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SUMMARY

The work presented in this thesis includes
experimental investigation using a basic fluidised bed to
gasify woodchips and cold modelling studies to improve the
fluid bed reactor dynamics incorporating bed internals,
such as draft tubes and jJjets.

Low grade fuel gas was produced from woodchips as
feedstock, in a 154 mm i/d fluidised bed as the main
experimental part of the project using air as the gasifying
medium. The influence of a number of process variables on
the gasification process were studied including fuel
feedrates, temperatures and bed heights, with respect to
their effects on quality and quantity of the fuel gas

produced. It was found that fuel gas of about 6 MJ/Nm® gp

be obtained with temperatures in excess of 700 °C and

with fuel feedrates in excess of 3.5 times stoichiometric.
The process also benefitted from increasing the static bed
heights of the fluidised bed, which was due to the better

separation of the combustion and gasification zones.

The cold modelling studies coducted using a 2-D
glass model employing a draft tube a nd jet system, and
using a novel photographic technique produced more
realistic data. This showed that both the systems in
question produced induced recirculation rates which can be

controlled by the process variables such as bed height, bed
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and jet velocities. Further studies employing these
systems for biomass conversion should prove that a better
fuel gas quality and quantity can be achieved. 1In addition
a variety of feedstocks can be utilised using the sane

reactor configuration.
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CHAPTER ONE
INTRODUCTION



1 INTRODUCTION

1.1 GENERAL

Energy is the convertible currency of technology.
The "wheels" of technology are turned by the conversion of
energy from one form to another, just as world trade is
accomplished by the exchange of convertible currency. The
rules governing the conversion of energy, from heat to kinetic
energy and then to electricity, for example, are rigorous and
well understood. It is a pity that the laws of economics are
not as well-defined or reliable.

Although manyparts of the world have become more
affluent during the last century or more, this has been
associated with a large growth in energy consumption,
especially of the fossil fuels, coal, o0il and natural gas.

In recent decades, coal has beens extensively replaced by
0oil and gas; and the two latter fuels accounted for almost
all the growth in the primary energy use. Figure 1.1,
(OLIVER et al.,1983 and DANIEL and FLAVIN, 1983), shows how
the world as a whole has grown steadily more dependent on
the energy supplies in general, and oil and natural gas in
particular. The Figure refers to commercial energy use,
and excludes the extensive use in many countries of biomass
fuels, which are seldom recorded in official statistics,

such as wood, animal and crop wastes.
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For most of the last decade, the world has been
stranded at an energy crossrocads. The shocks to the world
‘caused by the o0il price increases of the early and late
seveties, and the realisation of the limited fossil fuel
reserves, have set into motion complex reactions and
adjustments that are still unfolding. Few people doubt
that energy. lifeblood of civilisation, is on the verge of
a major transition. It is less certain what new energy
source or sources will take over the central role which
fossil fuels now occupy on the energy scene.

Table 1.1, (HAEFELE, 1979), summarizes the global
energy supply situation with respect to the energy
carrier's production potential and overall resource
availability. Total renewable resources in TWyr are
infinite, while the annual production potential is
6TWyr . The constraints of renewable energy resources

are determined by the environmental and economic aspects.

1.2 RENEWABLE ENERGY

The progress of the last several years marks a
coming of the age for renewable energy. Of course, no
energy can unfold overnight. Switching from wood to coal
during the industrial revolution took most countries a

century or more, while several decades were needed to



TABLE 11: GLOBAL

ENERGY SUPPLY : Resources,production potentials

and constraints

Production Resource Constraints
(TWyr/yr) (TWyr)

Renewables

wood 2-5 ® economy -environment

hydro 1-15 @ economy-environment

total 6-14) @ economy -(nature)
oil and gas 8-12 (?) 1000 economy -environment —resources
coal 10-14 (77) 2000 (?)  |society-environment—economy
nuclear

burner 12 for 2020 300 resources

breeders | =17 by 2030 { 300,000 builduprates—resources

fusion 2-3 by 2030 | 300,000 technology — buildup rates
solar

sof t 1-2 © economy-land —infrastructure

hard 2-3 by 2030 o buildup rates—materials

1 TWyr =1x70° ton of coal

equivalent




introduce o0il and natural gas. The key to a viable
renewable energy-based future is that the world find means
to make the transition gradually, phasing in the new fuels
before the o0ld ones run out and simultaneously reshaping
economics and societies to accept them. The most
encouraging aspect of the progress made in the last decade
is that it has cleared the way for general change. Energy
conservation has provided breathing space while new
technologies are developed which will allow a meshing of
renewable and conventional energy sources during the
decades of transition.

One misconception that seems to spring up again
and again is that energy sources must come in large
packages. Fifty to hundred years from now historians may
well look back at the world's heavy reliance on one fuel as
unhealthy anomaly born of the decades of low oil prices.

In the future differences in climate, natural resources and
economic systems will determine which energy sources will
be used in which regions. Even within nations energy
supplies will vary from region to region hence making use
of several sources of energy.

Table 1.2, (HAEFELE 1979), shows the technical and
realisable potential of renewable energy resources such as

biomass, wind, hydro and solar.



TABLE 12 : Renewable Energy Resoures

Potential
Source Technical  Realizable Constraint
Forest and 7.5 2.5 ecological
Fuel Farms climatological
Solar Panels economic
Soil Storage | 50 10 technological
Heat Pumps odical
ecologica
Hydropower | 29 15 socialg
Wind 3-0 10 economic
, _ ecological
OTEC 10 0-1 cl |rna1gologlcal
technological
Geothermal 0-4 0-2 economic
Organic Wastes| 0-1 01 - | balanced
Glacier Power | 0-1 0 technological
Tidal 0-04 0 computational
Total 20 63-73 TW

Tw= 10" W



1.3 BIOGAS

The utilisation of gaseous fuels for commercial
and domestic purposes has many advantages over other fuels.
There is no emission of particulates and sour gases into
the atmosphere, no environmental pollution arising from the
transportation and stbrage of the fuel. It is therefore
not suprising that the world consumption of natural gas has
trebled since 1962. The natural gas extraction is likely
to be increased further, between 20 to 30 per cent during
the next two decades (SEAY 1980), to deal with the rising
demand. Unfortunately; the world's natural gas reserves
are as unequally distributed as its oil reserves, since
most natural gas deposits are found togather with oil
deposits. Most of the increase in output will occur in
just four regions, Mexico, the Soviet Union, the Middle
East and North Africa. A few other developing nations have
ample reserves, but most poor countries do not. Among
industrial countries, natural gas will be a severly limited
resource. On balance, natural gas will be a major energy
resource for just a few nations, most countries will have
to develop other gaseous fuels. The possible alternatives
are :

1) Long distance pipeline gas from areas of large
natural gas reserves.

2) Imported liquefied natural gas (LNG) and



ligquefied peteroleum gas (LPG) shipped from places such as
the Middle East.

3) Substituted natural gas (SNG) from coal
gasification supplying both commercial and domestic
markets.

4) Low and medium calorific value gas produced and
consumed at industrial site made from biomass fuels such as
peat, wood, municipal refuse qnd crop waste.

In short all the above alternatives will play an
increasing role in maintaining the supply of gaseous fuels
to the commercial and domestic markets, after the
exhaustion of natural gas and oil. The fourth alternative,

the production of low and medium calorific gas from

biomass fuels, is the only viable prospect for the

long-term.

1.4 THE ENERGY POTENTIAL OF BIOMASS

The total amount of solar energy falling on the
land area of the countries of the European Community is of
the order of 136,000 million tonnes of o0il equivalent
(Mtoe) per year (PALZ and CHARTIER 1980). Compared to this
the estimated European Community energy consumption of
somewhere around 1,000 Mtoe per year is small. Part of the
solar energy is fixed in terrestrial and aquatic plants

which can become sources of direct or indirect energy. The



tapping of the vast solar energy resource in this way to
supplement European energy supplies, which still depends con
37% of its total energy consumption from imported oil, is
an exciting prospect. However, only a small fraction of
the solar energy is fixed in this biomass as even high
yielding crops have photosynthetic efficiencies of only

a few percent. The use of biomass for fuel also competes
with food (even though the European Community has surplus
of some food supplies) and materials production and
because of this, only a small but significant proportion
of European enerdy requirements can reascnably be
expected to be met>from biomass.

The guestion of what and how much biomass is
available, and of the technology to use it, is complex.
Biomass has the potential of producing approximately
90 Mtoe of useable energy within the European Community by
the year 2000. This is around 7% of the energy consumption
of the Community in 1985. The potential is given in Table
1.3, (STRUB 1983), which has been calculated as the net
energy produced, making assumptions as to the conversion
efficiency of raw materials to various products, including
heat by direct consumption, gas by thermal or biological

means, and liquid fuels in the form of alcohols (methanol

or ethanol) or pyrolytic oils.



TABLE 1:3: Total Net Energy Potential (after conversion)

RESOURCE NET (Tw)®
Wastes and residues
1) Animal wastes 16-4, x 107
2)Crop residues 17-8 = 107
3) Forestry/wood residues 11-3 x 10°
L)Municipal solid wastes 127 x 107
5) Sewage 26 x 10°
Firewood 9-4 x 10°
Energy forestry and crops
Dry (Forestry and short rofation plantations)| 401 x 10~ w©
Wet(atch crops, algae and aquatic plants) |121 x 107 «©
Total 1224 x 107> w
@TW=10"W.

7% of the estimated consumpti
® yegr 1985 (EC without Greeces‘?p on by the

« This potential will be available in 15 years.




1.5 THERMOCHEMICAL CONVERSION OF BIOMASS

1.5.1 Intreoduction

Like the well-known food chain, the thermochemical
conversion chain depends upon the orderly flow of material,
in this case biomass, through properly selected and sized

successive process steps, as shown in Figure 1.2, (MILES

1983).

1.5.2 Gasification

Thermochemical gasification via partial oxidation
is an old art which has been developed to substantially
transfer the combustion value of a solid feedstock to a
gaseous energy carrier in the form of chemical energy.
Gasification reactors fall into four main categories, each
having their own distinct advantages and disadvantages:

(1) Fixed or moving beds

(2) Fluidised beds

(3) Entrained or fast fluidised beds

(4) Recirculating or circulating beds

In the studies undertaken in this work, fluidised
bed systems were employed initially, as they achieve
conditions of high heat transfer rates required for rapid
pyrolysis and degradation of fuel particles of varying

size and density. The use of an inert bed of sand as a
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heat carrier has the effect of distributing heat from

regions of combustion to regions 6f reduction, giving an
overall uniform temperature profile throughout the bed
which prevents the formation of hot spots and subsequent
ash sintering leading to defluidisation and blockage of the
reactor. Later work was performed using recirculation of
bed particles via a jet to yield a greater residence time

for better char combustion.

1.6 OBJECTIVES OF THE PRESENT STUDY

The principle aimSof the work presented in this
thesis were two-fold and are presented below:

(1) To investigate experimentally the
gasification/pyrolysis of wood in a 154 mm i/d fluidised
bed to produce a low calorific value fuel gas for the use
as an alternative to coal produced gases or natural gas.
The experiments were designed to study the effects of
varying the following main process parameters:

(a) Temperature,

(b} Fuel feed rates (fuel/air ratios), and

{c) Reactor bed depth.

The results obtained from these studies are presented in
Chapter 3 along with relevant discussion.
(2) To investigate the effect of recirculation of

the bed material on the gasification/pyrolysis process



using a 2-dimensional cold model, incorporating draft tubes
and a jet. From the cold model the influence of the

following parameters on the solid recirculation rates were

determined:

(a) Fluidising air velocities through the bed,
{b) Air velocities through the jet, and
{c) Bed heights.

Results obtained from the cold modelling are discussed in

Chapter 4.



CHAPTER THO
LITERATURE SURVEY
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2 LITERATURE SURVEY

2.1 INTRODUCTION

As the world's resources of naturally occuring oil
and gas are gradually exhausted, there is increasing
worldwide interest in other sources of energy. In
particular renewable sources such as biomass.

Any living materials, either plant or animal, and
the waste produced by them may be described as biomass.
Certain biomass may be converted by physical or chemical
processing into solids, liquids or gases. Which in turn
may be used as fuels to replace conventional coal, oil or
gas supplies. The fuels derived from biomass are called
biofuels. The processes which can be used to convert
biomass into biofuels are based on well proven
technologies, which have previously been developed for
processing more conventional materials such as coal.
Although the technologies themselves are, on the whole,
well understood new factors are introduced when processing

biomass, which require further research and development.
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2.2 BIOMASS AS A FUEL

All fossil fuels originated from biomass. One
cannot help but be impressed by the major physical and
chemical differences from which they derived. Present-day
reserves of coal, oil and natural gas have been subjected
to extremely cost-free processing operations through the
combined action of climate and geological forces over
enormous spans of time. Fresh biomass has serious
disadvantages as a fuel compared with the fossil fuels.

The disadvantages of biomass are :

(1) that biofuels usually have only a modest

thermal content compared with fossil fuels,

(2) they often have a high moisture content, which
has the effects of inhibiting ready combustion,
causing major energy loss on combustion, mainly
as latent heat of steam, and also rendering the
material putrifiable so that it cannot be
readily stored,

(3) they usually have a low density and, in
particular, a low bulk density, factors which
increase the necessary size of equipment for
handling, storage and burning, and

(4) the physical form is rarely homogeneous and
free flowing, which militates against automatic

feeding to a combustion plant.
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The geological conversion processes which formed fossil
fuels have increased the thermal content per unit weight
relative to the fresh biomass. Virtually eliminating the
moisture content, increased the density and bulk density,
and converted the material to fluid (as in the case of oil
and gas), or a readily handled solid,.as in the case of
coal.

The advantages of biomass fuels, such as they are,
are not connected with suitability in storage and use.
They constitute a continually renewable resource whose use
leads to no long-term increase in the atmospheric
carbon-dioxide. Sometimes they may be cheap and readily
available. When this coincides with the material being in
a sun dried condition, as it does in gathering firewood in
a forest, when a farmer uses straw from his field to heat
the farmhouse or when tea plantation workers use bush
prunings that have dropped on the geound, then these may,

indeed, be real advantages.

2.3 BIOMASS MATERIALS AND RESOURCES

The biomass which could be available as a source
of energy in the UK may be divided conveniently into three
groups, and the following materials have been considered in

the Department of Energy's Biofuel Programme (1982) :



(1) SOLID FUELS
(a) Domestic refuse
(b) Industrial waste
(c) Straw
(d) Wood waste from timber processing
(e) Logs and forestry thinnings
(£) Chicken litter
(g) Peat
(2) WET AGRICULTURAL WASTES AND VEGETABLE CROPS
(a) Pig, poultry and dairy waste
(b) Vegetable residues
(c) Catch crops
(d) Perennial crops
(3) FORESTRY
{a) Wood grown specifically as an energy crop

The estimated quantities of biomass available in the UK is

shown in Figure 2.1.



FIGURE 21 : Estimates of Quantities of Biomass Available.
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2.4 DIRECT COMBUSTION

The direct combustion of biomass to produce heat
should in theory be the most efficient route of
utilisation, since with no conversion process involved,
there are no conversion losses. On the other hand, the
advantage from conversion processes, such as moisture
reduction, ease of handling and increase of thermal value,
are not available and the boiler or furnace designer must
grapple with these problems. Biomass rarely comes in an
acceptable form for burning, for example, straw is of low
bulk density until compressed and requires chopping or
grinding for automatic feeding. Although wood may be burnt
as logs, such large pieces generally combust too slowly to
be efficient in industrial equipment, boilers generally
requiring chipped wood. These preliminary processes of
chipping, chopping, grinding, densification or drying are
associated with financial costs and energy expenditure.
Where these problems have not been fully resolved, the
combustion process becomes inefficient by wasting heat in
volatilisation of moisture, heat losses from the equipment
and demanding excessively large and expensive equipment in
relation to heat yield.

Moisture content is the major problem in relation
to the combustion of biomass as a fuel. It is commonly

stated that biomass material, to combust, should not



contain more than 15% moisture by weight. 1In practice
though all that is required is that the biomass should
contain sufficient gross thermal value to volatilise the
moisture that is present, to raise it to the temperture of
the flue gases and to keep the combustible material
sufficiently hot to enable combustion to continue.
Although the latent heat of evaporation of the water is
often thought of as the major obstacle, and it is indeed
significant in the calculations, its effect is not as
serious as is often supposed.

Other preparations involved in the processing of
biomass to enable it to combust, are densification and size
reduction.

The choice between direct combustion and any of
the conversion processes is therefore made based upon a
combination of, the fuel moisture content, density, thermal
value and physical form, especially related to mechanical
handling. Ash content is also a parameter of some
importance in comparison to ashless fuels such as o0il and
gas.

Once direct combustion has been selected, the
choice of the boiler is related to these same parameters,
though it is also dependent upon the scale of operation and

the end use of the energy.



2.5 ANAEROBIC DIGESTION PROCESS

This process has been known for several centuries
and the work of some early chemists in Europe have made
reference to it during the late 18th and early 19th
centuries. It consists of a microbiological process during
which the chemical structure of the waste material is
broken down and mixture of gases is released. The gases
comprise of carbon-dioxide (about 30%) and methane (about
70%), with traces of hydrogen sulphide. The waste
materials are collected in specially designed tanks
(digesters) which exclude air from the reactahts
(anaerobic) and contain the gases produced. The thermal
content of the biogas depends upon the specific proportions
of its constituents, and is generally described as
intermediate, i.e. it is a medium CV gas (26 MJ/Nm’)
compared with SNG (36 MJ/Nm’).

Anaerobic digestion is a technically simple
process requiring relatively straight forward plant,
although the biological processes involved are complex, and
not well understood. It is especially suited to the
treatment of organic materials with a high water content
such as animal wastes, plant and vegetable materials.
Although digesters are commercially available both in the
United Kingdom and on the Continent as means of pollution

control and waste disposal, relatively little work has been



directed so far to their optimisation for fuel production.
The fuel gas produced from anaerobic digestion can
be used either directly for heating purposes, to generate
electricity, or cleaned and upgraded to SNG. One advantage
of anaerobic digestion is that the sludge remaining, after
the waste has been processed, can be used as a fertiliser.
Since it contains a similar amount of plant nutrient to the
raw animal waste. It may also be used as an animal feed

supplement, being rich in protein.

2.6 FERMENTATION PROCESS

The production of ethanol by fermentation is a
well known technique, where the source of carbon in the
reaction is sugars derived from complex carbohydrates-
Brazil and USA have developed the technology based on their
large surpluses of sugar cane, cassava and grain. The
alcohol thus produced is used in a blend of 20% alcohol and
80% gasoline by volume, commonly known as Gasohel.

In the UK the potential feedstock for ethanol
fermentation would be crops such as sugar beet and cereals.
These, however, have a high value in the food market which
makes them too expensive for conversion to ethanol.

Another possible route for the production of

ethanol is through the use of agricultural and municipal
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wastes as a source of cellulose. In the UK, however, the
alternative uses of these wastes in direct combustion
systems or anaerobic digesters seem to be economically more

attractive than the production of ethanol.

