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ABSTRACT

A fluidised bed combustor, 0.61 m in diameter, has been designed
and built to burn a reducing gas formed by the gasification
_ of residual fuel oil. The oil is spray atomised in a high
intensity combustion chamber, and the gasified oil containing
large quantities of solid carbon is passed into a fluidised
beé where it is mixed with air. A distributor plate having
ceramic tuyeres has been designed to promote good gas-air
mixing close to the bottom of the bed to encourage the complete
combustion of the gas and air in the bed. Commissioning trials
have been carried out, and & plant incorporating the cbmbustor
is now ready for experimental tests,
A model has been developed to study the effect of Jhanges

in distributor plate geometry, and orifice non-operation on
. the efficiency of combustion of coalescing bubbles of gas and

air on a distributor plate., It has been shown that orifice
separation, and a delay time between the commencement of operation
of air and gas orifices, can both strongly affect combustion
efficiency. The model has been applied to the distributor plate
designed in this work to illustrate the interaction of the
system variables, The results show the importance of the
relative numbers of air and gas orifices in a distributor
plate which injects air and gas separately into a fluidised bed
on gas combustion efficiency, and also on the combustion of

any solid carbon in the gas feed,
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NOTATION *

All dimensions are in termé of S8.I. units except where otherwise

specified.

Primary Unitss

meter m

Derived Units:

Symbol

o

®bo

Length L,
Mass . kilogram ' . kg
Time T second 8
Temperature (3] degree Kelvin K
Force F ‘newton N = kgm g2
Energy E joule J = Nm
Power P watt Weds
Significance Dimensions
Number of moles of air used in oil gasi-
fication per carbon atom in fuel.
Mass of air in bubble. ¥
Number of moles of carbon dioxide in gasi-
fied oil per carbon atom in fuel.
Number of moles of carbon monoxide in
gasified oil per carbon atom in fuel,
Concentration of combustible gas in w3
bubble,
Concentration of combustiglegas in bubble Mﬂ—s

at distributor plate,
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Discharge coefficient.
Mean molal heat capacity of the

gasified oil.

Percentage of carbon in solids.

Number of moles of water vapour in gasi-

fied o0il per carbon atom in fuel.

_Orifice diameter.,

Diameter of gas orifice.
Mean particle diameter.
External diameter of tuyere,

Bubble diameter.
Diameter of fluidised bed

emissivity

Gas combustion efficiency on a distributor

plate.

Mean gas combustion efficiency on a
distributor plate (E.3.44, p70).

Number of moles of hydrogen in gasified o0il
per carbon atom in fuel.

Mass of fuel in a bubble.

Mass flowrate of fuel to particulate phase.
Mass flowrate of fuel to gasifier.

Acceleration due to gravity.

Gb’ Gbi,ijVblumetric flowrate to bubble.

h

b Tbi

Number of atoms of s0lid carbon in gasified
0il per carbon atom in fuel.

Height of fluidised bed.

Heat released in bubble per unit mass of

fuel.

B -2 B A < 2 -

-
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AH

k
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Maximum heat release per unit mass of B!
fuel.
Heat released in particulate phase per !

unit mass of fuel.

Heat of reaction. - EM
Percentage of hydrogen in solids in

gasified oil.

Number of moles of methane in gasified

0il per carbon atom in fuel.

fercentage by volume on a dry basis of methane

in gasified oil,

Number of moléslof sulphur dioxide in gasified

0il per carbon atom in fuel.

constants

Volume of gas exchanged between huhhle and Ll
cloud per unit volume of bubble per unit time.
Volume of gas exchanged between bubble and ol
particulate phase per unit volume of bubble

per unit time,

Volume of gas exchanged between cloud and 7
particulate phase per unit volume of bubble

ver unit time.

Grate flow factor (E.2.4, p35)

Length of horizontal duct in tuyere. L
Jet length. ‘ .

Mass of solids produced in oil gasifica—
tion per unit mass fuel burnt.
Average number of carbon atoms per molecule

of fuel.

.
12p-1p-2
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~ Number of bubbles formed during an

extended period of plate operation.

Number of tuyeres on a distributor plate.
Number of air orifices on plate.

Average number of pfoduot bubbles on plate.
Number of successive dual bubble coale-
scences undergone by bubble leaving reglon
of distributor plate,

Number of operative orifices on a
distributor plate.

ﬁumber of orifices on a distributor plate.
Proportion of orifices in array that are
operative.

Proportion of air orifices in array tﬁat
are operative.

Proportion of gas orifices in array that

are operative.

Heat release rate in fluidised bed. P

Pressure drop écross fluidised bed. Fﬂ-z

Pressure drop across a fixed bed in the Fﬁ-z

entrance region of a fluidised bed, at

incipient flow from each orifice

(E.2.5, p36).

Pressure drop across the distributor plate: rm?z
-2

Pressure‘drop across a preferential gas path FL
in a fluidised bed. (E.2.5 p 36).
Heat removed from the gasified oil per carbon gl

atom in the fuel.
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Heat removed from the gasified o0il in the B
the gas plenum chamber per unit mass of fuel.

Heat removed from the gasified oil in the Bt
cooling tube per unit mass of fuel.

Heat removed from the gasified oil in the B
fluidised bed per unit mass of fuel.

Sensible heat of the gasified 0il per unit mass m !

of fuel.

Sensible heat of the gas stream burnt with the B
stoichiometrid air requirement in the second stage,h
per unit mass of fuel.

Sensible heat of the gasified oil under adiabatic EM '
conditions per unit mass of fuel.

Sensible heat of the gasified o0il at an ecp:tiva.lenceEM"'1

ratio of one under adiabatic conditions per unit

" mass of fuel.

Total heat removed from gasified oil per unit EM
mass of fuel. |
Radius of bubble.

Radius of bubble cloud.

Mass flowrate of air to fluidised bed.

Mass flowrate of air to bubble phase,

¥ass flowrate of air to bubble phase from single
orifice.

Mass flowrate of gas to fluidised bed. MT
Mass flowrate of gas to bubble phase. -
Mass flowrate of gas to bubble phase from MT
single orifice.

Mass flowrate of gas to particulate phase. MT
Height above distributor plate in fluidised L
bed, )

. Time. T
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Time air orifice operates.

Pormation time of product bubble.

Delay time.

Delay time at air orifice.

Delay time at gas orifice.

Time gas orifice operates.

Gas temperature.

Air temperature.

Superficial velocity.

Absolute velocity of rise of bubble

in bubbling bed.

Velocity of rise of single bubble.
Superficial velocity calculated on the
basis of the unreacted gas.
Supeﬁfioial velocity above which all tuyeres
are continuously operative,

Superficial velocity at incipient

" fluidisation,.

Pluid velocity at orifice.
Bubble volume.
Alr to fuel mass ratio for stoichiometric

combustion.

Greek letters.

Angle of repose.
Bed voidage at (incipient fluidisation)
Half angle of eone at top.of tuyere.

Orifice separation.

(,,? ) Fluid viscosity, (at temperature T).

O @ &# B3 123 Aa 2 93

-1

!

17t

1t

1!

!

11!
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Fluid density. 3 - : M$-3
Fluid density at orifice. o a3
Particle density. 7 ' Y
Extended period of operating time. T
Actual time orifices are operative SR T
during Te

Maximum operative time for whole plate K.
duriné T .

Equivalence ratio, defineds

Mass of air required for stoichiometric
combustion
mass of air supplied

Gasifier equivalence ratio.

Equivalence ratio of product bubble.
Equivalence ratio of gas.

Bquivalence ratio of particulate phase.
Ratio of open area of distributor plate

to total area (E.2.5 p 36).

A bar ~ over a letter signifies an average

value.
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CHAPTER ONB
INTRODUCTION

Fluidised bed comﬁustion has received extensive research attention in
the last two decades. The high heat transfer rates and combustion
efficiencies attainable;allow a reduction in plant size, and accompanying
reductions in capital cost. Pollution control with both inert and
chemically active beds provides an economic solution to the increasingly
stringent legal requirements governing atmospheric emissions, and these
together with additional associated benefits make the method of burning
a fuel in a fluidised bed very attractive. |

Residugl fuel oil is cheap, and therefore economically favourable.
However, the higher oxides of metal impurities contained in the oil cause

high temperature fireside corrosion. These oxides are only formed in

TRsanne fr rrgen; and ot hish temmematuraes o

i3
10
1 d
3

system may be employed to ensure that they are not produced. The fuel
is burnt with less than the stoichiometric amount of air and passes via
a heat exchanger to a second combustor where more air is added to make up
the stoichiometric requirement and release the remaining calorific content
of the gasified fuel. In an experimental investigation of a two stage
system firing residual fuel oil, Archer and Eisenklam (1) found that solid
carbon formed in cracking reactions and from incompletely burnt oil drops
was only partially removed by a tunnel type combustor used as a second
stage, although under certain conditions solid emissions were reduced
below the statutory limit.

The object of this research has been to design, construct, and
commission a versatile fluidised bed combustor. This is to be the second

stage to the gasifier described in reference (1), and used in a long term
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'investigation of thé auitability of fluidised bed combustion as a
method for burning fuel oil gasified in a high intensity combustor.

A fluidised bed 610mm (2ft) in diameter to which gasified
fuel and air are fed through separate arrays of tﬁyeres on the
distributor plate, and in which mixing and combustion take place,
has been designed and built, and a plant incorporating this combustor
has been commissioned.

A model has been developed to study the effect of distributor
geometry and air and gas inlet cénditions on the efficiency of the
combustion in‘gaa bubbles on a distributor plate, and the results
applied to thé calculation of the theoretical efficiency of gas
combustion in the combustor. Theoretical gas combustion efficiencies
were found to vary between 100% and T6% for gasifier equivalence ratios
between 1.1 and 1.55 and oil flows between 2.5 g/é and 3.5 g/s, and
corresponding heat release rates were calculated to lie between 1.6 kw
and 11.kw.

The fluidised bed reactor is now ready for pilot scale work to
establishs
(1) the combustion efficiencies obtainable in the reactor.

(ii) whether soot can be burnt effectively in the bed, and the behaviour
of ash that is formed.
(iii)the thermal stability of this type of reactor to low temperature

‘operation.
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LITERATURE REVIEW

The purpose of this review is t0 examine the suitability of the method
of fluidised bed combustion for completing the combustion of o0il gasified
in a conventional burner, and to establish criteria for the design of

& combustor to do this.

2.1, Gasification of Residual Fuel Oil in a High Intensity Combustor..

Residual fuel oil is the residue from the distillétion of crude o0il, in’
which inorganic and organo-metallic impurities in the crude are concen-
trated by the stripping of lighf petroleum fractions. It is the manifesta-
tion of these impurities as the cause of high-temperature fireside corrosion
of boiler tubes and turbine blades that offsets the attractiveness of |

the low cost of residual fuels. Because of their high viscosity, residual
fuels must first be preheated and then blast atomised with air, steam or

a mixture of both, before combustion will satisfactorily ocour.

High intensity combustors are designed with careful internal coﬁtour—
ing and air-jet location to eliminate dead volume and promote intense
mixing of fuel and air. Complete combustion is obtained with minimal
excess air, and heat release rates per unit combustor volume are high.
'Ewings (2) describes three such @mbustors and reviews some commercial
applications for this type of 0il burner.

In designing a two stage combustion system, it is important to be
able to estimate the quantity of any interstage heat transfer, as this camn
determine the stability of the second stage. The desigﬂ of a fluidised bed
for a specified mass throughput requires a knowledge of the properties

of the gases entering the bed through the distributor plate, and data on
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the chemical and thermal properties of the products of the High

Duty Combustion Chamber* that is used as the gasifier in this work
are available from previous experimental studies. The H.D.C.C. is
depicted in Fig.-1.1. The o0il used was an Admiraliy reference fuel

code named Vanilla, and its specification is given in Appendix 1.

2.1.1. Composition and Temperature of Gasified Oil. Archer et al.(1)

atdmised the fuel with steam, and found that the carbon monoxide, carbon
dioxide, hydrogen and water vapour in the products of the gasifier were
within X 2% of the values predicted by the water gas equilibrium, and
that temperafures corresponded well with theoretical wvalues. A second
stage converter was placed after the gasifier, and heat was removed
between the stages. The compositions and temperatures of emissions
}from the converter were those predicted by the wafér gas shift reaction.
Johns (3) atomised the fuel with air and found that the temperatures
reached by the gasified o0il were close to those predicted by equilibrium
existing between the carbon monoxide, carbon dioxide, hydrogen and water

vapour in the gasified oil.

2.,1.2. Solids Produced. Htun (4) measured the solid loading of the-

combustion products, and regressions of data obtained by him have been

given in reference (1). For air atomised flames:

M, = 0.041 85 ~ 9.6F, - 0.0074 E 2.1.
wheret

MB Mass of so0lid produced per mass fuel gasified.

F 0i1 flowrate to the gasifier (kg/s).

1
¢1 ' Equivalence ratio of the gasifiex.

Equivalence ratio, @, is defined;

# = mass of air reguired for stoichiometric combustion
mass of air supplied

* The H.D.C.C. was manufactured by Urquharts (1926) Ltd., Perivale; Middlesex.
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2.1.3. Heat Transfer from Combustion Products. Dombrowski and Johns (5)

varied the air to fuel ratio and flowrate of oil to the H.D.C.C. and
measured the amount of heat removed from the combustion products by a
‘known length of cooling tube. They measured the temperature of the
covled gases, and then used &8 numerical method of stepwise integration
along the léngth of the cooling tube to deduce values of a temperature
independant gas emissivity. They did not takeqthe condition of the
inside of the tube into account, and thus their results are a funotion
of their experimenfal equipﬁent and the method by which they were calcu~
lated. However, the same tubes are available for use in this work and
reapplication of their methods to the results they computed should ensable
the temperature of the gases entering the fluidised bed and the total

interstage head transfer to be found.

2.2, Two Stage Combustion.

The high flame temperatures and a presence of free oxygen iﬁ the combustion
products that together cause high temperature corrosion when residual

fuels are burnt, may both be avoided by employing multistage systems. High
grade heat is removed between the stages, and the full heat of combustion
of the fuel is released by the staged addition of the stoichiometric aiz
requirement. The simplest and most practicable multi-stage unit is a

two stage system.

2.2.1. Corrosion Irhibition. Htun (4) observed that scdium vanadyl

vanadate which is responsible for high temperature corrosion, was only
formed under oxidising conditions. Rodriguez (6) bas considered the
thermodynamics of vanadium oxidation in combustion systems and has shown

that when equilibrium prevails, vanadium pentoxide is only produced under
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oertain oxidising conditions.

A two stage system for the combustion of residual fuel oil has
been described by Archer and Eisenklam (1). They found that the system
was successful in inhibliting the formation of corrosive metal‘salts
and oxides. Rodriguez (6) cariied out further experiments on the same
¥ig used in reference (1) and did not detect vanadium pentoxide in

solids collected from the system exhaust.

2.2,2. Solid and Gaseous Pollutants. Archer et al. (1) noted that they

could operate their two stage system so that the solids in the second
stage emissions were below the statutory limit of 0.4% of the mass of
fuel (7), but that the converter could not burn all the solid carbon
produced in the outdated first stage. The converter was a tunnel type
burner and consisted of a well mixed reactor followed by a plug flow
section. Grout (8) has recommended the redesign of the second stage,
and the removal of the plug flow section as he found that it did not
improve combustion efficiency.

Many fuels have high sulphur contents, and consequently the flue
gases of installations firing such fuels have unacceptably high levels
of sulphur oxides. As expected, sulphur trioxide was not detected in
the exhaust of the E.D.C.C. firing residual fuel with a sulphur content
of 2.4% by weight (1), but sulphur dioxide was produced, and is itself
a highly undesirable pollutant.

Rodriguez (6) measured both first stage and second stage NQx levels,
and showed that emissions from the second stage operating at an equivalence
ratioof one were well below those recorded for a single combustor fired at
the same equivalence ratio. The use of two stage combustion for NOx
pollution control has also been noted by Bartok et al. (9), and as with
corrosion inhibition, it is the limit;d oxygen availability in the sub-
stoichiometric first stage, and elimination of high temperatures, that

encourages low N‘Ox readings.
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It is clear that two stage combustion offers a solution to the
problém of high temperature corrosion, and has the added benefit of
reducing HOx;emissions. But the solid loading of the exhaust of the
pilot scale plant considered in this review is high, and is only’
below the legal limit under certain operating conditions. Combustion
control cannot prevent the formation of sulphur dioxide, and the removal
of this pollutant from the products of combustion must be achieved by

chemical or physical methods.

2.3, Fluidised Bed Combustion and Pollution Control.

Fluidised beds have been used in sulphur and nitrogen oxide pollution
control, and the use of a chemically active fluidised bed in a two stage
gystem carries the prospect of clean power producfion from residual fuels
rich in pollution ahd corrosion generatingvinorganic elenents.

The principle of a two stage system having a fluidised bed sécond
stage and a conventional gasifier has been discussed by Eisenklam and
Archer (10), but the operation of this type of system has not been reported.

Fiuidised Bed combustion has received extensive world wide research
attention over the last twenty years. The list of potential advantages
of fluidised bed combustors over conventional systemé is long, but most
stem from the high heat transfer rates attainable, and the encouraging
resuits of ventures into pollution control using fluidised systems. Most
of the research in this field has been concerned with the fluidised bed
combustion of coal, and progress to 1969 has been reviewed by Skinner (11).
} The Proceedings bf three invited conferences in fluidised bed combustion (12)
held under the auspices of the E.P.A. of the United States were predomine-
antly descriptions of commercial coal fired systems, and in the Institute

of Fuel Symposium Series No., 1 (13), the majority of papers again relate
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to the fluidised bed combustion of coal.

The combustion of a solid fuel requires gas—solid contact, whereas
when liquid (14) and gaseous fuels are usgd, the combustion reaction
demands contact of gaseous species only. Altﬁough the mechanisus of
combustion are different, the principle of using a fluidised bed for
reducing the level of gaseous pollutants formed in combustion reactions
is successful whether a solid (13), liquid (15) (16), or gaseous fuel
is used., FNatural gaseous fuels do not usually exhibit the high sulphur
levels of coal or oil, but regenerative fluidised beds have been used
for the removal of sulphur dioxide from the simulated exhaust of
conventionaliplant (17), and sulphur dioxide added to natural gas was
almost completely absent when the gas was burnt in a bed of limestone (18).
Low EOX emissions have been recorded both from fluidised beds of inert
particles, (19), (20), and chemically active mateiials (18).

