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ABSTRACT

The study was cencerned with the cembustien ef natural gas'in a
flﬁidized bed, and heat transfer tqlobjects immersed in it. Review ef
ﬁrevious literature shews that very few investigaticns have se far been
-Unaertaken te study simultaneeus combustien and heat transfer in
filuidized beds

A special type ef ceramic material waé identified, qna fabri
cation techniqué was developed,-for the censtructien ef distributer plate

fer high temperature fluid%zed bed cembusticn system used in the present

study.

A mild steel celumn eof 0.1524m diameter and 0.4572 m height,
fitted with the ceramic distributer, censtituted the bed assembly. The
bed-tube was lagged-with_a.one-inch thick layer of fi;eclay. Chamette
particles of 1;545 X 10—3 m average diémeter were used as the bed material.
The particle-bed was fluidized by pre-mixed natural gas/air énd, when

ignited, a glewing-red fluidized bed was obtained.

Coppgr ceils ef different diamete?s and varying number ef turns,
and Cepper cylinders of different diamensiens and erientatiens,were used
as the immersed heat transfer surfaces. Static bed heights, fuei/air
raties and heat.transfer surfaces were fhé variables studied; and‘bed
pressure dreps, bed temperatures and heat transferred te the immersed

surfaces were the parameters measured.

T



The werking temperéture ranged between 11300—14590K. The

radial temperature profile was uniferm, while the axial temperature
decreased linearly abeve the distributer plate. Within the experimental
range, the heat transfér ceefficients varied frem 135;252'w/m2 0K,

and were compér;ble with the results obtained by previeus investigators.
The cerrespcnding enhancements in the overall heat transfer ceefficients,
' compared to the ceefficients ;n empty bed-tube, varied between 20-114%

in ene-inch bed and 29.5-143% in tweo-inch bed.
.

\Legarithmic plets of Nusselt-Reynesld and Reynolds~Archemedés

relationships, and rectangular plets of energy utilizatien efficiency

vs. percent excess of air have been presented.

Suggestiens fer future werk have been eutlined.



iid )

ACKNOWLEDGEMENTS

It is my pleasant. duty te acknewledge the help and assistance _

-

received frem the fellowing persens and erganisations in ceurse ef the

preparatien ef this thesis:

Professer Neoruddin Ahmed , for his censtant enceuragement and’

for extending the laberatery facilities.

Dre.lide Nurul Islam, fer supervisien, guidance, censtructive

suggestiens and valuable advice.
| : ' N
. Prefessor Jasimuzzaman and Dr. Khaliqur Rahman, fer their
. . . :

interest in the werk and valuable suggestieng,

i

[

Messrs Md. Nuruzzaman and Md. Akbar Hussain ef the Unit Operatiens

‘_Laboratery, fer their assistance in censtructien ef the experimental

set-up and during experimentatien.

Mr. Rashed Maksud Khan, Manager, Peeple's Ceramic Industries, fer
anager, | P ’

. ‘ used
helping develep the ceramic distributer plateéin the experiments.

Titas Gas Transmissien and Distributien Cempany Ltd., for

"lending the gas meters and regulafors.

My present employer, Petrebangla (Bangladesh 0il and Gas Cerpera-

tien), fer allewing me te pursue the thesis work.

Mr. Kazi Jalaigddip, fer typing the thesis and Mr.Md.Abul
Quaéem, fer drawing the figures.

iXe Rowsnéﬁuzzaman, Senier_Exécutive (Planning), Petrebangla,
for xerox cepying eof the thesis.

My wife, Shuparna, for her enceuragement and understanding.



iv

Page
Abstract ces ces i
Acknewledgements “ee ces . iii
Contents “es P iv
List ef Tables “ees sre viii
List eof Fiqures .;. o ix
List ef Phetegraphs cee x
Chapter-1 INTRODUCTIOE‘J ‘
1.1 Introductien b ceo 1
1.2 The Phenemenen ef Fluidizatien 3
1.3 Chronological Steps in a Fluidizatioen 3
. Process
1.4. Different Types ef Fluidized Bed Systems 4
1.5 Particulate and Aggregative Fluidiza- 6
tien. -
1.6 Slugging and Channeling ... 7
Chapter-2 LITERATURE REVIEW ,
2.1 Development of the Fluidized Bed 8
Techno}ogy.
2.2 Fluidized Bed Cembustion - 9-
2.3 Fluidized Bed Heat Transfer 16
Heat Transfer Befween a Fluidized B;d 16

and Its centainer.



2e3.2 Heat Transfer Between a Fluidized Bed and

a surface Immersed in It.

2.3.3 Heat Transfer Between a Burning/High
Temperature Fluidized Bed and a Surface

Immersed in I1t.

2e4 Mechanism ef Heat Transfer in Fluidized Beds
2ed.1 Thecries where the Resistance Rests iﬁ a

3

Thin Film at th% wWall.

2.4.2 Theories where the contacting Emulsien’

Prevides the Resistance.

2+.4.3 Theeries Acceunting fer Both Thin-Film and
\ . ;

Emulsien Resistances. i

Chapter~3 PROGRAMME OF RESEARCH

3.1 Assessment ef the Previous werks
3«1+1 Fluidized Bed Cembustien

3.1.2 Fluidized Bed Heat Transfer

3.2 Outline of Appreach

3.3 Aims of the Present Investigatien

Chapter-4 EXPERIMENTAL SET-UP

4.1 General Arrangement ef Equipment

4,2 Descriptien ef the Individual Items

35

39

40

41

44

46

46

46

48

51

53

54



vi

4.2.1 Control Instruments
4.2.2 The Bed Assembly
4.2.3 Cembustion and Heat Transfer Systems

Design Medificatiens

'

Chapter-5 EXPERIMENTAL STUDIES

Cperation ef the Fluidized Bed System

Observations during the COperation ef the Bed

4

i
Study of the Physical Characteristics eof

fhe Burning Bed = t

ﬁrocedural Appreach in Fluidized Bed Heat
Transfer Studye.

|

Experiméntal Data

5:5+1 Pressure-drep Characteristics’

5¢.5.2 Time fer the Attainment ef Glewing-red

Fluidized Bed
5.5+3 Temperature Measurements

5.5.4 Heat Transfer Studies

Chapter-6 CALCULATED RESULTS

Calculated Results ef Heat Transfer Studies

Correlation af the Experimental Results

‘

Chapter-7 DISCUSSICN OF THE RESULTS

Accuracy ef the Experimental Measurements

Limitations ef the Experimental Facility

Page

54

56

60

62

63

63

64
67
67
70
70

72

83



vii-

-

7.3 Pressure-drep Characteristics
7.3;1 At Reem Temperature
‘7.3.2 At Elevated Temperatures
7.4 Time for the Attainment ef Glewing=-red

Fluidized Bed

7.5 = Temperature Prefiles
7.5.1 Radial Temperéture Prefile

7.5.2 Axial Temperature Prefile

7.6 Heat Transfer Studies
L ]
7.6.1 Overall Heat Transfer Coefficient'vs.
Flue vélocity Relatienship

7642 Nusselt-Reynelds Relatienship

7.6.3 Reynelds-Archemedes Reiationéhip

7.6.4 Energy Utilizatien Efficiency vs.

Percent Excess eof Air

Chapter~8 CONCLUSIONS AND SUGGESTIONS FOR FUTURE

WORK
8.1 Cenclusiens
B.2 ‘Suggestions fer Future Werk

Chapter~9 NOMENCLATURE -

Chapter-10 REFERENCES

98
98

58
99
99
108
109

110

-111-

113

116

. 119



Appendices

5.4

5.5
(A te C)

5e6
(A te C )

57
(X te C )

6.1
(A te C)

6.2
{A te C )

6.3
(A te C)

viii

A-Calibratien ef the Centrel Instru-

ments

B-Physical Characteristics ef the Selids-

‘"Flutd System

C-Sample Calculatiens

D-Nemenclature fer the Appendices

LIST OF TABLES

Title:

A Typical Datas Sheet

-

Pressure-drep Characteristics

Time taken by the Bed te Become Gle@ing—red

Temperature Prefiles E

Heat Transfer Data

Heat Transfer Data
Heat-Transfef Data
Calculated Results

Calculated Results

Calculated Results

fff One-~inch Bedt
for Twe-inch Bed
fer the Empty Bed-Tube
for One-inch Bed

fer Twe-—-inch Bed

fer the Empty Bed-Tube

Physical Preperties eof the Bed Particles

Flue Gas Cempositien

E-—

Determinatien ef the Mean Particle Diameter

" Experimental Run Ne.130

Page

126

128

133

70
!

74

77

80

86
89
92
1?8

129

133

.136



Figure

2.1

2.6

2.8

3.1

4.3

5.1

Immersed surface.

ix

LIST OF FIGURES

Title

Heat Transfer Ceefficient as a Functien
of Fluid Superficial Velecity as Obtained
by Kharchenke and Makherin (76)

Heat Transfer Cerrelatien Develeped by
K.K. Pillai (81)

Heat Transfer Ceefficient as a Functien
ef Flue Gas Velecity as Obtained by Omar
and Islam (82)

Nusselt-Reyneld Cerrelatien eof Omar and
Islam (82)

Main Features ef the Thin-Film Medel ef
Levenspiel and Walten (37)

Main FPeatures ¢f the Emulsien-centact
Medel ef Mickley and Fairbanks (48)

Instantaneeous Heat Transfer Ceefficients
Measured by Mickley et.al. (87)

a. Glass Beads (uf.= 0.186 m/s )
b. Micrespheres (uf = 0,086 m/s )

Wicke and Fetting's (38) Medel fer Heat
Transfer Between a Fluidized Bed and an

Relatienship Between the Heat Transfer
Ceefficient and the Thermeceuple Tempera-
ture as Obtained by Baskakev et.al.(79)

General View ef the Experimental Set-up
The Bed Assembly
Fuel/Air Premixing Arrangement

Pressure-Drep vs. Flue Velecity Relatien-
ship at Reem Temperature

Page
35/36

37/38

38/39

38/39

40/41

4G/4%

42/43

42/4%

47/48

53/54 .
57/58

58/59

69/70



Figure
5.2

te
6.15

6.16
to
6.21

€.22
te
6,24

- Title

Fressure-Drép vs. Particle Reynclds
Number Plet at Room Temperature

Fressure-Drep Characteristics of the
Fluidized Bed Combustien System

Radial Temperature Profile
Axial Temperature Prefile

Overall Heat Transfer Ceoefficient vs. Flue
Velecity Relatienship

Nusselt-Reyneolds Relatienship

Reynelds-Archemedes Relatienships -
L J

Energy Utilizatien Efficiency vs. Excess
Alir Plets

Calibratien Curve for the Thermecouple.

LIST OF PHOTOGRAPHS

! ' Title
General View of the Experimental Set-up

The Ceramic Distributer Plate used in the
Experiments. .

The Ceils ef 0.0978m Diameter
The Ceils ef (0.0686m Diameter

' The Cepper Cylinders

Asbester Distributer Plate — Before and
After Use. )

Hairline Cracks en the Ceramic Distributer
Plate

~

Vitrified Sand

Fused Chamette Particles

Page

69/70

69/70

71/72
71/72

94/95
34/95

94/95

94/95

127/128

Page
53/54

57/58

60/61
'60/61

60/61

60/61

61/62

61/62

62/63



Chapter 9 -

INTRODU

CTION



v T
© '.’gfﬁ 49013\%

1.1 INTRODUCTION

With the—everh1ncreasingﬂconsﬁmption;05 the cohventionainiuels;:r
their proven réservés are facing rapid:depletion;”This, naéuraliy; has
stimulated a more frantic §earqh for new deposits, but formation of such
deposits take much loﬁger-tiﬁe‘than their consumption. Thus, the day of
total éxhguétion, though still away, is inevitéble. The situation has

given rise to research activities in two directions: |

—

i) Develgpment of alternate sources of energy:

A large number of rese;rch in the recent years has been directed
towards evolving ways of utilizing soiar,.geotherﬁal, windrand wave
energies. Specially in this part of the world, solar energy appears to
have vast potehtialities in repl;cinggtheiéonventional fuels as energy
sources. ‘However, utilization of thesenformsaof*energyfinvolve"high':
initial iﬁvestments. Atomic energy, which has alréady established itself

: ) : .

as a principal source of energy;.-also has-the-disadvantage -of high-initial

capital investment, and environmental Pollution hézards.‘
ii) Efficient utilization.of the conventional fuels:

" Endeavours have been directed towards beéter utilization of the

available sources, to get the maximum out of what is already available.

Such efforts aim at keeping down the actual consumption of the fuels.,




Ay

+

Fluidized bed systems, of late, ha#e,proven to be a remarkable -
technique in improving energy utiiizationrefficiency.'The striking features
of the flujdized bed systems which enable-such -high energy utilization

efficiency are as follows:

(a) Brisk particle movement, which breaks down the fluid film in
between’ the bed and the heat transfer surface, thus reducing the heat

transfer resistance.

(b) Thorough mixing within the bed which affords uniform temperature

throughout the fluidized bed (1).

(c) Complete combustion of the fuel within the bed due to adequate

supply of air and the surface catalytic action of the bed particles.

(d) High heat capacity of the bed particles which helps attainment
!

of high femperature ranges.

(e)'Goodicontréllability;ofmthe:bedAtemperature.~

(f) Continuity of operation (1).

In fluidizéd bed._systems it is very-normal--to encounter-heat transfer

~

coefficients upto 680 w/mz“’K_', or even higher (2).

So far the effectiveness of fluidized bed systems in improving the
energy utilization efficiency has beenndiscussediin-general; A brief

discussion on the fluidization process will now be presentéd.



1.2 THE -PHENOMENON OF FLUIDIZATION

Fluidigation is a;modgrn,refficient:method-of"solids—fluid-contacting -
'whereby the fluid is forced upward ‘through a bed of fine solid partidie#
supperted by a perforated plate till the porosity of the bed increases to
such an extent that the partlcles lose contact among themselves, the weight
of the bed is fully supported by the upward flowing fluid, and typical

characteristics of a fluid are observed.

1.3 CHRO&OLOGICAL'STEPS IN A FLUIDIZATION PROCESS

Before the fluidization process starts, the particles in thé bed are
supported by a distributor plate, and the bed stands still. In this condition
-the particle bedzi;lled a '"fixed' bed. As soon as the upward flow of the
fluidizing agent ( gas or liquid) starts, the bed particles start moving
and -the system mayfbé defined as a 'moring' bed.~With. further--increase:in -

the flow rate, particles move apart, and & few are seen to vibrate and move

about in restricted regions. This_ is known -as.an 'expanded' bed (3).

At a still higher-velocity,a point is reacped-whenrthe'particleS'are'
all-just-  suspended-in the upﬁard-flowing;gnsvor.liquid. At this point the
fridtiopal’force betﬂeen~arparticlewand‘the‘fluid*counter:balpndes-the‘
weight of the particles, the vertical compcnent of the compressive force
between gdjacent‘particles disappears, and the préséure‘drop through ény
section of:the bed about -equals-.the geigﬁt,pf the fluid and .the particles in
that section_(3). The bed is considered to be just fluidized, and is referred

to as an ‘incipiently fluidized'wbed,~or,a bed -at minimum fluidization. ..



At this;stage;:if,the:fiow-ratetof the fluid is further dncreased, -
and 4f the fluid is a liquid, smooth, progressive expansion of the bed
results, and the bed is called a 'particulately' or homogeneously

rfluidized'bed; Oon the<§ther hand,‘if the fluid is a gas, large instabi-
1ities and non-homogeheities,-accompanied by bubbling and'chanheling,uare
obsefved‘{3).75uch a bed s ca‘ll'ed.an.r'raggregatively-L or heterogeneocusly

fluidizgd bed.

'If the fluid flow rate is incdreased still further, the bed particles

are carried out of the bed, sand 'pneumatic transport' results.

1.4 DIFFERENT -TYPES OF FLUIDIZED BED SYSTEMS

Depending on the different aspects, the fluidized bed systems may be
classified-into the following-types: -
(1) Depending on the fluidizing agent:

(a) liquid fluidized -heds-.-(i.e.,'particulat-e, type)

(b) gas fluidized beds {i.e., aggregative or bubbling‘type5

(ii) Depending on the -purpose:

(a) fluidized bed heat transfer systems (heating or cooling )
(b} fluidized bed mass transfer systems ( ¢.9., leaching, absorption

etc. )



() fluidized bed systems for simultaneous heat and mass transfer

(111) .

{iv)

(v)

with (e.g;,.roasting of ores) or without ( e.g., drying )

reaction.-

Considéring pure heat trinsfer,'it,ﬁay further be classified as :

(a) heat transfer between the bed particles and the fluidizing

agent.,

R

(b) Heat transfer between the bed and the container.

t

(c) heat -transfer between the fluidized bed and an external surface

"immersed in it.

Fluidized bed heat transfer. systems may, again, be of the following

two types:

-

(a) Combustion heat transfer systems ( i.e., heat transfer associated

2

with combustion of the.fuel*inéiﬁe“the.bed).

(b) non-combustion heat transfer systems.

-Depending.on. the :type-of-the fuel used:-

(a) Splid:fuelasystem‘—-dwhere,th;:soiidifuel particles are
fluidizeddby-thefdombustionuair and burnt in the bed...

{b) ;iquiﬁwfdel,system -4‘whereea-fine'spraywof'the"fuel,(i.e.,
.atomized fuel ) is burnf in a bed of inert solid’particles

fluidized by air.

(c)-éaseous fueiﬂsYStemV- where the fuel is burnt in a bed of fine

 inert solid particles fluidized by the fuel ‘gas/air mixture.




(vi). Depending on the bed condition: .
- (a) dense phase.(i.e., having.clearly defined upper. limit

. or surface ).

(b) lean phase (églids carryover with no defined upper surface)

(vii) Depending on the size of the particles, large particle fluidized

beds may be classified as (1):

(a) fluid bed (particles smaller than 8_x\10-4m ) o

(b) teeter bed (particles larger than about 15x10-4m).
L ]

(viii) Depending on the mode of solids movement (3):

(a) batch
(b) fecirculation

(c) one - pass..

1.5 PARTICULATE AND AGGREGATIVE :FLUIDIZATION

Particulate fluidization has been characterised as a state in which
the particles are discretélyuseparatedgfromﬁeach other, A'ﬁeah free path
for the particles seems—to-exist,:-and tﬁe length of the path-appears-to- -
increase with the fluid flow rate {4). Hence, fluidization proceeds
smoothly and gradually. This phenomenon is generally obser%édiin liquid

fluidized beds.



Aggregative fluidization, -on the other handy, has been.designated
as a-state of- fluidization wherein~the particles are presentnin the bed -
not -as individuaimunits, but rather as aggregates.'No mean-free—path is
discernible. The process proceeds with éontinuous bubbling, and the
bubbles may coqtain entrained =olids. Thus, the process 1s,heterogeneous,'

composed_of two separate co-existing phases.
!

On the basis of empirical data, Wilhelm and Kwauk (5) suggested
that the value of the Froude.number, ufzfdbg, could be indicative of the
type of fluidization. Thus, for Nfp (Fr&ude number} / 1.0, the operation
.was'said to be particulate:—and for Ner > 1.0, gggregative fluidiéation

was said to prevail.

1.6 SLUGGING AND CHANNELING

In an aggregative fluidization process, as the flow rate of the
fluid is increased, the size of the bubbles increase.so that ultimately
ttiese become equal- to the diameter of the containing vessel, push upward,

and -disintegrate-(3). At'thisﬁstage,uthe-bed-is~said-thBe slugging.

Slugging. is particularly serious in -long, narrow fluidized beds.

Channeling is a phenomenon observed when a disproporticnately
large amount of the fluidizing gas follows one or two particular paths
through the bed. This is often a marked characteristic of a bed of very

fine particles, or of sticky or waxy particles which -tend to agglomerate.
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2.1 DEVELOPMENT OF THE FLUIDIZED BED TECHNOLOGY

The phenomenon of fluijdization is a recent addition to the quickly
. : -
developing technology of solids-fluid contacting.ghe first known paper
dealing with the phenomenon was that of Daniels (6). It was closely followed
by a paper by Parent et.al. (7) gepofting extensive experimental findings
on the fluidization behaviour of some 30 differént'materials using several

different gases as fluidizing agents. They investigated the effects of

particle size distribution, bed dlameter, ‘particle shape and gas velocity.

The éarliest récordeg application of fluidization has been reported

by Brotz (8). This earliest application dealt with the purification of ores.

The first patent that bears some form of fluidization was issued
in 1910 to Philips and Bulteel (9). The inventors described the process of

contacting a-gas-and a finely divided_catalyst.

The first large-scale-commercially significant use of fluidized -
beds was made by Fritz Winkler of Badische Anilin. und Soda-Fabrik (BASF),
~ Germany fof~the?§asification‘of coal"to produce water-and producer gas. The

patent for this process_was awarded in 1922 (10).

Professors W.K. Lewis and E.R. Gilliland of the Massachusetts
Institute of Technology initiated the basic flow studies leading to the |
confirmation that a completely pneumatic éircuit consisting of fluidized
beds -and. transport lines could operate stably. This finding was later
utilized in the catalyticlpfocesslleading to the syn?hesis of aviation

gasoline (3).




In 1944, Dorr - Oliver Company developed the ‘fluosolids' system
for the roasting of ores. The first unit to roast arsenOpyrite and to
obtain a cinder suitable for gold production by cyanidation was constructed

in Ontario, Canada in 1947.

BASF's first copmeréial roaster, having a capacity of 30 tons of
ore per day, went into smooth operation in 1950. In 1952, a roaster for

[}

producing'sulfurfdioxide from sulfide ores was constructed in Berlin.

quidization technology Haé,immensely developea during thé last
\three decades, so that it isg now estab{ished‘as a prihcipal coﬁtactiﬁg
'proceés in reaction and energy engineering. A comprehensive discussion on
the existing literature on fluidized bed combustion and heat transfer

follows. .

2.2 FLUIDIZED BED COMBUSTION

A comprehensive review of literature on fluidized bed combustion

ti1l 1973 has been -done by Omar (11).

Combustion Systems Limited ( formed jointly by the National Coal
Board, British Petroleum Limited and the National Research Development
Corporation) of U.K. is developing fluidized combustion proéesses feor solid
and liquid fuels which,with regenerative additives ( e.g. limestone or
dolomite) in the bed, can retain most of the fGel sulfur; thus preventing

it from going into the flue gases (12).
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Calcium - -based sulfur"a removal process has developed more
extensively than-alternate processes ( flue-scrubbing or coal - pasting )
because more than 90% sulfur dioxide removal is possible by limestone or

dolomite (13). The calcium: Sulfur'molar feed ratio 1s_approximate1y 2:1

for dolomite and 3:1 for limestone. By fluidization process, the ratio

' can-ﬁe brought down to 1.2:1 for dolomite. For further economy, the lime-

stone or dolomite may be regenerateé and reused.

Fluidized bed combustion has proved to ﬁe effective in reducing
the eﬁissions of sulfur - andxgifrogen—oxides. A fluidized hkd containing
sulfur - accepting adéifiveér( doiomite-or limestone). was operated at
10 nfm. and ar;uqd 1150°K -(44). It was found that the process brought
down the emissions of sulfiur - and nitrogen - dioxides ;ppreciably‘below

the permissible limits. The combustion efficiency also improved.

Coates and ﬁice“(15)'studied'theneffectiveness of burning several
types- of- coal :in beds of -limestone to- retain sulfur. They found that at
a velocity of 0.9144 m/;_ S deeay 3 ft/sec),-and.when'the fines from - -
the primary cyclone are recyciedAto~the:bed;asuifurfretention increases
rapidly to 90% as calcium:- sulfur ratio is increased t; approximétely 2:1.

At 1.829 m/s - (i.e., 6.ft]sec~0ﬂind'without“reéycle;'it appeared that .

