer by
transient conduction to clusters of particles and voids/bubb-
les as they came into contact alternatively with the heated
surface. The concepts and equations developed by Subbarao
4?155_7 for the clusters in the lean phase are used in the

heat transfer model

W 1/3
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2 UE
D, = P = g for Dy 2 By
Dv = Dt for Dbs> Dt
or. (UO - Umf)/Usr > 0.2
_ 0.5
US = 0.35 (g Dt)
4 k U W
h = c e o )2/39
n D P U (1=€ ) sus X
s O c
B e
[ ks Sy Py e Yo o.s
1+ ( )
Xk C (1 =€) W
— C o e |

For small column diameter., this model predicts that particle

diameter has no effect on heat transfer coefficient.

Basu and Nag {f39_7 extended the model of Subbarao
and Basu 5T156_7 by including a wall resistance in series
with the homogeneous semi=infinite medium of particlese.
Basically, these models were developed on the basis of packet
theory of Mickley and Fairbanks. where they assumed that
when the cluster is in contact with the gas film, heat will
flow to the wall surface by conduction through the gas film

and by radiative interchange between the cluster and the wall

during the period of contact. When the dispersed phase O
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void is in contact with the wall, heat will be transferred
by convection to the wall surface and by radiative exchange
between the wall and distant clusters through the interven-
ing space. In developing the model they used the analysis of
Mickley and Fairbanks 1750_7 and Baskakov 4_53_7 for the
prediction of heat transfer from the cluster and correlation
of Wen and Miller / 86_/ for heat transfer from dilute phase.
Assuming both cluster and wall as gray surfaces the final
correlation for the -average heat transfer coefficient in a

CFB combustor suggested by them is given below s

5
C
h =
dp L 1/2
+ ( )
10 K R
ew C [ C
X @ P .. 0.3 U,% 0.21
+ (l—éc)(a'g)( pS)( gS) ('g—d-) :
P “pg s P

2 2
o0 f o, (T + T (T, + T )

They used the correlation of Subbarao / 155_/ for predict-

ing the cluster residen time (tr).

Glicksman / 12_/ developed a mechanistic model for
heat transfer in a circulating fluidized bed. He assumed that
the particles move up through the core of the bed and flow

down the wall as cluster or streamer. He considered heat



transfer between the wall and a layer which is several parti-
cles diameter thick. When striking the wall the particles are
at bulk temperature Tb while the wall is at Tw « For very
short residence time, the heat transfer from the particles to
the wall will be controlled by the interfacial or wall heat
transfer resistance with the particles initially at a uniform
bulk bed temperature, Tb . For bubbling bed heat transfer,
Decker and Glicksman [/ 124_/ developed a relation of the

form

= 12 + 0.05 Re Pr

The heat transfer beyond the first layer comes into action
when the heat transfer surface is sufficiently long and needs
to be considered only when the thermal time constant of the
first layer of particles is smaller than their residence time
on the wall. Assuming heat conduction between these particles
and the wall is kg/24dp times the projected area of the

particles, he derived the thermal time constant Qp as

Glicksman / 12_/ analysed the model of Mickley and Fair-
banks /507 and suggested a model which includes the wall
resistance in series with a homogeneous semi-infinite coll-
ection of particles giving an overall heat transfer coeffici-

ent to the particle as
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1 1y
h = (&= + &)
o hw hH
where, hH is an effective or homogeneous heat transfer co-
efficient for transient conduction to the homogeneous semi =
infinite medium given as
K p_C (1 - €)
h‘H = c s P
q ; ot
and wall heat transfer coefficient 'hw' was approximated
from the correlation of Decker and Glicksman 1_124_7 as
i _ 12 kg
W 4
P
for small particles and non-pressurised bed.
Sekthira, Lee and Genetti {TW9_7 developed a model
which is an extension of the model for fluidized beds propos=
4
ed by Ziegler et al é_106&7 and Genetti and Knudsen

4F165;7 to apply to a circulating bed. They assumed that
heat transfer in a CFB is guided by heat convection from
individual particles to the neighbouring film. They further

| assumed that Vm is equal to the free fall velocity of

ax
individual particles. They finally derived an equation where

particle Nusselt Number is found to be a function of suspen-

sion density
1/4

Nu = 0.293 P
o) sus
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This model shows that heat transfer coefficient is propor=
tional to the fourth root of suspension density which contra-
dicts the analysis of Glicksman 1?12_7 who showed that
heat transfer data of most investigators are proportional to

the square root of suspension densitye

Chen et al {TiS?_? proposed a theoretical model for
simultaneous convection and radiation in a high temperature
CFB. They assumed that in a circulating bed, heat transfer
between the hot gas-solid media and the walls occur by both
turbulent convection and thermal radiation. The radiative and
convective transport occur simaltaneously throughout the sus-
pension and would interact in a nonlinear manner to affect the
transverse temperature and heat flux profiles. The effective
heat transfer coefficient can be calculated from the follow—

ing relationship

h i @]
= — at Yy =
Tw TB
where, a = d. + ag
T (at y =0,x) = T,

and Ty the mixed=-mean bulk temperature defined by

a P_c__ U + (l=a) P U
[p s %ps Up * (1% Fg g g]TdY

ot |o~¢t

a_ P U +(l1-a) P_c_ U &
[p s %s Up ¥ %' Pg pg q] %
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Suleyman Biyikli et al 4_158_7 developed a pheno-
menological model for k.. transfer in free board of FLEE-Gles
ed bed. Ismail and Chen / 166_/ observed that solid par-
ticles are carried from the dense bed into the free board in
periodic bursts, rather than in a continuous stream. This
suggests that tubes located in the free board will be inter-
mittently splashed by bursts of relatively dense gas emulsion
and exposed to a convective flow of relatively lean gas=
particle mixture. between splashes. This hypothesis was supp=
orted by the capacitance measurements of particle contact on
the surface of free board tubes as reported by Biyikli et al
4_167_7. The convective heat flux would be the time average
contributions for heat transfer from the lezan and dense pha-
ses. The total convective heat transfer coefficient can be
written as the sum of the average lean phase and dense phase
coefficients weighted by the fraction of contact by each

phase :

h = —— = h, £ + hD(l—fL)

The measurements of Biyikli et al 4?167_7 indicate that
the residence time of the dense phase on the tube surface is
short, typically of the order of tenths of seconds. During
such contacts. transient conduction occurs between the dense
phase and the tube surface. Since the Fourier conduction depth
is much less than the nominal dense phase depth, this process
can be approximated as transient conducticn between two semi-—

infinite media. The resulting sclution for the time average
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heat transfer coefficient is

" _ 2 KD (ps CpS)D
2 Vn §D

where, ED is the root-mean residence time for a statistical
number of dense phase contacts. The final form of the equation

for the prediction of area-averaged heat transfer coefficient

is
K p .U D b M ¢ 1/3
h=fL[D—L a ( SLMSY“‘ y B ) :l
L Ky,

2 KD(ps Cps)D
+ (1= £)( = )
Vi 5,
The input parameters required are the physical properties of
the gas and solid (pg.k ' R T - .ks),

c
g P9 g S ps

system variables ( Usg o Uog v Up o Usym + D, dp ) and

particle contact parameters (f; » €5 . 6« Gp s a )

Mahalingam and Kolar / 159_/ developed a model
incorporating particle convection and radiation components
for the prediction of heat transfer between the vertical mem-
brane wall and the suspension of a high temperature el roulat=
ing fluidized bed. The particle convective component is mode-
lled based on a downward moving emulsion layer of thickness

varying according to an one-third power law expression derived
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from CFB dynamics. The radiation component is calculated
through the alternate slab model using the local values of
the emulsion layer thickness andlresidence time. They der-
ived the local particle convective (hpc) component of the

form

where, hx' the local heat transfer coefficient is expressed

as
2 .5
Ke Ke a - 17 7 ae t
hx = = t 235 .E exp ( 5 )
x x i=1 6x

The local thickness of emulsion layer., 5x is given as,

3 M (Ex - GS) A )1/3

gp P,

and the contact time, t was estimated from the following

relation
— X
t = —=
v
b
The radiation component was calculated through the

use of the alternative slab model in its extended form as
developed by Kolar et al / 67_/. The total heat transfer
coefficient, ht was composed of two additive components.
vize, the particle convective component hpc and the radia-

tive component, hr .
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«8e2 Heat transfer model for finned tubes in bubbling
beds

(NS

Genetti and Knudsen / 165_/ extended the model of
Ziegler et al [/ 106_/ to apply for finned surface. The model
by Ziegler et al 4106_7 for predicting heat transfer coe-
fficient from surface to fluidized bed was based on the so
called ‘particle mode mechanism', viz., the particles absor-
bing (or releasing) heat at the heat transfer surface and
releasing (or absorbing) this energy to the gas in the bulk

of the bed. They derived the following eguation.

h 4
- ) w b an /N3
wp kf e
6kf’D 2
(1 + 2)
P c d
85 pPs P

This model was modified by Genetti and Knudsen 1_165_7 by
assuming that the temperature of the fluid around the parti-
cle is equal to the arithmatic mean of the wall and bulk bed

ting the

v

= b1l 2 » After re
temperature  ( T_ ( T +T, )/2 ) £ el
number of particles at the surface to the particle fraction
(1=-€) and introducing dimensionless group., the final corre-

lation suggested by them was in the following form

10(1 - )03

2
7

1 + AR
( ey )

where A and 7 are unknown functions of fin height and fin

thickness. They calculated the total heat transfer coefficient
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for finned surfaces from the following relation

Q

('I'w - Tb) A

To eliminate the dependence of hw on thermal conductivity
of the fin material, the heat transfer coefficient was re-

defined in terms of local conditions as follows _f??L

Q s w5 . | ._..'_I
L ey pdes® & §

wL
A (Tep = T)

which is a function only of the frequency of collisions be-
tween the particles and the fin surface. Further, it was
assumed that the heat transfer coefficient was constant over
the full length of the fin. To determine the values of the
redefined hw +» the standard mathematical model was used to
describe the heat conduction in a thin rectangular fin

/168 /

-(Tw-Tb) l:(k’l/R /hW ) sinh/ R 1 + cosh?/R 1]

& kVR /h, cosh R 1 + sinhVR 1
( sinnVR x + (Tw-Tb) cosh¥R x )
To calculate the amount of heat entering the base of a single

fin, it was required to take the derivative of T with res-

pect to x and to multiply it by the factor ( = k 6w ) and
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then evaluate it at x = O. The total amount of heat lost by
the finned tube is equal to the amount of heat lost through

the fins plus the amount of heat lost through the bare tube.

k SWA/R (k¥R sinh/R 1 + h cosh ¥R 1) (At-Ab)
= tanh,

T e
w T (k¥R cosh”R 1 + h sinh ¥R 1) [21(w+6) + w 6]

This equation was solved to find hw for each experimental
value of Q/K(Twh Tb). The values of hw thus obtained were

independent of the thermal properties of the fin material.

The model developed by Ziegler et al / 106_7 and
extended by Genetti and Knudsen /" 165_/ was modified by

Priebe and Genetti / 112_/ to give
b c
a(Q/a,) (dp/s)

I:l + d(G/Gmf)z ]2

Nu =
wpP

The ratio G/Gmf was used rather than Reynolds Number, to
account for differences in dynamics for different particle
sizes. Values of a. b, ¢, d and e were found by cross
plotting of the various parameters. The final correlation

developed by them was of the form
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(30270 d, - 2.9)(Q/At)0'24(dp/s)_(0'55+232 dp)

G IBE 2
[1 + (8.19 + 2315)/(G/Gmf) :|

where, dp is expressed in micron, s in millimeter and

Q/At in W/mz.

Krause and Peters / 117_/ developed a finned tube
model. By one dimensional steady-state heat balance about a
typical rectangularlfin element, they first developed an
equation for temperature profile. For this case they found
the heat input to each fin from the Fourier heat conduction

equation

- art
4 = k A dx | x = O

Differentiation of the temperature profile yields an expre-

ssion for the heat transfer to all fins as follows :

Q

total i - FLC by

e FN(h P k A_) tanh(m. ) + AN
where the corrected fin length, FLC = FL + %

The convective heat transfer coefficient in the above equa-
tion can not be found explicitly, hence,it 1s necessary to
assume an initial value for 'h' and place this equation in

an iteration scheme until convergence is reached.



82

2.843 Hydrodynamic models

Rhodes and Geldart / 161_/ proposed a hydrodynamic
model for circulating fluidized beds. In developing the model
they used the correlation of Wen and Chen £f169_7 as given

below
E = By + (E - Ea) exp (=ah)

where E., E, and EO are the entrained flux at riser
outlet, above TDH and at dense bed surface respectively.
'a' is the exponential constant and 'h' is the height of

the bed.

Thé solid concentration in the dense phase region is
estimated using a method recommended by Geldart based on the
modified 'Two-phase Theory' of Toomy and Johnstone éﬁi?QJZ
The mass of solid in dilute phase region is calculated by

numerical integration over the height M.

The mass of solid in the dilute-phase region
h=h"

if pstl - Eh)A dh

h=o

Mg

The mass of solid in the dense-phase regior,

*
. -~ = ps(l - sden) A(L~-nh)

Then neglecting wall friction and acceleration effect, pre=

ssure loss across the dilute-phase
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APq41 = A

Pressure loss across the dense=phase

Mden g

APden = A

Hence, pressure loss across the riser is given by

) 1 AP = AP + AP

R dil den

The pressure loss across the primary cyclone 'AP ' is

calculated on the assumption that the design pressure loss

of 1200 N/m2 occurs when the superficial gas velocity in
the riser is 6 m/s and that for a cyclone pressure loss
is directly proportional to the square of the volumetric

gas flow rate., thus

AP = 33.33 U’
o
The solid control valve pressure loss can be calculated from

the fellowing correlation

| - G 2
AP = 442 x 107 ( e )
n D/4
A fluidized bed operated under minimum fluidization condi=-
tion is commonly referred to as the slow bed. The pressure

drop in the slow bed can be calculated from the following

equation
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Msp 9

SB ASB

If instead of a slow bed a stand pipe or hopper and L-valve
are used, appropriate alternative expressions must be writt-

en for the pressure drop. Thus,

MSB = M - Mdil - Mden - ME

The overall pressure balance then becomes.

n
h=h
. “ “ME) =Ze = ” *¥ €1

(M=M4. 1=M3ep ME)ASB = h{ P (1-€ )dh + (L-h Y(l-e )9 P
=0

2 =g G &

+33.3307 + 4.2 x 10 ° (=5~ )

nD5/4

Yang / 150_7 observed 3-types of voidage profile
in the riser section of a CFB. These are dilute=-phase pneu-
matic transport profile, fast (fluidized) bed profile and
dense-phase transport. Employving unified theory for dilute
phase pneumatic transport through continuity consideration
Yang / 150_/ expressed the voidage '€' as

4 W
s

2
DS nm D Up

Beyond the particle acceleration region., the particle velo~-

city was calculated by

2
Nd o by 4.7
Up = Ug-up @ BBy
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Beyond the particle acceleration region the total pressure

drop in a vertical conveying line was expressed as

2 2
2f P_U_L f P (1-e)U"L
” - _gffl S 1
APn, P (1 e)ng + N + P = p

The solid inventory in the dilute phase region was calculat-

ed from the relation
1, = ps(,l“e)ArLl

The solid inventory in the acceleration region was obtained

from
; - U
Up2 ps(l £) AL Upci "
I, = f 2 2
U N p.(U_. = U) f U
pl 3 c g 4.7 £ & o) - (g + —P_PR)
% D8 (P - p)d 2D
s £ p

The solid recirculation rate (R) between the dilute core

and dense wall region was expressed as

_ I (p2 . p2 -
R = 7 (D Di) Ds(l emf)UT

The average voidage measured experimentally can be related
to the voidage in the dilute core and dense wall region as

follows

2. W [
-5—- =
i ave mf
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The pressure drop and the solid inventory in the dense phase

region can be approximated by the following equation

BB = Py (1 - save) Ly s

= - L

I, Py (L - e o) Ap Ly

The transition region between the dense and dilute phases of
a fast bed is formulated based on the empirical entrainment
model by Lewis et al 4“171;7- The height of a transition

region can be calculated as follows

1l -¢

H = L Ln ( ave )
a 1—84

The empirical freeboard exponential constant 'a' proposed
by Lewlis et al / 171_/ can be expressed in terms of the

particle turbulent diffusion coefficient, ﬂp ¢ as

h
ah = 28 7 2 dh
O

where h 1is the height in the transition regione.
The total pressure drop and the solid inventory in the trans-
ition region can be obtained from

AP =

- p_ (1 - €,)gan

P (1 - 84) Ar dh

O—T O
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Yang [/ 150_/ considered a cyclone pressure loss of

10 times the inlet velocity heads

2

APC = 10 pf Uc

The pressure drop and solid inventory in the slow bed (return

leq) was calculated from the following equations

APSB = ps(l - emf) Leg 9
Igp = Ds(l - Emf) Loy Agp

Leung et al éﬁl72_7 suggested the following correlation to

calculate the pressure d4rop throucgh the solid flow control

device

The aperture coefficient., Cj is taken as 0.5 .

Kunii and Levenspiel éf162_7 developed a flow model
to represent the phenomena in the free board heights. They
postulated that three distinct phases are present in the free
board. In phase I fines are completely dispersed and carried
upward in the gas stream. In phase 2 agglomerates ejected
from the fluidized bed move upward and phase 3 represents
agglomerates and thin wall lavers of particles., which move
upwarde Finally, upward moving agglomerates progressively

disperse and also may change direction to return to the bed.
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Solving the differential equations for the flow
situation described above gives the following expressions
for the distribution of solid density and solid upflow in

the free board.

— — - e
- *
Do x P
G*
su S s - azf
= G = e
suo s

where P , is the mean density of gas/solid mixture, GS

*

G, and (Gg, + Gauo ) are the net upflow flux of solids,

saturation carrying capacity of upflowing gas and upflow of

solids at height (Z; and at 2. = 0) respectively, ‘a

is the decay constant which is proportional to superficial

'x' represents the fraction of solids in the

velocity and
fluidized bed which is entrainable. Finally, they suggested

the total inventory of solids 'W' in the column of height

'H ' as given by
W
= L - = - £
A, P m(l em) me (1 mf)
s
€ - €
sd se
= —=— ¢ € - £ - €
a Ht sd Hf( d )
. i . 2
where, At = cross sectional area of column, m
P = density of solid, kg/m3
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L , L = heloht of fixed bed, and of the bed at
' minimum fluidization condition, respec-
tively, m

Bm ' emf = void fraction in fixed bed and a bed at
minimum fluidization condition respec=
tively
Esd = volume fraction of solids at lower dense
region
ese = volume fraction of solids at the exit of

the vessel

H = H. + H = column height, m

€ = void fraction at saturated carrying
capacity condition

* indicates the saturated carrying capacity condition.

Heng Zhang et al 1_163_7 developed a mathematical
model for longitudinal voidage distribution by considering
the randomness of particle motion in a circulating fluidized

bed.

They considered the random particle motion in a
fluidized bed similar to ecological diffusion process. Com-
bining Brownian movement model and random walk theory with
particle motion in a fast fluidized bed, they derived the

corresponding Fokker-Plank equation as

2
2(u_g) 2%¢
2¢ = A PR R  J—

ot 2z Z2

®»

where € denotes voidage and the two terms on the right hand

side represent moving and diffusion fluxes respectively.
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Substituting U, = G/(l—S)PS , the above equation takes

the form of

G a  _ o de
(1 - BY%p N2 az?

=

The solutions of the eguation give voidage in the dense

phase as
* e* - ¢ -(2z-2,)/A
g€ = & + _T—a & for 2 = %
and voidage at in the dilute phase as
*
” e - € (z-2,)/a
£ = € - —2 e for 2 £ 4,
2 = i
where Ea ’ e” and Zi have been determined from Li's
/ 173/ empirical formulae
lBRe + 2.7 Rel'sg'? 0.0741
€ = 0.756 S )
8 Ar
. 18Re + 2.7 Re_*%%7  0.02857
€ = 0.924 ( )
Ar
1.922 -3.844
z, = L = 175.4 w[dpg (py = PRI/Ey :| (U=W)
whexey A. = Archimedes number
Res = relative Reynolds number
L = effective height of column
W = G/ ((1-e)(p - P))
Z = location of inflection point



CHAPTER - III

THEORETICAL ASPECTS

3.1 Principle of Fluidization

The phenomenon of fluidization relates to a parti-
cular mode of contacting granular solids with fluids,either
liquid or gas., passing through the solids at a velocity
sufficiently high to cause the particles to separate and
become freely supported by the fluid. By this operation
the solids are transformed into a fluid like state through
contact with liquid or gas. This method of contacting has a
number of unusual characteristics, and fluidization engin-
eering is concerned with efforts to take advantage of this

behaviour and put it to good use.

When a fixed bed of finely divided particles is
subjected to an evenly distributed upward., low velocity
flow of gas. the gas passes through the bed without disturb-
ing the particles. The gas merely percolates through the
void spaces between stationary particles. However, if the
velocity of the gas is steadily increased. a point will be
reached at which the individual particle will be forced up-
wards by the flow so as to be suspended in the fluid stream.
At this point, the drag force exerted on the particles will
counterbalance the weight of the particle, the vertical

component of the compressive force between adjacent particles
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disappears, and the pressure drop thfough any section of
the bed about equals the weight of the fluid and particles
in that section. The bed is considered to be just fluidized
and is referred to as an incipiently fluidized bed or a
bed at minimum fluidization. With further increase in flow
rate, large instabilities with bubbling and channeling of
gas are observed. The bed expands to allow the additional
flow of gas to pass through it in the form of bubbles. The
bed becomes highly turbulent and the surface is no longer
well defined but appears diffuse and bubbles of gas rise
through the bed. The bubbling action gives rise to a high
degree of particle mixing. A dense~phase fluidized bed is
considered as long as there is fairly clearly defined upper
surface of the bed. However., at a sufficiently high fluid
flow rate, the terminal velocity of solid is increased,the
upper surface of the bed disappears., entrainment becomes
appreciable and solids are carried out of the bed with the
fluid stream. This state is termed as lean-phase fluidized

bed.

The minimum fluidization velocity Umf ¢+ 1s a
measure of the superficial gas velocity at which there is a
transition from fixed to fluidized bed behaviour. It is best
to determine U.f experimentally for a given particulate
material, with the preferred method involving extrapolation
of the two straight line portions of a pressure drop-vs=
superficial velocity plot 4?174_7. This experimental deter-

mination can be made in a small laboratory unit and should be
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independent of bed depth. If Um must be calculated, there

£
are many correlations available. The more convenient of

these, especially for the relatively coarse particles, ori-
ginate from balancing the pressure drop from Ergun's packed
bed correlation with the bed weight per unit area 4?15_7 .

This leads to equations of the form

Re = w_ﬂl_f
mf . Mo

2
AJ Cl + C2 Ar - Cl

various values of the empirical constants Cl and C2
have been suggested. The values Cl = 27.2 and

C, = 0.0408 have been proposed by Grace [ 174 7/ as
giving some improvement over the commonly adapted values

in the literature.

For small and large particles the above equation

reduces to

7.5 x 10'4(ps - Pe)g E; 3
Vg = i, : for ( Ar ¢ 10 )
and
U = ozozf\l(p -pPdgd /e for (ar» 107)
mf * s £ P £

Even in applications where the operating superficial gas
velocity., UO + is far in excess of Umf » the minimum flui-

dization velocity is a key parameter in characterizing the
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particulate material. A second important quantity is the
bed voidage at minimum fluidization. €nE * such that

Moo= ps H1'nf a(l - emf)

emf typically lies in the range 0.4 to 0.6 with some
increase tending to occur with decreasing particle size.
decreasing breadth of particle size distribution and in-
creasing particle angularity [15_7. There appears to be
a slight increase in CE with increasing pressure 4335;7

although the effect is a small one 4?176_7.

The gas flow rate through a fluidized bed is
limited on one hand by Umf and on the other by entrain-
ment of solids by the gas. The upper limit to gas flow
rate is approximated by the terminal or free fall velocity
of the particles, which can be estimated from fluid
mechanics by 4??0 _7

4 (; d ‘: — p
p ( S g)

o
I

3 pg Cd

where C4 is the experimentally determined drag coeffi-
cient. For spherical particles the above equation can be

expressed as



2
g(ﬂs -pP) 4
U = g2 " £ R 0.4
2 [ 18 4 °r T8 <
3 1/3
4 (IOS - pg) g —
u = T «d 0.4 < Re < 500
i 525 T dp for 4 ey
g
e 13
3.1g(P_ = p)
s
Up = - %:’ , for 500 < Re. < 200000
pg P

In calculating UT + one is to consider the smallest size

of solids present in appreciable quantity.

3.2 Regimes of Fluidization

Gas-solid systems are mostly heterogeneous. Except
for a limited range of conditions under which individual
particle can be said to be uniformly dispersed, particles
in gas-solid system aggregate, giving rise to several dis-
tinct flow regimes. The interaction of gas and solid in
these flow regimes and the transitions between them depend
intrinsically on the properties of the gas and solid and
on the solid and gas rates , they are also influenced by
the containing vessel [’128 _7. Key features of the
principal regimes are described in Table-3.1 L 18 7
and fluidization regimes by velocity is shown in Fig.3.l1

£ 377



96

Table~3.1 Regimes of fluidization with increasing
superficial gas velocity
Regime Velocity range
(a) Fixed bed 0O ¢ U U
o mf
(b) Particulate fluidization Upng € o U
(c) Bubbling fluidization u.< U U
mb o ms
S i <
(a) lugging regime U U, Uy
3]
(e) Turbulent regime x < Ug W
(f) Fast fluidization Upp < Uy
1
| f |
— = — Bubbling |
|
Static ! Turbulent
J“\\(\Q
g ar— — —e¥— SERQPES
% | Fast
r:':J Group B
s |
(5]
[1+]
w |Turbuienl
Q
E
S S e |
= . . Y
i Il |
I | i
| l |
. Multiple of Minimum Fluidization Velocity
.001 t + 1
1 1 10 100 Tﬂmo
FIG. 3.1 FLUIDIZATION REGIMES BY VELOCITY
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3.2.1 Appearance and principal features of the regimes
of fluidization

(a) Fixed bed :

When a fluid flows upward through a bed of solid
particles, it exerts upon them a frictional drag. which
creates a corresponding pressure drop across the bed. So
long as the drag force is smaller than the weight of the
bed, the particles will remain essentially motionless.
and the fluid will flow through the interstitial passages.
This bed is termed as fixed bed. In fixed bed superficial
velocity (UO) is essentially less than minimum fluidiza-~

tion velocity (Umf).

(b) Particulate fluidization :

With higher velocity., particles move apart, and a
point is reached when the particles are all just suspended
in the upward flowing gas or liquid. At this point the
frictional force between a particle and fluid counter-
balances the weight of the particle, the vertical component
of the compressive force between adjacent particles dis-
appears, and the pressure drop through any section of the
bed about equals the weight of the fluid and particles in
that section. In particulate fluidization the particles are
uniformly dispersed within the fluid and the bed expands

uniformly and found in quiescent state. Beyond the
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quiescent state, when bubbles appear within the bed, the

condition is called that of aggregative fluidization.

(¢) Bubbling fluidization :

At gas velocities well in excess of that necessary
to fluidize the bed, the bulk of the gas over and above
that necessary to fluidize flows as bubbles, agitation be-
comes more violent and the movement of solids become more
vigorous. In addition, the bed does not expand much beyond
its volume at minimum fluidization. Void regions form near
the distributor, grow mostly by coalescence and rise to the
surface. The top surface is well defined with bubbles break-
ing through periodically. Bubble size increases as Uo in=
creas~s , For type A / 177 _7 solids the minimum
bubbling velocity, U ¢+ exceeds Umf and can be predict-
ed by adapting the correlation developed by Geldart and

Abrahamsen /178 ;7 as

0.1

U = a , SI
- 33 dp (pg/ug) ( unit )

For type B and D materials /177 Vi Umb pre=
dicted from the above relation is less than Umf' In that

case Umb can be considered as Umf .
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(d) Slugging regime :

This regime may be bypassed altogether in beds of
fine particles or in columns of large diameter. In the
extreme case of channeling with gas fluidized beds of fine
particles, the bed fails to fluidize at all. Also in deep.
narrow gas fluidized beds there is a tendency for bubbles
to grow and coalesce as they rise through the bed and
so a slugging bed is formed. Voids fill most of the
column cross-section, top surface rises and collapses with
a réasonably regular frequency. Preconditions for slugging
are that the bed depth to diameter (H/D) be at least 1.5
and that maximum stable bubble size be of order 'D' or
greater 1—15 _7. If these conditions are satisfied, the
superficial gas velocity corresponding to the onset of

slugging is suggested by Stewart and Davidson £T179_7'as

U = U + 0.07 A/ gD

ms mf

(e) Turbulent regime :

Yerushalmi and Cankurt / 130 _/ described the
turbulent regime as the process of dispersion. Large
bubbles or slugs are dispersed in the solid phase., or,
alternatively, the solids are dispersed in the gas. The
net effect is the apparent breakdown of large bubbles and

slugs into smaller voids which continually coalesce and
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split, tracing tortuous passages as they rise through the
bed. As Uk is approached., the solid, which in the bubbl-
ing fluid bed constitutes a continuous phase, also disper-
ses, rearranging into distinct clusters and streamers of
particles whose motion is mostly downwards and individual
particles and small clusters are entrained upwards in the
leaner gas phase. The structure of the turbulent fluidized
bed has thus become considerably more homogeneous and is
marked by strong ihteraction between its dense and lean

phase. The turbulent regime extends from Uk to the trans-

port velocity., Utr .

The transition to turbulent fluidization is reflect-
ed in the fluctuations of both the dynamic pressure at any
point in the bed and of the pressure drop across it. The
transition is gradual and it can be characterized by two
velocities: the velocity at which the pressure fluctuations
peak, and the velocity at which the pressure fluctuations.
having decayed from their peak value begin to level off (Uk).
The transition to turbulent fluidization may be expected to
show some dependence on bed diameter. There are few data on
which to base prediction of the transition velocity. Uk ’
for the onset of turbulent fluidization. Grace 13?4_}?
fitted the experimental results of Yerushalmi and

Cankurt / 130_/ by .

U = 7.0 ‘Vps gp - 0.77 ( SI unit )
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for  0.05<¢ P d < 0.7 kg/m® .

air as the fluidizing gas. and a 0.152 m diameter

column and 0,051 x 0.051 m 'two dimensional' columne.

(f) Fast fluidized bed regime @

A circulating fluidized bed (CFB) may be defined
as a high velocity fluidized bed where particles elutri-
ated by the fluidizing gas are recovered and returned to
the bottom of the bed at a rate sufficiently high so as to
cause a minimum degree of solid refluxing in the column.
The column can operate in turbulent, fast or lean phase
transport bed regimes depending on gas and solid feed rates.
but in case of CFB boilers the refluxing should be ade-

quate to ensure axial temperature uniformity in the column.