2.7 THERMAL PROCESSING

2.7.1 The Objective And Nature Of Thermal Processing

It has already been mentioned that fossil fuels
have been derived from biomass through a geological process
which overcame the principal disadvantages of biomass as
fuel. Conversion of biomass to coal involved a biochemical
stage of transformation in which peat was formed under
largely anaerobic conditions. Followed by a geological
stage in which the peat was subjected to the pressure of
superimposed layers of sediment or rock and an increase in
temperature. The type of coal was determined by the
nature of the original biomass, the degree of anaerobicity
of its decay, the temperature and pressures reached during
the geological stage and the age of the seam. During these
processes the carbon content had been increased and the

volatile matter diminished (FRANCIS, 1961). Although a



broadly similar pattern of events probably gave rise to oil
deposits and natural gas, the differences, which led to
much more hydrogen remaining, are not clearly understood.
Attempts to reproduce these conditions in a laboratory have
been largely unsuccessful. Therefore thermal processing of
biomass may be seen as an attempt to substitute for the
natural processes of conversion. Thermal processing has
been quite widely applied to coal. i.e. to an already
converted fossil fuel, and when this is done the objective
is normally a change of state to yield either a liquid or a
gaseous fuel.

In a now obsolete process for the production of
methanol, acetic acid and acetone, wood was heated in the

°Cc. The

absence of air to a temperature of about 250
feedstock decomposes at this temperature to yield :
(1) wood gas, containing hydrogen, methane,
carbon-dioxide and some minor components,
(2) pyroligneous acid, which is an aqueous distillate
containing methanol, acetic acid and acetone,
{3) a wood tar, rich in phenolic substances, and
(4) charcoal, consisting of carbon with the original
mineral or ash component of the wood.
The yield of the desired components is only 5-6% based upon
the original weight of the wood. However, the process used

to provide fuel incidentally to its main objective in the

form of the gas, which was usually used to heat the



retorts, and charcoal as a combustible solid fuel. This
constitutes a simple form of thermal processing although
the treatment temperature was very low and the range of
products excessively diverse. Processes of this type,
conducted in the absence of air and with no other addition
to the system, are known as pyrolysis. The nature of the
products is markedly affected by the temperature employed
and the rate of heating the feedstock.

In Australian work done by McCANN and SADDLER

°c, a yield

(1976), for example, carried out at 500-650
of a pyrolytic oil from straw was obtained, amounting to
some 39% of the input energy of the feedstock. This was ofl
poor quality, containing a significant amount of oxygen and
hence low thermal content per unit weight, and the process
was not considered to be economical. Nevertheless, this
process serves to illustrate the principle and aims of
thermal processing, which always involves converting the
inconvenient, low CV and sometimes moist fuel into a dry
convenient fuel, either an o¢il or gas. The advantage
applies particularly to process versions in which the
feedstock is converted with high efficiency to one form of
fuel, because a multiplicity of products complicates
marketing and distribution. 1In practice this usually
necessitates one or more of the following steps :

(1) optimisation of operating parameters to maximise

the percentage of the desired fuel in the primary



products,

(2) introduction of additional reactants into the
primary reaction chamber, especially, air, oxygen,
steam or hydrogen, and

(3) secondary processes to convert, modify or upgrade
some or all of the primary products.

The advantages of the resulting fuels compared to
the feedstocks relate to its greater ease of transport and
distribution. Leading to its better ability to be
metered in a controlled way for automatic feeding purposes,
and hence increased effectiveness in electricity
generation. To secure the full benefits of these various
advantages, quite considerable modifications to primary

reaction products are often necessary.

2.7.2 Pyrolysis Or Devolatilisation

This is the basic version of the process, as decribed
briefly in the previous section, in which biomass is simply
heated in the absence of any air or additional reactants.
An amount of char is always formed. Carbonisation is the
name given to the process when the amount of char is
maximised, the basic reaction being a driving of water from

typical biomass at the oxidation level of carbohydrate,



Cen (H20)30 -—————-~ > 6nC + 5nHz0 (2.1]

In practice, this reaction cannot be conducted
with high efficiency, being complicated by other reactions,
one of the most important being considered to be :

C + H20 <((K—————-—-— > CO + H: [2.2]
which is responsible for generating what are probably the
main primary constituents of pyrolysis gas and the main
components which are obtained in the upper range of
temperatures. Several secondary reactions also occur, such

as the following :

2C0 + 2H:2 {=m———= > CHa + CO2 [2.3]
C + 2H:2 {====== > CHaq [2.4]
C + 2H:0 <(-———-- > COz + 2H2 [2.5]

so that methane and carbon-dioxide are also present in
various proportions in the pyrolysis gases, depending upon
conditions, upon the feedstock employed and its moisture
content.

A wide range of gas compositions have been
reported in the literature from various feedstocks, the
interesting changes of gas composition taking place between

°c. Experimental work with municipal waste

500-1000
and with wood confirms that the volume percent of hydrogen
and carbon-monoxide in the gas increases steadily above 400

°c until they become almost the sole gaseous products at
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temperatures approaching 1000 "C, (LEWIS and ABLOW,

1976). High yield of gas is also favoured by high
temperatures with yields of oil, char and aqueous
distillate depressed. DOUGLAS et al. (1974) found that
with rapid heating and paper as feedstock, a gas yield on a
weight basis of over 50% of the charge was obtainable at

°C, at which

900 °C, but less than 10% at 400
temperature about 35% of the product was char. Work on
heating finely divided biomass with very rapid heating
rates suggests that even higher overall gas yields are
possible. Further work by KNIGHT (1979), using a sawdust
feedstock, found that the yield of o0il remained fairly
constant, at around 16-17% of the feed, over the range

°c. The rate of heating, however, appears to be

540-870
quite significant in relation to the ratio between char and
liquid products. Slower heating rate tending to maximise
the formation of char. 1In view of the premium values
placed upon liquid fuels, especially for powering vehicle
engines, it may be that the main future role for simple
pyrolysis processes will be in the production of liquid
fuels. Since gas is more efficiently obtained from
processes using air, oxygen or other additional reactants.
However, the poor properties of the primary pyrolytic oil,
are further aggravated by its corrosiveness, high ash

content and a tendency to polymerise. Therefore

considerable modification after pyrolysis would be needed



to make an acceptable fuel for the commercial market.

2.7.3 Gasification

This is in principle a similar process to
pyrolysis except, in this case the feedstock is heated in a
controlled atmosphere of air, oxygen, steam or any other
reactant or reactants, which allows a more efficient
conversion. Detailed discussion on the gasification

processes available will be conducted in the next section.

2.7.4 The Role Of Thermochemical Processing

Recent years has seen renewed interest in
thermochemical processing of biomass. In principle almost
any reasonably dry form of biomass can be thermochemically
processed, at scales ranging from 0.25t/hr to 40t/hr, but
for evaluation purposes the practical combinations can be
grouped into two types of systems according to WHITE and
PLASKETT (1981) :

(a) Centralised systems for production of chemicals
and high grade fuels, and
(b) Local systems for producing low calorific wvalue

gas.



2.7.4.1 Centralised systems

The centralised systems would be essentially
conventional chemical plants, but on a smaller scale. They
are likely to operate continuously producing upwards of
500t/day of refined fuels and chemicals to tight

specifications for sale to third parties.

2.7.4.2 Local systems

The local systems would be small scale, producing
gas from 0.5-10t/hr of biomass. They would be technically
simpler and easy to set up and operate. Since the gas
would be used in the neighbourhood or even on site as fuel,
it may well be loosely specified, and would be produced
from whatever biomass source is locally available. The gas
users would probably be the equipment owners and operators,
using the gases to save on conventional fuels.

Local systems have the major advantage that the
cost of raw materials and the distribution of the products
are very much reduced. Indeed, at many locations the only
cost might be the capital cost of the equipment.

Currently, the main impediments of the deployment
of such fuel gas technology is that the technology is not
yet ready to be commercially deployed. From an overall
viewpoint, thermochemical processing of biomass seems to
have quite a bright future. Production of gases is already

economic and exploitation of the technology in this market



could provide the necessary market pull to stimulate the

biomass supply system.

2.8 BIOMASS GASIFICATION

2.8.1 Introduction

Thermochemical gasification via partial oxidation
is an art, over 150 years old, which has been developed to
substantially transfer the combustion value of a solid (or
liquid) feedstock to a gaseous energy carrier in the form
of chemical energy. This is done because a gas offers many
advantages as a heat carrier and, if required, the gas
produced can be processed to produce liquid fuels.
Sometimes, for example in the case of coal gasification, a
secondary aim is to remove undesired components from the
solid fuel, such as sulphur. However, in biomass
gasification this plays no significant role. The main
reason for biomass gasification is to produce usable fuel
to supplement the depleting supply of fossil fuels. This
could play an important role in the energy supplies of the
regions in the world where biomass supplies are redundant

and where fossil fuel supplies are economically



unobtainable.

It has been necessary to designate a whole chapter
for the evaluation of the gasification processes in use in
the past and present. To discuss the chemical and physical
processes involved during biomass gasification, with
particular reference to wood. Also to assess the possible
future alternatives regarding biomass gasification

processes.

2.8.2 History Of Gasification

The oldest way of gas production from carbonaceous
materials is dry distillation, heating up the feedstock in
an oxygen-free atmosphere. On this process principle the
first cocal-gas company started in London in 1812, to
produce gas for lighting purposes (HASSAN, 1977).

A second method for producing gas was the (cyclic)
water-gas process, developed in about 1880 and applied on
an industrial scale from 1900 onwards (FISCHER and GWOSDZ,
1921).

In 1839 Bischof designed a vertical-shaft gasifier
for coal and peat gasification, as shown in Figure 2.2

(MEUNIER, 1962). This type of gasifier was improved



further by many other workers, for example Siemens (1857),
and was used in Europe for more than a century (MEUNIER,
1962). The main problems associated with these gasifiers
were the production of tar and ash removal. In 1840
Ebelman suggested that the tar production could be overcome
by leading the product gas through a glowing coke bed.
Based on that principle several gasifiers with one or two
glowing zones, to decrease tar production were realised.

In the period from 1880 to 1920, specially in
Germany. improved designs were made for gasification of low
grade coals like lignite. From the same period some
examples are known of installations for the gasification
of vegetable materials. This was probably the first

attempt at biomass gasification.

FIGURE 2-2 : Counter-current gasifier Bischof (1839)

FUEL
—== GAS
ASH GRID
REMOVAL T~ —
AIR T




Other gasifiers have been designed specifically to
cope with the problem of ash removal, leading to the famous
rotating grid type. The first such gasifier was designed
by Kerpely in 1904 (FISCHER and GWOSDZ). The powdered coal
gasifier of Hirth and Maconnet (1905) was an early example
of a new technique for eliminating the ash removal problems
as well as the problem of the caking coal in a packed bed.
This technique has led to the development of the fluidised
bed gasifier by Schmalfeldt and Wintershall in 1940.

During the second world war small gasifiers were
constructed for traction of cars and lorries, because of
the shortage of ligquid hydrocarbons in continental Europe.
Most of them used anthracite or charcoals as feedstock but
quite a lot used gasified peat or woodblocks. While early
gasifiers operated mostly at atmospheric pressures, during
and after the war pressurised gasifiers were developed, for
example Lurgi (1930) and Koppers-Totzek (1948) (MEUNIER,
1962).

0il and natural gas took over the predominant
position of coal in energy supply, however, and
consequently the role of gas production was greatly
reduced. Exceptions can be found in regions of the world
with special economic circumstances, for example South
Africa, parts of USSR and in developing countries.

The energy crisis has however renewed the interest

in gasification processes of coal and other potential solid



fuels, in particular biomass. In the next sections various
routes of gasification will be discussed with a brief

summary of the types of processes available.

2.8.3 The Various Routes To Solid Fuel Gasification

The chemical reactions involved in the
gasification of solid fuel are all heterogeneous gas-solid
reactions accompanied by relatively large energy changes
Questions of material and heat transfer therefore play a
prominent part in the design of gasification processes. It
is an extremely difficult problem in process engineering to
adjust the course of the chemical reactions especially
in conjuction with all the other process parameters. It is
obvious that numerous compromises are made, or may be
imposed by the external censtraints.

To achieve complete gasification it is necessary
to transfer large quantities of heat to the feedstock in
order to provide the heat of reaction. Therefore in the
designing of gasifiers, the technique adopted depends on
the method of heat transfer. There are basically two
different heat transfer processes, autothermal and
allothermal. 1In the autothermal process the heat of
reaction is produced inside the gasification reactor
itself. While in the allothermal process heat for the

endothermic gasification reactions has to be transfered to



the reactor from an external source.

In autothermal processes the composition of the
gasifying medium is generally the means by which the
interplay between individual exothermic combustion
reactions and the endothermic gasification reactions, is
adjusted in such a way that the overall process takes place
in the required manner. Heat, in this process, is most
commonly supplied by the partial combustion of the solid
feedstock with either air, oxygen or a mixture of
air/oxygen/hydrogen. As a result the raw gas will contain
an appreciably higher content of carbon-monoxide and
carbon-dioxide, than is the case with allothermal
processes. The product gas is also diluted with nitrogen
when using air or a mixture including air as the gasifying
medium. On the other hand, autothermal processes possess
the great advantage of avoiding the losses associated with
heat transfer. The design and construction of this type of
gasifier is also simplified. Further, the amount of heat
needed for the reaction can be adjusted quickly and
accurately as required by regulating the oxygen content of
the gasifying medium. On account of these advantages, all
the gasification processes which are at present being
cperated on large industrial scale or pilot scale are
without exception autothermal processes.

Allothermal processes, on the other hand, have

losses associated with heat transfer and complexity of
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construction, as a consequence have not been extensively
developed. One promising application of this process,
being developed in Germany by JUNTGEN et al. (1974), is
steam gasification of coal which employs process heat from
high temperature nuclear reactors and the good heat
transfer properties of fluidised beds to feed heat into the
gasifier.

Although heat transfer is the essential step in
solid fuel gasification processes. In the design of the
gasifier, the movement of the solid fuel and the gasifying
medium through the system are crucial to which the question
of heat transfer has to be subordinated. It seemed useful,
therefore, to classify gasification processes on the basis
of the mode of conveyance chosen.

Counter-current flow of the solid feedstock and
the gasifying medium, §s used in most fixed-bed gasifiers.
This leads to discrete zones in the bed at different
temperatures caused by the exothermic and endothermic
reactions dominating'at different points. Fresh fuel, in
these systems, is fed at the top of the reactor which is
preheated by the upward moving hydrogen-containing product
gas. As a result the feedstock is carbonised and
hydrogenated, leaving the raw gas with relatively large
amounts of tars, o0ils and gaseous hydrocarbons. The tars
and oils are undesired products of gasification, and

therefore reduce the gasification efficiencies. The char



produced in this carbonisation zone is largely consumed by
the very hot steam in the upward flowing medium. The
gasifying medium is heated up as passes through the bed of
hot ash inthe conbusticn zone with the raw gas being cooled
down as it passes through the carbonising and preheating
2ones. So that in addition to very good conveyancing of
material, an excellent heat utilisation is obtained.

Figure 2.3 shows a schematic diagram of the counter-current
gasification process. The most recent developments with
the Lurgi fixed bed gasifier operating at super atmospheric
pressures by British Gas at the WESTFIELD DEVELOPMENT
CENTRE {1275), has shown that this process can handle most
types of caking and non—-caking coals.

If a current cf air is passed through a bed of
fine-grained material at iIncreased blast pressure to
achieve a high enough velocity, the solid particles
separate from one another and are set In turbulent
circulatory motion. This phenomena is known as
fluidisation. t is true to say that the majority of the
new generation of gasification processes involve fluidised
bed reactors in single (SCHILLING et al., 1981), twin and
multiple configurations (ANDERSON and TILLMAN, 1979), in
which no discrete reaction zones are able to form as they
do in a fixed bed, cwing to the rapid internal mixing of
the sclid particles. The fluidised bed, therefore, attains

a very homogeneous temperature distribution through its



whole volume. This results in the gasification reactions
takirg place in a much more uniform manner. In contrast to
the kchaviour of the solid, however, the composition of the
gas varies continuously through the fluidised bed.
Comlustion taking place mainly in the lower part of the
bed. While gasification and pyrolysis reactions taking
place in the upper part. The fresh fuel fed is heated
extremely rapidly to the reactor temperature on entering
the fluidised bed, where pyrolysis takes place along with
gasificaticen. The raw gas leaves the reactor with large

+ cf sensikle heat, therefore tar and oil contents are
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proportion of the fine char particles elutriated from the
Led whiclh represents a carbon loss to the system if the
dust is nct reintreoduced to the gasifier.

mhe fluidised bed process can handle both caking
and non-caking coals of various size ranges but cannot
efficien~ly handle fines. On the other hand, entrained
flow reactors carn only handle finely ground fuel in order
to ebtain a Lhigh degree of converslion due to short
residence times of the fuel particles in the reactor.
Sihce there is a need to reach high reaction temperatures

the orygen conzunption of this type of gasifier is
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FIGURE 2-3
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relatively high compared with other types. To overcome
unfavourabkle heat and material transfer conditions from the
the ci-current f£low of fuel and gasifying medium some
processes have a reactor section constructed as a vortex
chanber with tangential injection, where the difference in
inertia between the solid and the gas means that the two
phases move relative to one another in the reaction zone
and material transfer i1s improved.

Gasifier types can further be subdivided by the
types of gas they produce. This is determined principally
by the composition c¢f the gasifying medium and the type of
fuel being processed. Commenly gasifying media used are
air, omygen, air/cxygen, oxygen/steam, hydrogen and stean.

tly influence the heating value of the product

+]
»
*

3
0
o

u
[ i
]

o

0

5. An cir/steam blown gasifier will produce a low CV
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preduct gas cf less than & MJ/N=® comprising of a mixtur
of hydrcgen, carbon-monoxide, carbon-dicoxide, nitrogen and
small amounts of methane. The nitrogen from the air and
carbon-dicixde from combustion could account for 60-70% of
the product gas by volume. Resulting in the dilution of
the conmlkustible components, carbon-monoxide, hydrogen and
methane, therehy reducing the CV. An oxygen or an
oxygen/stean bloewn gasifier would yield a medium CV gas of
10-26 M3/, which does not have the adverse dilution
effects of nitrogen and comprises mainly of hydrogen,

carbon-nmconoxide, carbon-dioxide and small quantities of
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methane. This gas is the main feedstock for further
processing to give a gas of pipeline or SNG quality by
catalytic methanation. The methanation process requires
the hydrogen/carbon-monoxide ratio to be approximately 3:1,
this therefore requires the conversion of the
carbon-monoxide by the shift reaction to take place (SEGUN,
1975). The end result of this process is a methane rich
(>98%) fuel gas of CV approaching 37 MJ/Nm’, which is
suitable as SNG. |

In all the gasification processes in use ané under
development the aim is to produce the highest quality gas
possible within the limitations imposed by the operating
conditions, i.e., fuel quality, gasification medium and
temperature. The gasifier type is then chosen to satisfy
the needs ¢f a particular application of the produced gas.
The general advantages and disadvantages of the gasifier
types are given in Figures 2.4 (a), (b), (c) and (d). A
large number of the new gasification processes, for
gasification of biomass, under development employ fluidised
beds, with the production of a wide range of fuel gases
from low to high CV. Further discussion df particular
processes involved in the gasification of wood will be

presented in a later section.



FIGURE 2-4 (a)
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FIGURE 2-4 (b)
Co-current moving bed gasifier
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FIGURE 2-4 (c)

Cross-current moving bed gasifier
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FIGURE 2-4 (d)

Fludised = bed

PYROLYSIS, OXIDATION
T REDUCTION ZONES

Advantages
1) Can accept wide range of
particle  sizes
2)High ash fuels can be
accepted

gasifier

TEMPERATURE SOLIDS  CONVERSION

w,

300 900 1500 O 50 100

T/K —= Y
Disadvantages
1) High outlet

2) Tars and fine particles in
product gas

3) Difficult to control and
operate

temperature

- Ly



2.8.4

_48_

Chemical And Physical Processes Invloved During

B

iomass Gasification

material

(a)

(b)

(c)

(4)

previous
occur at

almost ¢

The gasification of woqd or any other biomass
proceeds by a sequence of steps :

DRYING during which the temperature rises from
ambient to about 100 °cC.