.calcium: sulfur ratio must be at least 3:1 to retain 90% of the-sulfur

in the bed.
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A fluidized combustion system known as ‘'ignifluid' has been
develoﬁed in-France upto‘the'scale of utility boilers (16 ). This is a

high temperature fluidized bed furnace for the combustion of solid fuels.

Wright and Keating (17 ) carried out a series of small scale
experiments for burning coal at temperaturés of 1023-1113°K. The rates of
heat release were upto 20% greater than—thqse obtainable on chain greates,

and the combustion was at least B0% complete within the bed.

r

Avedesian and Davidson {18 )Vburnt carbon particles, 2;3x10—4m té
2.61x10—3m in ;ize, in a +076m diameter fluidized bed pf 3.9#10_4m‘to'
6.5x10-4ﬁ ash pgrtitles havihq.an initial height of .082m. The bed of inert
ash particles was first heated to a temperature of 1173% by burning
premixed natural gas in the bed; After reaching the desiréd temperature,
the gas supply was cut-off, énd bed mdintained at 1173°K by external resis-
tance heating:Cﬁ;ﬁBn particlés were added in batches and burﬁaout_times

noted. -

. Though most of the fluidized bed combustion studies deal with the

burning of solid fuels, some works have also been done in the recent years

on the combustion of gaseous fuels in fluidized bed.

Baskakov and Makhorin (19) carried out extensive investigations on

the burning of natural gas in fluidized beds of corundum and chamotte
particles using varying fuel/air ratios. They observed that the stoichio-
metric natural gas/air mixture does not burn in the fluid bed at bed tempera-

tures less than 1023°-1123%. at 1073°-1273°K, no flame can be seen over the

bed -~ only bright flashes from the gas liberated from bubbles at the surface

may be seen. The maximum temperafure in the
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fgfitxﬁgtzoneareaches12243°K1fThis?thmperature:rises&uithalhéiincrhase;aa
in the intensity:of. fluidization and decrease—in a;r—supply:nmhe*gns ==
velocity‘for‘the:onset:of:fiﬁidizaticntdecreaSQSwuith:increasingm:
temperaturefvandvthe—temperatureffor*ceasaéfonvofﬁburstingzrises:uith«-
increasing-fluidizin§ gasivelbcity.‘The extent of the combuéiion:zone~*~
in the fluidized bed depends on the-natural gas/feir ratio, as -well as
.on the pressure, An increase in the quantity of air above the. stoichio—
metric ratio spreads the combustion zone above the distributor plate,
while the peak-temperature’falls. Pressure increase, on the other hand,
decreases the height of.the gombustion zoné, and raises the peak |
temperature. Complete combusfion'bf natural gas in a fluidized -bed
6ccurs at 5% excess air, with resulting bed ‘temperature of more than

1173%.

Sadilov and- Baskakov (20) .studied the temperature fluctuations
on the surface of a fluidized bed during gas combustion. They recorded

the maximum temperaturelas-2000}fxa -

A pilot plant -scale -$tudy by Lummiet. al. (21) ‘on the
combustion of natﬁral,gas/airamixture;in & fluidized bed of inert
particles:showédfthatftheriemperature ranged;@étweenriiZ32=1313°K} and

" was uniform for & particular mixture composition.

Janata et.al. (22) . developed a simplified model for the
combustion. of natural gas .in aQfluidized:bgd;;ﬂsingzcorundumeparticles,

where the heterogeneous fluidized bed. with particles and bubbles was



13

treated as a porous body, and natural gas/air mixture was assumed to flow
"in a plug fiow stréam. The experimental apparatus consisted of 2 0.1 m -
diaﬁeter quartz tube, 0.73 m high, and insulated by refrgctory foam.
Disériﬁutor plate of high alumina refractory clay, 0.02 m thick, was placed
at a height of 0;08 m from the bottom. Clay particles forming the distributor
N :

plate were bondéd.by.a special solution for strength and thermal porosity
of 32 - 37%. The initial bed height was 0.05 m, and the operating temperature
was 11739—1é73°K. Assumiﬁg constant thermal conductivity, surface area and ]
heat transfer coefficieht, and taking heat, mass and chemical re;Etion
balances, a system of‘non-linear differential equations was obtained; which

. , .

were solved for the reaction rate under a pair of boundary conditions.

Temperature measurements were done by-a Pt -~ Pt - Rh thermocouple.
4

Another meodel fqr the combuétion of methane in a fluidized bed, with
similar assumptions ( i.e., plug flow of the fuel/air mixture through the 7
pores in the flulidized bed) as those of the earlier model (22), has recently
been deQeloped by Janata (23). In thisrcase,-howeﬁgr, alumina spheres were,

used as the bed particles.

If in a bubbling fluidized bed on a orifice~type distributor plate
the velocity of bubbles is much greater than tﬁe incipient pore velocity,
conversion can be calculated from the gas encloséd in'the bubbles alone.
withrthis'in view, Davies and Eiseﬁklam\(24) introduced fuel gas and air
through two separate orifices. The single phaée bubbles grew in size til)
their radii equalled the central line'connecting the tﬁo orifices, Then,

as the interfaces of the bubbles tbuched,,they’toale;ced into a woid of
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combustible. mixture which reacted if temperature was -suitably high,
detached, rose vertically up, burst-at the surface and shed ‘the ga%eous\
reaction products into the free-board. A model was developed to estimate

the heat released during the fesidgncé of the bubhles on the orifice at

- stoichiometric feed rates.

Since handling of premixed fuel/air mixture is consideréd
dangerous, Singh et.al. (25) introduced iiquified petroleum gas (LPG) and
air at two separate points in 0.36 m diameter and 0.96 m‘x 0.61 m rectangu-
1§r beds of fluidized silica sand. A double-pipe distributor, with a single
row of orifices iA the central, and dﬁuble row in the outer in a rectanéula
pattern, was used. At stoichibmetrid fuel/air ratio, flame appeared at
lower flow rates, but disappeared as the flow ratg was increased. Mixing
of LPG and air improved with increasing bed height upto a limit, and then
became constant. This was because better coales@ence-of-LPG and air occured
in high-beds as befter~mixing-wasfobfainedzdue-to increase in bubble - gize

upto a limit. Better efficiency of combustion was obtained with the

circular bed.

It was previously found by Rao and Stepanchuk .(26) that heat
liberated in the-fluidized-bed-was 300%-as high._as that 4in a-cyclone
combustion chamber. Temperature decreased with the increase in.excess air

arid the initial bed height. They used burshane gas and quartz sand.

Messrs. Fluldfire Development Limited (27) of U.K. has manufactured

a fluidized bed laboratory furnace for research purposes. The bed is 0.14 m
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in diameter and 0.075 m deep, :and can be operated on propaﬁe, butane,
town~and¢natura1,gas,;as-wellsasjon‘radianfiheat*frominn—electricLelementx

-

The temperature range 15,10230—1423°K."

lstadnik et. al. (28 ) burnt a gas having a calorific value of
36432 kJ /m 4n a 0.132 m diameter bed containing 5 x 10 4m - 1x10-3m
corundum particles. The bed was operated at 1.0138 x 105 N/m to 2 0276x10
N/m2 pressure and’ 973 —1423 K. Increasing pressure decreased the chemical
incompleteness of combustion. The effect was stronger at 973 °-1073 % and
JRir supply ;oefficients () of less than 1.0. The carbon monoxide and
hydrogen—concentrations.in the,coﬁbustion products at the bed oﬁtlet

. .

depended only slightly on the pressure. Increasing pressure decreased the
height of the combustion. zone and increased the peak temperéture. At

’ 6 2
1.52 x 106— 2.0276 x 10 N/m°, the maximum temperature in the combustion

.zone was 300° - 400o higﬁer than the mean bed temperature.

‘Gurevich er; al (29 ) studied the formation of nitric oxide
during- the combustion ‘of -natural gas.in-a fluidized. bed :of alumina-spheres
at 1.0138 x 105 to 1.622 x 106 N/m2 and 1173°K, with air supply coefficient
of 0.8‘to'1.2: The yield of nitric oxideldecréqsed with increasing
pressure for rich _gas/air mixtures,.but did notidgpeﬁd~0n pressure when

stoichiometric or lean mixtures were burnt. The maximum yield of nitric

oxide was obtained at stoichiometric gas/air ratio.

A



243 FLUIDIZED BED HEAT TRANSFER

As mentioned in Sectioﬁ 1.4, theré may be two types of

heat transfer in fluidized bed system:

i) heat transfer between the bed particles and the-
fluidizing agent : -

A
4

iil) heat transfer between the fluidized bed and a surface

immersed in®it ( may be the container itself ).

In the fellowing paragraphs, the later type of heat transfer

system will be discussed under three separate heads.

2.3.1 Heat Tran%fer Between a Fluidized Bed and Its Container

The pioneering study in this particular aspect of heat
_transfer in fluiéized beds w;s thaﬁlof Mickley and Trilling'(30).
They studied the coefficients of heat transfer between air-fluidized
beds of: glass ‘spheres and heated walls. In one of the experiments,
a 0.0125m diameter heating element was axially immersed in the-bed;'
in the other, the bed was heatéd pgripherally; Convective boundary
layer at the w#ll was found to constitute the main he#t t:ansfér

¥

resistance.
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They obtained the following empirical relationship for the heat transfer

coefficients:

',a 0.238
h = 0.0242 ( Ib )
d

o | . (2.1)

In line with the findings of Mickley and Trilling (30), Levenspiel
and Walton (31) observed that the wall heat transfer coefficient, h,
reached a maximum while increasing the fluid velocity. They fluidized

coal particles with air in a 0.102 m diameter tube.

Baerg et.al. (325°studied the wall héat fransfér coefficients
between fluidized beds of iron filings, round sand, moulding sand, glass
beads and” alumina particles and the electfically heated bed wall for wide
ranges of fluidizing air velociﬁies. They.o£ser;ed that with increasing
air velocities, a maximum in h occured for each system. The following
empirical relationship for the maximums in'heat transfer coefficients was

presented:

-6. : )
R . ) . (2.2 )
h o 239.5 log (7.5 x 10 /%/dp | o

Dow ‘and Jakob “(33) ‘also identified a boundary layer of gas and
particles along the wall during their investigations on the heat transfer
between a bed of fluidized particles and a steam-jacketted wall. Beyond

this boundary film the bed temperature was found to be nearly constant.
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They formulated the following correlation for the data obtained:

i

-0.25 '
Nu = 0.55 ('HB y0-65 db)-o 33 o.s
3; efD C (2.3 )
A similar study was undertaken by Leva et.al. (34) where they
used air, carbon dioxide and hydrogen as the fluidizing agents for beds
of sand, iron - catalyst and silica gel in a 0.064 m diameter tube. Their

correlation was of the form : ' . : . | -
Nu = 0.5 Re ) (2.4 )

In a later paper, Lév% (35) ;uggested that the moving particles,
near the heating wall had a scouring action on the gas boundary layer so
.that the thickness of - thié resistive layer decreased, with consequent
increase in‘'h. fhe following ;mpirical formula was developed :

h = 32.3 x 10° R 4 9% ., o (2.5 l)

. A%

'Van Heerden et,;l.-(36) worked Qith beds'of carborandum, coke, iron
oxige and lead particles, 0.5 x 10-4ﬁ to 8.0 x 10-4m in diametér, fluidized
by air, argon, cafbonﬂdioxide, methane -and town gas, with external cooling
of the tube wall. Studies were conducted in incipiently fluidized beds
and reached hpax inroniy a few cases, The fqllowing empirical correla-

tion was proposed :

Pr°’5¢°'45 7 73 gp) =0.35(g L -1) (2.6 )




19

Levenspiel and Walton (37) investigat;d the coefficients of
heat transfer between fluddized beds of\glass, catalyst spheres and
coal particles ana the heated tube wall-for a wide range of bed voidages.
The bed diameter was 0.102 m. The values of h were found to be lowérrthag

_those obtained by others, and were expressed as :

h = 0.6 C,G (Re =0.7 ' (2.7 )

Wicke and Fetting (38) studied the effect of height of the
heating surface on the heat transfer éoefficient. Theyrobserved that an._
increase in the height of ethe heat transfer surface decreased the heat
transfer coefficient. To explain the phenomenon, they assumed thai the
bound;ry layér of gas, as postulated by Dow and Jakob (35),was accompanied
by a boundarf layer of particies moving along fherwall, hindefing heat
transfef between the wall and, the bulk of the bed. They presented tge

following empirical correlation :

) ZH
h = Kz - HO (1 - ,‘-,O(f - W )

H, TH. 1 12.8)

where K = _@ (1*_€mf ) Cpup bf

H, = Section-of the-wall active in heat-fransfer:h

o<f =k¢ / bf
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Wen and Leva (39) also presumed the laminar boundary layer of
gas as the main heat transfer resistance through which heat was transferred

by conduction. They obtained a correlation of the form.:

o5

) 15
.ML;:O-IG( GRd 9
kf ) k .

4 ' 036 |
_)o , (@udh"? Ho 3 = (2.9
£ | - f4H

S 7

zabrodsky (40) observed that the thermal conductivity of gas
had an important effect on the heat transfer coefficient in the adjacent
neighbourhood of the heat transfer surface, but none at the core of the

‘bed.

Ernst (41) studied the effects of barticle size, gas velocity,
‘and position and type of the heater element, etc. on the heat transfer
coefficient in a fluidized bed of quartz sand. Itlwas observed that’h
varied inversely with the height of the heating surface and axial
position of the heater element. h' was found to be indgpendent of pressure,
but was considerably-affected by the type of the gas distributor. The

following correlation was proposed under optimum conditions :

\ c@

o = 6(1-€) k; [!+ %-lm(w—;%f )] -1 . ©(2.10)
- Willjiams and Smith (42) studied the effect of mechanical stirring
on the heat transfer coefficient in a 0.1525 m diameter and 0.61 m high
-bed of glass beads flu%dizedby air. The bed was stirréd with'é four -
bladed exial stirrer. It was observed that stirring increased;;n every
case bx.way of controlling the particle residence time at- the heat

transfer surface.
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A

They developed the following .correlation for the stirring speed and

the equivalent gas mass velocity :

v, » N.‘f% = (G-Gpe ) A, ( 2.11)

where,- Vo = volume of the gas bubbles,

N = Nunrber of revolutions/hour

Vo, was considered to be the volume of a sphere with a radius
equal to the tufning radius of the stirrer blades. The data were found
to be in good agreement with those found by Mickley and Trilling for

freely fluidized'beds.

Gabor (43) fluidized glass'and copper particles in cylindrical
and semi-cylindrical beds: Wall - to - bed heat transfer coefficients
were found to be functions of fluidized particle residence time. The

heat transfer coefficient was not -affected by the inclusion of convective

heat removal by the flowing gas.

Bibolarn and stunt (44) ob;erved that the heat transfer from an
external annula? steam ﬁeating Yacket sliding along‘a fluidized column“
of 0.0641 m diameter to a fluldized strata of sodium chloride, alumina or
glass particles varied markedly with the relative position of the jacket
and tﬁe fluidized-st;ata. The plots of wall - to - bed heat transfér
coefficient (h) vs. distance of the heating jacket from the distributor

plate (1 ) exhibited sharp maximum or minimum and inerease or decrease
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portions depending on the characteristics of the fluidizing agent (air)

and the -fluidized particles.

1

Maskaev and Baskakov (45) fluidized steel balls, 2 x 10_3m to
9.53 x 10_3m in diameter,and annular rings, 2.7 x 10-3m te 12.92 x 10-3m
diameter, by air on a distributor plate havingli.s x_10—3m openings. The
'fluidiéing column was 0.123 m in diameter and 1 m high. Tﬂe initial bed
height was 0.16 m. Vertical and horizontal partiéle velocity components

were assumed to have small effect on heat transfer near the wall. For the

maximum heat transfer rate, they formulated the following correlation:

Nu = 0-21 Ar 0.32
max . ’

where, 1.4 x 105 L Ar 4:3 x 108 {( .2.12 )

Vedamurthy and Sastri ( 46) evaluat;d the conductive heat transfer
to the walls of a flﬁidized bed combustor. As a simplified model, coal and
ash particles in the core were assumed to be spherical, and the bed was
considered te be vigorously bubbling.- The gas film was assumed to be
radially transparent, and the emulsion packets to radiate as layers of
black.bodies. The conductive and radiative specific heat fluxes and heat
transfer coefficients for the emulsiﬁn and bubble phases were calculated
for different fluid velocities, bed temperatures and particle sizes.

The analytical results agreed with the literature.

Vitovec (47 studied the heat transfer rate between the wall of a
heated tube and a fluidized bed in sublimation process. The fluidized bed
consisted of inert particles of corundum ceramic with mass equivalent

diameters of 4.2 x ‘10-4m, 5.7 x 10 9m and 7 x 10'4m, and particles of
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. ammonium terephthalate, on a stainless steel distribufor plate.

Thermal decomposition of ammonium terephthalaté and simultaneous
sublimation of relpased terephthalic acid took place at461$°K. The
temperature distribution over the height of the bed was measured by a
movable thermometer, and the arithmatic mean value was used in the
calculations. Heat transfer coefficients were evaluated as functions of
the superficial £luid velocity, height of the bed, size of the inert
particles and feéd rate of the sublimed;matter. The experimental values

of 'h' were correlated by a straight line as :

Nu = 2.3 Re 0°3 , (2.13 )

l where 1 é Re é. 12

Maximum deviation of the experimental data from the plotted straight

line was + 15%.

2.3.2 Heat Transfer Between a Fluidized Bed and a
Surface Jmmersed in It :

Mickley and Fairbanks (48) proposed their famous *packet model!
for heat transfer in fluidized beds in 1955. They fluidized a bed of
glass spheres using different-gasés. An elect?ic heating probe was used
as the heat source. It was assumed that the partiﬁle sige had nOeéffect

on'h. They obtained a correlation of the type : '

heJk, P Cps . ' (2.14 )

shere S = stirring factor which accounts for the type and degree

of bed motion.
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) ‘ \
wWender and Cooper (49) assumed that heat transfer between a

fluidized bed and an immersed surface was brought about by tﬁe mobile
particles and unsteady state conduction through the gas layer. They

presented‘the following correlation for the heat transfer between a

fluidized bed and a. vertlcal tube.

. ooabcg(dpé,c/ﬁ;) NG MY S TS S
ép (kg /ee )

Vreedenberg studied the heat transfer between & 0.565 m diameter

and 1.2 to 1.7 m high fluidized bed of different sizes of sand particles

Ay

and 0,034 m diameter horizontal (50) and vertical (51) tubes. Investiga-
*
tions at different operating pressures indicated that 'h'was independent

of air pressure so long as the velocity was kept constant. For horizontal

tube, the following two correlations were developed :

a) for fine particles (2.0 x 10" diameter):

Nu = 0.66 (Pr )0 -3

when < 2050 - | (2.16 )

f’/@

b) for cotrse particles (3.9 x 10 % diameter):

Nu = 420 (pr)° Gd bé )
dptCijfﬁ

(2.17 )

when qa‘/o

-—/5;75 > 2050..

Similar correlations were developed for vertical tubes also.

~
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Sarkits (52) studied the heat transfer between a fluidized bed
and a submergedrcoil ccoler.'A quartz bed = tube with externaliheater
[ .
windings was used. The coll was made from 0.004 m diameter copper tubing,

with diameter and height of 0.02 m and 0.08 m respectively. He obtained

empirical correlation of the form: o d

- 045
Nu = C. Re 0.41 Ar 0.27 Pr 0.33 (%f) (

(2.18)

“where  0.007 & ¢ £0.0133

‘Botterill and williams (53) studied the heat transfer from &
heated surface to a méchaniqélly stirred fluidized bed of glass ballotini
having 2 x 10-4m diameter.-Th;; observed that mechanical stirriné of the
bed at the rate of 140 revolutions pe;‘minute decreased the pafticle
reéidence tiﬁe on the heatiﬁg surface to 0.2 second, compared ﬁo 1.0 second
in a bubbling bed without mechanical stirring, with corresponding increase
14

. 2 .
in ‘the heat-transfer coefficient to'BOO—W/m~oK’ compared to 113.3 w/mzoK

without stirring.

Agarwal and Ziegler (54) developed a generalised mathematical

‘deduction using gamma function to represent the expected residence time of

the fluidized particles at the heat transfer surface.rhccording to them,
the average heat transfer coefficient for a Qas-fluidized bed may-be.

expressed as :

havg‘ Qe Nr:/CTw ""ﬁ,) (.2.19 ) ,

Botterill et.al. (55), later, studied the heat transfer characte~

ristics of a fluidized bed of 2.4 x 10 °m diameter sand made to flow
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horizontally across-vertica1 tubes immersed in the bed. They| ocbserved

" that there was loss of fluidlike bebaviour of the bed adjacent to the
tubes. Heat transfer increased with increaséd rate of fluid ﬁlbw, &s
expected, but a tendency of d;fluidization developed on the upstfeam
face of the eircular tubes, while wakes formed con the downstfeam face,
The overall heat transfer coefficient of around 312 w/h?OK was found

not to be sensitive to the so0lids flow rate. j

N

Syutkin and Bologa (56} studied the effect of a rotating magngtic
. field on the heat transfer between a heating surface and fluidized beds
of powdered magnetite partiqﬂeé.of various slzes. A bipolar indﬁctipn
coil was used for generating the revolving magnetic field. Tpe fluidiza-
tion efficiencies for both fine and coarse particles were affected by
the mqgﬁetic‘f;eld. The heﬁt.transfer.efficiency in;reased with iqcreasing

bulk concentration of the dispersed phase. o !
. . !

'Bhattacharya and Harrison (57) fluidized three sizes|
(5.4 x'ID-sm, 3.25 x 10 'm and 5.5 x 10" m ) of sand particlis in a bed
of 2 x ‘10-4m2 qrossf— sectional area usiné air pulsed:at'zer? (normal
fluidization)sto 4 Hy. A horiqutal tube and a rECtangularr§$rtical
heater were used as the immersed heat transfer surfaces.!h'w;s evaluated
as a function of incréasing alr flow-rate for various experimental
combinations of particle si;es and ﬁulsafiog conditions. The bubbling

phenomencn near an immersed tube was also studied using a small photo -

-detector. It was observed that pulsation of the fluidized bed led to a




significant improvement ( around 80% ) in'h' over that in a normal
fluidized bed for large particles with air at above incipient fluidizing
rates. At certain pulsation conditions, the random nature of the contact
of the bubbles and the particulate phase with the tube surface was
replaced by a regular pattern, resulting in fairly constant‘h'in

contrast to varying coefficients in normal fluidized beds.

Gelperin et. al. (58) investigated the heat Eransf;r
coefficients for pipes with‘differént’shapes,of fins, €.g., triangular,
rectangular ahd parabolic, immersed in a fluidized bed: They observed
that the t;iangulér fins a;ovided the highest coefficlents of heat
transfer. However, at fluid flow rates abovelthe optimum, fhe parabqlic
fins proved to be somewhat more efficient due £b their gfeatef surface

" area. The rectangular fins were found to be the least effective, so

much so that even the smooth pipe had higher heat transfer‘efficiency.

Tamarin and Khasanov (59) studied the rate of heat transfer
bétween a vertical.cylinder"and"fluidiZed beds containing packings of -
sﬁiral:rods, vertical tube bundles with three transverse straight rod
ribs, and‘tube bundles Qith single, double and triple spiral cells. Sand,
. silica gel ahd,coruﬂdum powder were used as the fluidiziﬁg‘media.

Experimental results for all the packing types were correlated as:

-

Nuga, = Ar 0425 (4ol ~0-07 (2420 )
for 90LAr L2,18,950
and  0.0015{dct /L g, 225

where 1 is the characteristic diameter of.a packing.
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The effect of gas flow rate was correlated separately as a

function of ‘Ar and Re. The region of hp,y was bounded from the bottom by:

0.42

e bottom = 0.18 Ar _ : (2.21 )
and from the top by:
0.48 .
Rerop = 0.043 Ar : (2.22 )

The correlations (2.20) throuéh'ﬁ2.22) were found to have only + 10%

7deviation.