Lunn et ale (16) have noted that when residual fuel oil was burnt
in a bed containing limestone, up to 70% of the sodium and 99% of the

vanadium in the oil was retained by the bed material.
2.4. Pluidised Bed Combustion of Gases.

This subject may be split into two subdivisions; the combustion of pre-
mixed air and gas, and the combustion of gas and air added separately to
the 5ed. Several investigatois have established that premixed gas and
air may be completely burnt in Very shallow fluidised beds, whilst it has
also been reported that deeper beds must be used when the gases are not

premixed.

2.4.1. Premixed Reactants. Cole and Essenhigh (21) burning natural gas

in a square combustor, 0.13 n’ (144 ftz) in cross-sectional area, were
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able to obtain complete combustion in beds as shallow as 0.025 m, and
Brougﬁton (20) notes that combustion of gas-air mixtures was completed
0.05 masove the distributor plate of a 100 mm diameter bed. Elliét and
Virr (19) give a similar result in noting the completion of combustion
0.013 m (% in) above the distributor in beds of small diameter. In all

cases, a pordus-plate type of distributor was used.

2.4.2. Separate Air and Gas Injection. Tamalet (22) found that at low

superficial velocities, the pattern of gas injectors in a pilot unit

could still be seen at the top of & bed 0.686 m (2 £t 3 in) deep, but

that modific%tions t© the distributor (not described) did result in complete
combustion within the bed.

In preliminary studies of gas combustion in fluidised beds, Cole
and Essenhigh (21) used a perforated distributor and injected air and
gas separately. The distributor chosen was a square plate set with a
9 x 9 array of horizontally perforated hollow studs on a 0.038 m (1.5 in)
square pitch. 17 of the 81 studs supplied gas, and the remaining 64,
air. This design proved unsatisfactory as flames were seen to stabilise
on the bed surface in a pattern corresponding to the layout of the gas
inlets.,

Reh (23) measured combustion efficiency and temperatures in a
813 mm (32 in) diameter bed firing town gas. It was fluidised by an
air flow distributed evenly over its base and the gas was injected 4
through a centrally located tuyere. Efficiency was measured as the
percentage of unburned carbon in samples of gas withdrawn at various
levels, and increased with increasing bed height. The superficial
velocity, Uyof the gases was varied, and at a given bed height the
efficiency fell with increasing U. The amount of unburnt carbon in the

gases at the surface of the bed which was 1.52 m (5 ft) deep,varied from
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5% when U was 1.3 m/s (4.2 £t/8), to 20% when U was 2.2 m/s (7.2 £t/s).

Arnovel type of distributor that is suitable. for use at high temperatures
has been invented by Evans (24). This device consists of two concentric
pipes each pierced by a number of holes. The fluidising gas flows down
the central pipe and into the annular space between the pipes, and thence
into the bed. By placing the pipes so that the holes in the outer pipe
face downwards, it is claimed that satisfactory fluidisation with no
back flow of solide into the pipes,is achieved. .

Singh et al,(25) used pipes of this kind to inject air and gas
separately into fluidised beds. Two beds were used, one rectangular
960 mm x 610 ﬁm, and the other circular and 360 mm in diameter. Experi-
mental .results were published for studies on the circular bed. A single
central pipé distributor was used to inject LPG into the bed, and air
was fed through two pipe distributors located on 35 mm centres on either
side of the gas pipe and 100 mm below it. The reported data indicate
that the extent of reaction is a strong function of bed height, and that
there is some height at which mixing is completed and beyond which no
increase in combustion efficiency is observed. For the conditions
. investigated this was an unspecified heght somewhere between 0.09 m and
0.275 m.

The work reported here on sepafate gas and air injection is character-
ised by incomplete combustion,with the pattern of the gas injectors visible
at the bed surface, or by deep beds required for high combustion efficiency.
All the distributors that were described, supplied gas-to an area af the
base of the bed smaller than that to which they fed the air required for
combustion.

Although it is apparent that complete inbed combustion is accomplished
more easily when gas and air are premixed rather than mixed in the bed,
certain applications of fluidised bed combustion do require that the fuel
gas and air be injected separately. In larger installations particularly,

the safety problems associated with the handling of inflammable gas



-3 -

mixtures encourage the development of distributors capable of bringing

about efficient inbed combustion of unpremixed géseous fuels.

™,

2.5. Design Requirement in this Work.

carbon particles. They are delivered at 5 kﬂfﬁz (20 in water gauge).

The option of premixing the reactants is removed, as this would
result in immediate ignition. The air supplied to the second stage is
the stoichiometric requirement of the gasified fuel, and as the gas
Vphase reactions are almost instantaneous, most of thée available oxygen
would be immediately consumed, and ohly that required by the unburnt
golid carbon would remain. The mixing chamber would thus itself act as
a segondstage, whereas the possibility of collecting the carbon in the
gas feed on the particles in the bed and circulating these to regions
points to a degign in whioh
the air and gas are mixed inside the bed.

The use of packed beds and all types of moving beds for the collection
of gasbourne suspensions has been extensively surveyed by Meisen and
Mathur (26) and a spouted bed process for the removal of carbon and far
from a cracked hydrocarbon gas has been described by Suzukawa et al. (27).

The first objective of this work is therefore to design a combustoxr
capable of burning the gasified oil inside the bed, and also suitable

for the sudy of the behaviour of the carbon suspended in the gas feed,

2.6. The Distributor Plate.

The importance of this was illustrated in section 2.4.2. The

~ following pages assess the suitability of different types of distribution



- 32 -

deviceg for use with hot dusty gases supplied at low pressure, and

also discuss existing models of the bubbling behavicur of a distributor
plate. These models were used both in the design of the distributor,
and in a theoreticalstudy of bubble cocalescence on the plate, cérried
out to examine the effect of distributor design and flow maldistribution

on combustion efficiency.

2.6.1. Functions, The distributor must serve several purposes
simultaneously, and these are listed by Whitehead (28). It should
distribute the fluidiging fluid evenly so as to promote fluidisation as
opposed to spouting and channelling, and so that stagnant zones at the
bottom of the bed are avoided. In most operations it is also desirable
that the bed solids should net run back into the plenum chamber, either
durihg coperation or in periods of start up or shut down. Radial mixing
in fluidised beds is poor, and when a gas and air are to be injected
separately and burnt., the distributor should ensure that the mixing
of the fuel and aif over thé whele cross—section of the bed in the plate
region is good.

A designer mgy influence the performance of a distributor by varying
the number, location and geometry of the fluid inlets, the shape of tﬁe
distributor in the region of the injection points, and the pressure drop

8cross the distridutor.

2.6.2. Configuration in Specialised Applications. The most common forms

of distributor found in small scale laboratory systems are the porous
plate and multi-orifice plate. These are cheap and simple to construct.
but the porous plate has a high associated pressure drop, and is unsuitable
for use with dusty gases, dnd the multi-orifice plate allows flowback of

~ solids into the plenum chamber when non-operational, and under some
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fluidising conditions.

‘ The large scale operations encounteréd in induétrial practice,
_ﬁave led to the development of a number of specialised distributors,
and a selection of these‘is described by Kunii and Levenspeil (29).
Whitehead (28) also reviews several types of distributor, and gives
particular attention to gas injectidn to fluidised beds through multi-
tuyere arrays. FPlates aet with tuyeres are atiractive for éeveral
reasons. The individual tuyeres may be removed for inspection, cleaning
or alteration; the flow through each tuyere and its operation may be
monitored, and banks of tuyeres may be connected to independent
manifolds, ‘

The bubble cap is a popular type of tuyere, and has successfully

been used in lime calciners where staged beds are fluidised by the
dusty gas from the unit below. Johnson and Davison (30) adopted this
'form of distributor to combat problems encountered with a perforated
plate used in a study of iron ore reduction in fluidised beds. Holes
up to 6.4 mm (4 in) in perforated plates in 610 mm (2 ft) diameter
beds were quickly blo;ked by carbonaceous deposits laid down from the
fluidising gas. Metal and ceramic bubble caps operated for longer than
perforated plates, but they too choked after an unsatisfactorily short
time. T& hours in the case of the ceramic bubble capywas the longest
recorded running time. The fluidi®ing gas was generated by the gasifica-
tioﬁ of coal and had a solid loading of'17g/m3 at the delivery temperature
of 1000 C. Further attemptswere made to devise a method of fluidising
a bed of haemetite with the reducing gas rich in particulate carbon, and
all failed including the use of a mechanical self cléaning grid that

remained clean, but did not give good fluidisation.
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2.6.3; Bubble Formation. According to the two phase theory of
fluidisation, gas in excess of that required for incipient fluidisation
passes through the bed in the form of bubbles. These are initiated in
the region of the distributqr plate, and during their passage through
the bed grow in size by coalescence with other bubbles, though some
bubble splitting also occurs.

Harrison and Leung (31) have investigated bubble formation at an
orifice in a fluidised bed, and suggesf that bubbles are formed in the
same way as in an inviscid liquid of zero surface tension. Bubble
© growth under these conditions may be described by balancing the
buoyancy force of the bubble and the upward mass acceleration of the
surrounding liquid (32), giving an equation for the upward motion of

the bubble:

ve = & [uas) E.2.2.
at \ av/
wheres
Acceleration due to gravity.
k Constant.
8 Distance above the disiributor.
t Time.
v | Bubble volume.

If the buﬁble is fed at a constant volumeiric flowrate, G, the
volume of the bubble at any time is Gt, and E.2.2 may be integrated with

the boundary conditions;

t = 0, %T% = 0, 8 = 0, V = 0
to g;ve:
1l s : ~
- 3\5 5
V = (&@;k__) 9'?‘ 302030
w
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Leung (33) has applied this result to the design of multi-orifice
distributors required to give & specified bubble size range, and has
shown the use of the equation 1s consistent with the experimental
bubble size data reported by Whitehead and Young (34).

Watson and Harrison (35) have extended equations derived for
single bubbles {0 cover bubble interaction on a mulfi—orifice plate,

assuming that when two bubbles touched they coalesced instantaneously.

2.6.4., Bubbling Mode. Experiments with both multi~tuyere assemblies

and multi-orifice plates have indicated that bubbles only form
' continuously at all the orifices or tuyeres when a certain superficial
velocity is reached.

Whitehead and Dent (36) studied multiple—tuyeré assemblies that
served as distributors in 4 square fluidised beds. These operated
isothermally and varied in cross-section from .092 w2 (1 ftz) to 5.9 ?
(64 ftz), and contained sand to deptha of 1.22 m (4 ££). They deduced
the semi~empirical equation E.2.4, relating the various parameters

that affected the superficial velocity, Um’ above which all tuyeres

were continuously operative.

Uy - 07 [:0.49 + 3231070 1% xa ] B.2.4.
Uur v2

nf

wheres
B, Bed height (ft).
Ky Grate flow factor, .jﬁth:
(BFg)*
N ‘ Number of tuyeres in the assembly. .
AP& Pressure drop across the distributor, (ins water gauge).

U ' Superficial velocity, (ft/s).:
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Superficial velocity at incipient fluldisatlon, (ft/é).

Une
P " Partiole den31ty, (1v/2t)

It was found that the stability of the distributor was dependent
oﬁ its resistance to fluid flow rather than the efflux velocity of the
gases leaving the tuyere, and this suggests that E.2.4 could be used
with distributors having tuyeres of differeet design to those providing
the data used in its derivation. |
Fakhimi and Harrison (37) investigated the mode of operation of
the orifices in a perforated plate, and‘derived a relationship between
the proportion of bubbling orifices and the properties of the distributor
and particles used. Good agreement waeyfound between experimental
results and an expression deduced in a theoreticai study of the plate

region, viz.;

AP.

Jom - s E,2.5.
Nox | 5 : 3
1+ (4P, ¢ = AP) -1
PU 8
£ mf
where:
op Number of operative orifices on the distributor plate.
Ner Total number of orifices, in the plate.
bt Pressure drop across a fixed bed in the entrance region at .
incipient flow from each orifice.
APs Pressure drop across a preferential gas path through the

fluidised bed.

X Ratio of the open area of the plate to the area of the plate.
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This equation is in accord with the findings of Whitehead and
Dent (36).

It was observed (36) that the location of defluidised zones moved
rahdomlyAwhen ﬁ was less than Um, and in another publication Whitehead
et al. (38) note that flow maldistribution at the distributor can lead
40 the nonrandom location of nonopgrative tuyeres. Fakhimi and Harrison
(37) do not report any random movement of the location of nonoperatiﬁe

orifices in the plates they studied.

2.6.5., Pressure Drop. In section 2.6.4 it was recorded that the flow

»resistance of the distributor rather than the velocity of the gases
enteriﬁg the fluidised bed determined its stability to flow maldistri-
bution. The ratio of the pressure drop across the distributor plate,
AP&, t0 the pressure drop across the bedAPb iz a useful index of the

quality of fluidisation to be expected. The selection of the critical

g

~ dand AR misalh AAammand A AMTI AWM oo
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the value this ratio should take has been divided.

Gregory (39) notes the emergence of a high pressure drop school
advocating that this ratio should be greater than 0.4, and a low
pressure drop school favouring a value of the ratio less than 0.2,
as design criteria for good fluidisation. The work of Hiby (40) with
a small scale system employing a porous plate distributor, and more
recently Whitehead et al. (38), has attempted to formalise the selection
of pressure drop ratio in terms of the measurable hydrodynamic character—
istics of a fluidised system.

Hiby (40) worked with a small fluidised bed having a controlled
independant feed to ﬂhe central section, and deduced pressure ratio

criteria for good gas distribution. Near incipient fluidising conditons,
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a ratio of 0.15 was acceptable; wﬁilst when (% ) was much gréater than:
1y it-could be as low as 0.015. mf'

Zuiderweg (41) derives almost identical criteria from the results
of Whitehead and Dent (36) for multiple~tuyere arrays.

In a study of arrays of tuyeres, Whitehead et al. (38) measured
flow and pressure maldistribution for values of 6% ) greater than 2.
They found that pressure maldistribution was an'inherent property of
deep fluidised beds and hence for a given bed depth, the pressure ratio
was set by the acceptable flow maldistribution at the operating velocity.

AP

In their experiments Q:gg) varied from 0.03 to 2.4. For a bed 1.09 m
(43in) deep in which 5% Bf the mean flow‘through a tuyere was the
tolerable flow maldistribution, they calculated a critical ratio of
0.13, which supports a value of critical pressure ratio of less than
'0.2 as a criterion for design.

Whitehead (28) notes the use of low pressure drop distributors

in shallow beds. ‘ -
2.7, Conclusions.

(i) The composition, temperature and solid burden of the products of
the H.D.C.C. gasifier used in this work may be found from theoretical
and empirical relations, and the heat transfer in cooling tubes placed
aftef the gasifier can be predicted.

(ii) A two stage system with interstage heat removal can be employed
to inhibit the formation of higher metal oxides and salts that cause
high temperature corrosion, and at thé same time reduce Noz‘emissions
to the atmosphere. A chemically active fluidised bed operating as a
second stage combustor could also reduce the level of sulphur dioxide

in the exhaust, when high sulphur fuels'are used. The ability of
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particulate systems to’collect mists and dusts dispersed in the gases
passing through them, suggests that a fluidised bed could capture ard
burn the soot in the products of the H.D.C.C. gasifier.,

(11i) In this design the air and gas must be mixed inside the fluidised
bed. When gas and air are injected separately the relative disposition
of the injectors on the distributor plate is important as it strongly
affects gas—air mixing in the bed. The effect of distributor design
on mixing in the region of the plate should be investigated.

(iv) The ratio of the pressure drop across the distributor to the
preséure drop across the bed that gives good fluidisation can be emaller
than 0.2, and the superficial velocity above which all tuyeres in an
array are continuously operative, may be estimated. The size and

frequency of bubbles forming on a distributor plate can be predicted

from first principles.
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CHAPTER THREE

DESIGN THEORY e

AND

MODELLING

3.1, Temperature and Composition of Gasified Qil.

. The method used for evaluating the composition and temperature
of gasified residual fuel oil is described in detail in reference (1),
and outlined on page & 4 = 5 in Appendix 8. The reaction may be

represented by the equation:

1
= (c 31.532 50.0104)11 + a.(02+ ;5.761@2)—-——*' bc:o2 + cC0 + dH,0

+ fH., + 3.76 a ¥, + hC + iCH, + jSO

2 2 4 2 \ Ee3e1s

where n is the average number of carbon atoms per molecule of fuel and
the coefficients a,b,c,d,f,h,1i,] are %he number of moles of each chem;cal
species present in the reactants or products.

E.3.1 includes the presence of solid carbon, methane and sulphur
dioxide in the gasified fuel, and when the material balance equations
for carbon and hydrogen were written, h and i were obtained from empirical
relatioﬁships.

The equation E.2.1 was used in conjunction with a regression based
on data presented by Htun (4), p149 to find he The carbon content of

the solids is exvressed bys
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Where cB is the percentage of carbon that was detected in the
solids. |
Htun (4) detected small quantities of hydrogen in the solids,

and this was also included in the material balancest

E, = 0.504 - 0.96548, + 0.584¢2 g, > 1 E.3.3.

where Hs is the percentage of hydrogenvthat was detected in the
golids,
Only very small quantities of methane were recorded by Hiun (4),

P148, and i was found from an equation fitted to the data in reference (4):

G
{
*

i' = 002¢}_ 9 ¢1:> 1 7 V o ?;~ . 303040

where i* is the mole % methane expressed on'a dry basis.

Johns (3) has shown that neglect of the sulphur present in the
fuel does not make any significant difference to the temperatures
" reached in the gasification, so sulphur dioxide has not been considered
.when calculating the sensible heat of the‘gasified oil.

