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ABSTRACT

A three-stage Pressurized Fluidized Bed Combustor (PFBC) of
principal dimensions, 0,45m internal diameter by 4m high was designed
and fabricated to burn South African coals, with particular reference
to coals unsultable for burning in conventional boilers.

The combustor which is the first of its kind and probably one of
very few operational PFBCs in the world, was made of three jacketed
sactions positioned vertically ore above the other and bolted together
at the flanges. Distributor plates were located at the Flanges which gave
the combustor a multistage capability. A three, two, or one deep Fluidized
Bed (FB) configurations were possibie by remgvirg the interstage distri-
butors. Interstage solids circulation was made possible by the use aof
downcomers transporting sclids downwards between the FBs. The solids were
returned to the top FB using a preumatic conveyor.

The design of the PFEC was a seguence to a series of experimenta)
and thearetical investigations which were carried out in order to
provide us with the necessary PFBC desigr parameters. These investigations
dealt with the following areas of research: (a) the development of a new
type of cyclonic tuyere capable of transmitting through it high
quantities of solids with the fluidizing gas, without choking, [b) the
transfer and contral of the downward fMow of solids through downcomer
pipes, (c) the control of the circulation of solids in a circulatory
system using a non-mechanical solids flow control valve, (d) the
development of a new type of start up burner which could cperate
immersed under the solids, and (e) the combustion of coal in a small FB
under batch conditions and the study of reaction kipetics of South
African coals. On the basis of the results of the investigation in these
research areas and the findings of research of individuals and of

-organizations working in the field of fluidization technology the PFBC
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was designed, built, and successfully commissioned. A series of 12
runs, with each run lasting between 2 and B days, totalling more than
1500 hours, were carried out on the PFBC, Char and coal with ash
content between 30 and 70 per cent were burnt in the combustor using
various combinations of feeding ports and number of FBs. System
pressures ranged between atmospheric and 6 bar(abs). For some of the
runs the reactor was operated inm & counter-current mode with solids
and combustibles descending against the upflowing fluidizing air in
order to study the effect that counter-current flow had on the
efficiency of combustion.

The combustion trials showed that the two-FB combustor, operated
preferably without solids circulation, with the bottom FB acting as
the main combustion cell and the top FB as a smuts burn-out cell,
proved to be the most practical and most suitable combustor for burning
South African high ash coals and fines or, in general, any low-grade
carbonaceous materials of any size. With this configuration combustion
efficiencies of up to 99 per cent, based on the combustibles in the
feed and the ash, were achieved,

The department computer (CDC1700) was successfully linked with
the PFBC for real time data logging and data processing.

A mathematical model which was based on our research findings
and the work of T.P. Chen and 5.C. Saxena, C. Fryer and 0,E. Potter,
and D, Levenspiel was successfully developed and applied to the two-
FB PFBC. The mode] describes the devolatilization and combustion of
coal particles in the FB in accordance with a shrinking core type
mode]l and uses a population balance over all particles for the averall
mass balance. The results from this model, which was put onto the
computer, compared favourably with the experimental results and the
model can be confidently used to predict the behaviour of the PFEC.
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It can also be easily adapted for use on any other single or multi-
fluidized bed reactors provided that the assumptions made for the
derivation of this mathematical model still hoid .

A mathematical model based on the work of H.C. Hottel and
A.F, Sarofim, and L, Wender and G.T. Copper was also developed. This
wodel describes the transfer of heat from the FB to the cooling coils
using a stepwise heat and mass balance along the length of the cooling
eoil. Although this mathematical model was developed specifically for
the coocling coils of our combustor it is strongly telieved that it can

also form the basis of a general purpose model,
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ROTATION

Symbol Significance Units of measurement
A cross sectional area of FB e
AFBC atmospheric fluidized bed combustor
By constant (E.3.11)
Gy constant taken as unity (E.3.1)
= constant in elutriation eguation (E.7.2)
Cy paramgter defined in £.7.3
€y fraction of fixed carbon in coal
€y gas discharge coefficient
+ concentration of oxygen in gas §tream kg nnlfns
D diameter, diameter of FE m
0, constant (E.3.11)
B gas diffusivity mzfs.
dp particle diameter m
g downcomer dianeter m
Fs solids friction factor
i velume ratio of cloud wake and bubble

phase
Fn coal feedrate kg/s
F: upper iimit of F necessary to cause

solids circulation kg/s
Fy codl entrainment rate ka/s
F: fraction of fixed carbon In coal
FB Fluidized bed
g gravitational acceleration IIEE
H total FB height . m
kg coal elutriation constant /s
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volumetric rate of gas exchanged between
cloud and emulsion phase per unit bubbie

volume

volumetric rate of gas exchanged between

bubble and cloud phase per unit bubble
vo lume

s0lids height in FB

solids height 1n downcomer
downcomer length

mass of a coal

=olecular weight of carbon

total mass change rats of coal in F3
kg mol of component A

number of reacting coal particles
pressure (gauge)

coal size distribution in feed

coal size distribution in entrained
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coal size distribution in FB
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ga5 volumetric flow (STP)

coal particle radius
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rate of combustion expressed as kg mol
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sherwood number

time

Fpe—

Isfi
by}
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Greek symbols

ap
&3

4

temperature

superficial velocity

fnterstitial velocity

weight of sand and co2l in a FB

mast flux of salids (through 1 valve)
weight of coal in top FB

weight of coal in bottom FB

helight

difference 1n pressure

m/s

m/ s
hg!mi.i

kg
kg

Fa

difference in interparticle normal stresses

between two levels
s1ip velocity
internal angle of friction
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ratio of the bubble phase volume to the
total FB volume

Fa

m/'s

effective emissivity of silica sand [E.A.10.7)
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gas viscosity
density, coal density
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Subscripts

L]

m @& ©  m o o

b |

mf

or

rate of shrinkage of a single particle m/s
average rate of shrinkage of coal

particles in an FB m/s
gas consumption due to the reaction with

a single particle kg mol/s

inlet conditions
region (a) of 4 valve
region (b) of 4 valve, bottom FB
bubble phase, bubble
cloud phase
distributor
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(3]

jas

total height of FB
conveyor, 11ft line
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radius
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CHAPTER ONE

INTRODUCTTON

The world in general and the western world in particular is
heavily dependent on of] as a source of energy and petrochemicals. It
is only recently and after the realization that of] and gas reserves
will shorily become exhausted that a mnumber of countries have turned
to coal as a long-term source of energy and carbon.

Large coal reserves 1in South Africa have prompted the early use
of coal in an economy that is now almost independent of imported oil.
However, the selective use of high-grade coal for local demand and
export and the upgrading of coals for use in the pyrometallurgical
industry, has left this country with vast amounts of discard coals
and coal fimes. [f the low-grade coal reserves (greatér than 35 per
cent ash) are added to the discard coals and coal fines the usable
coal reserves can be increased by more than B0 per cent.

The advantages of FBCs and the possibility of using such a
combustor for burning discard coals and fines to raise steam were
realized more than 7 years ago and preliminary investigations on FBCs
were carried out in this country using South African cnnl;l,

The advantages of FBCs comparad with conventional coal-fired
bollers can be summarized as follows,

(1} FBCs can combust Tow-grade coals of any size whereas conventianal
boilers are designed to burn a specific type and size range of coal.
(2) Combustion efficiency in FBCs 1s higher because of the uniform
temperaturs of the bed of inert material and the continuous remaval

of the ash formed sround the buraing coal particles. This secures a
mare complete combustion and high combustion rates.

{(3) Heat transfer in FBCs is much better because the heat transfer
surfaces can be placed inside the hot turbulent bed of solids.

]



(4) When high ash coals are used in conventional bollers ash fusion
and deposition of alkali metals on the heat exchanger surfaces causes
blockages, corrosion, and reduces the efficiency of the boiler. The
FBCs operate at much lower temperatures and are therefore free of this
kind of problem. The low combustion temperature also facilitates the
poccibility of removing valuable minerals from the ash.

(6) FBCs emit less pollutants. HEII emissions are low because of the
low combustion temperatures (800 to 900°¢ compared with 1200 to 1400%C
in conventional boilers). It is also very easy to add limestone or
dolomite in the FBC to reduce the volume of 50, leaying the combustar
by the formation of sulphates. This is much cheaper than using & gas
purification apparatus to remove the 50, from the flue gas as

happens in conventional boilers.

Although the combustion process in an F3C has received 2
cansiderable amount of research world-wide during the last two decades
and most of the advantages of FECs have now been conclusively verified,
Tittle 15 known about the scaling-up of F30s, Thiz is because the
scaling-up using as & basis results from bench-scale units 15 a
cooplex problem. There is also the reluctance, which characterizes
industry, to utilize the findings of & new technology. From & recent
survey on the status of FBCs in the U.K. and I_'.E...ﬁ.;‘r the authors report
that they found only 'half a dozen' large installations operaticmal with
a few others in advanced stages of development. In addition most of
these installations were designed for atmospheric pressure operations
(AFBLY .

For power generation the choice ic directed rather Lowards
pressurized combustion (PFBC) because of the higher thermal efficiencies
and better combustion characteristics. The physical size of the combustor

is also greatly reduced. Combustion of coal at high pressures adds a



few more unknown parameters to the already long 1ist of problem areas
regarding the operation of an FBC. To these problems, adding our 1imited
knowledge on the behaviour of South African coals in FBCs, the guestions
that need to be answered in order to successfully operate an FBC in this
country are the following.

(a) What is the best method for feeding coal in a pressurized system?
{(b] Does ash fusion and sintering occur during the combustion of our
coals in an FBC?

{c) Can the FBC burn any size of coal from duff (~6mm) to industrial
nuts (LlBmm to 30mm) bypassing the use of double screened :m]z‘:'

{d) How can the elutriation of fines which seems particulariy high

in pressurized combustors be reduced?

{e} What is the highest ash content in the coal that can be tolerated
for continuous operation of the FBC?

{(f. Can the turndown of the FBC be improved from a value of 2,5 to

3 value of & which is the value currently achieved by other types of
utility boilers?

(a) How well does the performance of an FEC boiler compare with that
of conventional utility boilers?

(h) How can the generated heat best be removed from the combustor?

(i, How severe fs the erosion and corrosion of the immersed or
freeboard heat exchanger surfaces?

(d] Wnat is the optimum operation pressure for FBCS? From existing
experimental tumhusr.ursz the Americans show a preference towards a
combustor pressure of approximately B bar while the British converge

to an operating pressure greater than 14 bar,

(k) How can the FBC be instrumented to ensure an uninterrupted and
efficient operation?

(1) How to start up the FBC.



(m) Can the FEC meet the stringent requirements regarding atmospheric
emnisions?

To answer these questions and enable South Africa, which is one of
the world's major coal producers. to contribute to the field of FBC
technology, we undertook to design and build a 1 MW({t) multistage PFBC.
The reasons for choosing @ multistage combustor will be explained in
detail in the following chapters.

The PFBC 13 made up of three vertically staged FBs lined with
firebricks, each contained n a water jacketted pressure vessel., The
height of each stage is 0,’m and each stage has an internal diameter
of 0,46m. Each FB has an operating height of 0,4m determined by the
height of the overflow downcomers which are used for connecting the
three FBs. Distributor plates are located at the flanged joints of each
stage and they can be removed to reduce the PFBEC from a2 three to a two
or to one deep FB. In the three-FB configuration coal can be fed in the
top bed where it gets devolatilized and traverses down one or two stages
with the solids, before reaching the critical fineness at which it gets
elutriated upwards during its final burnout in the upper stages. As a
two-FO system, depending on which distributar plate has been remgved,
the combustor can operate with the deeper FB positioned above or below
the shallow one and coal can be fed into either of the peds. When tLhe
PFEC 15 reduced to a single FB system coal can be fed into the deep FB
or above it.

Circulation of solids outside the PFBC s achieved by the use of
a preumatic 1ift line and a non-mechanical solids flow control valve.
Circulation can be started or stopped depending on the required
concentration of coal and intensity of combustion in each FB.

To study the behaviour of the PFBC theoretically a mathematical



sode) was developed for the combustiom of coal in an FE and was applied
to the multistage system. A series of experiments were carried out on
the PFEC to establish the most suftable PFBC configuration and best
aperating conditions for combuttion of South Africam coals. The
versatility and high possible efficiency offered by the multistage
combustor were investigated and the PFBC was assessed bearing in mind
{ts compiexity 1n hardware and control.

To enable the continuous recording of all experimental parameters,
which inciude chemical amalyses of gas streams, flowrates, temperatures,
and prescures 211 tensor inttrurents were 1inked with the departmental
computer (COC 1700). The computer was run on a real-time basiz and

all experimental data were recorded.



CHAPTER TWO
THE SOUTH AFRICAN COAL SITUATION AND THE CURRENT STATUS
OF DEVELOPMENT IN FLUIDIZED COMBUSTION
2.1. COAL SITUATION IN SOUTH AFRICA

South Africa 1s in the fortunate position of deriving most of its
energy from coal and having an economy which is almost independent of
imported oil.

From a recent Government survey the coal reserves and extractable
coal determined on th: basis of coal with ash content less than 35 per
cent 15 as follows:

coal insitu  : 81,3 x 107 tons
extractable coal @ 25,0 x 10° toms

The Tow tonnage of extractable coal (31 per cent) is estimated on
the basis of current sining methods which could ‘mprove in the future.
Looking at the current and future developments,our coal §s sufficient
Lo last us probably until the end of the neat century. However, there
is a growing feeling that many of our coal utilization methods should
be reconsidered in an effort to relieve the strain on the good quality
coals and at the same time  wtilize the continuvously incréasing
guantities of discard and coal Fines.

The major South African coal consumers and their contribution to
the accumulation of discard and coal fines are the following:

{1) The Electricity Supply Commission (ESCOM), which currently uses
40 x 105 tons per year, which is 56 per cent of the annual coal
production. ESCOM has been using the industrial-type boiler in its
earlier power stations, However, these boilers have now been replaced
by Pulverized Fuel (PF) boilers. In spite of the initial capltal outlay
on plants for processing and pulverizing of the coa) and the problems



of handling and storing the coal in its fine form, ESCOM power stations
are economical because of their large size (2000 to 3500MWe). It is
fortunate that the PF boilers do mot contribute towards the accumulation
of coal fines. However, they are using good quality coals (less than

35 per cent ash).

(2} The local industry which currently uses 15 per cent of the annual
coal production, Although,it is possible for ESCOM to resort to large

PF utility boilers, for economical reasons and efficiency, the fndustrial
sactor has to use the chain grate or stoker type of boiler which requires
little handling or processing of the fuel. Lately. in an effort to
reduce the oversupply of duff coal, a new type of coal, ‘mixed smalls’
with a size of minus 25wm was introduced to replace the conventional
'pea size' coal (6,3 to 25mm), Unfortunately, due to coal segregation
either in the feeding hoppers or after coal is fed onto the grate, the
fines in the 'smalls' tend to get elutriated or become the cause of
localized overheating due to afr channeling. This causes considerable
operating problems in the industrial boiler and increases the preference
of the industrial sector to burn "pea size' coal.

(3) The third major coal consumer are SASOL I and SASOL II, which will
be using over 17 per cent of the annual coal production by mid 1981.

The coal consumption of these projects. with a SASOL I11 plant to be
completed within five years, is significant. The SASOL plants with their
main objective to produce T1iquid fuel from coal use our good guality

coals.

{4) The fourth major consumer is the metzllurgical industry, using
10 per cent of the annual coal production. A large portion of this

coal production is taken by the iron and steel industry which uses high
quality coking coal as a reductant in the Blast Furnace (BF), These

furnaces are very sensitive to the quality of coke used and as in the



case of power stations, they are only economical if they treat
high quantities of ore {at least 2 x llfl5 ton of ore por annum).

It is therefore clear that fn this country there is a growing
demand for good quality coals and indications show that the current
trends will continue in the future. There 95 also not a single process
available which uses the discard coals and the high ash (greater than
35 per cent ash) coal reserves. This is clearly the area where the
use of an FBC could ease the current imbalamce in the use of coal and
save the good quality coals for chemicals and use in the food industry
rather than burning them in boilers for raising steam.

The advantages offered by flyidized combustors and their ability
to burn Tow guality coals and fine material have been proven in a number
of small-scale combustors. However, the only way that {ndustry and
ESCOM will consider the adoption of the FBC is by building such a
boiler. The FBC must be tested on a variety of South African coals amd
tried under similar experimental and environmental conditions. The
use of South African coals 15 essential because of their unigue features,
as given below.

(1) South African coals are characterized by a high Tixed ash if
theéy are compared with American and British coals, The ash is spread
throughout the coal so homogengously that 1t makes the washability and
upgrading of our coals extremely diffi:u1t3,

(¢) Most of the high-ash coals are also high in sulphur content.

{(3) Some of our coal deposits contain valuable minerals in the ash
(@.9. uranium). Recovery of these minerals {5 favoured by a low coal
combustion temperature (less than Eau“'t].

2.2. CURRENT STATUS OF DEVELOPMENT

Combustion of coal in an FB has been known since the late 1920



when it was used along with coal gasification in the Winkler process.
Experiments in the use uf FBCs for steam generation began only after
the end of World War II when the advantages of FB combustion over
existing boilers were rea]i::d‘.

Most of the current development work is carried out in UK and U,5.A.
In the UK the emphasis is on using FBCs for generating power, whersas
in the U,5.A., the emphasis is more orientated towdrds the pollution-
free utilization of high-sulphur coal in utility boilers.

In the UK the development of commercial FBC systems is carried
out mainly by the British Coal Utilization Research Association (BCURA),
énd the National Coal Board (NCB) and subsidiaries. In the U.S5.A, the
work in this field is funded by the Department of Energy (DOE) and is
concentrated on industrial and utility boilers. A great portion of the
covernment allocated funds for fossil energy research {5 invested
¢nnually in companies involved in research and development of FB
toilers, Table 2.1. shows the developments, till the end of 1979, in the Ul
énd U.5.A. and gives a description of the main FBCs in these countries
ind some of their problems which are of relevance to our work.

Looking closer at the FBCs included in Table 2.1 it may be
concluded that in spite of the fact that most of these combustors have
been scaled up to industrial sizes, many of them st11] suffer from
high carbon losses and erosion problems. Further, some of them use
coal in a pulverized form or after being double screened which is
clearly uneconomical.

A further description of mainly AFB(s which are still under
construction, and which will be used for experimental work and
‘ndustrial applications may be found in References 2, 5, and 6. The
‘ndications are that AFBCs will reach industry by 1983 after sufficient
demonstration units have been built and adequately tried. The PFAC
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Atmospheric FBC systems due to be operational soon

~ Due for
Mant Lecale commissioning
cADBURY'S (uK) AFBC for utility steam 90 000 kg/hr Dec 1979

Energy Equipment Co.

Retrofit of a John
Thompsen boiler

(hailed as the
biggest produc-
tion AFBC in
existence)

-

STATE OF OHIO, OERDA
PROJECT (USA)

Coal Process Consul-
tants

Babcock & Wilcox

AFBC for utility steam

(a) 45 000 kg/hr
(b)161 000 kg/hr

-Design complete
- conceptual
design

HOWARD TYLER,
YORKSHIRE (UK)
Stone-Platt

AFBC for utility steam
Shallow bed design

4 500 kg/hr

Nov. 1979

GENERAL MOTORS (USA)
Stone-Platt

!

?

Being supplied

Y-ARD mMARIRL FOR
"PANAMA® BULK CARRIER

AFBL marine unit for
steam turbine

27 000 kg/hr

Designed

RIVER DON WORES,
BRITISH STELL

Babcock & Wilcox 7

4

36 000 kg/hr

Ordered?

DEPT OF MATIONAL
DEFENSA, CANADA

Coal Process Consul-
tants

18 400 kg/hr

Start up 19807

HUNGARY
Coal Process Consul-
tants

AFBC for district
heating

20=220 t/hr

NEW BRUNSWLICK POWER
Coal Process Lonsul-
tanis

AFEC

18 000 kg/hr

MORGANTDWN Stacked AFB's About B'x8* In construction
Morgantown Energy

Tech, Centre

WILKES BARRE PENNSYL- AFBC for district 46 000 kg/hr ? Dperating
WANIA heating

18M, MICHIGAN AFBC for utility steam 40 000 kg/hr ?

Johnson Boilers

SNEDEN AFBC for electricity | (a)50 Mu(e) ‘Study bein
Babcock & Wilcox generation and dis- (b)B0 MH(th) assessed a

trict heating
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Pressurized FBC systems actually operating or in commissioning stage

GR IMETHORPE (UK)
International Energy
Agency

National Coal Board

Plant

Capacity

Miscellaneous

Dperational date

PFBL for gas turbine

BO MW (thermal)

2!5 WS; 10 bar
Stal Laval test
blades?

Kear commissioning

6x10 mm feed and

BCURA LEATHERHEAD PFBC test 12" square
{UI? facility + 4 MW (th) ix10 mm feed
National Coal Board 3 mfs; B bar?
Stal Laval test
blades
EXXON MINIPLANT (USA) PFBC test 1 Mi(e) 3 mis: 10 bar Since 1974
Exxon Research facility > 1500 hours
PFBC multi-tier 1-2 MW {th) Up to B bar 1979

UNIVERSITY OF NATAL
(5A)

WOODRIDGE FACILITY
(USA)

Curtiss Wright
Dorr Olivier

PFBC for combined
eycle

3x0 wm, 0.B mfs, 7
bar, test turbine
by Lucas-Rover

= 1000 hrs total
* 100 hrs unintlérrup—
ted




Atmospheric FBC systems due to be operatiomal soon

Babcock & Wilcox 7

| Due for
Fiant Scale commissioning
CADBURY'S [UK) AFBC for utility steam 90 000 kg/hr Dec 1979
Enerqy Equipment Co. Retrofit of a John (hailed as the
Thompson boiler biggest produc-
tion AFBC in
existence)
"STATE OF OWIQ, OERDA AFBC for utility steam h; 4% DOD kg/hr |=Design complete
PROJECT (USA) (b)161 000 ka/hr |-conceptual
Coal Process Consul- design
tants
Babcock & Wilcox _=
HOWARD TYLER, AFBC for utility steam 4 500 kg/hr Wov. 1979
YORKSHIRE ([UK) Shallow bed design
Stone-Platt
GENERAL MOTORS (USA)
Stone-Platt ) [ 3 Being supplied
Y-ARD MARINE FOR AFBC marine unit for 27 000 kg/hr Oesigned
'PANAMA' BULK CARRIER steam turbine __J
RIVER DON WORKS, n i
8RITISH STEEL T 6 00O kg/hr Ordered?

OEPT OF NATIONAL
DEFENSA, CANADA

Coal Process Consul-
tants

18 D00 kg/hr

start up 19807

HUNGARY AFBL for district 20-220 t/hr 4

Coal Process Consul- heating

tants

NEW BRUMSWICK POMER AFBC 18 000 ko/hr 4

Coal Process Consul-

tants

MORGANTDWN Stacked AFB's About B'x8’ I'n congstruction
Morgantown Enargy

Tech, Centre

WILKES BARRE PENNSYL- AFBC for district 46 00O kg/hr ! Dperating
VANIA heating

IBM, MICHIGAN AFEC for utility steam | 40 000 kg/hr ?
Jonnson Boilers

SHEDEN AFBL for electricity a )50 MM{e) Study being
Babcock & Wilcox generation and dis- ,b BO Mu{th) assessed

trict heating
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Pressurized FBC systems of the near future

[SR)

Due far
Plant Scale commissioning

BRITISH COLUMBIA HYDRO PFOC for a} 2000 MW Conceptual
& POWER AUTHORITY cambined cycle? | {b) 70 MW? | design
Intercontinental Engin-
neering, Yancouver
Combustion Systems Ltd
AMERICAN ELECTRIC POMER PFBL for 170 MW Being designed
CO. [USA) combined cycle (15 bar)
(Uhio Power Co., Brilliant
Ohip River)
Babcock B Wilcox
National Coal Board
WOODRIODGE PILOT PLANT PFBC for Inl60 MW Under canstruc-
(USA combined cycle modules tion
Curtiss Nright Start up 1981
BRITISH PFHC DEMONSTRATION PFEC combimned 200 MW Propesals being
Babcock B Wilcox cycle studied by

Government
UNIVERSITY OF MATAL PFBC 45 cmeEm Late 1980
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is also receiving an increasing portion of the FBC research effort
because of its compactness high thermal efficiencies and combined
cycle applications. PFBCs are lined up for use in utility boilers and
a conceptual design for a 2000 MM PFBC unit has been investigated by
Combustion Systems Ltd. Industrial scale PFBCs are expected to reach
fndustry in the 1980s.
2.3, ASPECTS OF RESEARCH AMD DEVELOPMENT [N FLUIDIZED COMBUSTION

THAT FORMED THE BASIS OF OUR [NVESTIGATION

An enornous amount of work has been carried out in this Fiuld?‘ﬂ.
A short review and discussion of relevant research findings and operating
prperiences which formed the foundation of our own contribution to
research and the development of our PFBC is given below,

2.3.1. Heat transfer

The main parameters influencing the rate of heat tramnsfer in an
FB are:
{a) The particle physical properties and size distribution,
ip) The temperature of the FB and uniforwity of Muidization.
(c}) The properties and shape of the heat transfer surfaces and their

disposition in the FB.

The research work in this fleld is enormoyus. However, to cnable
one 1o choose the correct Tlyidizing material, the operating temperaturs
of the FB and the prientation, shape amd disposition of the cooling
toils in the FE.the following resoarch findings have to be considered:
The heat transfer rate in an FBC Increases with a decrease in the mean
particle size. Attainable rate values for particle sizes less than
1B, are 460 ta 550 W/m® 0c'0"'! whereas on coarser sizes the transfer
rate drops to 200 to 300 Hme ﬂElE. The pkysical properties of the

fluidizing particles are of lesser importance unless segregation exists

15



due to differences in particle densities!>. Higher gas velocities are
then required to induce backmixing especially in high pressure combustors
where coal particles tend to segregate to the top. Variation in the
oversize fraction of a given particle size distribution has little
effect on the heat transfer while similar increases of the undersize
fraction increase transfer rates due to the effective reduction of the
minimum fluidizing velocity (Upe). It has also been reported' that heat
transfer rates continue increasing with up to gas velocities of 6 x Umf'
Further increase of the superficial gas velocity effectively causes
dilution and a levelling off of the heat transfer rates.

The heat is transferred to the heat exchanger surfaces by radiation
and convection. The radiactive term contributes between 25 and 35 per
cent of the total heat transfer rate for FE temperatures of 750% to
95ﬂ°C14. For a given combustor temperature, radiation increases with
increase in particle size while convective heat decreases sharply.

The heat transfer coefficient between fluidized solids and immersed
steam coils was foundl? to increase 1inearly with increasing FB
temperatures.