PYROLYSIS or QEVOLATILISATION which starts at a
temperature of about 180 °c and continues up to
much higher temperatures (i.e. 1000 °c).

GASIFICATION of residual char with reactive gases
such as oxygen, steam, carbon-dioxide and
hydrogen. The reaction with oxygen starts at
about 400 °C, while temperatures of about 700 °C
are necessary for the other reactions.

SECONDARY REACTIONS of the pyrolysis and
gasification products either in the gas phase or
on contact materials (eg. bed material, fly-ash,
charcoal, etc.)

In some types of gasifiers, as discussed

ly, drying, pyrolysis, gasification and oxidation
distinct zones. 1In others there is a partial or
omplete overlap of these successive steps.

The individual processes of drying, pyrolysis,

gasification and the secondary reactions will be discussed
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in the following sub-sections.

A typical product distribution for gasification of
wood or any other biomass fuel is represented in Figure
2.5. It can be seen that most of the gaseous products are
initially produced in the pyrolysis step (about 65%).
Therefore the pyrolysis reaction is important to determine
the product gas composition. 1In reality, depending on the
reactor configuration and reactor ;emperature, these
pyrolysis gases will undergo secondary reactions. The
final gas compotion can thus significantly differ from the

primary pyrolysis gas composition.

FIGURE 2-5

Product distribution for gasification of wood or any other biomass
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2.8.4.1 Drying

Drying is the first step involved in the
gasification process. As the particle of ﬁiomass is heated
to 100 °C, drying takes place by the evaporation of the
"free water". Several types of biomass, such as green
wood, bark or sludge, contain 50% or more moisture. For
these materials drying is an important and capacity
limiting phenomenon. The gasifier should be designed to
provide a sufficient residence time for evaporation of the
moisture. In some cases provisions should even be made for
an additional heat input to accelerate the drying, for
example preheating the blast.

In this work woodchips with a low (less than 15%
by weight) moisture content were used. Moreover heating
rate in a fluidised bed is extremely rapid due to the fast
heat transfer throughout the bed and the large temperature
difference between the fresh feedstock on the one hand, and
the bed material on the other. It is therefore assumed
that the drying process is instantaneous, and the kinetics

of evaporation are therefore ignored

2.8.4.2 Pyrolysis or devolatilisation

For biomass the pyrolysis or devolatilisation is
of paramount importance. Since the ratio of the volatile
matter of the original dry mass is substantial (typically

80% or more for wood and other similar biomass materials).
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The rate of pyrolysis is controlled by heat transfer and
depends on the "volatile matter content" of the fuel. The
volatile matter content of a few selected fuels is given in
Table 2.1 (SCHOETERS, 1983). The volatile matter content
of a fuel is determined according to a standard method and
varies with the rate of heating, final temperature,
particle size, sample preparation, etc. During pyrolysis
gases and vapours are released which consist mainly of
hydrocarbons, water vapour and other light gases such as
carbon-monoxide, carbon-dioxide and hydrogen. This is
accompanied by a large decrease in mass and volume. Both
endothermic and exothermic reactions.occur, and physical

and thermodynamic properties vary continuously.

Pyrolysis
Solid Fuel --------—-- > Gas + Tar + Hz20 + Char [2.6]
Drying
TABLE 241
Volatile matter content of selected solid fuels
FUEL VOLATILE FIXED ASH
MATTER CARBON
Lignite 43-0 4L6-6 10-4
Woods
Oouglas fir 862 137 01
White fir 84-4 151 0-5
Ponderosa pine 87-0 12-8 0-2
Western Hemlock 84-8 15-0 0-2
Cedar 70 210 2:0
- Qacks
Douglas fir 70-6 272 2-2
Ponderosa pine 734 259 0-7
Cedar 86-7 131 0-2
Municipal refuse 65-9 941 250

Source : Schoeters (1983)
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2.8.4.3 Gasification

After having passed through drying and pyrolysis,

the residual hot char is further reacted, gasified, with

mixtures cotaining oxygenand steam in a series of chemical

reactions to yield combustible géses as outlined below :

(a)

(b)

(¢)

(4)

(e)

(£)

Gasification with oxygen or air (partial

combustion). ‘

C + 1/202 —-————==———- > CO ) {2.7]
dH = -123.1 KJ/mol

Combustion with oxygen.

C + 0z =———-——————- > €Oz [2.8]
dH = -405.9 KJ/nol

Gasification with steam (water gas reaction)

C + Hz0 {=—m—————— > CO + H: [2.9]
dH = 118.9 KJ/mol

Gasification with CO (Boudouard reaction)

C + COz {mmm————— > 2C0 [2.10]
dH = 159.7 KJ/mol

Gasification with hydrogen (hydrogasification)

C + 2Hz (-————-—-- > CHe [2.11]
dH = 87.4 KJ/mol

Water-gas shift reaction

CO + Hz:O {mmmmmm——— > Ha + CO:z [2.12]
dH = -40.9 KJ/mol
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(g) Methanation
cOo + 3H:z {—————— > CH4 + Hz0 [2.13]
dH = -206.3 KJ/mol

(dH at 298K, 1.013bar, HC = 12.5 KJ/mol)

In a gasifier operating autothermally, the

exothermic oxidation reactions (a) and (b) which liberate

heat are balanced by the endothermic gasification reactions

(¢) and (d). Energy is also cohsumed in the raising of the
gasifying medium temperature to the reactor operating
temperature and by thermal losses through the reactor
walls. To achieve stable operating temperatures, steanm
addition to the gasifying medium is employed which also
improves the quality of the gas produced through the
formation of carbon-monoxide and hydrogen. The producer
gas process utilises a medium of air or oxygen saturated
with steam at 50 °C.

The reactions (a) to (g) give the stoichiometry
and enérgy change of the reactions which take place during
gasification, but provide no information on the
completeness of the reaction or the way in which it
proceeds. Therefore any discussion on the gasification
chemistry must include the thermodynamics and kinetics of

the processes invloved.
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2.8.5 Thermodynamics Of Gasification Processes

The chemical reactions (a).to (g) all tend to a
state of equilibrium. This means that after a sufficient
reaction time, depending on the temperature and pressure, a
fixed relation exists between the amounts of starting
materials and the end products. The gasification reactions
(c) to (g) can proceed from left to right or from right to
left as indicated by the arroﬁs. If fhe concentration of
the gaseous species is expressed as its partial pressure,
xp, in the gas mixture and the rate constants of the
forward and reverse reactions are given by k, and kp'
respectively. Then the equilibrium constants k, for
reactions (c¢) to (g) are given in Table 2.2.

The most important factor affecting the
equilibrium gas composition is temperature. The derivation
of the relationships which show this dependency are well
documented in physical chemistry text books. The end

product of the mathematical proof is the well known

relationship of :

log kp = ~——=————-—-- + Constant (2.14]

A plot of log kp against 1/T gives a straight line with the
gradient of the slope equal to -dH/2.303R. This shows that
the equilibrium constant will increase as temperature

increases, which effectively pushes the equilibrium in



favour of reaction products for endothermic reactions, but
in the direction of the reactants in the case of an
exothermic reaction. The dependency can be evaluated
numerically to give the equilibrium constant (ks) at any
temperature so long as the heaf of reaction (dH) is known,

or dH can be evaluated if kp is known.

TABLE 22  : Equilibrium  Constants
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An indication of the possibility of a reaction to
achieve equilibrium at any given temperature can be gained
from the free energy change which has taken place, and is

given by the following equation :
dH = -RT(1ln kp) [2.15]

A large negative value of dG indicates that at the given
temperature the chemical position which will substantially
favour the formation of the products and thé time taken
will be short. On the other hand, a small hegative dG
value indicates a slow approach to equilibrigm and a final
position which may favour reactant formation.

In a gasification system of carbon, steam,
carbon-dioxide, carbon-monoxide, hydrogen and methane there
are many reactions struggling to reach their own
thermodynamic equilibrium positions. Some are reliant on
other reactions for their reactant species, making a
complicated chemical system where prediction of the
equilibrium compositions through calculative procedures
extremely difficult. Further complications are imposed by
the physical nature of the gas-solid contacting which is
prevalent in the fluidised bed reactor. There are a number
of factors which contribute to the failure to achieve ideal
equilibrium :

(1) The residence time of the gas in the bed in

contact with the solid carbon, may not be



sufficient for equilibrium to be attained.

(ii) Resistances to diffusion of gaseous reactant
species to the carben particle surfaces by
diffusing products and bulk gas.

{(iii)The resistances to the mass transfer posed by gas
by passing through the bed in the form of
bubbles.

All of these factors combined mean that thermodynamic
equilibrium, as predicted from kr data, will not prevail
and that only an approach to predictable,.ideal equilibrium
compositions will be achieved. The degree of approach will

depend on the strength of the effects outlined above.

2.9 WOOD AS A FUEL

2.9.1 Available Wood Resource

The life cycles of plant depend on photosynthesis,
the process by which plant matter is produced from the
energy of the sun. According to CHEREMISINOFF (1980),
roughly 6% of the earths land is cultivated, however, only
about 1% of this agricultural photosynthesis is actually
utilised by man to produce foocd. The remainder represents

a vast renewable source of fuel or feedstock that could be
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converted to fuel. Forests represent a major portion of
this biomass resource. Despite drastic deforestation
programmes in many regions of the world, all developing
countries still have some wood resources remaining. In
most countries they represent the largest single renewable
energy resource. These wood resources can be divided
between those which exist within the major forest areas and
the smaller category of dispersed woodlands. Accurate
estimates of total national wood resources are generally
unavailable and those that do exist, nearly always>refer to
the major forest areas only. The many problems associated
with defining and measuring forest areas and productivities
are the primary cause of the lack of good resource datsa.
These problems are further aggravated by the rapid rate at
which conditions have been changing due to deforestation.

HALL et al. (1982) provided an estimate of the
wood resources existing in the developing countries, by
estimating the forest area remaining in selected countries
on a per capita basis as shown in Table 2.3.

It must be remembered, however, that even though
very large amounts of wood may be produced annually in some
countries, not all of this is actually available in
practical terms for energy purposes. Disregarding
ownership considerations for the moment, the fact that many
forest areas are very remote, tends to make the extraction

of wood purely for energy purposes uneconomic at the
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present.
Considering the wood resource in the developed

countries. ZERBE (1977) identified that in the United

States, 19Mt (oven-dry) of forest industry process

woodwaste and bark were being unused. In addition to this,

120Mt (od) is left at the logging sites. Further, he

jdentified, a new resource of 100Mt (od) of

'non-commercial' timber. This consisted of rough and

rotten wood and wood ¢f insatisfactory species, which was
largely found in the unmanaged timber stand of the United

States. Therefore the available wood rescurce in the

United States is equivalent to 775.60 Mtce/yr (od).

TABLE 23

Wood resources in selected developing countries

T o e P So [ V2
(10¢ hectares)| (hectares) | (Mtce/yr)
Zaire 1 1Y) 121 19-43
Brazil 16 350 3-0 1-91
Argentina 27 60 2:2 419
Burma 35 38 11 375
Tanzania 18 30 17 3-00
Thailand 48 20 0-4 1-26
Nepal 14 b 03 0-72
Mali 7 6 0-9 0-40
Upper \blta 7 4 0-5 0-34
india 694 75 01 0-24
Kenya 16 1 0-06 0-07
Bangladesh | 89 3 0-03 0-07
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Canada, like the United States, has a very large
timber resource, much of which is considered to under
utilised. LOVE and OVEREND (1978) evaluated that over 32%
of the land area in Canada is forest, and with maximum
productivity would yield 400 Mt/yr (od), with an energy
content of 273.39 Mtce/yr (8 TJ). This is equivalent to
the total Canadian basic energy demand in 1974.

In the EC woody forest products are used primarily
for construction fimber, paper pulp or composites.

However, about 8% of the available wocdy resource is used
directly for fuel (PALZ and CHATIER 1980). Wood prccessing
wastes are also used to some extent as fuel sources within
this industry. Despite this usage, STRUB (1985), evaluated
the net energy potential (after ccnversion) of wood

resources to be as follows

NET ™ (x 10°°%)
(1) Forestry/wood wastes 11.30 Mtce 11.3
(2) Firewood 9.44 Mtce 9.4
(3) Energy Forestry & Crops 52.34 Mtce(a) 52.2
TOTAL 73.08 Mtce/yr 72.9 (b)

(a) Potential available in 15 years
(b) 4.2% of the energy consumption of the EC in 1985.

In the UK 0.4 Mtce of wood waste is available as a
fuel source, according to a report by the DEPARTMENT OF

ENERGY (1982). 1 Mtce/yr of logs, thinnings and forestry
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waste are also availilable. 1In their report they reached a
conclusion suggesting that despite the limited land area of
the UK, if the current pattern of land use for agriculture
remained unchanged, about 6% of the total land area will be
available to grow wood for conversion to biofuels or direct
combustion. This would represent approximately 8 Mtce of

wood could be available each year.

Total Wood Resource Available

Net
(1) America 775.60 Mtce/yr
(2) Canada 272.39 Mtce/yr
(3) EEC 73.08 Mtce/yr
{4) Developing Countries 45.36 Mtce/yr

TOTAL 1166.43 Mtce/yr

The possible wood resource available for
utilisation is approximately 1166.43 Mtce/yr. which
represents 12% of the total world energy usage in 1980.
This woody biomass resource available could make a
contribution in the energy supply market, even though it
will not replace one of the major fossil fuel supplies
(0il 26.5%, Coal 52.5%, Natural Gas 19.0% of the total
world energy usage in 1980). Nevertheless it can make a
significant contribution in supplementing the fossil fuel

supply and slowing down their rate of depletion.
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2.9.2 Wood Chenmistry And Utilisation

In characterising and correlating reactivity data
for pyrolysis and gasification, it is necessary to have
some idea of the chemical structure of the reactant
material. Wood is a very heterogeneous compound, varying
by tree species and wood material, for example, bark,
heart-wood, sapwood, needles, etc. It has, therefore, got
the same complexities in classification as coal. 1In
deternmining the energy value of wood materials, the
physical structure, fcr example cell walls, are considered
+o be less important than the chemical ccocmposition. Thus
the chemistry of the wocd materials determines its
combustion and conversion characteristics.

Wecod materials can be separated intc *three
fractions, according to GRABOSKI and BAIN (1979),
extractables, cell wall components and ash. The
extractables, generally representing 4% to 20% of wood,
consist of materials derived from the living call. The
cell wall components, representing the bulk of the wood,
are principally the lignin fraction and the total
carbohydrate fraction (cellulose and hemicellulose), termed
holocellulose. Lignin, the cementing agent for the

cellulose fibres, is a complex polymer of phenylpropane.
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Cellulose is a polymer formed from d{(t)-glucose. While the
hemicellulose polymer is based on the hexose and pentose
sugars. In woods, the cell wall fraction generally
consists of lignin/cellulose in the ratio 43/57. Residues
of the total wood, such as bark and sawdust, have

differing compositions.

TILLMAN (1977), measured the heating value of
different tree species, the amounts of cellulose,
hemicellulose and lignin content, as given in Table 2.4.
From the data he obtained the following general formula for
determining the approximate heating value of the wood on a
dry weight, ash-free basis

HHV = 17.51C

+ 26.70(1-C) {2.17]
where HHV
C

= higher heating value in KJ/KG
= fraction of wood consisting of
holocellulose

The composition of the wood therefore determines both its
heat content and how it releases useful energy.

Wood combustion and conversion processes begin
with pyrolysis, as first chemical process. SHAFIZADEH
{1977) stated that during pyrolysis of wood, holocellulose
principally promotes the release of volatiles, with the
production of an intermediate tar fraction containing
leveglucosan in the initial depolymerisation. While
lignin, which also releases volatiles, primarily promotes

the formation of char. The volatile pyrolysis products

further burn in the gas phase with flaming combustion.
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TABLE 2°4

Different tree  species

TREE SPECIES % CELLULOSE % LIGNIN % HEMI-CELLULOSE HEATING VALUE MJ/K

Beech 452 . 221 327 19-67
White Birch L4-5 18-9 366 19-38
Red Maple L4-8 240 312 19-54
Eastern White Cedar 48-9 30-7 20-4 19-54
Eastern Hemlock 452 32-5 223 20-67
Jack Pine 450 286 264 20-77
White Spruce 485 271 214 2068

While the charred residue burns at a relatively slower rate

by surface oxidation or glowing combustion. This is shown

schematically in Figure 2.6,
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FIGURE 2:6 .
COMPETING REACTIONS IN THE PYROLYSIS AND COMBUSTION OF CELLULOSE
PYROLYSIS COMBUSTION
. 02 )
Combustible - Flammg
Volatiles

Combustion

Cellulose ————= Levoqglucosan

0,

— ™ Glowing

Combustion
Water, Carbon

Dioxide and Char

Pyrolysis or thermal degradation of cellulose and
hemicellulose to flammable volatile products and chars
involves a series of highly complex reactions and a variety
of intermediate products, which have been extensively
investigated by many researchers (SHAFIZADEH 1982, BRADBURY
et al. 1979, SUSOTT et al. 1975, THURNER and MANN 1981).

If we start with the basic concept of wood’pyrolysing into
three components, gas, tar and char, as stated by

SHAFIZADEH and CHIN (1977), shown schematically below in

Figure 2.7.
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FIGURE 2.7
Mechanism of wood pyrolysis suggested

by SHAFIZADEH and CHINN (1977).

GAS

[N

WOOD = TAR
5.

CHAR

The reactions 1,2 and 3 are called primary
reactions since the tar decomposes into éas and char
according to the parallel secondary reactions 4 and 5.

Each product in above Figure represents a sum of the
numerous components which are lumped together to simplify
the analysis. The composition ¢f each product, especially
the distribution between the gas and the tar, depends,
among other things, on the conditions under which the
products are collected. In principle, the reaction rate
constants of these five reactions can be determined by
measuring the amount of each product as a function of tine.
When the tar is removed from the reaction zone the
secondary reactions are avoided and the reaction constants
of the primary reactions can be determined directly from
these measurements. Detailed descriptions of the pyrolysis

procducts and reactions are beyond the scope of this work.
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Wood ggsification is a major modification of the
fundamental pyrolysis process. As with pyrolysis,
initially the product streams are gaseous volatiles and
char. However, in gasification, the reactions are carried
out at sufficiently high temperatures to limit the
production of condensible tars and oils. Further, some of
the char is partially oxidised to provide the heat to drive
the endéthermic gasification reactions. The remaining char
is reacted with water (steam) to produce additional gaseous
compounds.

Wood combustion and conversion processes are given
in Figure 2.8. The effects of the moisture on the wood
pyrolysis, which is the initial stage in both tke
combustion and conversion processes, influences the
relative properties of the char and volatiles produced, and
reduces the rate cf pyrolysis. This can be explained by
the fact that solid-phase reactions, of heating, drying and
pyrolysis, are influenced by the fuel composition and the
fuel core's internal heating rate. Moisture affects these
reactions by increasing the thermal conductivity,
decreasing the flame temperature and increasing the heat
capacity of the fuel particle. Consequently, reducing the
heating rate to a point where char formation is favoured.
This in turh reduces the formation of volatiles, the rate

of pyrolysis and thus the rate of combustion or conversion.
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2.9.3 Physical Prcperties Of Wocd

In addition to the chemical properties of wood,
the other major physical data necessary for predicting the
thermal response under pyrolysis, gasification and
combusticn processes are thermal conductivity, heat

capacity, true density and diffusion coefficients.