The fast bed is often described by the core-=
annulus model in which there is the up flowing dilute gas
stream in the core and the down flowing dense phase in the
annulus with clusters or streamers. long slender solid
agglomerates, continually forming., dissolving and reform-
ing. The solid in the fast fluidized bed may typically
occupy upto 25 % of the bed volume and is in a state of
extreme turbulence marked by extensive refluxing of dense
strands and packet of particles. Weinstein and his

assoclates £T131_7 at CCNY has confirmed that the
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structure of the dense phase in a fast fluidized bed
consists of a dilute core and a dense wall region.
Further confirmation was provided by Hartge et al
/133 _7 employing fibre optic probes. Geldart and
Rhodes / 29 _/ critically reviewed the high velocity
fluidization and concluded that the non-uniform radial
solids concentration distribution is typical of all
flowing gas-solid systems at velocities from incipient
fluidization to dilute phase pneumatic transport.
Yerushalmi et al 4?128_J7 observed that above the
transport velocity lies the transport regime which
encompasses a wide range of states from dilute-phase
flow to the fast bed condition. As the velocity approa-
ches Utr + there is a sharp increase in the rate of
particle carryover. Slip velocities are high in the
fast bed. The large slip velocities arise from the
characteristic aggregation of the solid in the fast bed
into relatively large dense clusters of the particles
/180 7. If a cluster is sufficiently large it can not
be sustained by the rising gas, it will fall back and
will subsequently undergo disintegration by one mech-
anism or another. Hence the apparent high degree of solid
back mixing occurs in the fast bed. The bed has got no
upper surface. Particles are transported out through the
top and must be replaced by adding solids at or near the
bottom. At a fixed solid rate the bed becomes increas—

ingly dilute as U0 is increased. Transport velicity may
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be regarded as the boundary which divides vertical gas-
solid flow regimes into two groups of state,and transport
regime lies above it. There are insufficient data to allow
correlation of the transport velocity Utr . which makes
the identification of onset of the fast fluidization

regime difficult.

3.3 Theory of Heat Transfer in Fluidized Beds

The heat transfer rates between surface and cir-
culating bed are much higher than in single gas flow. In
order to explain this phenomenon and predict heat transfer
rates for design purpose, many investigators worked on
laboratory scale fluidized beds on tube-to-bed heat trans-
fer and few theories have been proposed. The significant
theories for modelling bed-to-wall heat transfer in flui=-

dized beds are the following 3

(a) Thin=film theory @

Dow and Jakob {T@S _7 and Levenspiel and Walten
4_47 _7 observed that the principal resistance to heat
transfer in a fluidized bed is offered by the fluid £film
and the moving fluidized particles scour the film to reduce

the resistance to heat transfer.
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(b) Packet theory :

Mickley and Fairbanks / 50 _/ observed unsteady
heating of elements by a small group of particles moving as
individual unit called the packet or cluster of emulsion
phase as the vehicle for heat transfer. Initially a packet
of particles from the dense-phase comes in contact with the
surface and one dimensional transient conduction takes place
until the packet is again replaced by a packet of fresh
particles. The heat transfer in a packet is considered to be
identical to transient conduction in a homogeneous semi=-
infinite medium initially at bed temperature with a sudden o ——

pogices 9
step increase in surface temperature. /?(” N4

(c) Particle theory : L\ .w;'

Van Heerden et al 4_49 h7: Ziegler and Brazelton
/ 61 _/ observed that particles from the bulk of the fluidiz-
ed bed, having the bulk medium temperature move adjacent to

the heat transfer surface, the individual particle receives

energy primarily by convection from the fluid around the

particle.

(a) Alternate slab model theory :

Gabor [/ 62 _/ proposed theories describing heat
transfer process at the surface based on semi-infinite
'packets' of dense-phase composed of alternating flat layers

of gas and solids.



Grace é—il _7 regarded the circulating bed as
intermediate between a dense fluidized bed and dilute
pneumatic conveying. Heat is transmitted from the hot
surface by gas bubbles., by packet of solid particles and
by radiation, the three separate additive processes :

h = 6g hgc + {1-6g)hpc + h__4

where 6g is the fraction of the wall covered by gas
bubbles. Since hgc is generally much less than the
particle convective component, h ¢ so h can be

pc gc
estimated based on the correlations for gas alone flowing
through the column and the same superficial velocity and
with same physical properties. The radiative component,
significant at high temperature, can be estimated by
treating both wall and cluster as gray bodies and the

intervening gas between the wall and the cluster as

transparent to thermal radiation by 4?11_J7

4 =
( Tsusp - Tsurf )
hrad =
1 1
( ) + )-—1_’(‘1‘ - )
[ 8 vk esuSP i susp surf

For circulating bed equipment of industrial size and

typical values of volumetric solids concentration, the
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suspension will be opaque and the suspension emissivity is
given approximately by Grace £r174_7 considering multiple

reflection as

eSuSp = 0-5(1 + ep)

The observations and suggestions for estimating the particle
convective component, hpc + of many workers have already

been mentioned in Art. 2.4 .

The observations of some investigators regarding the
mechanism of heat transfer and the latest theoretically deve-
loped model applicable for heat transfer in circulating flui=-
dized beds have already been discussed in Art. 2.4 and 2.8

respectively.

3.4 Working Formulae

3.4.1 Bed=to=wall heat transfer coefficient

The heat transfer coefficient, h is defined
4-20_;7 as

Q = A, hAT ee (3.1)

where Q 1is the rate of heat transfer, A v is the area of
heat exchange surface and AT 1is the mean temperature diff-
erence between fluidized bed and exchange surface of height

Lh + where

AT = [ dl oo £ 3e2)
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The average heat transfer coefficient (h) was
determined for each operating condition at steady state from
the measured heat flux and the temperatures of the inside

wall (Tw) and the bed suspension (Tb)

VI
h = oo (343)

Ayp (Tw - Tb)

where V. and I are the voltage and current respectively
and AUF is the total surface area of the unfinned test
section. The total heat transfer from the finned surface

was estimated from the equation

Qp = Agh (Tw - Tb)nf + (AT - AF)h(Tw - Tb) o (3ed)

where Ay 1is the total surface area including fins, Ag
is the area of the fins and Mg is the fin efficiency.
The heat input to the test section was maintained constant

with the help of a variac.

3.4.2 Voidage

Glicksman / 12 _/ considered voidage as the volume
fraction of the bed occupied by bubbles. The bed voidage (€)
at any cross—section of the test section has been estimated
from the measured pressure drop (Ap;) from a differential

water filled u=tube manometer connected across it. If 'g!'
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represents the voidage, then the fractional volume of the

bed occupied by solid particles is equal to (1-€).

By force balance, we get
(8p;) & = (1-€) Py g AL ee (3.5)

Again we know that

Ahp
%p, = (155 P 9
3 2
where p, = 1000 kg/m and g = 9.81 /s
Ah

Therefore, ApL 1000 x Tﬁ% X g

i

or., App 10 (Ah ) g

where AhL is in cm. of water

Substituting the expression of Ap; in Eq.(3.5) we get,

&pL (1-¢€) ps g Lm

1]

or, 10(Ah;)g (1-e)g P_ L

10 ﬁ\hL
O, E = l] = ————— . (3-6)
P L
s m
where,
AhL = difference of height in manometric fluid,
cm. of water
Lm = distance across which manometer is connect-

ed, m
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3.4,3 Suspension density

The suspension density of the bed (psus) has been

determined from the relation

psus = ps(l - e) + ng oo (3.7)

3.4.4 Superficial velocity

The superficial velocity (U) is defined as the
volume rate of air flow per unit cross-section of the bed.

So

Volume flow of air through the bed

Cross-sectional area of the bed

Rate of air flow through the bed (ma)

Applying Bernouli's theorem to the upstream

tapping (1) and to the orifice (2) (Fig.3.2) we can
write

v?2 2

o + H = 5g + H, oo (3.8)

Assuming that the pipe is running full and for the moment

that no expansion of the fluid takes place, then
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FIG. 3.2 ORIFICE PLATE WITH D AND D/2

TAPPINGS
MV =AY,
or. Vl — KI Vj = mlv2
) where, m = Az/Al

Now substituting the expression of V; to Eq.(3.8), we

can write

2 2g(Hl-H)

V2 = 3 2 . e (309)
l-m
1

where (H) - H,) 1is the difference of pressure heads
between points (1) and (2) of Fig. 3.2 and expressed

in meter of air. Now if we substitute (Hl - Hz) in terms
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of (Ap) and expressed in cm. of water, then we can

write

H, - H, = (E‘i)(—AP—)
- B 100

where, Ap is the difference in height of manometric

fluid (water) in cm. of water

1000y , A 10 Ap
H, - H w ey (L SP) =
1 2 | P, = 100 B
Now substituting the expression of (H,-H,) in Eg.(3.9),

we can write

1/2
2 (1022 )

a
\Y = 5 n/s s s (3410)
1l -~ ml

Theoretical mass flow rate (m,_) of air can be expressed

t
as
My = pa A2 v2 kg/s
d 27[2g x 10 Ap
- Ny O
or, mg = P_ 4(100) x 3600 kg/hr

2

3.96 & VEp 7, ( . )  kg/hr
V l - m%

2
3.96 &0 E M ap P, ko/hr is (3.02)
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1
where, E = TR
i‘1 - m2
1
do = diameter of orifice in cm.
Ap = difference in manometric fluid height in
cme of water
pa = density of air

The actual mass flow rate (m_]) can now be expressed as

m, = C .« 2. m,
ma=C.Z.(3.96d§EVﬂppa) kg/hr
ee (3.12)
where,
C = coefficient of discharge

N
i

velocity of approach factor

'*'C' and '2'" were evaluated from B.S. code 1042 :1943

4?181_7 based on the following informations.

Pressure = 1 bar
Temperature = 30%
Inside diameter of pipe = 7.62 cm
diameter of orifice., do = 5.097 cm
density of air, P_ = 1.165 kgﬁna
i h §
E = = ' my, = 0.447
Vool V1 - (0.447)2
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From B.S. code, 1042 :1943
Fige D, S.7 and for m; = 0.447

Substituting the values of C and Z in Eq. (3.12) we

get.,
m_ = C.Z ( 3.96 dé e Vg A ) kg/hr
2 2
or, m_, = 0.605 x 1.0 [3.96 a, x (5.097)° x 1.118

x V1,165 x VM Ap :I kg/hr

or, m_ = 75.11 A/"Ap xg/hr

a
) 75.11 4 Ap . 3,
3600 X T.165
m, = 0.0179 MV dp m/s e (3.13)
Ab + cross-sectional area of the bed = % (Db)2
Db = 100cm = O.lm
e« « A = 7.854 x 107> m?

m 0.0179 V Ap

Therefore., U = «& = /s
° A, 7.854 x 10°°
U, = 2.28 NV ap /s e (3.14)

where,

Ap is the pressure drop across the orificemeter, in cm of

water.




3e4,.5 Solid ecirculation rate

The solid circulation rate (Gs) can be defined as
the circulation of solid particles per unit cross-section

of the bed. Therefore,

Circulation rate of solids (kg/s)

R 7.854 x 10™° m?

@
I

or, 127.3 (W) kg/m’s 75 (3418)

where, W is the solid circulation in the bed per second

3.4.6 Fin effectiveness

It is defined as

Actual heat transfer through the fin

Fin effectiveness =
Maximum heat transfer through the fin

Maximum heat transfer will occur when all the surfaces of
the fin are at the same temperature as the base of the fin
and the heat transfer coefficient over the entire surface

of the fin will be the same as that over its base.

1 1]
Q_stual ‘F 9" |p

Ap hyp(AT) g hyp(AT) &
ee (3.16)

hUF is to be evaluated at the same bed condition i.e. at

Fin effectiveness =

the same bed density as that of hF .
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3.4.7 Particle Nusselt and Reynolds numbers

The particle Nusselt number (Nup) has been esti-
mated on the basis of average heat transfer coefficient,the
mean particle size and thermal conductivity of fluidizing

gas (air). Thus

Nu = _"‘_E e (3..1.7)

The particle Reynolds number (Rep) has been
estimated based on superficial velocity. mean particle

size and the properties of fluidizing gas (air) + Thus.

d
Rep = —E—EE——E- (3.18)

3.4.8 Residence time

The residence time (t.) of the cluster has been
evaluated using the correlation developed by Glicksman

/12 7 as

N ee (3.19)

where h . h and hH are the overall, wall and homo-

W
geneous heat transfer coefficients respectively.
The correlation suggested by Basu and Nag 4739 _7

has been used to evaluate the wall heat transfer coefficient

(hw) as o« 10 K
h, = ——— e (3.20)
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For homogenous heat transfer coefficient (hH). the

correlation of Glicksman ¢ 12 _/ has been used. Thus

Kc DS CPS (1 - e)
h, = s (3:21)

H
n tr

on substitution of Eg. (3.20) and (3.21) to

Eq. (3.19) and after rearrangement the final expression

for cluster residence time (tr) can be written as

K p_C_ (1=-€) d
= S S _PsS l_ P
t. = ( 5 T ) e (3.22)

'h' has been evaluated from Eg. (3.3) and the properties

of fluid have been taken at the arithmetic mean of bed and

surface temperatures.



CHAPTER = 1V

PROPCTID HEAT TRANSFER MODELS

Two models and one correlaticn have been developed as

given below ¢

(i) A&n empirical model for the prediction of heat
transfer in a circulating fluidized bed for bare (unfinned)
tube surface.

(ii) An analytical model for the prediction of hsat
transfer from bed to finned surfaces in a cireulating fluidiz-

ed bede.

(iii) An empirical correlaticoa among the parameters e
5 - £ ) - o 1 Y -
Re  and kau to estimate heat transfer foom the plobes O

different vertical heights.

4.1 Bare (unfinned) Tube Model

It is an empirical model 1360_J7 to predict heat
transfer from bare (unfinned) tube surface in a circulating

fluidized bed.

4.1.1 Introduction
The mechanism of heat transfer in a clreuiating fluide
ized bed is very complicated because of the dependence of tne

ped pehaviour on a large nuiber of variables. The process

heat exchange bestween the system and the heat transfer surfaces
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is intimately associated with the process of heat transfer
between the fluidized solid and the fluidizing gas, the rate
at which the particles mix inside the bed and the general be-
haviour and geometry of the fluidized system. Since the fluid-
ized bed represents a complex interaction of gas and solid.,
many factors will enter into the generalized correlation accoun=
ted for the bed to wall heat transfer coefficient. It is thus
difficult to develop a fundamental model for prediction of heat
transfer in these beds. Mickley and Fairbanks / 50_/ develop-
ed the first physical model of heat transfer from a fluidized
bed by introducing the packet theory. Subbarao and Basu 4356_7
suggested a heat transfer model for circulating fluidized beds
with the concept of clusters in the lean phase. Basu and Nag
/39_7 extended this model by including a wall resistance in
series with the homogeneous semi-infinite medium of particles.
Grace {fil_? and Glicksman (Eﬁ_? have reviewed the various
models of heat transfer and analyzed the influences of differ=-
ent variables that enter into the problem of predicting heat
transfer. Sekthira et al /79 _/ showed in their model that
heat transfer coefficient is proportional to the fourth root
of the suspension density in a circulating fluidized bed. All
these models predict heat transfer coefficients which differ
from one another and also from the experimental data. often

by more than hundred percent ZTEST‘J7. Hence is the need for

a comprehensive model for predicting heat transfer in a CFB

incorporating all the concerned variables.
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4,1.2 Model

To develop the model, the following assumptions are
made.
(i) The physical properties of gas and solid are

constante.
(ii) The shape of the solid particles is sphericale.

(iii) In the bulk bed, the temperature and voidage of

the bed are constant at any cross-sectione.

(iv) The particles are uniformly distributed and the

circulating bed can be treated as a single phase continuume.

(v) Heat transfer is by transient conduction., gas
convection and by radiation normal to the surface in the
emulsion phase during its residence at the wall. The mechanism
of heat transfer is such that the clusters from the bulk of
the bed move to the heated surface and receive heat enerqy
from the wall. The cluster i3 agsumed to be at the arithmezic

mean of bulk and wall temperatures [ TC = (Tb + TW)/E ] .

(vi) Radiation from solids and gases occurs separately.

In this study., an empirical model based on dimen=—
sional analysis has been suggested. It has attempted to in=-
corporate all the variables which affect heat transfer in a
circulating fluidized beds The variables considered for
convective and conductive models of heat transfer are as

follows @
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l. Properties of fluidized material : Density (ps)'

Thermal conductivity (K,) and Specific heat (Cps).

2+ Properties of fluidizing gas : Density (Dq)e
lr‘ﬁ

Thermal conductivity (Kg). Specific heat {upq) and  Vige

cosity (ug).

3. Operating conditions : Particle size (dp); Size
distribution and shape of particles (ﬁs)a Solid concentra=
tion in the bed (psus)¢ Superficial velocity (Uo)' Minimum
fluidizing velocity (Umf). Void fraction (€), Particle
Terminal Veloeity (Up). Void fraction (€), Voidage at
minimum fluidization (emf)' Feed or recycle rate of solids

(G)) and Temperature level (T).

4, Bed geometry @ Bed diametear (db), Length of
heat exchange surface 1T} and Static bed height (L ).
L - 3

Nusselt number (Nu ) incorporating the
heat transfer coefficient (h) can e expressed as a func=
tion of other relevant dimensionless parameters. 2 dimensional
analysis of the above variables yields a relationship / 20 _/

as given below @

h c
__EE = £ by Cpg Ucdgpg Ps Cps Ys Ks
x k ’ m * P ' T T .k
g g g g pg mi g
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Many of these termg and groups are interrelated, and these

have been rearranged in fewer dimensionless groups as

follows :
u 4 p 3 U (o]
Nu = £ [ Pr , o 5} g ’ i‘b' ’ "l'.'h"' ¢ _O""' ’ -5 ]
_ By b %" Uns " Pq
C K
cﬁ.k—_ﬁ.e] . (4e2)
Pg g

For simplicity of analysis the parameters on the R.H.S. of
Eg.(4.2) have been divided into two groups and designated

by X and Y., where

C & Ks P
X - ( Pr ’ Cp F }'E*"' F Bs"‘- Fi s ) L (4.3)
pg g g
and
_ UO dp Pg UO db Lh
¥ - ( ? ’ E"" ’ a""' ) . e (4-4)
“'g mE P b

By definition, Archimedes number (Ar) is, Grace / 15 7

3
. - pg(ps pg)g dp
e ug
g
(p p)a®> [ 18p a u T
oL, A = gs g b gvpo
& 18 U KU

g g o
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OXe. A = (

where terminal velocity. Pell 172?_7

2
p =
o, = glPg ngE
18
“g
p U U
oL, -—g—---—c—)' = A 2
r s UT

6]

By introducing Archimedes number and terminal velocity

Eq. (4.4) is expressed as

Jr— s v ) ' (4-5)

1f Nusselt number is substituted by 7, Eq. (4.2) takes
the form of

Z = f(x' Y) e (4.6)

where X represents the properties of fluidizing and
£luidized materials and solid concentration in the bed. Y
represents the operating condi tions and geometry of the
fluidized system and 2 represents the hcat transfer
characteristics of the system. Now Z is expressed in
the form of

A = a + bx e (4-7)



(W]
W

st

where 'a' and 'b' are constants which can further be

expressed as

a = Ao + A:LY ee (4.8)
and

b = B, + BlY e (449)
where Ab ’ Al ' Bo and Bl are constantse.

The radiative heat transfer between solid and gas
present in the bed and the wall has been considered separa-

tely, with the two components added as given below

hr = xchsr + (l--}:c)hgr ve (4410)

where. Xq is the fraction of the wall surface covered by
particles. (l-xc) is the fraction of the surface covered

'* and ‘'‘gr' stand for solid and

by gas, and suffixes 'sr
gas radiative exchange with the wall respectively. The solid
particles which are away from the wall or in contact with it
are assumed to be at the bed temperature {Tb) and both

the wall and particles are considered as gray surfaces.

The radiative heat transfer coefficient between solid parti-

cles and the wall can thus be written as

h = 0

b W
sr FP_W ( ——— ) L (4.11)

Tb'-Tw

where 0 is the Stefan-Boltzmann constant, Tb and T

are the bed and wall temperatures respectively, and FP—W



is the particle~to-wall view factor, which can be estimated
by considering the wall and solids as parallel planes from

the following relationship

1
F - = : e (4..1.2)
P=W 1 1
—=— + = -1
p W

where e, and e, are the particle emissivity and wall

emissivity respectively.

The temperature of the intervening gas between the
solid and the wall is assumed to be at T,, « For radiative
heat transfer between the gas and the wall, the heat trans-

fer coefficient 'h is expressed as

'
gr

T - ¢
h = 0 e'e_ ( ) oo (4.13)
gr g Tb Tw

where eg is the gas emissivity and e' is the effective

emissivity of the wall zf-182.183_7. For gray wall, some

of the radiation striking it is reflected back into the gas
and then to the wall againe. Hottel 4f184_7 suggested
that it is fairly accurate to estimate the effective emi-

ssivity from the relation e' = 0.5(1 + ew).

Substituting Eqs. (4.11) and (4.13) in Eq.(4.10),

the total radiant heat transfer coefficient is given by
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T4 - T4
h. = 0 D = x F + (l=x )e'e )

h d
In dimensionless form. let Rr = rk P . then
g
Tg = T: B d,
= Yo ' =
R, o T, = T X Fpoy (1-x Je'e [ &= .. (4.15)
W d

From Egs. (4.7) to (4.9) and Eq. (4.15)., the final

expression for heat transfer is given by
z = (A +AY ) + (B, + BY ) X + R_ ss [4s1B)

where constants A.o ¢ Al . BO and Bl have been evaluat-

ed from the present experimental data of unfinned surface.

The experiments were performed in a circulating
fluidized bed unit, the details of which have been described
in Arte 5.1l. Local sand of mean diameter (dp) 310 micron
was used as the bed material. Six superficial velocities
ranging from 5.6 to 1l.4 m/s were used. Three constant
energy fluxes of 3580, 5519 and 7876 W/m®> were employed
for each air velocity, the bed temperature varying from

345 K to 365 K.
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4,1.3 Evaluation of constants

By using the data of present experiments ( Tables -
A.d.l, A.d.2, 6427 tO 629) and applying the technique of

least squares. the values of the constants A_ ¢ Al + B

(@] o

and B; have been evaluated ( a sample calculation 1is

given in Appendix - A ) as follows @

‘_
A = 4.48050 T B = = 8.0314 x 1077
@) [@]
A = 1.85178 x 1077, By = - 4.6841 x 10”14

-

Substituting the values of A

- Al ¢ BO and Bl in

Eg. (4.16), 2 1is expressed as

g = ( 4.4805 + 1.85178 x 107y )+

( -8.0314 x 10-7 - 4.6841 x 10_14 Y )X + R
L (4.17)

The values of 'X' and 'y' are assumed to be the pro-
ducts of the non-dimensional parameters as given in
Eqs. (4.3) and (4.5) respectively. Substituting these

values in Eg. (4.17), Z is expressed as

2 4.4805 + 1.85178 1077 (ar Yo o Sp _h
- g . i jgu. U .4 4d
T mf p b

& = U U a L
+ |-g.0314 x 1077 = 4.6841 x 10 Y ar 125- - 319 —}-1):‘
L T “mf P db

BPr .._E.E.
C

o (4.18)

0
WIJ#
P P
m
L
-+
e

r
o/
Lo
(8]
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Using the properties of solid and gas at 381 K 47185 _7:

and on rearranging, Eg.(4.18) takes the form as given

below @
2
0 Lh -6
Z = 4.5 = 4,75 Pr € = (4.95 Pr€ = 3.3)Ar T3 ¥ 10
T mf
+ R
r
where.,
2
8] L, )
M =Pr€e, N = Ar T ?J dﬂ- X J.Dm(3 and
T "mf b

Equation (4.19) 1is the final expression of heat transfer
inferred by the proposed model, which includes all the
three modes of heat transfer. The model is verified with
the present experimental data as well as with those of
Mickley and Trilling éiZS_?; Kobro and Brereton / 8 _7,
Basu and Nag /3 _/, and Sekthira et al /79 / and
good agreement is observed. Detail discussion on the medel

has been done in Article 7.8.
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4.2 Finned Tube Model

An analytical model has been developed to predict

heat transfer from bed to finned surfaces in a CFB.

Finned tubes are widely used in heat exchangers
including the economizers of steam generatorse. In a CFB
boiler, the heat absorption by each wall tube may be con-
siderably increased if additional heating surface can be
provided by welding vertical fins to each tube. The flui=-
dized bed represents a complex interaction of gas and
solid. In addition the radial variation of bed density
complicates the development of a fundamental model for the
prediction of heat transfer at the wall especially when
fins are attached to the inner surface of the bed. Li et al
4?149_J7¢ Tung et al 4?186_;7 and many others have obser=
ved a dilute core of solids accompanied by a dense wall
region in CFB. So the heat transfer coefficient along
the fin surface varies as the fin extends from the wall
towards the centre of the bed. Although few models have
been developed for plain (unfinned) surfaces. but no model
for the prediction of heat transfer for finned surface in
a CFB has yet been published in literature. Here an

analytical model has been proposed for predicting the same.

4.2.1 Development of model
The following assumptions are taken into considera=-

tion for developing the model.
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(1) Heat transfer by radiation is assumed to be

very small (cold bed) and it has not been considered.

(1i) Heat transfer is by particle convection and
gas convection. The mechanism of heat transfer is such
that the clusters from the bulk of the bed move to the
heated surface and receive heat energy from the wall. The
cluster is assumed to be at the arithmetic mean of bulk

w - S X .
and wall temperatgres ( 2, (Tb+‘w'/“ )

(1ii) The thickness of fin is small compared to

its axial lengthe.

(3v) The fin does not extend beyond the axis of

the bed.
(v) The shape of the solid particles is spherical

and the physical properties of gas and solid are constant.
(vi) The temperature varies in one direction only.
(vii) The material is homogeneous.

(viii) There is no energy source or sink within the
fine
(ix) The temperature of the surrounding fluid is

uni form.

4.,2.2 Mathematical formulation

To determine the temperature distribution along a
- fin, the governing energy equation is developed by perform=

ing an energy balance on a di fferential volume element in
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the fin. Figure 4.1 illustrates the geometry and coordinates

for the development of the same.

Starting with the conventional equation of heat

transfer from a finned surface.

2 Ph
Q_% = ij% ( T(x) - T, ) wu (4520)
dax
¥ equations have been developed which are applicable to CFB

heat transfer for the following two cases

(i) Long fin

(ii) Short fin

4.3 Model I : Long Fin

Tt is assumed that the fin is sufficiently long so
as to neglect the tip loss., but being long it will be sub-
jected to radial distribution of suspension density in the
fast bed. Glicksman /12 / and Basu /[ 40_/ observed
that for small beds (< 15 cm diameter ) heat transfer co-
efficient varies as the square root of suspension density.

Therefore

h = Xx'AP .. (4.21)

where k' is an experimentally determined constant.

Now substituting the expression of h‘,c + the
equation of temperature distribution for long fins takes

the form of



Ii,‘
dzT " P k pY. { m{f )
'—2- -_ __k A""' \ J_L_ﬂ:} - Tb ) . e (4-22
dx

4.3.1 Solution of equation

Equation (4.22) is a linear, second order differ-
ential equation with variable coefficient. To solve it., the
equation has been transformed to an appropriate general
Bessel's equation. For a longitudinal fin of rectangular
profile having a constant thickness t ., let x be the
axial coordinate with its origin at the tip (Fig. 4.1). In
the analysis of fin problem it is convenient to choose
_187_7 without the loss of generality. % tip = 0 and
= 1, so that the fin is considered to lie in the
region 0 £ % £ 1. It is assumed that the suspension
density varies linearly with the radial distance from the

wall within the short distance the fin extends into the bed.

Therefore.

xL = PxL oo (4423)

The distribution of suspension density along the fin surface

is expressed as

= % =
P, = P, + F (pw ph)
" 2x -7 -
or. P, = Py + F (pw P) we (4424)
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Inserting the expression of P_ , Eq. (4.22) takes the

b
form of
dz? - PBkx! \J P, +2F (P -P) ( T(x) - T, )
de T kA h L W b

ee (4,25)

L}

T(x) - T, Eg. (4.25) has

On substitution of ©(x) b

been transformed to

: 5 —
'"j—-% = C7 (M a+ bx )e +o (4.26)
dx”
2 _ px' _ . _ 2, _ =
where C” = TA ¢ a= ph and b = L(pw P)

The heat transfer area at the fin tip is generally small

compared to its lateral =rea and hence, the tip loss is

neglected for which %% = 0 at % =0 /187 7 .

The mathematical formulation of the fin heat transfer

then becomes

2
2
d8x . 2 NTZFBED 6 in 0< £ ¢ 1
dx ‘m—
s (4,27}
&(x) = T, ,-T, = € at % = 1 sa (di28)
(fin base)
de(x) _ X i . _



Let U = a + bx

Differentiating with respect to x

au

= = b
a dée _ d8 4u
an dx ~ au °® ax

Further differentiation gives

_ de
= b i

d_ 48y _ d_ . &8

e (EE) = e (b 30 )

a‘e a‘e au _ .2 a%
OX. '_"'"2- = b - """—'_2' - '("3'; = b _2

dx du du

Substituting the new parameter ‘'y' in

134

qu (4.27) ¢ We

get
dze(x) 2
= il e
dx
2 a%e 2
(o} o b - - B ﬂ’U a = (@]
Aau
2. 2
&% . L owga = b
du b
a%e 2
or, i m'" My e = (o]
du
e ( ¥V Px"/xa )
where. m' = 5 =
2 —
T ( Pw - P )

L

(4.30)
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Now Eqg. (4.30) is written in the following form

; _ . |
%(uoﬁ) - - N e = o .. (4.31)

Equation (4.31) is a form of Bessel's equation. Now

/T188_7/. (Table 3=1, P. 138), which is of the form

@ g 2 1
%; ( x E& ) + 7 XBY = 0 glves a=0C, B = 5

7 = + im . The solution of Eqg.(3=126) as given / 188,

189 7/ is

v/ 1/
yix) = =, zv(lvlux )
where,
_ l=-Q _ 2 .
v R
Mo - 2

The values of the parameters v , M and V/K  for

Ege. (4.31) have been evaluated as

o] o]

= 4 v

<
f
Ui
-

So, for Eqg. (4.31), the values of the parameters « . B

T ¢V ¢+ M and V /M  are as follows ¢

a =20, B='Jz;c 7=iima vz%‘t U-z"g_:

El<
M|l—'
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For non-integral values of v (v ¢ 1), the general

solution of Eq. (4.31) /1ss,189 _/ is

v /L 1/ V/u 1/l
o(x) = ¢ U, I lv | u_ )+ CU K K2R U, )

s 5 Ude32)

where Cl and C2 are constants and the function

I-v il?\ M Ui/u ) is the modified Bessel function of the
l/.u-)

first kind. of order vy o and the function K_ |7 K UJ

is the modified Bessel function of the second kind., of

order v .

The finiteness of tip temperature implies C2 = 0O,
and for nonintegral v (Vv = % ) the sclution of Eg.(4.32)

simplifies to 1387_;7

e(x) = C UJ‘/2 I (

% “=g/f5 U3

x

% m . (4.33)

using the first boundary condition (Eqe 4428), i.e0. at

X — s o = L =
T = 1, e(x) = Tw Tb GO + the constant Ll of
Eq. (4.33) is found to be

e
o

1/2 4 5/4
U, Tegys ( g m" Uy )

where, UL = a + bL

Therefore, the final solution of Ege (4.31) is written as

/187 _/
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5/4
A/ (a+bx) I,/5 [ % m( a+bx) ]

Oro = LI ] (4-34)
© Y a+bL) I_,/s [:% m'(a+bL)5/4]

®
38

@

Equation (4.34) is the final expression for temperature
distribution along the fin length. For this case the heat
input te each fin is from the Fourier's heat conduction

law. Referring to Fige. 4.1l.