The heat removal from an FB is directly dependent on the
immersed heat transfer area, though the actual temperature of the bed
is determined by the coal feedrate rather than the amount of heat
removed. This is mainly due to the fact that the heat transfer rate
which depends on the temperature difference between the fluidized
solids and coolant cannot be varied significantly unless different
coolants are sequentially used. Heat transfer surfaces can also be
placed in the freeboard region to extract heat from the flue gas.
However, this minimizes the freeboard combustion of elutriated carbon
particles which would have rnormally burned because of radiation from
the walls of the combustor. Therefore unless the carbon particles are

recycled this would represent a significant carbon loss.

16



The cooling coils can be arranged either in a vertical or
horizontal orientation. The use of hﬂriznnté1 coils is not recommended
due to the erosion caused by the vertical movement of the fluidizing
solids in the bubble and emulsion phase. Movement of solids occurs
predominantly in deep FBs which are used to provide both adequate
residence time for small particles and room for sufficient heat transfer
tubes. Investigations on the tube spacing using two different tubes of
D=36mm and 60mm and pitch-to-diameter ratios of 2 to B showed that,by
decreasing the pitch-to-diameter ratio,the heat transfer coefficient
decreases by 15 to 20 per cent. In addition the 60mm diameter tube gave
15 per cent higher coefficients for the same pitch-to-diameter ratio.

In conclusion the heat transfer in the FB increases with a
decrease in the particle size distribution while changes in the physical
properties of the particles are of lesser importance. The heat transfer
improves with increase in the FB temperature and superficial air
velocity. Better transfer rates are attained, if vertical coils are
used immersed under the solids. The cooling coils must also be well
spaced and preferably of a relatively large tube diameter.

To get an understanding on the expected heat transfer properties
of the cooling coils after a long stay in an FBC the following
must be considered: In an FBC the temperature of operation is relatively
low and sintering of the ash does not occur. Furthermore alkali
salts cannot form on the metal surfaces. The erosion problem in an FBC
is less severe mainly because of the lower gas and solids circulation
velocities within the bed of solids. Hall et al.lﬁ measured particle
velocities within an FB using a cinecamera and identified a small
fraction of particles with velocities up to 10 m/s which was five
times the bed superficial gas velocity. They also observed erosion

on their 316 s/s water cooled tubes with metal temperatures of
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less than 130°C. However, at higher metal temperatures an oxide film
formed which appeared to reduce erosion.

2.3.2. Principles of operation

The research work into the dynamic behaviour and efficient
operation of an FBC is of great value because it provides an initial
understanding of the contribution and importance of all the parameters
which characterize the FBC. The research work into the operation of an
FBC is concentrated into the following areas:

(a) fluidizing velocity of gas,

(b) coal feeding,

(c) distributor plates, and

(d) preheating of the combustor.

Looking closer at these areas of research, the effect of the
fluidizing gas velocity on the performance of the FBC may be summarized
as follows: The fluidizing gas velocity contributes towards the solids
mixing and determines the extent of fluidization. Its lowest value is
fixed by the velocity required for incipient fluidization, while the
highest is set by the highest permissible amount of carbon loss by
elutriation for the case of a non-circulating bed. The highest gas
velocity in this type of FBC depends very little on the properties of
the fluidizing material. To achieve higher gas velocities deep FBs
with solids recirculation may be used which provide a higher residence
time of coal particles and reduce elutriation. This was confirmed by
Wright et aZ.ls who found that at 800°C using coal feed of 2mm and
gas velocities of 0,6 m/s the carbon loss was 6,5 per cent of the feed
but recycling fines reduced elutriation to 0,2 per cent.

The methods of coal feeding in an FBC may be summarized as follows:
Coal feeding systems differ between them depending on the feeding
mechanism and the position of the feeding device relative to the bed

of solids. Fine coal particles are commonly fed pneumatically using
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the main air supply as the carrier, For this feeding system a more
glaborate recyc!ling system is required to reduce the carbon loss.
In addition the air stream and coal particles must be both dry. A
much simpler and less expensive method 45 overbed feeding using
chutes or screw feeders. However, coarser particles must be used
because fing particles, in general, get elutriated before they even
reach the bed of solids. A compromise between the two methods of
feeding is the submerge coal feeder. Coarse particles with a low fraction
of fines can be screwfed and combusted with minimum carbon losses.
In PFBCs feeding Into the bed of solids may be achieved by using

a screw feeder connected to a set of lock hoppers of the Petrocarb
type design.

The contribution of the distributor plate to the performance
of an FBC may be summarized as follows, A high pressure drop across
the distributor ensures good mixing and eliminates hot spots and gas
chanelling, However, for an AFBC high pressure drop distributors are

undesirable because of the cost of pumping the fluidizing air.

13

Lenz”” provided a compromise when he recommended that the distributor

prassure drap {apd] should be at least 30 per cent of the pressure
drop across the bed of solids.

&py = 0,3g LIE E.2.]

where Lg and 5 are the bed height and density respectively.
Porous distributors are extensively used in bench-scale F&C

units but for large-scale pilot plants, distributors with tuyeres

Tike in distillation columns are used, For design purposes the

distributor plate s treated as 2 multiorifice distributor. Assuming

an incompressible gas and a square edge orifice the distributor pressure
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drop can be expressed as:

U

Wy = _“;'1 E.2.2.

b
2

whiere le,. @, and c, ore the orifice gas velocity, the gas density,

)
and gas discharge coefficient respectively. The orifice discharge

coafficient is a function of the Reyndlds number and the orifice

shape. Bahie at a:.m

showed that for orifice velocities U = 15,2 m/s
the discharge coafficient for an empty colusn was 22 per cent higher
than the value of 0.£3 used when fluidized solids were present,

while at le, = 61 m/s the difference was only 3 per cent. This indicates
that the solids interfere with the gas jet boundary layer and this {s

more effective at lower gas velocities. Whitehead ot a1.2! and Whitehead

22

and Dent™ studied the pressure and flow maldistribution at the

distributor level of a number of FBs with cross sectional areas,between
0,09 and 5.9n°, and determined the minimum superficial gas velocity

U qp (ft/sec) for continuous operation of all tuyeres. Their equation
is Tisted below:

-7 0.22.2
U . 3,23 x 10 " N'
u'_“ﬂ = 0,7+ |0.49 + - Y !un’HTIi E.2.3,

mf u'IIF

b
-
g5

total number of tuyeres
I-{I:l i the distributor flow factor, &0 H[.:.pdj'i

=
Ll
aw

is the fluidized bed height (ft)

L

. is the solids particle density {lhff13]
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E.2.3 shows the dependance of “rl‘ln gn the distributor resistance
to gas flow rather tham the orifice velocity, this suggests that E.2.3
can be used for mu)tituyere distributors of different design to the
ones used by the investigators. Fakhimi and Harri;nmﬂ did similar work
and presented an equation relating the number of operating orifices,
to the properties of the distributor and the gas superficial velocity.

'n a situation where there is & need to transfer particulates
through the distributor like in a case of a multistage FBC,a calciner,

the use of an FB for prereducing iron ore,where gases from the

smelter are used as A mdu:tlnt“

, & bubble cap type tuyere may be used.
Johnson and Daﬁd:mﬁ have used metal and ceramic bubble caps in
experiments to determine the maximum allowable solids gas load. All

their attempts using a solids loading of ~ 17 :_1!11‘-3 at 1000°C caused
blocking of the bubhle cap orifices after operating for no more than

10 hours,

The research work on the start up burners for FBs may be
summarized as follows. The start up of FB reactors has never been an
area of major investigation mainly because it is relatively easy to
convert existing burners to preheat FBs. A number of methods for
starting up the reector are currently used. The most common 15 the
use of a conventional oil or gas burner positioned on the side of the
reactor tn the freeboard area. The entire FB or just a section of it
is heated by the burneér to a desired temperature and combuystion is
then spread to the entire bulk of solids. The heat Tosses from this
type of system are high especially 1f this burner is used for preheating
a deep FB. In addition the burner flame creates am undesirably hot
zone, in the vicinity of the burper, which {s higher than the normal
pperating temperatures of the FB,

Another method for preheating an FBC {s by the use of the combustion
gases from a separate preh@atar unit positioned close to the FB,
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A ducting able to withstand temperatures of over 1000% {s used
to carry tne hot gases from the burner to the FBC plenum, In a
system like this the heat losses are high and the capital
expenditurs for the housing of a separate start-up burner considerabie.
When dealing with a pressurized system the burners described
above can not be used to supply heat to this system if it is nesded
when operating at high pressures.
Premixing of combustible gases within the FB 1s also being used

26 have studied

for prereating the reactor. Baskakov and Makhorin
the comtustion of air and natural gas in an FB, They observed

that during start up and up to solids temperatures of 800% &
stofchiometric mixture could only burn above the bed. At solids
temperatures of between 800°C to 1000°C. depending on the stoichiometry,
combustion took place both in the fluidized bed and freeboard area with
tesperatures in the proximity of the bed reaching 2000%, At solids
temperatures esxceeding the above values and air gas mixtures near
stoichiometric, combustion of the gases occurred in a zome near the

grid with combustion zone temperatures of 300°C above the FB temperature.
Similar high temperature regions within the fluidized solids were also
gbserved by Broughton®’ who, in addition, studied the effect that the
premized gas velocity had on combustion inanFB and set criteria

for preventing sintering and overheating of the distributor plate,

From experiments at 830°% Broughton found that by decreasing the

solids mean particle diameter, more fuel bypassed the bed without

being burnt, resuiting finally to an unstable situation. Fuel bypassing
8150 increased by up to 15 per cent by increasing the gas velocity

from 2 to 10 x U_,. Pi11ai®® confirmed Broughton's work and fuproved

his model on fuel bypassing, by intreducing the offect of combustion
within She bubbles,



2.4. CONCLUSION

The comhination of a mmwber of factors such as (a) the
characteristic properties of our coals, (b} the necessity to burn our
discard coals and fines, (c} the results of research work in flufdized
combustion, and (d] the eaperience obtained from the operation
of FBCs in wvarious research centres, pointed clearly to
the research areas where our research had to be directed,in order to
develop an FBC capable of operating satisfactorily using our low-grade
coaly,discards and fines. These research aress included Lhe development
of equipment, which were used during the operation of our combustor,
as it is shown in Chapter 3, and the combustion tests under batch
conditions which provided the necessary kinetic data for the theoretical
madel and the design of the combustor (Chapter 4). A combination of the
results which were obtained from our research (Chapters 3 and 4), and
the published research findings in the fluidization field provided the
pasis for the design of our combustor which had to conform with the
requirement for a satisfactory combustion of our low quality coals. This

design of our PFBL is presented in Chapter §.
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CHAPTER THREE
DEVELOPHENT OF EQUIPMENT USED DURING THE OPERATION OF OUR PFOC

The development of the equipment used during the operation of our
gur PFBC and the experimental and theoretical work, which was
carried out for this purpose,was the result of our decision to use a
pressurized multistage combustor,for the combustion of our low-grade
discard coals and fines. The reasons given for the choice of this type

of combustor are listed below.
(1) A pressurized combustor is compact and is characterized by high

thermal efficiencies and very good combustion characteristics.

{2) 1t is believed that if research into gas turbines produces
satisfactory results then pressurized combustors will be the most
probable successors of the conventional boilers. 1t would then be
possible at a later stage to convert our PFBL into a combined cycle
system and investigate the efficiency of such a system.

(3} Mainly coarse coal particles fed into the top stage can transverse
down ong or two stages before reaching a critical size when they can

be elutristed upwards for the final burnout.

(4) Fine coal particles can be fed Into an intermediate stage and

extra air may be fed to the upper stages to achieve complete combustion
of the elutriated particles.

{5) |Using a rultistage system it would no longer be necessary to
double screen the coal feed as in the case of conventional industrial
boilers.

(6} The problem of poliutants and in particular the emissions of I"Iﬂl
can be expected to be less serious due to the controlled temperature
profile that can be achieved in a multistage combustor.

(7) The control of the temperature of the combustor should also aid

the recovery of precious metals from the ash as discussed in Section 2.1.
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The research work which dealt with the development of equipment
and the supply of the necessary data for the design of our PFBC
included the following areas(a) the interstage downcomers transferring
solids downwards, (b) the external conveying line used for returning
the solids to the top stage, (c) the distributor plate which had to Tet
through it, with the fluidizing gas, high quantities of elutriated fines,

and (d) the immersed start-up burner.

3.1 DESIGN OF DOWNCOMERS TRANSPORTING SOLIDS BETWEEN FBs

The behaviour of downcomers used in ambient temperature operations
has been studied by a number of auth0r529'35. In these systems the
control of solids is achieved by the use of a slide valve or side
aeration,introduced at the lower end of the downcomer. However, in
FBCs, solids flow cannot be mechanically controlled due to the high
operating temperatures and abrasive nature of solids. An investigation
into the use of a downcomer which had the form of a plain pipe was
thus undertaken. It was our intention to study this downcomer and, if

suitable, to use it to transport solids in our multistage PFBC.

3.1.1. Theoretical analysis

Solids can flow down a downcomer acting as an overflow in four

different ways:

(a) In the slip-stick flow regime which is characteristic of comple-
tely non-aerated flow of large particles. In this reaime the solids
move downwards in a jerky fashion,

(b) In the moving bed flow regime where the solids flow smoothly
downwards with a small relative motion Letween particles and in the
absence of significant discontinuities such as cracks or bubbles. The

voidage is generally a little smaller than the incipient voidage.
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(e] 1n the FBE flow regime where the flow pattern reserhles a FB of
solids travelling down the standpipe. Bubbles are present, and the
overal]l voidage in the downcomer is greater than the minimum fluidiza-
tion voidage,

(dy In the dilute phase regime where the particles are streaming down
either singly or in small clusters and the overall voidage is almost
unity.

Leungn*ﬂ

describes these regimes os well and advances an analysis
for types (a,b,c),for the case of a standpipe which is bottom restrained
with a2 s1ide vaive or orifice. The present analysis is confined to the
moving bed flow regime in a downcomer with no bottom restriction.

For the theoretical analysis the following assumptions are made:
(1) The entry and discharge losses for the moving bed flow regime are
neglected because of the low solids velocity and the similarity between
the sollds bulk dansity in the downcomer and in the FR in the vicinity
of the discharge end of the downcomer.
(2) For a fixed set of conditions the voidage (=) is taken as
constant {incomprescible flow). For the moving bed flow regime the
value of =mf {s used for all conditions,
{3) The flow is assumed to be axisymmetric with no interparticle
forces in the vertical direction. Frictional forces are considered
between the solids and the walls of the standpipe.
{4) The solids passing through the standpipe have zero initial
velocity and no gas is entrained with the particles.

Representing the system mathematically apart from continuity
considerations only two equations are needed to describe the solids
downflow. They are o force momentum balance equation and a gas drag

equation, Thece equations have been derived in Appendix 1.
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The final form of the force momentum equation is thus:

Wl LW

s . Ts « 0 £.3.1.
10 = O gy~ s A (Tean) T oSty

The gas drag equation 1s:

- {2 = 150( ""‘E]E ‘!“T o 1,15{ —cnf, J—{nu} £.3.2.

T

where the slip velocity au is expressed as:

u )
5
B et 5 (TeeHT) RSk

The pressure gradient for the fluidized solids is given by the
following eguation:

Py )
- T = HSII-EIQ E.E.-L

where ¢ 15 the average bed voidage calculated experimentally (Figure 3.1)
3.1.2. Apparatus and procedure
Two FBs (D = 0,14m) placed vertically above one another were

jeined with a downcomer acting as an overflow of the top bed (Figure 3.2)

Sand with a mean diameter dp = 5 X ID-‘M used as the

fluidizing material (see Appendix 1, Table A.1.1), was fed through
a hopper to the top FB and descended through the downcorer to the
bottom bed. The solids leaving the bottom FB overflowed into an
ai rtight solids collector,

Fluidizing gas (air) supplied to the system passed through a
flowneter before entering the bottom FB. A fraction of the inlet

ol
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gas travelled up through the downcomer while the rest passed through
the interstage distributor.

In a set of experiments the solids level in the downcomer was
fixed at an arbitrary level and kept at this level by regulating
the solids supply from the feed hopper. Different values of total
gas flowrate to the system were used for each selected solids
Tevel.

The solids mass rate was measured by the time taken for the
level of solids to descend a measured distance (&) in the hopper
(Figure 3.2)

To determine the amount of gas travelling through the FB only,
(excluding the downcomer) a separate set of experiments were carried
out on the apparatus shown in Figure 3.3.In these experiments the
same solids and gas rates were chosen but the level in the downcomer
was held artificially as shown in the figure rather than by overflow
from the top bed. The gas travelling through the downcomer was
obtained by difference. |

Experiments at selected solids levels in the downcomer were
performed using four different downcomers of internal diameters 0,070m,
0,054m, 0,036m and 0,025m.

The apparatus used was made out of plexiglass for easy
observation. Fine stainless steel mesh was used for the distributor
plates. This incurred only a very small pressure drop.

3.1.3. Results and discussion

The experiments on the downcomers were focused on the moving
bed regime of solids. Downcomers can operate under FB conditions as
well, though this regime often causes problems because of high gas

velocities, slug formation and an unsteady solids downflow. In the
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moving bed flow regime the solids downflow in the downcomer was found
to increase linearly with total gas supply until it reached a maximum
(Figure 3.4). If the gas supply was further increased a point was
reached where the pressure gradient in the downcomer became equal to
that of the FBs. A transition from a moving bed flow to a FB flow of
solids then occurred in the downcomer.

The solids downflow in the FB region decreased with air supply.
Voids seen in the downcomer hindered the solids downflow. The same
observation was made by Knowlton30 et al. At much higher air velocities
the downcomer became a pneumatic conveyor with solids transported
from the bottom to the top FB.

Experiments to determine the amount of air travelling up the
downcomer showed that:

(a) For a given downcomer and FB cross section areas,if the solids
height in the FBs is fixed, increasing the solids level in the
downcomer resulted in a non-linear decrease in gas passing through
the downcomer. The FBs were just fluidized (Figure 3.5).

(b) In the moving bed regime if the solids level in the downcomer
was increased this caused an increase in solids downflow for the same
total gas rate to the system.

(c) The fraction of gas travelling up the downcomer for a selected
solids height in the downcomer remained constant for the moving bed
regime of solids and was independent of gas supply rate to the system
(Figures 3.6,3.7).This can be explained if one considers that a FB
can expand at a constant pressure. In contrast, with the downcomer
still in the moving bed regime, no extra gas can travel up the
downcomer because it would be met with an increasing resistance. Based

on the same argument this gas fraction would be equal to the gas
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passing through the downcomer when the FBs are just fluidized (pts B',
C', Figure 3.6).

(d) If there was no solids supply to the top FB then the solids
level in the downcomer settled to an equilibrium position depending

on the pressure drop across the two FBs (and distributor). Under these
conditions the fraction of gas travelling through the downcomer was a
function only of the downcomer area (OA'A, Figure 3.6).

The pressure gradient in the downcomer for the moving bed region
is plotted in Figure 3.8, against the solids velocity. Recall that the
gas velocity and voidage remained constant in this region. This
Figure confirms work done by Yoon and Kunii3? on moving beds.

The friction factor fS for the moving bed region is estimated
from the experimental data given in Table A.1.2. and is plotted as a
function of ug in Figure 3.9. The empirical equation relating the two
parameters is:

£ =0,089 u 24 E.3.5
s 3

3.1.4. Design of downcomers

In order to design a fluidized bed system its duty must be
specified. This fixes the gas throughput as well as the solids
circulation rate for a circulating system, The design therefore of the
interstage downcomers reduces to finding the required diameter to
accommodate these solids mass rates. The proposed downcomer design
procedure is included in Appendix 1 and illustrated with a numerical
example. The same procedure was also used for the design of the
downcomers for our PFBC. (The full investigation on the downcomers can
be found in Reference 38)

3.2 USE OF A NON-MECHANICAL CONTROL VALVE TO CONTROL SOLIDS

CIRCULATION IN A MULTISTAGE FB SYSTEM

In Section 3.1 the downcomers joining vertically staged FBs
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were investigated and a design method was suggested for determining the
most suitable Interstage downcomer for & given maximum solids downflow
rate. It was also shown that solids flowrates in the downcomers could
be varied by altering the flow of the fluidizing gas. However, if a
multistage fluidized system is to be used as a reactor with the
fluidizing gas being one of the reactants then it may be necessary to
achieve solids control other than by varying the fluidizing air. The
use of a mechanical solids control valve positioned outside the
reactor seemed a better way to control the flow of solids in an FB
system. Thus solids leaving the bottom FB entered the control
valve and then a preumatic 1ift line which returned them to the

top F8,

Non-mechanical soiids flow control valves have been investigated
by knowlton et ai.?9430, Initia) work though on a modular valve of
this type showed that the solids passing through the valve were so
aerated that added aeration (that would normally be needed for control
of the solids flowrate?+30) did not have much effect on the flowrate.

Furthermore we obserwed that once a certain high solids flowrate
was reached the flow could not be stopped. Thus the use of this

type of valve for external control of solids circulation in our PFBC

needed further investigation.

d.2.1. Theoretical analysis

For the purpose of the analysis which follows the ‘non-mechanical’
valve having a shape of the letter i was divided into three regions
(Figure 3.10}.
{a) The entry region to the i valve.

(b) The region between the entry and aeration point, and
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(c) the region between the aeration point and the discharge into
the pneumatic conveyor,

Experimental datz were obtained for all three regions, and a
theoretical interpretation is presented for the first two regions.
For the third region, further experimental work and a more complicated
theoretical approach are necessary to account for the air injected at
the aeration point on the side and for the changs in momentum and loss
of energy of the serated solids as they trave) tirough the 90% bend.

3.2.1.1. The entry region {a) to the i valve

for this region, two different approaches were used. The first is
based on a simple type of model to describe the iischarge of the solids
by use of the following eguation:

HE

Apy & ———— E.16.
24 (1=c]

whigre apy is (loosely spedking) Lhe drop in pressure between the bulk
of the FB and the opening to the i valve, W, 15 the mass flux of the
solids, ;itl-aj is the bulk density in the FB, and C4 is a discharge
coefficient with a valse in the region of 0.5 to 0.6. This model was
shown by Jones and navidsuHJE and later by Burkett a«t aﬁ.du to be a

remarkably adequate description of a highly complicated two-phase flow
system.

The second approsch, which 15 based on tne work of Ue Jong and
Hnu1an41‘ relates the drop in pressure, LAY to the radial distance

from the opening to the i valve by use of the Ergun equation,
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_dp _ K Au + K2 A | Au| \ E.3.7
1

dr
N u
where X = 150 B 7 g
1 g’ ¢g d 2
P
P —
K = 1,75 5y (:=%) , and
AU = ug = M

With r increasing with distance from the entry to the ) valve and into
the FB, and from the continuity equation (on the assumption that the

voidage of the fluidized bed, ¢, is constant and does not change near

the entry to the valve):

2 2

5 Ug, r

u = oL and ug S . £.3:8
9r n? = 2

where subscript A refers to conditions at the entry to the ) valve. The

integration of E.3.8 (as per De Jong and Hoelenal) with respect to

r from 2 (the radius of the entrance to the A valve) to r=- leads to

the following equation:

2

(ﬂ.u) A
Apy = K1 (du)y ry + K ry E.3.8
3
where (Au), = [-ugA + HSA]
:2:1.2,

The region between the entry region of the valve and

the aeration point

) . . . 42,43
oy the incorporation of interparticle stresses and use of a
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balance on the segment of the i valve between the entry reglon and the
aeration point, the following relation can be postulated:

da 4T
= ¢ 3B+ (lmelg + C g (l-e) o tugp) + 5 "0 Ea3.0

where ¢, is the normal stress and ug, the velocity of the solids at
height z averaged over the cross-section of the 1\ valve, Cl is a
constant depending on the velocity profile (for a flat profile 'El = 1},
and U» is the solids shear at the wall. According to 'hlter:z .

T E.3.11

wWhere El and Ii}1 are constants expressed in terms of the effective angle of
internal friction of the solids (4) and the angle of wall friction {2).
Their product 15 as follows:

tand cosa’s
(1+sin®4) t2y sind

ByD;| =

where y = %r: (1= il-c-]i]l
and cwm ——*-%—#

The positive and negative signs refer to the respective static and dynamic

conditions in the » vﬂveqz.

Substitution of T from E.3.11 into E. 3,10 and the integration of

E.3.10 from Z; to z of region (b) of the s valve with the following
boundary conditions gives
g... Dat g = z,. (z = s in Figure 3.10)

- —nfl ‘I’} d -
ba_ =g Tt J lo G1-t)g » EE - aaﬁ;?14 g;gsszjf}en{zl-lldz‘ £.3.12
z
1

II-III]

—.

vhareg ff = —
]
i
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Since region (b) as given {n Figure 3.10,1sdefined by pressure
tapping, Py and Pu‘ and heights I and :ﬁ, and it has been shown that,
while region (a) was being examined, the solids had reached their
maximum speed at level 21 it follows that, in region (b), there is no
acceleration and the voidage ¢ Is constant. ln addition, dp/dz is a
constant and d{usl}gﬂz is zero.

E.3.12 can therefore be evaluated for the entire region (b), and the

value of normal stress between particies bo, atz=2z (Figure 3.10),

o
written as

i it
b, = o lo C1-ed + () | [1-a7205) 755, E,3.13

4 Lo
L] o :]

{Ell is taken as zero.)

The mathematical approach that led to E,3.12 is compared with that
applied to the downcomers examined in & previous fnvastigatiun33. If the
flow in region (b) of the : valve is treated in the same manner as that
through the downcomers, the dynamic behaviour of this system could be
described instead in terms of a friction factor, f.. 35 given by the
fol lowing equation:

Wi

A
(o gk, ——e—=ay o (1-c) = 0, E.3.14
Il o I.'Ilns{l-'l.']

wh r U L I- 5
cre W usplt c)

E.3.13 and E.3.14 represent two different correlations of the Sume
region (b) of the | valve. In the first instance, energy losses are
expressed in terms of interparticle stresses, whereas, in the second

instance, an overall friction factor is introduced.

It should be emphasized that, although both E.3.13 and £.3.14 deal
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with the energy Tosses of the same system, £.3.1) does not depend on »
knowledge of the velocity of the solids. [t is known that, in an ideal
FB there are no interparticle stresses; the evidence of such stresses
is therefore an indication of a departure from the ideal and of energy
losses. E£.3.13 can thus be used as an indication of these losses in an
FB where the net velocity of the solids is zero.

3.2.1.3 Losses of enargy within an FB

If the procedure followed in Section 3.2.1.2 for derivation of the
force-momentum eguation is applied to an FB, and it is borne in mind that

the pressure gradient decreases with height, the normal stress between
particles can be expressed as

o P iﬂ,”'rlu - {'I'IE}I

Lo
5 4

Illl-a'““n"uh. £.3.15

where (z,-7 ) is the height of the FB.
The significance of £.3.15 1s that the normal stress between

particles 1s zera if the observed pressure gradient is equal to the weight

per unit volume of the fluidizing solids. This 1s the case in an jdeal

F8. In contrast, the larger the difference between these two terms, the
greater the departure from an ideal system.