-An option was included in the program which was written to calcu~
late gas compositions and temperatures for the conditions encountered
in this work, {0 allow gas compositions to be found at specified
temperatures, This option was used in the stepwise inteération along

the length of the interstage cooling tubes (Appendix 2).
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An sdditional term, Q, was also included in equation A9 in

Appendix 8 to account for the heat removed from the gas stream:

I T s B3,
: @p
wheres
ép | . Mean heat capacity of the gasified oil.
I-Ir Heat released in the reaction per carbon atom in the
fuel.
Q Heaf removed from the gasified oil per carbon atom in
the fuel,
iy | Temperature of the gasified oil.
Ta Temperature of the aii, equal in all calculations to the

thermodynamic reference temperature of 298 K.

3.2, Heat Transfer,

The products of the H.D.C.C. gasifier éontain suspended solids
consisting of carbon formed in cracking reactions, and char formed
from incompletely burned fuel drops. These suspended carbon particles
give the combustion products a high emissivity, e, and in estimating
the heat transfer that occurs in the exchangers placed after the
gasifier, it is necessary to consider both the convective and radiant
contributions. The method of integrating along the length of the
cooling tube described in reference (5) is outlined in Appendix 2.
Some heat is also taken out of the gas stream in the gas plenum
_chamber and fluidised bed; (see Fig. 4.1 for a labelled drawing of

the fluidised bed combustor), and estimates of this have been made for the
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case oflthe fluidised bed combustor surrounded b& a water Jjacket.

3.2.1, Effect of Cooling Tube length. Three cooling tubes of

: lengfh 1.22 m (4 £t), 0.61 m (2 £t), and 0.305 m (1 £t) respectively,
were available for use in this work, and the combination of all three
was found to be very convenient geometrically in making the connectién
of the gasifier to the fluidised bed cémbustor. The effect of increas-’
ing the length of the interstage cooling tube above the 1.22 m used
in previous two stage work (1)‘was’examined.

Data points for emissivities found at oil flows and equivalence

ratios in the range considered in this design, viz.
11 < f <16 , 2g/s <F <3540

were taken from reference {3), p104. A regression of emissivity
data that includes these points has also been given in reference (5).
These emissivities are listed in table 1, together with the predicted
heat transfer in the cooling tubes arranged in series. Over the
range of conditions considered, the total amount of heat transferred
from the gas stream was predicted to vary linearly with the first
stage equivalence ratio. This is illustrated in Fig. 3.1. Fig. 3.2.
is a typical plot of the cumulative percentage of the total heat
tranéferred in the combined tubes as a function of lengjh along the
tube, and it shows that the addition of tube after the 1.22 m exchanger
has little effect, as more ihan 85% of the total heat transfer in

the combined tubes takes place in the first 1.22 m.
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TABLE 1 s PREDICTED INTERSTAGE HEAT TRANSFER IN COOLING TUBE

2 % e %
(&/s) (-) (=) (kJ/ke)
2.43 1,09 0.3501 23,504
3.05 1,139 0.3616 21,318
2.96 1.24 0.3780 19,241
3.48 1.14 05571 22,112
2.59 1.13 0.7577 24,378
2.96 1.33 0.3766 17,305
3.21 1.53 0.8145 15,550

g

Py ¢1, e 4 presented in reference (3). Q;» calculated by the

method in Appendix 2 for 2.13 m cooling tube,
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O

calculated by method
described in Appendix 2,

o (see also table 1)

¥ ¥
1.1 1.2

I
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FIRST STAGE EQUIVALENCE RATIO, g, (-).

FIG, 3.1: INTERSTAGE HEAT REMOVAL BY 2.13 m

COOLING TUBE,
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Calculated by method

60 o in Appendix 2.
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20 -

i i § i
O.h 0.8 1e2 1.6 2.0

LENGTH, (m).

FiG. 3.2: CUMULATIVE HEAT TRANSFER IN
2.13 m COOLING TUBE.
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» 3.2.2Q Gag Plenum Chamber and Fluidised Bed. Estimates of the
heat transfer through the refractory lining of the gas plenum

chamber to a surrounding water jacket were made by solving E.3.6:

QB = Qsa - Qi - Qg . EQ306.
wheres

Qs Sensible heat of the gas stream.

Qsa Sensible heat of the gas stream for adiabatic conditions.

Q Heat removed in the interstage cooling tube.

Qg Heat transferred through the refractory lining of the gas

plenum chamber to a surrounding water jacket.

any specified oil flow rate and equivalence ratio. It was assumed
tﬁat the temperature in the gas plenum was uniform, and that all
resistance to heat transfer was in the refractory lining.

A similar approach was adopted in estimating the heat loss from
a bed in the combustor which was ﬁaken t0 be 0.305 m deep. In this
case, it was also assumed that complete combustion occurred in the
bed, and that the temperature throughout the bed was uniform. Radia~
tion exchange between the bed surface and the lid and walls of the
combustor above the bed was not considered., The heat loss in the
ga8 plenum chamber, Qg, obtained by the solution of E.3.6, was used in

the solution of E.3.7 to find Qr'

Q = Q - ‘ Q- - Q - QI' Eo307o

81



where§

81

8a
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Sensible heat of the gas siream burnt with the stoichiometric

air requirement in the second stage.

Sensible heat of the oil gasified adiabatically.

Heat transferred from the fluidised bed to a water jacket

surrounding it.

Typical values of (Qi + Qg) and (Qi + Q,g + Qr) are given in

table 2, and a plot of heat transfer from the gas stream vs ¢1 is

shown in Fig; 3.3.

TABLE 2 : TOTAL HEAT TRANSFER

g, (q + Q) T (@ +9,+Q) T,
- (k7 /ig) (x) {x3/5g) (8
1.1 26,100 960 28,200 1010
1.25 22,500 800 25,000 1180
1.40 19,300 760 22,100 1340
1.55 16,150 725 19,300 1480

Qi calculated by method in Appendix 2

Qg’ Q, obtained by solution of E.3.6, E.3.7.

F1 fo: all values in Table 2 , 3.5 g/s.

Tgp Temperature of gages in gas plenum chamber.

Tr Temperature reached by gases during stoichiometric combustion in

combustor.
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FIG. 3.3: HEAT REMOVAL FROM GASIFIED OIL
AND SECOND STAGE STABILITY.




3.2.3. Stability. Archer et al. (42) studied the stability of a
tunnel type burner firing the products of the H.D.C.C., and using
steam as the atomising fluid it was found that the differences in
measured and theoretical interstage heat remowval at blowout could
not be explained either by experimental errors or by errors in the rate A
constants used in the theoretical analysis. Modelling blowout there-
foreAfailed, and for this reason, a theoretical combustion stability
analysis of the fluidised bed combustor has not been attempted.

Values of direot interstage heat transfer at blowout obtained by
employing avwater‘spray to quench the combustion gases; were presented

by Grout (8), p213. In reference (42) these were correlated by the

equations

~

Q. = 42,46 - 12.552!1 ' 'E.3.8.

' The uﬁits of-Qt in E.3.8 are MJ per kg fuel burnt.

Interstage heat transfer at blowout given by E.3.8 has been
compared with the heat,Qt, removed from the gas stream dbetween the
point of gasification,and the top of the fluidised bed where;

Fig. 3.3 shows that the heat removal from the fluidised bed
combustor is lower than a critical value given by E.3.8, and this
suggests that the combustor could operate stably. However, because
of the demonstrated dependance of combustor stability on design,
the stability of the combustor to low temperature operation must be

found experimentally.
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3.2.4. Conitrol of Heat Tranzfer., The heat transfer in the cooling
tubes is gas side controlled and for a specified F1, ¢1, Qi can only
be affected by changing the amount of surface area in the exchénge:.
This may be done by altering the length of the tube connecting the
gasifier to the combustor, but because of the heavy construction of
the plant this is not easy to do once a specified plant configuration
has been chosen, and still does not allow Qi to assume a continuous
rangé of' values at a given gasifier c¢il flow and equivalence ratio.

By surrounding the combustor with a zoned jacket suitable for
an air or water coolant, some degree of control of the heat removed
from the system can be achieved. Heat passing through the walls of
the combustor and gas plenum may either be used tqipreheat the air
supplied to the fiuidised bed, or it can be removed from the system
by a water flow in the jacket.

In section 3.5.2 it is pointed out that the mass flow of air to
the fluidised bed is such that heat transfer to boost its volumetric
flow, could be advantageous to the formation of air bubbles on the
distributor and good flow distribution. This observation also
encourages the provision of a facility in the combustor for air pre-'
heat, as both the quality of fluidisation and combustion efficiency
are sensitive to flow maldistribution resulting from partial operation

of the air orifices.

3.3. Gas Mixing in Fluidised Beds.

In all combustion processes, the fuel and oxidant must be brought

into contact before combustion will proceed, and when air and gas
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are ihjected separately into a fluidised bed, goqugas-air mixing
must be ensured for high combustion efficiency to be obtained.

Gas nixing in a bubbling bed of inert nonsorbent particles occurs
by both convective and diffusional mechanisms. The contents of
two bubbles that coalesce to form a single bubble are mixed when
this occurs. ZExchange between a bubble and the particulate phase
takes place by diffusion, and alsc by the bulk flow of gas entering
through the bottom and leaving through the top of the bubble.

The velocity of rise of & bubble in a fluidiseq bed, Ub’ is
approximatelj given by the expression for a gas bubble rising in

a liquids

U, . ot (gn)® | E.3.10.

where Db is the bubdle diameter.

When Ub exceeds the velocity of the fluid in the particulate
phase, all the gas leaving the top of the bubble is swept downwards
by the relative motion of the particles, and re~enters the bubble at
the bottom (43). The region outside the bubble penetrated by the
ecirculating gas is called the cloud, and the ratio of the radius of
the penetration sphere, T, to the bubble radius, T is given by

E.3.11;

1
u -
. Ub + 2(}£§E) 3
_(_!_ - mf E-3o110
r

b _ U
L ()
\ mf
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€nf is the bved voidage at incipient fluidisation.
Thus although there is a bulk gas flow into the particulate

phase, there is no convective exchange across a cloud boundary.

3.3.1. Diffusion Across a Cloud Boundary. The gasified oil used in

the combustor consists principally of nitrogen, and contains the
combustible gases carbon monoxide and hydrogen. The composition of
the stoichiometric combustion products is given in table 3, and
typical gas compositions are shown in Fig. 3.4, as a function of ¢1.

An estimate of the amount of combustible that diffuses across a
cloud boundary can be made by considering single bubbles containing
carbon monoxide or hydrogen injected singly into a bed incipiently
fluidised by nitrogen. >

Assuming, for the purposes of this calculéfion that the concen-
tration of combustible in the particulate phase is zero, and following
an analysis similar to one by Davidson and Harrison (43), a material

balance over a single bubble rising in a large bed gives the equations

de

dt
where;
°y concentration of combustible in the bubble.

kbp volume of gas exchanged between bubble and particulate phase, per

unit volume of bubble per unit time.
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TABLE 3 : COMPOSITION OF STOICHIOMETRIC

COMBUSTION PRODUCTS OF DIFFERENT FUELS

Constituent in combustion products, % vol.

—

Fuel
N, H,0 co,
Town gas’ ' 69.1 20.8 10.1
Natural gas' 69.5 21.4 9.1
Residual fuel T4.6 11 14.4

Solihull Town Gas

+ Data taken from reference (51).
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Nitrogen by
difference.

Interstage heat removal
taken from fig. 3.1.

[} ] 1 ) 1 1
1.1 1.2 1.3 1.4 1.5

FIRST STAGE EQUIVALENCE RATIO, ¢1 (=),

FIG, 3.4: PREDICTED GAS COMPOSITION,
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Rewriting E.3.123

do ds

- "'"'b — = kbp cb Eo3o130
ds dt

and integrating with the boundary conditions;

8 = 0 4 o = o

Cy, is found as a function of height in the bed, s, and the concen-

tration of the combustible in the bubble, at the base of the bed, cbo:

Ko © ) E.3.14.

[
&
T
dC}c

Rearrangement of E.3.14 gives the height at which a known concentration

‘is reacheds

s = Up 1n<_°_119_) E.3.15.
bp ®b

Tt is shown in the next chapter that mechanical and geometrical
" factors limit the distributor design, and hence the initial bubble
diaméters. Therefore, in this calculation, a diameter is used which
is estimated for uncoalesced bubbles of gasified fuel 0il forming in
a bed of particles of the type chosen for the initial experimental
trials, Thus, taking a diameter of 75 mm from table A.T+4 and a bed
temperature of 1000 C, values of kbp were calculated by the method |
described by Potter (44), as outlined in Appendix 3. U, was obtained
from E.3.10. Substitution of U and kbp into E.3.15 gives results

which show that the height of bed required to reduce ¢, to 5% of its

b
inlet value is 0.84 m in the case of carbon monoxide, and 0.48 m for
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hydrogen in the bubble. Alternatively, at the surface of a bed
0.305 m deep, (fg ) is as high as C.34 and 0.15 for carbon monoxide and
hydrogen respeczgsely.

It is apparent that when a large bubble containing a combustible
gas rises through a shallow bed, there»will be considerable bypassing

of the combustible, and complete combustion in the bed will not be

possible, unless some other form of gas-air contacting occurs.

3.3.2, Gas Mixing by Bubble Coalescence. The even distribution of

air and gas over the base of a bed is represented schematically in
Pig. 3.5 (b), by pairs of bubbles, one of which contains the portion
pf the gas supply to a small area at the base of the bed, and the
other, the corresponding air supply. The distribution is even, and
thus neglecting diffusional exchange between the bubble and particu-
late phases, when these bubbles coalesce the resulting bubble will
contain air and gas in the same proportions as the ratio of the supplies.
When the air and gas supplies are not-evenly distributed, or

when supplies to small areas of the base of the bed are not in the
same. proportions as in the overall amounts of gas and air fed to the
bed, the number of successive dual coalescences, Nﬁc’ that most bubbles
- must undergo before a bubble is formed in which the air to gas ratio
is the same as in the supply, increases. This is shown schematically
in Fig. 3.5 (a) in which air is supplied to a smaller area than the
gas, and in Fig. 3.5.(c) in which gas is supplied to the smaller area.

| it can be inferred from this that in a shallow bed particularly,
the distribution of air and gas at the bottom of the bed should be
as even as_possible, if complete mixing within the bed is to be

achieved,
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FIG. 3.5 SCHEMATIC REPRESENTATION OF GAS MIXING BY
BUBBLE COALESCENCE,
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3.4. Gas Mixing and Combustion on the Distributor Plate.

The interaction and subséquent coalescencé of two bﬁbbles, i énd Js
forming on adjaéent coplanar orifices on‘aidistributor plate depends
on several variables. The voiumetrié flbw.to each bubble, Gbi and
ij, the spacing of the orificesy, Ay and the length of time each
orifice operates with respect to the othér one, usually expressed as
a delay time td’ are all important.

When bubbles of gas and air coalescé and rééct, the compesition
of the resulting bubble is determined by the factors listed above,
and also by the initial composition of the gas. A model was developed
t&kstudy the effect of the parameters A, Gb’ ¢é and td’ on bubble
interaction and the composition of bubbles formed. The equivalence
ratio of the gas, ¢g, defines an equilibrium composition for a
specified fuel gasified under known thermal conditions. An array of
~ gas and air orifices was considered, and bubbles whose perimeters
touched were assumed to coalesce instantaneously. - The model for react-
ing gases has already been published (45), and this paper which is for
& twin orifice system is included in this thesis as Appendix 8.

A flow chart of the program used to model the growth of a bubble
on an orifice, its coalescence with an adjacent bubble, chemical
reaciion that occurs on mixing with air when the gas temperature is
highy and the detachmgnt of the bubble from the plate, is given in
Appendix 4.

What follows here is additional to what is already published,

When air and gas bubbles are formed on orifices that are part of

large arrays fed from independent manifolds, the analysis of the

bubble interaction is complicated by uncertainty in the flow through



- 60 -

each individual orifice. In practical applications, the metered
fluid flow will be the total flow into the manifold. Although with
some types of tuyere the total flow through each tuyere can be

recorded, the net flow to a bhubble is not directly measurable.

3.4.1. 3Bubble Equivalence Ratio. In the following analysis, a bubble

of gasified fuel oil called the gas bubble, and a bubble of air called
the air bubble are considered. These grow on adjacent orifices and
coalesce to form a single bubble called the product bubble. The gas
orifice is one of Né gas orifices on a distributor plate, and these

are fed from a single manifold by Rg kg/s gagified o0il of equiﬁalence‘
ratio ¢é. The air orifice is one cof Né air orifices on the distributor
plate. The air manifold is fed by Ra kg/s air. The gas orifice
operates for tg seconds, and the air orifice operates for ta seconds,
.where tg > ta. The formation time of the product bubble is tb’ and

is measured from the commencement of operation of the gas orifice;thus

t, is equal to tg, At any time, a proportion pé of the gas orifices

b
and P, of the air orifices are operative.

Some of the fluid supplied to the bed flows into the particulate
phése, which according to the two phase theory of fluidisation is
- maintained inia state of incipient fluidisation, and the remainder

forme the flow the the bubble phase. Thus, Rgb’ the gas flow to the

bubble phase iss

R . = R - R . EI3.16.

where Rgp is the gas flow into the particulate phase,.
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Assuming equal bubble flow through each similar operative
' *
.orifice, Reﬂ;the flow to the bubble phase through each operating

gas orifice iss

* P ’
R* - R R Ee3.17.
gb £ _ & | _
p XN
g g

Ry = o = Rap | E.3.18.
P Né
wheres
R;; Air mass flow through each operative air orifice to the bubble
phase.,
Rap Air mass flow to the particulate phase.

If we consider the air and fuel that react to form the gas feed
and the air that is supplied from the air orifices, the air to fuel
ratio in a product bubble can be found by material balance using the

relationships given on page A4-6 in Appendix 8. The fuel in the

-bubble, fb’ after tb iss
*
R 4
v = gb ¢g te E.3.19.
+
(8, + w)

where w is the air to fuel mass ratio 'at an equivalence ratio of one.