3 m, e [ o de = g 3
Ceig = (~kAag ) op = KAG |, o (4039

Differentiation of temperature profile as given by
Eq. (4.34) vyields an expression for the heat transfer

from the whole fin surface. Now Eqg. (4.34) is written as

_ 5/4
8(x) = Cq A/Tat+bx) I,/ ¢ % m' (a+bx) )
where,
=]
o
C3 =

A/{a+bL) 1_2/5 ( % m'(a + bL)S/4 )

Differentiating the above equation., we get



-
(U
0

dx

- s 5/4
ge = C3 [ /(a+bx) gdxh [1_2/5 L%m'(a_*i'bx) :I:I

5/4
v f o™t ] & (Ve ]} - (e3)
5/4
Let & = g [ﬁ'(a + bx) ]
Therefore.
' 1/4 1/4
L - (fn ) Fia+p b o= wblarbe)

Now substituting the new parameter £ in Ede. (4.36)

it is found that

ase d d
= = Cy I:]:WEEEET g (Top/s(E)) ﬁ:l

+

[1_2/5(5) g‘-x- N/ Ta+ox) —_J:l

o
©

-2/5
or., 'd—x = C3 [l‘ (a+bx5 [I(-2/5 +1) (E) + —E——‘ 1_2/5(5)]

Enb(aﬂjx) 1/4J + [ I-2/5(E')] [ ‘}éj'(a-i-bx;l/zj]
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1/2 5/4
or., % = C, [(a+bx) [13/5( %(a‘i-bx) )
5/4
- (2x3)¢ . )(I_, /s (Em' (a+bx) )]
54 m,(a+bx)5/4 2/5'8

[:m'b(a+bx)l/4] + [}_2/5 ( % m'(a+bx)5/4 }]

-1/2 =
[2( & 4 Tl _|

5/4

1/2 4
or. I lx=L = Cy | (atbL) [13/5( z(a+bl) )

- ) ( { & i >5/4 >:|
- (2 (I, (£ m(atbL
2m* (a+bL) > * /5> 2
1/4— 5/4
[m'b(a+bL) 4 I:I-Z/S( % m' { a+bl) )]

-1/2 A
[§( a+bL) | ]
3/4 5/4

Qg —_ ¢ 1y . | o bty ]
Or.: 3% | s=n = 9 [\m b(a+bl) )(13/5( m' ( a+bL) 13

(611N

5 -1/2 5/4
- ( 3(a+bL) Wi,z (a+bL) )

: 5/4
m' (a+bL) )

BT FN

b -1/2
+ ( 3(a+bL) YOI, sl

SIS
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3/4 3 5/4
EEIr_-L = [03 m'b(a+bL) ][1'3/5( = m'(a+bL) ]

oo (4.37)

dae
dx %=L (fine base)
from Eq. (4.37) to Eg. (4.35), it is found that

Now inserting the expression of

3/4 4 5/4
inn = [%Ac3m'b(a+bL) :I[j13/5( = m' (a+bL) )]

Substituting the expression of Cq and m' in the

above equation, we finally get

—

[kA % b &_(a+bL) 44 ][13/5( £ m' (a+bL) 5/4)_,

1/2 & 5/4
(a+bL) I.,/5 ( = m'(atbl) )

Qein

3/4 ~ 5/4 =
RAC © {atbL) L SV w' {a+bl) }J

s

(o b o Gy
fin Eapiy T2 . 4 ., 5/4
a+bL) [:1_2/5 ( = m'(a+blL) )

e« (4.38)

In more convenient form Eq. (4.38) has been expressed as

i [eo KAC U>3c/4 :”:Ia/s (g m UfcM )]

1/2 4 , .5/4
Y [I—z/siﬁ“‘ U?J )]

inn

e ® (4'39)
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where.,
B, = ®a% bx = Pyt 2 (b, =PI
and U, = a+bL = P +2F (P =P) = P
L h L W W
Now inserting the expressions. cC = Pk'/kA and

Uz =P, in Eq. (4.39) it is found that

. 3/4 4 , 5/4

GokA(VPk7kA ) (U2, ) [13/5(?—;’“‘ Ul )]
4 , .5/4

Vﬁ; [ I.a2/5 ( g m Py )]

inn

m' U5/4 ):l

P,

3/4 [:
(QOVPK Kk )(Ux ) 13/5(

=4

ETFN

Y

or. inn =

o

Vo A o 57 0
P [ I.a/5 ( g m pw }]
oo (4440)

TE Nﬁ is the number of fins. then the total heat trans-

fer from the fins is finally given by

3/4 4 5/4
(Nfeo‘l/pk'Ak ) (Ux ) [13/5 ( g m U, )]

F
Vo 4 , ,5/4
Py [?-2/5 (5 m' Py )]

o Liliedd)

The total heat transfer, C from a finned surface is

'E

obtained by summing up the heat transfer through the

fins and the unfinned portion such that
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Qp = Qp * Hyp

Substituting Qp from Eq. (4.41) and dividing both
sides by GO , the temperature difference between the
wall and the bed., and Aq the total heat transfer
area including fins, the average overall heat transfer

coefficient is obtained as

3/4 1 5/4
Nf»‘VPk'A](. (Ux ) [13/5 ('5_ m' U )] A "

= UF, d
h = + =)
T1 )
4 , -5/4 Ap 8y
ahB, [1ogss e o0 ]
oo, bdadd)

Equation (4.42) 1is the proposed heat transfer model for

long fins in a CFB.

4.4 Model II : Short Fin

It is assumed that the fin is short enough sO as
to be unaffected by the radial voidage variation. However.
the fin being short the heat loss from the tip needs to
be considered. The mathematical formulation of the heat

transfer for this case becomes

2
g~% - mze(x) = 0 in 0 x< L s (4.43)
dx - -
e(x) = T - T, = 8, . at the fin base
s LileBd)
-k gi(x> = th(x): at the fin tip eo (4.45)
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where, ht is the heat transfer coefficient between the

fin tip and the surrounding emulsion.
The solution of this problem Eq.(4.43) 1is well
known 4_185.19Q47- The temperature distribution in the

fin is given by

8(x) - T(x) - Ty _ cosh m(L=-x) + (h/mk) sinh m(L=x)
% Ta = Tp cosh mL + (ht/mk) sinh mL
LI (4046)

The heat flow rate through the fin is obtained by intro=

dueing this result into the equation

d@(x)l
dx fin base

Q = e k A . (4-47)

which becomes

sinh mL + (ht/mk) cosh mb
Qe = eoﬂ/PhkA

cosh mL + (ht/mk) sinh mb

. (4.48)

For Nf number of fins, it becoimas

sinh mi + (h,./mk) cosh mb
QF = ':Nf 90 \/PhkA e

cosh mL + (ht/mk)sinh mlL

o (4449)
where. m = ¥ Ph/kKA

The total heat transfer (QT) is

Qp = Q% * Qup



144

Substituting Qp from Eq. (4.49) and dividing both
sides by 6/ and Aq ¢ the average overall heat transfer

coefficient is obtained as

s 7
T2 ) AT AT 90

v [4,50)

N ) Nf‘VPhk A I: sinh mL + (ht/mk) cosh mL] . Ayp g

cosh mL + (ht/mk) sinh mL

Equation (4.50) is the proposed heat transfer model for

short fins in a CFB.

Heat transfer data in CFB with fins not being
available, the heat transfer coefficients predicted from
model I have been compared with those of present experi-

ments only and good agreement is observed.

4.5 Empirical Correlation Among the Parameters Nup,
Rep and Lh/D

An empirical equation has been developed correlat-
ing the parameters Nup ' Rep and LH/D to estimate heat
transfer from probes of different vertical heights. Assun-

ing a functional relationship among them as

m Tl

Nu = k (Re ) (L,/D) ww a8 E)

o P h
where., Nup = Particle Nusselt number, h dn/kg

Re = Particle Re 1ds number, U d P _ /M
D artic yno exr., o“p g g

Ly, = Vertiecal height of the probe

D = Diameter of the probe

k., m and n are constants
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4.5.1 Evaluation of constants

To evaluate the constants of Eq. (4.51) experi-
ments were performed here in the laboratory in a circula-
ting fluidized bed unit with probes of four different
vertical heights. The detailed description of experimental
set-up and the procedure have been narrated in Articles
5.1 and 5.2.5 respectively. Using a computer package
programme and the data of the present experiments gﬁiables
6.49 to 6.52 “7o the average values of the slopes were
computed to be m = = 0.25 and n = = 0.5 . Now substi-
tuting the values of 'm' and ‘n' in Eg. (4.51) and
using the least square technique. the valﬁe of 'k' was
computed to be 4.7 « Then the final correlation

becomes

e
2 -0De2S

Nup = 4.7 [ Rep ( Lh,/u ) ] o

~—
o
L
N
(S

Equation (4.52) is the final empirical correlation.
The predicted results from the correlation (a sample
calculation is shown in Art. 6.9(h)) have been compared
with those of present experiments as well as with those

of Sekthira et al / 79_/ and good agreement is observed.




CHAPTER = V

EXPERIMENTAL SET-UP AND PROCEDURE

5.1 Experimental Set-Up

The experimental work for the study of heat transfer
in circulating fluidized beds was conducted in a circulating
fluidized bed (CFB) wunit specifically fabricated. installed
and instrumented. The CFB unit comprised of 100 mme. I.D..
5.15 m high main colwmn. made up of steel sections. along
with a return leg, mainly of plexiglass., a cyclone and a
pag filter (Fige Sels Plate 1). Alr was supplied by & high
pressure centrifugal blower, and the air flow rate. controll=-
ed by a stop valve and a bypass arrangement, was measured by
a standard orificemeter. The distributor plate used was
straight hole orifice type having 12.4 7. ocpen area. A
butterfly valve was located about mid-way in the return leg
to measure the solid circulation rate in the colurmn by clos-
ing the valve and measuring the volume of solids collected
above it over a certain period of time. Entrained solids were
recovered in a cyclone and returned to the bottom of the
riser column. Solid return point from the return leg to the
main column was located 0.5 m above the distributor. Static
pressures were measured at 0.5 m intervals along the bed
height. Fine wire mesh (BS 400) and cigarette filters were
used at pressure tapping ends to minimize pressure fluctua=

tions in the water filled U=tube manometers.



147

The test section (Fig. 5.2, Plate 2), 300 mm long
was located 2.75 m above the distributor. A tape heater
which was used as the source of heat was wrapped uniformly
around it. It was then adequately insulated with glass wool
and asbestos rope. Asbestos gaskets of 10 mm thickness were
used at the flanges, and guard tape heaters were provided
before and after the test section to prevent axial heat loss
by conduction along the pipe walle. Electrical energy input to
the heater was controlled by a variac and measured with a
voltmeter and ammeter. The temperatures of the inside wall
and the bed at about the mid-point in the test section were
measured with copper-constantan thermocouples. The thermocouple
wires were all connected to a multipoint switch and then

to a digital D.C. microvoltmeter.

Local sand of mean diameter (dp) 310 micron was
used as the bed material. The properties and size distribu-
tion of sand particles are shown in Tables 5.1 and 5.2
respectively. The mean particle size is calculated from the
reciprocal of B(xi/dpi). where x; is the weight frac-
tion of particles which has an average size of dpi deter-
mined by standard sieve analysis. The experimental conditions

are given in Table 5¢3.
5elal Test section
The details of the test section have been shown in

Fig. 5.2 and its cross=sectional view has been shown in

Fig. 5.3. The photograph of the same has been given in
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Table - 5.1 3 Properties of Sand Particles

Y 1. Mean particle size : dp = 310 micron
2. Denusity of sand : p, = 2350 kg/rn3
3. Minimum fluidization : U g 5 0.075 m/s
velocity e
4. Vv , - o.
oldage at Urnf . emf 0.5
5. Terminal velocity : Up = 1.54 m/s

Table = 5.2 3 Size Analysis of Sand Particles

Diameter range (um) Mean diameter (dpi) Weight fraction

> ( Hm ) (Xi)
200 - 234 217.0 0.2500
234 - 285 259 .5 0.1305
285 = 370 327.5 0.32180
370 - 556 463.0 0.2275
556 -

778 667.0. 0.0740

Table - 5.3 : Experimental Conditions

o Variable Range

Fluidizing velocity, m/s- 5.6 = 12.5
Bed temperature, K 330 - 365
Suspension density. kg/m3 18 - 176
Heat flux, W/m’ 3580 - 7876
Bed inventory. kg 20 = 32
Vertical probe height, mm g5 = 300
Mode of heating Electric heater

Fin gecmetry Rectangular and pin shap
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Plate 2. It has a dimension of 100 mm I.De. and 300 mm

longe.

Four more plain and five finned test sections have
been used, three of which had rectangular fins and two had
pin fins. The details of fins and their attachment with test

section have been shown in Fige. 5.4.

(a) Test sections with rectangular fins 3

The test sections were fitted with 2, 4 and 8
vertical rectangular fins of 246 mm x 23 mm x 6 mm, which
were fitted symmetrically by screwing to the inside surface
separately. The matching surfaces were machined accurately
and special care was taken to ensure perfect thermal contact
of the fin. The surface contact was checked by applying light

before and after their use.

(b) Test sections with pin fins

The test sections were fitted with 16 and 32 number
of pin fins of 6435 mm O.D., 15 mm long, which were fitted
inside the wall by screwing, located at 90° and 45° apart
in columns respectively. In each case the fins were position-

ed at four equidistant rows.

(c) Test sections having different vertical heights :

Four test sections having 100 mm I.D. and 85,

127.,5, 170 and 255 mm length were used to conduct the

last part of the experiments. The photographs of these test

sections have been shown in Plate-3.
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S.1ls2 Blower

It was a high pressure. centrigugal type of blowers.

It was installed to supply air to the main column to fluid-

ize the solid particles.

Specification of blower :

Air quantity : 3000 to 4000 m>/hr
Temperature . 60°C
Total pressure s 1600 to 1900 mm of wW.ge.

29 to 27.44 kW
(29.5 to 36.8 HP)

Power consumption

Motor rating : 29.83 kW (40 HP) , 4 pole

Fan speed : 3600 r.peme

S5ele3 Heat source

Electric tape heaters were used as the source of
heat. Six heaters of different dimensions and capacities
were used in the whole range of experiments. The first
five were used as source heaters and the sixth one was
used as the guard heater. The detailed specifications of

each kind of heater are given in Appendix-B.
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5.1.4 Distributor

It is located at the bottom of the main column. The
distributor was made following the design outline given by
Kunii and Levenspiel / 20 _/., Botterill /35 _/ and
Basu 4?191_;7. It is a straight hole orifice type of dis-
tributor having 12.4 /- open area. The diagram is shown in
Fig.C5.1 and the design details have been given in Appen-
dix - C. A layer of fine wire mesh (B.S. 200) was used on
the top of the distributor to prevent the smallest particle
from passing through it. Two pressure tappings, one at the
top and the other at the bottom of the distributor, were

provided to measure the pressure drop across it.

5¢1.5 Thermocouples

Copper-constantan thermocouples were used to measure
both the bed and surface temperatures. Two thermocouples
were embedded at 180° apart to the inner surface and locat-
ed about the mid-position of the test section. The average of
the two thermocouple readings was taken as the wall tempera-
ture in all the cases. For the bed temperature. the thermo-
couple was located in such a fashion that its tip lies at
the central axis of the bed. Four thermocouples above the
test sections and three below it were used to check the
steady state condition of the riser column. All the thermo=

couple leads were connected to a multipoint switch and then
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to a digital D.C. microvolt meter. Before use, the thermo-

couples were caliberated.

5+1:6 Air flow measurement

The rate of air flow through the bed was measured
by using a standard orifice meter made to B.S. code
1043 :1943 with D and D/2 tappings (Plate 4). Equa-
tion (3.13) was used to estimate the volume flow rate of

air through the orifice meter.

5¢1.7 Pressure drop measurement

Pressure tappings were provided at ten different
locations along the height of the bed (Fig. 5.1) at equal
intervals of 0.5 m to determine the axial voidage of the
bed. These pressure tappings were connected to a water =
filled U=tube manometer bank (Plate 5). Fine wire mesh
(B.S. 400) and cigarette filters were used at pressure
tapping ends to minimize pressure fluctuations in the mano-

meters.

5018 Return leg

A solid return leg, a major part of which is made
of plexiglass., is connected to the main column through a
cyclone separator at the top and a 45° inclined smooth
passage at the bottom. The solid return point is about O.5m

above the distributor plate. The entrained solids first come
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to the cyclone where these are separated from the gas and
returned to the main column at the bottom. A bag filter
made of canvas and covering the outlet of the cyclone
catches the solids which do not separate in the cyclone.,
and sends these back to the main column. A butterfly valve
is located at about the middle of the return leg, which is
used to hold a column of sand and prevent air from flowing

into the downcomer from the distributor (Plate=6) «

5.1.9 Measurement of solid circulation rate

The butterfly valve shown in Plate 6 located at
the middle of the return leg is used to measure and control
the solid circulation rate in CFB loop. The solid circulation
rate is measured by closing the valve and measuring the
volume of solids collected above it over a certain period
of time. At a steady velocity the butterfly valve was clos-—
ed sharply. and with the help of a stop watch, the time was
recorded to store a certain amount of solid above it. The
average of at least five such readings was considered for

estimating the recirculation rate by using £Eq. (3.15) .

5.1.10 Insulation

The test section was adequately insulated. The
first layer of insulation was provided by asbestos rope of
about 30 mm thick. The outer layer of insulation was pro-

vided with glass wool of about 120 mm thicke. The top and
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bottom of the test section was insulated by providing
asbestos gaskets of sbout 10 mm thick in between the
flanges to prevent axial heat conduction along the
thickness of the pipe wall. The electrical equipment

used in the experiment has been shown in Plate=T7-.

5.2 Experimental Procedure

The experiments were divided into three parts.
(i) Heat transfer from unfinned surface
(ii) Heat transfer from finned surfaces

(1ii) Heat transfer from the probes of different
vertical heights.

5¢2el Heat transfer from unfinned surface

Prior to the starting of actual experiments.
some trial runs were taken to have an idea about the

control and measurement of the operating parameterse.

The experiment was made first with unfinned
surface. A known quantity of sand was fed into the main
column through the top of the cyclone. The outlet of the
cyclone was then covered by the bag filter. The switches
of the main heater and guard heaters were then put on. A
predetermined heat flux was set by controlling the variac
after adjusting the supply voltage and current., read from
the voltmeter and ammeter respectively. The switch of

microvoltmeter was set on and allowed to warm up for
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about ten minutes before taking any reading. The blower
was then started and air was allowed to flow through the
riser column with the help of air control valve. The
air flow rate was slowly increased and the bed starts
expanding and within a short period it attained the
complete fluidization condition. When the air velocity
was further increased and the terminal velocity was
exceeded, the entrainment of solids began which was
observed visually through the plexiglass column located
at the bottom of the cyclone in the return leg. The
desired air flow rate was maintained by adjusting the
flow through orifice meter. which was ascertained from
the pressure drop data across the orifice meter. The
entrained solids were allowed to return to the main
column by opening the butterfly valve and thus a con-
tinuous loop of emulsion was established. A 1250 watt
electric tape heater was switched on to supply heat to
the test section. The gas-particle emulsion while pass-—
ing over the test section got heated till the steady
state condition was reached. The bed took about three
hours to attain this steady state condition., which could
be ascertained from the constant readings of the thermo-
couples. Two pressure taps were provided, one at the top
and the other at the bottom of the test section., to
estimate the average bed suspension density. The pressure

taps were connected to a water filled U-tube manometer.
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The solid circulation rate was determined with the help
of a stop watch and closing the butterfly valve to coll-
ect a desired amount of solid over it for a certain

period of time. At steady state condition the following

observations were made at certain intervals of time.

(1) The bed temperature, noted from the micro-

voltmeter readinge.

(ii) The surface temperatures from two different
points at the same level, noted from the microvoltmeter

reading.

(1ii) Manometer reading (connected across the

orifice meter) .

(iv) Manometer reading (connected across the

test section) .

(v) Manometer readings (ten pressure taps)

connected along the bed height.

(vi) Data for solid circulation rate.

(vii) The ambient alr temperature.

At least five data for each observation were
recorded and average of which has been taken into con=
sideration for any calculation. The experiments were

repeated for six superficial velocities ranging from
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5.6 to 1ll.4 m/s, three constant energy fluxes of
3580, 5519 and 7876 W/m2 and for three bed invento-
ries of 20 kg, 26 kg and 32 kg of local sand having
mean diameter of 310 micron. When the observations for
one bed inventory were completed., the sand was taken out
of the bed through the opening plug (Fig. 5.1) and
fresh measured quantity of solids were again loaded be-

fore starting the next experiment.

5262 Heat transfer from rectangular finned surface

Three test sections fitted with rectangular fins
have been examined. Experiments were first conducted with
the test section having two vertical rectangular fins
( 246 mm x 23 mm x 6 mm ) fitted inside the wall and
located 180° apart, diametrically opposed to each other.
The fins were tightly screwed to the wall, and special
care was taken to ensure near perfect thermal contact of
the fin with its base. Then these experiments were re-=
peated for four and eight vertical rectangular fins of
the same dimensions fitted inside the wall. located at
90° and 45° apart respectively. The fins were fitted
to the wall with the same technique as explained ear-
lier. Local sand of mean diameter of 310 micron was used
as the bed material and it was fluidized in the same

manner as described in Art. 5.2.1. When steady state
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condition was reached the same data as recorded for un-
finned surface were noted. The experiments were perfor-
med for six superficial velocities ranging from 5.6 to
ll.4 m/s, for three heat inputs of 3580, 5519 and
7876 W/m> and for three bed inventories of 20 kg,

26 kg and 32 kg sand particles. When observations for
one bed inventory were completed, the bed materials were
taken out and a fresh measured amount was loaded for the

next experiment.

523 Experiments with 1500 mm long rectangular fins

For this set of experiments four rectangular fins
having length of 1500 mm and remaining other dimensions
(23 mm breadth x 6 mm thick ) the same as before were
used. The fins were located at 90° apart and extended
from the test section along the main column. The experi=-
mental procedure was the same as described in Art. 5.2.1.
The experiments were performed for 26 kg of local sand
having 310 micron mean particle size and for 5519 W/m?
constant heat flux. The observations were repeated for
six superficial velocities ranging from 5.6 to 11.4 m/s.
The same data as described in Art. 5.2.1 were recorded

when steady state condition of the bed was reached.
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5.2.4 Heat transfer from pin finned surface

Experiments were performed with two test sections.
The first one was equipped with 16 number pin fins of
6.35 mm in diameter and 15 mm long. The fins were fitted
by screwing to the inside surface of the test section
in four rows and in four columns in such a manner that
the columns were at 90° apart and the rows were equi-
distant. The second one had 32 number of pin fins of the
same dimensions and fitted in the same way to the inner
surface of the test section as that of the first except
that the columns of fins were at 45° apart. The experi-
ments were conducted in the same way as before. The
experiments were performed for six superficial velocities
ranging from 5.6 to 1l.4 m/s, for three constant heat
inputs of 3580, 5519 and 7876 W/m’ and for three bed
inventories of 20 kg, 26 kg and 32 kg of sand parti=-
cles having a mean particle size of 310 micron. All the

needed data were recorded as stated earlier.

54245 Heat transfer from probes of different

vertical heights

Here, four probes having vertical heights of 85,
127.5, 170 and 255 mm were tested. Four electric tape
heaters of the same rating but having different lengths
were used as the source of heat. The heaters having

lengths of 1.22, 1.83, 2.44 and 3.66 meter were
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wrapped uniformly around 85, 127.5, 170 and 255 mm
long probes respectively. The heat transfer probes were
installed one after another at the same height as pre-
viously mentioned, i.e., 2.75 m above the distributor.
The experiments were performed for each probe indepen-
dently following the same procedure as explained in
Arte. 5.2.1. Local sand of mean diameter of 310 micron
was used as the bed material. The experiments were con-
ducted for five superficial velocities ranging from 7.2
to 12.5 m/s, for two constant heat fluxes of 4500 and
6000 W/m® and for 32 kg of bed material. For steady

state condition the required data were recorded.
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OF EXPERIMENTAL SET-UP

SCHEMATIC DIAGRAM

PLATE-1
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CHAPTER - VI

OBSERVATIONS AND RESULTS

The study of heat transfer in circulating fluidized
beds is broadly divided into two categories. The first one is
the laboratory scale experimental study and the other 1is the
development of theoretical models suitable for predicting heat
transfer in circulating fluidized beds. The experimental work
was further divided into three parts. The first part deals
with experiments with the bare (unfinned) heat transfer sur-
face. In the second part., experiments were repeated for sur-
faces having fins of different sizes and geometries. In the
third part experiments were performed with heat transfer
probes of different vertical heights. The experimental data
are shown in tabular form in Tables = 6.1 to 6.26. and the
calculated results are shown in Tables = 6.27 to 6.52 from

which Figs. 6.1 to 6.95 have been drawn.

6.1 Experimental Data for Heat Transfer and Hydrodynamic
Study

The parameters in these tests were heat input., air
flow rate. bed inventory., pressure drop across the test sec-
tion, pressure drop along the bed height, solid circulation
rate and temperatures of bed and surface. In the whole span
of experiments the superficial velocity used was in the

range of 5.6 to 12.5 m/s. For a particular set of reading all
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the data were recorded at the same time.
6.1.1 Heat input

Experiments were performed for unfinned surface,two.
four and eight rectangular finned surfaces and sixteen and
thirty pin-finned surfaces. For all these cases the heat
fluxes used were 3580, 5519 and 7876 W/m’. Data were also
taken for four probes of different vertical heights for which
heat fluxes used were 4500 and 6000 W/m’. The recorded data
have been presented in Tables - 6.1 to 6.15 and 6.23 to

6.26.

6e.ls2 Alr flow measuremént

In order to estimate the amount of air flowing
through the bed to fluidize the solids, the manometer(conn=-
ected across the orifice meter) readings as recorded have

been presented in Tables = 6.1 to 6.15 and 6.23 to 6.26.

6.1.3 Bed inventory

The work was performed for three bed inventories of
20, 26 and 32 kg of sand for unfinned, two, four and eight
rectanqular finned and sixteen and thirty two number of pin-
finned surfaces. For the experiments with probes of differ-
ent vertical heights 32 kg bed inventory was used. The
recorded data have been presented in Tables - 6.1 to 6.15

and 6623 to 626
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6.led Temperature measurement

Both surface and bed temperatures were measured by
using copper constantan thermocouples located at suitable
positionse The data have been presented in Tables = 6.1 to

6o15 arld 6.23 to 6.260

6eled Measurement of pressure drop across the test
section

To estimate solid concentration in the ped. the

~ pressure drop data across the test section were taken with

the help of a water filled U-tube manometer connected
across ite The data have been presented in Tables = 6.1 toO

6.15 and 6-23 to 6026-

6eleb Measurement of pressure drop along the riser column

In order toO estimate the axial voidage profile along
the bed height. the pressure drop data at ten locations
having equal intervals along the height of the bed were I€”

corded and have been presénted in Tables -~ 6.16 to 6622

GeleT Measurement of solid circulation rate

The solid circulation rates per unit cross sectional
area of the ped for various superficial velocities were
measured and have been shown in Tables ~ 6.1 to 6.15 and

6.23 to 6260
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6.1.8 Experimental data for the probes of different
vertical heights

The data of the study of the effect of vertical
probe height on heat transfer have been presented in Tables

623 to 6.26.

6.2 Presentation of Results

The results of heat transfer and hydrodynamics of
the present investigation have been calculated from the
experimental data using the correlations derived in Art.3.4
and have been presented in Tables - 6.27 to 6.52 and
Figss 6.1 to 6.95. Heat transfer coefficients for bare
(unfinned) and finned surfaces were calculated using equations
(3.3) and (3.4) respectively. Voidages and suspension
densities were determined by using Egs. (3.6) and (3.7)
respectively. The superficial velocities were estimated

<4 using Eq. (3.14), solid circulation rate from Eg. (3.15),
fin effectiveness from Eg. (3.16), particle Nusselt number
from Eg. (3.17), particle Reynolds number from Eq. (3.18)
and cluster residence time from Eqg. (3.22). Heat supplied
was determined by using Eg. (3.1) . A sample calculation

has been shown in Art. 6.9.

6i2s1 Heat transfer from bare (unfinned) surface

For the study of heat transfer from unfinned surface.
y experiments were performed for six superficial velocities of

5¢6, 65, Te2s 8¢2, 9.1 and 1ll.4 m/s, three heat fluxes of
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3580, 5519 and 7876 W/m® and three bed inventories of
20, 26 and 32 kg of sand. The results of heat transfer
from unfinned surface were calculated and have been shown
in Tables 6427 to 6.29 from which Figs. 6.1, 6¢2, 6.6,
610, 6.15, 6.18, 6.21, 6.25, 629, 6433, 6.37 and 6.42

have been drawn.

6e2.2 Heat transfer in presence of finned surface

The effects of rectangular and pin fins on heat
transfer in the CFB were evaluated in this study. At
first 2., 4 and 8 rectangular finned surfaces were tested
and later 16 and 32 number of pin finned surfaces were
tested. Similar to the unfinned surface, six superficial
velocities of 5.6, 645, 742, 8.2, 9.1 and 11l.4 m/s, three
heat fluxes of 3580, 5519, 7876 W/m’ and three bed inven=
tories of 20, 26 and 32 kg of sand were employed. The
results estimated from the experimental data have been
presented in Tables 6.30 to 6.41 from which Figs. 6.3
to 6.5, 6.7 to 6.9, 6.11 to 6.14, 6.16, 6.17, 6.19,
620, 6622 to 6424, 6426 to 6.28, 6.30 to 6.32, 6.34
to 6.36, 6.38 to 6.41l, 6.43 to 6.45(a) and 6.45(c) to
649 have been drawne

6e243 Effects of suspension density on heat transfer
coefficients

The study was performed in the range of suspension

density from 18 to 76 kg/mB. The calculated values of
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suspension densities and heat transfer coefficients for
finned and unfinned surfaces have been presented in Tables
627 to 641 from which Figse. 6.1 to 6.14 have been
drawn.
6+244 Effect of superficial velocity on heat transfer
coefficient
The superficial velocities used for finned and
unfinned surfaces were in the range of 5.6 to 1ll.4 s
The relevant data are shown in Tables 6.27 to 6.41 from

which Figs. 6.15 to 6.24 have been drawn.

6e2e5 Effect of heat input on heat transfer coefficient

Three heat fluxes of 3580, 5519 and 7876 W/m2
were used for the finned and unfinned surfaces. The cal=-
culated results together with other relevant parameters
are shown in Tables 6627 to 6.41 from which Figs.6.25

to 6.36 have been drawne.

6246 Effect of bed inventory on heat transfer coefficient

Three bed inventories of 20, 26 and 32 kg sand
particles having 310 micron mean size were used. The estima-
ted data are presented in Tables 6.27 to G.41 and have been

shown in Figse. 6.37 to 6.40.
6e2.7 Effect of bed temperature on heat transfer coefficient

The bed temperature of the present experiments lie in
the range of 330 to 365 K for finned and unfinned surfaces.,
which have been presented in Tables 6.1 to 6.15 and 6.27 to
6.41 and shown in Figse. 6.41 to 6.45(a).
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6.2.8 Effect of solid circulation rate on heat transfer
coefficient

The solid circulation rate was in the range of 159 :to
80 kg/mzs . The data have been shown in Tables 6.1 to 6.15
and their effect on heat transfer have been presented in

Figs. 6.45(b) and 6.45(c) «

6.3 Performance of Fins in CFB

The fin pefformance has been evaluated from the

experimental data as functions of hF/hUF and AFhF/AUFhUF

and presented in Tables 6.30 to 6.40 (equivalent heat

transfer coefficient) and shown in Figs. 6.46 and 647

6.4 Effectiveness of Fins in CFB

The fin effectiveness has been estimated for
different conditions and shown in Tables 6.30 to 6.40

from which Figs. 6.48 and 6.49 have been drawne

645 Effect of Fins on Bed Hydrodynamics

The results computed from experimental data to
demonstrate the effect of fins on bed hydrodynamics are
shown in Figs. 6.50 to 6+69.