3.2.2. Apparatus and procedure

The experimental apparatus used comsists of a single FB, a non-
mechanical control valve, and & pneumatic conveyor in which the flow-rate
of the solids can be measured, and via which the solids can be returned
to the FB.

Higher flow-rates for the solids cam be achieved if the pressure
in the FB is increased by use of the pressure-control valve shown in
Figure 3.10. The purpese in increasing the pressure was to simulate the

other FBs and the effect thay have on the circulation of the solids in a
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sultistage system. The flow-rates of the solids were messured direct by
weighing, or determined from the calibration curve for the conveyor
{(Figure 3.11) Pressure readings were taken direct from water or mercury
manometers. The pressure tapping P, WS placed 0,03m above the side
aeration, p, was placed at the entrance to the » valve and 0,71m above

Pyt and p, was placed in the FBE 0,2m away from the entry to the 1 valve.
The pressure tappings for the conveyor were placed 2,62m apart and
0,75m from the receiver of the conveyor.

Ouring each experimental rum , the system pressure pq was fixed
by use of the pressure controlvalve and all the other pressures were
recorded for various values of seration through the i valve., The same
procedure was followed with a different pressure, Pa in the system,

In a different set of experiments, the pneumatic 1ift line (conveyor)
was removed, and aerated solids discharging from the 4 valve were collected
and weighed in a container with a rotameter attached to it for measuring
the expelled air. These experiments were also repeated for different
pressures in the system. The properties of the solids used are 1isted
in Table A.2.1.

3.2.3, Results and discussion

During the experimental work the fallowing observations were made,
{1} The pressure Pa within the F8 and near the entrance to the )
valve was always higher than the pressure P, Near the injection point.

This 15 essentially the difference between our work and that of

knowlton and Hirsan’® and Knowlton ez al. P, They found that the pressures
in the FB were Jow and that the slip was such that the pressure at the
aeration point was always the highest.

{2) The FB was fluidized with air at 1.4 Upgs and, in 211 cases

investigated, the amount of air that escaped from the FB through the
&7
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s valve was very small compared with the fluidizing air passing through
the bed and the air supplied to the pneumatic conveyor.

(3) The interstitial velocity of the afr in the » valve was always
greater than the 1inear velocity of the solids and dragged the solids
with it (Figure 3.12). Data for Figure 3,12 were obtained from the
second set of experiments, for which the pneumatic conveyor was removed
(Section 3.2.2.)

(4) For each pressure in the FB systen, there was 2 minimum flow of
solids through the vaive for low aeration, and this minimum increased
with increase in the pressure Py in the system.,

When the pressure im the system was equal to atmospheric pressure, and
the pressure p, was reduced to below approximately 2700 Pa{gauge) by lowering
of the amgunt of the solids in the FB, it was found that, in spite of the
seration through the valve , no solids entered the valve. This might be
because the pressure exerted by the solids head w2s not grest enough to
overcome the resistance offered by the 3 valve due to 1ts shape, or
because & local bridgewas formed in the wicinity of the bend,

(5) At very high pressures in the system (greater than about 10800 Pa{gauge)
it was observed that there was no control of the flow of solids through

the « valve if the conveyor was lifting the solids away. The aecration

was apparently needed to imitiate the flow of solids in the uncontrolled
region.

(6) In the region of uncontrolled flow of the solids, increasing

pressures in the system resulted in even larger increases in the drop

in pressure at the entrance (P~ Py)s corresponding to a high solids

flux, whereas the drop in pressure in region (b), {p1 - P,) sppeared

to remain constant at Lhe expense of an increase in voidage. Only

a few data were recorded for Lhe uncontrolled region because of the
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very high velocity of the solids, which resulted in the complete
emptying of the F8 within a very short periocd,

These ohservazions can be verified from the experimental data
included in Table A.2.2 and A.2.3. The region of uncontrolled flow of
the solids occurred at pressures Py in the FB system of above about 10 800
Pa {gauge). The importance of the transition to the uncontrolled Tlow of
s0lids is also covered in a later section.

3.2.3.1. Region (a) of the 1 value

On the assumption that the voidage at the entry to the A valve is
the same as that of the FB at minfmum fluidizing conditions legr * 0.5},
E.3.6. and £.3.9 were solved for the drop in pressure, Ap,,
by use of the measured flow-rates of the gas and of the solids, and
then compared with the drop in pressure “'I - plj measured experimentally
with pressure probes placed within the FB and at the entry to the i valve.
The results from E.3.9 are given in Table A.2.4 and compare favourably
with the drop in pressure 4P, obtained experimentally. The results from
the orifice equation E. 3.6 were compatable only at higher pressures in
the FB system and higher flow-rates of the solids. This indicates that,
for the Tow flow-rates of the solids, E. 3.6 does not include the
downs tream ‘solids-restraining effect' of the » valve and the influence
that 1t may have orn the behaviour of the solids on their entry to the
A valve, At higher flow-rates for the gas and the solids near the region
of uncontrolled flew, asration through the s valve bhecame less effective
for control of the solids. Losses of energy due to the increasing speeds
of the particles in the entry region to the valve determined the flow
behaviour of the solids, whereas downstream conditions and the 'solids-
restraining effect'nad lesser effect on the flow of the solids. Undar
these conditions the behaviour of the ) valve can simulate that of en

orifice plate.
51



3.2.3.2. Region (b) of the i valve

By use of the Crgun equation E.3.7, the solids voidage (¢) was
determined 1terativelyfor region (b) of the valve for each set of
conditions based on the observed values of superficial solids and gas
velocities [Figure 3.12)and the observed pressures p, and p_ (Table A.2.2.).
For consistency with E.3.14 the normal stress Letween particies,
ka, o Was then calculated from eguation £.3.13 and plotted in Figure 3,13
ﬂgl?ﬂil the linear velocities of the solids for the controlied and
uncontrolled flows respectively. The same experimental data were then
used in E.3.14 for determination of the friction factor, f_. The
resulting empirical relation between f_ and the linear velocity of the

solids (Figure J.14) 15 given by

b u.zsus'l 4 E.3.16.
E.3.16 differs from that obtained From work on downcomers
{f! = D,D#Eus'z’q] in that {t shows less dependence on the |inear
velocity of the solids. This is possibly due to the fact that, in region
(b) of the A valve, the voidage s somewhat higher than that found in
a downcomer,

The high value of the estimated voidage found in region (b) of the
L valve (Table A.2.3) is consistent with work done on gas-solid jets
leaving fluidized systems. For example, Massimilla ez at.™ found that
the voidage in the jet was higher than that in the FB, and Jones and
D“mmnﬂ calculated exit voidages of between 0.6 and 0.9.

The Crgun equation is admittedly meant for low voidage systems.
However, it has been shown here that the Ergun equation provides a
reasonably good description of systems with a voidage greater than the
incipient value as long as the stream of gas and solids can be treated
as a uniform medium, A similar view fs also held by St::rJlu!‘l'lu=l » Who used
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the Ergun equation for very dilute systems.

In the region of uncontrolled flow, the slip velocity and the
linear velocity of the solids became essentially independent of the
pressure gradient of the A valve (Figures 3.15 and 3.16), whereas the
friction factor and interparticle stresses became relatively small
and less dependent on the velocity of the solids, indicating a much
more dilute stream of gas and solids (Figures 3.13 and 3.14,)

Once the uncontrolled region was reached, control at these high
pressures in the system could again be re-established by the introduction
of back-pressure to the A valve. The introduction of the back-pressure
should be regarded as a means to counteract the effect of a higher
pressure in the system by reduction of the flow-rate of the solids
and therefore the drop in pressure [pl to pﬁ] measured at the aeration
point of the A valve. This was achieved by the use, in the receiver of
the conveyor of an air jet facing the exit of the A valve to the
receiver (Figure 3.10.) Data on these experiments are included in
Table A.2.2.

3.2.4, Design of a non-mechanical solids valve

Though a general stepwise procedure for the design of a non-
mechanical solids valve fed with solids froman FB is not possible
unless different size valves are considered, this was not required at
this stage because the solids flowrates in the current investigation
were of the same magnitude as the anticipated solids circulation
rates in the PFBC.

However, a theoretical approach and a model are presented in
this study that can be applied to any other similar system. The back
pressure technique re-instating solids flow control if higher

operating pressures are required, can be used to increase the pressure
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range of operation of the 3 valve and eliminate uncentrolled regions
of operation. (The entire work on the nen-mechanical solids control
valve was also submitted for publication to the Chem. Engng Science
Journal in April 1981)

3.3. INTERSTAGE DISTRIBUTOR PLATES

The importance of the distributor plate on the quality of fluidi-
zation has already been outlined in Section 2.3.2. In a multistage
system however, there is a special requirement, and that is, that sand
and unburned coal should flow downwards from stage to stage. Also
combustion of coal should take place in the lower stages and the
unburned coal fines and ash should be able to pass freely through the
distributor to higher stages where they would be completely burnt.

The necessity to look for a distributor that can let high quanti-
ties of fines pass through it while maintaining good guality of fluidi-
zation led to this investigation. In a series of experiments which are
described below tests were carried out on a porous distributor and on a
distributor with a new type of cyclonic-tuyeres.for comparison purposes,
and in order to determine the suitability of the tuyere-distributor as
an interstage plate for the multistage PFBC. The experimental results
were correlated by adopting existing theoretical and experimental
correlations (Section 2.3.2.).

3.3.1 Apparatus and procedure

A plexiglass cylinder with a 0,298m internal diameter and a seven
tuyere distributor (Figure 3.17) were used in a series of experiments
to determine the distributor characteristics, the FB pressure recovery
and the effect that different solid sizes had on the quality of
fluidization. For comparison with the work using the tuyere-distributor,
similar tests were carried out on the same apparatus using instead,

a porous-distributor (30um pores)which had a very hignh pressure drop
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across it. This ensured good quality fluidization. Finally, in a
different set of experiments, various quantities of fine particles with
a 30pm mean diameter were introduced in the gas plenum below the
tuyere distributor to test its ability to convey particulate fines.

Each tuyere had three orifices symmetrically positioned round the
top part of the tuyere (Figure 3.17). Tuyeres with three different
orifice diameters were used, namely 6,3 7 and 8 mm. Two different
size distribution particles were used as the fluidizing materials
(Table A.3.1.). Pressures were measured using water manometers.

3.3.2. Results and discussion
(1) Initial experiments using the tuyere-distributor in the absence
of solids showed that the distributor pressure drop (apd) was linearly
related fo the square of the superficial air velocity (U) (Figure 3.18)
and the square of the gas velocity through the orifice (Uor) (Figure
3.19). This indicates that the equation of the gas flow through an
orifice (E.2.2) is valid for this type of tuyere too. The calculated
discharge coefficient is independent of the tuyere orifice diameter
and has a value of Cq = 0,63.
(2} The pressure drop across the distributor Toaded with solids
differs significantly from the unloaded distributor when lower
superficial gas velocities are used. However, at higher velocities
the two pressure drops are exactly the same (Figure 3.20). The different
pressure drops observed at lower gas velocities are characteristic
only of the tuyere-distributor and are caused by defluidized solid
particles blocking some of the orifices. It was found that E£.2.3
derived by Whitehead and Dent22 can be satisfactorily used to determine
the minimum superficial gas velocity above which all tuyeres were

operational. It is also clear from Figure 3.20 that when entering
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the region where some tuyereswere not operating, moving from higher
to lower gas velocities, the pressure drop across the tuyere distri-
butor were the same as that of the porous distributor.

(3) From the experiments on the pressure drop across the FB it was
found that the tuvere distributor was associated with an amount of
defluidized solids resting permanently on the plate between the
tuyeres. The effect of the defluidized solids can be seen in Figure
3,21 which gives the relationship between observed and theoretical
pressure drops. [t is also clear that for both the distributors

the slope of the theoretical pressure drop-line differs from the slope
of the experimental line. The lower experimental pressure drops,
may be attributed to interparticle and other frictional losses

within the FB. The pressure recovery inanFB has already been
investigated in section 3.2.1.3. Substituting the data obtained from
this investigation into £.3.15 and plotting the results in Figure 3,22
a graph is obtained which shows the relationship of the interparticle
normal stress and the weight of solids per distributor area in

the FB. To normalize the theoretical pressure drop obtained from the
porous and tuyere-distributors the amount of fluidized solids resting
between the tuyeres was sub.tracted from the total bed weight. The
line in Figure 3.22 shows that the interparticle stress and thus the
energy losses increase with the FB height. Alternatively in deep

FBs there are higher frictional losses and a lower pressure recovery.
This is true if one considers the low quality of fluidization that
exists in deep FBs.

(4) From experiments to determine the transport of fine particles
through the tuyere distributor, solids up to EDngm3 of fluidizing

gas were introduced into the gas plenum. No chgking or accumulation
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of solids in the tuyeres were observed and the distributor pressure
drop and FB pressure recovery were not significantly different from
the ones obtained by not introducing solids in the entry gas stream.

3.3.3. Design of interstage distributor plates

The investigation on the tuyere-distributor proved its suita-
bility for our multistage PFBC and revealed that for design purposes
its behaviour can be predicted by existing theoretical and experimental
correlations. It was aiso shown that fine solids can be transferred
through it without blocking the tuyeres and without changing the
predicted pressure drop across the distributor.

The final design of the distributor plate can therefore be fixed
by the following general distributor requirements:

(a) No flowback of solids through the tuyeres is permitted. The
choice therefore of the orifice length (lor) and orifice diameter (dor)

has to obey the following relation:

d
tan™! (120 < o E.3.17
or

where by is the angle of repose of silica sand.

(b) The pressure drop across the distributor has to be at least

one third19

of the pressure drop across the FB of solids (E.2.1).
3.4. THE IMMERSED BURNER

Some of the methods used for heating up FBs have already been
discussed in Section 2.3.2. The necessity to minimize heat losses,
avoid the creation of hot zones in the combustor and the requirement
to supply heat to the PFBC.if needed,during its normal operation at
high pressure,led to the concept of a solids immersed type burner,
The burner consisted of two concentric chambers to avoid direct
contact of the flame with the solids. It was believed that this kind

of burner could supply heat to the solids while immersed under the

FB surface without causing sintering or fusion of the solids.
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A small FB was bullt and this type of burner was used to determine
the flame stability of the burmer in the presence of solids and fts
sultability as a start up burmer for the multistage PFBC.

J.8.1. Description of apparatus and procedure

A schematic representation of the immersed burner is shown in
Figure 3.23. The burner designed for flame stability had the form of
a venturi, It was surrounded by a concentric tube through which the
secondary air was introduced in the burner for cocling the venturi amd

for controlling the temperature of the combustion gases. An outer
sleeve placed over the burner ensured the complete mixing of the

combustion gases and secondary air, prevented any solids from falling
into the venturi and protected the bed material from direct contact
with the flame. The primary air and Liguid Petroleum Gac (LPG).
(Table A.3.2) were ignited using 2 long reach electrode. The diluted
exhaust gas left the burper through orifices positioned round the
Tower end of the outer sleeve.

In a series of experiments a single burner made of 304 ss with a
0.,06n outside diameter was used immersed under the solids in a 0.2s
diameter FB. The design and shape of the burner nozzle was based on the
LPG-air flame speed data and on the stoichiometry of combustion (Table
A.3.2.). Various LPG and primary air flowrates were tried keeping the
two flowrates at a given ratio. Different flowrates of secondary afr
were also used.

The temperature of the gases was recorded using a thermocouple
placed inside the outer sleeve and near the gas exit orifices, The
burner #lso acted as a distributor, with the oxhaust gas leaving the
burner, fluidizirg the solids in the bed.

1.8.2. Results and discussion
(1) The highest permissible temperature of the hot gases leaving the
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burner was fixed by the heat transfer properties of the burmer material
and fluidized solids, It was cbserved using coarse and fine sand as a
fluidizing medium, that for a given exhaust gas velocity sufficient to
flyidize the fine but not the coarse particies (Table A.3.1.), the FB
got very hot and solids fusion was detected near the burner. This was
due to the fact that the defluidized solids were acting as an insulator,
rather than a heat carrier as was the case with the experiments
where the solids were fluidized, creating a very hot region close to

the burmer.
(2) The bulk of the experimental work on the immersed burner, for

exhaust gas flowrates securing fluidization of solids,is represented
in Table A.3.3. and plotted in Figure 3.24. The burner was operated
at LPG flowrates of 2,83 x 107 to 6,70 x 1070 Mn’/s which are
equivalent to a generated heat rate of 2.8 to 6,8 kW. The temperature
of the exhaust gases was maintaired betwpen 2807 and 985%C. It s
important to rote from Figure 3.24 that the exhaust gas teeperature
can be selected by either fixing the burner heat output and changing
the secondary air or vice versa, This is very useful in cases where
there are restrictions on the exhaust gas velocity through the bed or
alternatively the amount of required heat,
(3] The burner flame was stable for the whole range of designed LPG
flowrates and did not seem to be effected by the bubbling solids and
the pressure fluctuations of tne Fu_Solids height levels of up to
five times the FB diameter were used and the immersed burner seemed
to be operating very smoothly particularly under higher solids Jevels,
(4) Itwesclear that with the burner {mmersed under the solids all the
generated heat was supplied directly to the solids and no heat losses
occurred as in the case of a freeboard burner,

3.4.3. The design of immersed burners

The current investigation using a 0,06m diameter burner showed
0
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that this type of burner could be successfully used submerged under the
solids, to supply heat and fluidize the solids as a multiorifice tuyere.
The observation that the back pressure,due to the presence of solids,
improved the operation of the burmer, makes the design of the

exhaust gas orifices round each burner easier. It is also possible

to design a  distributor for any specified pressure drop without

this to have any effect on the performance of the burner. It must
be borne in mind that during the design of an immersed burmer the

1imiting factors on the performance and range of the heat output of
the burner are firstly, the shape of the venturi which determines the
maximum velocity of the premixed gas, secondly,the material of cons-
truction of the burner and thirdly,the physical and heat transfer
properties of the fluidizing solids.

In order to preheat our PFEC, an assembly of these burners were
used which were arvanged on a plate to form a multiburner distributor,

Each burner on the plate acted as a msulticrifice tuyere,

To design our PFBC and give its dimensions and power rating,a
series of combustion studies were carried out, using South African
coals, which provided us with the combustion kinetics. To generalize
these combustion studies and be able to use them to design and predict
the behaviour of our PFBC mathematical models were written which are

presented in the following chapter with a description of the investiga-

tions carried out.
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CHAPTER FOUR
PRELTMINARY COAL COMBUSTION TRIALS UNDER BATCH COMDITIONS AND
MATHEMAT ICAL ™MODEL FOR THE CONTINUDUS COMBUSTION QF COAL

Concepts 1ike plug flow and complete mixirg, developed for
reactors in which homogeneous reactions take place, were originally
used as a basis for FB combustion studies. The effect of gas bubbles
rising through the emulsion phase led to the two-phase and three-phase
models ™ which include gas exchange between the phases. Fryer and
Potter’’ in their theoretical mode! of a catalytic FB, used the
concept of solids backmixing, which is caused by the continuous
uplifting of so01ids to the surface by the bubble wakes.

Consideration of the change in size of the solid reactant led to
the application of the shrinking core mode] to codl combustion and the
modelling of a carbon-air diffusion controlled reaction in 2 batch
Fll:m. For the continuous FB system Levenspiel ot nl-“ developed
a mode] that incorporates a general solids population balance for both

increasing and decreasing size particles. This model formed the basis

of a number of recent theoretical !.tn.m:liass'{"El

52.53

and prompted a series
of experimental investigations aimed to produce a realistic

mode] that correlates key parameters like carbon loading, excese air,
bed temperature, and combustor efficiency.

The purpose of our preliminary combustion trials was to investi-
gate the combustion of our coals in a small FB under batch conditions
and use existing theoretical models or updated versions to describe the
combustion characteristics of South African coals. These theoretical
investigations later formed the basis of thoe theorstica) model for

combustion of coal in our FFBC,
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The combustion studies on the small FB alsa provided valuable

practical experience on the operation of such a system.

4.1 COMBUSTION OF COAL PARTICLES USING A SMALL FB UNIT

In a heterogeneous system the overall rate expression often
accounts for more than one process involving both physical and
chemical steps. However, the choice of a mathematical mode] which
closely describes the actual kinetics often warrants experimentation
to determine the rate controlling process and produce a simplified
overall rate expression.

In the case of combustion of coal particles two different
thearatical approaches may be used depending on the following;

(a) Coal particles burn with the reaction zone moving towards the
centre of the particle and the unreacted core shrinking leaving
behind it the ash,

(b} Coal particles burn and shrink in size with the ash continuously
resoved.

In addition, it is necessary to determine for both cases whether
the reaction is controlled by gas diffusion through the ash layer or
gas film, or by chemical reaction.

The rate contralling step can be determined by noting the
progressive conversion of coal particles and their size. To determine

these parameters, a series of batch tests were carried out on 2 small
FB using South African coals,
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4.1.1. Description of apparatus for batch burnout tests

The small FB used for these experiments consisted of two
chambers positioned vertically one above the other separated by a
porous silicon carbide plate which acted as an air distributor. The
two chambers were built out of fireclay bricks* , with culite bricks*
used on the outside for thermal insulation (Figure 4.1). Each chamber
on a plan view had the shape of a square, with a side measuring 0,15m.
The depth of each chamber was 0,45m.

The bottom chamber acted as an electric air preheater. A total
of fourteen silicon carbide elements giving a maximum power output
of 9kW were used., The heating elements were wired in series in two
separate circuits of six and eight elements. A 380V-15A, phase angle
thyristor controller was connected to the set of eight elements,
regulating the supply of heat by sensing the temperature of the top
chamber. The set of six elements, acting as a base heat load, were
Joined to a 220V-15A, voltage regulator.

The top chamber was used as the combustion chamber for coal.
Quartz windows were built on the same Tevel as the distributor plate
of the top chamber. These windows were used to observe the combustion
of coal particles and their behaviour during the initial evolution
and combustion of the volatiles.

The pressure drop across the FB and distributor was calculated

from water manometers. Type K (Cr/A1) thermocouples were used to

indicate the top and bottom chamber temperatures.

*Manufactured by Cullinan Refractories Ltd, Olifantsfontein, Transvaal.
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The exhaust gas after the removal of all entrained solids was analysed
using an infra red CO/C02 analyser (Infra Red Industries, model

IR 702) and a fuel cell 0,-analyser (Teledyne, model 326B). A chart
recorder was used to record the percentage of 002 and 02 in the
exhaust gas.

Coal was fed to the top chamber through the side of the
combustor using a plunger type feeder connected to an airtight coal
hopper. The plunger was operated manually.

Two different investigations were carried out on the small-scale
FB, one dealing with combustion of coal on the distributor plate, and
the other with combustion in an FB of solids. The purpose of the first
set of experiments was to determine whether coal particles break
during their devolatilization. Both coal and char were used in these
experiments.

4.1.2. Experimental procedure

The combustor was initially preheated. During this period a
constant flowrate of air, measured on a rotameter, was passed through
the combustor to achieve a uniform reactor temperature. When the top
chamber reached a desirable temperature for the combustion of coal,
known weights of coal particles were introduced into the combustion
chamber. During the combustion process, the percentage volumes of
co, COz, 02 in the flue gas, and the temperatures were continuously
monitored by the instruments. The quartz windows were used to observe,
either the behaviour of ccal particles on the distributor plate, or how
well the coal particies mixed with the solids in the FB during
combustion,

During the entire experimental work an excess concentration of
oxygen was maintained inside the combustor whenever possible. Two

different coal sizes were used (Table A.4.1).
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4.1.3. Interpretation of experimental results

The chssrvations from the tests om burning coal particles om the
distributor in a hot stream of air can be summarized as follows:
(1) When coarse particles were dropped onto the distributor at B00°C the
volatiles were immediately driven off and ignited in a yellowish flame
that lasted for a few seconds. The DI-IHI1_'|'IIP indicated no oxygen
présent in the flue gas during this period and a low carbon monoxide
(C0 < 1 per cent) was detected, The remaining devolatilized coal
continued burning with a layer of ash covering the unreacted core.
{2) The ash remained attached to the unreacted core until even after
the completion of the reaction.
(3] %o breakage of particles was observed during the entire
experimental work.
(4) To compare the effect of the volatiles during combustion, char
particles were also used, derived from pyrolysis of the same type of
coal in 2 coke oven (Table A.4.1). Its combustion characteristics
were similar to that of coal with the exception that the very low
valatiles in the char did not create the inftia) shortage of oxygen
in the gas stream.
(5) If the temperature of the combustion region was decreised to
temperatures between 600%C and £50%C devolatilization and combustion of
the particies was prolonged due to lower reaction kimetics.
(6) The increasing thickness of the ash layer round the burning
particle reduced the rate of oxygen diffusion to the core of the
particie and the rate of carbon dissipation.
{7) Using the finer coal particles, the burnout time was reduced due
to the higher available area per weight of sample.

The oxygen concentration in the flue gas was plotted against time
for both fine and coarse particles and 1s shown in Figure 4.2,

T8



304 4O WeBJ3IS ¥ U}

swmpy 1sujebe payjo|d “Spi|0s PATIPINES 40 BOUBSQER Bu3 ul pur Jje
uoL3snquos (w03 Joj uabdvo jo abeiuadsad peldjpaad A||e3ljad08y) pue Ll equaw)aadx3 2 @anbj 4
[§) 3w} ugisngquuo)
oot pozZz 000z ooet 009l ool oozl 0001 (] o0 ooy 0Oz a
1 1 ] | i 1 | | | 1 i
-
. b= ¥
2'p'3 Uy3 Wo4) SIAIND [ENNI0IY| 1 —
. 5
bu 9700 o
6xoL00 w BxoLo0 o 8
salMpied Juij s3|Jjsed Isiw0d 0|
suiod (ejuawisadey L 71
— ¥4
~91
— @i
3 .. — Thiged

LA oA

seb anyy ay) wi uabhxo yuslsad awn



At higher time values the experimental points for the coarse particles
become asymptotic with the horizontal axis which indicates the increasirg
resistance of the ash to gas diffusion. The Tine particles do not show
this kind of behaviour due to the thinner layer of ash and higher
available surface areas.

The observations from the experiments on coal burning in an
FB of solids can be summarized as follows:
(1) Combustion occurred throughout the FB and there was good
mixing between burning coal particles and fluidizing solids.
(2) The ash was continuously removed from the surface of the burning
particle. This can be verified from Figure 4.3 where the experimental points
cbtained do not show the asymptotic behaviour as it happened when dealing
with the combustion of coal on the distributor. Figure 4.3 relates the
experimental 1y obtained percentage oxygen in the flue gas with time.

It may be concluded from the experiments in the small FB that
coal combustion in the absence of a fluidizing material can be represented
by a mode] based on a reacting particle of unchanging size. However,
a mode]l assuming a shrinking particle should be used if it is required
to represent coal combustion in a bed of solids. Furthermore, the
volatile content of coal may be neglected since it was observed,that
the volatiles were immediately driven off and burnt in a period much
shorter than the burnout time of the particles considered. The
volatiles did not seem to affect the subsequent burning of the
devolatilized coal.