The corresponding total air flow during tb is made up of the air flow
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from the air orifice, and the air (now chemically combined with the

fuel) in the gas feed. Thus;

*
R.wt
gb 8 * '
a.b = -+ Rab ta Eo3o200
+ W
(8, +w)
and,
%
R %
eb ¥ g "
a Zag + ws + Rab ta
L = , E.3.21.
fb« .
: Rgb ¢g tg
(¢g+W)

When Ra air is the stoichiometric requirement for Rg gasified

fuel o0il;

R g, w (1 —;;}) |

2 = g g : E.3.22.
& ( ¢g-’+ w )

The relative amounts of air and gas that flow into the particulate

phase may be expressed in terms of an equivalence ratio, ¢§, and the

relationship between R, Rgp, ¢g and ¢p is given by E.3.23.

p$

¢
w¢g (" —i) | E.3.23.
(¢g+W)

u1ghl
]

&P . ¢P
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If the particulate phase has an equivalence ratio of one,

E.3.23 reduces to:

1
Bap  w bg » ‘3;;) E.3.24.
“ev (8, + ) |

and it follows that,

1
R =- R - ¢gw (1 —5;) (Rg j RgP) E.3.25.

(¢g + W)

substituting E.3.25 into E.3.21, and rearranging the terms, the

'equivalence ratio, B.s of a product bubble is obtained:

u

g g
p N
¢b = g g E030260
1
._:&. + ¢g (1 - J_D'—) ta
‘pg Ng g P, N

Ir ?d is now defined as the average time between the cessation
and recommencement of operation of each orifice on a multi-orifice
plate on which random movement of the defluidized zones (36) takes
place, it msy be found in terms of the proportion of the orifices, D,

that are operating during a small interval At. For the purposes of
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this analysis, it is assumed that p is constant.

Thuss

- orifices on a multi~orifice plate during an
t = _extended period of plate operation.

total number of bubbles formed on the plate
during the same period of operation.

Ctotal accumulated non-operative time for al%]
E03027.

In an extended period of plate operation 7, during which many
bubbles are formed at each orifice in an array, the total maximum

operative time, Tm’ for a plate having Nbr orifices is given by

E.3.28: _
t=7
T -y (N at) - ¥ B.2.98.
m :56 or ‘ or

The actual operative time, Tas for the whole plate during the

same period iss

1;=1'

roo= Z (N at) = N, E.3.29.
t=0

where Nop is the average number of orifices operating during an interval
At.

The average operative time for each orifice, t, or the average

bubble formation time, is given by E.3.30.

% = _T_a_ : Eo3o30'o

> ]
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where n, is the number of bubbles formed on the plate during the

extended period of operation, thus:

B, = Ta = Jop” E.3.31.
' % 3
ands ‘
i, - or = Ty E.3.32.
S
%
OTy

E.3.33.

ot

ol 1

]
P—
-l

o i
-]
\_/'
ot

When two arrays produce bubbles that coalesce in the manner
described at the beginning of this section, E.3.33 may be applied to
each array independentlywhen tg, ta and tda’ tdg’ the delay times at

the air and gas orifices respectively, have average values:

Y, - Yaa " E.3.34.



and,
:& = tdg ’ ) ‘ B.3. 35.
Pg 1-p _

where pa, Pg are respectively the proportions of operative air and
gas orifices,
Using the relationshipt

.0+ B, - T

a g dg E.3.36.

o
[ ]

and substituting E.3.34 and E.3.35 into E.3.36, the result is thats

E.3.37.

'Gldﬂl
a:dbﬁw'

Fig. 3.6. depicts the independent recommencement of operation
of adjacent air and gas orifices, following the detachment of a product
bubble. The single bubbles that form when the orifices start to
operate subsequently coalesce, and the process is repeated.

Assuming average values of ta and tg in E.3.26, which was found

for the condition ¢p equal to one, and substituting for fﬂ from E.3,3T:

Pa

-1

| 1 N 1
g, = [B; + ﬁi (1 5-0'; )] E.3.38

This equation shows that the equivalence ratio of an average prodﬁct

bubble is independant of the delay time Ed’ and as expected reduces to
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PRODUCT BUBBLE - PRODUCT BUBBLE
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GAS ORIFICE
BEGINS TO
OPERATE
4 Y 4
t
ag tg
- > | - L
tda. . ta
t=0 : =t
| t=t,
Q<

AIR ORIFICE
* BEGINS TO
OPERATE

FIG. 3,6: SEQUENTIAL OPERATION OF AIR AND GAS
ORITICES FORMING PRODUCT BUBBLE,
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¢b equal to one when equal numbers of air and gas orifices are used on

the plate.

3.4.2. SLombustion efficiency. E.3.38 shows that when Né is equal to

N_, and some maldistribution is taking place, i.e. t.> 0, combustion

d

inefficiency on the plate does not neceesarily result. However, it

is unlikely that t. will always take the average value, and E.3.26 has

d

“been rewritten to show the effect of variations in $34 OP ¢b' Taking

the case of tdg equal to zero, and considering a constant value of tg,

t = t had t . Eo3o39o )

% = 1 | ~ E.3.40.

E.3.40 shows that as t, falls, so does ¢b’ and that ¢b rises with

da

increasing ¢ When is greater than one, fuel rich combustion
) b

da’
occurs in the bubble and ¢£ less than one indicates the presence of
unreaéted oXygen.

~The effect of variations in delay time on the combustion efficiency
in a bubble formed by the coalescence of air and gas bubbles respectively
fed ét constant mass flow rates, has been investigated in Appendix 8.
It is shown in Fig. 4, page A4-8 that at a.constant orifice separation,
the combustion efficiency in a bubble falls as tda.increases.

The combustion efficiency of a whole plate is defined as the ratio

of the actual heat release on the plate during a prolonged interval of

plate operation, 7 , to the maximum possible heat release.



- 69 -

ov
fuel.

i=ny,
AHp Fp T + E (Aﬂbi fbi |
) E = i=1 E-30409
P i=np Y
AHcv (FPT * fbi)
i=1
'whe:e;
Fp Flowrate of fuel into the particulate phase (cf. E.3.19 for fuel
in a bubble, fb).
AHbi Heat release in a bubble per unit mass of fuel.
AH Heat release at an equivalence ratio of one per unit mass of

AHP Heat release in the particulate phase per unit mass of fuel.

7 is large and many bubbles are formed, thus for specified operating

conditionsg

=y,

Z (AHbi fbi).

i=1

andj

i-nb |

E i

i=1

nb

= constant

= constant

E.3.41

E.3.42.

Considering E.3.41 and E.3.42 in conjunction with E.3.31, it is seen that
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E { E(7) | : - E.3.43.

The distribution of t. about the mean value %, is not known,

da da
but the way in which combustion 1neff1cienqy may arise can be shown by
con81dering the following extreme case.

During a short sequence of bubble formation in which bubbles form
simultaneouslyat all the gas orifices, the number of air orifices
that operate is less than the number of gas orifices on the plate. At
time t = O; a gas bubble begins tb form at each gas orifice, and

at t = t bubbles begin to form on the air orifices, and these

da ?
subsequently coalesce with a corresponding number of gas dbubbles. The
product bubbles detach, and the gas bubbles that do not coalesce with
air bubbles grow until they too detach wifhéutlan& combustion taking

placg in them. A mean combustion efficiency has thus been defined in

terms of the average number of product bubbles, Né, that would be present

on the plate in an extreme case such as described above.

E.3.44

e
o
]
o
]
o'

where fb is the mass of fuel in a product bubble of formation time tb‘
For a plate on which the numbers of air and gas orifices are the
same, Ep is the same as the combustion efficiency that would result if

there were no random movement of the defluidised zones, and those air

orifices that did operate, bubbled continuously.

3.5. Bubbling mode of distributor.

Equation E.2.4 has been used to provide an indication of the bubbling
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mode of the gas and air orifices in the distributor plate, and because
the temperature of the gases in the plenum chambers will be different
from that of the gases in the bed, the values of the flow parameters .

were calculated from the upstream gas properties.

Jos5.1. Gas orifices. The gasification model was used to provide

temperature and density data required in the estimation of the para—
‘meters in E.2.4 which was used to indicate the expected bubbling mode
of the tuyeres in the distributor. The particledensity and bed depth
were respectively 3.1x.10° kg/ﬁ3, and 0.305 m.

Pig. 3.7 was prepared for the condition;

q = @ + Q E.3.45,

and Pig. 3.8 for the case ofj

Q‘t 2= Q_ . i E03046.

The values of Qt-given by E.3.45 and E.3.46, respectively represent
the upper and lower limits of heat removal from the gas stream.

The pressure drop across the distributor was found from E.3.47.

APy = o or _ ‘Be3e47.

wheres
4 Discharge coefficient.
Uor Fluid velocity at an orifice.

Po Fluid density at the orifice.

A value of c; equal to 0.6 was used in all calculations (29).
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Fig. 3.7 and Pig. 3.8 show that as the heat removed from the
gas entering the bed increases, with a consequent decrease in the
volumetric throughput, there could be some nonoperation of the tuyeres
in the plate. At higher flowrates, all orifices should bubble continu-
6usly.

Nine tuyeres each having four orifices serve to inject the gas and

‘air to the fluidised bed combustor and a gas and air tuyere are shown

~in Pig. 4.3. The predictions of E.2.4, whichwas derived for tuyeres
of the bubble cap type, (see section 2.6.4), are not a
s8trong function of the number of fuyeres in an array, and this is

illustrated by the similarity in the values of (Eg ) found separately
U
with N equal to 9, the number of tuyeres, and N e%gal to 36, the numbex

of gas orifices in the plate.

2.5.2. Aiw Orifipcs, PBukbles will form irn thes region of the gac

nozzles as:

. where Ug is the superficial velocity in the bed, based on the velocity
of the unreacted gas stream, but the formation of bubbles in the region
of the air nozzles will not necessarily occur, since the volumetric flow
of air, supplied to the air plenum chamber.at Toom temperature, is below
the volumetric rate required to cause incipient fluidisation. The mass
flow rate of air to the fluidised bed is given by E.3.48 for overall

atoichiometric conditions:

R, = F ow(1-_) E.3.48.

2
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At ¢1 equal to 1.55 and F, equal to 3.5 g/é, the superficial

1
velocity of the air in the air plenum calculated at 25C and on
the basis of the bed diameter.of 610mm is 0.06 m/sand this is below Umf
in the bed (~ 0.07 m/s). Whether or not bubbles form at the air
orifices will therefore depend on the amount of fluid flow in the
particulate phase in the region of the air nozzles that results from
the efflux from the gas tuyeres, the local volumetric flow due to the
‘air from the air nozzles, and any local flow that results from reaction
between air and gas. At specified gasifier conditions, the local
volumetric flow of air will depend on heat transfer to it before and
during its entry into the bed, and also on whether fhe flow is evenly
distributed at the base of the bed., E.2.5 predicts that as U is raised,
the proportion of operative orifices in an array increases, and this
suggests that preheat of the air to increase its volumetric flow could

he advantageous to the formation of air bubbles and at the same time,

discourage flow maldistribution.

3+¢5.3. Bubble Formation Bewteen Tuyeres. The formation of bubbles at

the point of contact of opposing jets from tuyeres set in a distributor
plate, has been noted by Kozin and Baskakov (46), and Zenz (47) has

- included data also by these authors in a graphical presentation of data
on jet penetration into fluidised beds. Typical jet lengths found from
this correlation were 0.01 m at the gas nozzles and 0.008 m at the air
nozzles. Merry (48) has derived a semiempirical equation for the

penetfation‘ of & horizontal gas jet into a bed fluidised from below:

po v or Pe d .
(f&- + 4.5 = 5.25 S E.3.49.
: or

—¢) P

(1-¢) P g d Py or
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wheres

dp Particle diameter.
dor Orifice diametexr.
L Jet length.

The jet length predicted by this equation is 0.0005 m at the air
orifices. A negative result is ébtained when E,3.49 is used with
typical parameter values at the gas.orifices. See table 4.

The lengths of jets forming at both the air and gas orifices are
short, and in applying the bubble coalescence model to the bubbles on
the orifices of horizontally blowing tuyeres, buﬁble growth and detach;
ment was considered to take place as shown in Fig. 3.9.. This is similar
to the growih énd detachment of a bubble at an orifice blowing vertic-
ally upwards, shown schematically in Fig.1, page A4-8, in Appendix 8.
The coalescence of bubbles growing on opposing tuyeres is shown schernr-

atically in Fig. 3.10.

3.6, Estimation of Incipient Fluidising Veoleity at Elevated Temperatures.

A series of cold experiments was conducted to examine the fluidising
" behaviour of fused mullite. This material was found to fluidise satis—

factorily, and U ., of the sample selected for the first experimental

of
trials was found to be 0.18 m/s. The particle properties are given in
Appendix 3.

Values of Umf at 25C were obtained fof samples of different surface
mean diameter dp, and a plot was made of ln(Umf) vs ln(dp). 41l points were

well described by a line fitted by eye to the data in order to estimate

the exponent on dp, and it was found thats
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TABLE 4. PENETRATION OF JET INTO FLUIDISED BED.
P dor Uor Jet length (mm)
(kg/m>) (mm) | (ofs) | Merry (48) | Zenz (47)

AIR 1.184 3.2 38 2 8

GAS 0.31 12,7 24 - 10

conditions:

F, 3.5¢gfs

g, 1.55

bp  0.22 kefw

P 3 x 103 rg/e’

dp 402 m

€ 0.55

Py 1

Interstage heat removal taken from Fig. 3.1.
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FIG., 3.9: GROWTH OF BUBBLE ON SINGLE ORIFICE OF TUYERE
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U, = 0.00001506 dp"57, 240 um < 4 <500 um E.3.50.

where dp is in micrqns.
This equation does not show the relationship between U p and the
fluid viscosity-uf, but it does indicate ; power of dp less than two,
and this suggests that E.3.51 recommended for Remf less thgn 20by ref. (29) isnot
applicable. Remf is the Reynolds number based on the particle @iameter

and U, and in the cold experiments varied from 1.3 to 9.

>
Umf = E.3.51.
' 1650 gf

The difference between the value of 0.18 m/s measured at 25C and
U p Predicted by E.3.51 is only -11%, and all values at elevated temp-

eratures were estimated usings ‘ o |

Umf, e - constant ' E.3.52.

E.3.52 has been verified experimentally by Singh et al. (49) for

particles 200 “m wt. mean diameter, and temperatures up to T00C.

- 3.6.1. Viscosity of Combustion Gases. Although sophisticated techni-

ques are available for the calculation from first principles of the
viscosity of mixtures containing polar gases, proven expressions are
»complex (50), and a simple method of estimating the viscosity of the
~ products of combustion of residual fuel oil was sought. A

Town gas and natural gas have different constituents, but the
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compositions of the stoichiometric combustion products of both

gases are similar, and the viscosities identical over a wide range of
temperature (51). The stoichiometric combustion products of residual
fuel o0il are similar in composition to those of town gas and natural

gas, the main constituent in each case being nitrogen (see table 3),

and in finding Um at elevated temperatures, it was assumed that the

£
viscosity of the gases in the particulate phase was the same as that
‘of town gas or natural gas combustion products at the same temperature.
E.3.52 expresses viscosity as a function of temperature, and was

obtained by regression of data taken from curves in reference (52).

The equation is valid between 800K and 2300K, and T is in degrees Kelvin.

= 1078 [2.6113 + 5.1581.1072T = 1.5688.107° T° + 2.15.107 T3:|
| | E.3.52.

-

The units of M. are (N_s/me).

3.7. Combustion on a Distributor Plate.

The'equations developed in section 3.4 enable the calculation of
equivalence ratio of a product bubble formed by the ooalescence of
bubbles of air and gas when these both begin to grow on their
respective orifices after delay times equal to mean values. Since
heat release per unit mass of fuel at known thermal conditions is
a function of the initial gas compositioh, ¢g’ and the final gas

composition, ¢b’ efficiency Ep may also be found without recourse
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to a dynamic‘bubbling model .

When information on the diameter of bubbles is required, and
in caées where there are variations in td or the air or gas mass
flows, a dynamic model is needed, and the model described in
Appendix:8 has been applied to the distributor which was designed
;s outlineéd in Chapter 4. Results have been found in terms of

. the controllable variables ¢1,‘F1,and the parameter P,e The
separation of the opposing air and gas orifices is always 0.054 m.
All results are for the case of tda = zda’ and tdg = 0, Thus
the plate efficiency was in all cases found from E.3.44.

The combustion éf the carbon in the gas feed was not considered,
although the air requirement for it was included in the total air
supply. The éir supply was calculzted as the overall stoichiometiric
requirement for Vanilla fuel oil, using in E.3.48 a value of w

“equal to 13.89.

The air and gas supplies were considered to divide between

the bubble and particulate phases in such a way that ¢p was 1, and

* *

Rgb and R , were found from E.3.17 and E.3.18, with Ra’ Rg given by

E03.48 and En3.22’ and Rap’ Rgp by Eo3023 and by;

(r +Rgp) =

2
ap D (n% Umf) E.3.53.

r

x
)

where Dr is the diameter of the fluidised bed.

In all cases, U ., was found from E.3.52; for the particles that

mf
were selected for the initial trials, U . at 25C is equal to 0.18 m/s.
No preheat to the air was used, and all air volumes were

computed at 25C. The density of the gasified 0il, and all densities
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used in the numerical integration of equation 9 in Appendix 8

(see also page A4—6 Appendix 8) were calculated for values of inter—
stage heat removal taken from Fig. 3.1. The number of air orifices
is greater than the number of gas orifices, and the average number of
product bubbles, Nc, used in finding Ep was always considered to be

the maximum. There were 48 air orifices and 36 gas orifices,

cthuss

N = N | N > N e e .
c g op g E.3.54
NC =A NOP ] NOP < Ng Ea3’55-
Nbp = INT (pa Na) E.3.56.

"INT (x) signifies the nearest integer value of the variable x.

Computed results are tabulated in Appendix T.

3.7.1. Equivalence Ratio. In section 3.4.2 the qualitative effect

of changes in t,_ on ¢b was discussed, and in applying the coalescence

da
model to the combustion of gases containing solid carbon, the effect
" of maldistribution on the availability of oxygen in a product bubble
aftér the gas phase reactions are completed, has been examined.

E.3.38 is applicable to the case of the overall gas and air
supplies Rg, Ra’ being in stoichiometric ratio, and consideration of
E.3.21 shows that where R;; is greater than the stoichiometric require—

ment, the air to fuel ratioc in the product bubble will rise. Equivalence

ratio is inversely proportional to the air to fuel ratio, thus in this
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case, ¢b is always expected to be smaller than the value predicted
by E.3.38. Table A.T7.1 lists both the computed values of ¢b’ and
those given by E.3.38 for the case of F1 = 3.5 g/é and these are
plotted in Pig. 3.11. At all ¢1, the computed values of ¢b are
lower than those given by E.3.38; for instance, at ¢1 = 1.55, ¢£
is 4,024, whereas B.3.38 gives f = 1.097.