2.9.3.1 Thermal Conductivity

The thermal conductivity is defined in general
terms as a proportiocnality factor which relates heat flow
through a material to a temperature difference across a
specified distance in that material. Mathematically,
thermal conductivity is defised by Fourier's Law of heat
conduction, ¢iven here for unidimensional heat flux in the
x-direction in the regular coordinates :

dt
q = -k -——- [2.18]
dx
For wood, the thermal conductivity is a function of

temperature and spatial direction, and also the major

constituents, including moisture, cellulose, hemicellulose

and lignin.

2.9.3.2 Heat Capacity

Heat capacity is normally defined in terms of the

enthalpy content of a material and represents the relative
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ability of a material to store enthalpy. Enthalpy is a

.function of temperature and pressure :
H = H(T.,P) [2.19]

and

dH = (dH/dT%ﬂT + (dH/dP%dP (2.20]
For solids and liquids (dH/dP) is very small and therefore
dH = (dH/dT%ﬂT {2.21]

where (dH/AT) is called heat capacity at constant pressure,

Cp. Several Cp equations have been developed to predict

]

the heat capacities of wood at temperatures up to 100 "C

BEALL (1968) presented the following moisture dependent

equation :

Cp = 0.259 + (9.75 x 1077)M + (6.05 x 10°°)T [2.22]
+ (1.30 x 10" " )MT
where M = % moisture content (up to 27%)
T Temperature (°c)

Wood typically has a heat capacity of 0.45 - 0.67 for

20 - 40 °c.

2.9.3.3 Density

The density of the material is important when
considering energy contents of fuels on a volumetric basis,
such as for transporting, solids handling, etc. There are

three ways of reporting solid material density; bulk
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density; apparent particle density and skeletal density.
The density values differ in the way in which the material
volume is calculated. The bulk density volume basis
includes the actual volume of the solid, the pore volume,
and the void Qolume between solid particles. Apparent
particle density includes solid volume and pore volume.
Skeletal densiﬁy, or true density, includes only solid

volume.

2.9.4 Beneficiation Of Wood Resources

Benefieiation is defined as the treatment of some
parent material, in this case wood, so as to improve the
physical and/or chemical properties of the material. The
main aim of beneficiation processes for wood products is to
produce from the parent biomass, a material that is a
better quality feedstock for gasification, pyrolysis or
combustion, that has a higher volume energy density or
higher specific surface area, and that has a higher gross
heating values. There are three main beneficiation

processes for wood resources.

2.9.4.1 Comminution

Commminution is a process in which the particle
size of a parent material is reduced to a desired range

either by shredding, cutting, grinding or pulverisation.
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DRONFIELD et al. (1978) identified fiberization as the
process of comminution used for wood products. The main
processes used are, compression and cutting. Although
impaction and attrition are undoubtedly important in high

speed cutting operations.

2.9.4.2 Drying

In the drying prbcess physically bound water is
driven off (the removal of chemically bound water is not
included). The removal of water reduces the weight of the
material that must be transported or handled in the
processing plant. Thereby lowering the operating costs.
In addition, the removal of water generally produces a
feedstock of better quality. In any processing step,
equipment and operating costs must be considered in
evaluating the usefulness of the process.

In wood, drying normally means the removal of
water from the solid to reduce the moisture content to an
acceptablly low value. This is usually accomplished by
thermal drying, as opposed to mechanical drying. Since
most fresh woods contain a considerable amount of water
(40% - 60% by weight), a significant saving can be made if
waste heat from another processing step, such as the
combustion step, is used to supply the thermal energy

needed for drying.
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2.9.4.3 Densification

In densification, the aéparent particle and the
bulk density of the material are increased so as to lower
transportation costs or processing equipment size by
reducing the volume of the material handled.

An in depth study of densification has been
conducted by REED and BRYANT (1978). They presented five
methods of densification for biomass in commercial
operation and several other processes in the development
stage. The five processes are characterised by the size of
the densified feedstock required. The densification
process takes advantage of the physical properties of two
of the major components of wood or any other biomass
material, ie. cellulose and lignin. Cellulose is stable to
250 °C while lignin begins to soften at temperatures as
low as 100 °C. The densification process is carried out
at temperatures that ensure that the cellulose material
remains stable but that soften the lignin fraction, making
it act as a 'self bonding' agent that gives the densified
fuel its mechanical strength. Water content must be
controlled in the range from 10% to 25% to maximise

pressure requirements for densification.
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2.9.5 Wood Gasification Processes

2.9.5.1 Wood Gasification processes In Operation

The processing of wood fqr merely fuel gas
production is still in the development stage, but there are
some commercial processes under development. Details of
some of the better documented processes in literature are
presented in Tables 2.5 and 2.6, and it would serve well
the purpose of this chapter if a brief description of the
processes were included. |

The Solar Energy Research Institute's (SERI) 28
KG/hr, down-draught oxygen gasifier has been now tested for
several years. In this system about a 1/2 to 2/3 of the
total oxygen is fed through a diffusor into the freeboard
zone at the top of the bed. The rest is fed through three
groups of 4 oxygen lances down-stream in the reactor. Tars
from the flash pyrolysis of the incoming particles and back
diffusing tars from the bed are burnt above the bed. This
provides heat for the rapid pyrolysis of the fresh
particles falling into the reactor. The temperature in
the pyrolysis oxidation zone is 900-1000 oé. Down-stream,
the temperature profile will depend on the traction of
oxygen fed through the lower lances. If that fraction is
low, the temperature will continuously decrease because of

the dominating effect of the endothermal reactions. If the



TABLE 2-5

Wood gasification systems in  operation
PROCESS GASIFYING REACTOR SCALE |MAJOR | REFERENCE
TYPE/NAME MEDIUM TYPE PRODUCT
[1] SERI Oxygen Down-draft - |28 Kg/hr | Gas REED (1981)
[2] SFW-FUNK |Air/oxygen Up-draft b20Kg/hr | Gas  |HUMMELSIEP
: (pressurised) (1981)
[3]1 CREUSOT - Oxygen Fluidised bed [100Kg/hr| Gas  |GEHRMAN (1981)
LOIRE : 1
(4] MINO Oxygen/steam |Fluidised bed |10 Kg/hr| Gas  |CHRYSOSTOME &
(pressurised) LEMASLE (1982)
(5] LURGI Oxygen/steam |[Circulating fast| — Gas LINDNER ¢
fluidised bed LINAKI  (1982)
[6] BATTELLE Steam Double fluidised [100 Kg/hr Gas |FELDMAN (1981)
COLUMBUS bed

- QL -



TABLE 2-6

PROCESS | WOOD |CALORIFIC VOLUME % REACTOR

TYPE  MOISTURE | VALUE [ H, [CO JCH, [C.H, [CO, |.N, |TEMPERATURE
[1]|Gasification/| 10% wt. |MediumCV[ 287 |433 | 24 | — |127 | 2-4 | 900-1000 °C

pyrolysis
[2]|Gasification | — LMedium Cv|270 [320 | 50 | — |210 |150 |- 1000 °C
31 |Gasification {15-60% wt. Medium CV{ 187 |355 [100 | — [303 | 18 850 °C
(41|Gasification | 10 % wt [Medium cv| 325 [200 [17:0 | — |302 |03 | 750 °C
[5]|Gasification | 20 % wt [Medium CV| 378 1360 | 009 | — |[249 |05 |900-1000°C
[6]|Gasification | — |Medium cvi13-3 [49-2 [140 |84 |157 | — 820 °C

._9L..
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fraction is large, there could be a possibility of
temperature increasing as solid conversion/consumption is
increased. SERI has been successful in producing a low tar
(less than 300 mg/Nms), low methane synthesis gas from
pellets and chips, a charcteristic diameter of.0.6cm.'
Since the pyrolysis time roughly increases with the square
of the particle diameter, there probably will Se an upper
1imit for the wood chip dimension if the synthesis gas must
be low in methanated tars. This is because once the
pyrolysis process is not completed in the top section of
the gasifier, the methane content in the gas may sharply
increase due to insufficient conversion of pyrol&sis
methane evolved in the relatively colder reduction zone
(700-900 °C). For this reason scale-up of the SERI

process could provide some problems.

The SFW-Funk up-draft gasifier was developed
originally to utilise municipal solid wastes. It was later
used to gasify 520 KG wood/hr. The only problem of this
process is that the tar and methane content in the
synthesis gas are large. This was solved by passing the
fuel gas through a wet scrubber and an electrofilter, after
which the dust and tar content were reported to be under 10
mg/Nma.

The atmospheric fluidised bed was employed in the
Creusot-Loire process to gasify wood. The process,

initially developed by Winkler for coal gasification, is
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relatively simple and flexible, which, if operated at
800-1000 °C., produces a low tar but still methane rich
synthesis gas. The process is basically autothermal as the
heat necessary for the gasification reactions is provided
by combusting part of the wood. As a consequence, the
carbon-dioxide content of the product gas is relatively
high.

The Mino process is a two staged gasification
process, where the first stage is a pressurised, 1-3 Mpa
fluidised bed in which the fuel is pyrolysed and gasifiéd
with oxygen and steam at 700-900 °c. The gas leaving
the gasifier, after passing through a cyclone, enters a
high temperature filter where the last traces of dust are
removed. This is necessary to avoid plugging in the
secondary stage, where additional oxygen is added. The
temperature rises and tar and methane are catalytically
converted to carbon-monoxide and hydrogen. The main
advantages of this process are that ; low oxygen
consumption as the catalysts make the conversion possible
at lower temperature ; tar conversion over the catalyst is
high and pressurised operation reduces power consumption
and the volume of the vessels required.

The circulating fluidised bed was originally
developed by Lurgi for calcination and coal combustion,
application to wood gasification, is however, new.

Compared with a classical fluidised bed this reactor is
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operated at much higher superficial gas velocities,
although these are still lower than those realised in an
entrained flow reactor (with particles of similar size and
specific density). 1In this flow regime slip velocities
between particles and gas are relatively high and as a
result it would be possible to prevent ash sintering up to
higher temperatures than in classical fluidised beds.

°C,

Lurgi is presently investigating operation up to 1100
and if this turns oﬁt to be successful, it will most
probably produce a virtually tar free gas in one step.
The double fluidised bed was initially developed
for the catalytic cracking of mineral oils. A modified
version of this has been developed by Battelle Columbus for
steam gasification of wood. 1In which wood is fed to a
steam fluidised bed, where pyrolysis and endothermic steam
gasification takes place at temperatures of 800-850 °cC.
An inert fluidising carrier (sand or alumina) and
unconverted char are transported to a second fluidised bed
where this char is exothermically oxidised at temperatures
of 900-1000 °C. The return flow of the hot carrier to
the gasifier provides the heat for the endbthermic
gasification processes. This has been strongly advocated
for several years by BAILIE (1981), BOWLING and WATERS
(1968), and many others. The main advantages of this
process are that the capital costs are relatively low since

no oxygen plant is required, low operating expenses because



no oxygen is used and the product gas has low
carbon-dioxide content since combustion and gasification
processes are separated. The disadvantage might be the
complexity required for the circulation of the inert solids

between the two fluidised beds.

2.9.5.2 Hybrid Wood Gasification systems

The hybrid wood gasification systems, as shown in
Table 2.7 are defined as process routes where something
else is continuously fed into the reactor system, in
addition to wood and the gasifying medium, for example
alternative fuels (coal, hydrogen, methane, etc.) or
alternative heat source (electricity or scolar energy for
example). The aim of such processes is always the same, to
produce more synthesis gas per unit mass of wood or any
other biomass fuel. All these processes are still in their
early development or conceptual stages and therefore no

further discussions are made here.



Hybrid Medium CV  Wood

TABLE 27

Gasification Routes

PROCESS

FEATURE

STATUS

REFERENCE

1) Flash pyrolysis. and

steam gasification in

solar furnace (solar
heat hybrid route).

2)Hyrogen hybrid
roufe.

3)Electricity hybrid
route.

4) Methane hybrld
route.

Heating rate 21000 W/m
Temp. rise =140000 °C/s
t less than 1sec

dp less than 1mm.

Oxygen from electrolysis
of water;hydrogen from

water added to the
product gas.

ratio by adding
electricity.

Methane reformed and
added to balance
hydrogen deficient
product gas.

Demostrated at
laboratory scale
only.

Concept; probably

Increased methanol wood Very site specific

but integral pilot
plant exists.

Site specific but
relatively attractive;
planned.

nowhere compefitive.

|ANTAL (1980)

NITSCHKE (1981)
MARSHALL (1979)

NOVELERG (1982)
BRECHERET (1981,
1982)

ROCK (1982)
MARSHALL (1979)

- 18 -
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2.9.6 Future Role Of Wood Gas

Fuel gas production from wood and its use is more
cumbersome and inconvenient than the use of o0il and gas,
and arguably even than coal. The main attraction will be
the saving in the costs over conventional fuels. Although
there may be circumstances where fuel gases offer a
distinct advantage, such as in applications needing a low
sulphur content gas. In the future the role of wood fuel
gases will probably be, direct use via neighbourhood grid
system, in power generation, as fuel for use in boilers and
as feedstock for methanol production. These future roles

of wood gas will be discussed briefly in the following

sub-sections.

2.9.6.1 Fuel Gas

Medium CV gas produced from wood gasification
supplied in private pipelines for nieghbourhood use needs
only a modest increases in oil and natural gas for it to
become attractive to energy users. For the production of
methane from wood to become attractive to suppliers of gas
via the grid, the production costs of the pipeline gas will
need to rise quite significantly. This might be very
possible in the future, since as the stocks of natural gas
are depleted and costly to exploit, and when SNG is
produced from coal, the price of methane to the energy user

will be significantly increased. Low CV gas from wood at
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local systems is already attractive in economic terms, and
the deployment problems are likely to be only relatively
minor. With the recent interest in alternative fuels these

problems will be ironed out in the not too distant future.

2.9.6.2 Power Generation

Use of wood gas in engines for electricity
generation is probably its most demanding application.
There is no saving in capitallthrough fule gas, only
savings in diesel fuel costs. Since generation of
electricity for the grid is highly efficient in
industrialised countries, it is going to be difficult for
power generation from fuel gas to compete. 1In the UK,
generation at 1000KW scale is barely economical even if the
gas is free, as is the case of fuel gas from sewage sludge
digesters. Power generation using wood gas is only likely
to be attractive in isclated communities where there is no

grid electricity, and where diesel fuel is expensive and

wood is cheap.

2.9.6.3 Boiler Fuel

wood gas will burn quite satisfactorily in
boilers,and in principle can replace oil and natural gas in
existing equipment. Medium CV gas can be used as a direct
substitute for natural gas, but use of low CV gas

containing less than 7 MJ/Nm’ leads to derating of the
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boiler according to BAILIE (1980). The extent of derating
can be slightly compensated if the sensible heat generated
in the gasification step is utilised. HODAM et al. (1982)
have concluded in their report that for small boilers (less
than 10 GJ/hr), the use of fuel gas from gasification of
wood might have an edge, and on large scale operations it

has a real advantage.

2.9.6.4 Methanol Production

The production of methanol by further processing
of medium CV gas is another possibility for the use of wood
gas. Methanol can be used as a supplement to transport
fuels and its production costs from wood at the present is
quite close to its selling price. Since the price of
gasoline is greater than methanol, it is economically
viable at the moment to blend 3% methanol, from wood, with
gasoline. This can be achieved according to ADER et al.
(1982) without any changes to either the distribution

system or any other modification to the conventional

engines.
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2.10 SUMMARY OF THE LITERATURE SURVEY

Despite the uncertainty over future energy prices,
wood with a capable resource of 1100 Mtce/yr, representing
12% of the total world energy usage in 1980, will have an
important role to play in the future energy scene as part
of the biomass utilisation strategy. This resource will be
especially significant since the reserves of the
traditional convenient fuels, such as o0il and natural gas
are constantly being consumed at an élarming rate.

The survey of literature presented in this chapter
serves to highlight the number of different ways in which
biomass can be exploited, and the various forms of biomass
feedstocks available for utilisation. The only problems
associated with a wide spread usage of biomass are that
whether it is technologically feasible and that whether it
is economically viable. At present, practical biomass
prospects which are economically viable are relatively
small in scale and localised in application, though large
scale energy plantation type schemes of various sorts are
envisaged. If biomass is to be exploited in quantity in
this way, than a number of broad questions will arise.
These concern the overall picture of world energy
consumption,; changing patterns of usage arising from
increase in the cost of 'conventional' fuels and changing

technology, doubts about the continuity of supply of the
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previously dominant fuels, and their environmental effects.
Several paths of alternative energy supply are being
explored and, in parts adopted, of which biomass energy is
but one. Though the way things will go, will not become
apparent for a number of years, major changes in energy
supply and use are inevitable. Even the nuclear solution
to supply a large part of the world electrical energy needs
economically, and at a socially acceptable cost, cannot be
a complete answer as electricity is not a fle#ible
transport fuel. The need for gas, liquid andbeven solid
fuels will remain. Due to the diversity of potential
solutions, each having merit in a particular context of
energy supply or exploitation of a resource. The most
probable scenario will be one of great diversity including
a high degree of local variation in approach, and one in
which biomass will play a significant role, if not a
dominant role.

Wood in the form of wood residues or wastes has a
significant potential as a feedstock for conversion
technologies. The thermochemical processing of wood in
fluidised beds is only in its development §tage, even
though some commercial plants are available, they are in a
relatively small scale. The potential of fluidised beds
in conversion technologies is already becoming clearer, and
with this improved perspective comes better defined

research and development requirements. Although many



problems have been solved, solutions often create new
problems and thus research and developments are increasing
rather than decreasing.

The First European Workshop on Thermochemical
Processing of Biomass, which was held at the University of
Aston in Birmingham, April 1983, concluded by saying,
quote:

"The interest in biomass as a renewable
energy and feedstock resource continues
unabated. While R & D programmes world
wide are now culminating in commercial
systems, this should not be seen as the
end of the activity in this area, but
rather a justification of both the work
to date and particularly the continuing
need for a sound R & D programme in the

future"



CHAPTER THREE
EXPERIMENTAL
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3 EXPERIMENTAL

3.1 INTRODUCTION

The work presented in this chapter is concerned
with an experimental investigation into the production of a
low CV fuel gas from woodchips using a fluidised bed
reactor. A fluisdised bed was chosen because it offers a
greater adaptiblity to handle various types and sizes of
fuel feedstocks. Additionally it was the intention of this
study to show that improvements to the basic fluidised bed
dynamics are possible. This inspired the initiation of the
the cold modelling study discussed in the next chapter.

The gasification process was one of partial
combustion and pyrolysis, since air was used as the
gasification medium and heat transfer within the bed was
aided by hot sand particles. This process has two major
advantages in that it avoids losses associatéd with heat
transfer, and the design and construction of the equipment
is simpler. The use of air without expensive oxygen or
steam additions means that operating costs are kept to a
minimum which is particularly important in commercial

exploitation of low grade fuels. It is, therefore,
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important to gain knowledge of the expected gas quality and

quantity using small scale apparatus together with the

ijdentification of any problems which may be encountered.

3.2 EXPERIMENTAL EQUIPMENT

L4

This section of the chapter is concerned with the
description of the various component parts which comprised
the experimentai fluidised bed unit. The operation of the
experimental rig is descibed in detail along with other
techniques employed to gather experimental data. Schematic
diagram of the equipment is shown in Figure 3.1. The
apparatus is also shown, in its operational form in
Plate 1.