For a better understanding of the combustion behaviour of South
African coals which was observed experimentally ,the combustion of coal
under batch conditions both in the absence and presence of fluidized

s0lids was examined and presented below in the form of mathematical models.
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4.1.4, Mathematical model for combustion of coal on the
distributor under batch conditions, in a stream of hot
air and in the absence of fluidizing solids.

An updated version of the mathematical model, originally develo-
ped by Yagi and Kun1154, for the reaction of a single particle of
unchanging size, was used here to predict the burning rate of batches
of coal particles in a hot stream of air.

The assumptions listed below formed the basis for this mathema-
tical model.

(a) Coal is treated as char and no account is made of the volatiles.
(b) The resistance to gas diffusion through the ash controls the
reaction and the oxygen concentration at the unreacted core surface is
assumed to be zero.

(c) At steady state the oxygen consumption at any instant is given
by its rate of diffusion through the ash layer.

The actual derivation of the mathematical equations for the
combustion of coal on the distributor plate is presented in Appendix
4.1. The final two equations which form the basis of this model are
written below. These are firstly, the equation relating the unreacted

particle radius (rc) and time (t) and the equation for the overall

oxygen concentration balance:

2

mF r pF R r r
t = g (- @71+ S - 37 + 269 Bl
0% ¢ 0G ¢
Foo ¥
a(c, - =3 ME_(R_C)z SHr/R) E.4.2.

C
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where m = N;'— P o, the initial mass of coal sample (kg
N = the nurber of coal particles in a batch sample
fixed carbon in coal

=y
L]

the inlet oxygen concentration (kg mol/m’)

L
o

)

L]
L]

the oxygen concentration in the flue gas (kg mol/m

Arithmetic values were substituted in the theoretical equations as
shown in Appendix 4,1. The predicted percentage of oxygen in the flue
gas 15 compared with the corresponding one obtained experinentally and
is plotted against time in Figure 4.2, The agreement betweszn theory and
the experimental results is an indication that the assumption of an ash
diffusion control reaction is correct. E.4.1 and £.4.2 can therefore
be used to predict the exit oxygen concentration or extent of reaction
at any time (t), when coal {s burnt on the distributor in the absence
of fluldizing solids.

4,1.5. Mathematical mode)l for the combustion of coal in an FB

under batch conditions

The experiments on the combustion of coal in an FB, (observations
(1) and (2) Section 4.1.3) indicated that the combustion process may be
represented theorelically by assuming a reaction of a shrinking spherical
particle, This mathematical wodel was based om the work carried out by

] a8

davidson and Harrison . and Avedesian and Davidson . The assumptions

made for its derivation are the following.
(a) The reaction is controlled by the diffusion of the reactant and
product gases from the coal surface.
(b} The particles shrink in size and the ash is continuously removed,
(e} All particles are considered to be of the same averace size.
(d) No account is made of the volatiles.

The derivation of the mathematical egquations for the combustion

of coal inanFB under batch conditions is presented in Appendix 4.2,
a3



The derived equation relating the unreacted particle radius
(r.) and time (t) and the equation for the overall oxygen concentra=
tion balance are listed below:

mF I8 3 Fcp 2 rc 3
' : Til - RO[1-(g9)5 £,
' E‘uﬂuu-{u-uﬂ]g.“-:”ll ‘.l""] ] + W —
and
JmF dr
i € EA.4.
ll:n-ipln[u-{u-u'f}up{ 1)1 Fﬁ e

where 1 {s the nusber of times a bubble is swepl Dutl during its stay
in the bed

Other parameters as in E.4.1 and E.0.2.

Arithmotic valucs were substituted in these equations which
weré used L0 determing theoretically the percentage of oxygen in the
flue gas and its relation to time, as shown in Appendix 4.2. The
results between the theoretically predicted and experimentally obtained
values are presented in Figure 4.]. From the agreement between theory
and the experimental results it may be concluded that this mathematical
mode] can be used to cescribe the combustion of coal particles in am
FB which 1s operated under batch conditions.
4.2 A MATHEMATICAL MODEL FOR CONTINUOUS COMBUSTION OF COAL IN A

MULTISTAGE FB

The combustion experiments on the small FB showed that our coals
can be combusted in an aerated bed of solids and their behaviour
under batch conditions can be predicted by a simple mathematical model.
For the derivation of 3 theorctical sodel to predict the cOntimuous
combustion of coal, a rather more complex system was considered that
takes into account the fluidizing features of the FE. This mathematical
mode! was based on the works by Levenspiel et a!‘“. Chen and Sa:umsﬂ.
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and Fryer and Potter47.

The assunptions made for the derivation of
this model are the following:

a) Silica sand is used as the fluidizing medium with coal
comprising not more than five per cent by weight in the bed.

b) The fluidization characteristics of the reactor are based on the

inert material with coal evenly distributed in the emulsion and

cloud-wake phases.

c) The cloud-wake and emulsion phases are at minimum fluidizing
conditions.
d) The emulsion phase is well mixed while in the bubble and cloud-

wake phases, gas moves in plug flow.

e) The temperature is constant throughout the FB and there is no
change in gas volume because of the reaction.

f) Combustion occurs only in the cloud-wake and emulsion phases and
solids and gas can interchange between phases.

g) Coal is continuously fed, and on entry to the FB the coal
particles are charred. The volatiles burn instantly. When the coal
particles diminish to a certain size they get elutriated and burn in
the top FB.

h) The feed consists of a wide size-distribution of coal particles.
During combustion the coal particles shrink in size and the generated
ash is continuously removed.

The model developed here uses a population balance of reacting
coal particles with fresh coal entering through the feed. For reasons
which will be dealt with in the following chapters interstage circulation
of solids was not considered during the derivation of the theoretical

model. Instead a two stage non-circulating FB system was assumed, where
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the bottom FE acted as the main combustion stage and the top bed as
& burn out stage for all elutrfated coal particles. The derivation

of the mathematical model follows below.
4.2.1. Reactionz involving the zolid phase

4.2.1.1. Reaction of a single particle
To consider a material balance it 1s necessary to determine the
coal mass change due to the reaction. The mass =, of a single coal
particle assumed to be spherical can be written as:
4
a (R} = 5 wR c.4.5

The rate of mass change for a single particle is dependant on the radius
of the particle, the oxygen concentration and tanpﬂratureﬁu.

- ol &= 0 (RCLT) £.4.6
- ar _ 9(RELT) 85
ar -;;;g:"" 12‘ oL.T) E.4.7

(89 and ¢, are negative functions)

Since coal particies react only in the cloud-wake and emulsion phases, the
average rate of combustion, can be expressed in terms of the contribution of

the two phases. (The dependance of by 0N C and T is not considered at this
Stage ).

T-eg(14F,) Bt
ELd B CTW "’2“”*[1 B W

a-.t- B 'FI -t.El[ﬂ]dh . ¢l3|:H]- Enﬂ,.a

].':B "ﬂ I-*EE

similarly the average wass charge in the FE is

I

e, dn (R)
- ol HBU P e gag
g dt 07 1.5 dt

HHT';{H :|= 1= (14, ) : MP‘:R}

From £ 4.6, E.4.7, E.4.8 and £.4.°
dm_[HT

R AL
= 4nR"s 4,(R) £.4.10
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4.2,1.2. Overall mass balance equation to determine the total

weight of reacting particles in an FB

A stream of coal particles Fu[hgfsj with a size distribution
PG[E} enters the bottom stage of an FBL consisting of sand particles
and a small amount of resident coal particles t"ph}+ The total bed
weight of the bottom stage is Hh1

The coal particles in the FB have a size distribution Futnj.
A portion of the reacting particles Fl gets entrained and carried into
the top FB by the fluidizing gas.

The particles elutriation constant {5 defined by the following
equation:

F 1Py (R)

ko(R) = =— £.4,11
WpPglR)

For any size interval dR the material balance for shrinking coal

particles canm be expressed as:

(particles enttring}-{?artitlts leaving J+(particles shrinking in)
L]

in feed entrainment interval from larger
size
-(particles shrinking out)+{depletion of mass) = 0
of the interval to a because of
gmal ler size combus tion

In mathematical terms the following equation give:s the material

balance for coal particles in a size interval dR,

FoPolaR - FyPy(R)ak + Py () [M-thpB{Ft]:—f J‘n '

ﬂmpﬁ{n] dmp{ﬁ].
Fhlﬁ} dt

dit = O E.4.12
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where R is the mean radius in the interval dR.

Replacing the second term in £.4.12 by £.4.11 and the terms

——

g% and dmp(ﬁ)/dt by £.4.8 and E.4.10 then dividing by dR and taking
limits as dR+0 E.4.12 becomes:

d[P5(R)o4(R)]
FoPo(R) = kg (R Pe(R) - W, ot
W P (R)b(R)
i 4.1

To solve E.4.13 it is necessary to define the boundary conditions.
Considering a single size feed or PO(R) = é(Ro) and taking an interval
dR of radius (R) not including R=R, the first term of E.4.13 becomes

zero. Dividing throughout by ¢3(R)PB(R) and integrating E.4.13 from R to
Ry (but not including RO) gives:

k_(R) dg,(R)  dPy(R)
e _ rgvsl iy dR _
5T%) dR LY AGE +3x =0, and ;
)
P.(RIR) R $a(R ) k (R)
B o’ 0 _ X B L _e - 4
R

where PB(RlRO) is the frequency distribution of coal particles in the
FB originated from a size of feed particles, Ro'
In order to calculate the value of PB(RO). equation E.4.12 is

applied to the feed size interval, RO to Ro + dR. Since all particles
in the bed are shrinking PB{RlROJ = 0 for R>R° and only the first and

fourth terms in E.4.12 will remain. Taking the limit as RsR_ £E.4.12

becomes

P(R) == —2 E.4.15
ik Wpp#3(Ro)
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Substituting E.4.15 into equation E.4.14 and rearranging

it gives:
" ®
F 3 k_(R
Pa(RIR) =- — 2 — T exp || =—dR] £.4.16
Wob ¢3(R) Ry R§3{RJ

For a wide size distribution feed the following equation for

coal particies is true

R =R
oM
RﬂrRH {
Po(R) = Po(RIR P (R AR = | P5(RIR )P (R JdR) E.4.17
Jp =
R.mei n R-.'}_R

where PE{RIRQ} is given hy E.4.16

To determine the weight of reacting particles in the
FB {th}, E.4.17 must be integrated again over all particle sizes
within the FB. So that:

M
Py(R)R = 1
R=R,
{RzRH Ro=F - Ro
F R P (R k (R)
Aoy = - 25 A ajq?— exp [| -&— dR]dR_dR
0
R=R, . JR=R 3R Ry R 43(R)
£.4.18
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4.2.1.3. The rate of total mass change of reacting particles

From the weight (NPB) of coal particles in the FB defined by
£.4.18 it is possible to determine the number of reacting
particles for a radius interval d? in the cloud-wake and emulsion
phases.

For the emulsion phase the number of reacting particles (NE), is:

_ Lgg(Lef,) M Pp(R)R

N £.4.19

E gy 4/31R%

For the cloud-wake phase the number of reacting particles (Nc)

within a height interval (dh) is:

ot HEbPB(z)dR ” 4 2
: 4.

N .
l-eB 4/3R"p

C =

where H is the FB height.
The rate of mass change for a single particle, $y was defined
by E.4.6. The rate of change of mass of all reacting coal

particles (MR), can therefore be written as:

e by * Ne 4y E.4.21
R JR |h

The overall mass balance on the coal particlesin the FB is
given as:
F1 - F0 = MR £.4.22
4.2.2. Fluidization and the existence of countercurrent
backmixing in the FB

The internal circulation of solids and the downward movement
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of gas within the FB has been explained in terms of a countercurrent
backmixing mudelqi. For backmixing to occur the slip velocity which
is defined as the resultant velocity of gas and solids in the particu-
late phase must have the same magnitude as the gas velocity at incipient
fluidizing conditions, i.e.,

U

+ ugp = _mf E.4.23

Emf

ugE

4.2.2.1, Solids circulation within the FB
The superficial gas velocity (U) may be expressed in terms of the
superficial gas velocities through the emulsion, bubble and cloud-wake

phases by the following equatinnﬁ?

U= UgE + UgE + Ug[’. £.4.24
Expressing (U) in terms of the bubble rise velocity [uﬂ} £E.4.24
becomes:
U = ugE{].-EE[1+fw]smf+uBEB+uEEBfwcmf E.4.25

Due to the solids velocity in the euulsion phase the bubble

rise velocity {UB} as given by Chen and Saxena>’ is

Ug = U-Uje + 0,711(g nﬂyi-usE E.4.26

From the assumption that the coal particles are evenly dispersed
in both the emulsion and cloud wake phases, the mean density of a
particle in the FB, (p), can be written in terms of the densities of

coal and the inert solids acting as the fluidized medium by

- g0 +_bH1;EEps E.4.27
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Assuming that there is solids circulation within the FB, by
treating the cloud-wake and emulsion phases separately, it WS

:hwn“that for an envelope around the cloud wake phase:

- c f
Fo#iu g All-cgl 1+f"]][1..-.",}::;1.15:“&1‘“{1-cmf]-|:1ii]Hn £.4.28
o

and similarly for the esulsion phase that:

L-eg(141,)

al
l-:l

Eu!¢ ghf (1= ) F o Eu‘[lu-t gl 1+ ) (1€ g )~(

"

E.8.29

From E.4.29, £.4,25 and E,4.28, U can be expressed in terms
of U, leu Fn and rln by the following relationship:

f Ief ¢
o Rl B . IFor
l-eg(1+f) pA(1-2 e ) (1-2g (141 ))
e f (1ef 2 )
[_._.__.!J_..!.'f_._gni E.4,30

A(L-rg ) (1oeg) (1-cg(14,))
For solids circulation the solids must move downwards in the

emulsion phase, {.e., the velocity of solids (U )must be positive.
From £.4.30 the solids velocity 1% positive under the
following condition:

;Aljla--f]f‘ PAf (1~ ar (1-gg(14F ) eof
L el o e s ¢ ot~ T "

E.4.3]

If there 15 no nett solids velocity through the emulsion phase
then "5E'° and a portion (Q) of the coal particles in the feed will
enter the emulsion phase and remain while the rest of the coal will
stay in the cloud-wake phase., !f there is no mett solids velocity thenm
£.4.28 and £.4.29 will become:
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For the cloud wake phase:

£ EBfw

FO -q = QUBEBAfW( l-smf) - et ”R E.4.32
B

For the emulsion phase:
1-e,(1+f )
B i :

puzesAf (1-€ o) ~ F 44 = m——— M E.4.33

B

The possibility of a necative solids velocity through the
emulsion phase (ucg) is not considered because no solids are added to
the FB and consequently the quantity of solids in the FE remains
constant.

4.2.2.2. Gas circulation within the FB

Gas circulates within the FB if E.4.23 is satisfied. Eliminating
the solids velocity (Usp) from E.4.30 and E£.4.23 the equation for the

gas velocity in the emulsion phase (ugE) is given as:

(s 1 ) fv 1+fw€mf
u.-=U ) = — U+[- 1F .+
gE mfy w Emf 1 EB(I‘FFW) OA(]- € .F)( (1+f )) 0
e, f (1+€ )
B'w mf W 1 £.4.34

(1-e)oA(1-€ ) (1-(14+F,)) °

For gas circulation ugF must be negative (notation: ugE is

positive if directed upwards). This is true if:

1-ep(1+f ) (1+f € ¢) 1¢F €
Uy’ = [ f " w mf U + [ w mf IF, +
w mf pA(l—cmf)fw
ep(1+f e )
B mf
- Mo E.4.35

5A(1—:B)(1-Emf)
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The conditions therefore for the existence of gas, and solids
circulation within the Fi are given by £.4.31 and £.4.35 respectively.

4.2.). Gas phase reactions

The oxygen concentration within the FG changes because of Lhe
reaction with the coal particles in the cloud-uake and emulsion phases,
and the continuous gas exchange between the three phases.

4.2.3.1. Gas exchange between phases

The gas within the FU exchanges froely betlween the three
phoses. The volumetric gas exchange rate per unit bubble volume is
given by the following equations7,

Exchange of gas between bubble and cloud-wake phases:

¢ 1)
kpe * 4,5 — + 5,850:° g f,,iﬂ E.4.3

%

Exchange of gas between cloud-weke and emulsion phases.

0.5 _u
Log = 6782011 Ef i E.4.3
B

4.2.3.2, Mass balance on gascous reactant

Since combustion takes place omnly in the cloud-wake and emulsion
phases the oxygen concemtration in the bubble phase will be affected
only by the amount of gas which 1s exchanged with the cloud-wake phase.

An oxygen balance for the bubble phase thus gives:

oy
uy === Rapl <0 £.4.37

if ;‘tltj (kg/mol/s) is defined as the oxygen consumption due
to Lhe reaction with a single coal particle then the oxygen balance
for the cloud-wake phase is given as:
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dc
c _ _ o
-f Euflp = %celCoCe) + kpelleCp) *

g, T W Po(R)
p 1 Bwy | PVE T (R)R E.4.38
T %
4/3 1R

R

From the assumption that the emulsion phase is well mixed, the
oxygen concentration in this phase (CE) can be obtained from an overall

oxygen balance (CE does not change with height). For the solution of a

47

similar set of equations as E.4.37 and E.4.38 Fryer and Potter’ have

assumed that at the distributor plate all the bubble phase gas was
derived from the incoming gas. Chen and Saxenaso, however, assumed that
at the distributor level the cloud wake and bubble phase gas comes from
both the recirculating and incoming gas stream (for gas backmixing).
Using the latter approach, the boundary conditions therefore are:

At height h = 0 (the distributor level):

uc, = (U-U

0 )¢

+ U CE E.4.39

gk’ "Bo

and C C (&

Bo =~ “Co # “o
At a height h = H (the total height of the FB):

AU

1+fwcmf

AUC - _ mf "CH _

= C

GH
1+ fw Emf

(
fuen WP (R)
‘ é’j@LB ... B3 ¢4(R) dRah +
"B 4/371Rp
R n

{ 1~eB(1+fw) HEEPB(R)

= M $,{(R)dR E.4.

R
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1f there is no gas backmixing then the cloud wake and bubble
phase gas comprises only of incoming gas, therefore:

C,. = Co and C

bo 0= C

C 0

and the overall gas balance at height h = H can be written now as:

U ACO - UgEACE - UgBACBH = UgCHCCH

-

l fe w P (R) 1-€,(1+f )
1 wB 'pbB B W
) FT:CE- 4/37R%p 4{R)dR o ( 1-€
B
JR h R
w bPB(R)
~P-——3,——¢4(R) dR E.4.41
4/37R"p

As mentioned in Section 4,2 the derived mathematical model for
the combustion of coal particles of a wide range of sizes was used
to simulate the behaviour of the two-stage PFBC with no interstage
circulation of solids.

Due to the complexity of the integral equations, a computer
was used for their solution. A flowchart of the entire computational
procedure is shown in Appendix 5 and explained below.

4.2.4. Description of the computational procedure used for

the combustion of coal in a two FB system,

The computer programme treats the two FOs separately. Based on
the input data the dynamic behaviour of the bottom FB is determined.
The exit gas stream which is laden with fine coal particles then acts
as the coal and gas feed to the top FG.

At the beginning of the programme values for the oxygen concen-

tration in the emulsion and cloud-wake phases at the exit point from
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the bottos F& are chosen (Appendin 5.). A value for the fraction of
bubbles in the F@ {nH] is also assumed. From E. 4,18 the weight of

coal particles resident in the FE {th] is calculated. The size distri-
bution of coal particles (P (R)) and the total rate of combustion of

coal (Mp) in the FD are then calculated from E.4.17 and E.4.21, The rate
of elutriation of coal particles {FI} from the Fd 1% then determined

from the overall balalnce on coal (E.4.22).

To 2stablish if there 15 backmiaing of solids in the FO a
comparison is made between the value of coal feedrate [F ) and the
value of an estimated coal feedrate {F;} which forms the criterion for
the existence of backmixing of solids in the FB, (E.4.31). In the
case where there 1s solids backmixing, the values of the bubble rise
velocity [LIH'_i. the gas velocity in the emulsion phase LugE}. the value
of the solids velecity in the emulsion phase {uﬁj and the fraction of
bubbles in the FB are calculated by solving [.4.23, E.4.25, E.4.26, and
E.4.28. For the case of 'no solids backmixing' the solids interstitial
velocily {UEE:' is set equal to zero, and the values of {uﬂ], {ugE}.
[lE]. and the fraction of feed coal (q), which enters and remains in
the emulsion phase, are determined by the simultanecus solution of
E.4.23, E.4.25, E.4.26 and E.4.32.

An iteration then follows which compares and reduces the diffe-
rence between the calculated and assumed values of the volumetric
fraction of the bubbles (<5) in the FB until convergence.

Tao determine the existence of backmixing of gas in the FB a
comparison 15 made between the incoming gas velocity (U) accounting
for the pressure and temperature conditions im the F2@ and the estimated
gas velocity (U') which forms the criterion for gas backmixing in the
FB (E.&3%). If there is backmixing of gas the oxygen concentratians
for the bubble phase and cloud-wake phase at the exit from the FB

97



[EBH} and {EEH] and the oxygen concentration in the ssulsion phase I_EEJ
are determined by solving simultaneously the differential equations
E.4.37 and E.8,38 with boundary conditions given by F_4.40. 1f there
is no gas hackmixing then the oxygen concentrations, [iBH}. {ttH] and
(Cc) are obtained by the simultaneous solution of E.4.37, E£.4.38 with
boundary conditions given by E.4.41.

An iteration {s then carried out wsing the initial guessed
values of oxygen concentrations [Em] and {EE] and the calculated values
from £,4.37 and £.4.38 unti] convergence.

Until this stage of computation the programme dealt with the
hehaviour of the hottom FR., To deal with the top F3 the same computa-
tional procedure is followed after setting:

a) The values of (F_), and P (R) equal to (F,) and (P (R])
respectively, and

b) the composition of the gas entering Lhe top FO equal to the
gas composition leaving the bottom FH.

The dirensions of our PFIC presented in the followlng chapter
and the various conditions under which 1t was operated covered in
Chapter 6, were substituted in this mode]l and a comparison is made
in a later chapter between the results determined theoretically and
the ones obtained experimentally.

Our research work presented in the current and the previous
chapter provided us with the necessary information which was required

for the final design of our PFBC plant. This is presented in the
following chapter.
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CHAPTER FIVE
DESIGN AND FABRICATION OF OUR MULTISTAGE PFBC
5.1  THE DESIBN OF OUR PFBC

The contribution of our research work described in the last
two chapters to the design of our PFBLC is described below. A number
af constraints which had to be accounted for in the design of our
combustor are also included im this section. The final design of our
PFBC plant was thus fixed by the constraints and research findings

which are given below.

(1) The advantages of a multistage combustor with countercurrent
contact between the coal and air have already been covered in Chapter 1.
However, the decision to use a three stage system was prompted by the
necessity to build a simple enough multistage system while sti1l being
able to realize the effects of multistaging.
(2) The thermal power of the combustor was chosen as 3 result of the
Following:
(a) A combustor with o ! MW{t) power was considered a realistic one
(b) A 2 MW shell and tube heat exchanger was available and could
be used for condensing the superheated steam generated in the FBC,
{3) The height of the combustor which included the coal feeding system
could not exceed 6 m (the hefght of the central area of our laboratory).
As a conseguence of this, the haight of the main combustor vessel which
included the cyclione and coal hopper was chosen to be 4 m. This was alisp
determined by concideration of the kinetics of coal combustion (Section
£.1), the calorific value of coal (10 to 28 Ml/kq) and the required power
generation of the combustor (1 Md(t}). The total weight of inert
solids was fixed at approximately 300 kg, (1009 of silica per stage). A

circulation of up to 60 kg/min was necessary to give the chosen types of
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coal 2 residence time of not Tesy than 5 minutes. To accommodate this
base load of solids, te achieve the required solids circulation and allow
the solids fluidizing velocity,determined on the basis of an inert
material with a mean diameter of 0,5 mm, the internal diameter of the
combus tor was chosen to be D = 0,45m and the interstage distance between
the distributors 0,/m.
(4) A pressurized combustor was chosen for reasons already explained
in Chapter 3. The combustor was designed for a maximum operating pressure
of 8 bar{abs)due mainly to the umavailability and delivery time of
compressors with a supply pressure of 16 bar{abs),(this pressure of
operating an FBC s recormended by the Americans), as well as the stringent
safety requirements associated with the higher pressure system, A rotary
screw-type compressor (Atlas Copco, model GA7OB) rated at 7.3 hlﬂiin
(258 Mcfm) and a pressure of B bar{abs) was therefore purchased.
{5) A wet scrubber with a capacity which was sufficient to treat the gases
Teaving the PFBC boiler was available and could be easily connected in
series with the combustor.

Looking closer at the combustor its final design was determined
by the foellowing factors.
(6) The importance of a suitable pressure drop across the distributor
plate which can ensure a good quality of fluidization and the satisfactory
pperation of the downcomers was covered in Section 3.3. [t was also shown
that a distributor with an assembly of the new type of cyclonic tuyeres

could be treated in the same way as any other type of distributor ,

Based on the information on our PFBC given in Section 3.3 each
distributor was designed with 16 cyclonic type tuyeres arranged in a near

square pattern with each tuyere having four orifices for synmetry {dnr=
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E,2mm) as shown in Figure 5.1.

(7) The investigation on the use of downcomers for interstage transfer
of solide (Section 3.1) showed that the downflow of solids could be
satisfactorily controlled by altering the flowrate of the fluidizing air.
However, in the case of our PFBL, where iL was intended to use air as the
oxidant, the use of the non-mechanical a1 valve [Section 3,2) to achieve
control of circulation of the solids and avoid any interference with the
combustion of coal in the FB seemed by far the best method of control.
For this reason the downcomers were designed so that even at the lowest
gas velocity through the combustor, the maximum réquired downflow of
solids could be achieved. The dimensions of the two downcomers were thus
determined: The downcomer length 11: = 0,92m and the internal diameter

dt = 0,06m,

(8) It was shown in Section 3.4 that an immersed type burner could be
used to preheat a multistage FB system reliably and efficiently. In the
design of our PFBC provision was made to use either the immersed type
burner or preneat the combustor using the combustion of a stoichiometric
mixture of air and LPG in the FB. This gave the opportunity to compare
the two preheating methods.

(3) The problem of removing heat from the PFBC was solved by using both,

water jackets in each stage and intermal cooling coils. The cooling coils
were designed to remove up to 0,3MW with the remainder of the generated

heat removed by the exhaust gas and through the water jackets[one
in each of the three stages) Two different shapes of coil were designed.
A horizontal coil with a total length of 10.6m and an outside loop
diameter of O.,44m, and a vertically orientated coil having the shape of a
doubie serpentine. This coil had a length of 4m. The coil pipe outside
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Figure 5.1. Schematic drawing of the distributor plate showing the
downcomer position and details of the ceramic tuyere
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diwmeter was 13mm and had a wall thickness 1 ,5mm.