Values of ¢b > 1 indicate that the product bubbles conmtain no
- oxygen, and by implica£ion and consideration of E.3.40, all values

of t.>t. , and some values of t
a da

d da

dé<% will result in fuel rich

product bubbles. Under these conditions andconsidering the gas phase
reactions to be instantaneous, the solid carbon in the bubble would

not be able to burn.

3.7.2. Combustion Efficiency and Heat Release. The results for these

‘are in tables A.T.2 and A.7.3.
- Pig. 3.12 for the case of F1 = 3.5 g/s, shows the strong effect
of orifice non operation on ﬁ;, and the shape of the curves, falling
from a high value of Ep at lower gasifier equivalence ratios to a
smalier value as ¢1 is increased, is consistent with the assumption of
a particulate phase in which gtoichiometric combustion is completed. The
temperature of the particulate phase increases as ¢1 increases (see Fig. 3.13)

and Um falls with increasing temperature. Thus the fraction of the

£
total flow into the bed that is diverted to the bubble phase rises as
¢1 increases. Typical results are illustrated by an example. When
F, = 3.5 g/s, and P, =1 Ep at ¢1 = 1.1 is 96.2%; when ¢1 = 1.55,

ﬁp falls to 92.3%. The corresponding values of F, the heat release rate
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Heat removal by cooling
tube only, taken from FIG. 3.1
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FIRST STAGE EQUIVALENCE RATIO, ﬂ1 ).
FIG. 3.13: GAS TEMPERATURE AFTER STOICHIOMETRIC

COMBUSTION IN SECOND STAGE.



are 2.93 kw and 11.13 kw. The equation for F,is given below, and 1

values of P are listed in table A.T.3. ’

P{-v Ep AH (Fpt + Ngfb)

100

b E.3.57.

———

3¢7.3. Bubble Diameter. The diameters of bubbles forming on the

distributor plate have been estimated both from E.2.3 for the unreacted

gas feed, and using the coalesceﬁce modél. Results are listed in tables

A.7.4, A.7.5 and these are plotted in 'Fig.‘3.14 and Fig. 3.15. |
The effect of chemical reaction after the cdalescence of an air

and gas bubdle, aﬁd the subsequent growth Qf the product bubble fed by

both air and gas until detachment, is seen to be considefable. When

F1 = 3,5 g/s’and ¢1 = 1.59, Db for the unreacted gas feed as given by

E.2.3 is 78 mm, while the value of D. for a product bubble fed .at the

b
same gas rate is 103 mm. Increased interstage heat removal will decrease
the diameter of bubbles formed at the distiibutor., and table A.T.4(ii)
is for the case of interstage heat removal, equal to (Qi + Qg)’ for
single gas bubbles. The computed bubble diameters, are large for the
shallow depth of the bed (0.3 m) which is necessary to cope with the low

- delivery pressure of the feed gas. This fact could lead to unsatisfactory

fluidisation.

3.T.4s Implications of Results. The computed results taken in conjunction

with Fig. 3.3, Pig. 3.7 and Fig. 3.8, suggest that throughout the range
of gasifier oil flows 2.5 - 3.5 g/s, the operation of the combustor will
be satisfactory, although the higher flowrates and equivalence ratios
should favour good gas distribution and second stage stability. The
possibility of carbon bypassing the bed unburnt illustrates the importance

of a mechanism for capture of carbon by the particulate phase. More work
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on this aspect is at present being undertaken in the laboratory.

It is apparent that particle diameter is an important parameter
in the system under consideration, as it could be used advantageously
to control bubble diameter, though the raising of dp with subsequent
increase is Umf

distributor plate.

could adversely affect flow distribution at the

There are of course many iﬁtriguing interactions occurring between
most operating parameters, and it is‘hoped that the preceeding part of

this work has made this observation very clear.
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CHAPTER FOUR

DESIGN

Constraints. .

The design of the fluidised bed was governed by the following

mechanical and system constraintss

(1)

(1i)

(113)

(iv)

(v)

The combustor had to fit into a laboratory with a 3 m (10 ft)
ceiling.

The blower supplying secondary air to the gasifier delivers

at T.5 kN/m2 (30 in w.g.) and under normal operating conditions,

the pressure drop across the nozzles in the forward and reverse
casings of the gasifier (see Pig. 1.1) is 2 - 2.5 kN'/hl2 (8-10 in w.g).
This means that the fluidised bed will have to be shallow, and

the distributor plate pressure drop will, in absolute terms, be
very lowe.

In view of the large physical size and weight of each sub-unit of
the combustor and the noted difficulties associated with the use

of a reducing gas containing suspended solid carbon, the distributor
should be simple in design and allow the plate parameters to be
changed easily, apart from being accessible to inspection.

The hot gas stream must be mixed with air inside the bed, and it

is desirable that the combustion of the gasified oil should proceed
to ccmpletion within the bed if full advantage is to be taken of

the benefits offered by the use of a fluidised system.

The flow of solids out of the bed into fluid distributing manifolds
is not tolersble either during operation or during periods of shut

down. The accumulation of particles inside a plenum chamber during
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times when the bed is not fluidised could cause operating problems,
particularly as experimental research involves repeated start up and
shut down 6f the plant. In addition, re-entrainment of abrasive
material into the bed should be minimised because it causes wear at

the digtributor.

4.2, Combustor Configuration.

4 combustor having a configuration such as that shown in Fig. 4.1
and a low pressure drop at the gas tuyeres is compatible with all the
constraints mentioned above. The gas and air both enter the bed through
borizontally blowing ceramic tuyeres. Johnson and Davison {30) have
noted that carﬁonaceous solids do not build up as readily on
ceramic materials as they do on cooled metal surfaces and Lever (53)
- has made a similar finding when sampling the gases
produced from ¢0il in a chamber similar to the H.D.C.C.. This observation
is confirmed by experimental experience gained by this laboratory over
the past ten years. Flowback of solids is eliminated, and the tuyeres
 are removable for inspection alteration or change, without the dissembly
of the heavy sub-units for using the combustor. In section 3.2.4 it
" was pointed out that the volumetric flow of the air. entering the bed
is low, with the accompanying possibility of orifice nonoperation.
However, designs encouraging high heat transfer from the hot surfaces
in the air plenum chamber were not compatible with the need for simpli-
oity in construotion.

The possibility of preheating the air by partial combustion with

gome of the gas feed was considered. This was not a practicable solution
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to the problem of ensuring good air distribution at low air flow

rates. .

4.3, ;pistributdr Plate and Tuyere Desim.

fhe relative disposition of the air and gas tuyeres, and the numbers
~of tuyeres on the plate were fixed by the external diameter, dt’
of the tuyeres. This in turn was fixed by the interaction of the
following conditions;
(1) The tuyere should not allow any flowback of solids into a
plenum chamber.
(ii) The tuyere should be strong and not liable to fracture during
fabrication or operation.
(1ii) The air and gas should both be distributed evenly over the base
of the bed, and gas and air mixing at the plate level should be
encouraged.
(iv) The total pressure drop across a gas tuyere and the fluidised bed
should be approximately 4 — 5 kN/m2 (16 = 20 in w.8.)y with
APd = O.ZIAPb. Thus APd’should be~T « 2 in Wegeo
(v) The gas orifices should not under any circumstances become blocked
by the carbonaceous matter in the gas feed,
The gases used in the combustor contain less solid carbon than the
gas feed used by Johnson and Davison (30). Their feed had a solid
burden of 17 g/h3 vhereas at F, = 3.5 g/s and ¢1 = 1.55, the solid loading
is oﬁe tenth of the above figure. However; at ¢1 = 2, the solid loading

rises to one third of the above figure. Thus it was decided that the gas

orifices should have a diameter,dbrg s larger than the smallest used in



reference (30), viz.,

dorg‘ > 604 m ('&in) o | | : : » :E . 5% IS

The back flow of solids into,the plenum chambers was discouraged

~ by choosing the length 1, (see Fig. 4.2) so thats

1

t ‘ ’

where 3is the angle of repose of the bed haterial. Various values '
are listed by Leva (54). The bounding values of 8 for inorganic

matter in this liet are 22° and 45°. Hence it is oonsidered that

E.4.3.

will stop the backflow of material when the bed is defluidised. The
angle of repose of the fused mullite chosen as the particulate filler
was found to be 350.

The upper ends of the tuyeres were conically shaped to discourage
the accumulation of solids there, and a conelhalf angle, ¢ 4 of 450

was chosen using the equation:

T - Eo4o4o
0 < (5 Bmax)

where ﬁ;ax is the maximum angle of repose of any material likely to be

used in the combustor.
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FIG, 4,2: TYPICAL TUYERE.
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4.3.1. Experimental Tests. Some cold experimental trials were

carried out in a 114 mm (44 in) diameter bed with one of the smaller
(air) tuyeres. A tuyere having 6.4 mm (3 in) orifices, and Ei )= 2.5,
was set in the centre of a multiorifice plate. The volume ogogir |
supplied to the bed was slowly raised until the bed was vigorously
fluidised andthen U was decreased. Visual observation showed that no
.particles fell back into the Pefspgx Plenum chamber.

In another series of tests, breakage of the tuyere was simulated
by removing its top while the bed was fluidised., The air flow to the
bed was gradually reduced until weepage through the unobstructed
vertical conduit left by the removal of the covering dome of the
tuyere was observed. This flowback did not take place until the air
flow was beloQ u

nf
had started, it did not stop until the air flow had been raised con-—

and {00 small to measure accurately. Once weepage

siderably. This constitutes a serious operating hazard if breakage
were to occur.

These experiments showed that condition (i) in section 4.3 was
satisfied when 1t was chosen according to E.4.3. The gas tuyeres had
12.7 mm (% in) diameter orifices, with 1, = 2,54, and the air
tuyeres had the same external dimensions as the tuyere used in the

" cold trial, i.e. 1, = 2.5 x 6.4 mm, but the diameter of the orifices

t

was reduced to 3.2 mm (# in).

4.3.2. Attachment of Tuyere to Plate. A typical tuyere is shown in

Pig. 4.25and has four horizontally blowing orifices all in the same

plane and equi~spaced round its perimeter. The cross—~sectional area
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of the central duct was wade to be the same as the combined cross—
sectional area of the four orifices when their diameter was the upper

value given by E.4.3, viz, d _ = lt .

or
The way in which the gas andz.a?ir are separately passed into the
bed is shown in Fig. 4.1, and Fig. 4.3 is a defail of the air plenum
chamber showing an air and gas tuyere fixed in position in the distri-
. butor plate. The removal of an ai? tuyere is easily accomplished by
unbolting the flange of the holding collar from studs on the bottom of
the distributor plate (these studs are not shown in Fig. 4.3; there
are four for each tuyere). The diétributor was designed so that the
air tuyeres could be removed without taking out the gas tuyeres first;
A gas tuyere can be removed from the distributor by unbolting
the flange coﬁnecting it to the cylindrical gas duct and gas plenum,
unbolting the duct at the gas plenum, removing the duct and then
lowering and withdrawing the tuyere. On reinstallation,a seal should

be made inside the air plenum at the point where the tuyere passes

through the distributor.

4.4 Combustor Dimensionsg.

" The diameter of the fluidised bed, and the disposition of the tuyeres

on fhe distributor plate were jointly decided. Using the techniques

described in chapter 3, the effect of changes in ¢1, F1, onj

(a) the velocity of the gases approaching the distributor in beds of
different diameter and hence the bubbiing mode of the distributor;

(b) the expected stability of the combustor ,

was examined.



- 100 =

Gas tuyere.

: Seai—\

Thermocouple

7

Fluidised bed

1Air.tuyereﬁ

Distributor
plate '

§§§§§§§§§§&
N

.«
‘ Gasket

SN

il ]

7L

////////////zlm
€I

8.8, mesh

Tapping for

temperature, — '
pressure \\:\\

measurement ;
Or gas samplling.

AN
Thermocouples \\\\w

N

-Holding bar

Gasket

LLL L

MMl ;i Attt ittt SRR SR RN

Removable gas
duct

Gasket .

N\

OO .

ne

Lid of gas
Plenunm
chamber

Gas plenum chamber

FIG. 4,3: LOCATION OF GAS AND AIR TUYERE IN
DISTRIBUTOR PLATE (detail of Fig. 4.1).



- 101 -

Distributors were designed to fulfil the requirements listed
in section 4.3, and it was found that a diameter of 610 mm (2 ft)
was particularly suitable, Refractory bricks 76 mm (3 in) thieck
having a 305 mm (1 ft) radius of curvature profile were obtainable
‘for the combustor lining, and Fig. 4.4 shows a plan view of the tuyere
arrangement on the distributor plate finally adopted. The gas and
air tuyeres are each centred on interlocking 241 mn (9% in) square
pitch arrays as shown. The separation of the centres of the tuyeres
is thus 120 mm (432 in), and the separation of the opposing orifices
is 54 mm. PFig. 4.5 shows the effect of changes in gasifier flowrate
on the pressure drop across the gas orifices (12.7 mm dia.); it
is obtained using E.3.47.

The voids'oreated in the refractory covered metal distributor
plate to allow for the location of the tuyeres in the bed were not
large enough to unduly weaken the plate, and sufficient area remained
for the attachment of cooling water pipes. These can be seen in Fig. 4.6.

The dimensions of the casing of the fluidised bed and gas plenum
chamber were thus chosen so that they each had a 610 mm (2 ft) internal

‘diameter after the installation of a 76 mm (3 in) refractory lining.

Conetraint (i) in section 4.1 imposed a severe limitation on the

" design of the height of each sub-unit, and dimensions were selected so
that.the freeboard of the fluidised bed was as high as possible. The
air plenum had to be at least 0.3 m {1 ft) high to allow the removal
of the air and gas tuyeres, and the standardised elbows used. in the
assembly of the plant were 0.57 m (22% in)'high. Thus the available
space was allocated as follows: |
(a) The fluidised bed measured from the distributor plate to the 1lid

at the top was 1.22 m (4 ft).
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(b) The gas plenum was 0.3 m (1 ft).
(c) The distributor plate, the gas plenum, and each of the end plates
of the combustor were allocated O.1 m (4 in).
The combustor was jacketed for reasons fully described in Chapter 3,
section 3.2.4.
An exploded view of the combustor is shown in Fig. 4.6.

4.4.1, Sampling and Instrumentation. Nine sampling points were located at

0.11 m (4% in) intervals up the height of the fluidised bed, the
first one being 0.11 m (4% in) above the distributor. These were
designed to accommodate a gas sampling probe, and also to be used for.
pressure or temperature measurements (see Fig. 4.1). A tapping for
the withdrawal of gas samples and for pressure or temperature readings
was located in each of the refractory lined stainless steel ducts
connecting the gas plenum chamber to the gas tuyeres. The tappings
were positioned so that the properties of the gases entering the bed
could be measured, and also allow the effect of any build up of carbon
inside the tuyere on the pressure dropacross the tuyere to be observed,
Thermocouples were located inthe metal casings of these ducts, and also
in the metal plate of the distributor and gas plenum lid, (see Fig. 4.3).
‘A pressure tapping was placed in the distributor plate so that the
pressure at the base of the bed could be measured, (see Fig. 4.4).

The flow meters and also the location of the temperature and pres-—
sure tappings that are used to provide measurements for both experimental
and céntrol purposes are shown in the schematic flow diagram of the

Plant y Fig- 5020



- 105 =

o] - - FLUIDISED BED COMBUSTOR

DISTRIBUTOR PLATE
(NOZZLES NOT IN POSITION)

‘ AIR PLENUM CHAMBER

GAS PLENUM CHAMBER

.. n.c: EXPLODED VIEW OF
FLUIDISED BED COMBUSTOR
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4.5. Cyclone and Elbows.

A high efficiency cyclone required for removing ash, unburned c;rbon
and fines from the combustor exbaust was designed according to the
I.C.I, method due to Stairmand (55). Tangential gas entry was achieved
by contra-posing two semicircular sections as shown in Fig. 4.7 so
~that a smooth pattern for the refractory lining could be simply and
accurately made. The cyclone was surrounded by a water jacket to cool
the refractory; It was designed to‘be a monolithic casting without
expansion gaps, as imperfections in the refractory surface were
undesirable and would be aggravated by any abrasive material in the
process gas. The cyclone is depicted in Fig. 4.8.

The desigh of the elbows was adapted from a water cooled sampling
tee-piece designed by Johns (3) for his experiments, which gave satis—
factory operation at high temperatures over many years. For conven-

ience the five elbows were built to the same standardised dimensions.

4.6. Particulate Material for Fluidised Bed.

Inert particles were selected for the initial trials, and had to meet

" several specificatiéns. The material used had to be highly refractory
and évailable in large quantities having a range of particle sizes so
the mean diameter of a batch could be altered by the selective addition
or removal of known size fractions. The material had to fluidise well.,

* .
Pused mullite met these specifications, and had previously been found

R .
manufactured by Cawoods Refractories Ltd., Belvedere, Kent,
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satisfactory for use-in fluidised bed combustors by other workers (56).
Its relatively low denaity of 3.1 x 103 kg/m3 rendered it attractive,
as greater bed depths were permitted at any given bed pressure drop
than for the more dense zirconia or alumina which were also suitable.

In view of the extremely shallow free board above the fluidised
bed, steps were taken to minimise entrainment by choosing the minimum
_particleAdiameter of a batch so the terminal veolcity of a particle
having this diameter was much greater than the supeificial velocities
expected in the bed, (maximum U ~0.9 m/s),

A commercial batch of — 22 + O B.S. sieved mullite was tailed by
a No. 85 B.S. sieve, and the resulting material had a surface mean .
diameter of 401 um, with a minimum diameter of 178 um. The particle
specificationQ are listed in Appendix 5.