The gasifier apparatus consisted of a fluidised
bed reactor with freeboard and disengaging sections. Built
around the central unit were the fuel feeding systems, the
preheater section, for start-up and the cyclone for dust
collection. The electrical and gas (air and nitrogen)
supplies to the rig were controlled from a wall mounted
panel, as shown in Plate 2. For convenience and safety
all the piping and wiring was contained in an overhead

supply conduit. Product gas from the rig was vented to the
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FIGURE 3-1 a)
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PLATE 1
Fluidised Bed Reactor Rig In Its Operational Form
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atmosphere after dilution through an extraction system.

3.2.1 Reactor And Preheater Sections

The reactor section of the gasifier was
constructed from stainless steel tubing of 5mm wall
thickness, 154mm internal diameter and 1 metre in length.
The reactor sand bed was subported'cn a slotted plate gas
distributor, welded into a removable flanged section of the
tube 10cm in length. The sand which was used as the heat

transfer medium was of the following specifications :

Average diameter, dp = 0.414mm
Sphericity = 0.68
Density = 2.452Kg/m®
Minimum f£luidising velocity, Umf = 25cm/s

The reactor section, therefore, contained both the
fluidised bed and the freeboard sections which were built
with ports for insertion of thermocouples and sampling
probes, dimensions at which these were placed is shown in
Figure 3.2(b). The bed section and freeboard region were

probed for gas samples to determine how the concentration
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of gaseous species changed throughout the reactor section.
Temperatures at various parts of the apparatus were
monitored using chromel-alumel thermocouples linked to a
multichannel switch and read directly from a Jenway digital
display unit. Temperatures were recorded for all the
thermocouples at equal intervals to yield temperature/time
graphs for all the runs.

The preheater section consisted of a small
fluidised bed of the same sand, with an electrically
heated ceramic tube furnace mounted externally as shown in
Figure 3.1(a). The heater was rated at 3 KW (240 volts)
but the output could be controlled manually using a
variac (20 amp rating) voltage regulator. The maximum
output was 10 amps due to the limit of the electric cables.
The preheater section was located directly below the
reactor bed distributor so that heat loss from preheated
air was minimised, even though the heating period took a

significant time (1-2 hours).
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FIGURE 3-1w
Locations of sample probes and thermocouple
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3.2.2 Feeder And Cyclone

The feeding system adopted was that the woodchips
were dropped through the freeboard section onto the
fluidised bed from a 150mm internal diameter, cylindrical
shaped, clear perspex storage hopper. The main problenm
with this feeding system was bridging in the hopper caused
by the woodchip particles sticking together. This problem
was overcome by incorporating a rotary fork in the hopper,
which also regulated the flow of woodchips. The main
regulator for the feeding mechanism was a rotary sealing
valve with eight pockets, which gave a greater control of
the feedrate. The drive for the fork was taken from the
shaft of the rotary valve via sprocket and chain with the
valve being driven by a 1/4h.p. DC. variable speed electric
motor. The feedrate was varied by altering the voltage to
the motor by a thyristor control unit. The woodchip
particles were dropped through the freeboard section
against the flow of the hot product gases, and were,
therefore, preheated and pyrolysed to an extent before
entering the hot reactor bed. To prevent leakage of the
product gases through the hopper, the fuel was stored under
a nitrogen blanket. this was necessary since the action of
the rotary valve exchanged pockets of gas between the

reactor and the hopper. Even though there was a slight

leakage.
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It was necessary to remove the elutriated
particles of char and ash during the operation of the
gasifier to obtain data which was essential when evaluating
the overall material balance calculations. To this end a
cyclone was included in the rig construction which was
designed to operate most effectively at around 1m/s gas
entry velocity. The dust collection vessel was connected
to the cyclone via a gate valve so that it could be emptied
while the gasifier was in operation. A port situated at
the exit from the cyclone permitted the insertion of
capillaries so that gas samples could be taken during a run

for subsequent analysis.

3.2.3 Fluidising Air Velocity

Fluidising air velocity of 0.0716 m/s (15 °C) was
chosen since it represented approximately 3 times minimum
fluidising velocity at 750 °C. This was appropriate since
this air velocity adequately fluidised the bed and kept
elutriation to a minimum. Figure 3.2 shows the

relationship between Us /Unt and temperature.
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FIGURE 3-2 : Relationship between U,/U,, and

temperature
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3.3 EXPERIMENTAL PROCEDURE

At the start of each test the preheater was
switched on after establishing a flow of air through both
the fluidised beds. It was necessary for a small amount of
air flow through the reactor bed to keep the hot air from
the preheater section from burning the rubber tubing
connecting the reactor bed by the effects of back pressure.
The fluidising air velocity was usually about 7cm/s at
15 °C but to encourage fluidisation of the preheat section
of the bed at the earliest possible moment the flow was
switched in pulsing fashion from 7 to 18 cm/s. This
procedure enhanced heat transfer from the external
elecrically heated furnace to the preheater sand
bed. Once fluidised, the sand in the bed rapidly attained
a uniform temperature profile from top to.bottom, thereby
transfering heat more efficiently to the fluidising air.
The temperature of the preheater bed was maintained at
about 750 °C during the warm-up period. The hot air
from the preheat section passed through the reactor bed
which absorbed the heat along with the enclosing steel
tubing, which was insulated with kaolinite blanket and
reflective foil wrapping. The reactor bed was heated in
this manner until the temperature reached 400-420 °cC.

At this stage small batches of fuel were introduced to the
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reactor bed, so that the heat released by combustion
increased the temperature to that which was required in the
gasification tests, ie. 600-800 °C. The duration of the
warm-up period depended upon the depth of the reactor sand
bed (5-20 cm), from 1/2 hour to over 2 hours.

When continuous fuel feeding had been established
and the desired reaction temperature was obtained, the hot
air from the preheater section was altogether removed, by
diverting the air around the prehéat bed directly into the
plenum chamber below the reactor bed. If further removal
of heat was required to regulate the reactor bed

temperature, this was done by removing small sections of

the insulation around the fluidised bed reactor. This kept the
operating temperature to within the required limits under investigation.

The samples needed for evaluating gas concentration along the bed
required various sample probes. The sample probes were at 2 cm, 8 cm,
14 cm, 24 cm and 40 cm above the distributor plate as shown in Figure
3.1(b). These represented the bottom, top and freeboard area of the
fluidised bed reactor. The syringes used to withdraw the gas samples
were fitted with extra long stainless steel capillaries to enable a gas
sample to be taken from the centre of the bed. The results from these

sample probes enabled the bed gas concentration profiles to be
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produced. In other tests, gas samples were extracted
directly from the gasifier bed at several positions, above
the distributor, in the reactor bed and also from the
freeboard. This gave an overall picture of the gas profile
along the length of the reactor bed. Gas samples were
sucked through stainless steel capillaries (1mm i/d, 200mm
long) by syringes (capacity 60ml), which were capped under
positive pressure and set aside for analysis by gas
chromatography at a later time. The use of thin walled
stainless steel capillary tubing in the probe design
permitted gas quenching before entering the syringe by
convection currents of air. A small overlapping sleeve at
the end of the probe contained silica fibres which acted as
a filter preventing small char or ash particles from
entering the capillary causing blockage.

On successful completion of an experimental run,
the fuel feed was stopped and the reactor was purged with a
nitrogen flow. To aid rapid cooling, sections of the
kaowool insulation were removed. Flushing with nitrogen
stopped carbon combustion occuring in the bed so that an
examination of the contents of the reactor bed sand would
reveal the char loading at the moment when air was replaced
by nitrogen, assuming that elutriation during cooling was

negligible. With woodchips there was negligible char
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accumulation, it was therefore not necessary to purge every
experimental run with nitrogen.

Gas samples taken during experimental runs were
analysed using gas chromatography of both thermal
conductivity and £.i.d. types. 1In the case of analysis for
inorganics, 1ml samples were introduced into the tube
columns of the Pye series 204 chromatograph. The column

packing and other details are shown in the table below :

COLUMN 1 COLUMN 2

Packing Molecular sieve 5A Silica Gel
60 - 80 Mesh 60 - 80 Mesh
Temperature 105 °cC 105 °c
Carrier gas Argon Argon
Column length 2.44 metres 2.44 metres

The concentrations of hydrogen, oxygen, nitrogen and
carbon-monoxide were found using the molecular sieve with
carbon-dioxide found using the silica gel column, both
using a thermal conductivity type detector.

The hydrocarbon components of the product gas
mixture were found by analysis on a Pye Model R
chromatograph with a sampling loop and pneumatically
operated sampling valve giving extremely good repeatability
of sample volumes. The chromatographic details are shown

in the table below :
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Column Packing n-octane on paracil C support
80 - 100 Mesh

o

Oven Temperature 25 " C
Column Length 2.44 metres
Carrier Gas nitrogen

The elution sequence of the hydrocarbons studied was as

follows :

CHq — C2Ha+C2He — C2Hz - C3Hs - C3He - iso. CqHio

— nCqHio - NCqHs — nCsHiz — nCsHio

The calibrations of the gas chromatographs were performed
using standard gases supplied in 4 litre cans by Phase

Separations and were accurate to + 5% of the stated values.
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3.4 DISCUSSION OF EXPERIMENTAL RESULTS

3.4.1 Introduction

The reactor rig described earlier in the chapter

was employed to investigate the experimental pyrolysis and

gasification of woodchips. The conditions of operation and

the composition of the woodchips are shown in Table 3.1.

TABLE 3-1

OPERATING PARAMETER VALUE

carbon  47.99,
hydrogen  6-0%
. . oxygen y
Fuel composition by weight nit)r?)gen 3?~$°2
ash 04%
moisture 11.0°/,

Fuel calorific value (gross) 191 MJ/Kg

Stoichiometric fuel feed
toichiome NC(1S%C) rate 16 g/min

Bed sand particle size d, =053 mm

Approximate minimum )

fluidising velocity Un¢ = 0:083 m/s

Fludising air velocity 0-0M6 m/s (15°C)
(15°C) 025m/s  (750%)

("3 x Umf)




- 105 -

The principal aims of the experimental tests on woodchips

were as follows :

1. To determine the quality and composition of the
product fuel gas.

2. To quantify the calorific output and the process
efficiency.

3. To assess the loss to the the process through the
elutriation of combustible fines.

4. To observe the operating characteristics of the

fluidised bed while processing woodchips.

During the experimental tests the fuel/air ratio
was varied by maintaining the fluidising air at a constant
flow (approximately 3 times Um¢) and varying the feedrate
of fuel to the reactor. The product gas quality and yield

were obtained using the following calculation techniques :

3.4.1.1 Calculation Of Gas Yields

If the molar input of nitrogen to the product gas
flow is assumed to be negligible (since it would contribute
typically less than 0.001% to the flow), then the flow rate

of dry product gas can be calculated using the following

equation :

]
<
>

Vr [3.1]
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volume fraction of N2 in the product
gas from chromatographlc analysis
inlet air flow rate 15 °C

where yxn:2

Va

From the measured concentrations and the computed prduct
gas flow rate the yield of each combustible component of

the gas mixture can be calculated using the following

equation

Vr

¥x = mem————— . ¥x [3.2]
Mr

where Mr = fuel feedrate used (KG/min)
yx = mol. fraction of gas component X
(dry basis)
Yx = yield of component X (Nm®/KG)

3.4.1.2 Calculation Of Calorific Values

To quantify the heating potential of the fuel

gases generated from the experimental tests the following

formula was used :

cv = Sum of (yxQx) [3.3]
where yx = mol fraction (or volume %) of component
X (hydrogen., oxygen etc.) in the dry
product gas.
Qx = gross or net heatlng potential of the gas
component X (MJ/m®)
in the cases where the fuel gas is required to be consumed

hot, for example at close proximity to the reactor, then

the CV of the gas will be complemented by its sensible
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heat, hence we get
Cv = Sum of (yxQx) + SH(T) {3.4]

where SH(T) = sensible heat of the gas including
moisture (MJ/Nm®)

The CV's in this case would be net values since any latent
heat from steam condensation will not be included. The net
value qf CV for any fuel is probably the more
representative figure since combustion products inevitably
leave the combustion zone at elevated temperatures carrying
with them the latent heat of water (combustion product and

fuel moisture) together with its sensible heat.

3.4.1.3 Calculation Of The Efficiencies

To describe the performance of a gasification
process the following efficiencies are normally computed

(SCHILLING et al., 1S81) :

(a) GASIFICATION EFFICIENCY
This is the ratio of the chemically bound heat in
the dry product gas to the amount of chemically bound heat

in the fuel, ie. :

ne =  mmmm——mme—ee . 100 [3.5]
CV(tuel)



- 108 -

(b) THERMAL EFFICIENCY
This is the ra;io of the amount of useful
chemically bound and sensible heat in the products obtained
by gasification to the amount of chemcally bound and

sensible heat in the fuel and the gasifying medium, ie. :

CVans) + SH(gas) + SH(stean)
CV¢(tue1) + SH(fuet) + SH(air)

where CV(ges) and CV(rue1l) are net values.

This value of efficiency for a hot gas would be more

correct if the contribution of tar vapours of the total gas
CV were considered; This is particularly appropriate when
fuels with high volatile contents are being processed as in

this work with woodchips.

3.4.1.4 Calculation Of Mass Balances

By performing mass balance on material input and
output from the reactor we can compile an inventory of each
elemental component of the system. The approach of the
mass balance calculations to total‘accountability of
individual components is called the mass balance efficiency

and is given by the following equation

Nm x = T . 100 [3.7]

where X is a component of the mass input, carbon,
hydrogen, oxygen and ash.
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3.4.2 Temperature/Time History

Temperature/time history data were taken, as shown
in Figures 3.3 to 3.6, to show for typical tests, for
varying bed depths (5, 10, 15 and 20cm static bed depths),
how the reactor bed, freeboard and cyclone temperatures
varied with time. Also shown are the times when gas
samples were taken, and also indicated is the warming up
period and the running period. The Figures show that a
typical test lasts approximately 3 hours, with haly the
time required for the warming up period. This limits the
running period since an average of 4 to 5 samples taken
during the test requires a further 3-4 hours for
chromatographic analysis. Since it was necessary to
analyse the product gas on the same day as the test,
because of the inevitable leakage of the product gas from

the syringes, the running period was restricted to a

maximum of 3 hours.

In the following sections graphical output
obtained from the experimental tests, to investigate the
effect of the operating conditions, will be presented and
discussed. The tabulated results for the quality and

yields of the product gas can be found in the appropriate

Appendices.
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FIGURE 3-3
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FIGURE 35
Temperature/time history, bed depth = 15cm,
feedrate =2:9x S
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3.4.3 Significance Of Reactor Bed Gas Profiles

Any discussion of the results regarding the effect
of the process variables on the quality and quantity of
producty fuel gas can only benefit from a clear
understanding of the chemical and physical processes
occuring in the fluidised bed reactor. It is therefore,
the object of this section to attempt to describe these
processes from the experimental results obtained.

Information regarding the concentration of gaseous
species at several distances above the distributor plate
have been obtained in the form of a concentration profile
through the bed. Samples were extracted by probing the bed
under several differing conditions of fuel feedrate, in
conjuction with product gas samples taken at the cyclone
exit pipe. The results presented here are shown in
graphical representations in Figures 3.7 to 3.15. The
corresponding Tables (Tables 1 to 9) are presented in
Appendix 1. These results also include experiments which
were conducted to gather information on the effect of bed
depth on concentration profiles of gaseous species.

The processes occuring in the bed are chemically
and physically of a complex nature. Due to the
fluidisation phenomenon we can say that the bed is made up
of two phasés, bubble and emulsion (or dense phase). Flow

of gas through the bed exceeding that required to suspend



- 113 -

the bed particles takes the form of bubbles which rise from
the distributor holes, growing in size until they burst at
the bed surface throwing solids into the freeboard both
vertically and laterally. The bubble movement, therefore,
causes solid recirculation within fhe bed. As the bubble
rises, gas is interchanged with the surrounding emulsion

phase where the bulk of the solid-gas reactions take place.

FIGURE 37 : BED PROFILE (RUN 1)
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FIGURE 3-8 : BED PROFILE (RUN 2)

Bed depth = 10 cm
Fuel feedrate = 31 times stoichiometric
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FIGURE 39 : BED PROFILE (RUN 3)
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FIGURE 310 : BED PROFILE (RUN &)

Bed depth = 10 cm
Fuel feedrate = 41 times stoichiometric
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FIGURE 312 : BED PROFILE (RUN 6)

Bed depth = 10 cm
Fuel feedrate = 3-9 times stoichiometric
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FIGURE 314 : BED _ PROFILE (RUN 8)

Bed depth = 15 m
Fuel feedrate = 2-4 times stoichiometric
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When the fuel particles are introduced to the top
of the freeboard, they fall against the flow of the hot
product gases. During this time devolatilisation occurs
with subsequent pyrolysis of the tars and hydrocarbons.

The air at the distributor blate forms bubbles which rise
through the bed constantly being swept out into the dense
phase. The oxygen is therefore consumed in the combustion
of the char as it passes through the bed. Figures 3.7 to
3.13 show clearly thaf the bulk of the oxygen (> 50%), in
the air, is consumed in the lower portion of the bed
leaving the upper portion of the reactor rig relatively
free of oxygen. It is therefore in this upper region of
the reactor rig where the initial devolatilisation occurs.
The combustible volatiles are permitted to escape into the
upward flow of the product gas. Any combustible volatiles
retained by the fuel char particles will then be completely
combusted in the lower oxygen rich region of the bed due to
the induced recirculation of the solids, or they are

carried out of the bed in the product stream as elutriated

solids.

3.4.3.1 Effect Of Fuel Feedrate On Bed Profiles

The effect of fuel feedrate on concentration
profiles of the gaseous species along the length of the
reactor rig can be better understood if we consider the

oxygen consumption, carbon-dioxide and carbon-monoxide
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production at various distances above the distributor
plate.

The basic assumptions used to evaluate the
percentages of these three gases are that at the
distributor plate there is 100% oxygen available, while at
the exit there is 0% available. The production of
carbon-dioxide and carbon-monoxide is assumed to be 0% at
the distributor plate and 100% at the exit. All the other
percentages are then evaluated correspondingly as shown in
Table 3.2.

Firstly considering the availability of oxygen
along the length of the reactor rig with respect to fuel
feedrate, as shown in Figure 3.16. At the distributor
plate there is 100% of the incoming oxygen available for
consumption. While at 2cm above the distributor 40-60% of
the oxygen has been consumed, leaving between 60-40%
available for consumption. The greater consumption of
oxygen is associated with lower fuel feedrates. Conversely
a greater percentage of the oxygen is available at 2cm
above the distributor with increasing fuel feedrates. At
8cm above the distributor a similar trend is observed.
Wwhile at 40cm the available oxygen is constant for various
fuel feedrates, at about 4%. From these observations the
main conclusion which can be made is that the majority of

the oxygen is consumed in the lower and middle sections of
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the bed (ie. 0-2cm and 2-8cm above the distributor plate).
Also a greater oxygen cbnsumption is obtained with lower

fuel feedrates.