{10} A double entry high-efficiency cyclone was designed for removing
the fine coal particles and fluidizing material from the flue gas, as
well as returning solids coming from the pneumatic conveyor. The cyclone
entries for the flue gas amd circulating sollds were positioned in such
& way as to induce a unidirectiona) stream of gas and solids within the
cyclone, as shown in Figure 5.2, The cyclone was designed to have a cut-
off particle size of 30um and an operating temperature of 500°¢.

{11] Two coal hoppers rated at a working pressure of 1D bar{abs) were
designed to hold each one up to 90 kg coal. A baffle was placed at the
bottom of each hopper to stop bridging of coal particles as shown in
Figure 5.3. To achieve a continuous feed of coal to the combustor

at high pressures the hoppers wore desigiwed to operate, positioned
vertically one above the other with a conmecting valve placed between
them to form a double lock system. Coal could be fed into the combustor
by using a screw feeder which was designed to deliver up to 2 kg/min of
ceal at & 110 r.p.m.

To enable the continuous monitoring of the experimental parameters
and achieve control of the combustion process during the operation of
the PFBC, a1l necessary sensing devices and instrumentation were
ircorporated in the design of the plant, as explained below.

5.2 SAMPLING AND UNSTRUMENTATION

Four sampling nozzles for gas analysis were designed. with
three of them Jocated each at 0,7 above each distributor plate
and one at the flue gas line after the cyclone (Figure 5.4). These
nozzles were designed to accommodate a gas sampling probe which could

continuously supply gas for analysis to an DE and a CO and EDE analyser |,
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Figure 5.2. Schematic drawing of the high-pressure double-entry cyclone
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These analysers had already been used in a series of combustion
experiments on the small FB combustor (Section 4.1).

5ix pressure tappings were placed at regular intervals along
the Tength of the combustor and were designed to measure the pressure
drops across each FB and each distributor plate. Pressure tappings
were also located across the orifice plates, designed to measure the
incoming and flue gas flowrates. as well as along the preumatic
conveyor to enable the measurement of the circulating solids,

Three K-type thermocouples positioned 0,ld4m above each distributor
were provided to measure the temperature in each FB. The inlet and
outlet coil temperatures, as well as,the flue gas temperature could be
measured using the same type thermocouples connected as shown in Figure
5.4

A1l instruments used for monitoring the performance of the
PFEC were chosen with the intention of coupling them up,at a later stage,
with the departmental computer for data logging and processing. The
computer link up with the PFBC plant 1% covered in the last section of
this Chapter.

Allowing for instrumentation, the engineering drawing of the main
combustor and ancillary equipment, which was based on the constraints and
findings in research as described in Section 5.1, was sent to the
manufacturers for the fabirication of the PFOC.

6.3  FABRICATION OF THE PF3C

9.3.1. The combustor vessel, honpers and cyclone
The main combustor vessel, the hoppers, and cyclone, classified

a5 pressure vessels were designed according to ASME VIIT DIV 1-1977
code for pressurized systems.
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All dimensions and specifications for the manufactura of the
main combustor vessel comprising of three separate stages were detailed

in numbered engineering drau1ngs§5

. The material used was 304 stainless
stee] except for the interstage flanges and water jackets, where mild
steel was used. The inner diameter of the vessel was 0.74m and the
thickness of the stainless-steel wall was 5om. The two stainless-steel
dished ends had a thickness of 8mm, The width of the water jacket for
cooling the c¢ylindrical walls of the vessel and the top dished end was
0,03m. Separate witer inlet and outlets were used for each stage.

The thickness of each interstage flange was 0,04m and twenty
J2rm (liin) bolts were used for joining two stages together, The
interstage flanges were welded flush with the wall of the vessel amd
a stainless-steel ledge was welded on the inside of each flange to
support the firebrick 1ining. Each section could thus be 1ifted complete
with its Yining. [ach stage was lined with three layers of twenty-two
fireclay hri:h5+ per layer and the bricks were bonded together with a
high temperature nortar’. The bricks had the shape of a wedge and had
an internal radius of curvature of O,46m. A high alumina castable

cement® was used for lining the two dished ends. To protect the

stainiess-steel shell from excessive heat, which is transferred dcross

*A. Chalmers & Co, (Pty) Ltd, Clairmont, Natal, S.A.

t, _
hormal duty fireclay bricks, manufactured by Cul linan Refrac
Olifantsfontein, Transvaal ..LH. ¥ n ractories,

1
Hiluset 35, manufactured by Cullinan Refractories.
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the hot phase fireclay bricks, a high alumina fibre* was used between
the bricks and the shell. This narrow gap, packed with the Toose
insulating fibre,was also used as a space where the bricks could
expand into, when hot, sithout damaging the water-cooled shell.

To position the thermocouples, gas sampling and pressure probes,
holes were drilled through the firebrick walls of the combustor at the
designed locations.

Dimensions and specifications for the manufacturers’ of the
56

cyclone and coal hoppers were detailed in numbered drawings

The cyclone was made of 304 stainless steel to withstand the high
temperature of the gases and had a wall thickness of 5mm. A 2mm thick
plate was welded inside the top section of the cyclone to protect
the stainless-steel shell from abrasion caused by the high velocity of
the incoming gas and solids.

The two hoppers were made of mild steel and had a diameter of
0,45m. The wall thickness was 6 ,3mm.

A11 vessels after they had been manufactured were individually

pressure tested by an engineering inspection cnmpanyﬂ and numbered
certificates were issuedST.

5.3.2. The distributor plates, tuyeres and downcomers

A 0,72m diameter wooden mould,with mild-steel rods,used in place
of the sixteen tuyeres,was made in our laboratory at the University of

Natal and sent to a company§ specializing in refractory materials,

to cast the distributor plates. The refractory material used for the

*Fihrefrax, manufactured by Carborundum Universal.
fa.g. Howes, Rossburgh, Durban, S.A.

sas Engineering Inspection Company, Durban, S.A.
*Carborundum Universal, Port Elizabeth, S.A.
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fabrication of the distributors had a high alumina content and was
previously used for 1ining the dished ends of the combustor. After
drying in air refractory distributors were heat cured in a pottery
kiln in which the "u “13 raised to 150°% and then
increased to 1znn C and held thera for 6 hours.

Longitudinally splitting plaster moulds were used for moulding
the tuyeres. Four 6,2mm thick brass pins, one for each tuyere orifice,
were pushed into the mould in such & 'Way as to induce the gas swirling
effect when gas was forced through the tuyere. After drying in air the
pins were removed, and the tuyeres, still in their plaster moulds,
ware placed in a furnace where the same heat curing procedure as the
one used for the distributors was employed. At these high temperatures
the plaster mould broke off and released the cured tuyere, The reason
for heat curing the tuyeres in their plaster moulds was that the chosen
castable mortar for the tuyeres had a low mechanical strength at ambient
temperature but set very hard after heat curing. The downcomers were
cast out of the same refractory material as the one used for the
distributor plates. The tuyeres and downcomers were then cemented on
the distributors and heated in a kiln to cure the bonding mortar,

Each downcomer was cemented on the distributor plate in such a way so
as to act as the overflow of the FB above the distributor while forming

a solids seal 0,22m below the solids surface of the FB immediately below
the distributor.

5.3.3. The cooling coils

Two sets of holes were drilled through the walls of each stage of
the combustor and the cooling coils were suspended inside each stage,
using stainless steel couplings (Figure 5.5). The same type of stainless

steel (304) was vsed for the manufacture of the two different shapes of

coils.
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After the fobrication of the main combustor vessel and all the
ancillary equipment the PFBC plant was temporarily assembled.
5.4 INITIAL ASSEMBLY OF THE PFBC

The purpose of the initial assembly of the PFBEC was to pressure
test the plant as a unit,check all sensing devices and link the PFBC
with the departmental computer lor data logging,

The combustor positiomed in the central area of the laboratory
was assembled using @ one-ton mechanical hoist, Cach stage was lifted
into position using the hoist with the interstage distributors positioned
between the flanges, High temperature gaskets were used for sedling the
flanges. To avoid any bypassing of gas the distributors were made air
tight at the edges,between the stages,by filling the gap with a
refractory fibre. The coal hoppers and double entry cyclone were bolted
on the combustor and supported onto the framework surrounding the vessel.

The scrubber was positioned 6m away from the combustor close to the
north facing wall of the laboratory where the exhaust gases could be
easily purged to the atmosphere. A 304 stainless-steel pipe,with an
internal diameter of B2 . 2vmand & wall thickness of 31,3mm having a2 length
of 6,2m,was used to connect on one end the top of the double entry
cyclone and the other the pressure control valve. The control valve was
pesitioned above the gas entry to the wet scrubber. The scrubber was

fitted with a slurry pump for pumping the slurry to a2 nearby settling

tank where the ash could be removed.

The three sets of cooling coils one from each stage of the combustor
wire connected to & common exit mamifold and from there a single pipe
was used to carry the coolant to the heat exchanger. The heat exchanger
was placed very close to the combustor to reduce heat losses and the
danger involved with the transport of a high temperature and pressure

fluid. It was possible to use either steam, water or air as a coolant
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for the coils. The flowrates for air and water could be measured using
rotameters while for the steam electronic turbine flowmeters were used.
The PFEC plant and the three-FB combustor are snown in Figures 5.6 and B.7.

A11 sensing devices were positioned in their locations on the
PFBC plant and were tested. The pressure probés were made of thin
stainless-steel tubes and had stainless-steel sintered discs welded at
their tip to prohibit solids entering the probes. A1l pressure probes
were Tinked to a set of electronic differential pressure cells, The gas
sampling probes were made of stainless-steel tubes which protruded
50mm into the freeboard area of each stage. Each sampling probe could
be kept clean of any solids by regularly baciflushing the probes with
alr using solenoid valves. To protect the gas analysis instruments
from particulate matter, a gas conditioning unit which included a series
of filters and 4 moisture trap was located befors the Instruments. The
signals from the trermocouples were transformed into temperatures and
displayed on a panel next to the combustor,

To enable the continuous monitoring of all tamparatures, prefsurses,
and have a continucus recording of the analyses of gas streams, all
electronic instruments, connected to the combustor, were linked with
the departmental computer (COC 1700). A computer programme was thus
written, for the regular scanning of a1l instruments and thermocouples,
and for the logging of all corresponding data. The programme requests
initially the time interval between successive scans. It then sets up

a11 channel addrecies, scane all instruments and thormocouples, and
stores all data as physical variables. Data from previocus runs can

also be recalled from storage for an assessment of the performance of
the combustor, if required. Once the programme is loaded onto the
computer,control of data logging can be transferred to 3 remote control

panel positioned next to the PFBC. A fiowchart of the computer programme
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Figure 5.6. Schematic drawing of the PFBC plant
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Figure 5.7 rhotograph of the three-FB combustor
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is included in Appendin 6. The computer channe] addresses with the
corresponding instruments on the PFBC, are also included 1n the
same Appendix.

The entire PFBC plant was pressure tested using the control valve
in the exhaust ling (Figure 5.6). ODuring the pressure test which was
performed with the combustor empty of solids and at ambient temperature,
a clase look was maintained on 211 instruments,differential pressures

and flowrates, Any gas leaks and other minor problems which were
detected were rectified.
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CHAPTER 51X
COMMISSIONING AND COMBUSTION TRIALS

After completion of the preliminary work and tests on the PFBC
the main combustor vessel was dessembled and the firebrick insulation
and cooling surfaces were inspected for any possible damages.

Comissioning of the plant and combustion trials were then
conducted in the following sequence.

(1) The combustor was loaded with silica sand and cold runs were
carried out using the three-FB configuration, These were followed by,

(2) Hot trials using the three-FB configuration with solids
circulation.

{3) vot trials using the single deep FB configuration, and

(4) Hot trials using the two-FB configuration.

6.1 COLD TRIALS USING THE THREE-FB CONFIGURATION

Tha cold trials on the three-FB system began by slowly assembling
the combystor and testing every stage of assembly to determine if the
design specifications were satisfied, until the combustor was fully
assembled. In this way any problems associated with the functioning
and behaviour of each FB could be solved before the system was fully
assenbled,

The bottom stage was Initially assembled and investigated by
testimg the pressure drop across the unloaded distributor. The same
testing procedure was followed for a loaded distributor using silica
sand as a fluidizing material. Circulation of colids was also
tested by connécting the 3 valve and peeumatic conveyor to the botiom
FE. The cyclone at the top of the conveyor was supported by using
the gverhead hoist and during circulation the solids were returned

to the FB in the bottom stage, via an extension pipe attached
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to the underflow of the cyclone. Finally, with the bottom stage
completely open to atmosphere, 3 stoichiometric mixture of LPG

and air was passed through the FB and ignited to test the safety

and operation of the preheating system. The main features of the

preheating system included a control device which continuously monitored

the flame via an ultra-viclet light [UV) detector, a solenoid valve

which controiled the flow of LPG, and a pilot burner. The pre-

heating system had built in it all the required safety features and

gperated in the same way as an oil fired burner in a conventional

boiler.

On completion of the tests on the bottom stage, without emptying
the solids, the middle FB distributor with the downcomer and the middle
stage were placed on top of the bottom stage and secured by bolting the
flanges together, After connecting all instruments to this stage, a
similar testing procedure was followed. The pressure drop across
the seccnd stage distributor and the FB were observed and the circula-
tion of solids and operation of the downcomer were tested. The down-
comer w2s transfering solids from the FB in the middle stage to the
gne in the bottom stage.

Finally all three stages were put together and the entire system
was tested.

6.1.1 Cold trials: observations

From the cold trials an the PFOC the following observations were madi
(1) The pressure drops across the distributor and FB were in agreement
with the designed values and circulation of solids was possible and
could be controlled by varying the air flowrate to the 4 valve, The
designed solids circulation rate of 60 kg/min was achieved and &
pressure height diagram obtained while the system was operating at

11a



this circulation rate is shown in Figure &.1.

(2) The test on the preheating system was successful though as
observed by Baskakov ot ui.iﬁ at lower FB temperatures,combustion
occurred near the solids surface with bubbles, filled with a
flammable gas mixture, igniting near the solids surface.

At a result of the irregular burning of LPG in the FB, which was
also visible if ane JTooked through the observation port on to the
surface of the FB, the UV detector was continuously tripping off the
preheating system and was interrupting the supply of LPG to the FB. To
overcome this problem the UV detector was placed in a position directly
opposite the pilot burner where it could monitor the pilot burner
instead. However, it was subseguently ascertained that the pilot
burner , which was positioned in the freeboard area between the two
stages, was also put out by the solids if the superficial velocity of
the gas mixture reached a value which was eight times greater than the
velocity required for minimum fluidizing conditions. These velocities
however , were not likely to be reached during the preheating period.
For this reason no furtier modifications were made. Furthermore, this
probiem did not affect the safety of the sysiem.

6.2 HOT TRIALS USING THE THREE-F& CONFIGURATION

The coal combustion trials using this configuration of the
combustor were divided i1nto two different sets of experiments. In
the first set, coal was supplied to the top FB while in the second
set of experiments, coal was supplied to the middie FB. The purpose

of these experiments was trifold:

a) To study the effect of countercurrent solids flow on the

combustion of coal.
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(b) To investigate the possibility of controlling the temperature
of the FBs, and

{c) To reduce the coal in the flue gas.

Before coal was introduced into the PFBC for combustion, a
preliminary run was carried out using an LPG-air mixture to cure the
refractory mortar and drive off the moisture still in the system.
During this preliminary run the temperature of the reactor was raised
very slowly to the 100°C mark and kept there for two hours. The
temperature was thenm raised by 100% per hour until the system reached
900°%. It was then kept at 900°C for three hours in accordance
with the instructions of the refractory manufacturers, To avoid
overhcating of the immersed cooling surfaces a2 low air flowrate was
passed through the cooling tubes.

In the experiments on the PFBC both Rand Carbide char and
Rooifontein coal were burnt in the combustor. The ash content in the
char and coal was 20 and 30 per cent respectively. Their chemical
analyses and size distributions are included in Appendix 7. A single
coal hopper was used in these tests and the coal was loaded into the
hopper using a 500 kg hydraulic hoist.

For ai7 the combustion trials a standard start up and shut down
procedure was followed. This is listed in Aopendix 8.

6.2.1. Dverbed coal feed in top stage FB

The combustor was initially brought up to temperature with the
help of the preheating system. To reduce  the preheating time, coal
wis fed into the top stage and transferred with the solids down to
the bottom stage, The solids circulation was then stopped and the
temperature in the bottom FB raised to 650°C, After the coal ignited

in the bottom FB,s0lids circulation was renewed and more coal was fed
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into the top stage until the system was operating in a steady state,

Various temperatures in each FB were attempted by regulating the
amount of heat removed from each FB and the circulation of solids. Air
was used as a coolant through the coils

6.2.2. Overbed coal feed in middle stage FB

In this set of combustion trials, the coal feed was removed from
the top stage and placed in the stage below,so as to feed coal to
the middle FB (Figure 6.2},

The same preheating procedure, followed 1n Section 6.2.1., was
also used here. In these experiments both coal and char were combusted.

6.2.3. Combustion trials: cbservations

A number of observations were made when operating the PFBC with coal
peing fed either in the top stage or middle stage of the combustor. These
oheervations are listed below.

(1) In an attempt to protect the cooling coils in the bottom stage
from the excessive heat gemerated during the preheating period, the solids
were kept wall fluidized and the flowrate of LPG to the FB was reduced
considerably, This resulted in 2 preheating period of nearly five hours.
Allowing for the time needed for the system to reach a steady state,
which was approximately four hours after the coal was ignited, each full
run lasted for a minimem of twelve hours.

{2) The mainobjectives of circulating the solids and feeding coal in
the top F8 were, to achieve coal devolatilization and combustion of
elutriated fines in the top stage, combustion in the middle stage and
final burnout of descending coal particles in the bottom stage as already
explained in Chapter J. Although the system did not incorporate facilities
for treating or monitoring the amount and quality of coal volatiles leavin
the PFEC heavier hydrocarbons were collected in the wet scrubber.

(3) Control of the temperature and removal of heat from anyone

of the FBs was easier achieved by transferring solids in and out of
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the bed rather than by removing heat through the cooling coils.
However, it was not easy to control the temperatures of all three FOs
or vary their temperature independently, particularly if combustion
in the top FB was also required.

(4) The temperature in the lower two FBs had to be kept above
600°C otherwise the devolatilized coal,descending into the lower FB,
could not be combusted.

(8) Since 211 downcomers were acting as overflow pipes, it
was not possible, say for instance, for the solids and the coal to
be transFerred from the top FB to the middle FB and kept there until
the required degree of combustion was achieved, before transferring
them to the bottem stage for the final burnout.

(6) Tests on the ash recovered from the flue gas indicated a
combustibles content in the ashover 1D per cent by weight. With high solid
clrculation,the combustibles in the ash imcreased to over 20 per cent.
This peinted towerds reduced solids circulation or preferably intermit-
tent circulation in order to reduce the loss of combustibles,

(7) Feading of coal into the middle FB reduced the amount of elu-
triated coal. This indicated that not all the combustibles, escaping from
the PFeC, originsted from the circulating solids. Further an increase in
the loss of combustibles was detected when transfer of coal and solids
from the bottom to the top FB was attempted via the pneumatic comveyor.
In conclusion, the loss of combustibles from the three-FE system may
be attrituted to the following Tactors:

(a) The size distribution and quantity of coal in the top FB and to
a lesser exitent, to the coal loading in the bottom FB.

(b) If the coal was fed into the top FB, to the fines present in the
feed, and finally,

(c) The frequency of circulation of solids,
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(8) Combustion of char in the top FB and control of the temperature
in all three FBs of the combustor was not easily achieved mainly because
of the higher ignition temperature of char and the low residence time

of char in the top FB.

(9} It was possible to operate the three-fB combustor as described
in paragraph (2) of this section satisfactorily only after the finer
fraction of coal particles, with a diameter less than 600 um, was
removed from the coal feed.

(10} The flue gas clean-up system operated as desianed and no
SDE or particulates were detected in the stack gas. All the ash was
collected in the wet scrubber and then pumped into the settler. The
flocculant was very effective when the solution in the settler was at a
pH of between B and 10.

After the completion of this set of hot trials using the three-FB
configuration which lasted for a total of three weeks,the combustor was
dessembled for inspection and the following cbservations were made.

(a) A crack developed across the distributor of the middle FB.
This was attributec,firstly, to small LPG air mixture explosions which
occurred below this distributor during the preheating period and
sacondly, to localized high stress zones developed during the same
period.

(b) 51gns of erogsion were observed on all horizontal parts of the
cooling coils because of the vertical movement of the solids caused by
solids backmixing and circulation, The effects of the excessive heat,

incurred during the pre-healing period, were visible in the freeboard

ared and the distributor above the bottom FB.
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{¢) Some of the orifices on the tuyeres were blocked by sand
particles and fine ash, This kind of prodlem was not encountered in
the experimental tests using these type of tuyeres (Sectiom 3.3). It
is selieved that this blockage occurred when coal was combusted at Tow
fluidizing gas velocities (less than U, of £.2.3.). Due to the
properties of the fine hot ash the non-operational orifices could not
be cleared even if high gas fluidizing velocities were used,

6.2.4, Sequential action

As a result of the observations made during the combustion trials
on the three-FB PFBC and the inspection of the main combustor after it
was dessembled, the following changes were made:

(1) The alumina distributors and downcomers were replaced with ones
mde of 430 stainless steel. These distributors were made larger in
diameter for better heat removal, They stretched beyond the gramophome
finish faces of the interstage flanges. It was believed Lhat the good
heat transfer properties of the stainless steel distributors would
keep them relatively cool. The design of the tuyeres was based on the
same principle as the one used for the design of the alumina tuyeres,
though the new tuyeres had only three orifices and were arranged on
the distributor plate in a triangular pattern as shown in Figure 6.3,

To avoid the problem of blockage of the tuyers orifices with ash and
silica, the top section of the tuyeres was modified so that no solids
could enter the orifices when the bed was defluidized.

(2) To reduce the high Joss in combustibles which amounted to 10 to
20 per cent by weight of the ash,small fluidizing pots were pesitioned
under the discharge ends of the downcomers as shown in Figure 6.3. The
supply of air to these pots could be remotely controlled thus making it
possibie to control the solids transfer within the combustor. In this way

the splids residemce time in each FB could be determined independently,
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Figure 6.3 : Schematic drawing of the stainless-steel distributor showing
the position of the downcomer and tuyeres
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(3) The problems of overheating during the preheating period,
which could have worse effects on the stainless steel distributors,
were solved by the incorporation of the immersed type burner, which

could offar better temperature control during preheating. Four

burners of & similar design as the one fnvestigated in Section 3.4
were positioned in place of the bottom FB distributor (Figure 6.4).
The burners were rated at a heat output of 15kW each and a common
ignition system, secondary air and outer sleeve were used for all four
burners,

6.2.5, Combustion trials on the modified three-FB combustor

The combustor was reassembled and a serfes of tests were carried
out by feeding coal in the middle FB. The pressure of the combustor
was rafsed to 4§ bar {abs) and solids were circulated through the
systew to test the new downcomers and evaiuate the effect of the
fluidizing pots. As has been previously mentioned the height of
solids in the middle and top stage FBs was fiwed by the corresponding
downcomers acting as overflow pipes. however, the solids in the bottom
FB could be drained completely througn the » valve which was acting
as an underflow drainyge pipe. To miniwize the possibility of such
a situation occurring, which could destroy the seal formed between the
downcomer and the solids wn the bottom FB, an extra 50 kg of solids
was added to the PFBC. This was also aimed at making the solids
circulation easier and relaxing the stingent conditions governing the
timing of this operation. The procedure followed for the circulation
of solids is listed below.:

(a) The PFBC was initially preheated and the extra weight of solids

was transferred to the middle FB. Coal was then introduced into the

middle FB unti) the oxygen in the gas leaving this bed was reduced to
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Jess than 2 per cent by volume. The coal supply was then interrupted,

(b) After the oxygen in the same gas stream had increased to 8
per cent by volume, the excess bed material was transferred to the
bottom FB and coa)l was again introduced into the middle FBE. Once the
oxygen in the gas leaving the bottom FB had reached 16 per cent by
volume the excess bed material was withdrawn from the bottom FB and
1ifted up to the top FB.

{¢) Finally, the solids were transferred from the top back to the
middle FB once the oxygen in the flue gas leaving the system had risen
above 5 per cent by volume,

6.2.6. Combustion trials on the modified combustor: cbservations

{1} The immersed burner operated satisfactorily. Preheating
periods of four hours were achieved by decreasing the secondary air to
the burners. hHowever, to increase the burnar 1ifetime,lower exhaust
gas temperatures leaving the burners were used, thus averaging a pre-
heating period of five hours,

(2) The elutriated combustibles were reduced to between 5 and 10
per cent by weight of the elutriated fimes leaving the top FE. The
fluidizing pots operated successfully and the solids level in each FB
was individually controlled. Combustion of coal was concentrated in the
middle stage and 1ittle coal was allowed to reach the bottom stage. In
this way less coal was transported through the preumatic conveyor
and almost none was lost from the cyclone,as  was verified from the
ash analysis. Thus combustion in the top FB depended on the elutriated
coal from the middle FB rather than the circulated coal via the
oneumatic Tiftline. [t was also observed that some combustion took

place in the liftline and cyclone because of the supplied air used for

aeration of the ) value and for 1ifting the solids.
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(3) The weight of elutriated combustibles increased with the gas
velocity through the combustor and at gas velocities in excess of
6 x U the stainless steel cyclone began to glow indicating inflight
combustion of the fines with the excess oxygen in the flue gas.

{4) In spite of the modifications sade to the PFBC it was still
difficult to maintain all three FB: at temperatures above 600°C and
at the same time reduce the amount of combustibles Tost from the
system,

(5) Circulation of solids was also possible at higher system
pressures and the thermal power of the PFEC could be varjed from 150
kW(t) at 1.2 bar (abs) to 300 kW(t) at 4 bar (abs).

{6) In a different set of experiments solids circulation was
completely stopped and the bottom FB left to cool. The power ocutput of
the system was drastically reduced because coal was burning in the
middle F8 only with 2 very small portion of the feed coal getting
glutriated and burnt in the top FB. The loss of combustibles, estimated
from total carbon burnout tests on the ash was remarkably Tow. Values
of 2 to 4 per cent by weight of carbon in the ash were detected. This
indicated an overall coal conversion of over 99 per cent.