Baskakov et. al. (60) studied tﬁe heat transfer between a flat
vertical wall and a fluidized bed of 1.2 x 10_4m to 3.2 x 10—4m diameter
. . ‘ _
corundum particles. They observed that'h depended on the height along the

‘vertical surface. o,

Berg et. éi. (61) calculated the local heat transfer coefficient
for a cylindrical surface immersed in a fluidized bed on the basis of
the temperature difference between the external §urfaée of the cylindér !
and the core of the fluidized bed. A élass probe was used as the cylindrie-
cal surface. Expériments"were‘carried out at several rates of fluid;zntion
with parficles of different sizes. h'was found to chanée along tﬁe height
of the glass cylinder, the local heat transfer coefficient decreasing

A

with increasing rate of fluidization and decreasing particle size.
’ i

Richardson et. al. (62 fluidized Steel and sSoda-glass spheres
and cylinders with dimethyl phthalate in a vertical glass tube of 0.102 m
diameter,' The initial bed height was 0.26 m. The bed was heated electri-'

cally. It was inferred that conduction through the liquid boundary layer
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proviaed the principal heat transfer. The maximum heat transfer was
obtained at € = 0.55. For the same ¢ yheat transfer with steel particles
was much higher than that with gigss particles. The heat transfer with
glass particles 1ncreased.with the increase in particle sizé; fhe following

correlation, with an accuracy of + 10% ,was established:

0.33 ,
log (St. Rej ) = = (0.275 + 1.90 € ) (2.23)

An alternate correlation, incorporating modified Reynolds Number

" (Re

m ) and Colburn's Jp factor, was also developed:

' -0.38

06T
=[hesfy C(w/ed] Chg fog) - (2.25)

Mnere  Re,.t G /5 (-6,
The above correlation applied for €<0.85. Equation (2.24) may be modified

as-

0.62  0.33 c 0-62n =1 0.38

Nu = 0.67 Re Pr (1-¢€) (2.26 )

where n = .exponent of'viodage"inZreiation—to bed expansion.

It was observed that the presence solid particles in the fluidized
bed enhanced'h’ eight times in the liquid fluidized bed, while in gas
fluidized beds, enhancements of 50 to100 times were normal. Maximums in'h’

with :
were obtained at high voidages and/small particles.

Genetti et. al. {63) evaluated'h’ - values for glass spheres of
: - -5 -4 ' '
4.699 x 10 m, 4.57 x 10 @ and 1.143 x 10 °m diameter fluidized by air
and electrically heated with bare and finned tubes immersed at 00, 300,

450, 60°and 90° orientations to the horizontal.
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The fluidization vessel was 0.3048 m diameter and 2.7432 m high. A

reinforced perforated steel grid was used as the distributor. The heating

~

-2 b -
~ tubes were 1.5875 x 10 m o.d., with fins 1.905 x 10 2rn high and

6.35 x 10" %m thick ( 8 nos./inch ). A 2.54 x 10"%n o.d. tube with

9.525 x 10-3m copper clad discontinuous fins of 7.62 x ;0-4m thickness,

spaced at 6 fins/inch, was also examined. Variables studied included

particle size, mass velocity and angle of tube orientation.

" The following correlations were developed for bare and finned

.

tubes:

- 05
i _— , !
NufF ni-e) 5 (2.27)
020 (& - 45
[+ 044 —g= A5Y ¥ 126
024 dj 1123 '
Re‘P ( o 00% )
( é3)@-5
: 1nei-
N — , :
T | f 2 (2.28)
Co :
( _Sp

0-00%

The accuracy of equation (2.27) was said to be z 7% , and that of

equation (2.28) was + 6.2% .

Tﬁe heat transfer coefficients for finned carbon-steel tubes
were found to be about 3.5 times those for .bare tubes of the same ©.d.
The minimum in h was obtained at 45° orientation for bare, and at 60

orientation for finned tube.

v

)
. b
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h - values “for copped - clad finned tubes were at least twice those for
carbon ~ stee}l finned tubes.

—

Baskakov at. al. (g4 studied the heat transfer between

, . P“ PR ;\

fluidized beds of corundum particles of 1.2 x 10 4m, 3.2 x 10 4m and
. 4

i

5.0 x 10_4m mean diameter and slag beads of 6.5 x 10-4m diameter; and

h,

15 i 10—3m and 30 x 10-3m diameter cylinders immersed in the beds. A
porous tile of 1.0x 10_2m thickness was used as the distributor. The beds
used were of 9.8 x 10-2m and 9.2 x 10-2m diameter, and the fluidizing
gases were carbon dioxide aEd helium at 293°K, and air at 293°- 823%.
The temperature fluctuations at the surfaces of the cylinders were

measured by 1.0 x 10-2m x 5.0 x 10_3m x5 x‘10_6m platinuﬁ plate glued

to the surfaces of the cylinders.

For a heat transfer system, the overall heat transfer is given
by :

h =h COhV-_,f.h

+-h rad (2.29 ) -

cond.
with the increase in particle size, the convective .component gains

importance over the conductive component, so that for corundum and

- - -4 -
chamotte particles 'of 1.6 x 10 4m, 3.2 x 10 qm, 5x 10 m, 2.5 x 10 3m

and 4 x 10_3m diameters, the contributions of the convective component

were found to be 10,15,30,60 and 90 percent respectively (65), For a bed
-3

of S x 10 m or coarser particles, the bed - to - surface heat transfer

coefficient is almost entirely made up from the convective component.



The radiative component increases with inc;ease in the temperature
of the radiative surface, and reaches 20—30% for a receiver surface
temperature of 998°k and bed temperature of 1123OK. The larger the
particle diameter, the larger the fractional quanfity of heat
transferred by radiation, a;though the absoclute quantify of heat
transferred by radiation is indepesndent of the particle diameter
(within the tested rénge ) and of the fluidizing velocity ( during

intensive fluidization );

Patel and Simpson (66) studied the wall-to-bed heat transfer
, coefficients in a parti%ulate fluidized bed of glass particles and a
aggregative fluidized beﬁ qf lead paréicles. They observed that'h’'
strongly depended on the particle sizé and porosity, but was indepen-
dent of the height_of the heater.surface above the distgibutor grid
and local bed property'variatiohs. The maximum values of 'h were

obtained at 70% bed porosity for both the systems.

Kubie, J. (67) operated an aggregative gas-fluidized bed of
sméll particles below the :adiétife témperatﬁre level; and found that
the transient. conductlion into the emulsion phase was responsible for
almost 90% of heat transfer; thé remainder being contributed by

’ i
superimposed gas convection. The results cbtained using a Pt-wire

probe in an inciplently fluidized bed containing a continuous single

stream of gas bubbles agreed with a theoretical model proposed.
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| | , :
Priebe and Genetti (68) ihve§tiga£ed the heat transfer coefficients

for a horizontal Bundle of finned tubes immersed in & air-fluidized bed.
Two types of tubes were used: (i) tubes with disconfinuous fins -- to
study tbe effects of heat flux and fin-spacing, and (ii) spinedltubes —
to study the effects of spine-height, spine/turn and spine matgfial. It
Was Qbserfed that 'h' decreased when particle size approached the fin-
spacing.'h'- values for copper spines were greater than those with staiﬁ-
less steel spines. Thére was little difference of ‘h’ for a'larger number
of spiﬁes/turn,-but the increased area ;nhanced the heat transfer rate.
Each type of Eube led to a cor;glation relating the heat tran;fer coeffi-

[ ]
cient to the system variables.

Al Ali and Broughton (69) observed certain peculiarities in
shallow fluiéized beds which are not noticed in deep beds - e.g., heat
transfer coefficients in shallow:fluldized beds were found to fluctuate
with tube location and bed depth, and a cloud effeét above the bed
occured which had not been previously reported. The heat transfer m;chanism
in the éntry region was considered in terms of bubble formation and

thermal gradient. Bubble formation appeared to have important effects

with fine particles, and thermal gradient effects appeared to be important
with large particles. The heat transfer data were correlated in the
conventional dimensionless group forms, and compared with the literature.

r

Good agreement with the results for cooled tubes was obtained.

Syutkin and Bologa (70) carried out experiments in a glass

- - : . -4
column with various narrow fractions of iron-powder { 0 -« 5 x 10 m).
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The temperature of the heater was 3130, 333%na BSBOK. The-temperatufe
in the bed was uniform to within 0.1-0.20. The appliéation of a longitudina
magnetic field decreased the heat transfer coefficient at low velocities
of the fluidi;ing agent, However, under certain conditions, the magnetic

field enhanced a sharply oriented intensive motion of the qispersed

particle and the heat transfer highly increased. The'ﬁmax'c‘?“ld be

increased by 45%.

B P

Denloye and Botterill (71) determined the coefficients of heat

transfer from an immersed cylindrical heater to a fluidized bed from

-quiscent condition to beyond the condition of maximum bed-to-surface heat

transfer. Air, argdn, carb®n dioxide and freon, at static pressures £

2 .
106'N/m s were used as the fluidizing agents. Particles with a range of

different thermal and physical properties were used as the bed materials.

A correlation  was developed to describe the particle convective component
7 H .

and the interphase convective‘component of the overall heat transfer
coefficlent. The latter formed an increasing proportion of the overall -

coefficient as particle'size'ana-operating pressure increased.

s

Elsdon and Shearer (72) reported that the heat transfer coefficient

of an‘immersed heater surface in a fluidized bed improved by applying an
alternating electric field to cause movement of the particles charged by
contact electricity. The optimum'h'océured at around 100 Hg when 'h’

Ty

increased by £ 140%.

Romanenko and Kazenin (73) étudied the heat transfer to a fixed

‘and a fluidized bed from a flat surface immersed at different angles to

~

to main gas stream in the beds.
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4

’
A correlation for the dependence of 'h’ on the gas flow rate and the

-~

anélevof orientation -of the plate was developed.

¢

Dietz (74) applied a dir;ct=current field on a fluidized bed of
glass beads, coated with food - colouring to render them semi-insulating,
with an immersed horizonfal rod ﬁeater. Low - strength field was found
to have no effect. As the field strength was increased, electromechanical
effects b;camé important, particle strings fqrmcd, mixing decreased, and

heat transfer coefficient decreased as a result.

N

. 2+3.3 Heat Transfer Between a Burning/High Temperature
Fluidized Bed and a Surface Immersed in It

v

The pioneering study in £his-fie1d was that conducted by Jclley
(75) who fluidized coal particles with air and operated the bed at
high (1073°-1273%K), as well as low (373°-393°%K) temperatures. The heat
transfer coeffiéients_were calculated~$y placing-a metallic cylinder
in the b;d for a measured length of time, and then fapidly transferring
it Eo a calorimeter. The important effect of radiation at high tempera-

tures was pointed out.

KﬁarchenkOﬂandfMakhorin:{76)_studied-the~heat transfer_between
'a copper alpha-calofimetér.of 0.66 m diameter and a high temperature
bed of sand'partic}eé fluidized by air and maintained at iBZOOK. Flue
gas was used as the fluidizing agent. The'diameterlof thé bed was

0.22 m. Experimental'results are shown in Figure 2.1. The authors

presented the following correlation :
0°2 006 —0.36

h = 33.7Rk d
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Zabrodsky et.-al. (77) generalised the available experimental
data.on .the heat transfer between high temperature fluidized beds and--

immersed surfaces, mainly- spheres and ‘horizontal cylinders. Particle

diameters and the physical and chemical properties of particlés and
fluidizing agents were the main system parameters. The following.two

generalised correlations were proposed :

O-
Nu = 0.861&1‘ 2 N : (2.29 )

Nu = 0.88 Ar 0-213 (2.30 )

4

-

The maximums in heat transfer toefficients were correlated as :

0.2 0.6  -0.36
Prax = 35'7[% ke. d (2.31 )

e

where de ; equivalent particlg diameter
fThe-three~ﬁentioned*corre1ations-gava good-results for the combustion
of gases in fluidized beds at 1473°K using air a; the fluidizing agent.
f% was 2000-4006 Kg/m3. The best gegeralisations-were‘achieved*by usiﬁg

the mean of bed and surface temperatures.

In a recent study, Yoshida-et.-al, (78) -inferred that the
contribution of radiation in the overall heat transfer in a fluidized

system is insignificant below 1273%Kk.

s

Baskakov et. al. (79) burnt a mixture of natural gas and air in
a tubular,labofatory'furnace consisting of 0.114 m i.d. alundum rings

using 3.2x10-4m diameter corundum particles as the fluidizing medium.

Y
ey

A
e
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Secoﬁdaryfair—w;s injected at 0.17 m above the distributor plate
through a 4x10ﬁ3m i.d. helical tube having 20 nos.of 1x10*3m -
2.Sx10_3m holes. A 0.1 m thick fireclay insulatingfiayer and two
external heater-coils of total 1.81 KW capacity helped reduce the .
thermal inertia. Beartemperatufes were measured by.a Pt—ét—Rh thérﬁo-
coupl?'in doubleTprotectgd-casing piaced~at 0.1 m above the cone .
distributor. The heat transfer coefficient was found to increase with
increasing bed temperature and velocity of the fluiding gas, while

increases in excess air, above 30%, decreased ‘h.

. . [ ] . ., . * .
Zabrodsky (80) discussed the heat transfer of a surface wetted

by a fluidized bed at elevated temparatures. The variable role of the

radiative component of transfer was discussed in particular. He indi-

cated the conditions for both qdditivity and non-additivity of heat

transfer components, and also conditions for the replacement of, the

- non~radiative component bydthe"r;diative one, Considerations were

presented about the selection of the so-called limiting temperafure.
Results of determination of the fluidized bed;effective~emissivity were

also discussed. It was observed that-upto 14OOOK, the effect of radiation
on heat transfer coefficient.was insignificant.

s

Pillai (81) recorded the transient response of spherical
caloricmetric probes of low Biot‘nuhberS‘plunged into shallow, heated -
air-fluidized beds. Heat transfer coefficients were measured at béd
téﬁ?eratures of upt071373qk. Bed heating was by means of premi*ed éas

combustion, but- all measurements were carried out in its absence.
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Farticles of silica sand, zircon sand and silicbn carbide, ranging
_ -4 _
in size from 2x10 m, to Bxloﬁﬁm, were used. A.correlation, fitting -

gome 400 data points to within ':10%,'was-6btained as :

-

0.82 0.22
= 0.365 @
Nu _x = 0-365 6, Ar (2.32 )

A figurative.representation of the correlation is given in Figure
2.2, S |
X ’ ;o

. Omar and Islam (82) studied the combustion and heat trénéfér
in a burning'fluidized bed. The éystem-consisted of a mild steel
column of 0.1016 m diameter and 0.3018 m height fitted with a driiled
pressedﬁasbgstos disfribytor‘plate. Sand particles, 7.15x10_4m in
diameter, were fluidized by a natural éas/air mixéure which was
ignited to maintain the burning bed, Heat transfer was studied by im-

mersing water-cooled copper coil within 9900-1356°K‘temperaturé
range.- It was -cbserved that’the radial temperature'profile was
uniform for all bed heights ( 0.0254m, 0.0508m and 0.0862m), and the
axial“t;mperature_préfile“increasedmlinearly above the distributor\
plate. Out of the two types of distribution pitches, the circular-
pitched distributor plate was found to be more effic;eﬁt; both'in
terms of pressur? drop and heat transfer;-The heat transfer coefficient

. was~évélﬁated to be in the range of 143-=250 w7m2 QK. The heat transfer

data for particles were correlated by generalised equations of ther
form:

b

'

(2.33).

-b
Ar =3, Re, 2 _ L (2.34)
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and—forithezcoil‘tubeiﬁthe“generalncorrelation—WaSvof~thb'form:

' b
Nu .- = a_-Re -3 _
ct 3 et (2.35 )

Figures 2.3 and 2.4 show the dependence' of the heat transfer. coeffi-
cient on the f1u1dizing velocity and the Nusselt—Reynold correlation

of data as obtained by Omar and Islam.

. A comprehensive review of the literature on fluidized bed
‘combustion and heat transfer ﬁavé been Qresented in_the preceding

Sections. It would now be worthwhile to discuss ‘in brief the mechanism
. .

of heat transfer in fluidized beds.

2.4 MECHANISM OF HEAT TRANSFER IN FLUIDIZED BEDS

Bed-walirheat,traﬁsfér:cpefficients-are larger than correspon-
ding gas-wall coefficients. Various models have been proposed to

account for this facts These fall into two classes (3):

i) those viewing thgfresistance_to;heat transfer within a rela-

tiveély thin region (<:dp ) at the wall (33,35,37,83 ).

i) those viewing the resistance in a relatively thick emulsion

layer ( >>dp'9 adjacent to the wall ( 48,53,84).
¥ - .

In addition, -some models have been developed which include both

types of resistances ( 32,38,85, 86).
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2.4.1 Theories . where-the Resistance-Rests—in.a thin Film.
at the Wall

The film theory, proposed by Leva et. al. (35,83) assumed
that-th; core of'the-fluidized-bed‘offered‘virtualiy.no resistance to.
heat floﬁ. Appart from them, Dow and Jakos {33) and Levenspiel and
waltoh (37) alsc considered the seéhring action of the descending
solids on the gas film to be responsible fo; decreasing the effective

s

film thickness and incréasing heat transfer.

The least calculated thickness of the film would occur in the
caselof contact between t;e wall and all the partiﬁles of the first
layer; and, for sphgrical particles, would be equal to dp/s (2). The
calculated thickness, however, generqlly differs by an amcunt which

depends on bed porosity, and is not directly governed by the particle

diameter.

-

Levenspiel and Walton {37) developed the specific model shown
in Figure 2,.5. They derived a simple expressio@ for the effective‘film
thickness for both streamline and turbulent flow conditions which
accounts for the—frequency-of-scouring of the £ilm and its growth rafe
as given by film growfh on,fléi platés; From this, the bed-wall heat

transfer coefficient was predicted as:

" 1) for streamline flow at the wall:

Nu = 0.417 (4 -5,.)0'5 Re 0°° (2.36 )
A1 e
2.1.5 3
where. A4 = (1_+B1 ) '4a

131' = 0.0294 (1-€ )0‘5 Rco's
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=~ MICKLEY AND FAIRBANKS (48 )



41

ii) for turbulent flow near the wall :

L O8%— "02 -
N = & °2‘ (1-€; ) Re : {2.37)
25" ’e '
wWhere A, = C|+E'>z.’25> - B
o8 o2 ) .
B”B. = 0478 CI—E") Re '

2

The streamline flow equation satisfactorily correlated their data for

air fluidized beds of coal, glass and silica'catalyst.

2.4.2 Theories where the Contacting Emulsion
provides the Resistance.

Mick;ey and Fairbanks (48) viewed the unsteady héating of
elements df packets of emulsion phase as the vehiéle for heat transfer.
These packets were viewed to rest on the surface for a short tlme, only
tq be swept away and replaced by fresh emulsion from the maln region

of the bed. The situation is shown in Figure 2.6.

' Considering a- packet of particles from the. core- portlon of the
‘bed and ‘at temperature Tb swapt into contact with a flat surface of
temperature Tw’ unsteady-state condition'yill commence on contact, and
- at any time t the*localﬁinstantaneous‘heat transfer coefficient—is given
by :

- (keBCny

(2.38)
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where ke and f% are the effective thermal conauétivity and density
of the packet of emulsion..Now,.the -time-averaged:-local heat transfers -
coefficient, h, should reflect the variation of hi with contact time,
as well .as the 'variation of contact time from one packet to another..
Thus'h is given by :
o _ ' :
h=§ h;I@)dt o (239
o N .
where I(t) is the fraction of surface occupied by packets of age
between t and t+dt. Substituting equation {(2.38) in equation (2.39 )
gives: . o5 '
k C - _
= (—"’—@———L) (2,40)
e d :
where t is the proper chafacteristic contact time of packeﬁs,

defined by :

©™° f. 1t » (2.41)
[=4 .
Equatlons (2.40) and (2.41) give the time-averaged heat transfer

coefficient for any age distribution of packets . on the surface.

To détermine I(t) and;itg,depéndence Upon the factors—-
controlling bed dynamlcs, and to further test the reasonableness of
the model, Mlckley et. al. (87) measured both the time-averaged and
instantaneous -coefficients—in fluidized beds. The instantaneous’
coefficients fluctuateﬁ.sharply, as shéwn in Figuré,2.7. The low
valﬁes.of hy can be attributed to gas bubbles moving past the surface,

and the. abrupt risé in h, to the sudden appearance of fresh packet of

i

emulsion phase at the surface.
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Botterilland Williams (53) considered the separate roles
played by emulsion gas and solids instead of assuming mean properties

for the emulsion. According to them, when fresh, cold emulsion

.contacts the hot surface, heat flows by conduction alone into the

gas and into the uniformly distributed spherical particles ‘touching
the surface. For the short emulsion contact times coﬁsidered, heat
cannot travel far into the eﬁulsion, hence a. layer of emulsion a bit
more than one particle diameter thick is all that need be examined;
The solids, with their large heat éaﬁécity, provide an effective
heat sink, so that heat t;ansfef is located.primarily in the region
around the contact points of particles with the surface. Because of.
thié; the heat flux can be téken to be proportional to the number of

contact points per unit surface.

.Ziegler et. al (B4) developed a model somewhat similar to

‘that of Botterill and Williiams yhere a particle is viewed to move to

\

the wall region where it is su&denly bathed by fluid at the wall
temperature. It absorbs heat from the gas by unsteady-state condﬁction,
while the gas témperature-remains unchanged and particle-wall contact:
is ignored. Assuming'a.rectinéulér packing fér particles, a
function for the residence time distéiﬁution of solias in the Qall
region, and a-mgan residence time of solids, E, in this region, they -
found that the Nusselt number is given by:

-2 A -T2
(1= —éﬁ—) [ -e(—%‘—ff)

N, = (2.42)




Eqn. (2.42 ) predicts a maximum value for the Nu of 7.2, which is
approached for very short contact time ;;or-for-very-smallfﬁarticle

_diaﬁeter.

s

2.4.3 Theories Accountinglfor Both -Thin Film and 1 w
Emulsion Resistances )

Van Heerden et. al. (85,86) proposed the first model of this
typé. They yisualisedtthat}the heatxtfansfer characteristic of a |
fluidized bed could be goﬁpared with the heat transfér behaviour of
a well=stirred liquid, wié% the interstitial gas flow serving princ%;
pally as a solids—conveying orfétirring agent. Thus the particles,
ow;hg‘to théir much gfgater heat capacity as combared to that of the
gas, were chiefly responsiblé‘fo: heat dissipation through the bed.
_In addition to acting asfstir;ing agent, the intersstitial gas was

believed to act as heat transferring medium between the adjaéent

particles,.-as well as between the;particles'and the confinihg wall (4).

A.somewhat,similar model was proéosed by Wicke and Fetting
(38). They considered that the total heat flux, g, into the unit
divides into two sepaféte components:-a radial component -qy. .and a
vertical compenent q?; the ?eiative values of which afe.height dependent.
The heat flux first passeg by éonductibn from the surface through a gas

layer of thickness. %%-.This.heatfis then -taken up by solids flowing



parallel to the surface .in a .zone of thickness 2£.,Someuofnthis.heat,5;f
qz;goes into sensible heat of solids; while the'rest,‘qr, is transferred-

into-the core of the bed by interchange-of solids.

- If qris:neglected, this model leads to the following equation

for the heat transfer coefficient to surface of immersed objects_(3)£

-

2hL , ke -
= leexp (-'2L 7f ) (2.43°)
k
£
where kK = j% (1-€__ ) C, §e
L = height o; the immersed object. )

B

A diagrammatic representation -of Wicke and Fetting's modél is given

in Fig. 2.8
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3.1 ASSESSMENT OF THE PREVIOUS WORKS

The published literature on fluidized bed combustion and heat
transfer have been discussed in details in the previous Chapter. A

critical review on these works are presented in the following paragraphs.