FIGURE 3-16

% Available oxygen at various distances
above the distributor with respect to
fuel feedrate (bed depth = 10cm).
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TABLE 32

Gas concentrations At Various Distances Above

The Distributor Plafe

FUEL |% GAS (CONCENTRATION AT VARIOUS DISTANCES ABOVE THE DISTRIBUTOR PLATE

FEEDRATE 0cm 2 m 8 m 40 m 130 cm

(x S) 0, |CO |CO;, |CO/COy O, | CO {CO, [CO/CO,| O, | CO | CO, [CO/CO,} O, | CO | CO, {O/CQ, 0, | CO | CO, (COACO,
2-0 [100-0)00 |00 |00 |377 [66 |87 |0-42]20-8 |21-0 {50-7 {0-23 6-2 65-8(85-5 | 0-74'| 0-0 [100-0 {100-0 |0-64
31 100-0{0-0 | 0-0 10-0 {378 | 0-0 {113 |0-0 | 77 {11-9 {52-5 {018 | 3-8 [44-0|71-8 | 0-50| 0-0 {100-0 [100-0 {0-81
31 00-0{0-0 {00 |[0-0 [43:5]3-0]65 [036[14-3 {34-6{58-0|0-47| 13 |58:6|74-0 (0-62|0-0 {100-0{100-0{0-79
41 100-0{0-0 {0-0 |0-0 510 {00 {19 |0-0 |27 |29-9 |76-4|0-35] 1-3 | 79-2{90-7 }0-78 | 0-0 [100-0 [100-0|0-89
23 [100-0{0-0 | 0-0 |0-0 41921 |54 |025]10-5 |70-8 | 797 | 0-58| 40 |83-3 |86:5 [0-62 [0-0 |100-0 |100-0{0-65
39  [100-0/0-0 {00 {0-0 |46:0{0-0 |00 |00 {19-0|64-5[60-5/1-03|6-6 |81-8(79-8(0-99(0-0 [100-0(100-0]0-96
2:6  [100-00-0 |00 |00 |44:4)2:4 |65 |033({12:6 {18-3|70:6|0-23]3-7 |610 |83-7[0-65]0-0 {100-0[100-0{0-89

- T2t -
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To explain what is occuring in the lower and
middle section of the bed we need to consider how this
oxygen is being consumed or rather what products are being
formed. Since the main_products of oxygen are
carbon-monoxide and carbon-dioxide, we need to quantify
these products with respect to the lower and middle section
of the bed.

Considering the_lower section of the bed (0-2 cm
above the distributor plate). The production of both
carbon-monoxide and carbdn—dioxide decreases with
increasing fuel feedrate, as shown in Figures 3.17 and
3.18. This explains the decrease in oxygen consumption
with increasing fuel feedrates. From Figure 3.19 the
CO/COz ratio decreases with increasing feedrate, therefore
the production of carbon-dioxide exceeds that of
carbon-monxide. The reason for this is that since there is
a greater percentage of oxygen available, the production of
carbon-dioxide is favoured. This reaction also produces
heat.

In the middle of the bed (2-8 cm above the
distributor plate), the production of carbon-monoxide and
carbon-dioxide, both increase with increasing fuel
feedrate, as shown in Figures 3.17 and 3.18. 1Infact
between 20-35% of the overall carbon-monoxide and between
50-70% of the overall carbon-dioxide has been produced in

this section. This confirms the availability curves of
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oxygen, Figure 3.16, which shows that most of the oxygen,
between 80-90%, has been consumed within the lower and
middle sections of the bed. The CO/COz ratio starts to
increase in the middle section with increasing fuel
feedrates. Hence the production of the carbon-monoxide
starts to increase with respect to carbon-dioxide. This
can be explained by the fact that less oxygen is available
for consumption, thus promoting the production of

carbon-monoxide.

FIGURE 3-17
% Carbon-monoxide produced at various

distances above the distributor with respect
to fuel feedrate (bed depth =10 cm).
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FIGURE 3-18
% Carbon-dioxide produced at various

distances above the distributor with respect
to fuel feedrate (bed depth = 10 cm)
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In the freeboard region (40cm above the
distributor plate), production of carbon-dioxide starts to
decline in favour of carbon-monoxide, with increasing fuel
feedrate. This is confirmed by the increasing of the

CO/COz ratio with increasing fuel feedrate.

3.4.3.2 Effect Of Bed Depth On Bed Profile

The effect of bed depth:on concentration profiles
of the gaseous species along the length of the reactor rig
was only attempted, from the limited results obtained,
shown in Table 3.3. The results cannot be easily
explained since there is no obvious trend. The only
observation which follows any trend is that for 40cm above
the distributor plate. Where the available oxygen
increases with bed depth. This is further confirmed by the
decline in the CO/COz ratio.

There are no significant conclusions from these
results, perhaps considering further bed depths might have
provided some trends.

Since the woodchips are being fedd by dropping
through the freboard region, bed depth might not play a
significant role in the determination of the gasification
reactions occuring within the reactor rig. Nevertheless
the quality of mixing which defers with bed depth might be
an important factor, in that it will obviously affect the

availability of oxygen along the length of the reactor rig.
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Which in turn will affect the production of carbon-monoxide

and carbon-dioxide.

Since limited results were obtained

regarding the effect of bed depth no quantative comparisons

were possible.

TABLE 3-3

Gas Concentrations At Various Distances
Above The Distributor Plate With Respect
To Bed Depth

BED o, GAS CONCENTRATION AT VARIOUS OISTANCES ABOVE THE DISTRIBUTOR PLATE

HEIGHT 0cm 2 o 8 o 40 cm 130 cm

(em) 0‘ 0 to, 01 co CO‘l 2 01 co C01 mz 0‘! (0] CO, CO/CO; 01 0 |Co ?
5 00-0{ 0-0[ 0-0] 0085100 02|00 72-6 0-0 |S42[0-0 | 21 |84°7}96-3 {1-48 | 0-0 n00-0 |100-0] 1-68
10 100-0( 0-0 | 0-0 { 0-0[41-9] 21 S-4 | 025{10-570-8 {797 {0-58 | &0 {83-3 [86-5] 0-62 | 0-0 |100-0{100-0 0-65
= booo| 00] 00| 0-0] a3 0-0f4s |00 [800] 0880 ]0-02{305]282 629 [010] 0-0 [10-0[0-0]0-22
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3.4.4 The Effect Of Varying Process Conditions On Product

Gas Quality And Yield

The gasification of solid fuel in a medium of air
produces a large volume of gas (per KG of fuel) than in a
medium of oxygen or steam. This is due to the presence of
large volume of nitrogen from the air which acts as a
dilutent to any combustible prduct gas.

In general gasification with air gives a gas of CV
less than 6 MJ/Nms due to the high nitrogen content. 1If é
gas of greater heating value is required then oxygen/steam
or hydrogen media must be employed.

The experimental results derived to investigate
the effect of varying process conditions on product gas
quality and yield are presented in Appendix 2, Tables 1 to
15 (a—-e). These results represent all the data collected
to study the following :

(1) the effect of fuel feedrate
(ii) the effect of temperature

(iii) the effect of bed depth
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3.4.4.1 Effect Of Fuel Feedrate

The effect of fuel feedrate was investigated for
various temperature ranges. The rate of introduction of
woodchips into the reactor was varied over a range of fuel
factors (multiples of the stoichiometric fuel feedrate, S)
from 1.9 to 4.3. The results obtained from these
experiments are presented in Figures 3.20 to 3.25 (a-c).
The notation for fuel feedrate is given by 'S' (or fuel
factor).

The yield (Nm® /Rg) and output (Nm®’/min) of the
major gaseous components are shown in Figures 3.20 to 3.25
(a-b, respectively). It is immediately obvious that the
total specific yield of product gas decreases with fuel
feedrate, while the output increases. The output of the
product gas increases due to the larger amounts of
pyrolysis products entering the gas stream (ie. CO, Hz,
CH«, ConHa, COz, etc.). While the yield of the product gas
per Kg of fuel decreases due to the amount of air, or in
particular Nz, which decreases per Kg of fuel as the fuel
feedrate is increased.

The yield and output of Hz, CHs4 and CunHa tends to
be fairly constant or show a gentle increase as the fuel
feedrate is increased, depending upon bed depth and
temperature range. The accumulation of these gaseous
components contributes less. than 10% of the total gaseous

output or yield. CO, CO: and N: are the major gaseous
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gaseous components. The trends in the yield and output of
CO and CO2 are not obviously clear nor can they be easily
explained. If we consider Figures 3.20 to 3.22 (a-b),
which are results obtained at a constant bed depth of 10
CM, but for various temperature ranges. It is clear from
the curves of the output of CO, which increase with
increasing fuel feedrate. While the output of CO:
decreases slightly. This can be explained simply, due to
the decrease in the‘availability of 0z for combustion at
increasing fuel feédrates, favouring the production of CO.
Also the greater increase in CO production compared to the
slight decrease in COz production, is explained by the fact
that the available 0Oz produces 2 molecules of CO compared
to 1 molecule of COz2, assuming carbon is available.
considering the yield of CO and COz, both decrease with
increasing fuel feedrate at lower temperature ranges. At
higher temperature ranges (1021-1080 K), the yield of CO
increases slightly, while the decrease of COz is relatively
greater with increasing fuel feedrate. This can be
explained again by the lower availability of oxygen at
higher fuel feedrates favouring the producfion of CO. The
effect of bed depth will be explained in another section.

The quality of the fuel gas improved markedly with
an increase in fuel feedrate as shown in Figures 3.20 to
3.25 (c); The higher calorific values at higher fuel

feedrates are mainly due to the the larger volumes of
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decomposition products (Hz, CO, COz, CHs, CnHa) entering
the product gas per unit volume of air input. The result
is a marginally greater volume output of product gas which
is richer in combustible components than at lower fuel
feedrates. Fuel gases with calorific values in excess of
4.5 MJ/Nm® (4.2 MI/Nm’ net) have been obtained
consistently, at higher temperature ranges and fuel
feedrates, which represents a useful alternative to a coal
derived low calorific producer gas.

Although thé results show a useful increase in the
gas quality with increase in fuel feedrates, the calorific
output from the gasifier, as defined in terms of MJ out per
Kg of woodchips fed in, shows a decrease with increasing
fuel feedrates, Figure 3.26. The drop in efficiency at
higher fuel feedrates is due to the 'diminishing returns’
effect, whereby an increase in the fuel feedrate in not
matched by a corresponding rise in the calorific value of
the fuel gas produced. In other words the calorific value
of the gas, in MJ/Nm® tends to approach an upper limit at

higher fuel feedrates which results as drop in efficiency.



FIGURE 3-20 (a)

Bed depth= 10 cm, Temperature = 941-990 K FIGURE 3-20 (b)
Bed depth = 10 cm, Temperature =941-990 K
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FIGURE 3-21(a) FIGURE 321 (b)
Bed depth= 10 cm, Temperature = 991-1020 K Bed depth = 10 cm, Temperature =991-1020 K
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FIGURE 3-22(a)

d depth= 10cm, Temperature =1021-1080 K
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FIGURE 323 (a)

led depth= S cm, Temperature = 900-1060 K
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FIGURE 3-23 (b)

Bed depth = Scm, Temperature =900-1060K
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FIGURE 3-24 (a)

ed depth= 20cm, Temperature = 801-900 K
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FIGURE 3-25 (a)
d depth = 15 cm, Temperature = 951-050 K

FIGURE 3-25 (b)
Bed depth =15 cm, Temperature =951-1050 K
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FIGURE 3-26
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3.4.4.2 Effect Of Temperature

The relative output of gas is extremely dependent
on the cracking temperature employed in the reactor.

Higher cracking temperatures (> 900 K) tend to give higher
yields of gas and less tar, whereas the opposite is true
for lower temperatures [VAN DEN AARSEN et al., 1982 and
MORI, 1979]. & fluidised bed of hot sand particles,
therefore, has the useful characteristic of rapid heat
transfer to the fresh fuel particle.

Figures 3.27 and 3.28 (a-b) show how temperature
influences the gas output (Nm®/min) and calorific value
(MJ/Nm®), (a) and (b) respectively.

It is noticable that the total gas output shows an
increase with increasing temperature. Since the output of
the major constituent of the gas, Nz, remains constant for
particular fuel feedrates. Then the increase in the total
gas output must be attributed to the increase in the output
of the other gaseous components.

The general trend is that there is an higher
output of the combustible components (Hz, CO, CHa, and
ConHa), but a levelling off in the COz output. This is
probably due to the effects of the reduction of CO: by
carbon to form CO, which is favoured at higher temperatures
as indicated by the following equation :

C + COz —-———me=w—- > 2C0 [3.8]
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The increase in H: output can be explained by the
more complete pyrolysis of the tar and in addition by the

char-steam reaction at higher temperatures :
C + H20 -—-===—=—-- > CO + Hz [3.9]

This reaction also produces CO. The increase in CH4 and
other higher hydrocarbons can be attributed to.the more
complete pyrolysis of tar.

By performing mass balance calculations from fuel
ultimate analyses and gas analyses the efficiency of
conversion of elements (H, C, O) from solid to gas can be
calculated. Figure 3.29 (a and b) gives all the
efficiencies, including thermal and gasification, with
respect to temperature. This shows a general increase in
coversion efficiencies with increasing temperatures.

The increase in the gasification efficiency with
increase in temperature is due to the higher proportion of
combustibles in the fuel gas from increased yields of
pyrolysis and gasification products. Figures 3.27 and 3.28
(b) show how the calorific value of the product improves
with increased temperatures. ‘The Figures also shows the
improvement to the calorific values if the sensible heat

were to be taken into consideration.
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3.4.4.3 The Effect Of Bed Depth

The study of woodchip gasification and pyrolysis
presented in this chapter included the effect of varying
static inert bed depth along with the other main variables
of bed temperature and fuel feedrate. Static bed depths of
5, 10, 15 and 20 cm were used and the results are presented
in Figure 3.30 (a-d).

The general trend of the results showed that at
deeper bed deptﬁs better quality fuel gases were produced.
This is explained by the fact that there is a separation of
the initial rapid pyrolysis of fuel particles occuring at
the top of the bed from the combustion occuring in the
lower parts of the bed. The combustible gases released
during pyrolysis are therefore less likely to be burned in
a deep bed than a shallow bed. The violent nature of
solids recirculation in a bubbling fluidised bed brings
fuel particles into the combustion region before complete
release of volatiles has occured which inevitably means
that CO, Hz, hydrocarbon gases and vapours will br consumed
but to a lesser extent in the deeper beds.

The factors which affect the amount of volatile
combustion which takes place are :

(1) Rate of pyrolysis and volatile release which is
dependent on reactor temperature.

(2) Rate of solid recirculation within the fluidised
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bed which is dependent on fluidising velocity
{3) Rate at which solid fuel particles are

transferred from the bed surface to the

combustion zone in the lower sections of the bed

which is dependent on bed depth.
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3.4.5 Losses Associated With The Partial

Combustion/Pyrolysis Of Woodchips

Losses to the woodchip-fuel gas coversion process
can be accounted in thermal units and are reflected in the
efficiency rating of the process. The sources of losses
which will be discussed in this section are the following :

(1) Elutriation of carbonaceous material {(including
sensible heat) .

(2) Sensible heat in product gas flow.

(3) Condensible combustibles, ie. o0ils and tars, in

the product gas flow.

If the fuel gas can be consumed close to the point of
production, then losses (2) and (3) can be turned to
advantage by burning the hot gas laden with tar vapours.
This can effectively increase the calorific value of the
gas and will produce a more radiant flame. On the other
hand, if the gas was consumed at a location remote from the
producer, then it would have to be cooled and cleaned
pbefore transportation through pipework to prevent blockage

which incurs losses to the efficiency of the systemn.

3.4.5.1 Solids Elutriation

Solid fuel particles, when exposed to conditions

of combustion at high temperatures in a fluidised bed, tend
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to reduce in size. The burning fuel particles shrink due
to consumption of carbon and also undergo processes of
attrition and breakage. If we consider a fresh fuel
particle entering the hot fluidised bed then rapid
volatile release will leave a fragile porous char particie
prone to abrasion from other bed particles. The rapid rise
in temperature may also cause the particle to break up aé
it enters the bed. The on going process of particle size
reduction in the bed will cause a distribution of particlé
sizes to occur with the lower limit being controlled by
fines having terminal velocities less than the velocity of
the upward flowing air, and combustion/pyrolysis products-
will be carried out of the reactor [WALL, 1974]. If the
fines contain carbon and/or volatile combustibles then, if
the particles are not returned to the bed or burned
elsewhere, this represents a loss to the process. An
assessment of the losses have been presented in Tables 1 to
15 (d), Appendix 2, for all the experiments. Figure 3.31
shows how increasing the fuel feedrate increases the rate
of solids carry-over with effectively a linear dependency
at the operating conditions stated. Over the range of
feedrates studied, the amount of solid carried over, as a
percentage of fuel input, remained constant as shown in
Figure 3.31.

The results indicate that elutriation of fines

comprises about 0.6% of the fuel input to the reactor and
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FIGURE 3-31
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is directly proportional to the rate of fue; feeding. An
average proximate analysis of the elutriated material is
given in Table 3.4, where it is clear that the elutriated
solids are only slightly lower in carbon and hydrogen
content compared to the original fuel. Only the ash
content is greatly increased in comparison.

The potential heat in the carry-over amounts to
0.09 MJ/Kg of woodchips (as fired). In other words, 0.5%
of the potential heat or CV of the woodchips is not
utilised in the reactor.

A major factor in determining the rate of
elutriation is the rate at which the fluidising air passes
through the reactor. It is clear that at higher upward gas
velocities more particles of larger diameters will be
elutriated giving a greater overall elutriation rate with a
wider size distribution. At lower fluidising velocities

only the finest particles are elutriated, thereby reducing

carry-over losses.

TABLE 3-4

Average Proximate Analysis
(%o by weight)

Carry-over Fuel (daf)

Carbon L3-6 % 53-8 %
Hydrogen 31 % 6:7 %
Oxygen 19:6 % 371 %
Nitrogen 0-5% 1-:9%
Ash 33:2% 0:5%

Heating Value | 1568 MJ/Kg | 1911 MJ/Kg
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3.4.5.2 Sensible Heat

Sensible heat has been evaluated for all the
experimental runs and presented in all the calorific value
(net) figures to compare the additional potential. This
potential can only be utilised if the product gas is being
used close to the point of production, or the product gases

are being cooled via a heat exchanger.

3.4.5.3 Condensible Combustibles

The condensible combustibles are tars and oils
produced during the pyrolysis stage. Previous studies [VAN
DEN AARSEN et al., 1982, SAKODA et al., 1981] have shown
that greater than 90% of the condensible combustibles are
broken down at temperatures exceeding 950K. The oil and
tar products can therefore still be regarded as a
significant product of the process. It could also be a
useful component of the fuel gas if it is led directly to a
combustion chamber while still hot where the organic olis
and tars are burned together with combustible gas
components. The combustion of the oil and tar vapours tend
to produce a more luminous flame compared to a pure
carbon-monoxide and hydrogen flame, giving enhanced

radiative heat transfer to refractories or water tubes.
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3.5 SUMMARY AND CONCLUSIONS

The work presented in this chapter into the
possibilities of low grade fuel gas production from
woodchips has shown that a useful lean gas in high yield
can be obtained using air. The most effective conditions
for the production of the best quality fuel gas would be
the following guidelines :

(1) The maximum reactor temperature possible within
limits of rate of heat transfer and construction
materials but without air-preheat (which would
incur an efficiency penalty) possibly up to
1é00 K.

(2) A rate of solid recirculation which for a given
bed depth provides maximum heat transfer from the
combustion zone at the bed bottom, to the
pyrolysis zone at the bed top. A bed operating
in a vigorously bubbling mode at between 3 to 6
times the minimum fluidising velocity would be

satisfactory.