6.2.7,. Sequential action, following the tests on the modified

three-FB PFEC

Following the high coal combustion efficiency achieved when the
PFBC was operated without solids circulation, it was decided to inves-
tigate tha non-circulating system closer and report on its performance.
The three-FB system combustor could be used under non-solids circula-
tion conditions if a second coal feeder i1s wsed to supply coal to the
bottom FB (feeding of coal in the top FB was undesirable due to elutria-
tion losses). However, due to the complexity of such a system a two-FB
configuration was chosen instead. The distributor of the middle FB

was removed changing the three-FB system to a combustor with a deep
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pottom FB and the previously used top FB, To improve the efficiency
of this system the coal feeder was removed from the middle stage and
placed in the bottom stage so that coal could be fed in-bed and particles
with less than L mm in diameter could also be used as a feed to the PFEC
A schematic drawing of the two FB configuration of the PFEC 15 shown
in Figure 6,5, To study the results from the hot trials using a two
FB system, a serfes of tests were also carried out, using a single
deep FB. This was achieved by removing both the interstage distributors,
6.3 HOT TRIALS USING THE TwWO-FB CONFIGURATION
The aim of these trials was to verify the use of the top FB a5 2
smuts burnout staqe and determine i1ts contribution to the overal)
efficiency of the PFBC. Pressures of up to 7 bar (abs) were used. for
consistency of the results most of the experiments were carried out
using one type of coal (Appendix 7(B)). A coal with a very high ash
content (70 per cent ash. Appendix 7{C)) ~as also burnt using this confi-
guration, Each gaperimental run lasted bLelween 2 and B cays. The two
nterlocking hoppers were used placed vertically one above the other,
to enable the continucus operation of the PFEC. Coal was fed into
the bottom deep FB. (Fiaure 6.5)
Heat was remcved From the combustor using mainly air, though steam
@nd water were also used as the coclant fFor the immersed cooling ceils.
Combustion trials using a single deep FB were also carried out in
conjunction with these experiments. Comparison of the two systems
1s included in the following section,
6.3.1. Combustion trials: Observatioms and their interpretation
(1) Analysing the gas leaving the botitom and top FBs for 0, and
l:.ﬂE angd performing an overall heat and mass balance on the system it

was potsible to determine the heat ocutput of the system, as well as
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the heat output of the bottom FB, Some of the results on the heat
halance are shown in Figure 6.6. The Tower curve shows the output of
the bottom bed as the coal feed rate was increased at constant air rate
and constant pressure. The top curve shows the total heat geperation of
the system, and the lenticular region in between the curves shows the
contribution made by the top bed, The theoretical results are explained
in the following chapter. From Figure 6.6 {t may be concluded that:

(a) At Yow coal feed rates and thus with plenty of excess air, the
top bed contributed very little to the combustion process.

(b) As the coal feed rate was increased the elutriated coal
increased and with 1t the contribution of the top FB.

{c) A drop in the contribution of the top bed occurred at higher
coal feedrates. This might be due to Timitations on the amount of coal
carried by the gas stream leaving the bottom FB ar the high rate of
intense heat released as the stoichiometric conditions are approached.

{2) The range of temperatures and pressures explored and the effect
on the relative combustion of the bottom deep bed and the top bed are
shown in Figures 6.7 and 6.B. The interaction between the variables is
complex s however, the plots served to show that the top bed contributed
about 10 per cent to the total combustion with the burnout of smuts and
also that the higher the operating pressure the greater the contribution.
This was probably related to the increased elutriation rate,or the coal
loading of the gas stream,as pressure went up as well as other factors.

For the top bed to sustain combustion the temperature had to be
above & certain minimum temperature, which in the case of the various
coals we have looked at can be seen from Figure 6.7 to be about 580°C.
This temperature was probably related to the auto-ignition temperature
of the devolatilised smuts which were elutriated into the top bed. The
rate of combustion in the top bed was dependent on both temperature and
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pressure and if one assumed that the rate was proportional to the
pressure, and had a simple power-dependence on temperature (Figure 6.9)
all the data for a reactor pressure eguzl to 3 bar{abs) could be roughly

collapsed on to a single curve through the empirical transformation

51 3
S o — 6.1
FluE Rﬂ! (T-580)" " L&

where ﬂéz is the rate of combustion expressed as kg mol oxygen consumed
per sec per n° bed area, p is the combustor pressure in bar (abs) and
T is the bed temperature in °C,

The data for the top bed from Figure 6.8 was plotted with this
normalisation on to Figure 6.10 as a function of the oxygen content of
the gases leaving the bottom bed. The resultant curve shows a distinct
maximum at around 7,5 per cent oxygen in the gases leaving the bottom
bed. One would expect this shape heuristically - at low oxygen concen-
tration from the bottom bed there is not enough oxygen for combustion
in the top bed - a high oxygen concentrition from the bottom bed would
imply that combustion in the bottom bed is essentially complete, or
alternatively that the ceal hold up and hence entrainment rate from the
bottom bed is small.

In any evenl, whatever the detailed mechanism might be, the top bed
was most effective at an oxygen input concentration of about 7.5 per cent.
This figure corresponded to ahout 30 to 40 per cent excess air to the
bottom bed. One would not normally operate at an excess air level much
greater than this, and what we are in effect saying is that our top bed
was fortunately most efficient at the normal sort of excess air rate

used in FB combustion.

(3) The tests using high ash coal (Appendix 7(c)} showed that the PF
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could be operated successfully with coal of very Tow colorific value

(8,5 Ml/kg). The overall coal conversion, however, was reduced due to the
high volume of coal required to sustain combustion in the FB and the
fineness of the coal particles in the feed. From fly ash analysis the
overal] coal conversion was always below 90 per cent.

{4) Comparing the performance of the single and two-FB system,
operated under similar conditions it may be concluded that :

{a) Overall combustion with the two-FB system was never below 98
per cent while the coal combustion in the single FB was below 36 per
cent (efficiency based on total carbom in feed and exhaust gas).

{b) A higher carbon content in the elutriated fines from the single
Fi combustor was observed in the large particle sizes as shown in the
fly ash analysis in Table 6.1, With the two-FB configuration the carbon
distribution amongst the particles of fly ash was almost independent
of particle size as shown in the same Table., The top bed was therefore

mogst effective in burning up the carbon in the larger fly ash particles.

The full report on the combustion tests using the two FB system
can be found in Reference 5B,

Sumsarizing the experimental work, cold trials and a series of
combustion experiments lTasting for up to eight days were carried out on
the PFEC. The combustor was successfully operated with three FBs and
subsequently by the removal of one or both interstage distributors as a
two- and a one-FB combustor respectively. These experiments have shown
that the two-FE combustor offered the best solution to the problem of
combustibles lost in the flue gas by using the shallow top FB as a smuts
burnout cell. It was also shown that circulation of solids was not
reguired if this type of combustor configuration was chosen. However,
an important use of these results was to test the mathematical model,

derived specifically for this type of combustor, and its ability to
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predict the performence of combustors with similar features. A comparison
between the experimental and theoretical results for the two-FB
configuration is presented in the following chipter. The use of the
mathematical model for the prediction of the heat transfer to the

cooling coils is also included in the same chapter,
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CHAPTER SEVEN

APPLICATION OF THE THEORETICAL MODEL FOR COMBUSTION OF CDAL IN A
TWO-F8 PFBC. COMPARISON BETMEEN EXPERIMENTAL AND THEORETICAL RESULTS
FOR THE COMBUSTION OF COAL IN THE TWO-F@ COMBUSTOR AND FOR THE

WEAT TRANSFER TD THE COOLING COILS

7.1 APPLICATION OF THE THEORETICAL MODEL FOR COM3USTION OF
COAL IN THE TWO-FB COMBUSTOR
The derivation of the mathematical model for coal combustion in

4 non-circulating two-FB combustor was presented in Section 4.2. In this
Chapter the mathematical model was comsidered again and some simplifi-
cations were made to it based on our research finding and on other

investigators.

The computational procedure described in Section 4.2.4 was applied
to the two-FB system in which coal cosbustion follows the shrinking core
model . Experiments on batch combustionm of coal in 2 small FB {Section
4.1.3) showed that, coal can be treated as char and the presence of
volatiles in the coal can be neglected if the time for evolution and
conbustion of the volatiles is much shorter than the burnout time of
the average sfze coal particle. The rates of particle shrinkage obtained
experimentally, as coal burns in the presence of solids, were between

2 x ID'E and 5 x li:l"!I m/s depending on comgitions and the type of coal
introduced in the smail FB. Figure A.4.2 shows the shrinkage rate

for two different quantities of coal of radius R = 0,0034n burnt In the
small FB. Though the same type of coal and size distribution was used,
two different curves were obtained. This may be attributed to the
dependance of the shrinkage rate of the particles on the concentration
of oxygen in the FB which is determined by the FB coal loading.

A theoretical expression of the particle shrinkage rate and its
relation to parameters |ike concentration of ouygen in the vicinity

of the coal particle and temperature was developed by Stanmore and
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Junk5g+ They experimentad on brown coal chir using a small FB assuming
gas diffusion through the pores of the char. Their expression for the

particle shrinkage rate is given below:

- ¢ } i 7.
= 2635 e (R CIT + 273)° (m/s) E.7.]

where c_ is the char voidage

Pa the char apparent density {g.-“m‘]]

C 4s the oxygen concentration in the vicinity of the

burning particile [m1;m31
T is the temperature of the particle [ul:]. and
h.'l" is the intrinsic rate constant for combustion ::mu‘l,rmzs.}
and 15 given by k.‘i‘ = 0,0112 exp(-16400/T)

£.7.1 was adapted and used in our computational model in
place of £.4.7 to predict the shrinkage rate of coal particles in the
emulsion and cloud wake phases., The two different concentrations of
oxygen in the emulsion and Cloud wake phase were used in place of L
in £.7.1. It is clear from this eguation that the particle shrinkage
rate ie independent of the particle radius. Therefore, the function
4E{R.E.T} of £.4.7 which is explicitly given by L.7.1 is no longer
dependent on R. If E.7.1 {is substituted in E.4.8B then this equation
can be integrated to give "’3“‘” which denotes the shrinkage rate
of coal particles in the FB. This presupposes the integration of the
second term of E.4.8 over the total height of solids in the FB. To
achieve this the mean oxygen concentraticn in the cloud wake phase was
assumed. In the computer program,this mean oxygen concentration was
calculated from an overall mass balance and its numerical value altered

at the end of each iteration until convergence.
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The elutriation constant ItE was arbitrarily assumed to be
proportional to the superficial gas velocity through the FB and

inversely proportional to the radius of the burning particles, i.e.

E.7.2

,,
m
(]
s
#1:

where Ucl is the proportionality constant with ¢ having a value of

lﬂ5 € Gy ¢ ll:ln:'l (as obtained from Reference 49).

Introducing the special forms of 4. and kE in E.4.18 this

3
equation becomes

—Rﬂ

R-ﬂn an
-F R c,-3
— 0y 2
pg 93 J' J annuﬂ_:' d“nd“ E.7.3
R=R,_, R_=R

= 1
where €y o
Similarly E.4.17 becomes

R =R
-0 M
P (R) = "o W TR
B Mgty olRollg™) = dR R E.7.4
R =R

If FUNCZ(R) (a term used in the computer program) 1s defined as:

Ra=Rey
k|

I
FUNC2(R) = PolRo) ™) dR, £.7.5
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§ubst{tution of £.7.5 into £.7.4 gives

w8 E.7.6
pB{g} You3 FUNC2{R)

From E.4.11 and E.7.6 the rate of elutriated coal {FI} and its

size distribution tFILH}}can be expressed as follows.

RIHH
-F A
. o0 Fl“:iﬂ! 4R b b
Fl 1:1#3
ﬂ‘.='|11
nd P R) = Fole FUNC2(R) £.7.8

If it is assumed that all carbon burns to carbon dioxide ond thers
are gnly traces of carbon monoxide then the gas consumption rate
H[Il.:: ) (kg mol/s) can be written in terms of the reaction for a single

particle burning in the cloud wake phase or emulsion phase, as follows:

4115!29 £.7.9
'ﬁ‘{nlc:] - :3 —"ﬂc_'_"-"zt':c} e
41Tq.2p
and bq{“tEE} = Ea —-n-—‘ GEEE-EJ' E..?-].'D
=

whers H: is the molecular weight of carban

€y is the fraction of fixed carbon in the coal

147



Pe(R)  -F FUNC
- B S, 2(R

Substituting E.7.9 and E.7.11 finto E.4.38 it becomes

dt

Co By o
3°3°PR"2
-f El!lf B EhE o tEE{EE - EEI ¥ kﬂl:{ul: = EH} + S 1P T peOR E.7.12

B¢
The boundary conditions given by E.4.40 and E.4.4]1, are alse

simplified as follows:
At height h = H {uith gas recirculation)

HU 3 "pp*2

and at height h = H (without gas recirculation)

gtz
AUC, = U ACe - ”gﬂﬁ‘ﬁh = ”gcAEEH = {53+H!}{-—“-—-PEUH] E.7.14

In this Section 7.1 the mathematical model derived in Section 4.2
has been simplified on the basis of our experimental observations and
using an equation for the coal particle skripkage rate derived by

Stanmore and JunkEg, Although different shrinkage rate expressions
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have been tried, the good agreement between the theoretical and
experimental results, as 1s shown in this Chapter 7, 15 the reason
for the adoption of the shrinkage rate equation given by Stanmore
and Junk,

In the following section a comparison is made between the
gxperimental results which are Tisted in Table 7.1 and the theoretical
results obtained from the computer programme applied on the two-FB
PFBC.

7.1.1. Comparison between theoretical and experimental results

The procedure, used to recall and execute the mathematical model
on the computer, and a printout of this progranme are included in
Appendix 9.

The computer programme was éxecuted a number of times and the
theoretical results were compared with the ones obtained experimentally.
The experimental runs were simulated on the computer by using the
correct data which corresponded to a particular set of experimental
conditions. The complete 1ist of Ynput variables required for the
execution of the computer programme 1s presented in Appendix 9. Table
7.2 shows a list of a number of theoretical computer runs which include
both the input data taken from the experimental runs and the results
obtained from the theoretical model.

In this section the theoretical results generated from the
mathematical model of the two-FB PFBC are compared with the experimental
results, Some of these experimental results have already been presented
in graphical form in Chapter 6. However, to achieve a better comparison
between theory and experiment and avoid the presentation of the same
experimental resu1£5 in both the previous and current chapter, some of

the theoretical results have already been plotted with the experimental
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results in the same figures already presented in Chapter 6.

A comparison of theory and experiment with some reference to the
figures in the previous chapter follows below:
(a) The overall thermal power of the two-FB PFEC for various reactor
pressures determined both theoretically and experimentally is shown in
Figure 7.1. From this figure, the power of the combustor increases with
pressure and the range of thermal power at any given pressure increases
a5 the system pressure increases. The theoretical and experimental results

show the same behaviour and they are in a very good agreement.

(b) Figure 6.6 shows the contribution of the top FE as a smuts burnout
cell, Using the same reactor pressure and superficial air velocity the
thermal power generated in the bottom deep-FB and top FB increases with
increasing coal feedrate. The top FB,as it has already been explained

in Section 6.3.1,contributes the most to the burnout of smuts.at
intermed{ate coal feedrates and at excess oxygen levels of between 30

and 40 per cent. The theoretical results predict the same behaviour for
the top FB and are in agreement with the experimental results.

{c) The theoretical and experimental results for the oxygen consumption
rate and 1ts relation to temperature for the bottom and top FB are shown
in Figure 6.7 and 6.8 respectively. The oxygen consumption rate incresses
with bed temperature and combustor pressure and,as previously,the
theoretical amd experimental results are in good agreement. The
theoretica) results show a relatively higher oxygen consumption in the
bottom FB which seems to be compensated by a relatively lower consumption
rate in the top FB.

(d} The effect of the arithmetic value of the proportionality factor
(1/ clj, taken from the equation of the elutriation constant (kgls

{A. 7 .2), on the oxygen consumption rate for the bottom deep FB and
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x Experimenial results

o Values delermined from theoretical
model for similar PFBC operating
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Figure 7.1. Thermal power of the PFBL detemined experimentally and
plotted with the corresponding computer calculated value
against the absolute reactor pressure.
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top FB 15 shown in Figure 7.2. From this figure, as the proportionality
constant {lf:lj increases, the contribution of the top FB increases

by burning the elutriated smuts. At the same time the oxygen consumption
rate in the bottom FB decreases as it can be expected. In the same
Figure 7.2, the percentage of carbon burnt in the PFBC, based on the
inlet carbon feed was plotted against the proportionality constant
{lftl}. This figure shows that although the carbon burnt in the top FB
increases with ilfclj the overall percentage of carbon burnt in the
PFBC decreases with increasing {lfclj. From chapter 6 acceptable values
of < 1ie in the region of 1u5-=c1-. m?. The value of €y chosen for

our mathematical model was ¢, = 1 x 10° (Figure 7.2).

(e) The oxygen consumption rate was finally plotted against different
values of the intrinsic rate constant kr as shown in Figure 7.3. The
value of k.."l' for the bottom and top FB was calculated using the equation
for k? (E. 7 .1). To see the effect of kr on the oxygen consumption rate,
multiples of the calculated hy value were used,(Table 7.2 Run nos 20c,
21, 2lc, 20, 1iﬂj,ﬂ.lﬂkr < kr-c 10 kf' Figure 7.3 shows that the oxygen
consumption rate increases with increasing values of kr while the oxygen
consumption rate for the top FB reaches a maximum and then decreases.
This shows that 1f different proportionality constants were used in the
equation for the expression of ky. the two FBswould behave differently.

To conclude, in this section the theoretical results derived from
the application of the mathematical model were compared with the
experimental results. The good agreement between the results showed
that the mathematical model can sucessfully predict the performance of
our PFBC. This model was put onto the computer and is presented in a
form that can be easily used to predict the behaviour of other FBCs
which are used in similar operations.

A mathematical mode] was also written to predict the heat transfer
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Figure 7.2. Theoretical relation of the oxygen consumption rate for the top and

bul:l:u!: F8 and the proportionality constant taken from the elutriation
equation (E. 7 .2.). Also showing the corresponding percentage of
coal burnt in the PFBC,

156

in the reactor —=

°/s of coal combusted



L)

A

g4-oM3 ay3 o3 pajdde uaym suwesboud 193ndwod ayy wouy paule3qo (*1°2 “3) up U3k

‘U eanby juos

4 IUEISUOD @lRd B1334ed 902 @yl puw 8304 UOLIdunsu0D uIBAXO 30 UOLIR|AJ |ED3B40a4Y AY) '/ AJnbLg
(spwwy/iow) Ay jueisuos ajey

Ay

1

Awin
i

‘4100

g4 doy

84 wolieg

o

-Z1 0

¢01L %[ Sgwiyjow By ) ayes vornydwnsuod Iy

167



to the cooling coils, As it was done in this section,a comparison
between the experimental and theoretical results for the cooling coils
was also carried out and the results are presented in the following

section.

7.2. HEAT TRANSFER TO THE COOLING COILS IM AN FB

As it was not the intention of this investigation to utilize the
heat generated in the PFBC, the coolant leaving the cooling coils of
the PFBC was immediately cooled in the heat exchanger and the exhaust
gases were cooled by radiation through the Tong exhaust 1ine before
reaching the pressure control valve and wet scrubber. The heat transfer
to the cooling coils was calculated by measuring the fluid flow through
the horizontal and vertical coils and the inlet and cutlet temperatures
of the coils, A mathematical model was written which calculates the heat
transferred to the cooling coils from the FB, due to both convection
and radiation. This model is presented in Appendix 10. Water, steam or
air may be used as the coolant. The model is based on a stepwise heat
and mass balance along the length of the cooling coils. In order to
improve the accuracy of the results which can be achieved by increasing
the number of steps or elements, the departmental computer was used for
the execution of the mathematical model. A flowchart of the computational
procedure is included in Appendix 10 along with the 1ist of the input
data.

Initially, the programme computes the effective emissivity, EE,
of silica sand (E.A.10.7) and that of the coaling coils €Ey (E.A.10.8)
and then, based on the inlet conditions to the cooling coils, it
estimates the outlet temperature and wall temperature of the coil for
an element of coil of length (df). Depending on the coolant used, the

heat transferred to the element is calculated and the outlet and wall
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temperatures for the next element of coil are estimated. As successive
elements of the coil are considered the difference between the inlet
and outlet temperature of the coolant becomes smaller. If the difference
between successive outlet temperatures is greater than a set value
the computation continues. Otherwise the calculating procedure is
interrupted. If the total Tength of the coil has been considered then
the programme is terminated, otherwise the calculated heat flux to the
element is compared with another set value. If the calculated flux 1is
smaller than the set value the computation is terminated otherwise the
inlet and outlet temperatures of the element are set equal to each other
and the computation is continued until the end of the coil is reached.

7.2.1. Comparison between theoretical and experimental results

The computer output includes a temperature profile along the coil
and the total heat removed up to any point along the coil as well as
the radiative and convective heat removed by each successive element of
coil. An abbreviated version of the computer results applied to the
horizontal coils only,with water and airbeingused as coolants is
included in Table 7.3. The calculated and experimentally obtained outlet
temperatures from the cooling coils for a FB temperature of 800°C are
very similar which indicate agreement between the theoretical approach
and the experimental results. Due to the radiative heat losses to the
PFBC water jacket and the position where the exit temperature of the
hot air was measured,this temperature is lower than the temperature
calculated from the mathematical model.

Although the actual heat flux per unit length of cooling coil
was different from the values obtained when the mathematical model was
applied to the vertical coils, no changes were made to the computer
programme to distinguish between the two types of coils. This was

mainly due to the following reasons.-

159



Computer results based on the theoretical model for the prediction
of the heat transferred from the FB to the immersed

TABLE 7

{horizontal coils)

-3

INPUT DATA
8 = 10730 TIN = 2980
H = 380,00 €S = 0,620
Wl = 1,00 K = 16,30
DO =  0,01265 g o= ADA2
ToL= 0,010 FT0L= 20,000
A.  AIR USED AS COOLANT

Afr flowrate : B,333 x 1072 Mm/s

F@ temperature: 1073,0 K

ov
ET
0l
oL

cooling cofls

1.0
0,650
0,00940
0,100

Total heat transferred : 8995,3 W

Total convective heat

Total radiztive heat :

6175.8 W
2819.5 W

160

Temperature of coil Cooling | Heat transferred Cooling coil
at length £ coll to element at cumulative
; length £| Tength ¢ heat
Experimental Thegretical Convaetive Redistive
K K m W W W
298.0 298.,0 0,0 0,0 0,0 0.0
350.5 0,1 441 .8 132.0 273.8
691,3 1.0 228,2 1012 &428.,7
985 .2 3,0 51,0 31,7 71926 ,3
1063,7 6,0 5.4 3,7 BB84 .9
1072.0 9.0 0,6 0.5 8986 .4
1049,0 1072,7 10,3 0,2 0,2 8994 .9
At £ = L




B, WATER USED AS COOLANT

Water flowrate : 0,5 kg/s
FB temperature : 1073,0 K

Temperature of coil  |Cooling | Heat transferred to | Cooling cofl
at length ¢ coil element at length £ ' cumulative
[Experimental Theoretical length £ Convective Radiative heat
K K m W W W
2080 298, 0,0 0,0 0,0 0,0
298,3 0,1 582 .8 137,0 719,8
301 .4 1,0 580,5 137.,0 7186,6
i0e,3 3,0 575,3 136,9 21481 ,4
38,4 6,0 567 .7 136,8 42728,8
328,5 9,0 560,1 136,86 63744,3
331.0 32,7 10,3 556,9 136,6 712719,6
At & =L

Total heat transferred = 73472,9 W

Total convective heat
Total radiative heat

= 59242 .9 W
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tal Although there was a difference belween the thegretical and
experimental results for the vertical coll, this was not significantly
big probably due te the Tength of the vertica] coil (4,72m), It might

be that secause of this coil being relatively short, its hetter

neat transfer rates did not appear significant.

(b] The position of the two types of coils in the FI wau considerably
different [Figure 5.5) and it was evident Lhat more experimental tests
on the cooling coils would nave to be carried out in order to formulate
the significance of their position in the F3. Only if this was completed
could the effect of different shapes of cooling coils be investigated.

In conclusion, the mathansatical model on the cooling conles -an
be further modified to include the positional effect and the <hipe of
the cooling coils. We believe that this model can form 2 Sounc basis
for 8 wide spectrun of iodels dealing with reat transfer and heat
exchanger surfaces and that changes to it resulting from further
experimental tests can be easily incorporated,

The following chapter s the summary of our research findings,
derived from gur preliminary work and the esperimental runs on our

PFBC, The success of our theoretical models to predict our experimental

work 14 also covered.
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CHAPTER EIGHT
SUMMARY
Our theoretical and exparimental work on the design aspects and

operation of our multistage PFBC are summarized in this chapter.

8.1 PRELIMINARY INVESTIGATIONS

1. A 0,15 m square FB was initfally used to determine the kinetics of
combustion of South Africam coals and their behaviour as they burn

in the absence of a fluidizing medium and in an FB of solids. The batch
combustion tests indicated good mixing of the salids and coal and no
breakage of coal particles was observed during these trials. On the
assumption that the volatiles were immediately driven off the coal
particles on thefr entry to the FB, a simple mathematical mode] was
derived using the skrinking care approach. The results from this
theoretical mode] were 1n good agreement with the experimental results.
This experimental work later formed the basis for a more complex mathe-

matical model  which described the continuous combustion of coal in

the two-FB PFBC.

I1. The downcomers transfering solids internally from the higher to
the lower FBs of the PFBC were also investigated and 2 mathematical
model was presented for the design of downcomers. The importance of
parameters such as fluldizing gas velocity, the height of the free
board area, the distributor pressure drop and the downcomer diameter
on the design of downcomers were included in the mathematical model.
Two downcomers were subsequently designed and successfully used to
transfer solids within the PFBC. These downcomers were in fact purposely
overdesigned because as it was later discovered it was of greater
importance to control the solids circulation using the non-mechanical
solids control valve.

I11. A separate investigation was carried out on the non-mechzmical )

valve, Preliminary tests showed that the behaviour of this velve, used
163



to control the flow of solids leaving an FB, could not be predicted by
correlations taken from Knowlton and Hirsan's work Eg. The experimental
investigation which followed confirmed this and a mathematical model
was derived to describe the flow of solids through this valve. Though
the mathematical equations in this mode! camnot be readily applied to
other similar systems the theoretical approach has a wider scope.

The same i-valve was successfully used to control the solids
circulation in the pilot scale PFBC.
1¥. A novel distributor plate able to transmit relatively high loads
of particles (uwp to 60 gfl'ha.'l without choking was designed and tried in
a small FB. A seven tuyere distributor was used, with the tuyeres
operating individually as a multientry cyclone, The behaviour of the
distributor was in every other respect similar to a3 conventional
distributor and 1ts behaviour could be predicted by existing empirical
lzquﬂ:1f;|nr'r=.'.":j1 'EE. Larger diameter distributors of the same design were
later successfully used as the interstage distributors of the pilot
scale PFBC.
V. An LPG-air burner operating immersed under the surface of the
fluidized solids, was fnvestigated in a small FB. On the basis of this
work four burners of a similar design were fTabricated and were
successfully used for preheating the pilot scale PFBC. The burners
operated successfully at a thermal cutput of up to 60 kW. The temperature
of the hot gases leaving the burner assembly was regulated by the
addition of secondary air. These burners were also used when the PFBC
was pressurized. (During preheating,the system pressure had to
be kept below the LPG supply pressure.) No sintering of solids or
fouling was observed as long as the solids were kept fluidized during
preheating. The burner assembly was specially designed to act as the
bottom FB distributor as well,
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8.2 EXPERIMENTAL RUNS ON THE PFBC

The three-stage PFBC fabricated out of stainless steel with
external mild steel water jackets and internally lined with refractory
bricks,was used in a series of experiments to prove the most suitable
and practical combustor configuration for burning high in ash South
African coals. The PFBC had an internal diameter of 0,45 m and a
height of 4 m and was operated as a three, two or one-FB system by
simply removing the interstage distributors.
I. Low combustion efficiencies and high carbon losses were achieved
when the PFBC was operated as a circulating system with three-FBs. The
concept of countercurrent processing,though theoretically sound and

extremely successful when applied to other operations could not be

3
used in practice to burn coal efficiently in a multistage system. The
main reasons for this are given below.