-

3.1.1 Fluidized Bed Combustion

Most of the fluidized bed éombustion studies concerned fhe burning
of coal. Studies on the combustion of gases in flui@iied beas are compara-
tively few in number ( 19-29,79,81,82). Among. the gaseous fuels, natural

A .
gas has been the most widely used (19—23,27,79,81382). A temperature range

of 11230-1375°K was common ih most of the combustion studies using

natural gas.:

‘Most of the combustion studies were centred on combustion alone,
and did not attempt to study the heat transfer potentialities of the

combustion systems.

3.1.2 Fluidized Bed Heat Transfer

The literature on fluidized bed heat transfer is quite .rich. Most
of the publishéd works used indirect heat transfer to or from the fluidized

4

beds. The three main types of heating éystems'used were:

i) external resistance heating (26,30,32,37,52)
i1i) external steam—jacketing (33,34,44)
1ii) internal electric immersion heaters (36,38,41,42,48,49,53,

55,57,62,63,71,72,74 ).
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The number of investigations with high temperaturé fluidized beds
is quite few (75-B2). Baskakov -€t. -al. {(79) and Omar and Islam (82) appear
to be the only investigators tc use direc¢t heat transfer gystem (1i.e.,

simultansous -combustion and heat transfer) in fluidized beds.

The essential difference between low and high temperature fluidized
bed heat transfer systems is the radiation effect in the later case which
increases the heat transfer coefficients to very higﬁ values; Though Yoshida
et. al. (78) and Zabrodsky (80) opined that radiational effects are insigni-

' . L
ficant beloQ 1273OK.(78) or 1400°K (80), failure to account for this effect

in high temperature operations may result in erronecus conclusions.

Jolley (75) operéted his bed at 1073°~1273%, but did not consider
the effect-of radiation;ﬂSimilarlfw Kharchenko-and -Makherin--(76) carried -
out heat tranéfer.studies at 1320°K, but neglected the radiational contribu-
tion;on the heat ﬁrEASfer-cogfficieht..Baskagov et. al. (79), on. the other .
hand, included the_fadiation effect, and obtained very high values (upt;

1150 WIm2 °k) of the heat transfer coefficient. The effect of temperature
. i :

[t
on the heat transfer coefficient, as obtained by Baskakov. .et. .al., is

presented in Figure 3.1..

Pillai, K.K. (81) burnt pre-mixed natural gas in a fluidized bed,

reachingftemperaturesTupt0”1373?K,.but carried out all heat transfer

measurements-in the absence of the combustion process -by turning off the

~
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AS OBTAINED BY BASKAKOV ET. AL. (79)
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fuel*éas supply when-the desired temperature was reached: As such, his . -
: ~
system also, in effect, was an indirect heat transfer system.

-Omar-and .Islam {(B2) premixed natural gas/air of variable ratio .
#o.be used as th;‘fluidizing agent for sand beds of three differept
initial héight5“{0.0254m,'0.0508.m and 0.0762 m). fhe‘tempe;ature ranged.
between 990° and iéSSOK.‘They used a 0.066 m diameter cdbper coil of
ten turns, made cut of B.35x10-3m diameter copper tubing, as the heat
transfer surface for all bed heights. With 30,60 and §o percent of‘the
coil immersed in the burning fluidized bed, théy worked out the overall
heat transfer coefficients ( including the radiative componené). Since
only one si;e, orientation and configuaration of thelimmersea heat
tfansfer furface was used, detailed study of the fluidized béd perforf

mance was not possible.LAs such,- more extensive research in this field

Was necessary.

" 3.2 QUTLINE OF APPROACH

The asses;ment of theipﬁblished 1iterature on fluidized bed
combustion and heat transfer clearly. indicated that investigations with
high temperafqre fluidigea beds, specially those cdhcerﬁing simultaneous
combustion and heat transfer in fluidized beds, were véry few in number.
A critical review of the earlier work of Omar and Islam (82) further
confirmed- that there was ample scope for further studies on.hea£ transfer

in premixed natural gas fueled fluidized bed combustion.syétems.PTo

decide upon the related syétém—vériables; a more extensive survey of.
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the literature was done, the findings of which are — summarised below. _

i) Immersed Heat Transfer Surfaces

Tubes.f30,32,48-51,55,57,63).and-cylinders (38;59?61,64,71,74,
75) are the common types of heat transfer surfaces used in fluidized. bed
heat transfer-Studies.~Some~authcfsﬁstudied“the*effect‘ofjtube orientation
within the fluidized bed (50,51,59,63), while some others studied the
heat transfer characteristics of finned tubes with different shapes
(58,68) and dimensions (63,68) of fins. Genetti ét. al. (63) also studied
the effect of tube orientatﬂbn on Ehe heat transfer characteristics of
finned tubes. Heat transfer studies with immersed surfaces bf other

configurations, viz., spheres (76,77,81), coils (52,82) and flat walls

(60,73), etc., are comparatively fewer in number.

ii) Bed Materials

Sand was the moét-widely-ﬁsed bed material (25,26,32,34,35,38,
41,50,51,55,57,59,76,81,82). While glass particles were very‘common in
low temperature studies (30,32,37,42,43,48,53,62,63,66,74), sand (81,82)
andwcofundum4pafticlés (79) were preferred in high temperature studies.
Uses of corundum particles in low tempefature studies are also quite a
few in number (19,22,36,38,47,59,60,64). Chamotte particles, though
ideally suited for high temperature operation, havé seldom been used

(52,65,76).



111) Bed and Particle -Fizes - -

In most of the previocus studies;—bed diameter of 0.1016 m or
1ess-mere-hsed.‘Likewise;uthe barticle sizes were-usually 0.001 m or
less. Larger size beds (32,50,51,75,76) and particles (33,37,38,52,75,

76) were used by only a few investigators.

iv ) Operating Temperatures -

The bulk of the fluiﬁized bed heat transfer studies were carried
: o
out at comparatively low temperatures ( below 800 K). High temperature

' operations are very few in number (75-82).

On the basis of the above analyses, the following programme

of study was outlined:

i) that, premixed natural gas/air of variable ratioc would be
used-to fuel..the-combustion ‘system, -and--heat-transfer studies would
.be undertaken by-direct immersion of the heat-transfer surfaces in the

burning bed.

ii)‘thati-coils-of,differenttdiameters-(0,0978 m and 0.0686 .m)
and heights (2;4 and 6 turns, @ 2 turns/0.0254 m}, 'and cylinders éf
different diamensions (0.0508 m dia x 0.0508 height and 0.0508 m dia.x
-0.0254 height) .and orientations Cvertical-and"horizontals yould:be used

as the heat transfer surfaces.
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iii) that, since.the bed -would be operated .at high temperatures,.

chamotté_particles would be used as the bed material.

iv) that, a'largeﬁsize(0;1524-m—diameter)~$éd‘would:be.used.ﬁa

[

v) that, large~size bed particles (1.545x10-3m) would be used as

-

the fluidizing medlum.

vi) that, the bed would be operated at high temperatures (:71000°K).

r

3.3 AIMS OF THﬁ PRESENT 1NV§§€IGATION

On the basis of the general outline discussed in the previous

section, the following main objectives were set for the present,investigationg

i) To make an upto date survey of the existing literature in the

field of heatwtransfér-in'fluidized7bedsaw1th-special‘atﬁention to heat- 'I

i

transfer in fluidized bed combustion systems.

ji) To design and operate a large (0.1524 m) diameter natural gas

fueled fluidized bed combustion system on a-continuous basis .{taking

. : =3
natural gas from the supply mains) using large-size (1.545x10 m ) Chamotte

particles as the bed material. , -

ii1) To study the heat transfer potentialities of such a combustion

A .

system. using the following two types of heat transfer surfaces: o

] '
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[

a) Copperteoils_nf7030918;mﬂand‘0.0686.m'diameter:made—£fom—~‘
0.00635 m copﬁer‘tubing. Three coils of each size, having

2,4 and 6 turns {2 turns/0.0254 m}), to be used.

b) Copper cylinders,. 0.0508 m diameter x 0.0508 m height and
- 0.0508 m diameter x 6.0254 m height, in horizontal and

vertical positions.

iv) To study the heat transfer characteristics of the system using
different initial bed heights and natural gas/air ratios.
. v) To develop Nusselt-Reynold correlation of the data.

vi) To compare the results obtained with those of the previous

investigators wherever possible.



\

Chapter 4

" EXPERIMENTAL SET-UP
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- .

r
1"

4.1 GENERAL ARRANéMENT OF EQUIPMENT ' . -

\

A géneral view of the experimental set-up is provided in

Figure 4.1 and Plate 4.1. The figure has been labelled with the

reference numbers placed in double brackets, i.e., as (( )).

Natural gés and compressed air from supply mains were pressure-
regulated by regulators ({ 1)) and (( 2 )), metered by meterS_t( 3)).
and ({ 4 )), and then passed through a mixer,piﬁe (( 5)) where the
fuel gas and air were premixed before entgring the fluidized be& tube, -~
- Non-return valves (( 6 )) and ({ 7)) were placed upstream of the mixe;
to guard against backfire. Pressure gauges (( 8 )) and (( 9 )) were
used to indicate fuel gas and air pres;ures. In the bed-tube,\the fuel
gas/air mixture was.passed upward through a packed bed of copper turnings
({ 10 )), and thence-through a distributorlplate (¢ 11 )); The mixed’
gases bubbled through the bed of flgidized sand {( 12 )) where it was
ignited by a pilot burner (( 13 )). Pressure drop across the bed of sand
was measured by a manometer (( 14 )), tapped below the distributor piat;;

at two diametrically opposite points.

" During heat transfer'study, the bed temperature was measured
by a Chromel-Alumel thermocouple (( 15 )), and the readings were recorded

by using a millivolt-meter (( 16 )).
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Figure 4.1: GENERAL VIEW OF THE EXPERIMENTAL SET-UP




THE EXPERIMENTAL SET UP.

Plate 4.1 GENERAL VIEW OF
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For.heat transfer studies, copper coils of diffé;ent diameters
and numbers of turns, and copper cylinderg (( 17')),of different
dimentions and orientations were connected to the water supply mains
through copper tubings, and were immersed "in the burning bed (( 12 )). f;
The inlet and outlet temperatures of watgr were recorded by thermomctersgﬂ

(( 18 )) and (( 19 ). The water flow-rate was measured by a previously

calibrated gallon meter ({ 20 )).

;‘1

A shiny metallic surface (( 21 )) was used as a mirror to view

the burning bed from a distance.

4.2 DESCRIPTION OF THE INDIVIDUAL ITEMS ) -

4.2.1 Control Instruments

i) Pressure control:

(a) Singer Model 2002 pilot-loaded pressure regulators were
uséd to bring down the supply preésures of natural gas

' 2 L, 2

and air (approximately 445 kN/m  and 700 kN/m

2
respectively) to around 190 kN/m ,

{b) Singer 1213-B domestic type requlator, placed down-stream
-of the main regulator, brought the gas pressure further

down to 103 kN/mz'fersupplying the pilot burner.
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c) Two Budenberg pressure gauges of 0-103.5 kN/m2

&)

i1

a)

b)

c)

iis)

a)

(0-15 psig) range, placed in between the regulators and
the meters, measured the supply'pressures of natural gas ‘/

and air.

The bed pressure drop was measured by a U-tube water
manometer.

Flow Control: -

A previously calibrated (by Titas Géé Transmission and

Distribution Company Limited) Singer Model AL-800 gas meter,
2
having a maximum working pressure 138 kN/m s was used to

measure the gas flow.

A previously talibrated ( by TGT&D Company Limited) Singer
Model CVM 3.5 meter, having a maximum working pressure of

2
862 kN/m ,was used to register air flow.

Water-flow was measured by a 'Niagara' gallon meter from

Buffalo Meter Co., U.S.A,

Temperature Control

The bed temperature was measured by dipping a ceramic
sheathed Chromel-Alumel thermocouple in the burning bed.
The readings were obtained from a millivolt-meter placed in

series with the thermo~couple.
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Inlet and outlet temperatures of the circulating water were

measured by ordinary mercury thermometers of 0-100°¢ range

with 0.1°C graduation.

The Bed Assembly

The fluidized bed-tube

The arrangement of the bed assembly is shown in Figure

4,2. The bed—£Lbe consisted of two pleces of 0.1524 m
diameter mila;steel pipes, flanged Eogethir. The lower part
was 0.1524 m in léngth, and was packed witﬁ copper turnings
to premix gas and air, as well as to prevent backfire. The
1ower end of this piece was closed with a 0 1524 m i.d.

threaded mild steel cap having a 0.0254 m gpening in the

A+
centre. The upper part of the bed-tubewas 0.4572 m long.

A mild steel supporting ring was welded 0.0127m below the
lower flange S0 that -when-the. .distributor plate was  placed

on this ring, the surface of the distributor plate was in

the same plane as the flange-surface.

A mild steel gasket, sanﬁwiched between two fireproof

asbestos gaskets, was placed in-between the flanges. Chamotte
(fireclay ) particles were then placed on the distributor

plate.

The upper part of the bed was lagged with a 0.0254m thick

layer of fireclay. No lagging was provided below the flanges.
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ii) Distributor Plaée

A sgecially designed ceramic plate 6f 0.1397m diameter and
0.0127m thicknéss, having 386 nos. apertures of 1.22x10-3m diameter in
6.35x10_3m circular'pitcﬁ { 1.e., the centre;to—centre distance between -
any two édjacen; apertures was 6.35x10—3m),was used as the distributor
plate. It was so placed on é mild steel '0' ring of 9,525x10-3m width
and 3.175x10—3m thickness in the lower part of the bed tube, that the
upper surface of the distributor plate was in the same plane.as'the
ﬁpper surface of the lower flange ( Figure 4.2). It was clamped on the
upper side by a mild steel gasket sandwiched betwe;n two'asbestoé
gaskets. To prevent any poésibility of leakage, graphite was applied

- N

on the metallic gasket and the flanges. The distributof—plate used in

the. experiments is shown in Plate 4.2.

iii) Sand Particles

Fire-clay partiéleé { chamotte) were selected as the bed
material for the study due to iheir particular su;tability for high
temperature operation, as also because very few'inbestigagions on
‘fluidiied bed heat transfer has been done using these: as bed material.
 The average particle sizé was 1.545x10-3m. Beds of 0.0254m and 0.0508m

height were used in the heat transfer studies.

A
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Plate 4.2 THE CERAMIC DISTRIBUTOR FLATE
USED IN THE EXPERIMENTS.,
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iv) Pressure-taps

Two 6.35x10_g% diametér ﬁressure taps were welded to the
lower portion of tﬁe bed tube-1.27x10—z§ below the distributor plate,
diametrically opposite to each other. These two points were subsequently
jéined tégether by copper tubing,-aﬁd tﬁe‘pressure—drop readings were

obtained from a U-tube water manometer.

v) Gas/air mixer ) : .

¢

A 1.0m iong hild steel pipe, 1.9x10-2% in diameter, was usedl
as the mixer. A concentric (tube—in-tube) type entry for the natural
gas and air stréams was used to reduce the chances of backmixing.
Design details of the mixer are shown in Figqure 4.3.

r

4.2.3 Combustion and-Heat-Transfer Systems

i) Pilot Burner

A 6.35x10-3m o.d c0pper.tubing, flattended at the end, was
used as the pilot burner. .It carried gas at a pressure of 103 kN/hZ.
The pilot burner was-used-.to ignite the bed, but as combustion of gas .

in the bed started, the piloét was turned off.

ii) Heat transfer surfaces

The following objects were immersed in the burning fluidized

beds to serve as heat transfer surfaces; N
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a) Copper coils of 0.0978m diameter:
- 2.turns (heat transfer area = 0.0305m2)
- 4 turns {heat transfer area = 0.042m?)

2
- 6 turns (heat transfer area = 0.055m )

- >

b) Copper coils of 0.0686m diameter: i
i \‘ * . . .
- 2 turns (hea transfer area = 0.0268m2) o -_(
"‘1».6 : 2 . v
- 4 turns, (heat transfer.area = 0.0354m )

~ 4
. - ) .
- 6 turns (heat tranéfer area = 0.044m2)
/\—\‘ .
c) Copper cylinders, 0.0508m diameter x0.0508m,long (heat
o~ 2 ’
transfer area = 0.0304m’)

-~ in vertical position

- in horizontal position

Vs

d) Copper cylinders, 0.0508m diameter x 0.0254m long (heat
transfer area = 0.02635m2)
- in vertical position

- in horizontal position.

The coils were made ocut of 6.35x10_3m o.d. copper tubing, and
had 2 turns/inch. The cylinders were made from 0.0508m (2-inch) diémeter'
copper pipe, and had 3.175x10-3m wall thickness. These ‘were connected
to the water supply line by 6.35x10_3m o.d. copper tubing. The inléé
and outlet copper tubings formed part of the heat transfer area ( as
the water temperatures at the ends of tﬁese two tubings could only be

measured), and have duly been included in the heat transfer areas
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mentioned above. Photographs of the heat transfer surfaces are

presented in Plates 4.3, 4.4 and 4.5.

4.3 DESIGN MODIFICATIONS

i) Distributor Plate

_
L : . ,

It was.origiﬁally-plénned that‘pressed-asbestos distributor
Plate with apefturgs in 6.35x£0-3m circular pitch, similar to' that

. «

earlier developed by Omar (11), would be used in the present investi-
gationss; Accordingiy, distributor plates of 0.1524m diameter and |
6.35x10 °m -thickness, with 7.937x10 %m and 1.19x1o'_3m apertures in.
6.§5x10—3m circular pitch, were prepared. Dufing opérééion, however,
the distributor.plqtes cracked‘within two minutes after fluidized
combustion started. In some cases, broken pieces of the distributor
plate were.thrown out of the bed with explssive sound. It was inférred
that these distributors were not suitable for fluidizéd bed studies
with beds 1arger'than*0.1016m'diameter ( i.e., the size used-by Omar);
as these could not withstand the thermal and mechani;al stresses

involved. Photograph of an asbestos distributor plate, before and after

use, is shown in Plate 4.6.

Thelsituation became very critical when three asbestos
distributors cracked, and no suitable material for the preparation of
distributors was in view. At this stage,‘it was decided to develop
diStributo; plates from ceramic material. Accordingly, a new type of

distributor plate was developed with the assistance of a local ceramic
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Plate 4.6 THE ASBESTOS DISTRIBUTOR PLATE

-- BEFORE AND AFTER USE.
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industry (88). The distributor plates.so developed were 0.1@33m in
diameter and 0.0127m thick. These had 386 nos. apertures of 1.22x10h3m
diameter in 6.35x10—3m circular pitch (Plate 4.2}, During operation,

" these distributors too, deﬁeloped hairline cracks ( Plate 4.7) at

high operating temperatures, but it was possible to continue the

experimental study without affecting the performance of the bed.

ii) Sand Particles .

Initially, ordinary sand particles were tried as bed materiéls
for the present study. However, these were found to agglomerate at
10000—12000K, and were, therefore, considered unsuitahble (Plate 4.8).
Subsequently chamotte (fireclay) particles were chosen to constitute
the fluidizing medium in view/their high melting point. The average size

of particles used was 1.545x10-3m.



Plate 4.8 VITRIFIED SAND.
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5.4 OFERATIO. OF THE FLUIDIZED BED SYSTEM

Before starting with the actual expériment, a few trial runs
were made using differént initisl bed Heights (0.0554 m and 0.0508 m)
to observe the overall pe;forﬁance of the fluidized bed combustion system.
The control instruments, describea iﬁ Section 4.2, were calibrated/
Ehecked for accuracy at this stage. The procedures for calibration are

presented in Appendix-A.

It was observed during the trial runs that during fluidi‘zed'
combustion, the bed temperature sometimes rgse toc high to be measured
with a Chromel-Alumel thermocouple. Such high temperature could not be
measured, but from the cracking of the ceramic sheaths, it was estimated
to be approx1mate1y 1673 K (89). Moreover, at temperatures beyond 1473 ¥,
the bed particles tended to defluidize and fuse togethér. This was not
unexpebted, as fireclay particles have a maximum working temperature
of 1473°K, beyond which it gradually softens (4). A view of the fused

bed particles is shown in Flate 6.1.

In view of the above constraint, it was decided to operate the
bed below 1473°K by immersing thg water-tooled heat transfer sﬁrfhces
within the bed throughout the combustion procéss.'oﬁly duringltemperature-
profile studies the heét transfer surface was removed, and gas burnt with

sufficient excess air to keep the temperature below 1473QK.



MOTTE PARTICLES.

SED CHAL

1 FU

-

Plate 5



49013

63

5.2 OBSERVATIONS DURING THE OPERATION OF THE BED 2

When the bed was iénited by the pilot burner, a blue flame
above the bed-was clearly visible éhrough the metallic mirror surface.
After sometime, as the bed got gradually heated up, gross instability
and agitatibn established wiéhin'thézbed,'and the fuel gas/air mixture
continued to burn with exnlosive'sound -the flame tending downward and
burning within the bed. Within a short time, the bed particles became
red-hot, and a glowing-red burning bed was attained. At thils stage, the

1

bed looked like boiling molten metal.

5.3 STUDY OF THE PHYSICAL CHARACTERISTICS OF THE BURNING BED

A procedural approach similar to that described in the following
Bection was taken to study the following physical characteristics of the

burning fluidized bed:

i) time required to attain glowing-red fluidized beds for diffe-

rent initial bed-heights.

ii) radial and axial temperature profiles of the burning fluidized

beds.

i1i) bed pressure drop vs. flow relationship.
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5.4 PRCCEDURAL AFPROACH IW FLUIDIZED BED HEAT TRANSFER STUDY

Wl

To study the heat transfer in the fluidized bed combustion
systém, the following procedural steps were taken in chronclogical
order: g

2 ' .
"i) The distributor plate was placed in position as shown in

4
N -

Figure 4.2.

ii) The bed-tube was fixed in position, and joints in natural
ges and compressed alr supply lines, as well as in the bed assembly,
were checked for leakage by blowing cémpressed air and applying soapy-

-

water at the joints.

iii) A measured quantity of the sand was poured into the bed-tube

so as to make up a pre~determined initial bed-height.

iv)} The desired heat transfer surface ( coil of a certain
diameter and number of turns) was immersed in the particle bed and

connected to the water supply line.

v) The control valve on the water supply line was turned to

full open, and the water flow rate was measured by a gallon-meter.

vi) The thermocouple was dipped half-way into the bed and

clamped in that position.
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vii) Valves on the alr supply line were opened, and the supply

pressure and the flow rate were set at around 190 kN/m2 and 6.BX10-3m3/s,
respectively.

viii) The 'pilot burner was lighted and placed inside the bed-tube.

ix) Valves on the natural gas supply line were-dpened and the

supply pressure was set at around 190 kN/mz.

!
x} As soon as the bed got ignited; the pilot burner was turned
|
off. '

xi) The bed performance was observed through the metallic
mirror surface, and the time required for the attainment of glowing-red

fluidized bed was notéd.

x1i) The éas‘flow rate was noted from the gas flow meter.

.

“

xiii) The preséure—drog across the burning bed was noted from

a U~-tube water manometer.

xiv) When steady-state condltion was attained, the inlet and
cutlet temperatures of the circulating water were noted from the thermo-
meters.

xv} The water flow rate was changed, and step (xiv) was repeated

/
for threedifferent water circulation rates.

xvi) The gas flow rate was changed, and steps (xii) to (xv) were

repeated for three different gas flow rates.

o



xvii) After completing the set of experiehentgl_runé,ffﬂe fuel

éas and air supplies were turned off. A typical data sheet for a set

of readings is shown in Table 5.5.1. - .

xviii) The thefmdcouple was lifter up and placed on a cradle.

¥ix) The water supply was turned off, and the heat transfer

surface replaced by a new one.