Woodchips and other forms of wood wastes have the
potential, therefore, to be an important industrial fuel in
countries where there is an excessive natural resource or

where presently it is being consumed inefficiently.
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Other studies which might play a part in any
further work would be
(1) The yield and characterisation of the oils and
tars formed during pyrolysis/gasification with a
view to assessing by-product recovery.
(2) The processing of woodchips with steam, steam/air
or steam/oxygen mixtures for the production of a
synthesis gas, rich in carbon-monoxide and
hydrogen.
(3) Employing greater bed depths and feeding fuel

within the bed.
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4 COLD MODELLING

4.1 INTRODUCTION

A large number of fluidised bed applications
require the bulk transfer of fluidised solids. The
fluidised bed offers a number of advantageé.over most
methods of contacting, such as high rates of heat and mass
transfer and solids mobility. A recirculating fluid bed
(incorporating a centralised jet and draft tube or two
jets) has additional advantages by controlling the
recirculation of fluidised solids and improving the solids
handling. In these systems, given process conditions, it
is important to be able to predict the recirculation rates
of the bed material to ensure circulation is obtained
throughout the bed. Tests carried out in cold 2-D
fluidised beds have been found useful in identifying the
critical design parameters. The merits of cold 2-D beds
will be discussed later.

Gas-solid fluidisation was first employed as an
industrial technique (coal gasification) in the Winkler
Process in the early 1930's. The chemical reactions
involved in the gasification processes are all

heterogeneous gas-solid reactions accompanied by large
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energy changés. Heat and mass transfer considerations are
an essential criterion in the design of such processes.
Solid fuel gasification processes are classified on the
basis of the technique by which heat transfered. Within
each group will then contain processes which are similar as
regards their energy utilisation, their range of
application and the composition of the gas produced. As a
rough criterion we can distinguish between allothermic and
autothermic processes. |

Fluidised bed gasification processes are
applicable to both the above applications. The
adaptability of fluid beds to varying loads without serious
ill-effects on the thermal efficiency of the process, due
to the special flow properties of the turbulent layer,
coupled with the very homogeneous temperature distribution,
is the reason why the fluid bed technique is employed in
most gasification processes.

Further improvements to the basic fluidised bed
technique have been made in recent years by combining two
fluid beds. In these systems combustion and gasification
processes are isolated, thus yielding a higher quality gas
ie. not diluting the fuel gas with combustion products.
However, there is a slight problem in this technique
concerned with the transference of heat from the exothermic
combustion chamber to the endothermic gasification chamber.

This is presently being investigated by many researchers.
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The capital cost of twin-fluidised bed systems would also
be higher. A compromise between the quality of the fuel
gas and the capital costs involved can bring into
contention a single fluidised bed with internal
recirculation, known as a recirculating fluidised bed.

The concept of recirculating fluid bed with a
draft tube is by no means new. Probably the first
application was described by TASKAEV and KOZINA (1956).
They utilised this system for low temperature carbonisation
of coals in a 15cm diameter column with a 2.5¢m diameter
draft tube. Later a 'seeded coal process' was developed by
CURRAN et al. (1973) employing the same concept to smear
the 'liquid' raw coal undergoing the plastic transition
onto the seed char, and the recirculating char during low
temperature pyrolysis. Further studies performed by
WATKINSON et al. (1983) on spouted beds with jets, have
reported two major advantages of this system over
conventional fluid bed systems, when using high caking
coals. There is no grid upon which agglomerates can build
up and since all the gas enters through a single orifice
the resultant high velocity jet at the apex of the cone
would tend to break up any agglomerates that might form
within the bed. The draft tube with jets or two jet
system, although not having a single inlet orifice, has a
similar flow pattern to the spouted bed. It would

therefore follow that the same advantages would be
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applicable to these systems.

However, one of the largest concerns when using
reciriculating fluidised beds, to commercialise many
chemical processes, is scale-up. This is believed to be
due to the absence of an experimentally verified
hydrodynamic theory. The outcome of the interest shown in
receht yvears in understanding these systems has led to
several hydrodynamic studies being undertaken in this
field. The present study is therefore intended to
supplement other work in this field, but in particular to
present a viable proposition for its use in biomass
gasification processes with respect to the findings from
woodchip gasification. There has also been work done in
this present study using a novel two jet system instead of

draft tubes and comparison of induced circulation rates

between the systems is made.

4.2 HYDRODYNAMIC STUDIES

Hydrodynamic studies of recirculating fluidised
beds were initiated by YANG and KEAIRNS (1974,1978). They
jdentified the design parameters on the basis of the data

collected in a semi-circular plexiglass column 6.1m in
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height and 0.3m in diameter, using two different
distributor plates (flat and conical) and two sizes of
draft tubes. Solid circulation rate in their studies was
obtained from the particle velocity measurements at the
downcomer side, either by following visually the tracer
particles at the wall with a stop watch or by using a
'fadio pill’'. A 'radio pill' is a radio transmitter
enclosed in a spherical or cylindrical plastic shell
between 1.3cm and 2.5cm in diameter, so that the density of
the radio pill approaches that of the bulk solids in the
downcomer side. The bed sand size used in their work was
of an average diameter of 0.75mm. From their studies they
could only obtain bulk flow measurements giving flow
patterns, since the radio pill employed was between 17 to
33 times larger than their bed particles. It would
therefore not be expected to flow individual particle
movements. The insertion of ariels in the bed to enable
tracking of the radio pill could also cause distortiomns in
the bulk particle flow patterns, but this might not be
visually observable. However, since the bed dimensions are
so large any small distortion may not be significant. The
main conclusions from their work was the prediction of the
bulk flow patterns, as shown in Figure 4.1.

Later work done by ISHIDA et al. (1975), observed
solids circulation in a fluid bed incorporating a draft

tube. They used a semi-cylindrical tube of 27.9mm internal
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diameter and 2.8mm thickness as an inner column made of
transparent PVC plate, which was attached by a
perpendicular glass plate to an outer column of 280mm i/d.
Porous alumina catalyst beads of 40 to 60 mesh (Uat of
3.6cm/s) were used as solid bed particles and air was used
as the fluidising gas. Their work only dealt with the
concept of equilibrium bed heights and observation of solid
circulation rates. No quantative measurements were made in
their work regarding the solid circulation rates or
particle velocities. They reached a similar conclusion on

flow patterns as previous work.

FIGURE & 1
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Further work was done by LANAUZE and DAVIDSON
(1975), and LANAUZE (1976), who studied induced particle
circulation rates in a 0.3m diameter air fluidised bed of
sand with centralised draft tubes. They employed the same
experimental technique as used by Yang and Keairns, ie. the
radio pill technique. From their results they concluded
that circulation rates were affected by the gap height
between the distributor and the draft tube. They also
stated that the circulation rates were not affected by the
draft tube length or the height of the bed above the draft
tubes. A model was developed to predict the circulation
rates, assuming that the driving force for circulation was
the density difference between the draft tube and the
annulus, and the energy dissipated by particle shear at the
walls.

Recent work by GIDASPOW et al. (1983) measured the
time-averaged porosity profiles in 2-D recirculating bed,
with a circular jet and a rectangular jet, by the use of a
gamma-ray densitometer. They claimed to have discovered
from their studies that a region of maximum porosity to
exist at a finite length above the jet inlet in the case of
the circular jet. The maximum length moved up the bed with
increasing jet velocity. It was also shown that jet
penetration heights for both the jets were close to each
other. Latter part of their work was concerned with the

development of an experimentally verified hydrodynamic



- 161 -

model to predict solid circulation rates around a jet in a
fluidised bed gasifier.

In summarising, the work done on recirculating
fluidised bed hydrodynamics has greatly increased recently
but as yet there has not been a satisfactory model to
predict the circulation rates applicable to the
gasification of biomass. The purpose of this study has
been to extend the understanding of the recirculating
fluidised bed and present a reasonable practical approach
to recirculating biomass gasifiers. Unfortunately this
study's scope did not enable any experimental work to be

undertaken using the recirculating fluidised bed.

4.3 TECHNIQUES FOR PARTICLE TRACKING

Cold 2-D beds are normally adopted for studying
hydrodynamics of fluidisation, but the tracking technique
is the most important aspect in relation to the
reproducibility of the results obtained. 1In the past it is
this that has led to limitations in many studies and has
yielded conclusions which might not be totally accurate.

It is therefore necessary to investigate the advantages and

disadvantages of particular techniques with respect to the
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obtainable results. In this section, preceding the
experimental section, it is therefore necessary to give an
indication of the requirments of a tracking technique and
the limitations of the present experimental technique
employed in this study.

The essence of an effective technique is that the
information should be reproducable with sufficient ease and
clarity related to the bed behaviour. All techniques are
limited by the imformation produced with respect to
particular aspects of fluidising behaviour. That is, they
have strong points in one area only. This is almost
inevitable when dealing with complex fluid dynamics
existing in a fluidised bed. 1Ideally it would be
preferable to simultaneously track particle and bubble
velocities locally, determine bubble (or in more turbulent
regimes; the void) sizes in a randomly changing,
fluctuating system. Unfortunately this is not possible.

It is necessary to develop techniques that permit a
reasonable view of the events occuring by looking at either
extremely specific (local) areas or rather generally at the
ped. When considering specific points within a bed it is
important to obtain sufficient data throughout the bed to
produce statistically meaningful results. 1In an attempt to
obtain data in quantity, to provide results of sufficient
accuracy, some very sophisticated equipment has been

developed with a price tag that fits accordingly.
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In a general sense it would be useful to know the
qualities that are desirable in a technique investigating
fluidisation. This would provide a basis for comparing the
merits of different techniques. The following criterion
might be adopted (either as desirable or otherwise, as the
case may be)

(i) The 'make up' of the bed with respect to bed
particles. Are the particles realistic if used in an
industrial application ? (or could realistic particles be
used). Particle qualities would depend on : material type,
size/range, shape and density. Furthermore in the context
of the bed, voidage and density can be considered.

(ii) Bed dimensions . 2-D bed is limited as an
approximation to a 3-D bed, since boundary layer effects
are likely to be significant. Dimensions approaching
meters are commonly employed, especially in the case of 2-D
beds. Bed geometry does appear to play a significant role.

(iii) The type of fluid , either liquid or gas. Could
either be used? Usually techniques involving gas
fluidisation can be applied to liquid fluidisation but not
vica-versa. A realistic simulation requires gas
fluidisation. For a gas; bubble formation and movement,
tracking of bubbles, bubble size and shape, would be
considered. In addition it is important to consider these
parameters with regard to ease of distinction.

(iv) Bed internals . Does the technique require only a
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free-bed or does it require other additional bed internals.
It is obviously important, economically and for comparison,
that the basic free-bed is able to handle numerous bed
internals for example draft tubes or jetsf

(v) Tracer particles . A small number of particles
are 'labelled' for this purpose, enabling a distinction to
be made form the bulk of the bed particles. However it is
obviously important to maintain the same particle
properties, or at least relatively close. 1In certain cases
because the tracked particle(s) are limited by the type of
material, size or shape required, it becomes necessary to
alter the bulk of the bed particles accordingly.

(vi) Non hazardous . In the case of radicactive and
X-ray techniques this could be a problem. To a far lesser
extent UV requires elementary precautions, that is a pair
of goggles. In one particular tracking technique (the
L.D.V. technique) the fluid required, as the tracking
medium, is an extremely volatile liquid, consequently a
severe fire hazard and a powerful solvent (a mixture of
benzyl and ethyl alcohol).

(vii) The equipment required to monitor the fluidised
bed or the labelled particles therein. For light sensing
techniques it is useful to make visual odservations
initially. 1In this case it is relatively easy to check

correct fluidisation is occuring and that the required data
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is obtained. Considerations should be made for relative
ease of handling and calibrations required (problems with
dead time for X-ray and radiocactive techniques are
significant and can be a limitation). Data must be
sufficiently accurate to be meaningful.

(viii) The speed with which data can be treated to
provide results. This is generally much less of a problem
with the advent of computers, if signals representing the
data can be digitised, a computer program can be written.

(ix) Versatility of the technique for various
applications. This might include diverse areas such as ;
mixing and separation, heat transfer studies, recirculation
studies etc.

(x) Inexpensive (generally dependent on simplicity ).
2-D beds have a distinct advantage in this respect.
Readily lending themselves to techniques involving light
and hence camera or cine photography, even simple visual
observation. Video equipment is also increasingly
available (now sufficiently developed to provide high
resolution pictures). This avoids developing film
negatives and readily facilitates virtually automatic
digitisation. Such equipment is more expensive but is not
implicit in technique. Still costing less compared to
X-ray equipment or detectors (eg. scintillators or GM
tubes) designed to pick up the movements of specially

prepared radiocactive 'particles’.
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The previous points might be regarded as desirable
aspects of a technique for investigating fluidisation.
Tables 4.1 and 4.2 have been drawn up by TA'EED et al.
(1984) with respect to the these mentioned criteria, for 14

research beds including the research bed for this present

study.

It is useful to note the following :

For techniques involving radiocactivity.

Monitoring of bubbles is not possible. Only a single
radioactive particle is used for tracking. The resolution
of detector arrays is insufficient for simultaneous
tracking of particles. Particle size can be large, also
artificial and therefore spherical in shape. This is
restricting for realistic applications. Since attempts are
made to determine particle movement throughout the bed the
assimilation of sufficient data is lengthy, being in the
order of hours.

X-ray techniques tend to be more flexible. For
particle tracking it is important to use bed material of
differing X-ray opacity, leading to thoroughly untypical
bed (since the path length of X-ray to the tracked particle
diameter is important). This is illustrated in the tables.
Individual particles cannot be followed because it is
impracticable. Monitoring bubbles is relatively straight

forward permitting any bed shape. However overlapping
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TABLE 411

¥ 1C S
METHOD CF REALIST: SIMULATION SPECIFIC LIMITATIONS
TRACKING OF OQOBJECTIVE ADVANTAGES
Research
A Tracks isoiated spneres (5-0mm Radiocactive hazard.
# )contain radiocactive particles) Needs further Material unrealistic.
Masson,H. {yy"plectronic Transition . modelling Non-invasive Spheres too large. Tracks
et al. Identificator. cne sphere only.
Radicactive.
B Ferrite Tracer introduced and Aims 0 lool{a;t solid Large bed Drop in tracer which
monitored by arrays of induction | speeds for e bed simul-
;n:fe:nlld' pr:bes. Yy Y al:.on. thenfof‘e Yed (2000 pounds) can form clumps. Drop
. i f1ad realistic Non-invasive cuts in probe signal.
Magn £ . Tubes must be used.
[ Stereo-Photogra-Metric method. Produces optical 3-D Powerful computer
Measures displacement fields +. .
Loew, O. cine filming use dyed particles. image. Detailed qual- 1 particle tracked.
ot al (6% of bed) itative information.
Sterec Photogrametric Non-invasive Radloactive hazard.
D Radicactive tracer technique Comparing particle cir- Virtually automated Powerful computer
with 1 particle for 5 hrs. using from 'setting up' to
Chen, M.M. 16 scintillators. ﬁ:ﬁﬂsw“h and without results. 1 particle tracked.
et al. Radioactivity. Non-invasive Radioactive hazard.
E Outer circulation photographed, Basically 2-D in both
(+dye); Inner movement tracked Not aiming to produce even cases.
Merry, JM.llyen radio pill,asrisl in bed. fluidisation, since Raiio pills motion mot
io Signal. simulating ‘Gulf stream‘. 0 pills motlon no
ot Photography Radio § 8 very representative of
al. Two beds, gas & liquid fluidised bed material.
F Tinted beads arranged above a looking at flow regimes 2-D gpecification for
tube surrounded by white beads, around cylindrical objects ‘cap' observation with
Hager, W.R. using cine & photography upon especially defluidisation Simple tubes. Initial flow
et al. fluidising. around cap region. Bed only.
' saterial not realistic.
Photography .
c Certain special iubes ha:; glass gookine h:.: novemt oie large bed Must use tubes, unclear
windows'fitted flush inside. ense phase aro tubes how dense phase is mea=-
Peeler,J.K.|15 o via fitve optics & mirrors [ to help determine heat ;’:‘;';evig: insid; :’%‘ s . P
et al. allows inside bed viewing between| trans. Bed type well con- € around tubes) canmot track particles.
{ubes. Pho phy sidered .Good simulation.
i Impregnatad particles provide Induced ubbling to deter- Tracer movement is crude
magnetic field response. mine flow and size, or
Cranfield, [Bubbling measured inductance free bubbling not traced. Non-invasive Does not correlate 2-D
R.R. probe + phtotography. Not v. good for indicating with 3-D bed.
novement.
Magnetic
I Uses(L)fluidised system, with Modelling for turbullent Measures particles
natched Refractive index. Signal | reacting flow. Very in 3D. Very specific ::;;\(z;nge;;cti: uﬁﬁm
Bernard,J M|, censing & data reduction. unrealistic material) local values. complex stats. correlati it
et al. [Laser inwrfLﬂgﬂ‘:CO + video for size & type. Non-invasive 1q needs same n. Iq a firg
ef. BV hazard & powerful solvent.
F Alupinium particles & sheets Atteapting to verify mix- | Bed sectioning not Particles of interest

Nienow,A.W.

used to produce tracing material
for X-ray cine.

ing & segragation mechanism
for larger varying shaped
particles) Flotsam & Jet-

required. Can use small
numbers of large part-
icles.

much larger (Kl.5m & &
2.4%2 .4x0.08 card).

Time averaged. X-rays

et al. X=Rays sam. Fairly realistic. Non-invasive need screening.
Radicactive isotope for tagging. | Monodispersed particle N
k Tracking with scintillation bed. 1 tracer particle is Non-invasive Only tracks one sphere
Kondulov, |counters. Detectors cover 3-D realistic CF to rest of Fairly close tracking | Interpretation by
N.B. axis + filning. bed. of sphere. oscillogran comparison
at al Radicactive tricky.
L Flooding the two beds for filming Trying to isclate effect ; .
and observation. of particle size & flow Filning, thus 2-D
Canada, G.5{pecord 4P, and void fraction behaviour. Uses probes and | Large flow regimes Cannot detect particles
tn bes simultaneously. visual observations. The covered
ot al. with pro void age is then related to '
in regimes. Not looking close-
Cine ly for bbles.
Fluorescent particles when bom= Showed some mathematical
] Tarded with (N,) laser pulses. nodels to accomnodate 2-D Found particle tracks 2-D. Does not actually !
‘ ; 1 e £ effects and find functional from probes bombarded. | track bubble. Purely on
ung, J- [Fluorescence is recorded from relationship P (wake Fairly distinct. chance if one appears
ot al. observation. fraction). ¥ ¥nen laser pulses.
1 Tracking particles do
Laser & Fluorescence Realistic in this. 2:;. i;::i..n:..u area of i
" Dyed particles fluorescent under | Provides realistic condit- | Speed of Data 2-D :
U.v. light are tracked with and | ions for fluidised bed )
Ta‘eed, 0. [without intemals. A rotating analysis while using f::rl::;;’z’om:"
allow unber of uf mat- ,
ot al. chopper san :122‘:1"“17 discrete sand | ;i) plexible (bubble !

exposures on one still.

and particle v's)
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bubbles cannot be distinguished and the bed thickness is
limited (to less than 40cm).

Magnetically sensitive probes are an indirect
technique for monitoring bubble formation in conjunction
with bed internals, such as tubes, etc. The data produced
is a fairly crude guide to the fluctuating quantity of gas
around the bed internals, no information can be obtained on
bubble size. Particle mixing rates_can be found if
particles of different magentic permeability are used
(ie. metal to provide sufficient seﬁsitivity).