6.6 Study of Heat Transfer from Probes of Different
Vertical Heights

The study was performed with four probes having 85,

127.5, 170 and 255 mm vertical heights, two heat fluxes
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of 4500 and 6000 W/mz, five superficial velocities of 7.2,
8.8, 10.2, 11l.4 and 12.5 m/s, and 32 kg sand of 310 micron
mean size as the bed material. Results computed from the
experimental data have been presented in Tables - 6.49 to

6.52 and plotted in Figs. 6.70 to 6.74.

6.7 Presentation of Experimental Results in Non-
dimensional Form

The computed results from the experimental data in
the non-dimensional form have been presented in Tables
6.27 to 6.41 and 6.49 to 6.52 and shown in Figse. 6.75 to

6.80.

6.8 Prediction from the Models

Two models and one correlation have been developed

to predict heat transfer from a circulating fluidized bed.

681 Empirical model

Equation (4.19) is the final form of the empirical
model for prediction of heat transfer from unfinned surface
in a CFB. The results are shown in Tables 6.27 to 6.29 from

which Figs. 6.81 to 6.87 have been drawne.

6+8.2 Mathematical model

Equations (4.42) and (4.50) represent the mathema-
tical models for long and short fins respectively. The
results calculated from Eq. (4.42) for 2, 4 and 8 rect-

angular finned and 16 and 32 number of pin finned surfaces
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have been shown in Tables 6.30 to 6.41 from which Figs.

6.88 to 6.92 were plotted.

6843 Empirical correlation

The empirical correlation ( Eq.(4.52)) has been
developed based on the experimental data of four heat
transfer probes of different vertical heights. The results
calculated from the correlation have been shown in Tables

6.49 to 6.52 from which Figs. 6.93 to 6.95 have been

drawnes

69 Sample Calculations*

Diameter of the bed. g, *= Oel m

Diameter of particle. dp = 310 x lO_6 m

Density of solid particle (sand)» Py = 23560 kg/m3
Density of air. Pg = 0.9216 kg/m3

Specific heat of solid, Cpg = 0.703 kJ/kg K
Distance between pressure tappings

across the test section. Lm = 0.0 m

Prandtl number of air. Pr = 0.692

Thermal conductivity of gas. kg = 0.03242 W/mK

Viscosity of gas: Mg = 2.214 x 107> kg/ms

Heat transfer area of unfinned surface. Agp = 0.0816 m2
Heat transfer area of a single rectangular fin = 0.013 m2

Hoat transfer area of a single pin fin = 0.000331 m’

* All the calculations have peen done using computer prograifs
where accuracies upto eight places of decimals were consi<
dered which have not been recorded in Tablese.
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(a) Unfinned surface :

Referring to run no. 15 of Table 6.27
Bed inventory, I = 20 kg

a" = 7876 W/m2

Heat flux,
Bed temperature, Tb = 355.65 K
Surface temperature, '1‘w = 414.63 K

Pressure drop across the orifice meter,
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Ap = 10 cm of water

Pressure drop across the test section, AhL = 3.0 cm of water

(1) Experimental

heat transfer coefficient, he

7876
414.63 - 355,65

)

ie}

133.53 W/m2K

10 An
. _ L 10 x 3.0
(11)  Voidage, € = J T 2350 x 05
s “m
= 0.,9745
(i1i) Suspension density, F i, B P {1~8)
= 2350(1 - 0.9745)
= 60 kg/m3
(iv) Superficial velocity, U, = 2.280 Ap
= 2.28 'V].O = T2 rﬂ/s
h a
(v)  Experimental Nusselt Number, Nu_= EE_E
g
= 133.53 x 310 x 10”6
0.03242

1l.28
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U dap
(vi) Particle Reynolds number, Rep = —9—%—3
g
7.2 x 310 x 10_° x 0.9216
: = = = 93.06

(p) Rectangular finned surface @

Referring to run no. 25 of Table 6.33 for four vertical

rectangular finned surfacee.

Size of fin = 24.6 cm X 2.3 cm x 0.6 cm
Bed inventory., I = 26 kg
Heat transfer area of a single fin

2 x 0.246 x 0,023 + 04246 x 0.006 + 2 x 0.023

x 0.006

= 0.013 m2

Total heat transfer area when four rectangular fins are

attached, (AT)

A, = (0.0816 + 4 x 0.013) = 4 x 0.006 x 0.246
Pressure drop across the orificemeter, Ap = 6 cm of water
Heat flux, q' = 05519 W/m2
Bed temperature, T, = 349.8 K

Surface temperature., T = 395,13 K
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Pressure drop across the test section.

AhL = 3,2 cm of water

(i) Experimental heat transfer coefficient ,

= 5519 _ 2
by, = TEI5= 345,58 = 121.78 WK

L4 ' - 10 x 3.2 _
(i1) Voidage, € = 1 = 5355235 = 0.9728

(1 - 0.,9728) x 2350

]

(iii) Suspension density, P

sus
= 64 kg/m3
(iv) Superficial velocity, U, = 2.28V6 = 5.6 /s
(v) Experimental Nusselt numher, nu_ = 121.75 x 310 x 107°
e 0.03242
= 1016
5.6x310%10" °x0.9216
(vi) Particle Reynolds number, Re_ = =* K22 % =
P 2.214 x110
= 72.08 AT
(vii) Equivalent heat transfer coefficient, hp = he( 3;— )
F
o 0.1277 _ 2
= 121.75 x F 5g7g = 190.53 W/m
q' 1
(viii) Fin effectiveness = —3— x g
o ' F UF
(b =64 kg/m>) = 133.0 Wm’K
hUF sus g
) ; B 5519 1
« « Fin effectiveness = 355.13 = 349.8 X 133.0

0.9154
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(¢) Pin finned surface :

Referring to run no. 18 of Table 6.40 for 32 pin finned

surface
Size of fin = 6.35 mm dia X 15 mm long
Bed inventory. I = 32 kg

Heat transfer area of a single pin fin

- 42
= ndl + 2 d

n x (6+35 x 1073 x 15 x 1073 + % x (6435 x 10)

]

0.000331 m>

Heat transfer area when 32 pin fins are attached.

A 0.0816 + (0.000331 x 32) - 32x %(6.35x16

T

|

Heat flux, q'" = 5519 W/m2

Bed temperature., T, = 341.46 K
Surface temperature . Tw = 402.98 K
Pressure drop across the orificemeter.

Ap = 25 cm of water

Pressure drop across the test section.

ahL = l.,45 cm of water

(i) Experimental heat transfer coefficient.,

_ 5519 ) 5
h, ® 53758 - 34L.46 ~ o W/m2K
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_ _1l.45 x 10 _
(ii) Voidage, € = 1 o a5.5 = 0.9877

(1 - 0.9877) x 2350

]

(iii) Suspension density, P

sus
= 29 kg/m°
(iv) Superficial velocity, U, = 2.280/°25 = 1l.4 n's
89.71x310x10™°
(v) bxperimental Nusselt mmber.,nu, = N WCELT G
- 0.86
(vi) Particle Reynolds number,
-6
P 2.214 x 10

(vii) Equivalent heat transfer coefficient,

Ap 0.0912 2
hE = he( ?—; = 89.71 x 0.0816 = 100.26 W/m“K
q" 1
(viii) Pin effectiveness = — x &
e F h
o Ur
h (p = 29 kg/m3) = 101.0 W/m’K
UF sus *
. \ _ 5519 1
Fin effectiveness = ( y5z3 53— 3414 ' X 1510
= 0.8882

(d) Prediction from empirical model (Eg.(4.19)) :

Referring to data no. 37 of Table €.27 for unfinned surface

Bed inventory, I = 32 kg
Heat flux, g" = 3580 W/m2
Diameter of smallest particle size = d = 217 x 10-6n1

pm
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Superficial velocity. U_ = 5.6 m/s

Bed temperature., T, = 347.89 K

Surface temperature. Tw = 373.51 K

Voidage, € = 0.9677

Suspension density., P_,. = 76 kg/m3

Particle size, 4, = 310 x 107% m

Particle density, P, = 2350 kg/m3

Experimental heat transfer coefficient. h, = 139.76 W/m?K
Thermal conductivity of gas., Ry © 0.03242 W/mK

Diameter of the bed. db = 0.1l m

Vertical length of test section. Lh = 0«3 m

Experimental Nusselt number, Nug = l.34

Prandtl number, Pr = 0.692

Fraction of the wall surface covered by particles.
- T 1 =-€¢ = 1= 0.,9677 = 0.0323

Fraction of the wall surface covered by gase

(1L - x) = 0.9677
c
’ _ -8 2,4
Stefan-Boltzmann constant, 0 = 567 X 10 W/m“K
Emissivity of particle, ey = 0.76
Emissivity of wall, ey = 0.24
Emissivity of gas. eg = 0.036
Effective emissitity. g? = 0501 + ew) = 0.62
Particle-to~wall view factor.
F = 3 = 0.2231
pmw (L 4 L -1
e e




Archimedes number, Grace / 15 _/

3
og (pg = pg) g qp

L

Q »

0.9216 (2350 = 0.,9216) x 9.81 x (310 x 1(3'--6)3

)2

(2.214 x 10~

1291.02

Velocity at minimum fluidization condition. Grace 4.-15 &

4
-4
745 10 p_ - p) (a)
. _ X (s g (p g
mf i
-4 -6y 2
7.5 x 10 (2350 - 0.9216) x (310 x 10 )° x 9.81
2.214 x 1072
= 0.075 /s
Terminal velocity, Kunii /20 __7
(p_=-p)2% g% 1/3
Hp = zgs o gl ) @
g'g pm
4 (2350 - 0.9216) 2 x (9.81)2 173 wll
= 335 5 S ) x 217 x 10

0.9216 x 2.214 x 10

1.54 m/s



The empirical model is

Nu = 4,5 = 4,75M = N(4,95M = 3.3) + R_
Ui L, -6
where, M = Pre€e , N=ArU—--ﬁ——-—xlO
T mf db
b= T ) ) j SB
R = 0 ( g7 ( x F + (l=x )e'e %
r Tb Tw c p~w c g g
Now, M = Pre€e = 0,692 x 0.9677 = 0.6696
Ug -6
N = Ar =—— = x 10
UT Urnf c]b
+02 X 7754 x 0,075 > 0.1
= 1.0516
Té - Ti ) : ) dp
R. = 0 ( (x F + (1l=x J)e' e —
r - —
b Tw c p-w c g kg
- 5.67 1078 (347.89)4 4 (373.51)4 )
efY = 347.89 =~ 373.51
(0.0323 x 0.2231 + (0.9677x0.62x0.036)) 310x10~°
L] A b4 . . . H e Kl e > 0.03242
= 0.0029
(Nu ) = 4.5 = 4.75M =~ N(4.95M = 3.3) + Ri.

= 4,5 = 4,75 x 0.6696 = 1,0516(4.95 x 0.6696 =
3.3) + 0.0029

= 1031
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- N
(Fa 2 (Nudo ) 31 - 1,34
(Nu )T B 1.31

i

Y. Error

- 2,26 /.

(e) Prediction from the mathematical model (Eqg.(4.42))
for long rectangular fin 3

Referring to data no. 40 of Table 6.32 for 2-rectangular

finned surface

Size of fin = 24.6 cm x 2.3 cm x 0.6 cm
Bed inventory., I = 32 kg

Heat flux, gq" = 3580 W/rn2

Superficial velocity, U = 8.2 s
Bed temperature. Tb = 350.48 K

Surface temperature. ’I‘w = 385.02 K

Number of fins, N, =2
o]
Area of a single rectangular fin = 0.013 m~

Total heat transfer area when two fins are attached
to the test section. (AT}

A, = 0.0816 + 2 x 0.013 - 2 x 0.001476 = 0.1046 m>

Il

Area of unfinned portion, Ayp 0.0816 - 2 x 0.001476

= 0.07865 mz

Cross-sectional area of a rectangular fin

A = Dgk = g%ég & %é% = 1.476 % I0™° m°
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Perimeter of the fin, P 2 L_, Kreith /190 /

£
= 2 x &8 0.492 m

Average veoidage. € = 0.977

Average suspension density, P = 54 kg/rn3

Temperature difference, 60 = 385,02 = 350.48 = 34.54 K

Experimentally determined constant, K' = 17.26 (W/mz)(quBkg)

Thermal conductivity of fin material (steel)

X = 66.5 WmK
& Pk' _ 0.492 x 17.26
k A 3

66.5 x 1.476 x 10

1/2
9.3014 ( K /4m.kg )

Voidage at the fin tip, Tung et al [/ 186_/,
2
(8% + 0.191)

Eh =
at the fin tip, 8 =x/L = 0
Therefore, Eh = (0-97?)0'191 = 0.9956

Solid concentration at the fin tip

p, = (1 - eh)pS (1 - 0.9956) x 2350

h
10.24 kg/m3

From Eqg.(4.23), solid concentration near the wall,

p, = 2P = P = 2 x 54 - 10.24 = 97.76 ko/m>
9 -
Now, b = £ (P =~ P) = 3—%—%99 (97.76 = 54.0)

3805.22 kgﬁn4

il
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C 9.3014 -3
' = S o el rises %
Therefore, m = 3 3805.22 2.444 x 10
From Eq. (4.39), U_ is defined as
- X o
9] = Py + 2% (p p)

at the fin root % = 1

10.24 + 2(97.76 - 54)

]

Therefore., Ux

97.76 kg/m>

The final model ( Eq. 4.42 ) for the long fin is given by

e X0 5/4
5 x
5/4
= % X 2.444 x 10 3 x (97.76) = 0.601

The argument of Bessel function in the denominator

= 4., o574
5 w
a4 -3 5/4
= £ x 2.444 x 10 x (97.76) = 0.601

For these small arguments, the Bessel functions converge

very rapidly é?u%3;7 and for the present csase it converges
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to the 3rd term of the series. So, we have considered the

power series as

(x/2) (x/2) 2 (x/2) 2
I(x) = —— | 1 4+ —mmm— +
[ v +1) 1] (v+1) 2 ) (v +1) (v +2)

Using Fig. 2.6 of Myers /192 _/ the gamma functions

have been calculated as follows

-
when ¢y = 33-
[M(v+ 1 = |_'( §-+ 1) = I_'(l.so) = 0.909
when v = -%—
r'(v+l)=|_—'(--§-+1)=|—'(—o.4+l)
N < . 0.909 _
- = 2= [Ta.e) = g = 1.515
3/5 2
_ (0.601/2) (0.601/2)
Now. I3/5(O.601) = 5.909 I: 1+ il T +
. 5
(0.601/2)4 ]
3 3
2! ( + l}('5"+2)

0.5662
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and
-2/5 2
( ) (0.601/2) [ (0.601/2)
I 0.601 = 1+ +
-2/5 1.515 11 (- 2+1)
4
(0.601/2)
| (- 2 % & ]
2. ( £+ 1) 4 £ + 2)
= 1.2326
Therefore., on substitution in the final model
2 x (AN 04492 x17.26 x 1.476 :{10-35{ 66.5) x0.5662 y
th = x(gh76)3 o
0.1046 x N/ 97.76 x 142326
. 0.07865 3580
0.1046 34,54

Percent error

102.51 W/mzK

]

e R - T ) b
R » 100

x 100

102.51




191

(£) Prediction from the mathematical model (Eqg. 4.42)

for long pin fin :

Referring to data no. 17 of Table 6.37 for 16 pin finned

surface

size of fin = 6.35 mm O.D. X 15 mm long
’ Bed inventory. I = 20 kg

Heat flux, gq' = 7876 W/m2

Temperature di fferential, 80 = 416.98 - 341.55 = 75.43

Superficial velocity = 9.1 n/'s

Total heat transfer area when 16 pin fins are attached,
Ap = 0.0816 + (0.000331236 x 16) = 16 x 0.000032

Unfinned portion of heat transfer surface.
Ay = 0.0816 - 16 x 0.000032 = 0.0811 m?

Cross-sectional area of the pin.

2
_ I 6.+35 ~ 2
a = 7 (1550 ) = 0,000032 m
Perimeter of the fin, P = nmd = 0.02 m

Number of fins Nf = 16

- w_ 3
k' = 17426 mzfqnl/kg

k = 66.5 W/mK
£ = 0.9838
: p = 38 gg/mB
€. = e(ﬁ 40,1907 (From Tung et al / 186_7 )
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at the fin tip £ = § = ©
Therefore. €, = (0.9838) 2191 = o0.998
P, = (1 - s:h)pS = (1 - 0.998) x 2350
p, = 20 =P, = 2 x33 =47 = 71.3 kg/m>
_ 2 o _ 2 _x 1000 -
Now, b = £ (P =P) = &S (71.3 - 38)
= 4440 kg/m4
o 0.02 x 17.26 1/2
k
cC = k_A-_ [ (
66.5 x 0.000032 _|
1/2
= 12.74 ( ——)
Ym kg
K 1/2
& -
m' = ¢ = 12&34 = 7,868 % 1077 %(—-——-—-——-—-—)
YV m kg
= X - P s "
and U, = P + 27§ ( P, P ) 4,7 + 2(71.3 = 38)
= 71.3 kg/m3 ( at the fin root % = 1 )
The model ( Eg. 4.42 ) for long fin is
3/4 [: 4 5/4 ]
[] = 1
Nf’Vpk Ak (U ) I,/ (g m' Ul ) A, q"
hn, = + £

T A
—— 4 , 5/4
AV Py [ I,5 (5m PY ) :] '

@]

)
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The argument of Bessel function in the numerator

5/4

X 2.868 x 10-3 % (T1e3) 0.49

i
(0] -3

‘ The argument of Bessel function in the denominator

‘ - % 2 p3/4
W
~
4 -3 5/4
= £ x 2.868 x 10 7 x (71.3) = 0.49

The gamua functions have been calculated as before using

Fig. 2.6 of Myers /192_/ as

[1 (v+ 1) = r'( 2 1) = r'(l.s) = 0.909
and
[_‘(v-!-l) = F(-%+1) = r‘(—o.ez +1) = 1.515
iy '
) (0.49/2) 35 (0.49/2) 2
Now., I (0-49 = l +
5 0.909 102 +1)
(0.49/2)4
2! (g + l)(g + 2)
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and
-2/5 2
) (0.49/2) (0.49/2)
I (0.49 = [: 1+
-2/5 1.515 1l (-% +1)
4
(0.49/2)
+ ] = 102‘?

Therefore, on substitution

3/4
16 x [ A" 0.02 x 17.26 x 0.000032 x 66.5](71.3) x 0.49
hpy =
+ 0.0811 7876
0.0864 75.43
2
= 103.57 W/m"K
h - h
Percentage error. = Tlh € x 100
T1
_ 103.57 = 104.41
= 103.57 x 100
= = 0.81 7.

(g) Residence time (t_) predicted from the expression
derived -in Eg. (3.22) which is given below

1-¢ d 2

- 1-€ L o B
t. = L % By cPs = ) ( = 10k¢w)
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Referring to data no. 40 of Table 6.52

Thermal conductivity of gas. kg = 0.03242 W/mK
Density of solid, P_ = 2350 kg/m3
Specific heat of solid., Cps = 0.703 kJ/kg K
Voidage, € = 0.9884

- k = “ =
Kew c kga Basu and Nag [ 39_/

0.,03242 W/mK

]

0.03242 x 2350 x 0.703 x (1-0.9894)

t = ) x
a 3.14
( —1L _ 310 x 10 °
94.98 10 x 0.03242

16.625 x 10 SECe

(n) Prediction from empirical correlation (Eqe 4.52) :

The empirical correlation is
h
Nup = 4.7 I:Rep (D ) j
Referring to data no. 40 of Table 6.52 for 255 mm

vertical probe

Bed inventory, I = 32 kg

Heat flux., gq" = 6000 w/m2

Bed temperature. T, = 345,71 K
Surface temperature, T = 408.88 K

superficial velocity, Uj = 12.5 n's
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Vertical probe height. Lh = 255 mm

Diameter of the probe. D = 0Ol m

Particle diameter. dp = 310 x 10—6 m

Experimental particle Nusselt number. (Nup)e = 0,91

Experimental heat transfer coefficient., he = 94,98 WszK

Particle Reynolds number.

. U d, P 12.5 x 310 x 10~° x 0.9216
(=] = =
g 2.214 x 10°°

Uhr
(N)
5
wn

(u ), = 4.7 [161.18 (2.55)% ] = 0.8258
p %

(Nup) - (Nup)e
x 100

i

Percent error
(Nup)T

0.8258

x 100

- 9.97 '/'o

1l
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- DATA _SHEET

Table - 6.1 : Experimental Observations on CFB Heat Transfer for

Unfinned Surface

dp = 310 Mm , &, = 100 mm, kg = 0.03242 W/mk, P_ = 2350 kg/m>,
Py = 09218 kg/m3, ug = 2.214 x 107> kg/ms. A, = 0.0816 m?,
Lm = 0.5 m Pr = 0.692, e = 0.76, e_= 0,036, e = 0.24
p g w
G x ¥ > -~
b 3 g‘%gf |¥' = E"- l'UwUJ
g B oL 3 E e E§+Jfﬂ“ 4=
g o R SE 2q9ip
g |82 8 oo Blilg e 5= |59
g8 WY J0nE o O L S:nS ¥ -
- ﬂ el & 0 mEi % ¥ 5 v 3 noAwW|T
H |- | W g v o e wWodH o |ne B
3518 (& |hefsled |45 [Sceslign
0 ¥ Q, ©-A m 0 o "R 5 tgij,g
1 20 3580 6.0 350.24 376.80 3.50 19.61
2 3580 8.0 346.25 372.57 3.10 2702
3 3580 10.0 345,54 373.03 3.00 44 .21
4 3580 13.0 344 .84 373.51 2.50 64.40
5 3580 16.0 345,07 375.86 2.00 76.21
6 3580 25.0 345,07 381.97 1.25 7932
7 5519 6.0 354.71 395.60 3450 19.61
8 5519 8.0 352.36 392.78 3.10 27.02
9 5519 10.0 348.83 389.96 3.00 44.21
10 5519 13.0 348.36 392.54 2450 64 .40
11 5519 16.0 348.60 395.36 2.00 7621
12 5519 25.0 347.19 403.59 1.25 79.32
13 7876 6.0 361.52 419.10 3.50 19.61
14 7876 8.0 358.70 416.75 3.10 27.02
15 7876 10.0 355.65 414.63 3.00 44.21
16 7876 13.0 354,24 416475 2.50 64.40
17 7876 16.0 354.71 420.27  2.00 76.21

18 7876 25.0 357.53 437.66 125 79432
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DATA SHEET

5 Table - 6.2 : Experimental Observations on CFB Heat Transfer for
Unfinned Surface

dp = 310 Mm , g, = 100 mm, kg = 0.03242 W/mk, P, = 2350 kg/m3;
P, = 0.9218 kg/m3, ug = 2.214 x 107> kg/ms, A__ = 0.0816 m?,
Lm = 0,5 m, Pr = 0.692, ep = 0.76, eg = 0.036, ew = 0.24
1 AEREEAEE: 4 b
218 17 JeT yle | [ibEy[ee
‘:Iﬂgx 21’*‘5 UﬁB ‘f-é QJS-Q o~ mﬁufﬂ" 'ﬂﬁ
gla N ng * ) 88 “mﬂ:! “u

~ :aa‘r-hﬂ- = nunao WP mJd amgu-l "Cl'vlﬂf.'\luJ
0ol | & o fa °lod 5y g 802488
$5l8 |8 |58 s|ed |38 [S9gs|gsn
19 26 3580 6.0 349.07 375,63  3.70  20.15
20 3580 8.0 348.36 373.74  3.40  27.20
21 3580  10.0 347.19 373.98  3.10 51.81
22 3580 13.0 348.36  377.27 2,70 66497
23 3580  16.0 348.36 379.85  2.10 178.86
24 3580  25.0 348.60 385.02  1.50 79.78
25 5519 6.0 356.35 396.77  3.70 20,15

L 26 5519 8.0 351.18 391.60  3.40  27.20

‘ 27 5519  10.0 352.36 393.48  3.10 51.81
28 5519  13.0 351.68 395.60  2.70  66.97
29 5519  16.0 350.95 398.89  2.10 78.86
30 5519  25.0 345.78 401.71  1.50  79.78
31 7876 6.0 363.64 420.27 3.70  20.15
32 7876 8.0 358.47 414.40  3.40 27.20
33 7876  10.0 358.00 416.75  3.10 51.81
34 7876  13.0 360.11 422.86  2.70  66.97
35 7876  16.0 359.88  427.79  2.10  78.86

36 7876 25.0 358.94 438,60 1.50 79.78
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DATA SHEET

Table - 6.3 - Experimental Observations on CFB Heat Transfer for

Unflinned Surface

dp =310 Um , & = 100 mm, kg = 0.03242 W/mk, P_ = 2350 kg/n’,
Py =0.9218 kg/md, Mg = 2.214 x 10™> kg/ms, A, = 0.0816 m2,
Lp = 0«5 me Pr = 0.692, & = 0:76, e = 0.036, e = 0.24
. 5 a IR 3
b o' g.% [ % % gle> b0
g 1™ o Hle @ Ve |93
oo &g 8|6 a 38 Vg 0|0
g8 |o&| 3 |058 B8 v~ 0B BlA8
<E|E 68 32 2|8 e [H,ef[U%
abl"g|le® |08y e o P ﬁ“"’g"” o e
$5/3718  |EBd clzd [EE [FELc|ESS
olm |x aan O|dD a o moab|8d S
37 32 3580 6.0 347.89 373.51  3.80  20.90
38 3580 8.0 348.60 374.92  3.60  29.32
39 3580  10.0 347.89  374.45  3.25  57.31
10 3580  13.0  348.13  376.80  3.00 68.42
41 3580  16.0 348.60  380.09  2.20  76.71
42 3580  25.0 347.42  382.91  1.60 79.93
43 5519 6.0 360.35 401.47  3.80  20.90
44 5519 8.0 355.18 394.42  3.60  29.32
45 5519  10.0  352.59  393.25  3.25 57.31
16 5519  13.0 352.59  396.54  3.00 68.42
47 5519  16.0  353.06 400.77  2.20 76.71
48 5519  25.0 352.83  407.35  1.60  79.93
49 7876 6.0 364.58 421.45  3.80  20.90
50 7876 8.0 360.35 416426  3.60  29.32
51 7876  10.0  358.94  416.75  3.25  57.31
52 7876  13.0 359.64  421.92  3.00 68.42
53 7876  16.0  359.41 426.15 ° 2.20 76.71
54 7876 25.0 360.35 437.43  1.60  79.93
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Table - 6.4 Experimental Observations on CFB Heat Transfer for

2 - Rectangular Finned Surface

d ) =310 um , & = 100 mm, kg = 0.03242 W/mk, P = 2350 xg/m°,

P
Py = 0.9218 kg/m3, Mg = 2.214 x 10~° kg/ms, A, = 0.1046 m?,
Lm m 0,5 M. Pr = 006921 e = 0076; e = 0.036., e = 0-24
P g w
= 2 x B~ %u |2
g | B o é% ™ B 87 &§ o &
'g 3 | R Get Su|3= <8
oo g ﬁ o P lo A P~ 0533 an o ~
(] 0 A (3] o4 3 u}ﬁ © |-~ P Mo M
ul b ~ E H 0 3 E&. (T} 4 Qg xl0owm g 0 oW
—£|a N Jun g (i) O M 30 Q0 H w PHO E
IUE ol o~ = wnao wH|p m 3 nondwH|o & R
EalzSlE 888 Clwh  |4E |28Bo|ggE |gsd s
Wy w ﬂ_] 4 | .
Aola |2 oon 5|83 » o neao (838 | S
1l 20 3580 6.0 345.07 373.«51 3.25 19.32 135.00
2 3580 8.0 344.37 373427 3.00 26.72 130.00
3 3580 10.0 346.01 37750 285 45,15 127.00
4 3580 13.0 345.78 381.50 2.40 62.90 118.00
5 3580 16.0 347.19 384.08 1.80 75.80 105.00
6 3580 25.0 343,90 389.02 1.10 79.19 92.50
7 5519 6.0 350.48 394.19 3.25 19.32 135.00
8 5519 8.0 350.71 394.66 3.00 26.72 130.00
9 5519 10.0 351.65 398.65 285 45,15 127.00
5519 13.0 350.48 400.30 240 62.90 118.00
5519 16.0 349.77 409.70 1.80 75.80 105.00
5519 25.0 349,54 414.63 1.10 79.19 92.50
7876 6.0 356.82 418.86 3.25 19.32 135.00
7876 8.0 355.41 417.22 3.00 2672 130.00
7876 10.0 355.88 418.39 2.85 45.15 127.00
7876 13.0 355.18 422.63 2.40 62.90 118.00
7876 16.0 359,17 435,55 1.80 75.80 105.00
7876 25.0 359.17 451.53 1.10 79.19 92.50
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Table - 6.5 : Experimental Observations on CFB Heat Transfer for

2 = Rectangular Finned Surface

d, = 310 4m , d = 100 mm, kg = 0.03242 W/nk, P_ = 2350 kg/m’,
P_ = 0.9218 kg/m3, Mg = 2.214 x 10-5 kg/ms. Ay = 0.1046 m?,

Lg = 0.5 m; Pr = 0.692, ?p = 0.76, eg = 0.036., ew = 0.24
-~ = 5 IR ~ I

I ER L Pal S L o e

o4 O o~ EH U<g @ 0] 8
g 162] 8a i8S Blie e 0B hib s Aud u
485 |98 |Beg 2|55 |8y |B.sE[PE, |45
gEIDE 2% 888 800 |82 |B8EY|Sc% |20
gule | & (Re¥ s(%F |45 |Sdsg|gdy | ssd
19 26 3580 6.0 349.30 378.21 3435 21415 138.00
20 3580 8.0 347.66 376.09 3.20 25.92 134.00
21 3580 10.0 346.01 374.92 2.95 48.81 129.00
22 3580 13.0 348.36 380.32 2.60 63.32 122.00
23 3580 16.0 35259 388.31 1.90 77493 108.00
24 3580 25,0 353.77 395.83 135 78.92 97 .00
25 5519 6.0 354.47 398.42 3«35 21«15 138.00
26 5519 8.0 356.12 398.89 3.2C 25.92 134 .00
27 5519 10.0 354.24 399.13 2.95 48,81 129.00
28 5519 13.0 354,71 401.71 2.60 63.32 122.00
29 5519 16.0 352.36 406.64 1.90 7793 1C8.00
30 5519 25.0 348.60 412.75 L 78.92 97 .00
31 7876 6.0 358.C00 416.75 3435 21+15 138.00
32 7876 8.0 358.47 417.92 3.20 254,972 134.00
33 7876 10.0 36129 423.33 295 48,81 129.00
34 7876 13.0 359,88 426.15 2.60 63.32 122.00
35 7876 16.0 36l.76 438.60 . 1«90 7793 108 .00
36 7876 2540 363.88 453.88 1.35 78.92 97.00
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Table - 6.6 : Experimental Observations on CFB Heat Transfer for
2 - Rectangular Finned Surface
d, =310 tm , & = 100 mm, kg = 0.03242 W/mk, P_ = 2350 kg/m>,
Py = 0.9218 kg/md, Kg = 2.214 x 107° kg/ms, A, = 0.1046 m’,
Lm = 0.5 m, Pr = 0.692, e = 0.76, e_= 0.036, e = 0.24
p g w
TR A
O H O oo~ @ B T uUq o Uv 58

g (04| Bey JoB5 BB P o8- hlad 8 us

> ~ H H Q 3 ~ Qo b 2 2|0 rg 3 -EJNX
EE"?" lH?i 268 w|d 95 B B 1 o il [ O
2ELE 4" |BES Sles  |BE  |SREB|SsT |pEE
$5]8 14 |kdfelxd |48 |idss|Rdp |45
37 32 3580 6.0 347.42 375.63  3.65 20.88  143.50
38 3580 8.0 348.60 376.33  3.50 28.90 140.00
39 3580  10.0 350.95 379.62  3.10 58.10 131.50
40 3580  13.0 350.48 385.02  2.70 67.50  120.50
a1 3580  16.0 350.48 386.20  2.10 74.90  111.50
42 3580  25.0 350.48 395.13  1.50 78.0C  99.00
43 5519 6.0 356.35 397.95  3.65 20.88  143.50
a4 5519 8.0 354.00 395.60  3.50 28.90 140.00
a5 5519  10.0 355.41 398.42  3.10 58.10 131.50
16 5519  13.0 355.65 405.00  2.70  67.5C  120.50
47 5519  16.0 353.53 407.35  2.10 74,90 111.50
18 5510  25.0 351.42 412.75  1.50 78.90  99.00
49 7876 6.0 358.70 416.04  3.65 20.88  143.50
50 7876 8.0 357.76 415.57  3.50 28.90  140.00
51 7§76  10.0 361.29 423.80  3.10 58.10 131.50
52 7676  13.0 361.76 428.26  2.70  67.50  120.50
53 7876  16.0 358.23 435.08  2.10° 74.90 111.50
54 7876  25.0 357.76 443.77  1.50 78.80  99.00
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Table -6.7 : Experimental Observations on CFB Heat Transfer for