: xx) Steps (iv) to (xix) were repeated for ten different types/
: .
fo;ms of heat transfer surfaces ( Coils of two different diameters

and three different numbers of turns, and cylinders of two different

diamensions and orientations).

xxi) Additional sand was poured into the bed-tube upto ancther

desired height. -

xxii) All steps from (iv) to (xx) were repeated for two different

initial bed heights.

A set of readings was taken without pouring any sand into the

L]

bed-tube.
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5.5 EXPERIMENTAL DATA

]

~ Experiments were carried eut keeping the air flow rate éenstant
at or around 6.3x10_3 m3/s,-the correspending gas flew rates varying
frem 2.7x10-4 to 6.2:»1:10‘-4 ﬁals. The censequent flge-gas velocities and
bed tehperatures ranged betwéen 2,51 ~3.48 m/s ahd'11309-1459°K
;eSpectively. A ceramic distributpr plate with heles in circular pitch
and ten different heat transfer surfaces were used in the experiments.,
Details ef-the distributor plate and the heat transfer su?faces have
been given in Chaper 4. Chamette particles with 1.545 x 10-3m average
diameter censtituted the bed material. Readingg were taken with th
different initial bed helghts, vii., 0.0508 m and 0.0254m { ene and
two inch). Heat transfer studies were undertaken by circulatihg waterv
tﬁﬁugh the immersed heat transfer surfaces. The water circulatien rate
varied frem 104.6 - 26.8.5\1.cg_/hr. a
A typical data sheet fer run ne.130 is presented in Table 5.1.

- Sample calculations fer this particular run are presented in Appendix-C.

5.5.1 Pressure-drep Characteristics

Pressure-—drep acress the bed asseﬁbly were measured fer different
) . . : |
fluidlflow rates at roem temperature, the results of which are presented

in Table 5.2(1) and Figures 5.1 and 5.2 where the pressure dreps (AP)
have been plottéd agaihst fluid velecities (uf ) and particle Reynelds
numbers en leg - leg plofs.

The pressure-drop data fer the burning fluidized bed are
presented separately in Table 5.2(ii) and Figure 5.3 as function ef

particle Reyneld number for iypical heat transfer surfaces immersed
in the bed., ' B



68

Table 5.1 A Typical Data Shee£

1)

Run ne.

ii) Distributer plate

iii)

iv)
v )
vi)

vii)

Flew area in distributer plate,.

percent {(tetal area ef apertures/

distributer cress-sectional area)
Ny

- Static bed heéigh

‘Bed particles

Particle size

Immersed heat transfer surface

viii) Ceil diameter

ix)

x)

Number ef turns of ceil

Tetal heat transfer area

. -3 ‘
(Ax 6.35%x10 m x tetal length

- xi)

xii)

of tubing, m )
Alr flew raté

Gas flew rate

| xiii) Air supply pressure

xiv)
xv)

xvi)

Gas supply pressure
Bed pressure-drep

Time for redness

xvii) Bed temperature

xviii) water flew rate

xix)

xx)

Water inlet temperature

Water outlet temperature

130

Ceramic distributer

0.618% _
(386 nes.apertures of

1.22x10—3 m dia each )

2 inches (0.0508m)

Chamette

3

1.545x10 ~m

Copper ceil (made of

_6.35x10"3 m diameter tubing)

2.7 inches (0.0686m)
4-(2 turns/inch )

0.0354 m?

- 5 c££/0.37 min (6.378x10"7nd/s)

=Q5cft/0.42 min (5.618#10‘4m5/s) |

- 13 psig (191 xN/m?)

~ 13 psig (191 kN/m?)

14.4 inches water (3587 N/m?)
18 minuteé

44 mv

8.55 1bs/0.99 min (235kg/hr)
26°c. '

59°c
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?able 5.2 Pressure-drep Characteristics.

A) At reem temperature

Initial Fluid velecity, | Particle Reynelds Pressure-drep
Ar?ﬁghheight. u, (m/s’) VNo.(Rep=dp u F}A%f ) AP |
; j o (N/m? )
0.5968 971
° 0.6439 1096
0.6991 1245
6.8156 1569
) 0.5872 40.0 1848
‘ 0.6273 42.7 1943
(0.0254m) " |
0.6672 45.4 2092
0.8094 5542 2520
0.6118 41.6 2217
: 0.6273 42.7 2291
(Ofosoem) 0.7196 49.0 2540
0.8156 5546 2839

" B) Fer the burning fluidized bed-

-

Initial bed Particle Refnelds Pressure-drep,
height, inch no.(Rep= dp ug F?/Qkf) AP '
T (N/m2 )
o1 : 18.31 3188
(0.0254!!1) ‘ 19.18 2989 .
| _ 20,06 2790
- 17.80 gggg
(0.0508m) 20,06 3238
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5.5.2 Time for the Attainment eof GloQing-red
Fluidized Bed

The time taken by the Chamette particles to become glewing red
was neted for both one-- and twe-inch initial bed heights using the

same fuel/air ratie. The results ‘ebtained are presented in Table 5.3.

Table 5.3 Time Taken by the Bed te Become Glewing-red

Bed material - : Chamotte

Particle diameter 1.545 x 10 ° m

i -

Air flow rate 6.3:{10-3 m3/s

. : - 3 ’

Gas flew rate : ¢ 5.755x10 4 m /s
Initial bed . Weight ef the Time for .
height, = bed particles, redness,
inch S kg minute

' {
1 (0.0254m) 0.5426 16
2 (0.0508m) .  1.0852 _ 18

5.5.3 Temperature Measurements

The,temperature.measurements were méde by-a ceramic-sheathed
Chromel-Alumel thermoceuplé,.and the readings were ob£ained frem a
milliveltmeter;'For each bed height, beth radial and axial tempera-
éure prefiles were measuked. These measurements were done at fuel

' gas and air flew rates of 3.0x10 % m3/s and 6.3x10 > ma/s,
respectively. The results obfained arelpresented in Table 5.4 and‘

Figures 5.4”and 5.5.
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Table 5.4 Temperature Prefiles

1) Radial temperature prefile
a) For 0,0254m bed, thermocouple was '0,0127m above distributor
b) For 0.0508m bgd, thermocouple was 0.0254m above distributor

igi;i:f gszh Distance frem Bed temperature,
- the centre eof
' the bed, inch °x
1 0.0 1302
4 1.0 1302
(0.0254m) 2.0 1302
) - 2.75 1288
2 0.0 1280 .
1.0 1280
(0.0508n) 2.0 1280
' 2,75 1266

i1) Axial temperature prefile

(thermocouple was placed at the centre of the bed)

~ Initial bed Distance from Bed temperature,
height, inch the distribu-
- teor, inch °k
1 0.125 1323
: 0.5 1302
{0.0254m)
1.0 1281
2 0.125 1308.5
(0.0508m) | 1.0 1280
. m .
2.0 1251.5
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5.5.4 Heat Transfer Studies

Fer heat transfer studies! water froem supply mains was
circulated through the ﬁeatrtransfer surfaces ( ceoils and cylinders)
immersed in the bﬁrning bed. The bed temperature was measured by a
Chremel-Alumel thermocouﬁle, and the iﬁlet and outlet temperatures
of cifculating water were neted from twe mercury thermemeters. A

gallen meter in the water supply line indicated the water flew rate.

with the air flew rate kept c;nstant, the flew rate if
natural gas was varied te ebtain different fuel/air raties (!i.e.,
d%fferent bed temperatures). Fer each fuel/air ratie, thé-waée: flew
rate was varied and thg.outlet water temperatures were noted.%The‘
j

1
inlet temperature ef water was found te remain censtant. The heat

transfer data are‘presented in Tables 5.5 (A,B & C )and 5.6 (k,B & C).

Since the axial temperature variatien within the bed was very‘
small cempared to the bed temperature, the arithmetic -mean-ef
temperatures at the tép and the bettem ef the bed (i.e., the tempera-
ture obtained by placing the thermeceuple half-wa& dewn inte the bed)
were censidered te represent the average bed temperatureé. The wall
resistance ef the cepper tubing/cylinder te\heat transfer was

neglected.

The inlet and eoutlet tempefatures of the flewing water were

measured at the entry and exit peints ef the cepper tubing in the bed



assembly and the heat transfer area was calculated en the basis

of the teotal expesed area upte the upper end ef the bed-tube.

A set of readings were. taken in the empty ped-tube te
evaluate the enhancement in-heat transfer efficiency due te the

presence of the bed particles, and are presented in Table 5.7

(A, B & C).
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Table 5.5 Heat Transfer Data for one—inch Bed (0-0254m)

A. Immersed surface: Ceil ef 0.0978 m diameter;

244 & 6 turns ( 2 turns/inch)

No. Heat Air flow| Gas flow| Bed Water Water
of transfer rate, rate, temb, | pun |flew rate, temperature |
turns |{. area,m m3/sx103 m3/sx104 o Ne. kg/hr o
(a_ ) (Va ) Vg ) ¢ o) i 2 Inlet Outlet
. a3 kNP ab 1ot ke (Tyip (T, e )
; 1] 268.5 52
4.424 1416 | 2| 232.7 26 56
' 3| 201.1 60
4| 268.5 , 50
2 0.0305 6.3 3.932 1344 5 202.3 26 57
| 6 |” 190.9 | 58.5
7| 183.7 53.5
3,371 1287 | g | 208.4 26 51
' g | 225.2 48.5
: . 110 | 187.4 67
4.290 1387 |11 | 158.7 26 | 74
12 | 125.8 87
13 230.8 56
4 | 0.042 6.3 3.826 1344 |14 | 160.5 26 70.5
' 15 | 124.7 82
16 | 172.4 62.5
3.371 1273 {17 | 186.2 26 58,5
18 | 230.8 53
_ 19 | 209.9 83
4.567 1402 |20 | 154.2 26 87
21 | 179.0 93
2o | 188.7 80
&6 0.055 6.3 4,226 1344 23 176.6 26 85.5
. 24 155.1 92.5
25 | 188.4 65.5
3.371 1244 |26 | 155.1 26 75.5
- 27 | 135.5 81.5,
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B. Immersed surface: Coil ef 0.0686 m diameter;

2,4 & 6 turns ( 2 turns/inch)

Ne. Heat Air flew | Gas flow | Bed Run | Water flew Water tempe-
of transfer rate, rate, temp., Ne. rate, rature,
turns; area,m? m3/sx108 m3/sx104 i % kg/hr oc
(Ag ) ( vy ) (vg ) (T, ) (W, ) Inlet | Outlet
(Twi ) | (T, )
28 199.4 47
3.725 1344 | 29 151.8 26 54
30 115.4 62
_ 31 268.5 39
2 0.0268 6.3 3.077 1273 | 32 186.1 26 45
. ' 33 134.2 51
34 104.6 52
2.696 1173 | 35 184.9 26 41
, 36 258.1 36.5
37 236.6 50
3.826 1359 | 38 214.8 26 53
: 39 166.2 60
40 236.6 46.5
4 0.0354 6.3 3.371 1287 | 41 208.4 26 49
' 42 116.3 67
43 236.6 43"
3.077 1216 | 44 155.1 26 52
: 45 116.3 61
- 46 236.6 56
3.879 1344 | 47 142.5 26 75
48 109.5 89
. 49 182.5 : 61
6 0.044 6.3 3.495 1287 | s0 147.2 26 69
51 116.3 80
52 116.3 71
3.146 1187 | 53 158.7 26 59.5
54 180.4 55




C. Immersed surface: Cepper cylinders- I.0.05m dia.x0.05m height
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11.0.05m dia.x0.025m height

Cylinder| Head Air flew| Gas flow | Bed Run | Water flew| water tempera-
Ne. transfer| rate, rate, temp.{ No. rate, ture, o
area,mz' 3 3 m3/sx104 ok kg/hr '
mZ/sX10 } Inlet [Outlet
(Ac ) (Vg ) (T, ) (Wy,
(vy ) ’ (Twi (Two )
i 55 225.2 48
3.453 1344 56 202.3 26 50.5
57 151.8 58
58 225,.2 45
0.0304 | 6.3 3.111 1273 59 190.2 26 48
I(verti=- 60 168.2 49.5
cal pesi- . —
tien) _ 61 124,7 53
2.919 1187 62 151.8 26 48
' 63 225.2 41
64 211.5 | :
3.411 1316 65 155.1 26 53
66 135.5 57
.| 67 211.5 44
I-therizend 0.0304 6.3 3.111 1259 68 190.0 26 45.5
tal posi- 69 160.5 49
tien) . 70 | 124.7 50.5
3.012 1173 71 151.8 26 46.5
72 211.5 41
73 206.8 44,5
3.630 1316 74 188.9 26 46,5
75 164.3 49,5
76 206.8 43
II- 0.02635 [6.3 3.331 1230 77 198.0 26 43.5
(vertical 78 | 156.9 46,5
pesition)} : :
79 130.5 48
2.980 1130 80 151.8 26 45,5
81 176.7 43
82 214.8 46
3.677 1387 83 174.5 26 50.5
84 142.5 ' 56
85 199.4 44 o
II - 0.02635 [6.3 3.181 1302 86 183,7 26 45.5
(herizen- 87 150.1
tal pesi- : 88 214.8 40
tien) 2.949 1216 89 164.3 26 44
' ' 90 142.5 47 .

et

Ty e
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Table 5.6 Heat Transfer Data for Twe—inch Bed CQ-OSO@wf)

A. Immersed surface: Ceil of 0.0978m diameter;
2,4 & 6 turns ( 2 turns/inch)
Ne. Heat Air flew| Gas flew| Bed Run | Water flew Water temperature,
'| of transfer| rate, rate, temp.,| Ne. rate, oc
turns| grea,m? m3/sx103| m3/sx104] o ?g/hf Inlet| Outlet
(Ac ) ) Ww
c ot 18 Do | o V9 bl (Tp ) (Twid | (Twe )
91 | 253.0 49
5.755 1416 92 228.0 26 53
93 184.7 58
. 94 159.4 60
2 0.0305 6.378 4.537 1344 95 181.8 26 56.5
T 96 211.5 52
; 97 -] 215.5 44
‘ 3.188 1216 98 181.8 26 46
: : . 160 247.5 61.5
5.243 1359 101 193.9 26 70.5
; 102 179.0 75
- 103 200.6 67.5
4 0.042 6.742 . 4.626 1302 104 | 223.7 26 €3
i ; 105 247.5 59
- 108 164.7 68
- 109 | 204.1 78
5.487 1302 110 184.7 26 82
111 176.7 B4
) 112 215.5 . 70.5
114 173.1 82.5
115 |171.1 77
4.068 1216 116 179.0 26 76
117 215.5 67.5

"

AN



B, Immersed surface: Ceil of 0.,0686 m diameter;
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2,4 & 6 turns ( 2 turns/inch)

Ne. Heat Air flew |Gas flew | Bed Run | Wwater flew Water tempera-
of transfer 3rate,3 3rate,4 tempe.,y| No. rate, ture, eo. |
2
turns ax(r:Z,r)n m {‘s’x‘l(;.) m(‘/,sxgo ?KT ) l(cg/hr Inlet [Outlet
a g b w (T M (Tye ?
118 232.7 49
4.916 1416 | 119 207.8. 26 52
120 176.3 57
121 237.4 46,5
2 0.0268 6.555 4,452 1359 | 122 215.4 26 49
: 123 | 181.8 53.5
124 258.5 42
3.687 1287 (125 237.4 26 44,5
' 126 176.3 49
‘ 127 242.4 €0
6.209 1416 {128 206.1 26 66.5
129 174.7 74
130 235.0 59
4 0.0354 6.378 5.618 1359 |131 187.7 26 66.5
133 | 242.4 51
4.213 1216 |134 217.5 26 54
135 | 204.1 55.5
136 228.0 . 69
5.618 1416 {137 204.1 26 72
138 184.7 78.5
13¢% 258.5 59 i
6 0.044 6.555 3.745 1316 |140 219.5 26 63.5
1141 181.8 73
142 187.7 63
3.371 1216 143 211.5 26 59
144 254.5 55 |
; |
l.
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C. Immersed surface: Cepper cylinders - I. 0.05m dia.x0.05m height
‘ II. 0.05m dia.x0.025m height

zylin— ieat . Aizail'w Gas flew | Bed Run | Water flew |Water tempera
o Ne- aizzsmcr m3/sx163 3;at264 temp., |Ne. rate, ture, °c
A ’)- ) o=/ 8X oK kg/hr Inlet |Outlet]
c a (Vg ) (T, ) (wy, ) (Tyy 7 [(Tye
145 | 213.5 53
5.755 1430 [146 | 170.3 26 59
147 | 153.3 63
148 | 168.6 ta
I- 0.0304 6.21 4.815 1330 [149 | 184.7 26 52
(verti ' ' 150 204.1 49
:ziif;; 151 | 213.5 a5
4,319 1244 152 | 193.9 26 47
153 | 168.6 50
154 | 211.5 53.5
5.755 1459 [155 | 180.1 26 59
156 | 172.4 63
157 | 155.1 56
I- 0.0304 6.378 4,916 1330 |[158 | 186.8 26 52
(herizen 159 | 214.2 49
_;zzi.g' 160 | 211.5 ad
3.806 1216 |161 | 184.7 26 47
: 162 | 155.1 51
163 | 204.1 49
5.020 1387 |164 | 171.1 26 52
: 165 | 162.6 54
166 | 204.1 47
II- 10.02635 6.378 4,626 1330 167 184,.7 26 49
(verti- 168 161.6 52
g?iif:; 169 | 204.1 40,5
4.139 1187 [170 | 166.2 26 44
171 | 147.32 46
172 | 215.5 50
5.129 1416 |[173 | 190.7 26 53
174 | 168.6 57
175 | 211.6 _ 47
II- 0.02635 | 6.05 3,999 1302 [176 | 166.2 26 52
{herizen : 177 143.6 56
tiin?.d 178 | 143.6 50
3.687 1216 [179 | 190.7 26 45
180 | 215.5 42




- 80

Table 5.7 Heat Transfer Data for Empty Tube

A. Heat transfer surfacei Coil ef 0,0978m diameter,

2,4 & 6 turns { 2 turns/inch)

Ne. Heat Air flew |Gas flew | Bed Run | Water flew Water
of transfgr gate, 3rate,4 temp.,| ne. rate, temperature,
turns ?rea,? m~/sx10 m~/sx10 ey kg/hr, °-
A ) (Wy )
<’ | Ya) (Vg (T, ) W Inlet |Outlet
at 12t ki ak 191 k)] (T )| (. )
wi we
181 268.5 37.5
| 4.967 1259 182 214.8 25 40
| 183 | 156.9 a4
l .
| 184 | 268.5 35
2 0.0305 6.3 |- 4.642 1216 185 196.6 25 3B.5
186 160.5 41
187 268.5 32.5
3,932 1102 188 205.3 25 35
189 138.2 38
o 190 232.7 38.5
4,567 1216 191 199.4 25 " 41
192 164.3 44
193 150.1. 41.5
4 0.042 6.3 4.164 1144 194 198.0 25 38.5
195 216.5 37
196 232.7 34.5
3.775 1059 197 184.9 25 36.5
198 150.1 38.5
199 209.9 44
4.967 1259 200 145.4 25 50.5
201 117.3 56
202 196.6 38.5
6 0.055 6.3 4,080 1130 203 173.4 25 40
204 129.3 45
205 203.8 36
3.826 1073 206 166.2 25 38.5
207 129.3 41.5
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B. Heat transfer surface : Coil ef 0.0686m diameter;

81

2,4 & 6 turns ( 2 turns/inch)

Neo. Heat Alr flew | Gas flew | Bed Run | Water flew Water
of. transfer 3rate,3 rate, temp., Ne rate, temperature,
turns.| area,m 4 " | xg/hr e
N ') . m /sx10 m3/5x10 °K .(gé ) . C
< (vy ) v ) (T, ) W Inlet Outlet
g (Tys ) (Tyq)
208 279,2 ' 36
4,882 1244 209 214.8 25 38
210 170.3 41
211 | 220.1 34
2 0.0268 6.3 3.988 1102 212 181.4 25 35,5
213 143, 7 3745
214 | 273.8 30.5
3.630 1044 215 | 218.1 25 32
’ 216 174.5 33.5
| 217 | 244.9 A 36.5
4.815 1230 218 218.1 25 37.5
219 148.5 41.5
. 220 244,9 . 33.5
4 0.0354 6.3 4.226 1159 221 218.1 25 35
222 176, 7 38.5
) . 223 244.9 33.5
4.092 1130 224 | 177.9 25 36
225 148,5 38.5
, 226 | 225.2 39.5
5.148 1302 227 181.3 25 44
228 142.5 49,5
229 197.0 36.5
€ 0.044 6.3 3.988 1102 230 164,.3 25 39,5
231 | 138.2 43
232 | 138.2 , 41
3.806 1073 233 | 174.5 25 38
- 234 225.2 35.5

Y
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C. Heat transfer surface :

82

Cepper cylinders-I}0.05m dia.x0.5m height

II) 0.05m dia.x0.025m height

Cylinder [Heat Air flew Gas flew | Bed Run |Water flew| Water
Ne. transfer rate, rate, | temp.,|Ne. rate, tempera-~
area,m?2 m3/sx103 m3/sx10 e kg/hr ture,
( A ) (Vg ) (Vg ) (T ) (W, ) °c
Inlet| Qutlet
(Twi) (Tw.)
235 225.2 33.5
4.226 1159 | 236 183,7 25 |35.5
237 138.2 36.5
238" 211.5 31.5
I- 0.0304 6.3 3.826 1073 | 239 173,4 25 | 34
(verti- 240 - 138,2. 35
C?l peo- 241 160.3 33
sitien) 3.539. 1016 | 242 122.3 25 | 35,5
243 87.8 ' 37.5
244 218.1 35.5
4,567 1216 [ 245 || 186.2 25 |37
246 138,2 40
) 247 138.2 37
I - 0.0304 6.3 ..3.879 1087 | 248 181.3 25 | 34,5
(herizen- 249 218.1 33.5
t:;.§°?l“ -‘ 250 218.1 32
3.539 1016 | 251 174.5 25 |34
' 252 126,.9 36
253 202.3 37.5
- 4.719 1230 | 254 168,2 25 | 40.5
255 110.8 45.5
256 200.9 35.5
II- 0.02635 6.3 4,226 1159 | 257 142.5 25 | 38.5
(vertical 258 120.4 40.5
pesitien) 259 202,.3 34.5
3.988 1102 | 260 158.7 25 |36.5
261 108, 2 40
262 218.1 35.5
4.567 1216 | 263 157.8 25 |38
264 112,.6 43
‘ 265 208.4 33.5
II- 0.02635 6.3 3.775 1073 | 266 181.3 25 | 34,5
(herizen- . 267 - 134.2 36.5
tal pesi- 268 208.4 32
tion ) 3,254 959 | 269 155.1 25 133.5
270 112.6 36.5
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6.1 CALCULATED RESULTS OF HEAT TRANSFER STUD1ES

The velocities of the flue gases, and their physical and
thermephysical preperties (density, viscesity and thermal
coenductivity) were evaluated at the prevailing bed temperatures

assuming cemplete cembustien ef the fuel gas within the bed,

In erder te correlate the experimental results, the

perf.rmance of the heat transfer system and related dlmensionless

"

1
quantitles were evaluated at the: working bed temperatures in the f
[

followlng manners:.

i) Overall heat transfer Eoefficient:

The ameurit ef heat'transferred'to the flewing water was

calculated frem the equatien: _ i ‘ C,

A

Qw = “w ocw - (Tw. - Twi ) ( 6.1 )

Assuming sﬁaiafiiﬁbzheat transfer, the same ameunt ef heat

was transferred frem the burning bed, i.e.,

Q‘h « A .AT

w™ e ¢ m ' | - ( 6.2 )
' ]
where .AT-m = (thi —ASTZ )/2.303 leg (.AT‘Il /ASTZ ) E
z
ATy =Ty =Ty .