(a) When coal was fed in the top FB any fine particles in the feed
were immediately driven off the combustor by the fluidizing gas,
sometimes before they even reached the fluidized solids,

(b) Combustion in the top FB also meant reduction in size of coal
particles. This was therefore a source of fines since these fines could
be easily lifted off the FB by the fluidizing gas.

(c) Fine coal particles were also lost through the overflow of the
double entry cyclone due to the low density and small size of the coal
particles mixed with the circulating solids.

(d) Inflight combustion of the elutriated fines was limited because
of a limited amount of oxygen present in the exhaust gas. (It was
essential to run the PFBC with a Tow excess oxygen).

II. Screening off the fines from the coal feed or preferably feeding
coal in the middle FB improved the combustion efficiency of the PFBC.
The use of just any size of coal particles was one of the main
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objectives of this investigation,therefore,the screening off of

fines was unacceptable. When the PFBC was operated with coal fed

to the middle FB, the coal losses which occurred were only dependent

on the circulating load of solids and the weight of coal present in the
top FB at any instant. To eliminate any coal Tosses,caused by the
circulation of solids, a series of experiments were carried out
without any solids circulation. As a consequence of this no
combustion took place in the bottom FB while the middle FB acted as the
main combustion FB and the top FB as a burnout cell for the elutriated
fines. It became clear from these experiments that the loss in com-
bustible fines was dragtically reduced and that up to 99 per cent

coal combustion efficiencies could be achieved.

Although high efficiencies were achieved when the three-FB PFBC
was operated with no solids circulation the overall thermal output of
the combustor was very low because of the under utilization of the
bottom and top FB . This problem was solved by operating the PFBC with
a bottom deep FB and a shallow top FB with, again, no solids circulation.
Coal was fed in the bottom FB under the solids surface.

[1. When the combustor was operated as a two-FB system the coal combus-
tion efficiencies achieved were of the order of 99 per cent. Combustion
of coal took place in the bottom FB while the top FB acted as a

smuts burnout cell. The vital contribution of the top FB was realized
when the PFBC was operated at pressures above 3 bar (abs). Higher
combustor pressures meant higher amounts of air input to the bottom
FB and higher quantities of elutriated particles from this FB.

The top FB seemed always capable of handling the ever increasing quantity o
elutriated coal particles as long as the oxygen concentration in the
fluidized gas was maintained at not less than 2 per cent by volume.

Best results were obtained when the gas entering the top FB contained

7,5 per cent oxygen by volume.
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Although extra air could have been introduced into the top FB to
supplement the free oxygen in the fluldizing gas,in almost all cases
this was not necessary.

II1, Different kindsof coal with different particle sizes, all under

15 mm (maximum particle size fixed by coal screw feeder),and with an
ash content of up to 70 per cent were successfully burnt in the two FB
PFBC. Since the elutriated coal particles as well as the carbon
removed with coarser ash, increased with the coal in the bed (also
observed by Casmarota ot al.ml'.i. lower overall coal efficiencies were
obtained when higher in ash coal particles were burnt in the PFBL.
Typically for the 70 per cent ash coal, the overall coal conversion was
never more than 90 per cent (based on carbon in feed and exhaust gas).
IV, The size of the ash Teaving the PFBEC was BD per cent -1%m and the
flue gas had a particle Toading of 30 to 50 gJHml. Whether the flue
gas from the PFBL can be used to drive a gas turbine is not yet clear.
Conflicting information have been published on the performance of
turbine blades when exposed to gases carrying with them particles less
than 3Dun15'1?. it is becoming clearer that if our PFBC is to be used
in combined cycle operations the size of the ash particles may have

to be reduced.

V. Some erosion was detected on the cooling coils which was mainly
located on the horizontal parts of the cooling surfaces. It was not
though significant and compared favourably with erpsion figures released
on cooling tubes used in a conventional boiler.

¥i. Atmospheric pollution was not seriously considered as {t did not
form part of this work. A1l solid pollutants were thoush successfully
removed by the wet scrubber while all SDE reacted with the caustic
solution which was added to the scrubber. For an industrial size FBC

167



the use of caustic to remove the Sﬂz is uneconomical. The use of
dolomite or 1imestone fed with the coal is generally practised.

VII. PFBC Pressures of up to 7 bar (abs) were used and the achieved
thermal output of the system was as high as 0,6 M¥(t). The combustor
was operated smoothly for periods of between £ and B days. The two-FB
PFBC proved to be the combustor which offered easy operation, a trouble
free operation, and a highly efficient utilization of all types of coal.
B.3. THEORETICAL MODELS

The mathematical models predicting the combustion of coal in the
PFBC and the heat transfer to the cooling coils were written,firstly,
to establish how well these processes could be represented theoretically
and by choosing the right set of experiments, how to gain greater
knowledge of their behaviour and secondly, to provide means of predicti
the performance of other FBCs and heat exchangers operated under similar
conditions.

8.3.1. Combustion of coal in the PFiC

The mathematical model on the combustion of coal in the PFBL was
tased on & shrinking core type model where the rate of shrinkage of a
coal particle was expressed in terms of parameters like the oxygen
concentration and the temperature of the particle. The overal] mass
balance was based on a population balance over all the coal particles,
essuming that,combustion takes place in the emulsion and cloud-wake
phases. Backmixing of gas and solids was also incorporated in the
mthematical model.

On selection of the correct value of the constant in the elutriati
equation the results derived from the theoetical model were in good
igreement with the experimental results obtained from the operation of
the two-FB combustor. The methematical model was also used to supplement
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the experimental work and create a better understanding of the behaviour
of the PFBC. It is presented here in a general form and 1t may be used
as is with the replacement of a few statements to predict the performanci
of other FBCs of a single or a multi-fluidized bed type.

B.3.2. heat transfer through the cooling coils

The mathematical model on the cooling coils which were used to
extract heat from the PFBC, was based on a stepwise heat and mass balanc
along the length of the cooling coils assuming that all surfaces were
grey.

The theoretical results compared favourably with the experimental
results although,the mathematical model did not dintinguish between the
two different shapes of cooling coils. For this reason,if the mathematic
model is to be used for other types of cooling surfaces it should be

changed to inciude the effect of the shape of the coils and their
position in the FB.

169



0Lt

"Sjudwidadxa ayy Ino Kuded 0]
Mdd MY 4O SE Padyl ayy o auo A|uo Bupsn s 1od Bui|ooa jo sadeys
TUBIFH 4P VD SJudm|Jadva wodj §3|nsas Buipiedodaoduy Ag pasocadwi aayyany

20 35Nw §1100 DuLI002 Ayl U0 |apow |e3Lladoayl ayy A Leuld
‘pouLiogdad Bq 0} BJUR|EQ JEAY | |BABAD UP D[OPUS [ LIM SLY]
"IN0 PALLSED B | |PYS *A01SNquOd Byl jo LOURLIL443 |wuaayy Buiaoaduy
pue $asso| 1Py Buponpau sSpJemol pajeIuadido 'SjuduwlJdedxd Jayjang

puw paqe nsuy A 4adoJd g ||Pys JA4d aY3 3wy} peysabbng sL 3]
*#ujgqany seb e 03 dn pajdnod aq ued 944 SUY Uy isape|q aurgany
@yy 30 Bupnoy jo w|qosd 3y] SAA|0S *sSaurgdny seb aaiLdp o3 saseb
UBPR| |21 14RE JO BSN By] SpJemD] pAYIBLLP A[IUILANI SL YILYM yIJIEISIJ
Yl 41 "se|nJa|ow uoqJed BululEERd Byl 40 UDLISNQUDD 03 anp dn Weadq
Aew sa|di34ed Jabde| ay3 4o sm0s fem siyj ul "Jo1dead 3y Gupaed
wial3s Seh anpj o0y @yl oju] painpoJiu| S| Jie payeuabdxo 1oy Suaum
*bupisecd apiyd|ns g4 ui pado|dud auo ay) o} Je|ums ajdiiurad = Bursn Ag
40 *A|B3AL1399 adow g4 doy ay3 Bupsn J4oyyia LG juing sy uUOGLED
ALayl 44 paonpad aq Lew sapdiised sabae| ayy jo azis auy * Aaatzeusay|y
sel an|) oyl wouy Sa|dijJed 4854200 By) aaomad 01 3uo(dA Aijua aggnop
BuLisixa ayl YiLM SaLuas ul pappe aq o3 aaey Aem auo|L3 |21 nm e
SpY3 aaatyose o) - K| |ejudnlJadva paULEYQD B43M YILYM San|EA 3UYl MO|3q
weaJd1s seb 3sneyxd @yl ul B2Ls a|3llJed 3yl aonpaa o) Auessadau ag Aem
31 ‘uojredado a2A> paulgquod ® uL pasn 30 03 ‘7944 241 40 uollesedaud

BU3 SPAEMOY PIDBALP B0 MOU | |BYS W4om Jeyl paysabbns sy 3]
*£4PS5808U 10U SPM UOLIE|NIJALD SpL|0S 10yl PUue J035NQuDd
g4-0M) € se pajeJado If4d Y ul Juang £{IUB1T1443 3 UL S| 00D

uedfagy yanes jo sadAY | |e jey) umoys sem 3 uorjebiisaaul spyy u]

HI4Y3ISIH H3IHL¥N4 ¥O4 SNOTLS399NS
ININ HILdYHD



APPENDIX 1
DERIVATION OF DESIGN EQUATIONS AND NUMERICAL ILLUSTRATION
OF THE PROPOSED THEORETICAL MODEL FOR DOWNCOMERS

A.1.1. DERIVATION OF EQUATIONS

A.1.1.1. The Force-momentum Balance Equation
From Figure A.1.1 (Appendix 1), based on the assumptions already
outlined and taking all physical quantities positive 1f increasing in

the upward (z) direction, the force-momentum equation can be written as:

2
nE[l-:] -g-i{“~;—} 2 - g% = %5—;{””] + :-5{1'{]9 E.A. L.l

Noting that for axial symmetry,

( 0, and writing (r

iz =

Trz]rtﬂ rz'rsR W
E.A.1.1 can be integrated cver the downcomer cross section
and over its total length L, to give:

=2 _ =2 e
Py = Py + El“s“"}{“sz_ “51] + T pgll=elgly = 0 B2,

where is Is the averaged value of the solids velocity across the cross-
section and the factor €y is included to account for the radial velocity
profile Uy usi_'rL
From the assumption that the initial solids velocity is zero
@ither ﬁ‘ or ﬁs is zero.
1 2

Substituting into E.A.1.2. the solids mass rate {HSJ and writing

the wall shear stress rather in terms of a friction factor {rsj. the



generalized form of the force-momentum balance equation becomes:

'H' [H | LIH
ap * EI —{T_] tp: E; - ﬂ‘“':]ﬂ.-r =0 E.A.1.3.

A.1.1.2, The Gas Drag Equation
The Ergun equation can be usad for calculating the pressure
gradients for systems where no bubbles are present and the overall
voidage (c) does not thus exceed the minimum fluidizing voidage.
Based on the same sign convention used for the force-momentum

balance equation the general form of the Ergun equation®® for a
moving bed situatfon is:

R %E' o 15‘]{1-:12 _g?* 1_15{__}_.!. au | su| E.A.1.4,

*s“p
where 4 ¥
wey u =-4.__3
g— & E Pgli=e
e« cof

While a force-momentum balance equation can be written to cover
all systems of solids transport, the general Ergun equation must be
restricted to systems with voidage less than or equal to o=f.

The forms of E.A.1.3 and E.A.1.4 for describing the behaviour
of downcomers joining fluidized beds for the moving bed regime are
thus:

W LW

AR = 5 N Ts
Lp c-l'—{'l_r:lnl T Efs e =g 'I-ni[].'l:l!f}gLTlﬂ E.A.1.5,



. B
-2 150(+=2eh) _}T v 175200 ) Eg; (au)? £.A.1.6.

where

U W

= - (= = - K.l
W "g ( us] E%? 4 peli=cm £

A.1.2. NUMERICAL ILLUSTRATION OF PROPOSED DESIGN MODEL FOR DOWNCOMERS
Consider the design of a three-stage FB pilot plant for coal
combustion, using sand as a circulating load. It is required to find
the smallest size downcomer that will convey solids at a mass rate
of 0,167 kg/s. The design requirements are specified on Table A.1.3.
Note that a safety factor i1s included to allow for expected solids
fluctuations,
The procedure 1is:
(a) Choose the level of the solids in the downcomer to be equal to
the length of the downcomer pipe. (Recall observation (b) (Section 3.1.3,
Chapter 3).
(b) From the given total gas input of 5,910 x 10°° m°/s estimate the
F8 voidage () from Figure 3.1.
(c) Determine the pressure gradient of solids in the FB using E.3.4.
(d) From Figure 3.5 obtain the velocity of gas through the downcomer
based on the downcomer length {LT} and the combined height of the
two FBs {LB]. (The pressure drop across the distributor is neglected.)

Note that heights (LT and LB} must be reckoned relative to the foot
of the downcomer (Figure 3.2 level '0'.)



To estimate dt an iterative solution of E.3.1, £.3.2, and E.3.5
is necessary.
(e) Guess a value of downcomer diameter, dt‘
(f) Determine the linear solids velocity u. in the downcomer and
calculate the solids friction factor (fs) from E. 3.5.
(g) Determine the pressure gradient in the downcomer from E.3.2,
and compare with that of the FBs.
(h) Estimate the pressure drops across the downcomer (LT) and the
combined FBs (LB).

(i) Substitute in E.3.1.

If E.3.1. is satisfied then (dt) is the required minimum value,

The results of such an iterative scheme are shown in Table A.1.3.
for which it can be concluded that the minimum downcomer size for the

required duty is 0,0265m.



TABLE A.1.1.
Size analysis af solids used for the experiments

on downcomers

Particle size Cumulative less  Minimum Fluidization
than size velocity
" Iwt "t
0,40 0.5
0.45 21,5
0,50 47,5 0,224
0,55 81,0

0,60 33,6




TABLE A.1.2.

Experimental results showing the superficial velocity of
gas through the FB, the solids flux rate through the
downcomers and the pressure gradient corresponding to the
FB and downcomers. The calculated values of the friction
factor are also included (solids level in downcomers was

LT = 0,33m)
Gas Solids flux rate Pressure gradient, Nm -
veloc -2 =1
in FB kgm s
(super- For FB l For downcomer
ficial) b—
-1
ms dt dt dt dt i dt dt dt dt
0,070 0,054 0,036 0,0254 0,070 0,054 0,036 0,0254
0,225 25,98 21,83 32,71 27,15 14 481 @ 9 768 9 668 9 895 9 780
0,239 56,30 56,76 72,01 67,90 14 156 10 395 10 411 10 736 10 651
0,258 90,94 93,13 111,31 108,54 13 711 |11 139 11 188 11 583 11 523
0,276 125,59 130,99 148,90 161,03 13 456 11 891 12 017 12 377 12 679
0,294 i 160,20 165,92 186,60 213,14 13 284 12 260 12 787 13 244 13 872
0,313 177,56 187,75 211,20 246,69 12 944 13 047 13 269 13 804 14 592
|
Friction factor Solids linear velocity in
downcomer, ms
dt dt dt dt dt dt ‘dt dt
0,070 0,054 0,036 0,0254 0,070 0,070 0,054 0,036
983,5 110,7 3l6,1  327,0 0,0175 o0,0148 10,0221 10,0184
197,2 149,2 60,1 48,1 0,0381 0,0384 0,0487 0,0459
69,6 51..0 22,9 1741 0,0615 0,0630 0,0753 0,0734
33,5 23,5 | 3 6,8 0,0850 0,088 0,101 0,109
19,4 13,3 6,6 3,3 0,108 0,112 0,126 0,144
14,3 9,6 4,7 2.2 0,120 0,127 0,143 0,167
]
emf = 0,465
o, = 2762 kgm™>

0,14m




Numerical illustration of design model on the use of

TABLE A.1.3.

downcomers for transparting solids between FBs

t

Specification
D = 0,45Mm naninal solids mass rate i 0,167 kgs "
4 = 05 x 10"%a safety factor : 10%
Length of downcomer = 0,965m design solids mass rate : 0,181 lgs_l
Lg = 0.622n gas supply : 5,91 x 10”235}
o, = 2762 kgm> 5, = 0,715
by * 18T
Design Calculation
1 .
Ptnrntinn Downcomer | Linear Friction Pressure grad Pressure drop| Value
number | diameter | solids factor -1 2 of
mm:i;,y £ Nm Nm~ L.H.5,
. - ACross of
dt' m u, ms {E.3.5) (E.A.1.5
for for LT L
downcomer FB 8
| (E.A.1.6) (E.3.4)
1 0,040 0,0988 12 ,670 B 608 12 585 B 307 7828| 4666
Z 0,030 0.175 3,011 11 021 12 585 10 635 7828| 1778
3 0,027 0,217 1,924 12 341 12 585 |11 909 /828 283
4 0,0265 | 0,225 1,759 12 601 12 585 |12 161 7828 -13
Therefore choose d, ~ 0,0265m



| 1p,ditfz
. dz
—%
trz] i Ig dz lTT
I
L
Figure A.1.1,

Annular element used for the derivation of

the force-momentum balance equation



APPENDIX 2

THE SOM-MECHANICAL SOLIDS FLOW CONTROL

VALVE - EXFERIMENTAL DATA

m l!zlt

Physical properties of solids used in the experiments

on the 1 valve

[Raferenca B)

dynamic conditions
(Reference 42)

py = 2650 k;."-]
¢ = 28°
& = 23°
II = (.,639
nl = |,576
4o, g

a - = 95,99 m

By

-3
d w 0,456 % 10 "m
P

lmportant dimensions:

Diameter of i valve, D

Particle size Cum, fraction less than

size

T Mass, I
212 0,8
0 2,4
425 11,
Go0 54,0
B5%0 09,2

= 0,042 &

bDlametar of fluidiced bed, I% s 0,40 m
Dismeter ol pneumatic conveyor, HL = 0,055 m




[AELE A, 2.2

Espetisental fewmits showing the pressare in the Fl syatem, rthe prediurs 'hu!llt,. aud tlis flow-Eate

gl e =olids thirowgh the b valwe. Besults obtaimed #ith dn ovifice plate amd 2= air jet afe [eclodsd

fot ihe reglon of escantiolled (low
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Agratlon S 3
wig & wilwp g, = 12M Fa Py = 4951 Ia
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Fa Fa Fa Ta « Fa Fa Fa Fa rgled.a
0 &4l ETAN bL | 47 0 LEY Jagi 178 47 o
0,3 113 1ok i s &g, 126 s 18 hiS 9145
- E 114 THE b o4, 43,1 2EL7 iarm 3y AR 1EYal
L 113 &5 ia 114 455 IE2A 138 &7 B 12,7
a,1 1714 155 " BLE 40,1 2008 1304 167 BAT ldd b
0.8 2550 1218 151 blb - 156,4
{Trazaition ve wocantrolled regios)
By " 13 Pa py = 10 884 Pa
PoP, B4y PP PPy N PgPy PPp FyTp PRy N
I'a Ia T'a Fa ipfed, s Fa ra Fa Pa YiSme e
L] [T L1305 175 ] o 21587 Bdh4 0 A% 114 o
.1 1733 1510 b FLTE S B 581 ik 5E8 215y 3E%.b
o.ar Jia7 1569 153 1M 2.l ke | 11k BEE BETS S5T7.4
o6 1140 1589 183 V226 A0m.d FULY! | e 608 2314 5380
0,17 1 1628 s K295 M3 a8 ({TF &10 1350 AOud
5,33 1000 163 Iy 1371 3% Fabh | 1i3s [ 54 330 %82
wgtat iop Usa af prifies plaze s of air jet I_'Illﬂ"" -J'J'l_l
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wfun 103 Fyo= 10 Mk Pa ¥y F0 WP
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a. iR 14l 128 10ia I, 2 6511 1643 i) Gl 7.0
0,47 138 1554 134 tizg 7314 6473 1471 15% L Y |
B4l 5T 1369 Irs e 1% .8 En: 50 FEE] Iy 2999
a.mn e i &08 263 276 s [ EiTa 1579 s ize  g7e.
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APPENDIX 3
THE IMMERSED BURNER - SOLIOS S1ZE AMALYSIS, PROPERTIES
dF LPG AND EXPERIMENTAL DATA

TABLE A.3.1.
Size analysis of silice sand used in tests with jemersed
burner and tests with the new type distributor

Coarse silica sand:

Particle size Cumulative Mean particle
less than diameter
size
ulh 1 weight wm
212 0.l
300 0,4 &84
. 425 0,7 [ﬂ“ = 0,27 m/s)
I 600 18,4
' 850 99,3

Fine silica sand ;

Particle size | Cumulative Hean particle
Tess than diame Ler
size

um 1 weight (m

150 1,1

212 6.2 396

300 17,9 (Upp = 0413 mss)
425 61,1

600 99,6

850 9.9




TABLE A.3.2,

Properties of LPGC used for design and tests

Composition:

L4t

on immersed burner*

: 60%, E-,HE : 40%

Inflammability 1imits in air :

-
Component Upper mole, 3 Lower mole, %
EIHE 8.4 1.85
Stoichiometric mixture:
Ratio of LPG to air is 3,75 to 100
Flame speed data in air
Component | Maximum speed |Maximum speed | Maximum speed
composition for LPG
mole I n/s /s
C.H 4,71 0,45
ol 0,41
CaHy 3,65 0,37

*Data supplied by Shell South Africa




TABLE A.3.3.

Data from tests on a 0,06m outer diameter immersed burner

Primary air LPG Secondary air Heat of Exhaust gas
combustion

m3/sx104 m3/sx104 m3/sx104 kW ¥
7,50 0,283 35,0 2,90 280
29,2 375
24,0 460
20,3 525
13,3 670
8,83 0,333 33,3 3,41 360
29,2 440
24,0 518
20,3 586
13,3 715
10,56 0,400 33,3 4,09 410
29,2 482
24,0 572
20,3 646
13,3 775
11,90 0,450 33,3 4,60 442
29,2 520
24,0 614
20,3 680
133 820
- 14,5 0,550 33,3 5,63 520
r 29,2 599
5 24,0 682
20,3 742
| 13,3 890
17,6 0,671 33,3 6,82 600
29,2 670
24,0 758
20,3 826
13,3 980




APPENDIX 4
MATHEMATICAL MODELS FOR COAL COMBUSTION IN A STREAM
OF HOT AIR ON THE DISTRIBUTOR, AND IN AN FB
A.4.1. COMBUSTION OF COAL ON THE DISTRIBUTOR IN A STREAM OF HOT
AIR IN THE ABSENCE OF FLUIDIZED PARTICLES
A.4.1.1. Derivation of equations
Considering a burning particle and taking a mass balance at a
radius Fe within the ash layer then:

N
[+
- E = t -
- -hriﬂﬁ & * constant EAS.1.

=

[ntegrating E.A.4.1. across the ath layer from the unreacted core

radius r to the initial particle radius R, 1t yields:

IJE
- L] llﬂ 'E E .‘- "
[ E ] E =% e -2-

where I:F is the oxygen concentration near the particle.
From the stoichicmetry assuming that oxygen goes to carbon

dioxide:

- = - - £ z
dhuz -aN_ 4 “: F:rcdr: E.A.4.3.
where p and H_ are the coal density and carbon molecular weight, and

F. 15 the fraction of fixed carbon in the coal or char.

From the last two equations:

_ Fe 21
""a"'p H; F Ejm— E.AL.8,



For a number of particles N or a mass of sample m = N%ﬂRBD the

overall rate of oxygen consumption must equal the rate of carbon
consumption (Eggmel), i.e.:

F dr

';{c—\"(zza?c- E.A.4.5,
C

QC, _C) = -

o—"p

where Q is the air volumetric flowrate through the reaction chamber.
Elimination of Cp between E.A.4.4 and E.A.4.5 gives an equation,
in which the only variables are, ey and t. Integrating this equation

noting that Ko = Rat t = 0 gives:

2
mF r p(F ) r r
3 R
oo 0 @) F g [ 322 + 229 £.A.4.6.

A.4.1.2. Application of theoretical model

To make a comparison between the experimental results and the
values predicted theoretically the derived equations were used to
predict the exit oxygen concentration for the combustion of 0,07kg

of the coarse coal particles on the distributor.

Experimental data:

m = 0,07kg

C, = 2,6 %107 kg mol/m® (at 800°%)
Q¢ = 2,7 %1073 mds (at 800°C)

F, = 0,53

He = 12 kg/kg mol

o = 1715 kg/m>

= 2610s

R = 0,0034m



Using E.A.4.6 the effective diffusivity Dg is calculated by
replacing (t) with the burnout tin&{:} and setting the particle radius
(r.) equal to zero, (0 = 2.61 x 107 wl/s). Using E.A.4.5 the time (t)
is then calculated for a number of ratios of {rj and plotted in
Figure A.4.1, The slope :I{r:m]ddt at any time (t) is then determined
graphically from Figure A.8,1 and substituted in E.A.4.5 which gives
tho exit oxygen concentration at any time during the combus tion period.
The same procedure is Tollowed for the combustion of 0.07kg of Fing
size coal particles. The calculated values of the percentage of oxygen
in the flue gas for fine and coarse particles were plotted along with
the experimental values in Figure 4.2.

A.4,2, COMBUSTION OF COAL IN AN FB OF SO0L1DS

A.4.2.1. Derivation of equations

Working as in the case of particles burning in the absence of
fluidizing solids (Section A.4.l1) the overall rate of oxygen consumption
must be equal to the coal consumption rate. From the assumption that
9as in excess of what is required for incipient fluidization passes

through the bed as bubbles the overall mass balance on oxygen can be

written as:“‘

{Eﬂ-ﬁp}A[U-Eﬂ—qulenp{-hj]=-Egh;E-rf :;E- £.A.8.7.
where A 15 the bed cross-sectional area, and
% is the number of times a bubble is swept out during its time
in the bed.
The mass balance round a single particle is given hy'q’ﬂz

shivgr € = - $2p 2 e
Gecp WM 'c e H'i:_ E.A.4.8.