4 - Rectangular Finned Surface

d = 310 Wn , db = 100 mn, kg = 0.03242 W/ink, PS = 2350 kg/mao
- ')
Py =0.9218 kg/m3, Ug = 2.214 x 107> kg/ms, A, = 0.1277 n’,
L = 0-5 me Pr = 006921 e = 00764 e = 0-036: e = Ou24
p g w

e §03 | o “ £, 553 gd
B COH O H~ @ e 'dwﬁm 0 £8
e DO § ,.50 +4 o QO P - Plhaao ) <
e M ~ v PP W & o8- wloa Y M
als E\% H,0 3 N 0 o H AX|0w 'gwc:oa
?E-wx = mgg M-S %g %ﬁﬁw UH$ uﬁw &
il BCH E= ap0 o o WD wMoPolne B wc°6'>
guila 0 Lol g R 5.]!3 b elddw | B
ofm T 0y © A @ P o n.rumﬁ K32 |aod
1 20 3580 6.0 343.19 374.50 3.00 18.83 130.00
2 3580 8.0 343.62 374.85 280 24.72 126.00
3 3580 10.0 344.60 377.76 2.60 40,92 122.00
4 3580 13.0 344.23 381.85 2«15 65.15 112.00
=) 3580 16.0 344.98 389,37 1.6C n3.£32 1C1.00
6 3580 25.0 343,57 391.25 1.00 76491 S0.0C
7 5519 6.0 348,95 395,83 3.00 18.83 13C.00
Q 5519 10.0 347.59 396.42 260 4C.92 122.C0
1O 5519 13.+0 347.07 399.13 2415 64.15 112.00
11 5519 16.0 342.91 405.02 1.60 73.32 101.00
1.2 5519 250 343.76 415.60 1.C0 76.91 90.00
13 "876 6.0 353.18 419.36 3.00 18.83 130.00
14 7876 8.0 352,95 417.34 2.80 24 .72 126.0C
15 1876 10.0 349,77 417.03 2.60 40.92 122.00
16 7876 13.0 350,01 422.23 2,15 64.15 112.0C
17 7876 16.0 346.98 431.79 1.60 73.32 101.0C

18 7876 25.0 347.24 447.58 1.00 76491 90.00
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Table - 6.8 : Experimental Observations on CFB Heat Transfer for

4 - Rectangular Finned Surface

d, =310 Mm , & =100 mm, kg = 0.03242 W/nk, P_ = 2350 Xg/m>,
Py = 0.9218 kg/m3, Mg = 2.214 x 107> kg/ms, A, = 0.1277 m? ,
I.Im - O.S Me PI‘ = 0.6920 ep = 0.76‘ e = 0-036‘ e = 0.24
g w
] T Il.|ﬁ 4 ﬁ - — £
E T |BSS L b B9, [4S | 8
CRa N co b|lo A b e ¢Q9 v
g lox ~ oP P ©| pE sS4 | he o s
al > ~ B H 0 3 s 00 a © |-+ AU &
~cla WX JunE ) Ou d01c ¥*|0w 0CcN
ﬁ H | # mau o o " D moﬁ T ™ V- N
T~ [} O 5~ ] g R oy O |+ E ({1 el & B <
Aold | Lod el 5 4 Bueelaly |8l
;N U4 O lm P 0 L 0o 811.-‘-‘.' m P
19 26 3580 6.0 342.77 373.23 3.20 20.21 133.00
20 3580 8.0 341.86 375.18 2.90 26.34 128.00
21 3580 10.0 340,96 374.50 2.70 50.91 124 .00
22 3580 13.0 340.42 375.08 2635 60.84 117.00
23 3580 16,0 340.37 383.92 1.80 78.10 105.00
24 3580 25.0 339.55 387.42 1.20 78.63 93.00
25 5519 6.0 349.80 395.13 3.20 20.21 133.00
26 5519 8.0 348.27 395.13 2.90 26.34 128.00
27 5519 10.0 347,03 394.35 2.70 5C.91 124.00
28 5519 13.0 346.98 398.09 2¢35 60.84 117.00
29 5519 16.0 346,06 405,23 1.80 78.10 105.00
30 5519 25.0 345.62 414.42 1.20 78.63 93.00
31 7876 6.0 354,19 418.63 3,20 20.21 133.00
32 7876 8.0 351.89 418.04 2.90 2634  128.00
33 7876 10.0 348,79 421.54 2.70 50.91 124.00
34 7876 13.0 348.98 426.15 2.35 60.84 117.00
35 7876 16.0 348,55 441.66 1.80 78.10 105.00

36 7876 25.0 349.30 447.42 1.20 78.63 93.00
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Table - 6.9 : Experimental Observations on CFB Heat Transfer for
4 - Rectangqular Finned Surface

dp = 310 Hm , & = 100 mm, kg = 0.03242 W/mk, P, = 2350 kg/m3.
pg = 0.9218 kg/m3, Mg = 2.214 x 1077 kg/ms, A, = 0.1277 mZ ,
L, = 0.5m Pr = 0.692, 8, = 0.76, e, = 0.036, e = 0.24
w5 Ao N M E,—: b"n T
é g |< ,§°3 u | By g‘“ﬁln g8 Al
B LR e R L L PO
> ~ B b o 3 ~ Qo H 2 ¥ |00 Jo g
A~ |2 (685 w8 o3 pagu|o e | P8RS E
ool | B 0f8.9 %lof ol oR69|468 |RES F
A58 & |WEH B|82 |48 |H98E |80 % |S4E
WA O |m ()] o Uw M +
37 32 3580 6.0 342.42 372.83 3.35 20.41 138.00
38 3580 8.0 343.57 375.74 3.25 29.10 135.00
39 3580 10.0 342.00 375.63 2.80 57.24 126.00
40 3580 13.0 341.88 376.82 2.60 65.23 122.00
41 3580 16.0 341.57 379.17 2.00 75.13 109.00
42 3580 25.0 341.29 386.48 1.40 79.1C 96 .00
43 5519 6.0 346.81 391.77 3.35 20.41 138.00
44 5519 8.0 346.91 391.86 3.25 29.10 135.00
45 5519 10.0 346.27 393.01 2.80 57.24 126.00
46 5519 13.0 346.63 396.33 2,60 65.23 112.00
**37 5519 16.0 344.77 402.30 2.00 75.13 109.00
49 7876 6.0 348.79 412.31 3.35 20.41 138,00
50 7876 8.0 348.39 412.78  3.25 29.10 135,00
51 7876 10.0 349.23 417.03 2.80 57.24 126.00
52 7876 13.0 349.23 419.59 2.60 65.23 122.00
53 7876 16.0 348.08 430.97 2.00 75.13 109.00
54 7876  25.0 347.99 440.63  1.40 79.10  96.00
*ZB 5519 25.0 344.37 410.83  1.40 96.00  79.10
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[R%]
O
(9}

: Experimental Observations on CFB Heat Transfer for

dp = 310 Um , 4 = 100 mm, kg = 0.03242 W/mk, P
S

Py = 0.9218 kg/m3, Kg = 2.214 x 107> kg/ms,

8 = Rectangular Finned Surface

= 2350 kg/m°,

Ay = 0.1743 m*~,

2

L,=0.5m Pr=0.692, e = 0.76, = 0.036, e = 0.24
p g w
b = > v 0o~ ~
E' -t.'u" 83“ |M U I&}Ul 'Ir-é
Nt ~— $ 4 Y] dla)
8 H|w w oy |33
a o § Qv 4 o .Q I g @ 8}
= (IR (3 ﬂjﬁ.p o [ ~ ﬁ"‘-’-p H O o -~
uj > —~ B M0 X — 0 0 8 % [ R ) AP M
FEE |95 [Faf Sls |88 [Ha82 [Pk |8k
bl P e E * & o 3 N0 |o mfﬁ\E
§437|5 (|Ebc glzh [He  [EbCldES | sk d
o pa B 1 ¥ . bt
ojm o o 04 O |mPp 2K anh oD 2 &
1 20 5519 6.0 352.34 414.05 2.35 18,95 117.00
2 5519 8.0 352.81 417.13 2.10 39.18 111.50
3 5519 10.0 352415 417.85 1.95 56.61 109.00C
4 5519 13.0 348.53 418.35 1.70 63.56 103.00
5 5519 16.0 347.24 425.75 1.25 11472 94,00
6 5519 25.0 346.84 440,39 0.90 76.83 87.00
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Table - 6.11 : Experimental Observations on CFB Heat Transfer for
16 - Pin Finned Surface

d, = 310 um , &, = 100 mm, kg = 0.03242 W/mk, P_ = 2350 kg/m’,
0.9218 kg/m3, Mg = 2.214 x 10~° kg/ms, A, = 0.0864 m?,
Lm w 0,5 m, Pr = 0.692, ep = 0,76, eg = 0,036, e = 0.,24

w

©
0

H :‘ e "4 - -~
I X B v 5,
B Q’T:t}{-?a- w gﬂ“ gv E
ol y a 318 g& doqo|d 8
B a3~ R 088 | Be HP - a8 g
g IaE |§a2 ¥|E= 9o e 3|0 305"
'H:i--{ﬁ = JdnEg o 0 N 5 00 o o B0 Il
n0no W|p i a | PHO E
pElB e 18880 e  |£2 Jaddylged | B9 S
e -r{ LN Mo £ 0 2
o o HowW El|lod 5 o O | H @
oA L - A oA O|mp 2K monb |80 8 | S8
1 20 3580 6.0 340.61 370.22 3.20 18,83 134.00
2 3580 8.0 339.43 371.39 2.70 26.91 125.00
3 3580 10.0 338.73 370.92 2.60 51.32 124.00
4 3580 13.0 336.85 369.98 2420 62,41 116.00C
5 3580 16.0 336.85 372.57 1.90 73.81 113.00
6 3580 25.0 335.67 376.80 1.20 77.95 97.00
7 5519 6.0 343.43 389.49 3.20 18.83 134.00
8 5519 8.0 342.72 391.13 270 26.91 125.00
9 5519 10.0 342.02 392.07 2.60 51.32 124.00
10 5519 13.0 342.49 392,78 2.20 6$2.41- 116.00
11 5519 16.0 338.73 393.25 1.90 73.81 113.00
12 5519 25.0 338.02 399,36 1.20 77 .95 97.00
13 7876 6.0 349.07 412.99 3.20 18.83 134.00
14 7876 8.0 347.19 413.46 2.70 26,91 125.00
15 7876 10.0 345.54 414.63 2.60 51.32 124.00
16 7876 13.0 344.60 417.45 2.20 62.41 116.00
17 7876 16.0 341.55 416.98 - 1.90 73.81 113.00

7876 25.0 341,08 428,50 1.20  77.95 97.00

i
@
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Table -6.12 : Experimental Observations

16~ Pin Finned Surface

on CFB Heat Transfer for

d, = 310 Wm , & = 100 mm, kg = 0.03242 W/mk, P = 2350 xg/m>,

o
Py = 0.9218 kg/m?, ug = 2.214 x 107 kg/ms, A, = 0.0864 m’,
LmHO.S ms, Pr = 0.692, e_ = 0.76, e = 0.036, e = 0.24
b g W

Ll e i B - ——
g | ‘o g{? ) M n £L§f~ b 5
2 18| T ule o |EFE|9e | AL
§ o] o E D jl o & dogwel|d < 9
LRI ER T I A A B PR LI I
Jalz el |5Le 2B e.  RVLRIge Snd
O 3~ = oo 4P oy 290 Hu | Duo E
b1 H | p woo o (V! WO |0 & (7
o lue | 309 i 2 W MoV OoOflmMe B |00 =
gul87 (& |Mo® |88 e [BELo|HeN | hEa

i &GO U)o ? o noand |32 S5
19 26 3580 6.0 339.90 369.51 3.35 18.90 138.00
20 3580 8.0 338.73  369.04 2.90 28.12 130.00
21 3580 10.0  338.96  369.75 2.75 50.32 128.00
22 3580 13.0 338.26 370.44 2.50 65,71 123.00
23 3580 16.0 337.79  371.63 2,00 76.22 114.00
24 3580 25.0 336.26 375.63 1.35 78.55 100.00
25 5519 6.0 342.72 388.08 3.35 18.90 138.00
26 5519 8,0 343,55 389.96 2,90 28,12 130.00
27 5519 10.0  337.44  389.49 2.75 50.32 128,00
28 5519 13.0 335.32  384.55 2.50 65.71 123.00
29 5519 16.0 336.85 387.84 2.00 76422 114.00
30 5519 25.0  334.97  395.60 1.35 78.55 100.00
31 7876 6.0 345.78  409.25 3.35 18.90 138.00
32 7876 8.0 342.14 407.82 2.90 28.12 130.00
33 7876 10.0  341.43  408.17 2.75 50.32 128.00
34 7876 13.0 342.96 412.05 2.50 65.71 123.00
35 8876 16.0 343.22 416.75 2.00 76.22 114.00
36 7876 25.0 343.19 426.97 1.35 78.55 100.00
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Table -6.13 . Experimental Observations on CFB Heat Transfer for
16 - Pin Finned Surface
d, = 310 Mm , & = 100 mm, kg = 0.03242 W/mk, P_ = 2350 kg/m>,
Py = 0.9218 kg/m3, ug = 2.214 x 107> kg/ms, A = 0.0864 m?,
Lm = 0,5 my¢ Pr = 0.692, ep = 0.76, e = 0,036, e = 0.24
g w
L' - e - ——
o gé" y = I e 4:3&'
g 1™ S ulo i s 4o b
OH 0|k~ O e a o5 e £ 9
52| 3 S0 $lo A it e L B
g 0 M o~ VPP o £ g [ = g (VRN
alb ~E |H 0 3|E< 0o Y O+ Quy &
385 |95 Pafols |8y |5a5F|PE. | 385
Ablmg(e® J828 s, g [Bidw|god |, ug ¢
i [']] { Li®] Moo e
Hilo Q HOW E m':'} 5 i 0 MO ~ O H ©-.A
A6]d |# |asn 6|83 |48 8985|892 |85
37 32 3580 6.0 336.80 366422 3,40 19.81 139.00
38 3580 8.0 336,26 366.46 3625 30.17 135.00
39 3580 10,0 334.19  364.58 2.95 55.24 129.00
40 3580 13.0 334.15 366.22 2.70 65.86  125.00
41 3580 16.0 332.67  368.10 2.05 75.92 115.00
42 3580 25.0 330.79  369.28 1.50 79.15 102.C0O
43 5519 6.0 339.93  386.20 3.40 19.81  139.00
44 5519 8.0 337.34  381.50 3.25 30.17 135.00
45 5519 10.0  339.15  383.61 2.95 55.24 129.00
46 5519 13.0 335.49 385.66 270 65.86 125.00
47 5519 16.0 336.97  390.05 2.05 75.92 115.00
48 5519 25.0 344.56  403.35 1.50 79.15 .102.00
49 7876 6.0 350.95 413.93 3.40 19.81 139.00
50 7876 8.0 347.87  410.40 3.25 30.17 135.00
51 7876 10.0 347.92 412,14 295 55.24 129.00
2 7876 13.0 345.24 415.57 2.70 65.86  125.00
7876 16.0 346.06  418.39 2.05 75.92 115.00
1 7876 25.0 342,77  423.96 1.50 79.15 102.00
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Table -=6.14 . Experimental Observations on CFB Heat Transfer for
32 = Pin Finned Surface

d, =310 Mm , & =100 mn, kg = 0.03242 W/mk, P_ = 2350 kg/m>,

S
pg = 0.9218 kg/m3, Mg = 2.214 x 10~° kg/ms, A . = 0.0912 m?,

Lm = Q0,5 m, Pr = 0.692, ep = 0,76, eg = 0.036, ew = 0.24

" )y B X R ~ »
o 33 | g v [y
E o 28 By G dogq|o 8
5 50 $lo A N Solaoe 0

g |ox o~ 0P Wl o o Al Bl o

0l b —~ _E N 0 3 ~ oo H 2 X |0w®© ﬁ JJnﬁ
el HY [2uE 0 0 M 5 a0 hao |DEG
HE 8| ggg %.pw &3 ggﬁg @c% mﬂ~5
H |~ | © O 5ot o HS od ot Ve U 3

“Wlo (] HOW o3 R il ~ 0\ ki @ e
A ofd T oea 883 Qo R ot A B e,
2 5519 8.0 342,07 390.92 2465 25.46 12560
3 5519 10.0 341.78 391.13 255 43.44 123.00
4 5519 13.0 341.48 392.5"7 2625 59.95 11750
5 5519 16.0 339.41 394,59 1l.80 74.50 110.00
6 5519 25.0 33741 399.69 1.20 78.57 97 .00
7 26 5519 6.0 344,06 390.13 Jal5 18.13 132.50
8 5519 8.0 344,28 39C.81 2.90 2723 128.0C
9 5519 10.0 343,52 391.98 270 58.11 125.00
10 5519 13.0 343,19 393.32 2.40 70.21 120.00
11 5519 16.0 340.96 392.97 1.95 75.60 113.00
i B 5519 25.0 339.95 402.63 1.35 7783 100.00
13 32 5519 6.0 345.19 392.57 320 19.23 134.00
14 5519 8.0 344 .42 388.17 3.10 28.25 132.00
15 5519 10.0 343,52 388.13 290 58,04 130.00
16 5519 13.0 342.72 322.95 2.60 71.46 124.00C
17 5519 16.0 342.21 395,95 2.00 7470 114,00

5519 25.0 341.46 402.98 l.45 78.88 101.00

|
@
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DATA SHEET

Table - 6.15 : Experimental Observations on CFB Heat Transfer for

1500 mm Long 4-Rectangular Finned Surface

d, = 310 Mm , & = 100 mm, kg = 0.03242 W/mk, P_ = 2350 kg/m’,

p_ = 0.9218 kg/md, Mg = 2.214 x 107> kg/ms, A, = 0.1277 m*

L = 0.5 m Pr = 0.692, e = 0.76, e_= 0.036, e = 0.24
P g w

b - e % 0o~ —
E‘ o éé? | e o~ b tﬁ&
B ~ S yulw a P A g(ﬂ Q
g o 4 o $|o A b v 0 |Y
e oM o~ :uﬁ;) @ B ﬁ"+’ H oW ) .
al>" | AE |8 o 3 |BS 0o o Q[P guB &
© 5|5 W [aRE 9 0 & Sa0 |8 a [BEES
BRSm|a® |Eadw|®, |82 |2Edu|ge¥ |ei9
Ful3718 |28 gl38  |EE  ehbolHey hEg T
A U4 O |{mp a o candldd S | &0
1 26 5519 6.0 344,06 390C.43 3.10 17.44 132.00
2 5519 8.0 348.20 396.21 285 25.86 127.00
3 5519 10.0 348.55 388.56 2.55 49.59 120.50
4 5519 13.0 348.08 405.03 2425 58.75 114.50
5 5519 16.0 345.85 409.69 1.80 76.26 105.50

6 5519 25.0 345.26 418.35 Lsl5 1715 93.00




DATA SHEET

Table = 6.16 : Data of Pressure Differential Along the Heicht of the Riser Column for Unfinned Surface

4, = 310 Mm . d, = 100 mm . P, = 2350 kg/m3 . L = 0s5m

Serial | Bed inven- | Super- Value of ahL (cm. of water) between the consecutive pressure tappings
No. of | tory (1) ficial along the column above the distributor at a height
runs kg velocity

(O) ™'s|  1.1m| l.6m 2.1lm | 2.6m | 3.1lm 3.6m 4.1m | 4.6m 5.1m
L 20 5.€ 4.5 4. 3.52 3.52 3.5 3.51 3.25 2.9 3.0
2 645 4,05 . 3.0 3.0 Fad Feil: 2.9 2.9 3.0
3 T2 4.0 3.52 3.0 3.0 3.0 3.0 2.82 275 2.9
4 o2 3.0 3.0 3.0 2.4 25 246 2.73 2.7 2.82
5 9.1 2423 2.11 2ol 2.11 2.0 2411 1.87 1.85 $ 0% i
6 11.4 l.52 1.3 Laid 1.3 1.25 L2 Tu'3 1.3 122
7 26 5.6 4.5 4.2 3«75 3.65 37 3.6 3.5 3.45 3.52
8 65 4.25 4.0 3.52 3.4 2.4 3.52 3.3 3.28 3.15
> 72 4.0 3.52 3.25 3.0 3.1 3.0 2.9 2.82 2.9

— (contd...)



DATA SHEET

Table — 6.16 Data of Pressure Differential Along the Height of the Riser Column for Unfinned Surface

a, = 3MoHm. & = 100 om , P = 2350 xg/m> , L = 0.5m -
Serial | Bed inven- | Super- Value of Ahp (cm. of water) between the consecutive pressure tappings
No. of |tory (I) ficial along the column above the distributor st a height
runs g velocity
(UO) m/s 1.1lm | 1l.6m 2.1lm 2.6m 3.1m 3.6m 4.1lm 4,.6m Selm
10 26 8.2 3425 3«25 2.6 252 2.7 2.6 .255 2452 2.82
11 9.1 25 2425 231 | 2.25 2.1 o 2.2 2.11 2425
12 11.4 l.5 143 1.6 1.52 1.5 1.3 1.3 1.3 l.2
13 32 546 4.7 4,25 3.85 375 3.8 375 3+75 3.6 3.65
14 6e5 25 4.0 3.52 3.52 3.6 3572 3.52 3.4 3.4
15 T2 4.1 3465 3.25 325 3.25 Jied 3.0 2.9 2.82
16 8.2 3:25 325 2.9 2.9 3.0 3.0 3.0 2.82 2.81
17 9.1 24775 24D 2ell Zedl 242 2+l 2425 b0 B 1 2425
18 11.4 175 1.52 1.6 1.53 1.6 1.35 1.35 1.3 Le3

€T1¢
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DATA SHEET
Table = 6.17 3 Data of Pressure Differential Along the Heicght of the Riser Column for
2-Rectanaqular Finned Surface
—— —_— 3 =
d, = 310 Hm . 4, = 100 mm . Py = 2350 kg/m” L. 0.5 m
Serial | Bed inven- Sgper— D Value of AOhy (cme. of water) between the consecutive pressure tappings
No. of | tory (I) ficial along the column above the distributor at a height
runs kg velocity J
(UO) ln/s lalm l.6m Z-lm 2-6[11 3.11“ 3.6m 4.11‘[‘[ 4.6m S.lm
1c 20 5.6 4,4 4,05 3.6 3%52 3.25 3.1 3.0 2495 3.0
20 6e5 4.0 3.9 3.3 3.25 3.0 2.9 2.9 2.8 2.8
21 Te2 3.9 252 342 3.0 2.85 2.8 2475 2.75 2.7
22 B8e2 3.2 3.0 Lewld D 246 2.4 2425 2425 2.1 22
?3 9.1— 2.4 2-25 ?tll 1095 108 107,_.‘ _L-E)O 1075 1-6
24 11.4 1.65 1.65 1.6 15 Ll l.16 1.05 1.16 1.2
’}5 26 5.6 4.5 4.0 3-08 3-6 3.35 3-25 -')-__’,5 3-2 3-3
26 645 4.2 3.8 3.4 3.52 32 3.1 3.2 3.0 3.05
27 Te2 4,05 3.8 3452 3.4 2.95 3.0 2+ 2.75 2.8

(COntEGews |

AR




DATA SHEET

Table = 6.17 : Data of Pressure Differential Along the Height of the Ri ser Column for
2-Rectangular Finned Surface
a, = 3omm, & = 100 mu . P, = 2350 kg/m® . L = 0.5m
Serial | Bed inven- | Super- Value of A&h (cme oFf water) between the consecutive pressure tappings
No. of | tory (I) ficial along the L olumn zbove the distributor at a height
runs kg velocity
(0) m's| 1.1m| l.6m 2.1m | 2e6m | 3.1m 3.6m 4.1m | 4.6m 5.1lm
28 26 8.2 3.1 3.0, 2.6 2.8 246 245 2.4 255 7455
29 9.1 2.6 2.5 2.2 2,11 1.9 1.8  1.75 1.6 1.8
30 1i.4 1.2 1.8 1.65 1.6 1435 1.3 1.2 135 l.2
31 32 5.6 4.7 4.2 3.9 3.9 3.65 3.6 3.5 3.6 3«52
32 65 4.25 4,0 4,0 3.8 3.5 3.4 345 2.4 3.4
33 T2 4a2 375 3.6 3.45 3al 3.0 3.0 3.4 275
34 Be2 3425 S ¢ 3.0 3.0 3.0 247 2.6 2 +6 24D
35 gl 2.7 2.6 2.4 %435 2.1 2.0 2415 2al 22
36 11.4 1.8 1.7 1.65 .+ 8D 1.5 1.5 1«35 13 1.3

ST¢
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DATA SHEET
Table = 6.18 Data of Pressure Differential Along the Height of the Riser Column for
4-Rectanqular Finned Surface
3
a, = 30bm, & = 100mm ., P, = 2350 kg/m> , L = 0.5 m
Serial | Bed inven- | Super= Value of Ah. (cm. of water) between the consecutive pressure tappings
No. of | tory (1) fl‘-"-la]; along the cdlumn above the distributor at a height
runs kg velocity
(UD) In/s 1.11'{1 1.6111 Zle 206m 301m 3-61‘[1 4.1[11 4-6“\ Sclm
37 20 5.6 4.3 4,05 3.65 3.65 3.0 2.9 2.95 3.0 3.0
38 645 4,05 4,0 3a7 3452 2.8 26 2.9 Z.+8 29
39 7.?. 4.0 3.45 3-":: :.O ?06 2.6 205 2-6 ?,0'7
40 ‘302 3-C 209 2--':_. ?.-6 2.].5 2.1 2.25 ? :_3 2.12
1 9.1 2425 2.25 2.4 2423 1.6 155 1.6 1476 1.775
=+ L ll-'{' 105 113 1|:: 105 l-C‘ 1-05 1-18 1.L_.6 l.l':,l'
43 26 Beb 4,5 4,25 4,2 375 3.2 3.2 325 2435 3.4
44 Ge5 4.3 4,05 3.85 3.65 2.9 2.8 2.9 2.9 2.8
dS 7-‘! 4.0 3.65 E.r 304 2.7 2-7 2-8 '}OTEJ 20:‘_')

(contdess)

gl
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DATA SHEET
Table — 6.18 Data of Pressure Differential Along the Height of the Riser Column for
A-Rectanqular Finned Surface
3 =
oy = 310 Mm ., q, = 100 mm . Py, = 2350 kg/m” . L, = 05m
Serial | Bed inven- | Super-= Value of &hL (cm. of water) betwesn the consecutive pressure tappings
No. of | tory (I) ficial along the column above the distributor at a height
runs kg velocity
(UO) m/s l-lm l.ﬁm 2-11’“ 2.6111 3-11'“ 3-6]'!1 4-lm 4,6m Solm
46 26 Bie2 3.4 3-4 2.9 7«8 ?.35 2.2 2045 2025 2-2
417 901 252 2.52 2.4 2.4 L8 La¥5 l.8 1.985 1.85
43 ' 11.4 1.6 135 1.4 1455 1.2 1.27 1.3 1.25 1425
49 32 5.6 4.7 4525 3.88 3.85 3435 3.25 3.2 3.4 3.39
50 6.5 4.3 4.05 4,C 3.75 3.25 3.2 3.1 3¢3 3.25
51 , T2 4.2 3.8 3.6 3.4 2.8 27 2.9 2.8 275
52 8.2 3.4 3.4 3425 3.0 246 245 2.6 2.4 238
53 gil 2.82 2!58 2-5 204‘8 2-0 le 200 2.1 ?-2
54 11.4 1.8 1.7 1465 1.6 l.4 1.3 1.:3 1.3 1.3

LTC



DATA SHEET

Tsble = 6.19 . Data of Pressure Differential Along the Heicht of the Riser Column_for
g-Rectangular Finned Surface

a, = 30pm. & = 100 nm ,  P_ = 2350 kg/m® , L = 0.5m

Serial |Bed inven- | Super- Value of (cm. of water) between the consecutive pressure tappings

No. of | tory (I) ficial along the co%umn above the distributor at a height

runs kg velocity

(0,) m's 1.lm‘ 1.6m 2.1m | 2.6m | 3.1m 3.6m 4.1m | 4.6m 5.1m

55 20 5.6 4,5 4.3 4.0 2495 2.35 2.4 2435 243 2425
56 ' 65 4,4 4,0 3.25 246 2.1 2.1 2.2 205 2.0
7 Te2 4,1 375 3.0 2.4 1.85 2.0 1.88 1577 1.75
58 8.2 3.1 3.0 2.6 2 e L 1.7 Y TH 1.6 l1.65 1.55
59 9.1 25 255 2.1 1.6 1«25 125 1.2 1:.25 125
60 11.4 2.0 Y&T5 1.55 1425 0.94 0.95 0.94 0.85 0.9

8T¢



DATA SHEET

Table = 6.20 @ Data of Pressure Differential Along the Height of the Riser Column for
16=Pin Finned Surface

a, = 310 Hm, & = 100 mu . p, = 2350 kg/m> » L = 0.5m

Serial | Bed inven- | Super- Value of Ohy (cm. of water) between the consecutive pressure tappings

No. of | tory (I) ficial along the column above the distributor at a height

runs kg velocity -

() w/s|  1.im| 1.6m 2.1m | 246m | 3.lm | 3.6m 4.1m | 4.6m 5.1m

61 20 5.6 4.5 4,0 b 3.4 3.0 Fuik el 3.0 o9
62 Be5 4.0 35 3425 Jal 27 246 2.6 2.7 27D
63 72 3.9 342 3.2 2.9 2.6 ZeD 2.6 2.6 2.7
64 8.2 3.1 3.0 3.0 2.6 2.2 el 2.0l 2.2 2.25
£5 9.1 245 225 2425 2.:25 1.8 115 1.86 1.75 1.6
66 11.4 1.5? 1.3 1.35 1.5 1.2 1.2 1.25 - 1.1
67 26 5.6 4.5 4.1 4.1 375 3%35 3.3 Bia2D 3.1 3.1
63 6.5 4.3 4.11 3.75 3.3 2.9 2.8 25l 2.9 2.81
69 T2 4.C 3.8 3.7 il ] 15 275 2.9 27 27

6T¢C



DATA SHEET

Table — 6.20 3 Data of Pressure Differential Along the Height of the Riser Column for
16-Pin Finned Surface

a = 30Hm, & = 100 mm . p_ = 2350 xg/m> , L = 0.5m

Serial | Bed inven- | Super- Value cZ &hL (cm. of water) between the corsecutive pressure tappings
No. of | tory (I) ficial along the column above the distributor at a neight
runs kg velocity

(Uo) m/s lelm | le6m 2.1m 246m 3.1m 3.6m 4.1lm 4.6m 5elm
70 26 8.2 343 3.2 3.2 2.75 245 2458 2.4 245 2.6
71 9.1 25 243 %3 2.4 2:0 2.0 2 .05 2.05 2.11
72 11.4 125 1e2B 1.3 145 1.35 1.3 1.25 1.25 1.2
73 32 5.6 4.65 4,11 4.0 3.8 3.4 3.4 33 3.1 3.1
74 645 4.2 375 345 3.59 3.25 3.2 3415 3.0 3.0
75 Te2 4.1 3.75 3.4 3.25 295 2485 295 2.9 2.9
76 B2 35 5 3.3 3.0 2.7 245 2.6 2.6 27
17 9.1 2.82 2.7 245 23 2..05 2L 2.05 2.12 2w
7€ 11.4 1T 1.6 1.5 1.65 345 159 1e2 1.25 Yowid

0cd



DATA SHEET

£ the Riser Column for

Table = 6-21 ¢ Data of Pressure Differential Along the Height o

32-Pin Finned Surface

dp = 310 HMm ., db = 100 mm .