It was observed in the cold experiments carried out in a 114 mm
(4% in) diameter bed having a multi-orifice type of distributor that
at high superficial velocities the mullite fluidised well, but when U
was close to‘Umf there was a tendency for the larger particles to sink
to the bottom of the béd. Hot experiments were conducted with a small
quartz tube 45 mn in diameter having a sintered glass distributor and
fired at 730 C with premixed air and methane. The bahaviour of the
" mullite during fluidised bed combustion was seen to be perfectly

adequate, with no particle stratification.
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CHAPTER FIVE

CONSTRUCTION

 AND

COMMISSICNING

5.1« Construction of Pluidised Bed Combustor Elbows and Cyclone.

Dimensions and specifications for the manufacturers* of the unlined
steel shells of the elbows and each item of the combustor and cyclone;
were detailed in numbered drawings (57). The materiallused was mild
steel except in the casing of the conduits connecting the gas plenum
to the gas tuyeres, the collars for holding the air and gas tuyeres

in position, and the water cooled gas exhaust leg of the cyclone. These
were fabricated in 18:8 chrome nickel steel. The vertical walls of

the fluidised bed and gas plenum chamber could be lined either with
bricks or wiﬁh cast refractoryf Bricks have the advantage of being
pre-fired, but are expensive. The technique for moulding a vertical
wall was simpler than that required for laying refractory bricks, and

* since the elbows, the gas plenum 1lid, distributor plate, and cyclone
all iequired cast refractory, it was decided that cast linings would be
used throughout the combustor. Steel anchorst for securing the linings
were therefore séecified for the wall andhanging refractory ceiling

of the fluidimsed bedy and wall and ceiling of the gas plenum chambexr.

* ‘
Ellard Engineering Limited.

* Manufactured by George Clark (Sheffield) Limited,
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The monolithic casting of the gas entry section of the cyclone was
firmly held by V- anchors located on the shell wall as was the
refractory in the cyclone 1lid.

The refractory selected was a high alumina hight duty concrete*
chosen to ensure the continued viability of the combustor in the
event of diminution of the interstage heat transfer below the level
‘previously achieved by the use of a 2.13 m cooling tube.

Advice on-the design and installation of the refractory linings
was received from the manufacturers (58).

Hardwood patterns were made for the bore of the elbows, the
'tuyere holes in the distributor plate, and the entry and exit ducts
and inspection holes of the gas plenum and fluidised bed.

& mild steel sheet 0.46 x 0.69 m (1 ft 6 in x 2 £t 3 in) rolled
to & 0.305 m (1 ft) radius of curvature was used as a pattern for the
%alls of the gas plenum aud fiuidised ved,

The gas plenum walls were cast in four sections, with expaﬁsion
gaps between each quadrant. The fluidised bed was likewise lined by
eight equal castings in two layers of fouf each. The quadrants were
0.61 m (2 ft) high and the verticd edges of the upper ones were orien-
tated at 45° to the lower ones,

The refractory in the elbows, the distributor plate and the
combustor end plates and cyclone lid was installed in a single opera-
tion in eacﬁ case.,

A pattern in mild steel sheet was designed for each of the mono-

lithic castings of the gas inlet section and conical body of the cyclone,

» _
Durax 1700 manufactured by G.R. Stein Refractories Ltd., Deepcar,

Sheffield.



- 112 -

both‘of which were complétedlih a‘siﬁéleﬁcésting.>‘Special‘caré B
was‘tékén to énsdre that all,joins in thé béttérns were smooth‘so
that imperfections in the refractorybsurfaéé'were avoided, Thé
refractory wéé bonded by a high.alumina éement, énd the quantitjl
of water used when mixing the concretejwaé'kepf af‘é:miﬁimum to get

maximum strength.

5.2. The Construction of a Tuyere.

Lﬁngitudinaliy splitting steel casings‘wére(used'for moulding the
tuyeres. Several differént types: of refréctory were tried, and a
silicon carbide* based material was selected. It was found that
tuyeres were more difficult to make from phosphate bonded silicon
carbide than alumina basedvaggregates, but wﬁen fabricated from the;
latter material, tended to crumble at all edges, and nozzle defini-
tion was poor. Silicon carbidevtuyeres wgrelalso less liable to
fracture by mechanical or thermal shock, and were more resistant to
abrasion. Each tuyere was individually heat cured in a furnace in
which the temperature was slowly raised to 400 C. The furnace tempera-

ture was then increased to 1200 ¢ and held for six hours.

5¢3e Assembly.

The fluidised bed combustor was assembled piece by piece in situ and

bolted to the base plate which was designed to spread the load of the

L

" ;
CFR 120 Manufactured by The Carborundum Company Limited, St. Helens

Lancashire,
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-

plant over the laboratory floor (59). The combustor was then
connected to the gasifier via the three cooling tubes and two elbows.
Three elbows were then located to convey the combustor exhaust to the
cyclone. The qycléne lid, gas inlet section, and gas exhaust leg |
were assembled and positioned, and @hen the conical body was added.
The spray system used for guenching the exhaust gases and then scrub-
-bing and collecting the carbon suspended in them has been described
previously by Archer (60). This was then connected to the cyclone gas
~outlet,

All flanges were sealed with gaskets cut from a high temperature‘
’ felt* and a refractory paste+. |

Pig. 5.1 is a view of the combustor and cyclone, and a schematic
flow diagram of the complete plant is shown in PFig. 5.2.

The air and wa%er lines required by thé combustor and cyclone
were plumbed in, and pressure gauges and thermocouples for’both.céntrol
and experimental pruposes were connected to the tappings located as
shown in Fig. 5.2.

The specifications of the air blowers used in the plant are

listed in Table 5.

¥ Pibrefrax H felt.

* L.D.S. mouldable.
Both manufactured by The Carborundum Company Limited, St., Helens

Lancashire.
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TABLE 5: SPECIFICATIONS OF AJR BLOWERS AND COMPRESSCR.
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Blower or Rumber on Designated Air

Compressor Fig. 5.2. name delivered Fressure

Bullows to

hydrovane ES Primary air 4,5 g/s 100

compressor (to atomiser) ' PeSoeioge

Blackman 38 g/s 30 in w;g.

centrifugal ES Secondary air & ]

fan (to HOD.C.CO) L"L} g/s 25 in Weg.

Osmond

centrifugal E10 Tertiary air ) :

fan & (to 7 21 g/S 30 in Wego
- fluidised bed)

Sturtevant

Turbo E11 Auxiliary air 138 g/s b2 in w.g.

Blower/éxhauster
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5.4. Commigsioning.

Before the fluidised bed combustor was built, plant incorporating
the H.D.C.C. gasifier and a tunnel type second stage was recommissioned.
The fuel metering pump and the venturimeters in the secondary air lines
(see Pig. 5.2) were calibrated, and several runs were made to obtain
~operating experience.

The commissioning/of‘the fluidised bed pilot plant was conducted
in three stagess
. (i) The fluidised bed was prepared for a cold run with no particles

in the bed.
(ii) Hot trials were made with the empty combustor.

ij) The combdstor was charged with mullite, and trials were carried

out to fully establish an operating routine.

S5«4.1. Preparation of the Plant., The following steps were taken to
set the system in working oxders

The bolting of the flanges was checked and secured. All water
Jackets were pressure tested, and a pinhole leak in the cyclone exhaust
leg was closed. The pumps and blowers were serviced, and all new lines
" cleared by rumning freely to remove metal swarf and other debris. All
pluﬁbing and flanges were leak tested, and bursting discs were installed
on three of the elbows. The sprays were examined and cleaned.

A provisional startup and shutdown sequence was drawn up following
| the ro;tine used by Archer (60) in previoué work with the HeD.C.C. and

a tunnel type second stage.
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"5.4.2. Cold Trials Observations and Recommendations. It was

observed that there was some water backflow from the sprays into the
s0lid separating cyclone when the auxiliary air used to simulafe the
high volume flows of hot operation was reduced at shut down. The
scrubbing sbrays quickly blocked. Extensive maintenance to the spray
system has been recommended‘(61,.and Appendix 6B), but this was not

-deemed obligatory for the subsequent hot trials.

5.4.3. Hot Trialss Combustor Empty. Three runs were made. The

“first two were primarily to cure the refractory lining of the combustor,
elbows, and cyclone, and the maximum temperature reached in the combu-
stor was 500 C. In the third test, temperatures in excess of 700 €
were recorded. In all of the hot tests carried out during the commis~
sioning, gas 0il was used as the fuel.

When curing the refractory lining the temperature of the process
gas was slowly raised at 75 C per hour according to the instructions
of the refractory manufacturers. The gasifier was fired stoichiometri-
cally and the auxiliary air was admitted to cool the gasifier exhaust.
The curing opera%ion began with temperatures of 100 C in the combustor,
and this was controlled by regulating.the auxiliary air and observing
the response on an iron constantan thermocouple T22 located in the
gas stream (see Fig. 5.2). .

The third run was conducted to test for ignition in the combustor.
The temperature was slowly raised, and when that of the. gas entering
the gas tuyeres {T23) had exceeded 500 C, prebed combustion was establi-
shed by raising the first stage equivalence ratio and adjusting the
auxiliary air. Temperature in the bed was again controlled by noting

the response of T22 to changes in oil flowrate and auxiliary air.
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The high temperatuég;”;}afhe ;;§;g;in thié secpnd burn were
used to heat up the lining 6f the combusfﬁrgiandehen the auxiliary
air was shut 6ff, quenching was avoided and‘éu;t;inedlcombustion of
the fuel rich gasified oil resulted. The fhermocoupleS“available‘
were only\calibrated to 700 € and ignitionhwas inferred from oﬁéeivar |
tion of an increase in E.ML.F. of the thermocouple as the air added to

_the combustor was raised gradually to the stoichiometric requirement.

Se4.4. Hot Trials: Sequential Action and Conclusions. A4ll flanges

were tightened. The refractory in the. combustor was inspecfed and
found to be in good condition. o |

‘Since the controlled temperature rise of the gases passing through
the combustor had geenfbllowedasadvised by the refractory manufacturers,
it was concluded that the refractory had been cuéed.

A simple technique of preigniting the gas feed to raise the combu~ .
stor temperature and thus avoid initial quenching was successfully used,

and it was established that sustained combustion was possible when no

particles were in the bed.,

5¢4.5. Fluidising Trials. Three hot trials and several cold tests were
conducted after a particulate bed had been placed in the combustor.

' The combustor was charged with 83 kg of mullite giving a bed height .
under incipient flui@isingfconditions of approximately 0.16 m. The
auxiliary air was used'to provide a fluid from the gas tuyeres. Visual
observation through a perspex window placéd over the inspection port
of the gas plenum chamber revealed that caution wés required at start

up and shut down in the regulation of the tertiary air and auxiliary
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air, as at some flows, particles were blown down the gas tuyeres and
could be seen raining into the gas plenum chamber where they settled.
Inspection of the air tuyeres showed that after shut down, particles
of mullite lodged on the mesh placed between the holding bar and
ceramic tuyere (see Fig.4.3). These were blown out of the tuyere at
the velocities encountered in normal operation.

The tertiary air flow was set at a maximum value determined by
the blower, and it was observed that at volumetric flows of auxiliary
air above 0.024 m3/s, the blow back of particles did not occur. This
- flow gives a velocity of approximately 5 m/s in the vertical central
duct and iikewise in the horizontal ducts (see section 4.3.2). Under
normal operating conditions, velocities in the duct are approximately
18 - 25 m/s and the viscosity of hot combustion gases is higher than
that of air at room temperature, thus it is not likely that any blow-
. back will occur after start up. Blow-back through the gas tuyeres
during start up was avoided by raising the tertiary air flow after the
auxiliary air flow was fully established.

The solide in the gas plenum chamber at the end of this teést
were allpwed to remain in position during a short test run to prove
the gasifier ignition, and also during a-second longer test prior to
which 115 kg of mullite were added to the solids remaining in the

combustor.

5.4.6. Fluidising Trials: Conclusions and Recommendations. It

was found that the technique used to raise the combustor temperature
sufficiently to avoid quenching the gases entering fhe bed during

~start up, was not directly applicable when the particulate bed was
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in position (see Appendix 6B), as pressure fluctuations probably
caused by bubbles in the bed endangered fhe floats in the rotameters
metering the auxiliary air, and ignition in the fluidised bed was
not verified.

Inspection of the contents of the so0lid separating cyclone catchp®t
revealed some sooty and also dust from the mullite charge, but no
" large particles of mullite. A sample of the effluent from the
collecting tank of the liquid separating cyclone did not contain
any mtllite, but again soot was presént. This soot was probably
from two sources:
(a) Some soot already present in the gas feed by-passing the
fluidised bed in bubbles, of by channelling through preferential gas
paths, It is not thought that channelling occurred as the pressure
drop between the gas tuyere ducts and the bed surface was similar
for all tuyeres and exnivited the swall Tiuctuations observed for APb
measurements in bench scale experiments with bubbling beds.
(b) As it was not possible to raise the bed temperature sufficiently
high to avoid quenching the gas feed, and is probable that some soot
collected in the cyclone catchpots was produced in the reactiong
2000 — €O c

The start up and shut down routine for the operation of the plant
is given in Appendix 6A, and technical recommendations made in a
report drawn up at the conclusion of these trials (61) are listed in
Appendix 6B.

The work was terminated at the stage when modifications to the
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plant were well in hand. It is realised that no quantitative data
were obtained in the commissioning trials, but sufficient experience
was obtained so that the plant could be handed over for further

operating trials leading to the next stage of this research.
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'CHAPTER SIX

SUMMARY

(i) The mechanisms of gas-air contacting in a fluidised bed have
been éésessed; it was concluded that when the complete‘combustion

of unmixed reactants in a shallow bed is required, the air and gas
inlets should 5e evenly distributed over the base of the bed, and
mixing close to.the distributor plate should be encouraged.

(ii) A novel distributor plate for a fluidised bed cowbustor in
which hot gasified oil and air are miied and burnt, has been designed
to meet the above requirement. The plate consists of an array of
nine tuyeres for the gasified o0il, and twelve air tuyeres; each
tuyere has four horizontally blowing orifices. The tuyeres are
arranged so that each gas orifice is faced By an air orifice.

(iii) A simple model has been developed to study the effect of orifice
separation and changes in gas and air flowrate and gas composition,

on the combustion efficiency of two coalescing and reacting gas and
air bubbles. This model demonstrates that orifice spacing, and a
characteristic time existing between the commencement of bubbling at
the 6rifices, the delay time, strongly affect combustion efficiency.
(iv) The coalescence model has been applied to the distributor designed
in this work, for the case of a particulate phase equivalence ratio
of one, and interstage heat femoval by cooling tube only. It has
been shown that soot in the bubbles formed at the distributor is not
likely to burn when the number of air orifices is greater than the

number of gas orifices. Large bubbles can be expected, and these could
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lead to unsatisfactory fluidisation in theshallow fluidised bed
necessitated by the low gas delivery pressure. A mean gas combustion
efficiency has been defined for a partially operative distributor
plate, and has been found in terms of the proportion of air orifices
operating. Values of mean combustion efficiency less than 100% show
that orifice non operation can considerably reduce combustion
-efficiency.

(v) A fluidised bed combustor has been designed and built, and has
been incorporated into a pilot plant for the investigation of the
 fluidised bed combustion of fuel oil gasified in a high intensity
combustor. The plant has been commissioned, and has been handed over

for further experimental trials.



- 125 -

CHAPTER SEVEN

SUGGESTIONS FOR FURTHER RESEARCH

It is suggested that a small scale combustor should be designed,
to be fed by gas taken from the gas plenum chamber througﬁ the
inspection part there (see Pig. 4.1)» This combustor could be
used to assist in experiments aimed at investigating the effect
of changes in design parameters on the performance of the second
stage. It is recommendedthat particular attention be given to
the diameter of the gas orifices, and also particle diameter.

The diameters of the orifices in the gas tuyeres have hbeen
made very large to attempt to avoid fouling of these orifices by
. carbonaceous matter contained in the gas feed. 4 significant
reduction in orifice diameter would allow the number of orifices
per unit area of the distributor to be increased, and this in
turn could be beneficial to the quality of fluidisation in the
combustor. -

Under some conditions, the gas entering the bed will tend to
form jets, and by analogy with the case of a spout forming in a
bed of large particles, it is likely that the jet region will be
very important in the capture of the solid carbon in the gas feed (26).
The characteristics of a jet forming in a fluidised bed are largely
determined by the fluid velocity and density at the orifice and
particle diameter and density. Hence, in the collection of suspended
matter in & given gas/éolid system, pvarticle diameter and the number

and size of the orifices will be important.
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CHAPTER EIGHT

APPENDICES

APPENDIX I

SPECIFICATION OF MINISTRY OF DEFENCE (NAVY) REFERENCE FUEL OIL

VANILLA (62)
Fuel compositions
Constituent ’ % wte
Carbon 86.1
Rydrogen ’ 11.0
o Sulphur 2.4
Ash _ 0.083
Water 0.21
Unacoounted 0.207

Ash composition:

Determined in an oxygen atmosphere.

TABLE A.1.1. RESIDUAL FUEL OIL ASH COMPOSITION

Oxide % in Ash
V205 / 78.4
N&ZO . T.0 -
Ni O T.2
803 1.2
F8203 107
A1203 1.25
Mg 0 1.20
Si 02 o . 0.9

Ca Q 0085

Zn O ’ 0.2
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The analysis exceeds 100% as V205 dissociated to V204 has been

reported as V205.

Physical Propertiess

Specific gravity: at 60 F (15.6 C) 0.9635
Gross Calorific value: | 42.9 MJ/kg
Viscosity: ‘
70F (21 C) 0.432 N 8/w®
100 P (38 C) 0.145 N s/o’

210 P (99 C)  0.012 N s/uf
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APPENDIX 2

STEPWISE METHOD FOR INTEGRATING AIONG THE LENGTH OF A COOLiNG TUBE,

See references (3), (5).

A list of the symbols used in this appendix is given at the
end of the appendix. | |

The total heat transfer rate from the gas in the tube is the

sum of the radiant and convective heat transfer rates.

[N

Mo 4T = R dl + R dl | E.A.2.1.
-ﬁwhére;

R, = D b (T-T) - | E.A.2.2,
*nr. - Y (-1 4 E.A.2.3.
'ht - o.oz-gi- g8 E.A. 2.4.