Elimination of [EP} from E.A.4.7 and E.A.4.8 gives an equation

in which the only variables are {r:] and (t). Integrating this equation



10

coarse particles
007kg

fine particles
007kg

Ratio of burning coal radius and mitial radius (f /R

T 1 ] I | ]
a 200 400 &00 I;J Woo 1200 1400
Combustion time (1)

Figure A 4.1 : The relation of the ratio of the burning coal radius and the

initial coal radius and the combustion time. Coal is burnt
in the absence of solids under batch conditions



with rc-l at t =20, gives:

w r.y  ofRE .2
t = WWT:"W“ (- + g ()7 EA4S.
A.4.2.3. Application of theoretical model
To compare the experimental results and the values predicted
theoretically, the derived equations were used to predict the exit
oxygen concentration, for the combustion of 0,07kg of coarse coal
particles in the FB.

For the calculations the following data were used:

C, = 26x107 kg mol/m® (at 800°C)
a3 = 270 x 107 ws (at 800%)

[ = 0,07g

F, = 0,535

W, - 1

o = 1715 kg/m°
A . 2,25 x 107 ot

W = 0,2m

Uye = 0,094 m/s (at 800%)
Sh = 2

T = 9663

R =  0,00¥m

Initially the value of X is calculated from equation (15) of
Reference 48, which gives X = 3,1. The same calculating procedure is
then followed, as the one used for the combustion of coal particles in
the absence of fluidizing solids. The calculated value of the diffusion
coefficient obtained from £.A.4.9 for t = 5 and r, = 0 5 D = 1,61 x 10™
mA&. This 1s conparable with the value of D obtained by Avedesian and
Davidson ¥ (Dg = 2408 x 1074 m'?,."s}. The comparison between experimental



and theoretically predicted percentage of oxygen, is shown in Figure 4.3.
Figure A.4.2 shows the relationship of (r./R) and time (t), calculated
from E.A.4.9, as used in this calculating procedure.
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Ratio of burning ctoal radius and imtial radius [re/R)
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Combustion time (S)

Figure A.4.2 : The relation of the ratio of the burning coal radius and the

inttial radius and the combustion time. Coal is burnt im the
FB under batch conditions



TABLE A.4.1
Proximate analysis and grading analysis of Rand Carbide coal and

char product used for combustion tests in the small FB combustor

Proximate analysis:

Coal Char product
4 %
Fixed carbon hi.b 74.9
Ash 13,8 20,0
\ Volatile matter ! 30,1 3y
Moisture ! 2,5 - 1,6
I
Sulphur ’ 0,7 0,7
Grading analysis:
kKl a | I
Sieve size l Cumulative mass % smaller than size
l
um ] Fine coal Coarse coal
600 3,0 0,5
1 180 . 7.0 2,2
2 360 25,5 7,9
4 750 95,6 25,4 .
6 300 100,0 ) 47,0
9 400 90,1 '

|14 200 | 100,0
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APPENDIX 6

FLOWCHART OF THE COMPUTER PROGRAMME FOR REAL TIME
DATA LOGGING AND LISTING OF COMPUTER CHANNEL
ADDRESSES WITH THE CORRESPONDING INSTRUMENTS

1. Mowsheet of real time computer progrem for data anmalysis and storage
on memory disc

m——

' Start l

Set up chanel
addresses

Set time interval
for chanel
scanning

Determing Tast
word pointer

scan
digital
switch for program
releaze

can
digital
switch to recall
data from
disc

switch for date >~ off

Convert data to i Specify required
engineering units batch of data
print on selectric .
Store data on ;;;E data avaflabl
e
memory disc for processing
- and printing

S5ct word pointer
for following
batch of data On




2. List of instruments and corresponding computer channel addresses

Instrument Input Output Terminal Wire Computer Function
signal signal junction | connection| address
|
Ap 0/20" 4/20 TA Blue+ 87F Main air supply
5 H,0 mA Whi te- ap
ap 0/20" 4/20 5A Blue- 87E Conveyor ap
2 o0 mA Red+
Ap 0/20" 4/20 6A White- 870 Bottom bed ap
3 H,0 mA Brown+
Ap 0/40" 4/20 1A Whi te- 838 |Middle distr. ap
6 HZD mA Green+
ap, 0/20" 4/20 4A Red- 879 Top bed ap
Hzﬂ mA Orange+
8P, 0/25" 10/50 2A Orange- 83C |Middle bed ap
HZD mA White+
8p, 0/25"  p.5/11.5 3A White- 878 Top distr. ap
HZD ] Blue+
Pg 0/25"  R.5/11.5 |  B8A Whi te- 830 | Flue gases
Hzﬂ v Grey+ flow ap
Oxygen 0/25% v 10A Orange+ 87A | Combust gas 0,
analyz. Red-
€0, Analyz. 0/10% 100mv 11A Orange+ 87cC Combust gas Cﬂz
Whi te-
CO Analyz. 0/5% 100mv 12A Green+ 878 Combust gas CO
Whi te-
Ch/Al 0/1200°C 50mV 1B 870 | T1C1
T/C
Ch/A 0/1200°%¢ 50mV 2B 871 TC2
T/C
Ch/Al 0/1200% 50mV 3B 872 TC3
T/C
Ch/Al 0/1200°C 50mV 4B 873 TC4
T/C
Ch/A] 0/1200% 50mV 58 874 | TCS
T/C
E?ﬁé1 0/1200% 50mV 6B 875 TC6
Ch/A1 Dflzuagc 50mV 7B 876 TC7
Ch/A1 0/1200°C 50mV 78 876 TC7
T/C
Ch/AT | 0/1200% 50mV 8B 877 TC8

T e




APPENDIX 7
PROXIMATE AND SIZE ANALYSIS OF DIFFERENT KIND OF COALS USED FOR
THE COMBUSTION EXPERIMENTS IN THE PFBC. SIZE ANALYSIS OF SILICA
SAND USED AS THE FLUIDIZING MEDIUM

A)  RAND CARBIDE CHAR

Proximate analysis : Fixed carbon = 74,9%

Ash = 20,1%

Volatile matter = 3,5%

Moisture = 1,b%

Sulphur = 0,7%

Calorific value: = 25,7 Mi/kg

Grading analysis : Sieve size Cumulative mass %
pm | smaller than size

150 10,1

300 20,1

600 29,1

1180 42,3

2360 51,4

4750 78,1

| 6300 86,1

9500 98,8




B)

ROOIFONTEIN COAL

Proximate analysis

Calorific value :

Grading analysis :

Fixed carbon
Ash

Volatile matter
Moisture

Sulphur

43,7%
30,1%

24 ,8%

= 1,4%
1,5%

23,7 Mi/kg

Sieve analysis

Cumulative mass %

pm smaller than size
150 12,0
300 21,1
600 34,2
1180 50,8
2360 68,2
4750 84 .5
6300 90,0
9400 99,1




C) HIGH IN ASH FILTER

Proximate analysis:

Calorific value:

Grading analysis:

CAKE COAL
Coal, %
Fixed carbon = 24,0
Ash = 69,7
Volatile matter = 5,2
Moisture = 1,0
Sulphur = 1,1
= 8,5 MJ/kg
Sieve size Cumulative mass %
um smaller than size
75 48,2
150 76,6
210 92,3
300 98,4
420 100




D) SILICA SAND

Grading analysis:

Sieve size Cumulative mass %

um smaller than size
75 0,49
106 2,34
150 6,56
212 14,78
300 25,89
425 36,56
600 50,41
850 100,00




APPENDIX 8

OPERATING PROCEDURE
(1) A1l valves closed.
(2] Switch on power supply to the electronic instruments and solenoid
valves,
(3) Purge gas analysers with nitrogen and test against calibration gas.
Check gas sampling 1ine and gas conditioning unit and clean filters.
(4) Start up SCrew cOmpressor.
(5) Supply afir to cooling tubes and water to water jackets.
(6) Purge all pressure tappings and sampling ports with air.
{7) Supply a small quantity of nitrogen to the coal hopper
(approximately 200 cc/min),
(8) Supply cooling water to the heat exchanger,
{9) Check flue gas cleaning system, and start up the Viguor
circulating pump. Adjust the liquor flow to the settler and the
addition of caustic and flocculant (Al1fed Colloids 156).
(10) Open valve for main air supply to the combustor.
{11) Power on the departmental computer and load the data logging
program (Program X705, file S@#98,5) and transfer control of logging
to the operators panel by the combustor. Set the time interval for the
scanning of instruments and initialize data Jogging.
{12} Preheating procedure
Swiitch power to the controller. Press the reset button which inftializes
a number of steps in the following sequence - purging of the system,
ignition of pilot flame and switching on of the solensid walve which

{ntroduces the main LPG for combustion.

If the pilot flame fails to ignit*e the combustor is purged and the

ignition procedure is repeated.



(13) The combustor is heated up. The temperature rise can be set

at between 100°C and 180°%C per hour.

(14) When a desired temperature is reached which is between 500°C

and ESD“E. depending on the type of coal used, the LPG supply to the
pilot burner and combustor is turned off.

(15) Coal is then screw-fed to the combustor starting with a high
coal feedrate for a period of a few minutes which is then reduced to
the desired feedrate. The coal feedrate is controlled by a timer
switch which regulates the on-off time of the motor driving the
screw-feeder,

(16) Shut down

Stop coal feedrate and after ten minutes reduce air to the combustor.
Reduce the system pressure if it is operating at high pressures trying
to keep the solids in the combustor in a fluidized state.

When the combustor is cooled down to 200°C turn off the main air supply
and the coolant to the water jacket, heat exchanger and cooling coils.
Isolate all electronic instruments and purge the gas analysers with
nitrogen,

Release program and power down the computer then switch off the

compressor. When system is sold close all valves.



EXECUTION

APPENDIX 9

AND LISTING OF THE COMPUTER PROGRAM FOR THE COMBUSTION OF
COAL IN THE TWO-FB PFBC

1. EXECUTION OF THE COMPUTER PROGRAM

To execute the computer program code named NIMFBM on one of the

computer terminals (H¢ 1600A) which is linked with the University central

computer (

The

UNIVAC 1100) the following statements have to be supplied
BREAK, F

XQT  ST.NIMFBM

ADD,E ST.XTSDAT

BREAK, P.

program will then be executed using the data already in

XTSDAT. The data in this file can be altered by calling the editor as

follows

The

ED,U  ST.XTSDAT

insert new data

-

EXIT

data stored in XTSDAT which are used for the execution of the

NIMFBM are listed below in the sequence they are called by NIMFBM.

WB
Fu
TOLE
IMIN
IMAX
DB
FO

L

= 4

weight of material in bottom FB (kg)

fraction of cloud wake to total bubble volume
R2 convergence tolerance

minimum coal particle radius in feed (m)

maximum coal particle radius in feed (m)

bubble diameter (m)

coal feedrate (ka/s)

air volumetric flowrate at STP {mafﬁ}

combustor pressure (bar (abs))

temperature of top FB [DC}

temperature of bottom FB (°C)



o molecular weight of coal

cl elutriation Ffactor

EB fraction of bubble phase to total volume of FB
DIF  gas diffusivity (n2/s)

TOL1 convergence tolerance

TOL2 convergence tolerance

TOLER convergence tolerance
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APPENDIX 10
MATHEMATICAL MODEL FOR THE TRANSFER OF HEAT FROM

SOLIDS IN AN FB TO IMMERSED COOLING COILS,
LISTING OF COMPUTER PROGRAM

P DERIVATION OF MATHEMATICAL MODEL
The heat and mass balamce squation for an element (d1) of the

cooling coil shown below can be written as follows

) ) 4 4 42
4o = h=d10 (T, T"u} + nd10 (e 0,Tg + b e Tao o, + EaTEpaniaE R,
4 4 4 222
[E'I‘.ESTHE * ESEtT'h‘ﬁﬂtui ¥ ‘tTHnnintni + III'J EmArluill
2ekd1(T, -
Rl ~ Twg £.A.10.2
. 1n(D,/0;) .
T, 471
~ i t
= hindl[li[!"i - {_"ziu E.A,10.3,
= EFETﬂut - Tiﬂ] Euﬁ.lu.ﬂ.

where d) (w) is the heat transferred to the element due to
radiation and convection and M is the coolant flowrate

[l'|3.|-'5 for air, kg/s for steam and water)



Since the sand and coil are opaque, o +p = L. If the surfaces
are assumed to be grey them a = = even when the system is not at thermal
equilibrium,

£.A.10.1 thus simplifies to

@ nged (T T, ) + 0,1 [e ey Tp(LH(1e, )1t ) +
(1e,)2(1-c, )26, # ooed = £geqTy (P H1-c,) ¢
= T Ty s Wy t
(1) 2(1oeg)oe, 4 2o
" hgudlDy(Tg-T, ) + =d1Dglegey e T -2 e )" Y

-:SEtTH (e B (106 ) "(1- )" "4 E.A.10.5..

E.A.10.5 can be further simplified since

n n-1 (1=e)(1-¢)
1{1 ‘t} (Legley = 1= [ ST ¢ S
and
n n-1 (L=< )1-¢)
aip(1meg )" (1e ) el = (T Toe, )e,
Thus
4 = hrd10,(Ty-T, ) + axd1D (e Tg = ce,Tg ) £.A.10.6.

o tw,

where ce, and cc, are the effective emissivity of sand and the stainless-

steel coil tube respectively, after taking multi-reflection into account.



l;l:5 = -Esl'_t{ I-{l-tt]{l-:ijtt

eep ety T, Te, )e,

14{1-e,)(1-¢;) - II1"5”1"1'-]‘t] E.A.10.7.

1+i1-:t][l‘==] . tl'tiiil'it]tii E.A.10.8,

The total heat removed by the cooling coils is obtained by

integrating E.A.10.6 along the length of the coil using a stepwise

integration method.

2. EXECUTION OF THE COMPUTER PROGRAM

To execute the computer program, code named FBHEAT, on the

departmental computer (COC 1700), batch disc 2 must be placed on the

disc drive and the following data cards must be submitted.

Card
1

& gn E W M

The
T8
TIN
oT

Ll

* FBHEAT

T8, TIN, DT, H, ES, ET, BI, K B8 F 10.5

ol, DO, L, DL, TOL, M, FTOL, CNTREF B F 10.6
RUN F l2.6

-
5

computer then reguests the values of these variables where
bed temperature (K)

coolant inlet temperature (K)

use of 1.0 is adequate (K)

outside film coefficient - Wender and Cooper

correlation {m’mz.h:}m



emissivity of nnd“
ET emissivity of tﬂ:ﬁ“
Wl inside Film coefficient (w/n'. k)%, 1f water is used as

(

coolant an internal correlation i3 used so any real value
may be put on the data card. The use of 1.0 is recosmended
to remind the user that value printed in the programme
headings under 'Input data' has not been used

K thermal conductivity of the tube wall {Hfrn*l:]ﬁ!. (A1though

K i a function of temperature the dependence is not strong

and an average value may normally be used)

tube inside diameter (m)

tube outside diameter (m)

tube length (m)

step length along tube (m)

iteration tolerance to which successive estimates of the

g R %8 8

outlet temperature from a particular element of length must
agree in order for the calculation to be considered as
having converged. Normally 0.1 is adequate but convergence 1is
sti1] rapid with a value of TOL equal to 0,01

M coolant flowrate, I'h:",r‘m*in for air, kg/s for water or steam

FTOL  minimum flux below which heat transfer is regarded as
insignificant [ufuz]

CONTREF coolant reference number

1.0 for air
2.0 for water
3.0 for steam

RN run identification number



3. FLOWCHART OF MROGRAN FRIEAT

Stari -
|
Read in data
|
write feadings
|
Compute EES, EET

-l
L

Add {ncrenont Eo inlet tomperaturs
g5 Tirgt estimate of pulelet temperature

TOUT(1) = TIN + OT
|

Estimate wall temperabure
TWAV =(TIN # TH}S2Z

iz
coolant
wakery

|
J51 Compute Hl from
correlation

[e}]

'1_

Conpute Eransfer by Convecbion
and radiakion and add

|

| Calculate pew autlet and wall I:.un;lgral;.ur“]
is
difference

=1
A( i -
TS LI fa_ —_— hatwaen successfive sitinates

",
x._g_:f:_&de-ﬂ '“-\_‘_‘_JT outlet terpersture
.,_I.L'i‘_thin talaranc
- ‘-._‘_‘Er_'_'_,_,-o-"'"-'-

il
iyu

Write message

Log out TOUT, 0Q, CLMD]
e

Has
Ehe and af the
tuba baan
rt;:hed

L S [
_‘t Hrite message r

(o)

g% E
y Writs oassege ||

()

Inlet temperature to neat
elemzntaoutiel torapraturs
from Ehis elemeat

B




4. COMPLETE LISTING OF PROGRAM FBHEAT AS STORED OM DATCH DISK 2 ON THE
COC 1700 SC COMMITER 1N THE DEPARTMENT OF OEMICAL PAGIMNEERIMG,

URIVERSITY OF FATAL

sNaNsNn)

alaNelpEeErlaleNi s la s Nala s NaN el ol e

ONOAMAARRAAIOIOOO0AARNANOOR0 R0 R

1F JANUARY 1980,

PROGRAM FIUIEAT

THIS PROGRAY CNLUTES HFAT TRAISFFR TO A TUBE [MMPFRSED 1M A
FLUIDISED Bfb,  BOTH COPNVPFCTION AND PADTATION ARE COHSIDEPED
THE SAMD AND TURES ARF ASSLMED TO NF GRAY PODIES |.C.PMISSs
IVITY=ANSORNTIVITY EVEN WCN NOT AT THERMAL EPUITLIPRILM,

IS TR SIGHIFICANCE OF SYNPOLS
————INPUT MDD OUTPUT VARIAPLTS

CHMTPEF  COOLANT RITEPOICE MEITFF. AIP 1.0
WATEP 2.0
STFAN 3.0
aMpL  QMULATIVE LEIGTH M
QM) CUMULATIVE HEAT TRANSFERRED W
QUMCDN  CMULATIVE HEAT TRANSFFRRID DUF TO COMVFCTION W
ORI CUMULATIVE HEAT TRANSFERRTD DUE TO RADIATION W
Bl TURE INTERNAL DIANETER M
DL LFNGTH ITMCREMENT ALONG TURE M
DO TUNE EXTERMAL DIAMETER M
DO AT TRANSFERRED TO ELEMENT OF TURF W
DT ESTIMATED TEM® RISE Ol FIRST ITERATION ON A PARTIOULAR
CIEMENT 1,
ES BUSSIVITY oF S
ET BHISSIVITY OF TURE
FTOL MIN FLUX BELOW WHICH HEAT TEANSFER 1S REGARDED AS
NS ICHTF | CANT
H FILN COFFFICIENT RETWEEN BED AND OUTCR TURF WALL=WRNDFR
ANID CODPER CORRILATION, W/ g
HI IIFJ;:.::'Wl;e.:n‘.:lt‘-.FFlt:IEHT BETWEEN COOLANT  AND TUDF DIafP WALL
K THFRPAL CONDUCTIVITY OF TUNE WALL wM,K
L TUNE LEMGTH ™
M COOLANT FLOMGAIR PS=SMINBSTR VATEP KGJS;STEAM KR/S
RN RN IDENTIFICATION
TE DBFD TEMP K
TIN TRLET TEMP K
TOL  ITERATION TOLFRAMNCE K
VARIARLES INTERNAL TD THE PROGRAM
€O HCAT TRANSFERRED TO ELEMENT DY CORVECTION W
CP SPECIFIC HEAT OF CODLANT;AIR J/hMiets ¢
WATER J/¥G.C
STEANM J/XG.C
DITER DIFFERENCE RETWEEN CONSECUTIVE ESTIMATES OF TOUTCI) K
EES FFFECTIVE BMISSIVITY OF SAD TAKIMG RE-REFLECTION INTD
ACCOUNT,
EET EFFECTIVE EMISSIVITY OF TURE TALING RE-REFLECTICH
ACCOUMT, i
FLUX LOCAL HEAT FLUX wW/remip
I [ITERATION NUMBER
IPR PRINTER UNIT IDENTIFICATION
RMO  HEAT TRAMSFERRED TO ELEMENT 0¥ RADIATION U
T AVIRAGE AIR TEMP IN ELEMEMT DL &
TOUTCE) OQUTLET TEMP FROM FLIENT DL AT ITERPATION | K
TRAY  AVIERAGE OUTTR TURE VALL TIMP ¥

REAL K, L,
DIMEHS TN TOUTCS0)

[ 1 | L | TR N TR



READCS, 1N0ITR, TIM, DT, H,F5,FT,HI, ¥, D ,00, L, DL, TOL M, FTOL, CHTREF
READCS, 101”0

CommenmeemWP | TE HEADIPGS
IPR=3
CUMCDO=0.0
CUMRDN=0, 0
CUMDO=0,0
CUMDL=0, 7
ChO=0.0
RDQ=0, 0
m=uru
WL TECIPR, 102 JRUK
Wt TECIPR, 112078, TIN, DT, H,ES,ET, H1,K, DI, D0, L, DL, TOL,M,FTOL
IF CCHTREF L E0. 1, 0 WR1TEC PR, 197 W4
[FCNTREF B, 2. D IWRITECIPR, 1087M
[FCCNTREF (EN), 3. 0JWR1TECIPR, 19901
WRITCCIPR, 2000TR, TIN,DO  ,CUMDO,CLADL, (DO, RO

[ewmnmmmee=C{MMUTE HEAT TRANSFER
EES=ESMETHC], +0 1. -FT)%(1 . -E5)-(1. -IT)=(1 . -FS FETN
5{] I-EI- ._'.:T]=={-1 ® 4:5}1%“
EET=ES' T+ . -FT¥ (1. -ES)=C1.-CT)=(] ,-FS)-¥E5)/
51, =01, =CTI(1.-AS)HES)
1 1=1
TOUTCI )=TIN-DT
TWAV=CTR+TIN)/ 2.0
2 Te(TIN«TOUTCI D) /2.0
IFCCHTREF .EN, 2.00H1=1063 ,05(1 . 0+0, DD293=T )=
SCCM/CT85. 47D 22,000 ¥ =0 R)/DI*=:0.2
D=3, 1616 DLA0E( =TI ) 2.0
POO=5 , ET03F=08%%, 161 59" DL D0 CESS( TR, J=FET( THAY==4, ))
DN=CDg«R00

Cmeemeneee=CALCULATE QUTLET TO7F FROM ELEMENIT AND WALL TEMP
T=CTINeTIUTCE D)/ 2.0
IFCONTREF LED. 1,000 =%, 116356, 55740, 147 7E-25T=-0. 0214 3E-5 2 T+52,))
IF{MEF.IEI}I ?.ﬁ}ﬂ"'ﬂllﬂﬁ-
IFCONTPEF LEN. 3, 0)CP=2500,
TWAVECTINeTOUTC I )/ 2, 0400 R0 . 0/ (3, 1415931 =D1 )

$+01.0/C2.0%3, 14159 %3 ¥ AL0R(DO/DT )

TOUTC 11 3=T100/ (MBS

Cmmmm—==e=CHECK. IF ITERATIONS HAVE CORNERGED OR MAX MO OF ITERATIONS
C EXCEFDED
DITER=ADRSCTOUTC o1 )-TOUTCT )
IFCOITER.LE.TOLXGO TO &5
IFCI.GE.LO900 T0 8
I=l+]
GO TO 2
5 CUMDO=CLMDO -0
CUMDL=CLMDL+0L
CLMCTN =01 D OO0
CUMRDO=CL RDORIN

CosmmenneeaHlsS THE END OF THE TUPF PEEN PEACHED REFORE COOLANT TEMP
c REACHED PED TCMP
IFCCUMDLLGF . LJGO TD 7

WRITECIFR, 5000TOUTCT 410,00, CUMDR, CLMOL, 00, RN



(-m=m==ee==CHECY. IF HEAT FLUX HAS DROPPID BELDW MITIMUM

Fux=D0 03, 14167D0°00.)
IF{FLLX LEFTOLYGO TO 6

TIN=TOUT( 1+1)
G TO L
C= STOP OPTIONS
& W TECIPR, GOR CLr L.
'thITE 178, 7009020l , CUMCDO, CLMPDY)
7 'HP'ITE{[FF' 5003 TOUT(1+1),D0,CUMD0, CLMDL
WRI1TE( IPF!, HODYTOUTC1+1)
wnm,?ﬂnm,w,mm
8 WRITECIPR,300)
WRITECIPP ,200)
STOP
— . TS 3
100 FORMATCEFIN.G)
101 FORMAT(F12.0)
102 FORMATC//UNX, 10MPUN MUMNER ,F12,6/)
112 FORMATCLOMINPUT DATA/SHTR=,F7,2, W0, WHTIN=, FG, 2, 4K, 3MDT=, Fh, 2,4,
Siti=, F7,2, 4%, SHES= P4 3, 4, SHET=, Pl 5, UX, 340 =, F7, 2/ 2= F5, 2,00,
S0 1=, F b, 6, WX, 3HDO= FG, 5, L%, 2HL=,FF, 5, b, SHOL=, FU, 3, U)X, WHTOLS, Fl. 3
54X, 2HM=,F5, 3, W, SHFTOL=,F7.3//)
197  FORMATCLSHEDOLANT 1S ATR,/ZBHCOOLIMG AR FLOW (NMISITMIND, F10,6)
198 FORMATCL7HCOOLANT 15 WATER./25HCOOLING WATER FLOW (KG/S),F10.E6)
199 FORMATCL7HCOOLANT 1S5 STEAM./17HSTEAM RATE (r6/5),F10.6)
200 FORMATCIZINED TR (KD, F9.1/
5380, 2IMCONDI TIONS ALONG: TURE/ /9THTEIPERATUPE  HEAT TRANSFERRED
ST CUMULATIVE HEAT  LENGTM TRANSFER AY TRAISFER BY/
Shat, 3H(KD, 1000, 16HTHIS BLRENT (W), 5X, 1 SHTRANSFERRED (W), 5X, 3H(MD, 6X
S, 0 HCOMVECTION (), 0, 1 BRADIATION (W)/
SIX,F1. 2,12 F7. 3,12, F9.35, ™ F6.5,5%,F9.3, B F.3)
300 FORMATC/ 31X, SUHISSSSSI TERATIONS NOT CONVERGEDSSSEE)
LoD  FORMATCEY, SEHREACHED END OF TURE CFORE CODLNIT TEMP REACHED RED T
SEMP/ 24X, 1 2HOUTLET TEMP=,F7.2)
500 FORMATCLY,FT.2,12X,F7.3,12%,F0,%,7X,F6,3,54,F9,3,8/,FB8.3)
600 FORMATC/IOHLOCAL HEAT FLUX HAS DROPPED TO,F8,3,30HM/M212, OPTIMM
STUBE LEMGTH 1S,F6.2, 111
700 FORMATC/ 23MTOTAL HEAT TPANSFERRFD=,F9,%, SHWATTS/ 12X,

SUIHCONVECTION=, F1. 3, SHWATTS/ 13X, 10HRADIATION=,F9, 3, B MATTS)
(id(e]
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