ASTZ = Tb - Two




i1) Particle Nusselt and Reyneld numbers

Nu_ = by d /k ( 6.4 )
Re, =djug Pe/ /g (6.5 )

. 411) Archemedes number

i L
Ar-:dp ege /%ulk .f%//(f2 (6.6 )

iv) Efficiency ef energy utilization

l
! “Q:Q‘;/Qi

where . Qi = heat input by cembustion ef natural gas.

i : -
'For each flue-gas velecity, the everall heat transfer

1 _
coefficient, particle Reynelds number, Archemedes number and rate

I
of heatllnput were calculated. Particle Nusselt numbers and heat
transferred te flewing water were calculated at different water
circulatien rates fer each fuel/hir ratie. The calculated results are

presented in Tables 6.1 A, Band C ) te 6.3 (A,B and C ). Detailed

sample calculations are presented in Appendix-C.

6.2 CORRELATIONS OF THE EXPERIMENTAL RESULTS

i) The everall heat transfer ceefficients (h ")} are pletted
: in
against the flue gas velecities (u )[rectangular plets in Figures

6.1 te 6.9,

v e
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11) The particle Nusselt numbers { Nuj ) are pletted against
particle Reynelds numbe;s ( Rep ) in leg-leg plets in Figures 6.10 te

6.15.

iii) The Archemedes numbers ( Ar )' are pletted against particle

Reynelds numbers { Rep } in ligarithmic plets in Figures 6.16 te 6.21.

iv) The efficiencies ef energy-utilizatien (1zl’are pletted
against percent excess of alr (Cﬂé ) in rectangular plets in Figurés

6.22 te 6.24.
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Fable 6.1 Calculated Results fer One-inch Bed

A. Immersed surface: Ceil of 0.0978m diameter;

2,4 & 6 turns (2 turns/inch)

Ne. ' |Percent ?1ue—gas Particle | Arche- | Run | Heat Effi- Heat Particle
of excess velecity, |Reynelds | medes Ne. | trans ciency |trans-~ |[Nusselt:
tur- | of air m/s number number ferred . |ef ener| fer number
ns (Ha) (uf ) (Re_ ) (Ar ) te wa- ~gy of |ceeffi- [(Nu_ )
: p iy s . P
ter, . utiliza~ c1§nt,
kJ/hr(Q )| tien, [W/m e,
. percent (ho )
("o _
. \ 1. | 29228 26.6 [241.3 4.04
. . 3 28623 26.0 237.2 3.98
) . 4 26980 . 2T 46 37.9 4,20
2 68.3 3.14 23,21 3920 5 26259 26.9 232.3 4410
‘ 6 25980 26,6 230.0 4.07
96.3 2.94 23,78 4423 8 21813 25.2 1204.0 3.76
9 21214 25.3 198.2 3.66
10 | 32168 30,2 199.3 3.27
54,3 3.25 22.57 3589 11 81893 29.5 198.2 3.24
’ 12 | 32128 30.1 200.9 3.29
! 13 28989 30.5 186.1 3.29
4 73.0 3.14 23.19 3920 14 29903 31.4 193.4 3.42
15 29237 30.7 -|190.1 3.37
16 26345 314 182.6 3.41
96.3 2.91 23.97 | 4545 17 25336 30.2 175.3 3.27
18 26090 31,1 180.0 3.36
19 50091 44.1 235.5 3.96
44,9 3,31 22,36 3477 20 45597 43.7 233.7 3.94
S ' 21 50212 44.2 237.2 3.99
: 22 | 42662 40.6 [211.7 [:3.72
6 56.6 3.16 23,27 3914 23 |-43993 41,9 218.9 3.84
' 24 43183 41.1 215.6 3.80
R 25 33952 38.4 170.1 3.22
96.3 24835 24 342 4805 26 32144 40.5 176.4 3.33
27 | 31485 37,6 |173.4 | 3.28




. B. Immersed surface:
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Ceil of 0.0686m diameter;

2,4 & 6 turns ( 2 turns/inch)

Ne. |Percent| Flue-gas |Particle|Arche-| Run[ Heat [Effi- Heat Particle
of excess veloecity,|Reynelds| medes | Ne.! trans |ciency | trans Nusselt
tur-| ef air m/s number number ferred |ef ener | fer ce |number
ns (ola) (uf ) (Re_ ) ( Ar ) te wa-|-gy uti |effici {(Nu )
: P ter, .|lisatien|-ent, P
kJ/hr |percent |W/m2 oy
('Qw ) (—Qc) {(h .)
o

28 {17532 | 18.9 175.7 3.12

177 3.13 23,21 3926 |29 | 17795 19.2 178.9 3.17

30 | 17394 18.8 175.5 3.12

' 31 | 14614 19.4 157.4 2.95

2 115.1 2.93 24.14 4529 |32 | 14804 19.1 159.9 2.99
33 |14047 18,4 152.2 2.85

34 111386 17.0 .[137.0 2.90

145.5 2.68 25.53 5526 (35 |11612 17.3 138.7 2.94

: 36 11345 16,9 [135.2 2.86

37 |23774 35.5 178.0 3.13

e . ; 38 (24281 5.0 181.1 "| 3.18

73.0 3.18 23,02 3810 39 | 23658 24,9 178.8 3.14

: . © 40 (20309 24.0 164.5 3.66
4 96.3 . 2494 23,78 4424 (41 |20068 24.2 162.8 - 3.76
‘ : 42 |19%964 23.8 163.4 3.66

a3 .|16840 224U 145.5 2.81

115.1 2.80 25.06 5086 |44 |16883 22.1 146.6 2.84

: 4% 117042 2243 148.7 2,87

46 29718 30.3 182.1 3.22

70.6 3.14 23.21 3920 |47 |29234 20.8 180.8 3.19

A8 (28882 29.9 179.9, 3.18

. 49 [26743 | 30.8 [174.0 | -3.20
6 89.4 2.99 24.14 4424 {60 26500 30.5 173.1 3.19
51 |26254 30.3 172,717 3.18

52 [21911 28.5 159.8 3.29

110.4 | "2.74 25.49 5380 {53 |2225% 28,0 161.3 3.33

' . 54 {21903 28,0 158.3 3.27
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. Immersed surface: Cepper cylinders - I 0.05m dia x 0.05m height

II 0.05m dia x 0.025m height

- Percent|Flue-gas { Particle| Arche~ Run| Heat Effi- Heat Particle
inder |excess |[velecity,| Reynelds | medes | Ne.| trans ciency trans Nusselt
. of air m/s number number] - ferred|ef ener- | —fer number
(u_ ) (Re_ ) (Ar ) te wa-|gy uti- | ceeffi (Nu )
(o<2) £ P ter, lisatien —-cient P
kJ/hr | percent w/m< 9
(Qw ) @Ql (he )
55 | 20743 24,2 183.2 3.27
I 91.6 3.12 23.17 3832 56 | 20751 24.2 . 183.4 3.27
vert 57 | 20338 23,7 180.5 3.22
cal
b sg | 17914 | 22.6 169.7 | 3.18
jen) 112. 7. 2,93 24.27 4551 59 | 17520 23,2 166.2 3.12
60 | 16549 2l.4 157.1 2.94
61 | 14096 19.3 147.3 3.06
126.7 2.72 25.40 5380 |62 | 13982 19.4 145.6 3.04
63 | 14143 19.5 146,.8 3.05
64 | 17710 20,9 160.7 2.91
I 94.0 3.04 23,61 4155 65 | 17533 20.7 159.6 2.90
sheri- 66 | 17586 20.7 160.5 2.91
ental - ;
esi- _ 67 | 15939 | 19.6 153.2 2.89
ien ) | 112.7 2,91 24.46 | 4679 |68 [15512 | 20.6 149.2 | 2.81
69 | 15455 20.0 148.9 2.81
70 112791 17.4 134.8 2.82
119.7 2.70 25,61 | 5524 | 79 113029 | 17.1 137.6 2.89
72 13282 17.7 139.5 2.93
_ 73 | 16018 | 17.9 167.6 3.03
[ 82.3 3,06 23,625 | 4149 74 | 16196 | 17.7 169.6 3.06
verti 75 [ 16165 17.9 16%.5 3.06
=al
resi— 76 14719 | 17.5 168.5 3.20
:ien) | 98.7 2.85 24.89 4939 7.7 | 14507 17.8 165.9 3.17
78 | 14312 17.3 163.9 3.12
] 79112020 16:7 154.5 3.33
12241 2.61 25.76 | 6012 80 | 12393 16,2 159.1 3.43
- 81 | 12576 17,0 161.2 3.48
_ B2.]117986 19.6 175.9 3.05
LS 80.0 3,23 22.55 | 3609 |83 |17899 | 19.7 . 175.4 3.04
10rl- 84 117898 19,6 175.8 | 3.04
zontal
>esi- ) gs | 15027 19.0 159.4
=ien) 108.0 3.01 23.78 4275 B6& | 14998 18.9 159.2
B7 | 14454 18.% 153.4
g8g | 12590 17.4 145.9
124.4 | 2.80 | 2500 | 5086 [89 | 12382 | 16-3 143.8
N . b7 po 12529 | 4v.4 |amsoi7--

-
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Table 6.2 Calculated Results fer Twe-inch Bed

A, Immersed surface: Ceil ef 0.0978m diameter;

2,4 & 6 turns ( 2 turns/inch)

Ne.| Percent Flue-gas Particlel Arched4 Run| Heat Effi- Heat .

7 . Particle
of | excess |velecity{Reynelds| medes | Ne.| trans |ciency.  |[,trans- Nusselt
tur| -ef air m/s number numbe ri ' ferred| of ener fer ce

. - number
ns (Dg ) (u_ ) (Re_ ) (Ar ) te wa-{ gy uti effici-
- £ P . . (Nu_ }
‘ ter, lisatien ent,2 P
: kJ/hr | percent | wW/m® ey ,
(Qw } (TLQ (hg )
.91 24363 | 17.0 200.7 3.27
16.4 3,44 22.5% 3353 92t 25774 | 18.0 212.7 3.47
: 1 93| 24745 17.3 204.7 3.33
941 22691 20.1 201.0 3.51
2 47.7 3.20 23,57 3904 95| 23215 20.5 204.9 3.57
: 96 | 23023 20.4 203.2 3.55
111.4 2.835 25.36 | 5086 | gg | 15223 | 19,3 152.9 3.09
| 99 | 15453 | 19,6 155.8 3.17
. : 100 | 36786 28,2 233.4 4,00
35.1 3.44 24.72 3778 j401 | 36126 27.7 229.8 3.94 .
102 | 36722 28.1 234,5 4.03
- : 103 | 34854 30.3 233.9 4.20
4 53.1 %427 25.59 4243 1104 | 34653 30,1 232.8 3.80
' 105 | 34195 | 29.7 229.3 4.12
: 106 | 29532 28,2 203.5 3.75
68.1 3,18 26,12 4535 |107 }'28710 274 197.9 3.65
108 | 27273 277 201,0 3.70
- |109 [44435 | 32,6  |229.8 | 4.05
2%.1 3.31 25.70 4222 [1106 | 43304 31,7 224.3 3.96
111 | 41548 31.4 222.5 3.%94
' _ 112 (40150 | 34.2 216.2 3.98
6 50.1 3.18 26.42 | 4655 |113 [41863 25,7 226.7 4.18
114 | 39315 3449 222.0 4.09
- 115 [35488 | 36,1 207.0 3.94
74.1 3.04. - 26.97 5065 116 | 37471 37.0 212.2 4.04
117 | 37443 37.0 211.0 4,01 |
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B. Calculated Immersed surface: Ceil of 0.0686 m diameter;
2,4 & 6 turns (2 turns/inch)

Ne. |Percent|Flue-gas |Particld Arche- Runy Heat Effi- ' L _
: . Heat Particle
of excess |velecity,|Reynelds medesg Ne. trans |clency
: , trans- Nusselt
turns | of air /s number ferred| of ener fer co number
. Ar - =gt i . -
(O% ) (uf ) (Rep )| ) to wa gy utl efficient J{ Nu_ )
ter, lisatien W/ 2 o P
\ kJ/hr | percent (i )K
(Qw ) (M) e
118| 22408 | 18.3 209.8 . 3.50 .
40.1 3.48 23,06 | 3380 119 22620 | 18.5 212.4 3,53
120 22882 18,7 215.3 3.58
. 121| 20376 18.4 201.2 3.50
2 54.7 3,33 23,98 |3798 | 412219654 | 18.7 205.0 3.56
- 123] 20932 18.9 207.4 3.61
. 124/ 17316 18.9 183.1 3.37
86.8 2,11 25.08 14419 125/ 18388 20.1 194.7 3.58
' 126| 16977 18.5 180.2 3.32
127t 34505 22.3 246.1 3.98
7.9 3,46 22,57 3339 128134941 22,6 250.0 4.04
129135102 22,8 252.0 4.07
. 1130]| 32468 23.2 244.2 4.12
4 19.5 3.29 23,44 |3759 13131827 22.8 240.2 4.07
N 132131617 22.6 239.0 4.04
13325372 24,2 220.1 4.17
59.0 2.89 25,57 |5063. |134]|25497 243 221.6 4.19
135125208 24.1 219.2 4.15
. 136141047 29,4 236.4 3.88
22.6 3452 23,10 (3372 13739308 28.1 22648 3.72
' -113840598 29.0 235.0 3.85
| . |13% (35715 38.4 225.4 4.05
b 83.9 3,18 24,70 [4151  [140 (34462 37.0 218 3.94
141135774 38,4 227.3 4.10
. 142129076 24.7 203.4 3.91
104.3 | 2,93 26,08 [5082 14329221 34.9 204.9 3.95
144130900 3649 216.1 4.17




C. Calculated Immersed surface:

21

Cepper

cylinders - I. 0.05m dia.x0.05m height
{a) vertical (b} herizental

I11. 0.05m dia.x0.025m height
(a) vertical (b) herizental

Ne. |[Percent [Flue-gas | Particle| Arche- Run| Heat Effi- Heat Particle

eof |excess |velecity, Reynolds| medes | Ne.| trans | ciency trans- Nusselt

‘|  tur|ef air m/s ) number number] ferred| of ener | fer ce- |number

-ns | { ) | (u (Re ) (Ar ) te wa—{ —-gy uti | efficient| (Nu )
l Qg £ p ter, |lisatien| W/m2 °k P

kJ/hr | percent | hG )
CaQ ) (122

o .| 145 24135 | 16.9 19743 3.18
I 13.3 3.38 21.72 3256 | 146] 26790 | 16.5 192.6 3.10
(ver~ 147] 28162 | 16.6 195.0 3.14
tical 1481 19765 | 16.5 177.6 . 3.10
pesi-| 35.5 3,10 23,25 4003 | 149| 20106 | 16.8 180.5 3.15
tien) - 150} 19654 | 16.4 176.2 3.08
o , 151] 16984 | 15.8 16547 3.06
51.0 2.88 . 24.53 4795 152| 17048 15.9 166.5 3.08
} ' ' : 153| 16941 |, 15.8 165.7 3.06
1 | 154| 24351 | 17.0 194.1 3.08
(he-| 16-4 3.53 21.75% | 3071 |155/27246 | 17.4 198.8 3.15
rize 156/ 26706 | 18.7 213.8 3.39
ntal . 157[19481 | 18.9 | 175.2 3.06
pes—| 36,3 3.19 23,87 | 4005 |[158{18092 | 16.6 182.5 3.19
itie 159118989 | 16,9 | 184.9 3.23
n) 160|15939 | 16.8 160.4 3.06
76.0 | 2,87 25.46 | 5067 |161|16239 | 17.1 163.7 3.12
162116234 | 17.1 164.0 3.13
16319654 | 15.8 - 192.5 3.24
I 33.5 3.3% 22,91 | 3573 [164[18625 | 14.9 182.6 3.08
(ver 165117045 | 15.% 187.1 3.15

tica -
-1 : 166 {17945 | 15.6 185.3 3.25
pesi |44.8 2,18 2%,8% {4013 |167{17786 | 15.4 183.8 3.23
tien 168117591 | 15.3 182,1 . | 3.20
' - 16912390 | 12.1 148.3 2.96
61.9 2.82 25,97 .| 5370 |170[12525 12,2 150.2 3.00
171112334 | 12,0 148.1 2.96
172121654 | 17.0 206.6 3.39
| iiri 23.9 3,25 21.32 | 3359 [173(21557 | 16.9 205.9 3.38
174 [21882 17.1 209.4 3.43
:'? , I 175 (18947 | 18,7 197.5 3.56
al 58,9 | 2,93 22,94 | 4249 147618092 | 18.4 192.3 3.47
5?51 - 177118037 | 18.1 192.1 3.46
eno : : 178 [14429 | 15.8 | 168.1 . | 3.20
72.8 2.72 24.17 | 5073 (17915170 16,6 176.2 3.36
: - 180 [14436 15.8 167.4 3.19




Table 6.3 Calculated Results fer Empty Tube

’
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_ A. Immersed surface: Ceils ef 0.0578m diameter;
2,4 & 6 turns ( 2 turns/inch)

Ne. ercent Flue-gas Run {Heat Efficiency Heat transfer
§of Xcess velecity,| Ne, |trans- ef energy ceefficient,
turns f air m/s ferred utilizatien, W/m2 ® -
(Ka ) (uf ) te percent (h )
: y water, ©
' kJ/hr (TZJ
()
L
181 14052 11.4 134.0
33.2 2.99 182 | 13490 10.8 128.8
183 12645 10,3 121.0
184 11241 9,7 112.1
2 42.6 2,87 185 | 11112 9.6 111.0
186 10752 9.3 107.6
187 8431 8.6 98.0
68.3 2.57 . 188 '8595 8.8 56.0
189 7522 TeT 85.9
190 | 13153 11.6 95.5
' 192 | 12726 11,2 92.6
1931 10369 10,0 81.9
4 58.9 2.68 1%4 | 11191 10.8 89.8
' 195 | 10424 10.1 82.2
_ 196 9255 2.8 81.0
75.3 2.48 197 8902 9.5 78.0
198 | 8484 9.0 74.4
199 | 16697 13.5 88.7
33.2 2.99 200 | 15523 12,6 82.7
201 | 15224 12.3 81.4
202 | 11112 11.0 68.1
6 62.2 2.65 203 | 10850 10.7 66.7
: 204 } 10692 10.5 65.7
205 9386 9.8 61.6
73.0 2.49 206 | 9394 9.9 61.8
207 8932 9.4 58.8
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B. Immersed surface: Ceils eof 0.0686m diameter;
2,4 & 6 turns ( 2 turns/inch)

1 234 9900

Ne, Percent | Flue=gas Run Heat trans- Efficieﬁcy Heat transfer
of excess velecity,! ne. ferred te of energy ceefficient,
turns| ef air m/s water, utiliza- W/m?2 o
(CX$ Yo Cug) kJ/hr . tien, (hg )
. (Qw ) percent
( )
"
208 12858 10.6 141.7
35.6 2.95 209 | 11691 9.6 129.0 .
.} 210 11408 9.4 126.1
211 8292 8.4 107.5
2 65.9 2.57 212 7976 8,0 103.5
o 213 7520 7.6 97.7 .
214 |- 6305 7.0 87.9
B2.3 2.42 215 6392 7.1 89,2
216 . 6210 6.9 86.8
_ 217 11791 9.8 99.9
37.4° 2,91 218 11414 9.5 96.7
219 10259 8.6 87.1
_ 220 871> _B.3 79.9
4 56.6 . | 2,72 221 9131 8.7 83.6
222 9987 9.5 91.7
223 8715 3.6 82:6
61.7 2.65 224 8193 8.0 277.8
225 8393 ! 8.3 79.8
226 13671 10,7 86.6
28.5 3,10 227 14422 11.3 91.6
228 14617 11.4 93.0
229 9483 9.6 75.0
6 65.9 2.57 230 . 799874 10.1 79.0
231 10415 10.5 82.7
232 9258 9.8 76.2
73.9 - 2449 233 9498 10,1 78.0
10.5

B1.2
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C. Immersed surface: Cepper cylinders— I.0.05m dia.x0.05m height
' I17.0.05m dia.x0.025m height

~

Ne. Percent " Flue~gas Run’| Heat trans| Efficiency| Heat trans-
of excess velecity, no. ferred te ef enerqgy fer co-
turns | ef air m/s water, utilisa~- efficient,
¢ ) (u. ) kd/he(Q ) | tien, W/m? ©f
percent ( hg )
| , (M
235 8014 7.6 85.5
I 56.6 2.72 236 8076 TaT 86.2
(verti ‘ ’ 237 6654 6.3 7l.1
cal pe- 238 | 5756 6.0 68.2
sitien) I 43 ¢ 2.49 239 | 6534 6.9 77.5
240 | 5786 6.1 - 68.7
: 241 5370 6.1 68.5
87.0 2.36 242 5376 6.1 6847
: 243 4595 5.2 " 58.8
. 244 9588 8.5 96.0
1 44.9 2487 245 9355 8.3 93.7
(heri- : 246 8679 7.6 87.1
) zental 247 6943 Te2 80.8
| pesi~ | 70.6 2453 248 | 7211 Te5 *|  84.0
tien) : :
249 7762 8,0 90.4
, 250 6392 7.2 81.7
87.0 2.36 251 6575 T«5 84,2
252 5844 6.7 7449
253 | 10587 9.0 120.6
| 1 11 40,2 2.91 254 | 10396 8.8 118.6
‘ (verti 255 9510 8,1 108.8
! cal _ 256 8832 8.4 108.8
pesi- 5646 2.72 257 8054 T.7 99,4 =
tien) ) 258 7813 75 96.5
\ o A 259 8046 8.1 106.1 -
65.9 o 2437 260 7641 7.7 100.9-
261 6795 6.9 89.9
, . 262 9588 8.5 110.7
i 44.9 2.87 263 8589 746 99.3
(heri- 264 8486 T-e5 98.4
::2;:19 - | 265 | 7167 7.6 98.0
| on 753 2.49 266 7211 77 98.7
t - 267 6461 6.9 88.5
R 268 6108 7.6 957.9
\ 103.4 2.21 269 5520 6.8 88.6
‘ 270 5421 6.7 87.2
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FIGURE 6. l OVERALL HEAT TRANSFER COEFFICIENT VS FLUE VELOCITY
RELATIONSHIP.
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DIAMETER OF THE COIL = 0,0686n
i ONE-INCE BED
1 ' ,
' ogel '0=0=0 AA = Coil with two turns
\ o—5—+# BB « Coil with four turns
{ 4—s—a Q0 = Coil with six turns
x{'t'\
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COPPxll CYLINDERS

I - 0.05m diameter x 0.05m height
I1I- 0.05m diameter x 0.025m" height

O=0=0

p—0O—ir

6—4 -6

H—A—A

BB
cC
D

ONE~ INCH BED
Cylinder- I, vertical

~ Cylinder- I, horizontal
- Cylinder~II, vertical

Cylinder~II, horizontal
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. : Reference Table 6.24

DIAMETER OF THE COIL = 0.C97&m

- TWO~INCH BED
©=0-0 AA - Coil with two turns
- : : o—8—o BR = Coil with four turn

4601 ; . R CC = Coil with six turns
v ey 275 . ET 35 3
g F' !vu: 9as \./cloc‘l-{'j uy (m/s)

I‘IGURE &.4: OVERALL HEAT TRANSFER COEFFICIENT VS, FLUE VELOCITY RELATIONSEIP,

\.
1!\
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DIAMETER OF THE CCIL = 0.0686m
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O=0=B AA'-,Coil with two turns
o—t—a B - Coil with four turns
a—a—3 (00 - Coil with six turns
{0 L . e - ) - § 5 2
T IB - 55 B
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FIGURE 6.5: OVERALL HEAT TRANSFER COEFFICIENT VS. FLUE VELOCITY
RELATIONSHIP.
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‘Reference Table 6.34

e

Ly

DIAMETER OF THE COIL = 0.0978nm

tz1

~ EMPTY_ BED-TUS
6—06—0 AA = Co0il with two turns

84-o0-a BB - Coil with Tour turms

- - Rl e e s | g g~ g™ e e S,

A—& 00 « Coil with six turns

228 ' 2:5“ o .2-1?5‘ 5‘:13 : ‘31~25 %4
Flue gas Velocity wy (m/s)

.}

'ﬁRE 6.7: OVERALL HEAT TRANSFER ,bOEFFI(_)'IENT. VS. FLUE VELOCITY RELATIONSHIP,
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Reference Table 6.3B
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FIGURE 6. 3 OVERALL HEAT TRANSFER COEFFICIENT VS. FLUE VELOCITY RELATIONSHIF.
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Reference Table 6,140
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’

7.1 ACCURACY OF THE EXPERIMENTAL MEASUREMENTS

Experimental measurements were dene with care te minimise any
errer in the collectien ef data. About fifty percent ef the tetal
number ef runs were repeated, and the results were feund te be

repreducible within & 2%.