The tube is divided into a number of sections. The inlet

Temperaturs, Thi’ is selected and then the ocutlet temperature, T ,

no

fgom the first section is found. This becomes the inlet temperature
to the next section. The process is repeated until the end of the

tube is reached.



- 129 -

Tn is estimated as followss .

(1) 2n initial estlmate is made, Tno1

.(41) The mean radiant and convective temperatures T p? Tnc are found

" thuss
, % E ,
an‘ - 2¢y ni n°1) . E : i E.A.2.5.
2T, T ‘ « -
“ni "nol . R
(Tni + Tno1) ,

(1ii) The convective and radiant heat transfer rates are calculated.,

S

Rnc L t h (T - T‘) ‘ ‘ ) EOA02'7.o
4 - |
R, = ™ b o (22 - b E.A.2.8.

h, is found from the correlation (3)3

0.301
ht = hd (Tnc/Td) E.AcZogo
where;
0.8
h, = o025 (fa' P E.A.2.10.
Dy “a

and Td is some arbitrary temperature at which the physical propertiesa

are known.
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(iv) A heat balance gives an outlet temperature, T oo

= T - dl (th + Rnc)

T E.A.2.11.

no2 ni TR

p

(v) A new value for T;o1 is estimated using the expression:

]
I Tni Tho 1 B.A.2.12.

T, + T - T
ni nol ne2

t
(vi) T o4 is used to recalculate T , T . and steps (ii1) = (v) are
' |
repeated until the desired convergence of Tno1 and Tno1 is achieved,

when:

Tno1 = Tno‘l_ = To ‘ E.A.2.13.

The diameter of the tube was 76 mm and in this work, the integration

was performed in 30 steps.

Notation used in Appendix 2.

Symbol Signifi;ance - Dimensions (see p 13)
ép - mean heat capacity of combustion mi e
gases,
D, diameter of tube ' L
e Emissivity
hy Convective heat transfer coefficient PL 20

at temperature Td.



Symbol

ne

ne

ni

T
“no
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Significance

Convective heat transfer coefficient
at temperature T.

Thermal conductivity of gases at

d.

Length along tube.

temperature T

Total mass flow rate of combustion
gases,

Cénvective heat transfer rate per unit
length of cooling tube.

Convective heat transfer rate in
inerement of length.

Eadiant heat transfer rate in
increment of length.

Radiant heat transfer rate per unit
length of cooling tube.

Reynolds number.

gas'temperature.

Arbitrary temperature at which physiecal

properties of combustion gases are

known.

Convective mean temperature in incre-
ment of length.

Inlet temperature to increment of
length.

Outlet temperature from increment of

length .

Dimensions

[

pL20""

g™t

MT ™

PL”

- PL
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Symbol Significance | Dimensions
Tno1 Initial estimate of Tno'

Tr,xo1 Improved value of Tno 1° 5]
Tno.? Second estimate of Tno' (=%
an Radiant mean temperature in increment o]

Y of length.
"I‘w Temperature of cooling tube surface. (5]
Mg Viscosity of combustion gases at tc-:»m}_)e.m-F'I‘Lm2

ture Tdc

o Stephan-Boltzmann constant. i PL,"‘EG"I+
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APPENDIX 3

ESTIMATION OF EXCHANGE COEFFICIENT BETWEEN BUBBLE AND PARTICULATE PHASE,

. The following method was proposéd by Kunii and Levenspeil (29), and has
been described by Potter (44).

The overall volumetric exchange rate per unit volume of bubble
between the bubble and particulate phase (kbp) is estimated by consider-
ing transfer from the bubble to the cloud using equations due to |
Davidson and Harrison (43) (coefficient kbc) and then transfer across

the cloud boundary (coefficient kcp).

. 4
* ]—"- E0A04¢1o

FA §
kbc - 45U . 5.85 Dig g* E.A.4.2.
Dy ,%
Db

1

D, € UV
kcp = 6.78 —3’-&—3—‘&-& E.AO4.3.

Db .

For single bubbles rising in an incipiently fluidised bed,
Ua = US, and Ub is given by E.3.10.
Dig' the diffusion coefficient was estimated for carbon monoxide

and hydrogen diffusing through nitrogen at 1000 C by the method of
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Hirschfelder (§3). For carbon monoxide D, was found to be 237 mmz/s

ig

and for hydrogen 857 mm2/s. The values of U .

and Emf = 0.55 were used in E.A.4.2 and E.A.4.3,

= 0.07 u/s, D, = T5 um

For the carbon monoxide bubble kbp was 2.17/s and for the hydrogen
bubble it was 3.8/s.
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APPENDIX 4
FLOW CHART FOR BUBBLE COALESCENCE MODEL

A flow chart of the program used to simulate bubble growth and
coalescence with chemical reaction is shown in Fig. A.3.1.
Bubble position was found by the numerical integration of
equation 9 in Appendix 8. When the perimeters of two bubbles
touched, it was assumed that they coalesced to form a single
bubble which had the same centre of gravity and momentum as the
two bubble system that formed it. This bubble then continued to
grow, fed by the orifices that had previously fed its component
bubbles,
Input data required by the program falls into three
categories:
(1) Characteristics of the distributor plates
(a) The location of the orifices on the distributor in
carfesian coordinates, and the number of each type of
orifice.
(b) Characterisation of orifice type (gas or air) by an
integer array.
(c) Characterisation of angular orientation of horizontally
blowing orifices relative to reference axes.
(ii) Characteristics of reactants: |
(a) Gas mass flow. Initial gas composition expressed as
an equivalence ratio, interstage heat removal, (thus

gas density by the use of an equilibrium program) .
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(b) Air mass flow, density.

(1ii) The time step.
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APPENDIX 5
PROPERTIES OF FUSED MULLITE

(i) Particle Sepcifications (64)
Chemical analysis.,

A1, 0 | 76 4%

273
810, 22.8%
Fe, 0, 0.07%
Ti 0, 0.01%
Ca O 0010%
‘Mg O 0.,03%
Na, O 0.4%
X, 0 0.01%
Free iron 0.03%

Physical Properties.

Apparent porosity 0.5%
Refractoriness Seeger cone 40, 1900C.
Specific gravity 3.14

(ii) Fluidising Properties

1.57
Ue = mmmmm% ,mwm:%<%Wm

dp yum 3 U ooy n/s .
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e = 054 = 057
AO

Angle of repose 35

The cumulative size distribution of the material used in the first

trials is shown graphically in Fig. A.5.1.



wt. PERCENTAGE UNDERSIZE.

.10

- 140 -

100

90 -

80 -

70

60 -

50 7

40

30 7

20 7

200

FIG. A.5.1:

T T T
400 600 800

PARTICLE DIAMETER, ( um )

CUMULATIVE SIZE DISTRIBUTION OF
FUSED MULLITE USED IN EXPERIMENTAL

TRIALS,




A.

(1)
(2)
(3)
(4)
(5)
(6)
(1)
(8)
(9)
(10)

()
(12)

(13)

- 141 =

APPENDIX 63 OPERATING PROCEEDURE AND

TECHNICAL RECOMUENDATIONS

Operating proceedure.

All vélves closed.

Check fuel supplies, d:ains,bursting discs.\

Make sure oil line to atomiser does not contain any air.
Insert sampling probes if requiréd.

Insert igniter.

Switéh on-A.C. and D.C. mains.

Switch on mains water booster pump, (not shown in Pig. 5.2.)
Set metering pump at 3 g/s.

Open V44.

Switch on primary air, E9.

Open V20, V25 and vent any liquid in the line thragh V26.
Set P4 to desired atomising pressure using pressure reducing
valve V25,

Opén valve isolating water reservoir, V3T.

Open V31, V32, V33.

Start cooling water booster pumps E5, E6, E7.

Set R1 = 9.4 1/m |

Set R, = 5 1/m

2

Set R, = 23 1/n

Switch on secondary air, E8, and fully open Vi7, V18, V19,
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(14) .Open V38, V40, V41, V43, and
Switch on auxiliary air, Eif.
Set air flow on R10, R11,to 3500 1/m.

(15) Open V54, V58, end switch on tertiary air, E10.
Set R8, R9 each at 440 1/m.

(16) Open V46, V47, V49, V50, V54, V55
Open V60, V62, V63, V64. |
Set R4 = 10 gall/hr
Set R5 = 15 gall/hr
Set R6 = 45 gall/hr
Switch on cyclone outlet pump E13.
Maintain constant level in liquid collecting tank by
adjusting V54,

(17) Open V9, V10, Vi1.
Switch on gas oil‘booster pump E3.

(18) Gasifier Ignitions
Switch on fuel metering pump E4,.
When P2 reads 8 p.s.i.g. ignite pyrotechnic furnace igniter.
If igniter is successful open V16 immediately, and as soon as
a flame is established reduce the oil flow to 2 g/s and set
the total secondary air flow at 24 g/s with equal ahounts
going to the forward and reverse casings.

If the flame fails close V16 switch off E4 and fully open
the secondary air lines. Allow any oil vapour in the system
to be purged, and then insert a new igniter and repeat the
gasifier ignition, step 18 in operating proceedure.

(19) Combustor Heatup:

When a flame is established, allow the gasifier to heat up for
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£ hour then reduce the auxiliary air and at the same time
raise the o0il flow to ~3.5 g/e. Establish ignition of the
gases entering the bed in the gas plenum chamber, and control
their rate of temperature rise to 2500/hr by regulating the
auxiliary air flow and observing the temper;ture response
of T23, T22.

(20) Change over to fuel oils
Open Vi, V4 set P1 = 6 D.Seiegee
Switch on residual oil booster pump E1.
Switch on oil heater and set to 100C.
When T1 is steady at 100C, close V9 and open V3,
Maintain P1 at 6 p.s.i.g.

(21) Proceedufe for changing from air to steam atomisationt
Check steam pressure at supply is equai t0 26 pPeSeige
Open V23, V22 and remove water condensed in line., Then crack
V22 and switch on heating tapes (not shown in Fig. 5.2), -
and set steam temperature (T2), to give desired degree of super-
heat. Close V20 and at the same time open V26, V21. Maintain
desired steam pressure using V23.

(22) Shut downe
If burning fuel oil'close V3 and open V9 and allow o0il line to

'atomiser to be purgéd with gas o0il then switch off o0il heater

and allow the temperature of the gas oil to fall to ~ 30C.
If atomising with steam close V21,.V26 opening V22, V20 znd
éstablish air atomised flame.
Switch off steam heating tapes.

Close V16 and switch off fuel metering pump.
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(1)

(2)
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Raise auxiliary air flow to 3500 1/m.

Switch off oil booster pumps.

Ailow plant to cool for 14 hrs.

Then switch off primary, secondary and tertiary air.
Switch off auxiliary air. |
Switch off cooling water pumps and cyclone outlet pump.
Isolaté all electrical supplies.

When plant is COLD close all valves.

Summary of technical recommendations.

The Spray System. (see Fig. 5.2).
This should be redesigned with attention given to
(a) the prevention of accumulation of water at the places

where the component sections of the tube are Jjoined.

—~
=
~

the prevention of flowback of water into the soclid separating
cyclone.

If the existing system is to be used while a new one is
being made all nozzles should be individually inspected

and cleaned. All damaged nozzles should bé replaced.

The angle the tube makes with the horizontal should be
increased to discourage backflow of water into the solid
separating cyclone.

Prebed gas ignition.

A small venturimeter should be installed in parallel with

R10, R11, to meter the low air flows required during the periocd

of prebed gas ignition used to heat up the particles and refractory

lining in the combustor.
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(3) 04l line to Gasifier.
A small drain valve should be placed before V16 to allow the
easy clearance of air in the oil supply line.
(4) (Miscellaneous.
Extensive maintenance is advised for the first stage. The
refractory lining of the gasifier should be -inspected and
if necessary replaced.
The steam supply system needs overhauling.
Steps should be taken to reduce the level of noise made by

the air blowers, in particular the tertiary air blowen, E10.
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APPENDIX 17
TABULATED COMPUTER RESULTS

TABLE A.7.1. BUBBLE EQUIVALENCE RATIO.

Eo3038 : MOdel

1ol 1.023 1.003

125 1.053 1.017

1.40 1.077 1.023

1.55 1.097 1.024

Conditionss
F1 3'5 g/s
1 1

Interstage heat removal taken from Fig. 3.1.
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TABLE 4.7.2., COMBUSTION EFFICIENCY

Combustion efficiency, E_, at

F, g, different values of pa?

(g/s) | (=) [ 0.6 0.7 0.8 0.9 1.0
1.1 | 82,1 | 93.3 | 100 | 100 | 100

25 1.25 | 19.2 89.7 94.8 | 95.5 | 96.6
1.40 | 77.3 | 88.6 | 93.0 | 94.2 | 95.1
1455 | 79.3 | 89.3 | 94.0 | 95.3 | 95.9
1.1 | 81 93 100 | 100 | 100
1.25 | 76.8 | 88.0 { 92.0 | 92.0 | 93.6

S 75.7 | 87.7 | 92.8 | 91.5 | 92.9
1.55 | 75.8 | 87.6 | 93.5 | 91.8 | 94.0
1.1 | 19 89.9 | 96.0 | 94.6 | 96.2

15 1.25 | 76 85.5 | 90.5 | 89.5 | 90.8
1.40 | 75.5 | 85.9 | 90.3 | 88.8 | 90.8
1.55 | 77.4 | 87.3 | 92.6 | 90.5 | 92.3

Interstage heat removal taken from Fig. 3.1.
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TABLE A.7.3. HEAT RELEASE RATE

I R R e S
(g/s) | (=) 0.6 0.7 0.8 0.9 1.0
1.1 1.6 | 1.8 | 1.9 | 1.9 | 1.9
2.5 1.25 | 3.7 4.2 4.4 4.4 | 4.5
1.40 | 5.2 | 5.95 | 6.3 | 6.3 | 6.4
1:55 | 6.6 7.4 7.9 7.92 | T.97
1.1 | 2.0 | 2.3 | 2.46 | 2.46 | 2.47
s 1.25 | 4.43 | 5.1 | 5.3 | 5.3 | 5.4
1.40 | 6.23 | 7.22 | 7.6 | 7.53 | 7.65
155 | T 8.9 9.4 9.34 | 9.55
1.1 | 2.4 | 2,73 | 2.92 | 2.87 | 2.93
- 1.25 | 5.23 | 5.80 | 6.23 [ 6.17 | 6.26
1.40 { T.4 | 8.4 | 8.84 [ 8.69 | 8.89
1.55 | 9.32 {10.5 [11.1 [10.9 {11.13

Interstage heat removal taken from Fig. 3.1.
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TABLE A.7.4. DIAMETERS OF SINGLE GAS BUBBLES

A1l diameters found using E.2.3.

(1) Interstage heat remov&i by cooling tube only taken from Fig. 3.1.

¢ Bubble diameters in mm
1 for different gasifier
0il flowrates (g/s).
(=) 2.5 3.0 3.5
1.1 72 78 84
1.25 69 75 80
1.55 67 73 78

(ii) Interstage heat removal by cooling tube and water jacket round

gas plenum chamber, (E.3.6). F, = 3.5 g/s.

g, (=) | 1.1 | 1.25 | 1.0 | 1.55
D, (um) | 82 | 75 72 69.4
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TABLE A.7.5. DIAMETERS OF PRODUCT BUBBLES.

| e ke rens vauas ot Boe
(g/s) | (=) 0.6 0.7 0.8 0.9 1.0
1 |18 |16 |16 |11 |17
1.25 | 83.4 | 83.2 | 82.6 | 82 | 82
9 | 110 | 88,2 | 87.8 | 66.8 | 86 | 85.2
1.55 | 93 92.2 | 91 89.8 | 88.6
1.1 | 85.2 | 85.2 | 84.8 | 84.6 | 84.2
. 1.25 91 90.4 | 89.8 89 88
] dao |96 | 95ea |04 |93 | 92
1.55 100 99.6 98.6 a7 96
1.1 91.4 91.4 a1 a1 90
1.25 |98 |91 |96 |95 |95
32 1.40 103 102 101 100 99
1,55 [ 108 | 107 | 105 | 104 | 103

Interstage heat removal taken from Fig. 3.1.
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APPENDIX 8

A NOTE ON A HYDRODYNAMIC MODEL FOR GAS COMBUSTION

" ON THE DISTRIBUTOR PLATE OF A FLUIDISED BED
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INSTITUTE OF FUEL SYMPOSIUM SERIES NOC, 1: FLUIDISED COMBUSTION

A NOTE ON A HYDRODYNAMIC MODEL FOR GAS COMBUSTION ON THE DISTRIBUTOR PLATE OF A FLUIDISED BED.

e

C.E. Davies, Paul Eisenklam*

* A simple model of a shallow fluidised bed with an orifice type distributor,
previously treated by Harrison et al (1), is extended to deal with the
introduction of two reacting gases individually through twin orifices.

In particular, a fuel gas and air and their resulting combustion is con-
sidered. It is shown how the bubbling mode and the spac1ng of the orifi-
ces affect the combustion efficiency.

INTRODUCTION

When bubbling fluidised beds of small particles are operating with relatively large bubbles gen-
erated at an orifice type distributor, the volumetric flow of gas in excess of that percolating
through the particulate phase can be considered to be the predominant phase, and the rate of
conversion of a gas—-phase reaction can be obtained from the contact time of the reacting species
in this phase only. If the velocity of the rising bubbles is much larger tham the incipient pore
velocity, the gas circulates within the bubbles, and conversions can be calculated by considering
only the gas enclosed by a buhble. '

The model developed here, deals with such bubble voids generated at a twin-orifice type dis-
tributor on which two species of reacting gases (combustible fuel gas and air), are introduced
through two individual orifices respectively. The single phase bubbles grow in size, and when
their interfaces touch, they coalesce into a void containing a mixture which reacts if the temp-
erature is suitably high. The void continues to be fed through the individual orifices and the
reaction proceeds until it detaches and rises vertically. The bed considered is shallow and no
further coalescence takes place before the bubble bursts at the surface and sheds its gaseous
contents of reaction products into the free-board.

The combustion efficiency of this twin-orifice shallow fluidised bed is obtained from the
composition of all bubbles, single ones in which no combustion takes place or coalesced bubbles
in which continuous combustion occurs.