2350 kg/m> .

between ~onsecut’ ve

pressure tappings
along the ccolumn above the  distributcr at

Serial | Bed inven- Super- Value of Ah. {cm. of water)

No. of | tory (I) { Zicial

runs kg velocity

() m's|  3.1m| 1l.6m 2.1m

79 - 20 546 4.5 4.1 3475
80 645 4.0 3.9 Wy
81 72 3.9 3.85 Bl
82 8.2 81 3.0 2.6
83 9.1 2.45 2.4 2425
84 11.4 1.6 145 1.45
85 26 5.6 4.5 &e15 4.0
86 6.5 44+35 4.0 3445
87 4B Bond 3.6 Seld

w
wn

v W O

v
[89]

w

2
(93]
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DATA SHEET

Table = 6.21 . Data of Pressure Differential Along the Height of the Riser Column for

32-Pin Finned Surface

d, = 310'¢m., 4, = 100 mm . Py = 2350 kg/m3 . L, = 05m
Serial | Bed inven- | Super- Value of Ah, (~me OoFf water) between the consecutive pressure tappings
No. of | tory (I) ficial along the column above the distributor at a height
runs kg velocity -
(U) m/s|  1.1m| l.6m 2.1m | 2.6m | 3.1lm 3.6m 4.1m | 4.6m 5.1m
88 26 82 325 3.15 247 277 2.4 225 1.95 1.95 1.75
89 9.1 246 2445 2+58 2«25 1.95 1.95 175 1.75 1.55
90 11.4 1.6 1.5 1.55 l.6 14325 1.25 1.2 1.18 1.18
91 32 5.6 4,7 4,2 3.9 3+75 3.2 3«35 3.3 3.25 3.2
92 6.5 4.55 4.05 3.6 2.45 3ol 3.0 2.9 2e77 2.7
93 T2 4,1 3.75 3.4 3.2 2.9 2475 275 2455 225
94 Be?2 3425 3.1 3.0 249 2.6 2.6 2e55 2.4 2425
- 95 9.1 2.8 2.7 2.5 242 2.0 1495 2.0 205 1.88
96 11.4 1:75 l.6 15 l.6 1.45 1.45 1.35 1.2 1+35

cee
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DATA SHEET

Table = 6:22 :  Data of Pressure Differential Along the Height of the Riser Column for 1500 mm long
Z=Rectancular Finned Surface

a4, = 310 Mm , g, = 100 mm , Py = 2350 kg/m3 ' L = 0.5m
Serial | Bed inven- | Super- Value of Ahg (cm. of water) between the consecutive pressurc tappings
No. of | tory (I) ficial along the column above the distributor at a height
runs kg velocity
(Ub) m/'s l.lm l.6m 2.1lm 2.6m 3.1m 3.6m 4.1m 4,6m Se.1lm
97 26 5.6 4.49 4.3 4.05 3.9 3.1 3.4:35 3.25 a5 315
98 65 4.3 4.05 3.9 3.6 2«85 3.05 2.88 2.75 2.75
29 T2 2.9 3.9 375 FaH 2.55 2.7 2.59 258 258
100 8.2 3.45 3.18 3.0 Pwid, 2.25 2425 7 ! 2428 2277
101 9.1 2.4 2.4 2 .45 2525 1.8 L7 1.55 1.58 La57
© 102 11.4 155 1.52 IS5 1.5 1.18 1.25 1.2 1:23 1.23

gEce
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DATA  SHEET

Table -6.23 : Experimental Observations on CFB Heat Transfer

for 85 mm Vertical Probe

dp = 310 Mm . &, = 100 mn, kg = 0.03242 W/mk, P_ = 2350 ko/m°,
Py = 09218 kg/m¥, ug = 2.214 x 107> kg/ms, c, = 0.703 ki/kgK,
Lm = 0.5 m, = 85 mm. IJH = 1.22 m, 5
_ - 2
L, /D = 0.85, A, = 0.0267 m
“ ~ — M tl] i Py
R g; X " wo~, [ 470
3 |- o olf® “ WaAES
2ol B8 |En 8" e85 (0
o oA~ o~ QJ:E-;J © & =~ ﬁ‘-'-i-l )
e aE |y, 3 [BS 9 PR A ik
M0 3|~ = m$5 W 3 8;‘ J 0o N 0
o~ M = Fe] n 0 0 o i NNeHH|T ™
& M e f11) {DB.H o] 0o NodPo|lHe E
Ao|d |2 Lol g9 5 & L02el33
0 e A © -~ m (O] mmms 83,&4
1 32 4500 10 335.30 363.52 3.10 57.30
2 4500 15 334.69  364.13 2.30 66439
3 4500 20 335.67 366439 1.80 76.40
4 4500 25 335.44  368.48 1.60  77.89
5 4500 30 335.23  368.81 1.25 78.30
6 6000 10 336.94  374.21 3.10 57.30
7 6000 15 336.76  376.49 2.30 66439
8 6000 20 336.38  377.74 1.80 76.40
9 6000 25 336.33  378.70 1.60  77.89
10 6000 30 335.44  380.11 1.25 78.30
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DATA SHEET

Table -6.24 : Experimental Observations on CFB Heat Transfer

for 127.5 mm Vertical Probe

d, =310 um , d, =100 mm, kg = 0.03242 W/mk, P_ = 2350 kg/m’,
pg = 0.9218 kg/m3. Mg = 2.214 x 10-5 kg/ms. Lh = 127.5 mm,
L, =0.5m L,=1.83m L/D=1.275. ¢, =0.703 kJ/kgK,
- 2 s
Aht— 0.04 m
N - I i b 3
B‘ E éé]l! |M 3":_) lldmlﬂ
3 oL o | 9 s 4 |3=
o g 1% a £ dog o |0D
(o] QX §N w'ﬁ'.p w {DE.‘ A e ﬁ‘-’ P Ho
ul> l‘"E ¥ Q :I B'\.—' Qo EJ o - ¥
FE|8 | %Y [BaE |8 X
e T = ! W 13 ) :
UG LA I B 5 -
dolm | £ Lo g9 5 by fooEl33
& wA O |mp ? o o oho (RS
11 32 4500 10 337.39 366.72 3.10 57.30
12 4500 15 336.87 370.85 2430 66.39
13 4500 20 337.01 375.04 1.80 76 .40
14 4500 25 336.54 376.14 1l.60 77 .89
15 4500 30 336.36 376.89 1.25 78.30
16 6000 10 338.38 377 .08 3.10 57.30
17 6000 15 340.02  385.47 2.30 66439
18 60C0 20 339.74 382.84 1.80 76.40
1% 6000 25 339.88 390.45 1.60 77 .89
20 6000 30 339.74 392.86 Y225 78.30
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DATA _ SHEET

Y Table -6.25 : Experimental Observations on CFB Heat Transfer
for 170 mm Vertical Probe
d, = 310 m . & = 100 mm, kg = 0.03242 W/mk, P_ = 2350 kg/m’,
Pg = 0.9218 kg/m3. Mg = 2214 x 10‘5 kg/ms., = 170 mm,
Lo =05 m Ly = 2.44 m Lh/D =1.70, ¢, = 0.703 kJ/kgK,
Apt = 0.0534 m2 s
N = =z M IR ~
4] E’ .U‘ gé"‘ |M Q‘E‘T—J l'ﬂoln
g 18 1T |Hex &8~ a0 |goE RS
=

g |02 Ba o5 Hle.A P~ i S
ZBE_ |95 a2 2|65 ey |5.sF(0%
ma ]~ = nnao W P © mmo 0]
o H | P mp o 0 0 S8 HH T &
N loe | W o i Ho wobo|ne B

Hlo ] o OW m'rj i 9 M O ~ 0N\
R I T ooa 6|83 @ o HeREl8n B
21 32 4500 10 338.02° 372.90 3.10 57.30
22 4500 15 337.72 377.20  2.30 66439
23 4500 20 337.51 379.55 1.80 76 .40
24 4500 25 338.26 381.99 1.60 77.89
25 4500 30 338.07 383.99 l1.25 178.30
26 6000 10 339.69 390.45 3.10 57.30
27 6000 15 340.02 392.19 2.30 66 .39
28 6000 20 339.88 397.20 1.80 76 .40
29 6000 25 340.05 397.43 l1.60 77.89
30 6000 30 339.90 399.90 1.25 78.30
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DATA SHEET

Table - 6.26 : Experimental Observations on CFB Heat Transfer
for 255 mm Vertical Probe

d, = 310 Wm , ¢ = 100 mn, kg = 0.03242 W/mk, P_ = 2350 xg/m>,
P, = 0.9218 kg/md, Ug = 2.214 x 107> kg/ms, Ly = 255 mm,
L, =0.5m Ly=3.66m L,/D = 2.55, ¢, = 0.703 kJ/kgK,
A, = 0.08 m S
"‘ S e M g —
Q EI‘ :g‘ g‘gﬁ‘ IM D.Er-:_] alamm
g 8 ‘U\GE EIJ-"'- w ‘_g Nl ¥} ',:_L.-
AR 0 » (078 5 9d 00
c QM o djﬁ_pm [ =t ﬁ*—*-&-’_ud}
wf> AE |uT o 3|BC @ o T | B
-'-Iugﬂ W\ JwnE ) 0 M D’ch O
o~ = nuwao wWwlp pge J o} H ®
N H | £ wnoov o ) D WWeAH|T
4 |t~ | o o 8.0 e 4w woHOo|Ha B
gule |2 |ho® gled A8 |fcge|33%
o K O-A U |m4p 0 o mmmg)c@}jx
31 32 4500 10 340.49  381.29 100 5730
32 4500 15 341.41  385.96 2.30  66.39
33 4500 20 341.29  388.67 1.80 176.40
34 4500 25 343.41  389.77 1.60  77.89
35 4500 30 342,23  392.33 1.25 178.30
36 6000 10 348.41  403.05 3+10 57.30
37 6000 15 348.34  405.56 2.30 66439
38 6000 20 348.11  407.14 1.80 176.40 o
LS —5
39 6000 25 347.50 408.41 1.60 77.89 /5/

40 6000 30 345.71  408.88 1.25 78.30 |2




RESULT SHEET

Table - 6-27 Experimental Results on CFB Heat Transfer for Unfinned Surface

_ 3
d, = 310 um, d, = 100 mm, k, = 0.03242 W/m K, P_ = 2350 kg/m . P, = 0.9218 xg/m>,

u = 2.214 b 4 10-5 kg/mS: A-rlt = 0-0816 mzf Lm = 005 m. Pr - 00692 ’ ep — 0076f

eg = 0.035, ew = 0-241

-—H- (!) E "J'(I'__} %_p %ﬁw ﬁ
@ |~ —~ @0 1) 0 £.H 4 g H a e ]
Sl (T |92 s |5 |8 |08 3 "2 8,
il B oz 'y w TN |~ O\ p o ’g — 5 H

Q ~ —— (10" — o © 8 = - o] g |
WP g o) ~ oM + Q0 Hes oo~ Py e
o)} [ o] D o 0 co o~ oW E Q =) Y~ H

0 O Jev U— &ﬁ Q - 04 @ O\ n o wg 4] o]
s P M|+ E o L o N~ Eo.c P Oo=E T~ E + H
ofe N oy QK (17} C 0| e~ 0o — -~ 3 U N 54
Z |- e 4P P d o 3 4w % 0 ua -~ O M
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Table - 6.27

Experimental

RESULT SHEET

Results on CFB Heat Transfer for Unfinned Surface

3
a, = 310 um, & = 100 mm, kg = 0.03242 W/m K, P = 2350 kg/m’, P = 0.9218 kg/m°.
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RESULT SHEET

Table — 6-28 Experimental Results on CFB Heat Transfer for Unfinned Surface
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RESULT SHEET

Experimental Results on CFB Heat Transfer for Unfinned Surface

3
-5 2
u'g = 2.214 X 10 kg/l'ns: Aht = 000816 m . Lm = 0.5 m, Pr = 0-692 '] e = O¢76!
e = 000353 e - 0-241
g W
H 6 -~ @ O P n o |~
0 |~ —~ 0 (i) 0 Q - X 1S ! 4 J 3 Q
] — )] j cen £ HE Yo Q 7 1 0]
e [ |22 R oA 1 - | N i |
0 ~— — e~ M o Mo - M U] Z 3
WP o o] W c oM PO 0 He <= £y Z
ol = X D o o coo~ oW E Q =] T~ H
0 | S U~ i) el Q4 O O™~ v ) o 0
sl Ml H E - E"}] o N~ EocC P o= T~ Eg + H
o & HN oy QK (1Y g 0 |-AH— 0O — -~ 0N &
Z | =z P P d Q 3|4 e o} Ha ?8 ] =
Jo | B 20 | © 3 Ba | 800 9 0 & B D4 m’g
~ |0 Q 5 Q > o %u o gy Q Q‘H ¥ N
o) | m T 0 m %} 0P o o O~ (04 [£3 1)) n S
28 8,2 351,65 ,9770 54.00 125,59 124,01 106.10 1.20 1,19 =1.28
29 9,1 350.95 . 2821 42,00 1158.12 114,59 YY7a'? 1.10C l1,.1¢ =0,47
31 26,0 7876,0 5,6 363,64 « 3685 74,00 139,07 136.15 72.08 1.33 l.20 =2.14
32 6.5 358,47 « 2711 68,00 140,82 133,33 83,23 1.35 1,27 =5,61
33 7.2 358.C0 9736 62,00 134,C6 129,20 93,06 1,28 l.24 =3,20
34 8,2 360,11 s 270 54,C0 125,52 124,05 106,10 1,20 1.1 =-1.18
35 9,1 359.88 2821 42,00 115.°27 114,64 117.71 1l.11 l.1¢ =-1.16
36 11.4 358,94 9872 30,00 98,86 94,3 147,14 e 35 30 =4,75

TEC



Table = 6.29

E

RESULT SHEET

xperimental Results on CFB Heat Transfer for Unfinned Surface

0.9218 kg/m3.
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RESULT SHEET
Table - 6.29 Experimental Results on CFB Heat Transfer for Unfinned Surface
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RESULT SHEET

Experimental Results on CFB Heat Transfer for

2 - Rectancular Finned Surface

dp = 310 Mm, & = 100 mm, kg = 0.03242 W/mK, P = 2350 kg/m3. pg = 0.09218 kg/m3. ng = 2.214 x 10'5kg/ms
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RESULT SHEET

Table =6.30 : Experimental Results on CFB Heat Transfer for 2 - Rectangular Finned Surface
4, =310 um, &, =100 mm, kg = 0.03242 W/mK, P = 2350 xg/m>, Py = 0.09218 ko/m>, Bg = 2.214 x 10 °kg/ms
2
A,ht = 0.1046 m . Lm = 0.5 me. Pr = 0.692., ep = 0.76, eg = 0.036 ., ew = 0024
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Table =-6.31 :

RESULT SHEET

Experimental Results on CFB Heat Transfer for

- Rectangular Finned Surface
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RESULT SHEET

Tsble =6.31 : Experimental Results on CFB Heat Transfer for 2 - Rectangular Finned Surface

d, = 310 tw, & = 100 mm, k, = 0.03242 W/mK, P = 2350 kg/m3. Py = 0.09218 kg/m°, Ug = 2.214 x.lcrskg/hs

A.ht = 0.1046 mzc Lm = 0.5 m. Pr = 00692: ep = 0."'60 eg = 0.036 ., Ew = 0.24
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Table - 6.32 ¢ Experimental kesults on CFB Hest Transfer for 2 - Rectangular Finned Surface
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RESULT SHEET

Table =6.32 @ Experimental Results on CFB Heat Transfer for 2 . Rectangular Finned Surface

a, = 310 um, &, = 100 mn, kg = 0.03242 W/mK, P _= 2350 %ol » P, = 0.09218 xo/m3, g = 2.214 x 10 “kg/ms
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t m g W
f -l
W —~ tl_‘) '1"" Jt:)d | X 1 (jf?:lc r.;_‘J g
(o] Ho |~ —~ ) 2] ¢ -~ - -+ E H Q [
LD ~ o n N e LW E + W o N Q ¥ u £
¥ E = > = [1h} W\ ™ W QW= o 0.~ [
[41] o + ‘a‘ Le] —~ @ = [ I i ol ) 'g —~ QO g B >
g (o} — — © M = T 0 L 0O~ O = © E 78 -~
2 ) @~ |k £~ £ O~ 0O B X $ U £ L3 z H
2805 30| g~ Q %l 84t | DulTe é S m o |85 0!8 o
Sls Ml AN D 8‘p g n n x| E0Z B¢\ 2 ~ O T EPL D | o
— Mg n _E Y 0 H ca Lo U = N 0 Y~ —— -t = LN Wy
o 4 ~ b Do~ o O— M| Sop - Y (&) > uw o O~ Q o
e P o= 0 S T o Vg e 2 ce e = Q0 8'@
Lolg iz e T 3 |5 got |pEg « |282 |5 ez |88 |3
[0 m |z hou |m > a D AT o P 0 * @P o o AR o o =
@ || 3) | @) (5) () | (7 (8) (9) (o) | 1) | a22{ a3 |a4) | as)
46 32 551¢ 8,2 355,65 + 9770 54,00 111.83 108,68 -2,90 143,36 106.10 1..07 1.04 0,.,9281
47 9,1 353,53 .9821 42,00 1l02.56 93,01 3,53 131,46 117.71 .98 0.95 0.9198
43 11.4 351l.42 .9872 30,0C 89,98 86,38 -4,17 115,34 147.14 .86 0.83 0.9089
49 32.0 7876 5.6 358,70 . 9689 73,00 137.36 131,580 4,46 176,07 72,08 1,31 1l.26 00,9572
50 6,5 357,76 . 9702 70,00 136,24 130,12 -4,70 174,64 83,23 1.30 1.24 0,9731
51 7.2 361,29 31736 62,00 126,00 120,93 -4,19 161,51 93.06 1,20 1,16 0,9581
52 8,2 361,76 9770 54,00 118.43 113,64 -4,22 151,81 106,1¢ 1.13 1,09 0.9828
53 2.1 3B88,23 .3821 42,00 1o2.4° 93,96 -3,57 131.38 117.71 98 0,95 10,9192
54 11.4 357.76 .9872 30,00 9Y .57 87.57 -4,57 117,38 147.14 .88 0.84 0,925

6£ ¢



RESULT SHEET

Table —6.33 : Experimental Results on CFB Heat Transfer for 4 - Rectangular Finned Surface

-5
8, = 310 tm, &, = 100 mm, kg = 0.03242 W/mK, P _= 2350 kg/m" . P, = 0-09218 kg/m>, Ug = 2.214 x 10 “kg/ms
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Aht = 0,1277 m . Lm = 0.5 m¢ Pr = 0.692, e_ = 0.76, eg = 0.036 ., e, = C.24
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RESULT SHEET

Table =6.2° ¢ Experimental Results on CFB Hezt Transfer for 4 - Rectancular Finned Surface

dp = 310 um, & = 100 mn, kg = 0.03242 W/mK, P _= 2350 kg/m3. pg = 0.09218 kg/m3. g = 2.214 x 1d'skg/ms
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Experimental Results on CFE Heat Transfer for 4 = Rectangular Finned Surface

= 2.214 x 10"5kg/ms

dp = 310 m, &, = 100 mm, kg = 0.03242 W/mK, P = 2350 kg/m3. pg = 0.09218 kg/m3. g
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RESULT SHEET

Tzble - 6.34 ¢ Experimental Results on CFB Heat Transfer for 4 = Rectangular Finned Surface

= 0.03242 W/mK, P_= 2350 kg/m3, pg = 0.09218 kg/m3. ug = 2.214 x 16‘5kg/hs
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RESULT SHEET

Table =6.35°% Efperimental Results on CFB Heat Transfer for 4 - Rectancular Finned Surface

d, = 310 um, & = 100 mm, k= 0.03242 W/mK, P _= 2350 kg/m3. P = 0.09218 kg/m>, Ug = 2.214 x;lcrskg/ms
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RESULT SHEET

Teble =6.35 ¢ Experimental Results on CFB Hezt Transfer for 4 - Rectangular Finned Surface

0.09218 kg/m3. ug = 2.214 xlufskg/hs
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RESULT SHEET

Table = 6436 Experimental Results on CFB Heat Transfer for 8 - Rectangular Finned Surface

g, = 310 km, &, = 100 mm, k; = 0.03242 W/mK, P = 2350 Xg/m>, P = 0.09218 Xo/m>, Hg = 2.214 x 10 °kg/ms
Aht = 0.1743 m2 Ll'[l = 0.5 me Pr = C.692, ep = 0.76, eg = 0.036 , ew = 0024
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RESULT SHEET

Table - 6.37 ° Experimental Results on CFB Heat Transfer for 1¢ - Fin Finned Surface

) -5
p_= 2350 kg/m>, P_ = 0.09218 xg/m3. ug = 2.214 x 10 "kg/ms
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Table ~6 «37:

Experimental Results on C

RESULT _SHEET

FB Heat Transfer for 16

- Pin Finned Surface

= 0.09218 kg/m3. ug =

2.214 x lO-Skg/ms

3
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Table - 6.38:

RESULT _SHEET

Experimental Results on CFB Heat Transfer for

16 - Pin Finned Surface
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RESULT _SHEET

Experimental Results on CFB Heat Transfer for 16 - Pin Finned Surface

Table - 6.38 :
3
2350 kg/mB. By = 0.09218 kg/m ., Ug =

2.214 x 10'5kg/ms
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RESULT _SHEET

imental Results on CFB Heat Transfer for 16 = Pin Finned Surface

Table - 6.29 * Exper
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Experimental Results on CF

RESULT SHEET

B Heat Transfer for

32 - Pin Fipned Surface

-5 '
a, = 310 um, & = 100 mn. kg = 0.03242 W/mK, P _= 2350 kofa s p, = 0.09218 Kg/m3, Ug = 2.214 x 10 "kg/ms
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RESULT _SHEET

Experimental Results on CFB Heat Transfer for 32 - Pin Finned ‘Surface

2350 kg/m’, P = 0.09218 ko/m>, Ug =
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2.214 x 10> xg/ms

= 0.03242 W/mK, Pg=
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RESULT SHEET

Experimental Results on CFB Heat Transfer for 1500 mm Long 4-Rectangular Finned

Surface
= 100 mm, k. = 0.03242 W/m K, P = 2350 kg/m3, Py = 0.9218 kg/m3,
-5
= 2.214 x 10 © kg/ms, A, = 0.1277 m?, L = 0.5m Pr = 0.692 , o = 0.76,
= 0,035, = 0024:
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RESULT SHEET
Table — 6.42 Voidage Along the Height of the Riser Column for Unfinned Surface
- - _ 3 _
4, 310 Mm . g, = 100 mm . P, = 2350 kg/m” . L, = 0s5m
Serial | Bed inven- | Super-
No. of | tory (I) ficial Voidage along the column above the distributor at a height
runs kg velocity
(Uo) m/s l.1lm l.6m 2.1m 2.6m 3.1m 3.6m 4.,1lm 4.6m S5.1lm
L 20 5«6 C.2617 C.966C 0.9702 0.9702 0.9702 0.9702 0.9723 0.9753 0.2745
2 Heb 0.9655 0.C60G0 C.9745 09745 0.9736 0.9736 0.9753 0.8753 0.9745
3 7.2 019660 C..(',':'C' 0-9745 0-9745 0-9745 0097‘?-: L-9760 009766 009753
4 Se2 0.9745 0.974: 0.9745 0.9796 0.9787 0.977¢ 0.9760 0.9760 0.9760
5 9,1 0.3810 0.9872( C.9821 0.9820 0.9830 C.982C ©.9840 0.984C 0.9820
6 11.4 0.9870 C.28CH 0.9288¢2 0.9890 0.9894 0.982¢% 0.9889 0.9820 0.9898
7 26 5eb C.9617 C.GE4 0.9680 0.9695 C.9685 0a96S3 0.9700 0©.9706 0.9700
8 6D 0.9638 DO BEL 0.9700 0.9711 ©.9711 0.9702 0.9720 0.92720 09723
9 T2 C.9659 0a87ic 0.9723 0.9745 0.9736 C.2745 0.9753 0.2760 02753

(contQees)
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A
RESULT SHEET
Table = 6.42 : Voidage Along the Height of the Riser Column for Unfinned Surface
4, = 310 #m, & = 100 mn P, = 2350 kg/m> Loy = G«3m

Serial | Bed inven- 'ﬁlper— . ,

No. of |tory (I) fictial Voidage along the column above the distributor at a height

runs kg velocity

() m's| 1,10 | 1.6m 2.1m | 2.6m | 3.1m 3.6m 4.1m |  4.6m 5.1m

10 26 8.2 0.9723 0.9723 0.2779 0.9787 ©.9770 0.9780 0.9781 ©.9781 C.976C
11 9.1 0.9787 0.9810 0.9&20 C.981C 0.9821 0.9820 0.981C ©.9820 0.9810
12 Tled G.9870 0.9889 0.2254 0.9870 0©.9872 0.9890 (.989C (0.9889 0.98¢8
13 32 5.6 0.9600 J.9638 0.9¢72 0.9680 . C.9677 0.9680 0.968C 0.9693 0.968¢%
14 6a5 0.9638 0.9659 (£.27C0 0.9700 (©.9624 0.9700 0.9700 G.9710 C.9723
15 Te2 0.8650 0.968% GC.9723 0.9723 0.9723 0.9736 0.974 Q9753 C.9760
le Be2 0.9723 0.9723 0.9753 0.9753 0.9745 C.9745 (0.974 C.9760 0.9760
17 9.1 0.9766 0.9787 C.9£20 0.9820 (©.9813 0.9820 0.8810 0.9820 C.9810
18 11.4 0.9850 0.9870 C.9c64 C.9870 0.9864 0.9885 0.98€5 0.9890 0.9E689

LST



RESULT SHEET

Voidage Along the Height of the Riser Column for 2 = Rectangular Finned Surface

6, = 30Mm, & = 100mm., P = 2350 kg/m> , L = O.5m

Serial | Bed inven- |Super—

No. of | tory (1) fiecial Voidage along the column sbove the distributor at a height

runs kg velocity

| (V) ms|  1.1m | 1.6m 2.1m | 2.6m | 3.1m 3.6m 4.1m |  4.6m 5.1m

19 20 5.6 0.9625 0.9655 0.9694 0.9702 0,9723 0.9736 0.9745 0.9749 0.9745
20 65 C.9660 0.9668 C.971¢ 0.9722 0.9745 0.9753 0.9753 0.9761 0.9761
21 Te2 0.2668 0.,9702 G.9728 0.9745 0.9757 0.9761 0.9766 0.97¢ C.2770
22 82 0.9728 0.,9745 0.9765 0.977¢ 0.9796 0.9808 0.9208 0.9821 0.2813
23 9.1 0.9796 0.9808 0.8820 0.0834 0.9847 0.9851 0.9864 0.9850 0©.9864
24 11.4 0.2860 0.986C C.2864 C.9872 0.9906 0.9200 0.9¢10 0.9920C 0.9898
25 26 5.6 0.9617 0.9660 0.9677 0.9692 0.9715 0.9723 0.9723 0.972 0.971%
26 65 0.9643 0.9677 ©.9710 0.9700 0.9728 0.9736 0.9728 00,9745 0.8740
27 Te2 0.9655 0.9677 ©.9700 0.9711 0.9749 0.9745 0.8753 0.97¢ 0.2760

(contdaes.)
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RESULT SHEET
Table - 6:43 . Voidage Along the Height of the Riser Column for 2 = Rectangular Finned Surface
& = 310 &m 4 = 100 mm P = 2350 kg/m> , L_ = 0.5m
jo) ‘ b ‘ s m
Serial | Bed inven- | Super- .
No. of |tory (1) ficial Voidage along the column above the distributor at a height
runs Xg velocity
(Uo) m/s l¢lm l.6m 2.1m 246m 3.1m 3.6m 4.,1m 4,6m 5.1m
28 2€ . 0.9736 0.9745 0.9779 0.97¢1 0.9779 0.9781 0.2786 0©.9780 0.2780
29 9.1 0.9779 0.9787 0.9813 0.2220 0.9838 0.9847 0.9850 0.9864 C.2847
30 11, 0.3840 0.9847 0.29860 C.2864 (0.9885 0.9889 0.9898 0.98E5 0.9898
31 32 5.6 0.9600 0C.9642 0.9668 0.2662 0.9689 0.9694 0.9702 0C.2694 0.97C0
32 GBS 0.9638 0.9660 0.966C 0.9677 049702 0.9710 0.9702 0.9711 0.9723
33 T2 0.9643 0.9681 0.9694 0.27C6 0.9736 0.9745 0.9745 0.9753 0.9765
34 B2 0.9723 0.2736 0.9745 0.9745 0.9770 0.9787 0.9779 0.9779 0.2787
35 Gl 0.2770 0.9772 0.9796 $0.9800 0.9821 0.9830 0.9817 0.9821 0.2813
36 11.4 0.9847 0.9855 0.9860 0.9860 0.9872 0.9872, 0.9887 C.39E89 C.2889
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RESULT SHEET
Tgble - 6.44 Voidage Along the Height of the Riser Column for 4 = Rectangular Finned Surface
= = - E =
a4, = 310 Hm . g, = 100 mm , g, = 2350 kg/m” L = 0.s5m

Serial | Bed inven- | Super-

No. of | tory (1) ficial Voidage along the column above the distributor at a height

runs kg velocity :

(UO) ns l.1lm l.6m 2.1lm 2.6m 3.1m 3.6m 4.1lm 4.6m S5.1m

37 20 5.6 ,0634 0.9655 0.9672 0.9682 0.9745 09753 09749 ©.9745 0.974¢
8 6e5 9655 0.9660 0.9685 0.9700 0©.9762 0.9770 0.9753 0.9762 09752
39 T2 0660 0.92706 0.9706 0.9745 ©.977C 0.9779 0.9787 0.9779 0.977C
40 8.2 .9745 0.9753 0.9761 0.9717 C. 7 0.9821 0.9808 0.9820 0.982C
41 9.1 .98C8 0.9808 0.9796 0.981C C. C.9868 0.9864 0.9850C 0.285¢
42 11.4 .9872 0.9889 0.988 0.9872 ©O. 0.9910 0.990C 0.9910 0.890C
43 26 5.6 9617 0.9638 0.9642 0.9680 0.2728 0.9728 0.9720 0.9715 0.9711
44 6e5 1.9634 0.9655 0.9672 0.9689 2753 0.9762 0.9753 0.9753 0.876
45 Te2 9660 0.9689 0.9706 0.9711 0.2770 0.9770 C.9761 0Q.9766 0.276]