7.2 LIMITATIONS OF THE EXPERIMENTAL FACILITY

i) The bed particles tended te gradual}& seften and fuse tegether

at bed teﬁperatures beyend 1473.K. As such, the bed temperatures had

te be maintained belew 1473k,

ii) Tge available tﬁermecouple (Chremel~Alumel) was suitable fer
measuringn?pte a maximum ef 1473°K (90).

idi) ?he free-besard height (distance frem the top ef the bed te
the upper énd ef the bed tube) was such that '‘experiments coeuld be

carried sut at mederate flue-gas velecities enly. Increase ef the flue

velecity beyend the experimental range resulted in heavy elutriation ef

- the bed parficlés.

iv) The experimental air flew rate had te be kept censtant at er

3

- ' 2
areund 6.3x10 m3/s at the werking pressure (191 kN/m ) due te the

limitatien in threughput ef the available air cempresser.

v) While the highest gas flew rate was reStricted by the highest

.allewable bed temperature ( 1473°K), the lewest flew rate was restricted

by bed temperéture,of 1100.K belew which the bed tended te lese the glew.
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7.3 PRESSURE~DROP CHARACTERISTICS

7.3.1 At Room Temperature .

t

The data for the pressure-drop across the distributor plate,
and across bed assemblies consisting of one-inch and two-inch particle
beds at room temperature are ﬁreeented in ‘Table 5ﬂ2(i) and Figures
5.1 and 5.2, It can be seen from the figurea that for the distributor
with one-inch bed, Pd/$P increased from 0,53 te.0.62 within the
expefimental.range of-fluid‘veioéities; Within this range, the pressure-
drop across the distributor with two-inch bed was 12-16% more than that

across the distributor with one—inch bed.

7.3.2 At Elevated Temperatures

~ The pressure-drop data for the burning flﬁidized bed with
heat transfer surfaces immersed are presented in Table 5.2{ii) end
Figure 5¢3. Since the physical properties of the’flue gases'changed
w1th changing bed temperature, the pressure-drop data have been
tabulated and plotted as functlon of partlcle Reynolds number.
A8 an increase in flue velocity was accompanied by an increase in
bed temperature ( since the air flow rate was kept ccnstaﬁt), the
density of the flue gases decreased and the viscositﬁ increased.
As the corresponding increase in the flue velocity was smaller,

the overall effect was a decrease in the particle Reynolds number

(Rep':dpuf/of%f )e
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As such, the pressure-~drop acress the bed assembly appears as a

negative functien ef particle Reymolds number in Figure 5.3.

" The magnitudes ef pressure dreps ebtained in the present
investigatien are similar te these eobtained by Om;r and Islam
(82) with a sduare—pitched distribufor plate; but they eobtained
pesitive slepes fer the AP vs. Rep plets since their temperature
range was smaller ( 41°K=) and velecities were higher ( they used
a 0.1016 m diameter bed) with wide ( almest 100% ) variatiens.
Their results indicgte that they increased fuel gas and air flew
rates simultaneeusly se éhat the fuel/air ratie, and therefore
the bed temperature, Qid;net change appreciably while there was a

censiderable incfease in flue velocity.

7.4 TIME FOR THE ATTAINMENT OF GLOWING-RED FLUIDIZED BED '

The time taken by the beds te beceme glewing-red are shewn
in Table 5.3 against bed heights ( ene-inch and two«inch); The
one-inch bed teek 16 minutes te become glewing-red, while the twe-
inch 5ed teek 18 minutes. The higher time taken by éﬁe twe=inch bed
is due te the larger quantity of particles in the bed. Hewever,

cemparison ef the times taken by the twe beds to become red-het

indicate that the time was net a strong function ef the bed-height.

e
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The only cemparable study is that of Omar and Islam (82).
They ebtained redness times ef 1.5 and 2.5 minutes for ene-inch and
twe-inch beds en circular-pitched distributer, .and 2 and 4 minutes
for the same twe bed heights en square-pitched distributer. The
higher times required in the present study can be attributed to
larger quantity ef particles, difference in the properties ef the
particles (e.g., chamette has a heat capacity of 1.0176 xJ/kg OK,

compared te 0.8164 kJ/kg °k for sand) and lewer flue veleocities.

745 TEMPERATURE PRCFILES

7.5.1 Radial Temperature Prefile

The radial temperature profile is presented in Table 5.4 (i)
and Figure 5.4. The temperature prefile was feund te be radially
ceristant except fer a"I?pK drep near the wall ef the bed-tube.
Similar unifermity ef temperature in burning fluidized beds was alse

oebserved by previous investigaters (21,82).

7.5.2 Axial Temperature Prefile

The bed temperature shewed a slight axial variatien, with the
maximum just abeve the distributer plate, and the minimum at the bed-
tep. The axial temperqture profile is presented in Table 5.4 (ii) and
Figure 5.5. The difference between the maximum and the minimum tempera~
tures was 42°K for one-inch and 57°k for twe-inch bed. The presence

of the maximum just abeve the distributer is censidered reasenable
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as under the prevailing ceonditien, the fuel/alr mixture get ignited
as seen as it entered the bed, and immediate heat release eccured

just abeve the distributor.

Some ef the previeus invesfigaters (19,20,82) ebtained
maximum temperatures at the bed-teps, and attributed these teo the
bursting ef bubbles. Stadnik et.al. (28), en the ether hand, reperted
that at 1520-2028 kN/mZ, the maximpm temperature in the cembustien

zZéne was 3006-4OO°K higher than the mean bed temperature.

7.6 HEAT TRANSFER STUDIES

7.6.1 Overall Heat Transfer Ceefficient
vs Flue Velocity Relatienship

The overall heat transfer ceefficients are plotted as functiens
ef flue-gas velecities in Figures 6.1 te 6.9. In line with the findings
ef the previeus investigaters ( 31,32,34-37,47,79,82), h_was found

te increase with increasing Ug- The rate ef increase in hg  hewever,

was feund te be higher than these ebtained by ether investigaters

working with censtant temperature'beds ( 31,32,34-37,47,79). These

higher rates of increase in hg, We€r¢® due te the fac; that in the

présent study the air flew rate was kept censtant. er nearly censtant
while the gas flew rate was increased in steps, se that an increase

in the flue velecity was accempanied by an increase in bed temperature,
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and vice versa, The increase in ho with increasing U,y 28 obtained in

the present stﬁdy, wasg, therefo:e; a combined effect of increased flue -
velocity and bed temperature, i.e., a combihed effeet of convection énd
radiation. Resulis show that radietion was predominant. Isolation of
radiation and'convedtion effects would be complicated, and was not
-attemp}ed sincg the investigation aimed‘at studying ho‘ For the purpose

-of analysis, however, the inside heat transfer coefficient, hi,-was
evaluated in each case using Colburn's equation for flow through tubes.
For the coils, the hi-valqes were found to be much higher { 25 to 75 times)
tﬁan the ho—values,_indicating.that the ho?valuea were fairly accurate
representation of the\correspondind outgide heat transafer coefficients,

ﬂ, The-foilowing get of results for reading nos. 46-48 will serve as a
éqod example:

Bed Particle Water flow Overall heat Inside OQOutside .

temperature Reynolds No. rate transfer coeff. Coeff. Coeff,

236.6 kg/hr  182.1 W/m2 K- 10656 Wm'185.2 W/m21{
1344°K 23.21 - 142.5 ,, 180.8- o, 7515 n 185.3. 4,
" 109.5 4y 1799 4 6415 = 185.1 ,,
The variation in bo-values in a setlwas, Fhefefore, due to variation in hi'
For the cylinders, hi-vaiues pbtﬁined by ﬁsing Colpurn's equation
were of the same order of magnitude as the h -yélues{ buf the apflicabi-
lity of this equatlon for flow ‘hrough cylinders was questlonable.\Moreover,
the inlet and outlet copper tublngs constituted the greater part of the heat
transfer surféces, with Tresunlting expansion and contraotion effects wh;ch
could not be téken into account., 4 piot of hi-values against varyiﬁg water
flow rate would provide a solution to this problem. |
Many of the previous investigators identified maxima in heat transfer
coefficients as fluid velocity wés increased (31,52;36;44;45;53:56,76); At
these pointg,'furtﬁer incrgase in fluid velociiy decreased the heat tranéfer

Ei
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coefficients as the bed porosity became too high, and offset the benefi~
cisl effect of increased bed agitation. Such maxima were also obiained
in the present study. In some cases, however, maxima were not obtained

due to the eonfiguration‘and size of the immersed surface affecting the

fiuidization characteristics of the bed.

Fhe performance of the different heat transfer surfaces, and the
effect of bed height will now be discussed in details. For convenience,
the results obtained with no particle in the bed assembly (i.e., with

empty bed-tube) will be discussed first. ;

Performance of the Different Heat Transfer Surfaces

i) Without Bed Material (Empty Tube)

a) The results obiained witn the coils of 0.0978m diameter are
presented in Flgure 6.7. The overall heat transfer coefflcient increased
linearly with increasing flue velocity for all the three coila (i.e.,
coils with two, four and six turns)‘within the experimental range of
flue velocities (2.48-2.99 m/s). The coil with two turms, with 2 slope
of 109;2-(ﬁs/h3K), had the highest rate of increase in h  compared to
the corresponding slopes of 44 (Ws/mBK) and 42 (Ws/h K) for the coils
with four and six tnrns, respectively. These results indicate that the
amount of heat transferred to water did not increase in the same Pro=-
portion as the increase in heat transfer area ( ho='Qw/Ac¢&qm'), as

major part of the heat wentl away with the flue gases.

b) The results with the coils of 0.0686m diameter (Figure 6.8)
are similar to those obtained with the coils of 0.0978m diameier, The -
corresponding slopes for coils with two, four and six turns were 81,4

(Ws/hsx), 34'(Ws/h3K) and 21 (Ws/hBK), respectively.
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c) The results for the copper cylinders are Shown in Figure 6.9,
which shows that the highest rate of increase in h_ (46 Ws/hBK) was
obtained with cylinder-I (vertical), closely followed by cylinder-II
(vérticai), having a slope of 44 (WS/EBK). The correéponding slopes.for

these cylinders in horizontal position were 23 (Ws}h3K) and 19 (Ws/hBK).

Within the experimental range of flue velocities (2.21~2.91 n/s),
eylinder-II had higher hé than cylinder-I for the corresponding veftical
and horizontal positions. This was because cylinder-II (i.e., the smdller .

-

cylinder) had a higher area to volume ratio than cylinder-I,

Cylinder-I provided highér h, in horizontal than in vertical
position és larger area of the cylinder was expo;éd to the flamé-front
when it was horiZOntal. For cylinder-1I, however, the area of the cylin-
der exposed to the flame-front was equal for both vertical and horizontal

positions, but higher ho-values were obtadined in vertical position as

the entire exposed area was equally close to the flames,

ii) One-inch Bed

a) The results for the coils of 0.0978m diametér are shown in
Figure 6.1; Within the experimental rénge of flue velocities (2.84=3.33
m/b), fhe coil with two turns provided the highest values of h . The
rate pfliﬁcréase in h was also the highest with #his coil. This rate_
gradually decreased at higher flue velocities showing a maximum at

around a flue velocity of 3.29‘m/5.'

The highest ho-values obtained with.the two-turned coil were
. P .
due to the total immersion of this coil in the burning bed, and better
fluidization of the bed. The non~immersed portions of the four and six

turned coils probably caused some hindrance to the free fluidization

of the bed, so that h

. were not obtained with these coils, ..
o(max) A _

»

faemdtm |
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b) The results fer the coils ef 0.0686m diameter are presented
in Figure 6.2. In this case, hewever, the ceil with twe turns

neither previded the highest he—values, ner ho( « On the centrary,

max)
the cell with feur turns tended te a maximum in ho signifying better
fluidization of the bed with this ceil than with the four-turned ceil

of 0.0978m diameter. The highest houvalues were obtained with the six-

turned ceil,which had the highest heat transfer area.
; . i
!
Comparlson of Figures 6.1 and 6.2 shows that at any particular
flue veleclty, the coils of 0.0978m diameter prov1ded higher overall

heat transfe; ceefficients than the cerrespending ceils ef 0.0686m
diameter, Téis might have been due te the higher heat transfer surface
pér turn ef éoil when the larger diameter ceil was used.

c) Th; perfermance ef the cepper cylindérs are presented in
Figure 6.3. It can be seen that both-Eylinderhl and €ylinder-II previded
higher heat transfer Cﬁ—efficients in vertical pesitien than in
herizental pesitien. This was because cyliﬁder—II was fully immersed
in the burning bed in the vertical pesitien, and cylinder-I éllowed
larger bed afea fer fluid flew in the vertical than in the herizontal
pesitien; thus affordlng better fluidlzatlon. Higher heat transfer
ceefficients were obtalned with cylinder-II fer the correspondlng

jvertical and herizental pesitiens as this cylinder had a higher area

te velume ratie cempared te cylinder-I.
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iii) Two-inch Bed

a) The results obtained with the coils of 0.0978m diameter
are presented in figuré 674, which shows that the higheét rate of
increase in the overall heat transfer coefficient was obtained with
the c011 with four turns. The rate was lower for the coil w1th B8ix
turns, and the lowest for the coil with two turns. However, all the

three coils were found to reach ho(maﬁ)'

The highest %alues of the overall heat transferrcoefficieﬁt
~ obtained with the féur—turned coil may be'attributéd to its total
immersion in the burning bed. Though the two=turned coil was also
fully 1mmersed in the bed, it had a comparatlvely higher percentage
of non-lmmersed 1n1;t and outlet tubing area. The six-turned c011
algo provided higher overall heat transfer coafficient than the
coil with two turns. Since.two-thirds of the six-turned;céil was -

'alieady immersed in the bed, the bed did not have much difficulty

in fluidizing freely, and reaching ho(pax)s

b) Figure 6.5 shows that like coils of 0.0978m diameter,
the coils of 0.0686m diameter also provided the highest overall
heat transfer coefficients for the coil with'four turns, and the

lowest for the coil with two turns.

c) _ The results for the copper cylinders are shown in Figure

-

6.6. From the figure it is evident that with cylinder-I immersed,
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the bed did not fluidize well. The pessible reasen is that the

presence of the cylinder in the bed caused an ebstructien te the'
fluid flew, and hence to fluidizatien. On the ether hand, cylinder-II
(herizontal) caused less ebstructien te fluid fléw because of its
cenfiguratien and size, and cyiinder—II (vertical) had an ene-inch
thick particle layer abeve itself, so that free fluidizatien was

were reached with ¢ylinder-II in beth

easier., This is why h '
: o (max )}

vertical and herizental pesitieﬁs. Cylinder-II ( herizental) affeorded

higher values ef ho than cylinder-II { vertical) because while the

cylinder was fully immersed in the bed in both vertical and herizontal
. !

-pesitiens, lesser part ef the distributor plate was covered by the

cylinder in herizental positien.:

Effect of the Different Bed Heights

1) Ceils of 0.0978m Diameter

Cemparisen ef Figures 6;1, 6.4 and 6.7 shews that while the
ceil with twe turns, providéd the highest, and six-turned ceil the
lewest values ef h0 in the empty bed-tube, the erder of perfermance
changed to twe, éix, feur in the ene-inch, and feur, six, twe in the
twe-inch bed. The reasens fer the twe- and four-turned coils previding
the highest ho-values in the eone-inch §nd two-inch beds, respectively,
wére their teotal immersien in the cerrespending beds. In the fluidized
‘bed, the particles retgined the majer part ef the heat of combus?ien

of the flue gas, so that the higher available heat transfer area ef the
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six«turned ceil ceuld be better utilized.

Arbitrarily censidering a flue-gas velecity of 1.7 ﬁ/s as
the basis fer cempariseh of perfermance ef the beds, the everall
heat transfer ceefficien£ of 150 w/m2 %K ( by extrapelatien) fer the
twe-turned coii in empty bed-tube was enhanced by 59% in one-inch bed
aqd 35% in tw0wiﬁch bed. Similar enhancements in h0 for the ceil
with feur turns were 114% in ene-inch bed and 139% in twe-inch.bed.
Fer the ceil with si# turns, cerrespending increase in ho were 103%
ene-inch bed and 102% in twe-inch bed. It may be ebserved that while
the twe~turned ceil perfermed better in ene~inch bed, the feur«turned
celil was mere effectivgﬁn twe-inch bed. Fer the six-tu;ned ceil, bed
height did net make much difference. A particular reasoen for the twe-
turned ceoil performing bette; in ene-inch bed may be therhigher bed

temperature attained in this bed at the same fuel/air ratie.

ii) Ceils ef 0.0686m Diameter: Figures 6.2, 6.5 and 6.8 shew
that the performance ef these ceils were cemparable with fhose of
0.0978m diameter ceil with the enly exceptien that the twe-turned

ceil did net previde the highest ho-values in ene-inch bed.

2
At 1.7 m/s flue velecity, the h.uvalue ef 152.5 W/m” %k fer

- the coell with twe turns in the empty bed~tube ﬂ by extrapelatien)

.was enhanced by 20% in ene inch bed and 29.5% in twe-inch bed.
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Similar enhanceméntsqu the ceils with feur and six turns were

72% and 99% in ene-~inch bed and 129% and 143% in twc—inéh bed. )
Beth twe-turned and f;ur—turned ceils shewed betﬁer perfermance

in the twe-inch bed due to tetal immersien ef the ceils in the
burning bed. The six-turned ceil had twe-thirds ef its height
immersed in the twe-~inch bed, and se the enhancement in:h° Qas
higher camparéd te that in ene-inch bed. The results alse indicatF
that the twe-inch bed fluidized better with the 0.0686 m diameter

- ceil than with the 0.0978m diameter ceil.

Omar and Islam (82) used a 0.066m diameter ceil with ten
turns (three turns/inch) and ebtained 295% and 354% enhancement in
h, at 3,2 m/s flue velecity in ene-inch and twe-inch bed, respectively,

‘ever the homvalues in the empty bed-tube. Their resulis are compared
with those of the present study (for 0.0686m dia. coil, six turns)
in Figure T.l. ' , _

iii) Cxlinderszlit may be seen frem Figures 6.3,6.6 and 6.9

‘that while cylindér-I performed better in herizental pesitien in

the empty 5ed-tube, in beth ong-inch bed and twe-inch bed the
cylinder in Qertical pesitien provided higher heat transfer
coefficient% This méy be because this cylinder cevered a larger

area of the distributer plate in the herizental pesitien than in

the vertical pesitien, While such éoverage helped better heat pick-~ |

up in the empty bed-tube, in particle beds this caused ebstructien

te fluidizatien.
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Cylinder-II, en the ether hand, previded better heat transfer

in the vertical pesitien in the empty bed-tube and in ene-inch bed, but

in twe-inch bed, better heat transfer was ebtained frem the cylinder in
herizental pesitien. The reasens are thd£ in the‘empty bed-tube, the
vertical pesitien expesed a larger area ef the cyliﬁder te the flame-
frent; and in one—inchrbe& the cylinder was fﬁlly immersed when in

vertical pesitien. In the two-inch bed, though the cylinder was fully

'immersed in both vertical and herizental pesitien, the herizontal

positien caused less ebstructiocn te fluid-flew, se that better fluidiza-

‘tion of the bed was pessible.

Higher heat transfer ceefficients were ebtained with cylinder-II

than with cylinder~I as the former had-a higher surface te¢ velume ratie.

Cemparing the heat transfer ceefficients at 1;7 m/s flue velecity,
the‘enhancémenté in he for cylinder-I (vertical and'horizontal) were
81% and 72% iﬁ one-inch.bed, and 76% and 82.5% in twe-inch bed, respec-
tively. Similar enhancements for cylinder-II ( vertical and herizontal)
were 33% and 60.5% in ene-inch bed énd 45% and 90% in twe-inch 'bed. The
twe=inch bed shewed betﬁér heat transfer efficiency which may be

attributed te the tetal immersien ef all the cylinders in this bed.

7.6.2 Nusselt-Reynelds Rélatienship

Legarithmic plets-ef particle Nusselt and Reynelds numbers are

presented in Figures 6.10 te 6.15. It may be ebserved frem these Fiqures
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that the Nup vs Rep curves have a general resemblance with the

cerresponding he vs u

g Curves, Hewever, in seme cases, Nu was found
P

to gradually decrease with decreasing Rep ( it has been explained in
Sectien 7.3 that a decrease in Rep signified an increase in uf).
This was becauée the rate eof increase in he was toe lew, so that it
was effset by the correspending increase iﬁ kf due to increase in bed
temperature ( Nup = ho dp /kf )+ The Prandtl number varied by ne ﬁore
than 5% within the experimental temperature range, and was considered
. S

to remain ;onstant. i

Under similar experimental condition;,_Omar and Islam (82)
ebtained straight line legarithmic plets with'pesitive slepe because
they éperatéd with wider variatiens ( almostllOO% ) of flue velocities,

and lewer range of bed temperatures ( 41°K),iand did net encounter the
E

maxima in heat transfer ceefficients.

7.6+.3 Reynoelds-Archemedes Relationship

The legarithmic plets of Archemedes_numsers as functiens ef
Reynolds numbers are presented in Figures 6,16 to 6.21. The Archemedes
numbers were feund te iqcrease with increasing particle Reynelds numbers
.in all cases, with a straight line relatienship. Siﬁilar results were
ebtained by Tamarin and Khasanev (SB’. Basically, the results ebtained
by Omar and Islam (82) are alse similar except fer fhe fact that their
Rep increased with increasing ug rather than decreasing, fer reasens

explained under Sectien 7.3.
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7.6.4 Energy Utilization Efficiency

va, Percent Excess of Air

The energy utilization curves are presented in Figures 6,22
to 6.24. These curves resemble the corresponding ho va. ur'curveg,

and the increase or decrease in ﬂz

may be explained in the same
8 -

way as the corresponding increase or decrease in'h ..

It may be observed from the figures that the efficiency of
energy utilization obtained in the expériments‘wﬁs lower than that
obtained in a conventional boilér. The reason is that the efficiency
of energy\utilizatioﬁ-depegds on the available heat trénsfer area,

which was too small in the presenf experiments.
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8.1 CONCLUSIONS '

The present investigatien led te the fellewing impertant

cenclusiens:

1. A special type of ceramic material was identified, and fabrica-
tien technique was develeped fer the censtructien ef distributoer plate

for high temperature fluidized bed gas cembustien system used in the

. present study.

-3
Distributer made frem 6.35x10 "m thick asbestos sheet was

.found unsuitable for the present experimental cenditiens.

2. Chamette particles were used as the bed material to werk upte
bed temperatures of 1473°K. Ordinary sand preved unsuitable at tempera-

tures abeve 1050 °k.