. The postulated hydrodynamics of the model and of the reaction are described below and some
computer results are given illustrating the use to which the model can be put. Extensions of this
‘simple model to two practical cases are now being investigated, viz. multi-orifice distributor
plates with vertical, and horizontally blowing nozzles, and deep beds with coalescence of veids
after detachment. The simple models will be improved by the introduction of a random delay time
between the start of operation of pairs of nozzles, the use of an ignition delay time and allow~
ance for loss of mass on coalescence, No doubt, further sophistications will be attempted.

THE HYDRODYNAMICS OF BUBBLE GROWTH AND COALESCENXCE

Davidson and Schuler (2) have derived equations describing the growth of a bubble on an orifice
in an inviscid liquid by equating the bouyancy force of the growing bubble to the rate of change
of momentum of the fluid surrounding it.

The equation of motion is:-

: d ds
s Vg = Et (k N '&'E' ) (1)
g *Department of Chemical Engineering and Chemical Technology, IMPERIAL COLLEGE, London, SW7 2BY.

Ad4-1
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The bubble is considered to be spherical at all times during its growth, and detaches from
the orifice when the distance, s, of the bubble centre from the orifice is equal to the bubble
radius. This is shown diagrammatically in Fig 1. ’

If the bubble is fed at a constant volumetric flowrate G, the volume of thgsbubble at any time

is Gt, and equation (1) may be integrated with the boundary conditions t = 0, T 0,s=0, V=0
to give:~ : 1 6
_ f48k31) 5 G5
- ()75 @
gS

Harrison and Leung (3) noted that the equations derived for single bubbles in an inviscid
liquid were applicable to data obtained for bubbles growing on an orifice in a fluidised bed, and
Watson and Harrison (1) extended the equations describing single bubbles to cover bubble inter-
action on a multi-orifice plate. They considered several situations that may arise when adjacent
orifices are separated by a distance A, the gas flowrate to each orifice is constant at G, and a
time delay,ty, exists between the start of operation of one orifice and that of the other.

In the present work, the equations of bubble growth and motion are not treated analytically,
but are integrated numerically.

The Equations of Motion

At time t = O, a bubble having volume Vo, and upward velocity U, is fed at the volumetric flow-
rate G. At time t, the volume of the bubble is:-

V=V, + Gt ' (3)

Equating bou&ancy force and momentum change of the displaced fluid and using k = } from the
theory of displacement of a steadily moving sphere in an inviscid fluid, one obtains for a bubble

" in a fluidised bed:- -

' d ds
pp(l = ene) (Vo + Gt)g = 3¢ [5p_p(l e ) Vot Gt)-a?:] (4)
- On integration this becomes:-— ) '
- 2gV,t + gGt? + Const. = (V, + cr)ds (s
o] - s} dt .

Using the boundary condition

t =0, %% = Ug, equation (5) becomes:-—
2 _ ds
2gV,t + gGte + Volo = (Vo + Gt)E (6)

For small time and distance intervals At, As, respectively, Equation (6) may be rewritten
as follows:~ ’

s = (2Vogt + gGt? + V. Uy)At

A
Vo + Gt

) €))

A choice of suitable time interval At enables the bubble parameters to be monitored during
growth. If the values of V, and Uy, refer to the beginning of any arbitrary interval At during
growth, equation (7) becomes:-—

: (2gVot + gG(bt)2+ VolUg)at
V, + GAt ) (8)

As

In equation (8), G is the relevant value of the volumetric flow during the interval At.

The model for bubble coalescence before detachment. In order to simulate the behaviour of an assem—
bly of bubbles coalescing on a distributor plate, most of the assumptions of Watson and Harrison

(1) are adopted. It is assumed that the bubbles are spherical and that when their perimeters touch
the ?ubbles coalesce with conservation of mass and momentum. The bubble formed by the coalescence ’
continues to grow and is fed by the orifices that feed the constituent bubbles. The position of

the cgntre of gravity of the bubble formed by a coalescence is assumed to be the same as that of the
constituent pair. The coalesced bubble detaches when it has grown to a radius equal to the distance
of its centre from the line connecting the arifices. Both orifices feed the detached bubble until
detachment occurs. The orifices are either continuously operating so that as soon as an original

or coalesced bubble detaches, a new one is formed at each orifice that feeds it, or a delay time

tq is introduced. Only a pair of orifices of variable spacing, and diffe
considered here. . P & reat flow rates, G are

A4-2
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GAS COMBUSTION IN COALESCED BUBBLES ON A DISTRIBUTOR PLATE

When two bubbles containing the same chemical species coalesce isothermally, the demsity of the
resulting bubble is the same as that of the original bubbles. However, when a bubble of air and
a bubble of fuel gas coalesce and combustion follows, the density of the products of the reaction
is different from that of the reactants because of temperature and mole changes.

1f a fuel is mixed with air and combusted at a given pressure and at a specified heat removal,
the equilibrium temperature and composition and consequently density of the products of the reac-
tion are uniquely determined by an equivalence ratio, the temperature of the reactants, and the
kinetics of the reaction. Thus if the temperature of given reactants and equivalence ratio are
known, the density of the products can be found with or without heat removal.

When a single bubble is fed by more than one orifice of the same type, the total feed to the
bubble is the sum of the individual orifice flow rates, or

G = IG5 ' 9
Equation (9) does not apply to a bubble in which combustion is taking place. However, an

equivalent G may be found from the volume change experienced by the bubble over the time interval
At. It is derived from a knowledge of bubble mass and density at the beginning and end of the

interval At, Mae M
. AV = -
viz. G=2l=Ta T 7 < (10)
At

The fuel:air poperating conditions considered are as follows: One orifice, called the gas
orifice is considered to be fed with a lean fuel gas of given composition and equivalence ratio
¢_, at a given temperature T, and mass flowrate R,. The other orifice, called the air orifice, is
féd by air at a given temperature T, and mass flowrate R;. The air flowrate is always such that
overall stoichiometric combustion takes place. This does not mean that the equivalence ratio in a
coalesced bubble ¢, will necessarily be unity. The reaction model used has been incorporated into
a computer program and is fully described in Reference (4) and also outlined inm Appendix I.

The density of the products formed from mixtures of any strength, and under adiabatic condi-
tions are found from the model. The method of calculating the equivalence ratio of a bubble at the
end of an interval At is given in Appendix II. :

When two bubbles of different compositions coalesce, the density and hence the volume of the
resulting bubble is found by the procedure described in Appendix III. -

By using equations (8) and (10) and where necessary carrying out the material balances given
in Appendices II and III, in conjunction with the use or neglect of the combustion model described
in Appendix I, the position, volume and composition of combusting or non-combusting bubbles may be
found.

THE COMBUSTION EFFICIENCY OF A SHALLOW FLUIDISED BED

The model described above requires stored values of bubble mass and equivalence ratio to generate
G (equation (10)), which are used in equation (8) to obtain As. Further when

I(as) = 33 fev : : . Qan
v

the bubble detaches and its mass and ¢ are known.

The fuel gas entering the bed is of known equivalence ratio, and the gas rates are taken to be
such that overall stoichiometric feed prevails. Because the products of a reaction are independ-
ent of path under given thermal conditions, the total amount of heat released by a bubble during
its residence on an orifice is found from its mass and equivalence ratio at detachment, and the
calorific value of the feed gas.

Let a gas bubble of equivalence ratio ¢g coalesce with an air bubble to form products of
combustion at an adiabatic flame temperature Ty, and a heat release of AH per mass of fuel in the
bubble, F. The maximum possible heat release would be the overall one at ¢ = 1 i.e. AHgyerall:
For a bubbling bed, the combustion efficiency E is therefore defined as:-

I(AHi F1)100
E = ko le_—o 7 (12)
AoveralllFi

A4-3
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RESULTS

The specific examples deal with one feed rate of a fuel rich gas G, = 14 10_3m?s per orifice
entering at the adiabatic temperature corresponding to its composition. For instance, the feed
gas of equivalence ratio ¢, = 135 (a fuel rich gas, see definition of 4 in the notations) 'has a
‘feed temperature of 1994°K and a composition of 9:2% CO, 7-77 €Oy, 3.3% Hp, 11:6% Hy0 and the
remainder Ny, (see eqn. Al). The air feed rate is always stoichiometric which for a gas of

bg = 1.35, comes to Gy = 0-4 107”m”/sper orifice. Its temperature is always 298%K, The resulting
combustion is taken to be adiabatic. The orifices either commence operating together or with a
delay time of ty which for the examples considered is the time delay between the commencement of
operation of the air orifice after the gas orifice.

" Computed results of combustion efficiency for various bubbling models and gas compositions
were obtained as follows:

- A, If there is a constant finite delay time between the operation of the twin orifices, the
composition of a coalesced bubble is not given by the composition of the combined feed to both
orifices. The resulting ¢}, of the coalesced bubble is either greater or smaller than unity dep-
endlng on the order of delay between the orifices and the magnitude of tq: Both effects result

in the lowering of the combustion efficiency as here defined. This efficiency remains eSSentlally
constant until the orifices are spaced so far apart that no coalescence and therefore no mixing
and no combustion takes place. .

This is also illustrated if ty = 0 i.e. the start of the operation of an orifice occurs as
_ soon as a bubble detaches. If the spacing, A, is narrow, coalescence occurs and the efficiency
will be 1007 each bubble containing a gas of equivalence ratio ¢, = 1. As soon as X is large
enough, no coalescence occurs and two individual bubbles of gas and air go through the bed with a
tesultlng combustion efficiency of zero.

Flg 2 (Table i) shows the maximum orifice spacing beyond which the combustion efflclency drops
to zero for various constant delay times. It is seen that a considerable variation of spacing
over a narrow range occurs with change in gas composition, and that the effect of ty is not very
great. Thus, to achieve combustion, the spacing must be less than 28-38 mm,

B. If the spacing is such that combustion takes place, the efficiency will be influenced by the
mode of bubbling. It is now considered that a varying delay time is introduced such that the
second orifice begins to operate only when a bubble from the first has grown to a size which over-
laps it. The vesults ave showu im Fig 3 (Tavie ii) for three different gases. 1t is seen that
quite low efficiencies are reached and that as soon as the spacing is wide enough no coalescence
occurs and the efficiency drops to zero.

C. For a gas of one composition, the efficiency for a constant delay time remains essentially
constant at any spacing. The results are shown in Fig 4 (Table iii) by such lines as ab for

tq = 0, de for ty = 10ms and gh for ty = 20ms. Each of these efficiencies of course drops to zero
when the maximum spacing has been reached (lines bc, ef, hj respectively). It seems reasonable

to postulate that if a bubble overlaps the second orifice within a period shorter than tgq it will
begin to operate and thus the results shown in Fig 4 are obtained:

For a delay time of zero, the efficiency is 1007 until the maximum spacing has been reached -
line abe. For a delay time of ty = 10, the efficiency is given by line adef. Correspondingly for
tg = 20 the line is aghj It is of course clear that the curve adg is the respective line from
Fig 3 and that the maximum A's are obtained from Fig 2.

The three groups of examples only illustrate the model. Results for a random delay time or
overlapping time, whichever is the shorter, will be presented at another occasion when other soph-
istications to the model have been carried out.

CONCLUSIONS

Gas combustion in shallow fluidised beds in a manner described here is likely to lead to a consid-
erably reduced combustion efficiency or to complete unmixedness within the bed (with resulting
combustion in the free board) unless the spacing of an orifice type distributor is below a critical
value. The results of this paper give considerable insight into the effect of such distributors
on combustion and into the likely benefits to be obtained from further sophlstlcatlons to the
model.

Ad-4



- 156 -
INSTITUTE OF FUEL SYMPOSIUM 3ERIES NO. 1: FLUIDISED COMBUSTION

TABLES OF COMPUTED RESULTS

Gas

Equivalence ¢_ - 1.07 l.16 1.25 1.35 1.44 1.53 1.63 1.69 1.79
Ratio 9 ) . .

(i) Maximum orifice spacing (A, am) versus delay time (ty) for combustion to take place

Delay time tj {ms} =10 2.9 3.1 3.3 3.5
5 2.8 3.0 3.2 3.4 3.4 3.6 3.6
10 2.8 3.2 3.2 3.4 3.6
15 3.3 3.5 3.5 3.7
20 3.3 3.5 3.5 3.7 3.7 3.9

(1i) Carbustion efficiency (E,S) versus orifice spacing (\) for a varying delay time §uch that the
second orifice begins to operate as soon as a growing bubble fram the first orifice overlaps

it .
Orifice spacing A = 0.5 cm . 98.9 | 98.9 98.9 98.9 | 98.9
: 1.0 98.9 | 98.9 98.9 98.9 98.9
1.5 , 92.7 | 94.0 94.0 94.0 94.1
2.0 86.7 86.8 87.0 88.2 88.4
2.5 74.6 76.3 77.6 79.1 | 80.3
3.0 57.3 | 60.5 63.5 | 64.9 66.6
3.5 43.4 | 46.8

(iii) Cambustion efficiency (E,$) versus delay time (tg)

Delay time td (ms) =0 100.0 }100.0 |100.0 |100.0 ]100.0 }100.0 |100.0 }100.0 |100.0
5 93.7 93.8 93.9 94.0 94.0 94.1 94.1
10 87.5 87.7 87.8 88.1 88.1 88.2 88.3
1c 21.8 82.1 22.4 22.6 82.8

20 76.1 76.5 76.8 76.8 77.3 77.3 77.6

APPENDIX I: A MODEL FOR THE COMPLETE COMBUSTION OF A HYDROCARBON FUEL

A pure hydrocarbon vapour of a given,C/H ratio is combusted with air to form a gas which is
fed to the fluidised bed where further air is added, the whole operation being stoichiometric.
1 . .
7 (CHY)y + a0y + 3:76N;) = BCO, + cCO + dH,0 + fH, + 3-76aN, (A1)

The water gas shift equilibrium is assumed, and the following relations enable the constants
in equation (Al) to be found for a given y.

Carbon balance: 1=b+c¢ . (AZ)

Hydrogen balance: y = 2d + 2f . (A3)

Oxygen balance: 2a =2b+ c +d - (A%)

Water gas shift equilib;ium constant: K = %%g ‘ (AS5)
BT

The expression a

relates a to ¢, (for definition see notation).

¢

K is obtained as a function of gas temperature T from data given by Gumz (5).

Gas temperature and product composition are found by an iterative heat balance thus:

A gas temperature T' is assumed and the total heat capacity of the combustion products is
calculated thus:

C'T = Ix;Cy ) ‘ . (A6)

The sensible heat of the products is given by:
H'g = C'p(T' - T,) (A7)
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The heat released by combustion is given by:

H'r = inHFi ~ Hpg

(a8)

The combustion temperature T is found by comparing the sensible heat with the heat of reaction

as follows:

' If T'=T
H',=H, H =H
H = CT(T - Ty

T=T, + 2L
Cr

s? Ht

="

(a9)

This procedure is carried out until there is suitable agreement between T' and T, and in most

cases three or four iterations are sufficient to give convergence to within 1°C.

APPENDIX TII: THE CHANGE IN EQUIVALENCE RATIO OF A BUBBLE FED FROM

A GAS AND AIR ORIFICE

Consider a coalesced bubble at time t, mass M and an equivalence ratio ¢;.

The air mass

feed rate to the bubble is R,, and the gas mass feed rate is Rg, at a gas equivalence ratio dge

Ry definition o ‘ ¢y, = Eiz
Also M=F+A
rearranging'(AIO), (All):
F=M—
by * W
= Mw
A= ¢b g

At t + At, the amounts of fuel and air in the bubble are respectively:

Fpp = F + Rg.¢g.At
vg ' W
o Ro.w.At
and AAt = A+ —g-g—-:—; + RaAt

from (Al4) and (Al15), the equivalence ratio at t + At is

Fae-v
Apt

dpae =

(A10)

(All)

(A12)

(A13)

(A14)

(A15)

(A16)

" Substitution of this value of ¢ into the combustion model described in Appendix I enables
PAt to be found, and hence equation (10) gives G, and (8) gives the distance, As, moved.

APPENDIX IXI: EQUIVALENCE RATIO OF A COALESCED BUBBLE

The equivalence ratio of the bubble formed by the coalescence of two bubbles of different equiva-

lence ratio is found by applying the equations derived in Appendix II.

Bubble h equivalence ratio ¢y, mass My, coalesces with bubble i equivalence ratio ¢;, mass

M; to form bubble j of equivalence ratio ¢j.

From (Al4) and (AlS5) Fn + Fi).w

®5 T p ¥ A

NOTATION

a,b,c,d,f = stoichiometric coefficients (-).
A = mass of air in bubble (M). ’

C = heat capacity (Q M oY),

‘D = diameter of bubble (L).
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E = combustion efficiency of fluidised bed (-).
F = mass of fuel iﬁ bubble (M).

g = acceleration due to gravity (L T—Z).

G = wvolumetric flowrate to bubble (L3Tf1).

AH = heat released in fluidised bed by combustion in bubble per mass of fuel in the bubble (QM_l).
Hpj= heat of formation of chemical species i per unit mass (Q M-I).

Hpo= heat of formation of hydrocarbon fuel per unit mass (Q M-l).

H. = heat released by combustion (Q).

Hy = sensible heat of combustion products (Q).

k = constant (-).

K = /equilibrium constant for water gas shift reaction (~).
M = mass of bubble (M).

n = average number of carbon atoms per molecule of fuel (-).
R = mass flowrate of air or gas (M Thl).'

= distance measured vertically above distributor plate (L).
= Eemperature (9).

= time (T).

= vélocity of bubble in vertical direction (L T_l).

volume of bubble (L3).

= air to fuel mass ratio at stoichiometric conditions (-}.

= mole fraction(-).

oKX £ < © - ow
L

= hydrogen to carbon ratio of hydrocarbon fuel (-).

Greek letters

e = voidage of fluidised bed (-).

p = density (M L—B).

¢ = equivalence ratio defined as ratio of stoichiometric to actual air used (~).
Subscripts Superscripts

= air. to= estimated.

= bubble.

delay.

= ‘gas.

F= 21 B = R -
1

,i,j, = species h,i,j, respectively.
mg = state of incipient fluidisation.
p = particulate mass.

At = at end of 1interval At,

temperature.

at t = 0 or at beginning of time interval At.
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Formation Detachment

+Fig 1: Position and growth of bubble on single

orifice with time.
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