(contdess)
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RESULT _SHEET
Table - 6.44 Voidage Along the Height of the Riser Column for 4 - Rectangular Finned Surface
p 3 =
a, = 310 Mm ., 6, = 100 mu . Py = 2350 kg/m” . L. = 0.5 m
Serial | Bed inven- | Super-—
No. of |tory (I) ficial Voidage along the column above the distributor at a height
runs kg velocity
(U) m/s 1.1m | 1l.6m 2.1m 2.6m 3.1m 3.6m 4.1m 4.6m
46 26 .2 0.2711 0.9711 0.9753 0.9761 0.9800 ©.9813 0.9791 0.9808 0.9813
417 9.1 0.9787 0.9808 C.9796 0.9796 0.9847 O 50 0.9847 0.9834 0.9834
48 11.4 0.9864 (0.9885 0.9881 0.9868 0.9898 0.2890 0.9890 0.9894 0.9894
4g 32 5.6 C.960C 0.9638 0.9670 0.9670 0.,9715 G.2723 0.9728 0.9711 0.9711
50 Ee5 0.9634 0.9655 C.9659 0.968C 0.9723 0.9728 0.9736 0.972C 0.9
5.4 72 0.9643 0.9677 0.9694 0.9710 0.9762 C€.9770 0.9753 0.9761 C.
52 8.2 0C.971C 0©.9710 0.9723 0.9745 ©.9770 ©.2877 0.9780 0.9796 C.2
53 9.1 0.976C 0.9780 0.9787 0.9790 0.9830 ©.9821 0.,9830 C.9821 0.981
54 11.4 0.9847 0.9855 C.9860 0.9864 0.9881 C©.2889 0.9890 0.9809 0.9890




RESULT SHEET

Taple — 6-45 = Voidage Along the Height of the Riser Column for 8 - Rectangular Finned Surface
3 =
dp = 310 Mm ., &, = I00imm @ Py = RB30 kg/m™ . Ly = B3 I

Serial | Bed inven- | Super- : ibutor at a height

No. of |tory (1) [ficial Voidage along the column gbove the distr B <

runs kg velocity

(UO) Tﬂ/S l.1m l.6m 2.1lm 2+6m 3.1lm 3.6m 4.1m 4.6m 5.1m

55 20 5.6 0.9617 0.9634 0.9660 0.9750 0.980C 0.9796 0.9800 0.9804 0.29808
56 6.5 0.9625 0.9660 0.9723 0.,9780 0.9821 0.92821 ¢.9813 0©.9825 0.9830
37 Te?2 0.9650 0.9680 0.9745 0.9796 0.9834 0.9830 C.2840 0.9840 0.9650
58 Ee2 0.9736 0.9745 C.9780 0.9821 0.9855 0.9850 C.2864 0.9859 0.9868
59 S.1 0.9787 0.9787 0.9821 0.9864 0.9894 0.9284 C.9898 0.9894 0.9894
60 11.4 0.982C 0.9850 0.9868 0.98%4 (0.9920 0.9919 0.2920 0.9919 0.9923

9¢
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RESULT SHEET
Table -6.46 Voidage Along the Height of the Riser Column for 16 - Pin Finned Surface
3
d, = 310 Hm, &, = 100 mm . P, = 2350 kg/m . L = 05 m

Serizl | Bed inven- |Super-

No. of | tory (1) ficial Voidage along the column above the distributor at a height

runs kg velocity

(Uo) n/s lelm l.6m 2.1m 2.6m 3.1lm 3.6m 4.1m 4.6m 5.1m

61 20 5.6 0.9617 0.9660 ©.970C2 0.9710 0.9728 0.9736 0.9736 0.9745 0.9753
62 65 0.9660 0.9702 ©C.9723 0.9736 0.9770 09779 0.9779 0.9770 0.9766
63 Te?2 0.9668 0.9728 ©.9728 0.9753 0.9779 0.9787 0.9779 0.9779 0.977C
64 842 0.9736 0.9745 0.9745 0.9779 0.9813 0.9820 0.9821 ©0.9813 0.9808
65 9.1 0.9787 0.9808 0.9808 0.9808 0.9838 0.9850 0.9840 ©0.985C 0.9864
66 11.4 0.9870 0.9889 ©0.9894 0.9872 0.9898 0.9898 0.9894 0,9889 0.9906
67 26 5.6 0.9617 0.9651 0©.9651 0.9680 0.9715 0.9719 0.9723 0.9736 0.9736
68 6e5 0.9634 0.965C 0.9680 0.9719 0.9753 0.9760 0.9766 0.9753 0.9760
69 Te2 0.9660 0.9677 0.9685 0.9736 0.9766 0.976¢ 0.9753 0.9770 0.9770

( CCJUt'. . }

£9¢



L
RESULT SHEET
Table = 6.46 Voidage Along the Height of the Riser Column for 16 = Pin Finned Surface
d, = 310 Hm , . = 100 mm , P, = 12350 kg/m3 . = 0.5 m
Serizl | Bed inven- |Super~ . :
No. of | tory (1) ficial Voidage along the column above the distributor at a height
runs kg velocity
(Uo) m/s l.1m l.6m 2.1m 2.6m 3.1m 3.6m 4.1m 4.6m S«1lm
70 26 Je2 0.9719 0.9728 0.9728 C.2766 0.9787 C.9780 0.9796 0.97E81 0.92779
71 9.1 0.9787 0.9804 0.9804 0.©2796 0.9830 0.9830 0.9825 00,9825 0.38820
72 11.4 0.9894 0.9894 0.9889 C.©872 0,988 0.9889 0.9894 (0.9824 0.9898
73 32 566 0.9655 0.9650 0.9660 0.8677 0.9711 0.2710C 0.9712 0.97236 0.9736
74 65 0.9642 0.968C 0©C.9702 0.9695 0.9723 C.9723 C.9732 0.9745 0.9745
75 Ta2 0.9650 0.9680 C.971C C.0723 0.9749 0.9757 0.2748 (C.8753 0.9753
76 e 0.9702 0.9719 0.971¢ 0.9745 0.9770 C.2787 0.9779 0.977% 0.9770
77 9.1 0.2760 0.9770 C.8787 C.2204 0.9826 C.9821 0.9826 0C.9¢c72. 0.9821
78 11.4 0.9855 0.9864 0.9870 0.9833 0,9872 0.9872 0.98¢8 0©.98%4 0.989¢8

$9¢



RESULT SHEET

Table = 6.47 Voidage Along the Height of the Riser Column for 32-Pin Finned Surface

2350 kg/m3 ] Lm =

310 Hm ., 4 = 0«5 m

b 100 mm .« DS =

dp =

Serial | Bed inven- | Super-

No. of |tory (1) ficial Voidage along the column asbove the distributor at a height

runs kg velocity

(U) m's|  1.am| 1.6m 2.1m | 2.6m | 3.1m 3.6m 4.1m | 4.6m 5.1m

79 20 5.6 0.9617 0.9650 0.9681 0.9710 ©.9745 0.9745 0.9757 0.9770 0.©783
80 645 0.9660 0.,9668 0.9702 0.9736 (©.9774 0.9779 0.9779 0.9783 0.078€7
81 Te2 0.9668 0.9672 0.9736 0.9761 .9783 0.9796 0.9804 C.9809 0.8813
82 8.2 0.9736 0.9745 0.9779 0.9779 .9809 0.9813 0.9813 0.9821 0.9821
83 9.1 0.9791 0.9796 0.980¢€ c.9821 9847 0.9847 0.9855 Cc.o9864 C.crn64
84 l1.4 0.2864 0.9872 0.9877 C.9872 .03938 0.9898 0.99C0 C.9900 C ¢o
85 26 5.6 0.9617 0.9647 0.96€0 0.9702 C.9732 0.9736 0.9753 0.9757 C. G
86 6.5 0.9629 0.9660 0.9706 0.9723 ©.9753 0.9749 0.9766 0.9766 C.¢780
87 Te2 0.9650 0.9693 0.9736 0.9731 ©.9770 0.9780 0.9770 0.9787 0.c787

(contdess)
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RESULT SHEET

Table =-6.47 Voidage Along the Height of the Riser Column for 32-Pin Finned Surface
dp = 310 Hm . g, = 100 mm . Py = 2350 kg_/m3 . L, = Oe5 m
Serial | Bed inven- lSuper—
No. of |tory (1) ficial Voidage along the column sbove the distributor at a height
runs kg velocity
(Uc) m/s l.1m l.6m 2.1lm 2.6m 3.1m 3.6m 4.1m 4,6m 5.1m
88 26 8a2 C.2723 0.9731 0.9770 0.9770 0.972¢ 00,9808 0.9834 0.9834 0.9850
89 9.1 0.9779 0.9791 C.9787 0.9808 0.9834 0.9834 0.9850 0.9850 0.9865
90 11.4 0.9864 0.9872 0.9868 0.9864 0.98585 0.9894 C.2898 0.9900 0.9900
9l 32 5 C.9600 0.9642 0.9668 0.9680 0.9728 049715 0.9720 0.9723 0.9724
210 645 ( 513 0.9655 0.9693 0.9706 0.973F 0.9745 0.9753 0.9770C 0.9770
3 T2 0.9650 0.9681 0.9717 0.2726 0.97 0.9761 0.9766 0.9780 C.9787
94 Ba2 0.9723 0.9736 0.9745 C.9753 0.977¢ 0.9779 0.9780 0.9796 0.29809
95 2.1 C.9762 0.8770 0.9787 0.9813 0.983C 0.9834 0.9830 0.9826 0.984C
96 11.4 0.9850 0.9864 0.9872 C.9865 0.987 0.9877 0.9883 0.9887 0.2877
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RESULT SHEET

Table = 6.48 . Voidage Along the Height of the Riser Column for 1500 mm Long 4-Rectangular

Finned Surface

4, = 310 Mm , ¢, = 100 mm , P, = 12350 kg/m3 ; L = 0.5m

Serisl | Bed inven- ! Super-
No. of | tory (1) fiecial Voidage along the column above the distributor at a height
runs kg velocity :

(U) w's|  1.1m| 1.6m 2.1m | 2.6m | 3.1m 3.6m 4.1m | 4.6m 5.1m
o7 26 5.6 0.9618 C.9635 0.9655 0.9668 0.9736 0.9716 C.9725 0.9732 0.9732
98 6e5 0.9633 0.9654 (0.9668 0.9694 ©.2757 0.2740 0.9755 0.9765 0.9765
99 7w 0.9667 0.9668 0.9680 0.9702 €.9780 0.9770 0.9780 00,9780 C.9780C
100 8.2 0.2706 0.9730 0.9745 0.9770 C€.9508 0.9810 C.0804 0.9805 0.2806
101 9.1 0.2794 0.8795 0.9790 0.9808 0.9847 0.9855 0.9868 0.9866 0.3866
102 11.4 C.9868 0.9870 0,.,9870 0.,9872 ©.9896 0.9895 0.8898 0.9895 0.9895

L9T



RESULT SHEET

Vertical Probe

Table - 6.49: Experimental Results on CFB Heat Transfer for 85 mm

0.0267 m> + L,

L = 85 mm ., L = l.22m ., L /D = C«B85 . A = = 0,5 m
H h 3 ht 3 m

dp = 310 Km , a, = 100 mm, P, = 2350 kg/m” P = 0.9218 kg/m~ , kg = 0.03242W/mK
U-g = 2,214 x =1O"5 kg/m3 5 Cps = 0.703 kJ/kg K
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H o >} 3 3 S el ® o 23 |8 £EO0OC £ 007
) o ) 5 T PTRCS S s el A58.40fA50 K8
2 9 |~ ~ B ¥ v - © O L0~ et = 3 PHO O lDw 2
Sulc |x e 10 . 12 ¥ o O L ” £t o 192 oo o |oo- H
eelo = U_0 — —~ I _E U WO O 4= E T Q 0~ VO b~ |[UCOY

=11 =" ~ e -l E‘,Q o n o owN E O~ S ) ~ 8 £ v o -b’E T o cCP oON|leP o

HHls & E | W | B H o fa O Aaw U W = 2 Lo gt o3 e QU XP |loULg
@ | N e - o U— X | und 0 P & R mR e Twd O [T ©O
- L= @ Py i B U cc dece o0 & o =T 0o
: 1218 |25 (3 2 |2 558 | L8 o |esT |Eg |8 |2hE |¢iZs
3 Q |= T |a > an a 570 apo = el Mo | = AR I
(1) | (22} (3) | 4) (5) (e) (7) (8) (9) (10) (11) (12)] (13) (14) (15)
1 37 4500 7.2 335.30 0.9736 62.00 159.44 171.65 7.15 1.52 1.64 93.06 .01272 .01349
2 8.8 334.69 0.9804 46,00 152.82 163417 6.42 146 1.56 113.97 .01042 .01l102
3 10.2 335.67 0.9847 36.00 146.51 157.41 6.91 1.40 1.51 131.60 .00900 .00949
4 11.4 335,44 00,9864 32.CC 136.19 153.08 1163 1.30 1l.46 147.14 .00947 .008385
5 12.5 335.23 0.9894 25.00 134,00 149.63 10.42 1.28 1l.43 1l61l.18 .00768 . 00806
6 32 6000 7.2 336.94 0.9736 62.00 160.98 171.65 6«25 1.54 1l.64 93.06 .01243 .01319
7 8.8 336.76 0.9804 46.00 150.99 163.17 7 .54 l.44 1l.56 113.97 .01072 .01133
8 10.2 336.38 0.9847 316.0C 145.07 157.4% 7.83 1.39 1.51 131.60 .00921 .00971
Q 11.4 336.33 0.9864 32.0C 14l.61 153.08 7«49 o35 l.46 147.14 .C0866 .0Cg13
10 12.5 335.44 0.9894 25.0C 134,31 149.63 10.22 1.28 l.43 161.18 .00764 .00802
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J
RESULT SHEET
Table -650 * Experimental Results on CFB Heat Transfer for 127.5 mm Vertical Probe
_ . >
L = & .5 = . = . r = . ’ =
h 127 mm, L, 1.83 m, L /D 1 2";5 ALy 0.04 rg L 0.5 m
dp = 310 Um , db = 100 mm, ps = 2350 kg/m : pg = 00,9218 kg/m™ -, kg = 0.03242 W/mK
By o= 2,218 x 107 xg/m® , ¢, = 0.703 kI/kg K
© 2 = T o c Eﬂr\é Es 0 o | o 0 EC metjm
H P = > 3 3 N ™ E n2 —E EO G E O 07
o ) g - T ~ UX TR - 2= A 5.0 4508
£ 18T |% |87 S e 58 £ 8% 'L SR - Rl S B A
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a |a |z T |m > a3 45T oD Calll Y Ao | AR A
(1) [ (2} 3) | &) | (5) (6) (7) (8) (9) (10) { (11) (12)] (13) | (14) (15)
11 4500 72 337.39 0.9736 62 .00 153.44 140.15 -9.44 1.47 1.34 23.06 .,01392 .01473
12 8.2 336.87 0.9804 46.00 132.43 133.23 0.68 1.27 1.27 113.97 .01452 .01523
13 TiCrn 2 337.01 0.9847 36.00 118.35 128452 7.91 1.13 1.23 131.60 .01467 01530
14 11.4 336.54 0.9864 32.00 113.64 124.99 3.08 1,09 1.20 147.14 .01429 .01488
15 12.5 336.36 0.9894 25.00 17T .6 122 w7 9.08 1.06 1.17 16l.18 .01177 - .01224
16 6000 Te2 338.38 0.9736 62.00C 155.02 140.15 =10.57 1.48 1.34 93.06 01359 .01439
15 8.8 340.02 0.9804 46.00 13202 133.23 0.99 1.26 1.27 113.97 01463 .01534
18 10.2 339.74 0.9847 36.00 123.46 128.52 3.93 1.18 1.23 131.60 .01333 .01394
1o 11.4 339.88 0.9864 32.00 115.64 124.99 5.08 1.13 1.20 147.14 .01296 .01353
20 12.5 339.74 0.9894 25.00 114.03 122.17 6.64 1.09 1.17 16l.18 .01108 .01153
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ble =6.51 *

Experimental Re

RESULT SHEET

sults on CFB Heat Transfer for 170 mm

Vertical Probe

L = 170 mm . L. = 2.44m , L. /D = 1.70 , A = 0.0534 m®, L_ = 0,5m
a = 310 Um , g, = 100 mm, p, = 2350 kg/m ,  pg = 0.9218 kg/m” , ky = 0.03242 wW/mK
by = 2.214 % 1075 xg/m® ,  chg = 0.703 kI/kg K
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() | (2] 3) | &) (5? (6) (7) (8) (9) (10) (11) (12)] (13) (14) (15)
21 32 450C 7.2 338.02 0.8736 62 .00 129.04 121.38 -6.27 le23 Twl6 93.06 02077 02176
22 8.8 337.72 0.9804 46.00 113.98 115.38 1,30 1.09 1:10 11397 .02040 .02124
23 102 337.51 0.9847 36.00 107 .04 111 .30 3.82 1l.02 1.06 131.60 .01838 .09208
24 11.4 338.26 0.9864 32.0C 102 .90 108.24 4,93 0.98 1.04 147.14 0LX783 .01849
25 12.5 338.07 0.9894 25,00 ag .00 105 .80 7.35 0.94 1.01 161.1%8 01552 .01606
26 32 6000 T3 2 339.69 09736 62 .00 118.20 191 38 2 .65 113 1,16 83.0¢ 02533 .02643
27 Baf 340.02 0.9804 46,00 115 .01 115,38 0.41 1.10 l.¥o 113.87 .01999 .02083
28 10.2 339.88 0.9847 36.00 104 .68 111.30 5.94 1.00 1.06 131.6! .01931 .02003
29 11.4 340.05 0.9864 32.00 104.55 108.24 3.41 1l.00 1.04 147.14 01721 .01786
30 12.5 339.9C 0.9894 25,00 100.01 105.80 5.45 0.26 1.01 161.18 .01484 .01537
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Table - 6.53 Experimental Conditions of other lnvestiga-
tors on Heat Transfer in Circulating Fluid-
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CHAPTER =~ VIT

DISCUSSION OF RESULTS

The results obtained from the present investigation
are discussed in!two major sections. Under the first section
discussion is limited to the experimental observations con-
cerning the effects of various CFB parameters on heat tra-
nsfer and hydrodynamics in circulating fluidized beds, while
the second part deals with the theoretical aspects of the
investigation, i.e., the prediction of heat transfer from the
proposed models and correlations and its comparison with the

experimental values.

Part-I ¢ Discussion on Experimental Observations

!

I s alg;ady stated in Art. 5.2 that the experi-
ments were divided into three parts (1) Heat transfer froi
bare (unfinned) surface, (2) Heat transfer from finned sur-
faces and (3) Heat transfer from probes of different ver-
tical heights. So the discussion in this section has further

been sub-divided as given below :

(i) Heat transfer from bare or unfinned surfsce,
(ii) Heat transfer in presence of finned surface,
(1ii) Performance of fins in CFB,

(iv) Effectiveness of fins in CFB,
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(v) Effect of fin on bed hvdrodynamics,

(vi) Study of heat transfer from probes of different

vertical heights.

(vii) Experimental data in non-dimensional form

7.1 Heat Transfer from Bare (Unfinned) Surface

Heat transfer data of circulating fluidized beds.
with fins are not available in litera£ure. So to form a basis
of comparison as well as to check the reliability of the mea-
suring techniques employed, heat transfec was first measured
on plane or unfinned surface, and the observed data were
compared with the results of other investigators who measured
the same on plane walls under similar conditions. Fiqure 6.1
shows some previously published heat transfes results obtaln-
ed on plane or unfinned surfaces in circulating fluidized
beds together with those of the present work. In each case
sand particles were used as the bed material and all report-
ed results fall within the mean particle size range from 87
to 310 micron and the suspension density range from 0 to
100 kg/m3. Some relevant experimental details of these
published studies are summarized in Table - 6.53. In spite
of the different operating conditions and different equip=-
ment used in these studies, it is observed that the heat
transfer coefficient increases with the increase in suspen-

sion densitye
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The present data (curve no. 11) were obtained from
a 300 mm long, 100 mm I.D. bed and for 310 micron sand
particle under constant heat flux cendition. The dats
no. 1 and 2) of Basu and Nag / 39_/ were collected from a
102 mm bed for 87 and 227 micron sand particles at room
temperature and for 25 mm probe. The data (curve no. 3 and 4)
of Kobro and Brereton [/ 8_/ were for 170 and 250 micron
sand particles in a 200 mm bed and at room temperature. The
data (curve no. 5, 6 and 7) of Wu et al / 38,80,81_/ were
collected for 188, 171 and 241 micron sand particles and
from a 152 x 152 mm square bed. Sekthira et al / 79_/
obtained data (curve no. 8) from seven 100 mm long test sec-—

. - 3 n = i . i . g .
tions of 88 mm I.D. bed. Furchi et al / 78/ obtained

(curve no. 9 ) from six 1000 mm long water jackets of 84
I.D. bed for 269 micron particle size at room temperature.
and Subbarao and Basu [/ 71_7 used a 25 mm heat transfer

probe in a 102 mm diameter bed with 260 micron sand parti-

cles (curve no. 10).

The data of Basu and Nag / 39_/ and Wu et al
4—81_7 are higher than other values presumably due to their
use of small size probes and fine particles. The data of Wu
et al / 38, 80_7, Furchi et al / 78_7 and Sekthira et
al 4_79;7 were collected from longer heat transfer probes
and showed lower heat transfer results. 1t has been -shown by
some investigators 4_39. 40“7 that longer heat transfer
surfaces experience lower heat transfer rates due to the

cooling of solids. Also as explained later in Arte. 7.6 that



338

the effect of particle size is muted for such long surfaces.
This is apparent from the overlapping of data of 188 micron
4_80_7 with those of 300 micron [/ 79_/ particles both being
carried out for long heat transfer surfaces. Kobro and Brereton
/87 and Subbarao and Basu [/ 71_/ used small probes and
relatively large particles and therefore report relatively

higher values of heat transfer coefficients.

Present results on bare tube surface fall in the same
range of previous data and show similar trends of variation
with suspension density. This adds to the confidence for fur-

ther experiments using fins on the present test rigs.

Twdwd Effect of operating variables on heat transfer
for unfinned surface

The operating variables considered are suspension
density, superficial velocity., heat input, bed inventory., bed

temperature and solid circulation rate.

(a) Suspension density

Measured heat transfer coefficients and voidages for
310 micron sand particles for unfinned surface are plotted in
Figse 642, 646 and 6.10. The suspension density is found to
be a dominating factor influencing the heat transfer coeffi-
cient in circulating fluidized beds. The heat conduction from
cluster is much higher than that from the gas. Therefore, the

heat transfer coefficient increases with the increase in
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suspension density. This effect is in agreement with Kobro
and Brereton / 8_7., Basu and Nag / 39_/, Wu et al / 80,
8l _7 and Mickley and Trilling / 125_/. A monotonic de-

crease of voidage is seen with the increase of suspension

densitye.

(b) Superficial velocity

The effect of superficial velocity on heat transfer
coefficient and voidage for unfinned surface is shown in
Figs. 6.15, 6.18 and 6.21. With the increase of fluidiza-
tion velocity the solid concentration in the bed decreases
as a result of which the heat transfer coefficient decreases.
This result is in agreement with the result of Basu and
Nag / 39_/., Sekthira et al / 79_/ and Mickley and Trill-
ing / 125_7.

(e¢) Heat input

The effect of heat input on heat transfer coefficient
for unfinned surface is shown in Figse. 625, 6.29, and 6.33.
It is observed from all the diagrams that heat transfer co-=
efficient increases with the increase of heat input to the

bed.

(d) Bed inventory

The effect of bed inventory on heat transfer coeffi-
cient for unfinned surface has been shown in Fig. 6.37. The

heat transfer coefficient is found to increase with the
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increase in bed inventory. The marginal effect of bed inven=

tory on heat transfer coefficient is also observed by Basu

et al [/ 13_7.

(e) Bed temperature

The effect of suspension temperature on heat transfer
coefficient for unfinned surface is shown in Fige 6.42. The
heat transfer coefficient is found to increase with the incre-=
ase in bed temperature due to increase in the value of gas
thermal conductivity. which agrees well with that of Sekthira

et al [/ 719_7.

Te2 Heat Transfer in Presence of Finned Surface

Five finned test sections have been examined, three
| of which had rectangular fins and the remaining two had pin
fins. The average heat transfer coefficient was determined
for each operating condition at steady state from the measurs
ed heat flux rate and the temperatures of the inside wall and
the bed suspension. Heat transfer coefficients on finned sur=
faces were expressed on the basis of total (area of fins +
bare surface) heat transfer area. The effect of fins on

various CFB parameters are discussed belowe
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Te2e1 Effect of suspension density on heat transfer
coefficient

The variation of overall heat transfer coefficient
with suspension density is plotted in Figs. 6.2 to 6.14. The
suspension densities used are the cross—sectional average
values estimated from the measured pressure drop data. The
lines shown in the figures are the least-square best-fit

lines.

(a) Rectangular fins

The variation of heat transfer coefficient with sus=-
pension density for rectangular finned surfaces is shown in
Figse. 6.3, 6.7 and 6.1l. The heat transfer coefficient was
found to increase with the increase in suspension density in
the same fashion as it did fer unfinned surfaces. This sugg-
ests that the heat transfer to fins is governed by the same
physical mechanism as on plane walls without fins. As the
solid particles come at random in contact with the heat trans-
fer surface, there is transient heat conduction which is the
dominating mode of heat transfer between the fluidized bed
and the wall. Higher is the suspension density, larger would
be the number of particles per unit volume and hence higher
would be the heat transfer coefficient. Figures 6.3, 6.7 and
6.11 show that the unfinned surface has the highest heat
transfer coefficient, which decreases with the increase in the

number of fins at a particular suspension density. Although
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the downflowing solids in the dense annulus at the wall tend
to accumulate at the top of the rectangular fins, at the
bottom it is highly void so that the average suspension
density around a fin is somewhat less, which results in a

low heat transfer coefficient.

The fins are, however, used to provide more surface
area. So, when the ratio (AT/AUF) of total heat transfer
surface area with fins (AT) to the bare surface area with-
out fins (AUF) is multiplied with the heat transfer coeff-
icient and these values are plotted against suspension den-
sity (FPigs. 6.4, 6.8 and 6.12), it is observed that the
equivalent heat transfer coefficients are now higher for
finned surfaces than those of unfinned surface. Therefore,
the increase in surface area due to the fins more than
nullifies the decrease in heat transfer coefficient, and as
the number of fins increases., the overall heat transfer in=

Creaseses

The additions of two, four and eight rectangular fins
have increased the heat transfer area by about 28, 56 and
112 percent, decreased the heat transfer coefficient by 15,
19 and 32 percent but increased the total heat transfer by

about 25.6, 51.5 and 103 percent respectively.
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(b) Pin fins

The variation of heat transfer coefficients with sus-
pension density for 16 and 32 pin finned surfaces is shown
in Figse 645, 649 and 6.13. The heat transfer coefficient
for pin finned surface was found to increase linearly with
the increase in suspension density in the same way as for
the rectangular finned surface. Here it is also observed that
the heat transfer coefficient is decreased with increase in
.the number of fins i.e.., with the decrease of fin gap.
Although the heat transfer coefficient somewhat decreased
with the use of fins (Figs. 6.5, 6.9, 6.13), the total heat

transfer increased due to the increase in the surface area.

The addition of 16 and 32 number of pin fins have
increased the heat transfer area by about 6 and 12 percent,
decreased the heat transfer coefficient by about 10 and 15
percent but increased the total heat transfer by about 5.4

and 11.0 percent respectively.

Priebe and Genetti / 112_/ and Chen and Withers
4_114_7 also observed reduction in heat transfer coefficient
when fins were used on tubes immersed in bubbling fluidized

beds.

FProm the data of the present experiments it is obser-
ved that the reduction of heagt transfer coefficient due to
addition of fins is in the range of 10-32 percent and the rate
of reduction is higher for pin finned surface than that of

rectangular finned surface.
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(c) Long fins

The effect of suspension density on heat transfer
coefficient for 1500mm long four rectangular finned surface
has been shown in Fig. 6.14. It also shows the same nature
of increasing heat transfer cocefficient with the increase of

suspension density.

Te2e?2 Effect of superficial velocity on heat transfer
coefficient

The variation of heat transfer coefficient with super-
ficial velocity is shown in Figs. 6.16, 6.19 and 6.22 for
rectangular finned surface, in Figs. 6.17, 6.20 and 6.23 for
pin finned surface and in Fig. 6.24 for long rectangular
finned surface. In all the cases it is observed that the heat
transfer coefficient decreases with the increase in superfi-
cial velocity. With the increase of gas velocity., more parti-
cles are entrained and move upward with the gas and less
number of particles move towards the wall to cohere and fall
in strands along the wall. So, the particle convective heat
transfer, which is the dominant mode at low temperature,
decreases. This results in a decrease of the overall heat
transfer coefficient with the increase of superficial velocity.
This effect is in agreement with the result of Basu and Nag
/ 39 /, Sekthira et al / 79_/ and Mickley and Trilling
é_l25_7. Due to the down flowing solid particles along the
wall, although the top surface of the fin has some accumulated

particles on it, the bottom surface has a low suspension
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density. Therefore, the average heat transfer coefficient

over the entire fin surface gets reduced by a small amount.
However, the increase in surface area due to fins augments
the total heat transfer from the test section as mentioned

earlier.

T7e2e3 Effect of heat input on heat transfer coefficient

The effect of heat input on heat transfer coeffici-
ent is shown in Figs. 6.25 to 6.36, where heat transfer co-
efficient is plotted versus the suspension density. The third
parameter on the plot is the heat flux, i.e., the power input
to the heater divided by the heat transfer area of the tube.
Three curves for three heat inputs have been drawn in each
figure. In all the cases of finned and unfinned surfaces., 1t
is observed that the curves for three heat inputs show the
similar nature of increasing heat transfer coefficient with
increasing suspension density and increasing heat transfer

coefficient with increasing heat flux.

T.2.4 Effect of bed inventory on heat transfer coefficient

The effect of bed inventory on heat transfer coeffi-
cient has been shown in Figs. 6.37 to 6.41, where heat tran-
sfer coefficient is plotted against the superficial velocity.
The third parameter on the plot is the bed inventory. Three
curves for three bed inventories of 20, 26 and 32 kg sand
have been plotted in each figure. The bed inventory has shown

marginal effect on heat transfer coefficient in all the cases
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of unfinned, rectangular and pin finned surfaces. Higher bed
inventory causes higher bed suspension density which attribu-

tes to higher heat transfer coefficients.

TwdeD Effect of bed temperature on heat transfer coefficient

The present experiments were performed at low bed temp-
erture ranging from 330 to 365 K (Figs. 6.42 to 6.45(a)).
Within the range of present experiments the influence of bed
temperatures on heat transfer coefficient is found to be neg-
ligible as observed by the flat nature of all the curves. al-
though they show increasing trend. Sekthira et al £77947 also
observed the same nature of effect of bed temperature in their

experiments with plane surface.

726 Effect of solid circulation rate on heat transfer

The effect of bed density on heat transfer in circula-
ting fluidized bed is well documented / 8,12,39_/. The sus-
pension density at a particular location in a CFB can be
changed by changing the fluidization velocity and solid cir-
culation rate. For a given superficial velocity. the suspen-
sion density can be increased by increasing the circulation
rate of solid. These effects are evident from the Figs. 6.45(b)
and 6.45(c) for unfinned and rectangular finned surfaces
respectively. It shows that the heat transfer coefficient in-
creases when solid circulation rate is increased., i.e., when

the suspension density is increased which is expected. The
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data of solid circulation rate for unfinned, rectangular

and pin-finned surfaces are shown in Tables 6.1 to 6.15.