3. Similar te nermal fluidized beds,  uniferm temperature distribu-

tien was ebserved in the fluidized bed cembustien system,
4. Fer the same fuel/air ratie, ene-inch bed attains higher bed

teﬁperature cempared te twe-inch bed .due te better fluidizatien in the

fermer.

5, Within the experimental range ef temperatures and fiue—gas
velecities, an increase in flue velocity decreased the cerrespending

particle Reynolds number due te wide variatien in bed temperature.
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6. The degrees ef gnhancement.in everall heat transfer ceefficients
fer the different heat transfer surfaces immersed in fluidizéd particle
beds ef different initial bed heights, cempared te the cerresponding
heat transfer ccefficients in the empty bed«~tube, were as fellews at

an arbitrarily chesen flue velecity of 1.7 m/s:

il Ceils eof 0.0978m diameter (2 turns/inch): -

_Ne, ef turns Enhancement in h Enhancement in h
in ene-inch bed in twe-inch bed

|
1
|

2 59% 35%
4 ' 114% 139% -
6 103% ! 102%
11) Coils of 0.0686m diameter ( 2 turns/inch)
Ne. of turns Enhancement in he ; Enhancement in h
in ene-inch bed © in twe-inch bed ©
2 20% ' 29.5%
4 72% . 129%
6 99% 143%
iii) Cylinders
Size Orientatien Enhancement in Enhancement '
h in 1" bed inh in 2" bed
o -]
0.05m diameter vertical 81% 76%
X 0.05m height - herizental 72% ’ ’ 82,.5%
0.05m diameter vertical : 33% 45%

x 0.025m height herizental 60.5% S0%
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7. The sverall heat transfer ceefficients rgached their maxima

in a number ef cases.

8. " The heat transfer coefficients ebtained in the present study
are cemparable with these of the previ@us investigaters fer 8imilar

experimental range.

8. .Within the avéilable time, every attempt was made te widen fhe
knewledge in tﬁe field of simultaneeus cembustien aﬁd'heat transfer in

. fluidized beds. It'is felt that the present study has made.some centribu-
tien in this directien. _ : : .

B.2 SUGGESTIONS FOR FUTURE WORK

In view ef the limited time available, the present study included
enly the physical characteristics‘of the flu;dized bed cgmbustion system,
and Héét transfer studies with twe different diameter ef cepper ceils
(each'havihg three differeﬂf numberslcf turns) and twe different dimen-
‘siens ef cepper cylinders ( each in twe different ;rientations). Thé majer
ebstacle in tarrying_oﬁt this iqvestigatien was the nen-availability ef a
suitable ﬁiStributor plate. Sihce.a specially designed ceramic distributer
plate, suitable fer high temperéture eperatiens of_fiuidiéed bed combus-.
tion éystems, has been develeped in ceurse ef this stﬁay, the experimental
set-up méy now be cenveniently utilized te séudy a number of ether system

'Variables; seme eof whiqh are listed belew:

-
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i) Distributer - Distributer plates may be made with

different aperture sizes and pitch deemetry se that different particle
sizes may be used and the effect ef pitch geemetry en fluidizatien

characteristics and heat transfer efficiencies may be studied.

ii) Bed height - In the precent study, bed heights mere than
O%OSOBm ¢ 2 inch) ceuld net be used due te heavy elutriatien ef bed
p%rticles. Higher beds can be used by increasing the free-beard
'hcigﬁt. Fluidized bed eperatiens with such higher beds will require

air supply at higher pressure and threughput.

i

iii) Werking temperature - By adjusting the fuel/air ratie,

different temperature ranges may be selected, and studies carried eut

using suitable bed particles fer each temperaturc range.

jv) Bed particles ~ Different types and sizes of bed particles

may be used in the same temperature range te study the effect eof

particle shapes, sizes and preperties.

v) Induced agitatien - The present study was cenfimed te a

freely fluidizing bed. Studies may be extended te study the effects

eof mechanical stirring, pulsatien er vibratien en the bed performance.

vi) Mede of heat transfer -~ Apart frem studying heat transfer

te immersed surfaces, heat transfer te the tube-wall may be studied

by circulating water tﬁrough an external jacket en the tube-wall.
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vii) Heat transfer surfaces — Heat transfer studies may be

i
carried eut by immersing ebjects ef different shapes and sizes, e.g.,
spheres, tubes, cubes, etc., in different pesitiens ( heights) and

- erientatiens within the burning bed. Te further extend such studies,

fins and spines ef different shapes and sizes may be added.

viii) Detailed cembustien study - In the present study, enly

phyéical characteristics ef the cembustien system were included. Mere
elaberate study ef the cembustien precess, at different fuel/air raties,

may be undertaken using a flwe-gas analyser.

ix) Operating pressure — The present study was undertaken

at atmespheric pressure. High pressure eperatien fer heat transfer

studies sheuld be of interest frem industrial peint ef view.

x) Temperature studies - 1In the present study, the temperature
prefile was measured by shifting the pesitien ef the thermeceuple

. manually . A gear-and-pinien arrangement weuld previde better accuracy

and cenvenience in temperature prefile measurement.

xi) Use of other types of fuels - With slight medificatien

“in the experimental set-up, liquid er selid fuels may be used fer

combustion and heat transfer studies in the bed.
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NOMENCLATURE

The symbels used in the different chapters are defined here.

The symbeéls used in the appendices are presented in Appendix-D.

Symbel Significance . Unit

Ay : Cress-sectienal area ef tﬁe bed ( m 3

A, Outside area of the heat transfer (m’ ) .
surface : 1‘

Ar ' Archemedes numbef i { - .

c Ahlérbitrary conétant - « =)

Cr | Cerrectien facter fer nen-axial éube' ( -
lecation _f 7

Ce - Heat capacity ef the flgidizing {1uid (kJ/kgloK)

Cp . lHeat capaci?y éf the béd—particleg (kJ/kg °k)

<, ‘ Heat capacity ef water i_ (kJ/kg k)

d Diaﬁeter ( m)

g N Acceleratien due te gravity (m/s2 )

G ' Mass velecity _ (mg/Sec.mZ‘)

H ' Bed height | ) |

H | Initial bed height

ﬁ ‘ ﬁgatf£ransfer ceefficient \ (w/m2 QK )

ho : - Overall heat transfer ceefficient ) (W/m2 °k )

k ) : Thermal.cenductivity_ | (W/m %k )

Nu Nusselt number - | o (- ) |

Ne ' Flux of Pa-r%{cle.s at heat tvonsfer suyface ¢ =)
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Significance

Prandtl number
Expected heat pick-up by particles

Heat transferred te water

Reynelds number
Stanten number
Abselute temperature
ﬁed temperaturé

Temperature at the heat transfer
surface :

Inlet temperature of water

Outlet temperature ef water
Qelecity
Flew rate ef air _

Flew rate ef gas

Water flew rate
Percent excess of air

Difference

Thickness eof gas beundary layer

~ Orientatien angle eof immeérsed tube.

Dimensienless temperature
Spherecity facter

Bedrvoidage

@

¢ "K)
(m/s )
(mBks )
(m3/s )

(kg/hr )



Symbel
/(1.
v
%
ﬁ).

Subscripts

avg
b

ct

mnax

mf

Significance

Dynamic viscesity
Fluidizatien efficiency

Efficiency ef energy utilizatien

Density

average value

bed

ceil-tube

fluidizing fluid
instanténe-us value

mean value

maximum vaiue

value at minimum fluidizatien

bed particle

Unit

( Ns/m°

¢ ~)

(kg/m3 )

)
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Aggendix-A

CALIBRATION OF THE CONTROL INSTRUMENTS

A.1 FLOW METERS

N

i) Ratural Gas and Air Flow Meters

Natural gas and air flow rates were registered by Singer

(Amerlcan Meter Company) Model AL—BOO and CVM 3.5 flow meters,
respe;tlvely. Theae meters were pre-callbrated by Pitas Gas Tfans-
mission & Distribution Co, Ltd. to record natural gas and air flow
rates at flowing pressure and temperature to 99.9%_accuracy (90).
The recorded volume may be converted fo the standard‘voluma using
the following formula: .

‘Atmospheric+Line Press.

Volume, SCFH = Meter displacement, CFH X
' o Atmospheric Pressure
N 520°R S
460°R + Flowing Temperature

. where SCFH = Flow rate, standard cubic feet per hour

CFH = Flow rate, cubic feet per hour

)
1

In the ﬁresent study, however, 273°K1(492°R) has. been used
as the base temperature as per practice in stoichiometric calculationa.

~

. ii) Water ‘Flow Meter

K 'Niagara' gallon (U.S.) meter, manufactured by M/s. Buffalo

Meter Company of U.S.A., was used to register water flow rate. The
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meter was calibrated by direct weighing of the quantify of water that

flowed per revolution (indicating ten gallons) of ithe meter.

A.2 THERMOCOUPLE

The Chromél-Alumel thermocouple used in the experiments was
calibrated against a standard Pt-Pt-Rh thermocouple connected with a
direct temperature indicator in a slow-heaiing muffle fu:nace (hanu—
factured by Leco Corporation, Michigan, U.S.A.), keeping the tips
of the two thermocoupiés together and noting the ;alibratory readings
from a millivoltﬁeter. The :esulting_calibration curve (Figure A.1l)
followed a straight liﬁe equation of the following form within the

experimental range of temperatures:

r=2022 4 213 30/ mv/ 47.5 (a1)
where T = the recorded temperature, °k
nv = milliﬁoltmeter reading, m¥
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AEEendix-B

PHYSICAL CHARACTERISTICS OF THE SOLIDS-FLUID SYSTEM

B.1 Physical Preperties of the Bed Particles

The preperties eof the bed particles are given in Table B.1.

Table B.1: Physical Freperties ef the Bed Particles

_ Preperty ) Symbel Unit Valuel
Abselute density /3 kq/m> 2470

: R 3 =
Bulk density bulk kg/m 1194
Specific heat <, kJ/kg °K  1.0176
‘Thermal cenductivity k w/m °x 1.6435
Emmissivity ep - 0.59

The abselute and bulk denskities eof the particles were determined
exberimentally by Specifié gravity bettle. The Specifié heat is taken
frem the data given;by Leva (4) fer fireclay ef 2403 kg/m3 density. The
thermal cenductivity data is that frem McAdams (91) fer fireciay at

1273 °K. The emissivity data has been taken frem Chechetkin (92) fer

fireclay particles at 1500 °K.
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B. 2 Particle—size Determination

The mean particle size was determined by sieving the chamettee

particles using U.S. standard sieves as follews:

d =0.5(d. +4d, )
P i

i+

.

The data are shown in Table B.Z.

N

Table B.2: Determinaticn of the Mean Particle Diameter

i

!
Mesh numbers

Sieve~opening, m

Mean particle dia-

meter, m
tai d,x10 d x103 d x 103
pass retailin 5 i+4 o
12 14 1.68 1.41 1.545

B.3 FProperties of the Fuel Gas

The natural gas used in the experiments had the

preperties (93} :

.

i} Cempesitien: Methane

ethane
prepane

ise-butane

. n<butane

peﬁtane'& higher
nitregen

carben diexide

I

96.27%
1.82%
0.43%
0.12%
0.08%
0.47%
0.35%
0.46%

fellewing
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ii) Specific gravity: 0.595 ( air = 1 )

3 3
iii) Calorific value : 38600,kJ/m3 (1036 Btu/ft )

During calculatiens, hewever, the fuel gas was assumed to be

entirely methane.

B.4 Preperties of the Flue Gases

The fellewing equatiens were used te evaluate the average
physical and thermeophysical preperties ef the flue gases of different

compositions (95):

i} Density

. . .

/g :/2 .Xa' * /C;\I .xN +PC .xc +/OH -xH - (Bci )
ii) Viscesity

-/Qf ,=/&a 'xa +/4N ‘.xN :+/é(c *xc.;}z&ﬁ .xH | " ( Ba2 )

iii) Thermal cenductivits
[

kf = ka .xé + kN +xN + kc .xc + kH .xH (B.3 )

where subscripts a,N,c and H stand fer excess air, nitregen, carben

diexide and water vapau:,,respectiﬁely.

The abeve-mentioned preperties foer the individual cempenents
of the flue gases at different temperatures within the experimental
temperature range were evaluated from the fellowing equatiens (% ,86).

aquations for

The viscesgity and thermal conductivity/{ water-vapeur were obtained

by extrapelatien of standard curves to include the experimental

temperature wvange.
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k|
!
I
ﬂ i) Density
-4
a) air: /O = 0.58 = 2.3376x10 x T (B.4 )
. a
il 950 £ T £ 1460
' . -4
b) N, : [ = 0.662 - 5.14x10 ~ x T (B.5 )
950 £ T {1130
-4
1130 T £1460
\ : = 7 - 5.33 oyt | )
c)co2./g-1.o-. x 1 x B.V_
950 1< 1130
= 0.756 - 2.57 x 10  x T - (B.8)
1130.£ T L1460 :
) -4 : ;
d) H, O-vapour: /% = 0,41~1.8x10 x T (B.ES )

950 T £1130

= 0.344 « 1.33x10 " x T _ (B.10)
. : 1130 { T <1460
ii) Viscesity _
a) air /% = (0.2666xT + 175) x 1077 (B.11)

950 T £1460

- -7
b) N, b = (0.25xT + 157 ) x 10 (B.12)

950 < T <1460
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A
Vo . ©) €Oy s L= (02275 X T + 115) x 1077 (B.13)
o | L 950 £ T £1300
! | | - 9
, , = (0.25625x T + 170) x 10 (B.14)
1 . - 1300 T £1460
.

d) H20—vapeur: = (0.5 x T - 25)x10 (B.15)

H
950 £ T £1460

i iii) Thermal Conductivity.

5

a) air :'ka = (0.0’le+‘-i4)x418.3x10— - (B.16)
! 950 T L1200
= (0.00875xT+7,3)x418. 3x10 > B.17 )
1200 T £1460
‘ b) Ny : k= (0.0133 )%T+3)x418.3x'10_5 (B.18)
9{5041"41100
\ = (O.O‘leT+‘I4.66)x418.3x19_5 (B.19)
1100 £ T £ 1460
cj C02.: kc = (0.0‘133xT+2)Jv:4‘.18.3:*(10"-S ' (B.20)
950 T 1250
= (0.011XxT+3.5) x 418.3x10"° (B.21)
1250 < T £ 1460
5

d) H, O-vapeur: k. =(8.025xT -4.8)x418.3x10 - (B.22)

950 < T £1460
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SAMPLE CALCULATION:

In erder teo present the calculatieonal procedure, the fellewing
sample calculation: fer run ne 130, based en the input data previded in

Table C.1, are presented. Fer the purpese eof cenvenience in calculatiens,

air and ether gases have been assumed to behave as ideal gases.

Table C.1 Experimental Run Ne.130

iExperimental Data i o - Symbel Unit Value
Reem temperature o . i fC 24
EAir flew rate | ) v m3/s 6;378x10_3
EGas flow rate - Vg m3/s -5.6‘18:{'19-4
%iameter_ofjchamotte Particles dp m ‘1.5453:10—-3
iDiamete.__r.“ of bed tube = 4y om 0.1524
ﬁeat tfansfer area . AC m2 - b.0354
Bulk"density-of‘particles: /gulk' - kg/m3_ 1194
Bed temperature _- mv mv 44
Inlet water temperature 'I‘wi ®c .26
‘Water flew rate W _kg/hr 235
Outlet water temperature _ Toe % . 59
Heat capacity ef water , 'Cw . . kJ/kgoK 4.1?674

Heat of combustion ef methane Qi kJ/k mele 8.9094x10*5
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C.1 CALCULATIONS - .

o .
1) Bedfﬁemgerature (Tb) B :

The bed temperature was calculated frem the millivelt-meter

reading using equatien (A.1):-

T. = mv-b
b -ETEEE_—+_273

44-6
-0.035

= 1359%

273

'ii) Flew-rate calculatiens

a) Air flew rate (Va)

The air-flew rate at reem temperature was directiy sbtained frem the

meter as:

v, - 6.378x1Q-3 m3/S

usiﬂg ideal gas law relatien, the velumetric flew rate of air at STP was:
(assuming temperature at meter inlet to be same as the room 'temperature) -
= VvV P ) -
Vae a e L2l =6:378 % ;0-:3‘_ X omlldeu_ x 121
Tr Po 7 ~(24+273) 101

' =3 3
= 11,087 x 10 " m /s
where T, = reom temperature, 24%

) ) |
Py = working pressure of the gas meter

b) Gas flow rate (Vg)

The velumetric gas flew rate was directly ebtained frem the gas meter

;s: .
Vg = 5.618 x 10™4 m3/s
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using ideal gas law, ﬁhe flew rate at STP was found as :

To, Pp -4 273 191
v = V o mzs = 5,618 x 10 X x
ge .9 Tr Po > (244273) 101
-4 3
= 9,7656x 10. m /s
iii) = cCalculation of the number of k moles

a) k mele ef air ( M, )

3

The volume of 1 k mole of an ideal gas at STP = 22.41 m

=3
Number of k mele of air = _11.087 x10
. 22.41

= 4,947 ; 10-4 k-ﬁelé(s

“

b) k_mole of gas ( Mg )

o .
Number eof k mole of gas = 91656 X10
22.41

i

=4.5577x10-5 k mele/s

iv) Theeretical k moles of air required for cemplete
cembustion ( M > '
a(thes)

‘Assuming the gas te be entirely methane, the reaction that takes

place ¢n cemplete cembustien may be presented as

CH4 + 202 CO2 o+ 2H20

Se, the theeretical k meles of air required/k mele ef gas is :

~
L

Ma(theo) 2 x'-Eﬁf— = 9.52 k meles

Theeretical k moles ef air required in this case:

= 9.52 x 4.3577 x 107

Ma(thee) _ -2
=4.,1485 x 10 k mele.
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v) Theeretical flue — gas analysis

a) Excess air = Ma = Ma(thee)

=4.947 x10™% = 4.1485 x 1074

=7.985 x 10-5 k mele

. - 79 ’
b) Nltrogen Ma(theo) x oo .
=4 79
= 4,3485 x 10 X
.4 485 x 100

= 32 773 X 10_5 k mole
~ ¢) Carben diexide = Mg |
e4,3577x 10" k mole

d) Water vapeur = 2 X Mg
= 2 x 43577 x 1077

=8.7154x10-5 k mole

Thué, fordaSHme-s k mele of gas burnt, the flue gas cempesition was

as follows:

Table C.2: Flue=gas compositien

s

‘Component - k meles Percentage

' . _ (Mg ) compesitioen
Excess air (a) 7.985?x10-5 14,.98%
Nitrogen (N) 32,775 x107° - 60.78%
| carben diexide(c) 4.3577x10—5 8.08%
water vapour (H) _ 8.7154x10—5 16.16%
Total 53‘.83:[1;:10'5 100.00%

)
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VI) Total velume of flue gases at STP (V)

Vfo = Mf X22.4'1

= 53,8311 x 107>

x 22.41

«12.0635 x 10”3 m3/s‘

- v1i) Velume of flue gases at bed temperature (Vf)

vf = Ve X Ty (pressure at this point is very near

Te to atmospheric)

=12.0635 x 1073 x _1359
273

-2 3 :
=6,005 x 10 m/s ‘

. viii) Velecity of the flue gas ( ug )

v -2 : -
ug = £ = 6,005 x 10 2 s
Ap 1.824 x 1074 : ,
= 3,29 m/s

ix) Preoperties of the flue gases .

L

PFoperties of the flue gases were calculated from equatiens (B.1),

B.2) and (B.3).

a) Average'densitﬁ ef the flue gases (f% )

-Pf Rpa .xa +ﬁl .XN + c-xc +FH'XH

using equatiens (3.4), ( B.6), ('B.B), {(B.10) and table C.2 :

'/? = 0,262 x 0.1498 + 0.24x0.6078 + 0.407 x 0.0808 + 0.164 x 0.1616
'= 0.03925 + 0.14587 + 0.03289 + 0.0265

o

= 0.24451 kg/m>
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b) Avegége viscesity of the flue gases 9ﬁf”)
:/&_ft/&a .xa "'/QN .xN—"ﬁ'/‘Lc oxc +/(H .?()'I
using equatiens (B.11), (B.12), (B.14), (B.15) and Table C.2:

feg = 54373 x 107 x 0.1498 + 4.9675 x 10 x 0.6078 + 5.1824 x 10

X 0.0808 + 6.545 x 10 °x 0.1616
| =5 -5 -5 . -5
= 0.8049 x 10 ~ + 3.019 x 10"~ + 0.41874 x 10> + 1.0577 x 10

= 5,3 x ‘.10-5 Ns/m2 2

l .
¢) Average thermal'conductivitx of the flue gases ( k¢ j

kf = ka .xa +‘kN «Xy +:kb .xc + kH .xH
P .

using equations (B.l?),i(BaiQ), (B.21), (B.22 ) and Table C.a:

- ' =2 | o2 : =2

x 0.0808 + 12.2039 x 10~ x 0.1616

2

L

1.2 x 107% 4 5.331 x 107°" 6.62355 X 107 4 1.972 x 10”

0.0912655 W/m °K

%) Heat transfer calculations

‘a) Heat transferred to flewing water {Q,)

Qw = ww 'cw (Twa - Twi )

= 235 x 4.18674 x (59-26)

= 32468 kJ/hr.
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b) Leg-mean temperature difference (AT

AT, = AT_ )
AT = ( -\1 2
m 2.303 Leg (AT‘l/ AT

5 )

wh'erg AT_l = Tb - Twi

ATZ = Tb - Two

S AT = 1359-299) - (1359-332)
m

2.303 leg 3352:322—}~~

1359-332
_ a3 .
2.303 x 0.013733
= 10434

c) Overall heat transfer ceefficient

Frem equatien 6, 3:

ho = 'Qw[(-%cq A?['m )

- 32468/ (0.0354 x 1043.4)
= 879,025 kJ/m> hr %k

= 244.2 w/m® %%k

x1) Particle Nusselt Num'ber' (Nui; }

From equatien (6.6 ):

Nu

p ho dp /kf

= 244.2 Xi’o545x10.—3/91.2655 X

= 4,13

(he)

10
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xii) Particle Reynelds Number (Rep)

Frem equatien (6.7):

Re = dp uf./} //?f
=(i;545xio'3) X (3.29) x (0.24451)/5°3x10"°
=23.45 | ,

xiii) Archemedes Number (Ar ) '

Frem equatien (6.10 ) 3
Epa /%ulk-%;-ﬁ

A -
i A :
-3.3
_(1.545x10"%)° x 9.807x1194x0.24451
- 2 ’
(5.3x10"° )
= 3759

xiv) Energy utilization efficiency (%22 :

QW
R g x w00

., . '532- 46‘8 . x160
8,9094x10 x4.3577xr0§§3600

= 23,229

xv) Pefcent excess of air_(o(a )

M =M : A
X & _a _al(theo) x 100

a Ma(théo)
4.947 -4.148% 5 10”9
4.1485 x 1072
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AEEendix—D

" NOHMENCLATURE FOR THE AFPENDICES

The symbels used in the main text have been defined in
Chapter 9. The additienal symbels ised in Appendix-A te C are

presented ﬁelow:

Symboel Signific ’ Unit
ymbo o ignifi ance- n
o
l : : . .
dC . Diameter of the ceil .. (m) i
d, - Sieve-epening allewing the C(m)

i particles te pass

3.4 .E Sieve-epening retaining the Cm)

i partlcles
M % Kilomoles ' (k‘moles)
mv . é Millivoltﬁeter reading , _— { mV ).
Qi , . Heat ef cembustien o ’ {(kJ/hr )
T, Standard temperature ( 273°Kk) ( ok ) ,
Ty : Reom temperature ' ( °k )
' Velumetric flow rate (m3/s )
x ' Mele fractien : =)
Egbﬁiﬂié* Air
bulk Bulk~value
c égrben diexide
£ ‘ . Flue gases
g Natural ga#
H ‘Water vapeur
N : Nitregen

0O , Value at STP
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