Tl Performance of Fins in CFB

It is observed from Figs. 6.4, 6.8 and 6.1l2 that
the equivalent heat transfer coefficient calculated on the
basis of base area., is consistently higher than that of
plane (unfinned) wall surface at all suspension densities.
This demonstrates the enhancement of heat transfer through
the use of extended surfaces or fins. A measure of fin tube
performance is the ratio of the heat transfer coefficient
for finned surface compared to that obtained on an unfinned
surface under identical CFB conditions. When this ratio is
unity, exceeds unity or even just a substantial fraction of
unity., one may expect the fin tube to provide higher heat
transfer duty per unit length than an unfinned surface éfllQJz
Figure 6.46 shows the plot of this ratio ( hp/hyp ) as
a function of particle Reynolds number (Rep). Data from
three test sections., with rectangular fins., having differ-
ent fin gaps have been plotted in this figure. Zach curve
represents the result obtained for a particular finned test
section, operating with the same fluidized condition and
similar particle size. Some interesting points are indicated
by these graphs. First one can look at the value of coeffi-
cient ratio, which is relatively high, being above 0.6 for

the great majority of the cases. and infact for one of the
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finned tube test sections, the coefficient ratio approaches
near to unity (above 0.9). Second, from a comparison of
the three curves, it is evident that increasing fin count,
i.e., decreasing fin gap causes a definite decrease in the
ratio of heat transfer coefficients. Third, it is obvious
from Fig. 6.46 that the heat transfer coefficient ratio
decreases with the increase of Rep + or 1in other words
superficial velocity. As the number of fins is increased,
the solid movement becomes restricted, and with the increase
of superficial velocity more solids are swept away from the
test section, and for both the cases the suspension density
is decreased in the test section resulting in lower heat

transfer coefficient ratio.

The capacity function ( Aghp / Ajp hyp ) is a
direct measure of the heat transfer capability for a finned
surface relative to the unfinned surface occupying the same
superficial bed volume. Figure 6.47 is a diagrammatic pre-
sentation of this function for the various finned tubes
tested under this investigation. For each finned tube, the
capacity function is plotted against particle Reynolds num-
ber (Rep). The third parameter here is the fin count. It
is observed that with the incresse in the number of fins,
i.e., with the increase of heat transfer area., the curve
shifts upward as expected. For the conditicns presented in

Fig. 6.47, the values of the average capacity functions were
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approximately 1l.1, 1l.25 and 1.32 for two, four and
eight rectangular finned tubes respectively. This represents
a substantial increase in heat transfer capability over the

unfinned surface ranging from 25 to 103 percent.

7.4 Effectiveness of Fin in CFB

It is well known that the total heat transfer in-
creases with the increase in heat transfer area. Therefore,.
addition of a large number of fins yields higher heat
transfer. But heat transfer does not increase exactly in
proportion to the surface area added through fins. The
actual gain is proportional to the additional surface area
times the effectiveness of fin. The fin effectiveness is
defined as the ratio of actual heat transfer through the
fin to the maximum heat transfer through the fin. The maxi-
mum heat transfer will occur when all surfaces of the fin
will be at the same temperature as the base of the fin and
the heat transfer coefficient over the entire surface of the
fin will be the same as that over its bass. &4 reasonable
approximation of the maximum heat transfer will be the pro-
duct of actual fin area, the heat transfer coefficiént
measured for the plane wall and the temperature difference
between the bed suspension and the base wall of the fin.

This was done in the present experiments.

The fin effectiveness is calculated for two., four and
eight rectangular finned surfaces and plotted against suspen-

sion density in Fig. 6.48 and the same is calculated for
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sixteen and thirty two number of pin-finned surfaces and
plotted against suspension density in Fig. 6.49. In both
the cases the fin effectiveness is found to increase with
the suspension density, though the data are somewhat
scattered. The increasing tendency is clear both for rect-
angular and pin-finned surfaces, but a decreasing tendency
of the effectiveness is observed beyond a suspension den-—
sity of about 45‘and 55 kg/m3 for rectangular and pin=-

finned surfaces respectively.

A significant difference between fins on circulat-
ing fluidized bed and that on conventional heat exchanger
is that in the later case of the local heat transfer coe-
fficient on the fin surface is not significantly different
from that on the base, because both are exposed to similar
hydrodynamic conditions. In a circulating fluidized bed, a
thin layer of solids frequently slides down the wall. The
bulk density of the solids drops away from the wall. So the
body of the fin extending away from the wall comes in con-
tact with reducing concentration of down-flowing solids.
Hi gher the suspension density, thicker the down flowing
layer of solids and hence greater portion of the fin is
exposed to the higher concentration of solids. So the fin
should be more effective at higher suspension density when
larger fraction of its surface is exposed to solids. But it
will have a saturation limit, beyond which an increased

solid concentration may not increase the heat transfer
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proportionately because the solid mobility between adjacent
fins is affected. This may be the reason why the fin effec-
tiveness in this investigation is found to decrease beyond
the suspension density of 45 and 55 kg/m3 for rectangular
and pin finned sgrfaces respectively. Further, with the in-
crease of fin count in both the cases, the effectiveness is
found to decrease due to the increased hindrance of particles
by the fins as observed in Figs. 6.48 and 6.49. The most
important observation is that heat transfer is increased
with the installation of increasing number of fins and in
all the cases the fin effectiveness is found in the range

of 70 to 95 percent.

7«5 Effect of Fins on Bed Hydrodynamics

The voidages were estimated from the pressure drop
data along the height of the riser column for unfinned as
well as finned surfaces. The voidage profiles for unfinned,
rectangular and pin finned surfaces are plotted in Figs. 6.50
to 6.65. The comparison of voidage profile of unfinned sur-
face with those of 2,4 - rectangular and 32-pin finned sur-
faces is shown in Figs. 6.66, 6.67 and 6.68 respectively. In
each case six profiles have been drawn for six superficial
velocities. It is observed that the voidage increases with the
increase of superficial velocity. Although the voidage gene-
rally increases along the height of the column., a change in

gradient of axial voidage profile near the level of the finned
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7.6 Study of Heat Transfer from Probes of Different
Vertical Heights

It is already mentioned in Art. 5.2.5 that four
probes having vertical heights of 85, 127.5, 170 and 255 mm
were tested. The results obtained from the experimental data
are plotted in Figs. 6.70 to 6.74. Data taken from 85 mm
long test section has been plotted in Fig. 6.70 showing
the effect of suspension density on heat transfer coefficient
and voidage. The heat transfer coefficient is found to in-
crease and voidage is found to decrease with the increase in
suspension density. Figure 6.71 shows the variation of heat
transfer coefficient and voidage with superficial velocity
for the same probe. Like many other workers / 39.79_/, it
is also observed here that heat transfer coefficient decre-
ases and voidage increases with the increase in superficial

velocitye.

It has been confirmed that the structure of the
circulating fluidized bed consists of a dilute central core

of sclids and a dense wall region 4—29, 149_7.

The tendency of the solid to stay in the wall on
its way down to the bed makes the vertical height of the
probe a deciding factor in CFB heat transfer. This fact is
illustrated in Fig. 6.72, where the heat transfer coefficient
is plotted against the vertical height of the probe for fixed

bed density. Here two curves for suspension densities of 62
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4 and 25 kg/m3 have been drawn. In both the cases the heat
transfer coefficient is found to drop rapidly with the in-
crease in the vertical height of the probe. As the layer of
particles sweep down along the heat transfer surface, it
gradually approaches thermal equilibrium with the surface.
since there is little renewal of particles in this layer.
This reduces the driving force for heat transfer, thus pro-
ducing a lower average heat transfer coefficient. This 1is
confirmed from the observations of Wu et al [/ 38.,80_/,
Furchi et al / 78_7 and Sekthira et al [/ 79_/, who obt-
ained lower values of heat transfer coefficients by using
longer probes. If the heating surface is short, particle
clusters will exchange heat with it for a very short period
of time. So the thermal resistance between the wall and the
first laver of particles will govern heat transfer. There-
fore, the particle size will play a dominant role on the
| A heat transfer rate. In case of long heating surfaces., the
clusters exchange heat with the wall for long periods of
time and therefore the heat conduction into the particle
cluster, which is less sensitive to the particle size, dom-

inates the process 5_40“7-

Ficqure 6.73 shows the effect of vertical height of
the probe on the residence time of the particles and in turn,
the effect of residence time on heat transfer coefficient.

- The figure is drawn for 62 kg/m3 bed density. It is obser-

ved that with the increase in vertical height of the probe.
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the residence time is increased sharply and with the in-
crease of residence time, the heat transfer coefficient is
decreased. As the vertical height of the probe increases.
the particles stay longer in flowing past over it, and more
layersof particles in the cluster are involved in transient
heat transfer, resulting in more cooling of particles and

lower heat transfer coefficient.

The particle Nusselt number (Nup) defined by
h dp/kg is plotted against dimensionless probe height,
Lh/D in Fig. 6.74 at two different superficial velocities.
It is observed that the value of Nup decreases with the

increase in LH/D as well as superficial velocitye.

The values of cluster residence time calculated
from the derived expression (Eg. 3.22) and that calculated
from Subbarac's cluster model [/ 155_/ are presented in

Tables 6.49 to 6.52.

T%7 Experimental Data in Non-dimensional Form

Proper non-dimensionalization of experimental data
may extend the applicability of the results for general use.
Some of the experimental results are shown in non-dimension-
al form and plotted in Figs.'6.75 to 6.80. The variations
of Nup with Rep for unfinned, rectangular and pin-finned
surfaces are shown in Figs. 6.75, 6.76 and 6.77 respec-

tively. In all the cases it is found that Nun decreases
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with the increase of Rey - It is explained earlier that
with the increase of Rep the bed density is decreased, as
a result, Nup is also decreased. The variation of Nup
with the ratio of suspension to particle (solid) density is
shown in Figs. 6.78 to 6.80. It is observed that Nup in-
creases with the increase of the ratio of suspension to par-

ticle density.

Part-II : Discussion on Predicted Results

Under this section, the predicted results from the
propcsed models and correlation as they compare with the
actual values obtained from experiments are subject for dis-

cussion. This discussion is sub-=divided into three parts :

(i) Prediction of heat transfer from the empirical

model for bare tube surfacese.

(ii) Prediction of heat transfer from the analytical

model for finned surfacese.

(iii) Prediction of heat transfer from empirical co-

rrelation.

7«8 Prediction of Heat Transfer from the Empirical Model
for Bare Tube Surfaces

The model takes into consideration all the parameters
which are relevant to heat transfer in a circulating fluidized

bed. It was tested with the experimental data having a velocity
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range from 3.2 to 12.5 m/s. the particle size varying from
100 to 900 Mm, the suspension density in the range from 1O
to 100 kg/m3 and the bed temperature varying from 305 to
1123 K. The results predicted from the model Eg. (4.19) and
those from the present experiments as well as those of other

investigators are shown in Figs. 6.8l to 6.87.

The predicted results of heat transfer coefficients
from the model have been plotted against superficial_velocity
in Fig. 6.81. Hefe two curves for suspension densities of
40 and 60 kg/m3 show similar trends of decreasing heat trans=
fer coefficient with increasing superficial velocity and in-
creasing heat transfer coefficient with increasing suspension
density for the same superficial velocity. This was also
observed from the experimental data of many other workers

/ 39, 80_7/.

Heat transfer coefficients predicted from the model
and the experimentally determined values are plotted against
superficial velocity in Fig. 6.82, which demonstrates fair
agreement. With the increase of superficial velocity, more
particles are entrained and move upward with the gas and
less number of particles move towards the wall to cohere and
fall in strands along the wall. So the particle convective
component decreases which results in a decrease of overall
heat transfer coefficient with the increase of superficial

velocity.
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Pigure 6.83 shows the effect of particle size on
heat transfer coefficients estimated from the model. Four
curves have been drawn for velocities of 3.2, 5.6, 9.1 and
12.5 m/s keeping the suspension density constant at
60 kg/m3 in each case. The heat transfer coefficients are
found to decrease with the increase in particle size. This
prediction is supported by the observations of Kobro and
Brereton 478_7, Basu and Nag £—39_7, Sekthira et al
/ 79_/ and Mickley and Trilling / 125_/. It is further
observed that all the four curves are very close and they
almost merge. This supports the observation of Wu et al Zf90_7
about the negligible effect of superficial velocity on heat
transfer coefficient for a fixed suspension density in the

bedt

Experimentally determined values of Nusselt number
and those predicted from the model under the same operating
conditions are plotted against suspension density in Fig.6.84.

A good agreement is demonstrated.

The variation of heat transfer coefficient predicted
from the model with suspension density for two velocities of
3.2 and 12.5 m/s has been shown in Fig. 6.85. In both the
cases the heat transfer coefficient is found to increase with
the increase in suspension density as observed by many workers

/"8, 38, 39_/.
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The present experimental results as well as the
results of other workers who carried out their experiments
over a wide range of velocity, recycle rate, bed density,
particle size and bed temperature are compared with those
predicted from the model. In order to facilitate easy com=-
pParison of predicted results with experimental values, all
data are plotted in Fig. 6.86, with the measured Nusselt
number and the theoretical prediction as the coordinates.
The values computed from the present model ccrrespond to
the operating conditions in €ach case. Although most of the
values are seen to cluster around the 45° 1line which is
the line of perfect agreement, the predicted values from
the data of Basu and Nag 4_39~7 are above and those of
Kabro and Brereton 4_8_7 and Sekthira et al 4*79_7 are
generally below the line. The deviation did not exceed beyond

I 30 percent.

The present model successfully_predicts all the
effects of physical variables on heat +transfer. This demons-
trates the correctness of physical modelling of the process
Of heat transfer in a circulating fluidized bed. A dearth of
experimental data over a wider range of operating conditions
prevented a comprehensive comparison of model predictions.
Figure 6.87 shows 1 comparison of few data. The heat trans-
fer coefficient is plotted as a function of bed density,

Varying upto 100 kg/m3 at room temperature. Heat transfer
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coefficients at these operating conditions were computed
using the present model, models of Martin 4‘65_7, Subba-
rao and Basu 4_156_7 and Basu and Nag é_é_7 at room
temperature and at‘ 170 Um particle size. The solid cir-
culation rates were taken from Stromberg / 72_/ as indi-
cated on the x-axis. The values predicted from Martin's
model (using constant K = 2 and 2.6) are an order of mag-
nitude lower than the experimental ones. The model proposed
by Subbarao and Basu / 156 _/ did not consider radiation
and under estimated the gas convective component. The net
effect of their approximations is an under prediction of
heat transfer rates for beds at room temperature. The model
of Basu and Nag 4739_7 suffers from the uncertainity of
getting proper expression of residence time. The prediction
from the present model seems to be quite reasonable but it
provides values of heat transfer coefficient somewhat
higher than those of the experimental data of Kobro and

Brereton / 3_/.

The proposed model successfully determines the effects
of all the variables pertinent to heat transfer in circulating
fluidized beds. It is simple and easy to use. The strong dep-
endence of heat transfer coefficient on suspension density
and particle size is clearly demonstrated by the model. It
also indicates that once a particular suspension density in
the bed is established. the effect of superficial velocity is

not significant.
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7.9 Prediction of Heat Transfer from the Analvtical Model

for Finned Surfaces

The model takes into consideration the basic principle
of heat transfer from the finned surface together with the
observations of Glicksman 1_12_7; Li et al 4_149;7, Yang
et al / 150_/ and Tung et al / 186_/. The predicted re-
sults from the model have been presented in Tables 6.30 to

6.40 and shown in Figs. 6.88 to 6.92.

Heat transfer coefficients predicted from model-I and
the experimentally determined values for 2 and 8 - rectangular
and 32 pin-finned surfaces have been plotted against suspen-
sion densityin Figs. 6.88 and 6.89 respectively, and good agree-
ment is observed. For all the cases it is observed that the
heat transfer coefficient increases monotonically with the

suspension densitys

The distribution of suspension density and heat trans-
fer coefficient along the fin surface, predicted from the
model-I have been plotted in Fig. 6.90. The dimensionless fin
parameter, x/L , is considered 'l' at the fin base and
sero at the fin tip. It is observed that both suspension den=
sity and heat transfer coefficient decrease from the base to
the tip of the fin. This is supported by the experimental
shsaratione of ILebal " 148 7, Tong seal £ 186 7

and few otherse.
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The variation of heat transfer coefficient predicted
from the model-I with suspension density for 4 and 8 rectan-
gular and 16 and 32 pin-finned surfaces has been shown 1n
Fige 6.91. In all the cases., the predicted values of heat
transfer coefficients are found to increase with the increase
in suspension density. It is further observed that with the
increase in the number of fins, the curve shifts downward
showing lower values of heat transfer coefficient both for
pin finned and rectangular finned surfaces. which agrees

fairly well with the experimental observations.

Heat transfer data in CFB with fins not being ava=
ilable, the heat transfer coefficient predicted from model-I
have been compared with the present experimental values of

T o

2, 4, 8 rectangular, 16 and 32 number of pin finned surfaces
(Fig. 6.92) . For comparison of predicted values with the
experimental ones, all data are plotted with the measured
heat transfer coefficient and the theoretical predicted
value as the coordinates. The value computed from model-I
corresponds to the operating conditions prevailing in each
case. Most of the values are seen to cluster below the 45°
line, It demonstrates that the predicted value is somewhat

an underestimation of the actual value. The maximum devi-

ation observed is . about 8 percent.
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7.10 Prediction of Heat Transfer from the Empirical

Correlation

The predicted values from the empirical correlation
have been compared with those of present experimental resu-
lts with four probes having vertical heights in the range
of 85 to 255 mm and particle Reynolds number in the range
of 93 to 1l6l. Figures 6.93 and 6.94 show the predicted
values from the correlation together with the computed
values from the experiments for the dimensionless probe
heights, Lh/D » of 0.85, 1.7 and 1.275, 2.55 respectively.
It is observed from the figures that for the lowest value of
Lh/D (0.85), the predicted values are hicher and for
the highest value of Lh/D (2.55), the predicted values are
lower than those of experimental results. For Lh/D equal
to 1.7 and 1.275 Dboth computed and predicted values seem
to merge showing very little deviations. The maximum devia-
tion from the whole range of the experiments was found to be
about + 1l percent. Agreement of predicted and experimental

values of Nup is thus quite close.

The predicted values from the correlation have been
compared with the experimental results of Sekthira et al
/ 79_7 who used a dimensionless probe height, Lh/D .
equal to 7.96 in Fig. 6.95 and a good agreement is

observed.
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CONCLUSION

The major conclusions drawn from the present

investigation are summarised below 3

(1) The general characteristics of heat transfer
in a circulating fluidized bed are quite similar for £ifi=

ned and unfinned surfaces.

(2) There is a positive dependence of heat
transfer coefficient on suspension density. heat input.
ved inventory and bed temperature and a negative depen-

dence on superficial velocitye

(3) Addition of fins decreases the heat transfer
coefficient but increases the heat transfer capability. The
heat transfer coefficients for finned tube are generally in
the range of 0.68 to 0.9 times that of bare tubes under

gimilar fluidized condition.

(4) An increase in the number of fins decreases
the heat transfer coefficient. However, it increase the

total heat transfer.

(5) In CFB fin effectiveness is a function of

suspension density. It increases, reaches a maximum and then
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decreases. The fin effectiveness is observed to be in the

range of 70 to 95 percente.

(6) Addition of fins in CFB changes the bed
hydrodynamics. The voidage tends to increase at the finned
section due to the hindrance of downflowing particles by

the finse.

(7) Heat transfer coefficient is found to decrease
with the increase of vertical height of the probe and vice

versae.

(8) The residence time of particles on the wall
calculated on the basis of experimental data is smaller for
short probe and increases with the increase of vertical

height of the probe.

(9) An empirical correlation has been suggested to
evaluate heat transfer from the probes of different vertical
heicghtse. Prediction from the correlation has been verified
with the experimental results for the dimensionless probe

heights (L, /D) in the range of 0.85 to 7.96.

(10) An empirical model for predicting heat transfer
in a hot CFB incorporating all the concerned variables has
been proposed and it has been verified with the experimental

data of the present work as well as those of others.
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(11) An analytical model for predicting heat
transfer from finned surfaces in a cold CFB has been deve-
loped, both for long and short fins. Heat transfer coeffi-
cients evaluated from the predicted equation for long fins
have been compared with the present experimental data and

are found to be in good agreement.

Scope for Further Research

There is great scope for continuation of the work

as given below 3

The present study was performed at low bed tempera-
ture. It needs to be further explored at actual CFB boiler

furnace temperature which is in the range of 800 - 900°c.

To optimize fin geometry elaborate work 1is required
to be performed for different fin shapes., fin heigits, fin

aps, particle sizes and various other o eratin arameterse.
P g p

The experiments can be extended to measure local
heat transfer coefficients along the height of the riser

column with the help of Gordon type heat flux sensor.

The measurement of elutriation and attrition and

their effects on CFB heat transfer could be studied.

Studies on heat transfer and hydrodynamics in the

return leg could be made.
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Studies could further be made with multiple number
of cyclone separators and also with impact separators with-=

out, or in addition to,the cyclone.

Bed material and their sizes may be varied to study

their effect on heat transfer in CFB with finned surfaces.

The study of the effect of vertical probe height on

heat transfer coefficient could further be extended for finn-

ed surfaces as well.

Experimental facilities could be developed for esti-

mating cluster residence time and its effect on heat trans-
fer.
A separate solid storage column in the return leg

could be used to vary more conveniently the bed densitye

The design of a proper alr distributor system to
widen the range over which it can be operated without fear
of unsatisfactory fluidizing condition needs further experi-

mental worke.

More work with long continuous rectangular fins on

membrane tube walls could be initiated.

To visualize the flow structure and further hydrody-

namic study. a model of plexiglass riser column can be used.

Studies on various aspects of combustion of coal in

CFB could be undertaken.
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APPENDIX = A

Evaluation of Constants of Empirical Model

The expression of Z is given in Eg. (4.7) as

Z = a t+ bX

where 'a' and 'b' are constants which can further be

expressed as

and b = B + B.Y S

where constants A+ A BO and By have been evaluated
from the present experimental data of unfinned surface. The

parameters X and Y are given in Egs. (4.3) and (4.5), viz.

- . ks P

X = ( Pr = pinats s e )
c k P
pPg g g

and

——

%

d
OC.1
Sl
=

o S
18U, HE
The properties of the fluidizing and fluidized materials

were evaluated {{185_7 at a temperature of arithmetic

mean of bed and surface.

(1) Fluidizing gas = air
(ii) Fluidized material = sand

o
(1ii) Average bed temperature = lidi0e ) ¢
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O
A (iv) Average surface temperature = ( LQQ_%_LQQ ) €

407 K

(v) Average bulk temperature = 381 K

(a) Properties of air at 381 K :

density (pg} = 0.9218 kg/m3

specific heat (cpg) = 1.0123 kJ/kg K

| viscosity (Mg) = 2.214 x 10™° ko/ms
0.03242 W/mK

‘ 4 thermal conductivity (kg)

Prandtl number (Pr) = 0.69131

(b) Properties of sand at 381 K :

density (os) = 2350 kg/m3
specific heat icps) = 0,703 kd/kg K
thermal conductivity (ks) = 108.15 W/mk

mean particle size (dp) = 310 x 10"6 m

Evaluation of minimum fluidizing velocity (Umf)

Here, the correlation of Grace / 15_/ is used

which is of the form

4 p =-p 2

Umf = 7.5 x 10 ( S g) (d4) xg
m P
g .
-4 , 2350 - 0.9218 -6, 2
= 7.5 x 10 ( ) x (310 x 10 °) x 9.81

2.214 x 1072

= 0.075 m/s
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Evaluation of terminal velocity (U,)

T
For 0.4 < Re < 500 Kunii and Levenspiel / 20_/
suggested
2 .2
Up = (225 - } 4,

g

where dp is the smallest particle size present in appre-

ciable quantity (Table 5.2) which is dp = 217 x 10"6 m

Therefore.,
2 2
1/3
U, = ( 13 (2350 = 0.9218) x (9.81) ™" 7, 519 x 1076
T 325 -5
(0.9218 x 2.214 x 10 7)
= 1.54 m/s

The properties of fluidizing and fluidized materials are

assumed constant. S0,

e
ps s s

°pg  “g g

X = ( Pr

0.703 108.15 2350

= ( $°5153 * 503543 *6.0218 ) Pr ¢®

(5905963.5)Pr €
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e

and
U U i
v o= (ar 5h g gg =
T mf o) db
2
U I
= (ar g dh ) 1sbd )
mf T b jo!
2
U
= el ) ( ar g% )
18 x 310 x 10 mf 9p Y
]
g by “B
= ( 17.92115)( Ar ) x 10
Ve U0 %
Table~-2A.,4.1 : Values of X and 2
x
U (m/s) € X A (Nue)
0.9207 3962805 1.28905
5.6 0.9685 3952546 1.28905
0.9677 3944032 1.33638
0.9736 3978606 1.30062
6e5 0.,9711 3962805 1.34882
0.9694 3962805 1,20062
0.9745 3978606 1.24506
Ta2 0.9736 3978606 1 27977
0.9723 3969919 1.28905
0.9787 3995980 1.19401
8e2 0.9770 3995111 1.18425
0.9745 3978606 1.19401
0.9830 4005275 1.11196
9.1 0.9821 4009358 1.08710
0.9813 4009358 1.08710
0.9894 4037938 0.9278
i 0.9872 4029772 0.93975
0.9864 4029685 0.96471
* Nu experimental Nusselt number
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For six superficial velocities used in the present experi-=-

ments the following six expressions for 2

as

where ‘'a' and 'b'

expressed in

This problem

= & o+ DbyX
= 3 +  byX
= ay + Dby¥y
= B v By
w Ey T By
= 3% Pekg

terms of Y for which

o} 2
= B0 + BlY
can be solved in two steps.

can be written

.. (A.1)
oo (A.2)
.. (2.3)
oo (Asd)
.o (A.5)

ii [AeB)

are constants which can further be

o LRGT)

.o (A.8)

In the first

step, using the data of the present experiments. (Tables.

6.27 to 6.29)

and Table A.4.1, and applying the technique

of least square the constants were evaluated which are shown

in Table

A.4'2.




Table A.4.2 @ Values of ¥ and constants (
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a:b}

198 (m/s) a b Y

5.6 7.97036 - 0.16859x10 >  1740900.3
65 16.66261° - 0.38611x107°  2345441.2
7.2 6.57678 - 0.13319x10°°  2877814.6
8.2 44.23346 - 1.07825x107°  3732720.8
9.1 35.593004 - 0.93681lx107°  4597064.4
11.4 18.04288 - 0.44614x107°  7214521.3

In the second step.
(a,b) as determined and with

and applying the least square

constants

follows -

A
O

Ay

il

@ e}

4.4805

1.85178%10" '

using the

A _, All B and Bl

B

values of the

coefficients

the help of Table Aad.2

technique as before, the

i

- 8.0314 x 10

- 4.6841 x 10

have been evaluated as

l?
14
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APPENDIX = B

Specifications of Measuring Instruments and Heaters

The operating ranges and accuracy limits of the measuring

instruments and heaters are given below @

i (1) Digital D.C. Microvoltmeter
Model H AGRONIC = 113
Make : India
Range : Q0.1 Mv to 1CCO V in 6 ranges
Accuracy + 0.1 7/ of full scale * 1 digit
Power required : 230 V, AC , * 10 % , 50/60 Hz
(2) Source heater :
(i) Pilz - Heizbandage (Tape heater)
A No :  S25/050
Length : S5 m
Width : 25 mm
Capacity : 1250 W
| Voltage : 220V
| Make . GMDH, W.Germany
(ii) Tape heater @
Cat. No : GL 91.06
Length : 3.66 m
v Width : 25 mm
Capacity : 600 W

Voltage : 230 V
Make : Toshniwal, India



* (i1i)
(iv)
b
(v)
kY
(3)
#

Tape heater @

Cat. No.

Length
Width

Capacity

Voltage
Make

Tape heater :

Cato NO.

Length
width

Capacity

Voltage

Tape heater :

Cat. Noe.

Length
wWidth

Capacity

Voltage
Make

Guard heater @

Pilz - Heizbandage

No.
Length
Width
Capacity
Voltage
Make

LL] a*n (1]

LL] *e

sis / 052

5.2 m
27 mm
780 W
220 V
GMDH,

We

GL 91.05
2.44 m
25 mm
400 W
230 ¥V

Toshniwal, India

GL 91.04
l1.83 m
25 mm
300 W
230 V

GL 91.03
l.22 m
25 mm
200 W
230 V

Toshniwal, India

(Tape heater)

Germany
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APPENDIX = C

Design of Distributor

The distributor was made following the design out-
line given by Kunii and Levenspiel / 20“7. Botlerill
/735 7 and Basu /191_/. It is a straight hole orifice

type of distributor. The design considerations are given

below @

Diameter of particle. dp = 1 mm

Bed inventory , I = 30 kg

Operating velocity , UOp = 3.25 m/s
Voidage at minimum fluidization. emf = 0.5

Diameter of the bed, D = 0.1l m

X-sectional area of the inlet of the windbox,

a = F(1.62 x 10°2)2 = 4.56 x 107> w?
2
X=~sectional area of the bed, Ab = % (Od)"™
=T858 3 10 we
. . - , i 3
Density of solid particle (sand), Py = 2350 kg/m
Density of air, P = 1.165 kg/m3

g
Acceleration due to gravity. g = 9.81 w's?



Height

mf

(1)

(ii)

(11i1)

of the bed at minimum fluidization

Ap (I.g/ A )

(1 -

Emf) psg (1 - Emf) psg

30

(1 = 0.5) x 7.854 x 10

"D ED

Bed pressure drop ( Ap, ) @
b

Apb =

Orifice

psg Fin (= emf)

377

Al::)'os(1 - Emf)

3.25 m

2350 x 9.81 x 3.25 x (1 = 0.5)

37461.94 N/m>

di ameter, (dor) :

193]
jo 7]
il
w
"
[o]
»
[
]
]

3 x10 ° m

Minimum distributor pressure drop for uniform
distribution (.4 py) ¢

ApD

I

&pb[001+02rl—exp(

5]

_—0.1

489 N/m2
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(iv) Rearrangement resistance (App) @
(U - (a/a))?
ApR = P ( P &
2
- (325 x 192}
= Jedf3 2 x 9.81
Ap
_ 2 D
= 1.86 N/m" < 755
4
For stable and uniform fluidization, the condition of
App < (bp/100), is satisfied.
(v) Thickness of the distributor plate (t) :
t = 6mm = 6 X 1073 m  (selected)
(vi) Orifice discharge coefficient (cp) @
/~ Qureshi and Creasy (1979)_7
g 0.13
cp = 0.82 ( aE— )
or
-3 0.13
= o.82 x (&x10 = 0.897
3 x 10
(vii) Gas velocity through the orifice (U )
2 x Apy 1/2
U = ¢ (——a—)
or D P
g
i = o0.897 ( X282 )1/2
| * l1.165
| 4

= 26.23 l'I'/S
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(viii) Number of orifices per square meter of distributor
(Nor) :
N . op x
= e
or T 3
o mdor
- 325 4
dwds m x (3x1072)2
e -
= 17528.,82 g
m
(ix) Total number of holes on perforated distributor
= Hop * &
= 17528.82 x 7.854 x 10>
= 138
(x) Pitch of the orifices on the perforated plate
R SN 1
(N2 (17528.82) 272
or
= 755 mm - 8 mm
(xi) The open area in the distributor
= L3 x100% x138 = 9.76 x 10" n’
9.76 x 107
(xii) Percent opening = 3 = 12.42 yA

7.854 x 10
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FIG. C51 DETAILS OF THE DISTRIBUTOR
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