Photographic techniques are generally used in
conjunction with 2-D beds, since light cannot penetrate an
opaque bed. This is the most established technique and has
largest number of variations. Both particles and bubble
tracking is possible, but as yet not simultaneously.

Hopefully the tables should provide a clear
picture of the potential for the technique used in this
study, albeit with the limitations of any 2-D bed. This is
not severely restricting as can be testified by comparison
with limitations of other techniques. Many research beds
are designed to provide relative parameters, that is,
velocities are relative with respect to all parts of the
bed. Arguably the most important aspect of the technique
is the implicit simplicity of a 2-D bed. This provides the
the technique with the versatility and scope for studying

many different parameters associated with fluidisation.
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The results obtained by the technique are complete in
detail both quantitatively and qualitatively for particles
and bubbles, rapidly as a bonus (especially if adapted for
use with video equipment). The capital and operational

costs are also significantly lower than other methods.

4.4 EXPERIMENTAL TECHNIQUE

The experimental method ié uniquely simple to set
up, operate and to evaluate results. A 2-D glass bed of
size 0.5m x 1.0m x 0.008m (6émm thickness glass) is set onto
a perspex plenum chamber and sealed with common domestic
silicon sealant. A fan provides fluidising air (up to
3m/s) through both sides of the plenum chamber and through
a high density polythene distributor plate. There is, in
the case of draft tubes, a separate fan which supplies air
to the centralised jet, 0.11lm above the distributor plate.
The draft tubes are placed on either side of the jet at
equal distances of 0.04m, as shown in Figure 4.2. The
draft tubes were attached to the bed with double sided
sticky tape. In the case of the jets, since the bed
anatomy is axially symmetrical, only two jets were employed

to simulate a novel recirculation technique. The jet
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dimensions are given in Figure 4.3. The dimensions of the
draft tubes and jets were designed to allow for circulation
across the tubes where the particle motion was induced
whilst supporting the stationery parts of the bed. This
enabled the optimum position and size of the tube to be
evaluated with respect to bed velocity. Bed material, may
be of any type or size, in this case sand (average diameter
0.414mm, sphericity 0.68, density 2.452 Kg/m°, minimum
fluidising velocity 25cm/s), is poured into‘the bed to the
required bed height. The bed is surrounded by four 60cm
fluorescent strip lighting fittings with reflectors, using
20W 365.5nm blacklight blue tubes, as shown in Figures 4.4
(a) and (b). A small proportion of the sand is dyed with a
fluorescent sulphur based dye, which adheres to the sand
well without altering the sand properties significantly.
Under the UV light, the particles provide a sharp contrast
between the 'black' sand and the fluorescing particles. A
camera with a lsec. £5.6 shutter and UV filter was placed
behind a rotating 20cm 16slit chopper, with speed of 15
slits/second for sand at bed velocity of 1m/s. the chopper
speed and camera shutter speed are varied for different
conditions. The chopper speed was measured accurately with
a photo-electric diode connected to a timer, this enabled

the velocity of the particles or bubbles to be evaluated.
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When a picture was taken the dyed particles left
an image of tracks on the B/W 400 ASA negative which was
then developed to high contrast with microphen developer.
The negatives were then projected down from an enlarger
onto a 50cm bit pad which was attached to a microcomputor.
By digitising the control points, the tracks were recorded
and processed both numerically and in graphical 'picture’
format. The bubbles were similarly photographed and
tracked by placing a white fluorescent card behind the bed,
covering 15 of the slits on the chopper, hence having only
one open slit, and running at typical chooper speeds of 2.7
slits/second. This enabled the bubbles to be 'frozen' as
well as providing adequate bubble displacement. Exact
bubble shapes were digitised by removing the chopper and
taking fast shutter speed (1/500 second) shots under UV
light or white light if required.

This technique eliminates the errors encountered
using large tracer particles, as in the case of the 'radio
pills'. It also elinimates the errors arising from any
intrusive obstacles which might impede the flow, such as
aerials which would need to be inserted in the bed if the
radio pill technique was adopted.

In the present study three sets of data have been
collected regarding the tracking of particles (and bubbles)
to determine circulation rates within the fluidised bed.

The first set of data concerns the determination of the
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circulation rates and flow patterns in an empty bed (ie. no
obstacles). The second set concerns the circulation rates
and flow patterns using draft tubes and a centralised jet,
as shown in Figure 4.5. The final set is again concerned
with the determination of circulation rates and flow
patterns but in this case employing a novel jet circulation
system, using horizontal and vertical jets, as shown in
Figure 4.6. Measurements were taken to explain the effect
of the following parameters on the hydrodynamics of the
recirculating fluidised bed :
(a) Empty Bed
(i) Bed velocity (50, 75, 100 and 125 cm/s).
(ii) Effect of tracer size (0.414 and 1.008 mm).

(iii)Bed height constant at 30cm.

(B) Draft Tube System
(i) Bed height (30, 35 and 40 cm).
(ii) Fluidising bed velocity (16.70, 20.83 and
27.5 cm/s) .
(iii)Centralised jet volumetric flowrate, was

constant at 80lit/min (8.33 x 10™* m®/s).

(C) Jet System
(i) Twin jet volumetric flowrate of 66, 80 and
97 1lit/min (11, 13.33 and 16.17 x 10" * m®/s)
(ii) Fluidising bed velocity (16.70, 20.83 and

27.50 cm/s).
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(iii)Bed height was constant at 30cm.

In all the tests the following measurements were

The

the

the

the

the

and

bubble stills enabling the size and shape of
bubble to be evaluated,

bubble tracks enabling the determination of
bubble rise velocities,

particle tracks enabling the flow patterns

the individual particle velocities (hence

circulation rates) to be evaluated, and

dispersion measurements were also taken, by

dropping particles on top of the bed, enabling

dispersion rates to be evaluated.

Since the 2-D bed determines relative velocities

(not absolute) in the bed, the results are comparative.

FIGURE &5 FIGURE &6
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4.5 RESULTS

Initially the justification of using tracer
particles the same size as the particles under
investigation will be discussed using the dispersion data
obtained for a free-bed (ie. no obstacles), ehploying two
different sized tracer particles. The results obtained for
all the three sets of data will then be discussed
individually. Later each techniques’' merits will be
compared, with predictions and possible utilisation of

their respective systems.

4.5.1 Effect Of Tracer Size

Tracking of particles is a very complex technique
and usually relies heavily on the tracers' ability to
follow the particles under investigation as realistically
as possible. This has led to various different and
elaborate techniques employing different types of tracers,
as discussed previuosly in this chapter. The most common
assumption made fron previous studies (in particular the
radio pill techniques) has been that the tracers would
follow the particles under investigation as long as the
density of the tracers approached that of the particles

being tracked. The influence of the size of the tracer on



- 178 -

its tracking ability has not been fully realised. Infact
some investigators in this field have assumed that the size
has no great effect as long as the densities are similar.
This present set of results considers the effect of two
different sized tracer particles on the dispersion rates in
a cold 2-D free bed. Static bed height of 30cm, fluidising
bed velocity of 50cm/s and bed particle (sand) size of
0.414mm is used in both cases, with the tracer particles of
the following specifications :
(a) Same sized tracers
(average diameter = 0.414 mm) .
(b) Larger sized tracers
(average diameter = 1.008 mm)

The numerical data obtained from the experiments
are given in Tables 4.3 and 4.4. The tables show the
displacement rates and the bandwidth in the X and Y
directions with respect to time. Displacement rates are
values obtained taking the mean modulus of the movement of
the tracer particles in the specified directions.

Bandwidth is obtained by taking the mean modulus values of
the standard deviation in the specified directions and
gives us the width of the displacement rates.

Figure 7 (a) and (b) shows the graphical output of
the dispersion patterns obtained from the processing of the
particle tracks from the negatives using two different

sized tracer particles.
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TABLE 43
DISPERSION DATA- FREE BED (H= 30cm, Us =50 cm/s)

Meanl emodulus Time/seconds

values 0-000 {1-014 12-028(3-042]4-0565-070 [6-084 |7-098 |8-112 {9126

Displacement in

X-direction , cm 0-00 {032 |1-56 |137 | 148 | 094 {143 | 0-29( 134 ] 0-61

Displacement in

Y-direction , cm 0-00 12931321 (295[506/583]| 864|[11-57|12:85{14-90

Bandwidth in

X-direction , cm 0-00 1012 1156 | 0-9711-28 {1-08 {181 | 047 1311 | 0-87

Bandwidth in )

Y-direction, cm 0-00 {006 1 0-43]132 |0-54]2-03(3-38 (293171518
TABLE 4-4

DISPERSION DATA- FREE BED USING LARGER TRACERS

(H=30cm, Us = 50cm/s)

Mean modulus Time/seconds

~values 10000 [1-544[3-088 w632[6176 [7720 [9:264
?55}:;5;‘;321‘;,‘, 0-00 |226 {239 [3-31] 219 | 039|079
Displacement w |0-00 |16:38 |20-23| 23-82(25-30 |26-0328:90
Bandwidth in 10-00 | 0-60 | 018 | 071] 022 | 0-44] 0-32
Bandwidth 10 10.00 | 0-61 [ 051 [128 | 124 | 278 | 140
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FIGURE &4-7 (a) cont'd
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FIGURE 47 (b)

Graphical output from negafives of free
bed, large sized tracers
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Figures 4.8, 4.9 and 4.10, (a) and (b), show the
graphical output based on the numerical data from the
tables. Even at a glance at Figures 4.8 (a) and (b),

. dispersion rates for different sized tracers, it is obvious
that the large sized tracer does not follow in the same
directional displacement nor magnitude as the same sized
tracer, even though they might have similar trends in
certain directions. Discussions on the indivdual
displacements and bandwidths for the X and Y directions
which follow will make it quite clear that the size of the
tracer particles is an important parameter regarding the
accuracy of the tracking technique.

Figure 4.9(a) shows the mean modulus displacement
in the X-direction. From the graph it can be seen that
horizontal movement fluctuates with time for both the
tracers, with a larger displacement being obtained fro the
larger sized tracer.

Figure 9(b) shows the mean modulus bandwidth in
the X-direction. Bandwidth is basically the horizontal
width of the particle movement. This has a similar trend
as the displacement curves, but a larger bandwidth being
obtained in the case of the same sized tracers.

Figure 10(a) shows the mean modulus displacement
in the Y-direction (downwards). This shows significant
difference between the two tracers, large tracer falling at

a markedly faster rate.
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FIGURE 4-8 DISPERSION DATA
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(a) Dispersion Data - Free Bed (H = 30cm, Us = 50cm/s)
Effect of tracer size on X-dir. displacement.
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(b) Dispersion Data - Free Bed (H = 30cm, Us = 50cm/s)
Effect of tracer size on X-dir. bandwidth.
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(a) Dispersion Data - Free Bed (H = 30cm, Us = 50cm/s)
Effect of Tracer size on Y-dir. displacement.
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Figure 10(b) shows the mean modulus bandwidth in
the Y-direction. Thése curves show a similar trend and
magnitude of fluctuations for both the tracers.

As a conclusion from the figures it can be said
that the large sized tracers are a poor indication in the
tracking of smaller particles, in particular in the
vY-directional displacement, even though their densities
might be similar. It would therefore be inaccurate to
establish any hydrodynamic behaviour regarding bed particle
movement using larger tracers. In this study, same sized
tracers as the particles under investigation have been
employed to obtain a more accurate answer to the

hydrodynamic problems encountered.

4 .5.2 Dispersion Data

Dispersion rates have rarely been investigated in
the past. It is important to be able to predict the
dispersion rates since this would give an indication of the
rate at which any material, fed from the top, would
disperse within the bed. Previous researchers have
neglected the possibility of feeding material on the top of
the bed and have thus ignored the dispersion rates. 1In
this study dispersion rates have been investigated, for

both the draft tube system and the jet system, with regards



- 188 -

to the displacement and bandwidth in the vertical (X) and
horizontal (Y) directions with respect to time. The

effects of bed depth, bed velocity and jet velocity have

been investigated.

4 .5.2.1 Draft tube system

Figures 4.11, 4.12, 4.13, 4.14 and 4.15 show the
representation of the digitised negatives in graphical
form. Tables 4.5, 4.6, 4.7, 4.8 and 4.9 are corresponding
numerical data obtainéd from the digitised negatives.
Figures 4.11,4.12 and 4.13 show the increase in fluidising
bed velocity (16.70, 20.83 and 27.50 cm/s respectively)
while the bed depth remains constant at 30cm. It can be
seen that the displacement of the dispersing particles in
the Y-direction (downwards) increases with increasing bed
velocity. The trends in the bandwidth of dispersion in the
X and Y-directions and the displacement in the X-direction,
are not so clear. Comparing Figures 4.12, 4.14 and 4.15,
which represent the increase of bed height (30, 35 and 40
cm respectively) for constant fluidising bed velocity of
20.83 cm/s. It is not very obvious what the displacement
abd bandwidth trends are, or if there are any trends. The
only clear observation which can be made from the figures
is that at a bed height of 40cm the dispersion rates
greatly reduced. For a clearer picture graphical output

were processed to yield numerical values, Tables 5 to 9.
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TABLE 45
DISPERSION DATA - DRAFT TUBE (H=30cm, Us=16"70 cm/s)

Mean modulus
values

Time

/seconds

0-000

1417

2-834

4251 15-668

7-085

8-:502

9-919

Displacement in
X-direction, cm

0-00

077

0-98

0311033

0-69

0-62

1-07

Displacement in
Y-direction, cm

0-00

0-04

0-58

127 1134

1-50

2:09

188

Bandwidth in
X-direction, cm

0-00

0-23

0-54

0-68 104

0-37

0-58

0-46

Bandwidth in
Y-direction, ¢m

0-00

016

0-03

0-07]0-39

0-49

0-63

0-52

TABLE &-6
DISPERSION DATA-DRAFT TUBE (H=30cm,Us=20-83cm/s)

Mean modulus
values

Time/seconds

0-000

1-617

2-834

£-25115-668

7-085

8-502

9-919

Displacement in
X~-direction, cm

0-00

1-60

196

2:37 12-00

1-69

1-27

0-58

Displacement in
Y-direction, cm

0-00

2:04

2:97

3-94 | 620

8-29

1118

13-42

Bandwidth in
X-direction, cm

0-00

0-00

0-23

0-4910-31

0-03

0-17

0-54

Bandwidth in
Y-direction, cm

0-00

0-55

0-87

1-68 | 2-58

3-33

3-99

424

TABLE &-7
DISPERSION _DATA -DRAFT TUBE (H=30cm, Us =27-50cm/s)

Mean modulus Time/seconds

values 0-000 |1-617]2-834] 4-251] 5-668| 7-085| 8-502| 9-919
?gfg‘,igi';‘,g',‘,';':,, 000 |236 |371 | 438 | 448 425|313 | 2:47
Displacement 10 |0. 09 {261 3-82 | 581 719 | 9-64 1134 [13:69
Qfgidrfcdr'ign,i& 0-00 |0-70 |2-07 [ 1-59|2:09 | 1-69 | 2:06 | 199
Bandwidth i lo-00 | 116 |1:32 | 176|270 | 2:87 | 342 | 4-00
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TABLE 4-8
DISPERSION DATA - DRAFT TUBE (H=35cm, Us=20-83cm/s)

Mean modulus Time/seconds
values 0-000]0-932 [ 1-864 | 2796 | 3-728 ] 4-660] 5-592] 6 524 7-4.56] 8-388]9-320
Displacement ™ 10-00 | 0-59 | 090 | 047|021 | 033 | 081 | 1-04 | 1-86 | 1-89 | 3-45
isplacement ™ 10-00 | 1-54 [ 3-93 | 546 | 8-66 [10-57 |13-84 [15-37|16-89 17-59 |18-98
Bt | 0°00 [026 | 0:62 [ 020 | 051 {127 119 | 1:68| 1:53| 1-88| 031
B [ 0:00 [0:51|227 |279 | 456 | 513 | 585 | 648 674 | 566 | 542
TABLE 4-9
DISPERSION DATA- DRAFT TUBE (H=40cm, Us= 20-83 cm/s)
Mean modulus Time/seconds
values 0000 [0-932 [1-86% | 2-796[3-728 | 4-660[5:592] 6-524]7-456
Displacement ™ [0-00 |030 | 041 | 041 | 020 | 0:28 0-01 | 0-61| 035
2'_55}:,;5;?:3{.;; 0-00 | 108 | 1-89 | 3:27| 4-00 | 473 | 6-07| 822 |10-23
e T [0-00 | 016 | 0:09] 017 0-03] 032| 021 019 | 0-64
e [ 000 | 0-20 | 024 | 0-64] 1-32 | 130 | 128 | 235 | 2-60
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By plotting graphs for each individual condition
{each Table), with respect to the displacement and
bandwidth in the X and Y directions against time, we obtain
Figures 4.16 to 4.20. Further splitting the curves for
displacement in each direction and plotting them against
bed height and bed velocity, we get Figures 4.21 to 4.24
(a) and (b).

The Y-directional displacement can be clearly
seen, as shown in Figure 4.21 (a) and (b), to be affected
by bed height and bed velocity. From Figure 4.21 (a) it
can be observed that the Y-directional displacement is at a
maximum when the bed height is at 35cm. This incidently is
the same as the draft tube height. Figure 4.21 (b) shows
the effect of bed velocity on the Y-directional
displacement. It can be seen that an optimum is reached
when the bed velocity approaches the minimum fluidising
velocity (Uar = 25 cm/s). This can be explained by the
fact that as bed velocity is increased, so does the space
between particles, this enables the movement of the
particles to be increased. Thus increasing the dispersion
rates. When the bed velocity is increased above the
minimum fluidising velocity, the fluidising medium now
leaves the bed in the form of bubbles and that the space
between particles is not now increased significantly.
Therefore, as a consequence the dispersion rates are not

increased significantly.
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FIGURE 4-16

Dispersion Data - Draft Tube
H= 30 cm, Us = 20.83 cm/s
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Dispersion Data - Draft Tube
H= 35 c¢cm, Us = 20.83 cm/s
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FIGURE 4-18

Dispersion Data — Draft Tube
H= 40 cm, Us = 20.83 cm/s
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FIGURE 4-19

Dispersion Data - Draft Tube
H = 30cm, Us = 16.70 cm/s
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FIGURE 4-20

Dispersion Data - Draft Tube
H= 30 cm, Us = 27.50 cm/s
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(a) Dispersion Data — Draft Tube

Effect of bed height on
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(a) Dispersion Data - Draft Tube
Effect of bed height on Y-dir. bandwidth.
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(b) Dispersion Data - Draft Tube _
Effect of bed velocity on Y-dir. bandwidth.
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(a) Dispersion Data - Draft Tube
Effect of bed height on X-dir. displacement.
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Effect of bed velocity on X-dir. displacement.
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(a) Dispersion Data - Draft Tube

Effect of bed height on X-dir. bandwidth.
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The effect of Y-directional bandwidth of
dispersion is shown in Figure 4.22 (a) and (b). Here, as
one might expect similar trends are observed as in the case
of displacement, in that the optimum conditions are
obtained when the bed height is equivalent to the draft
tube height and when the bed velocity approaches the
minimum fluidising velocity.

The X-directional displacement (sideways) given in
Figure 4.23 (a) and (b), is much smaller than that for
v-direction (downwards). This could be explained by the
bed geometry in that the Y-direction dimensions are greater
than the X-directional dimensions. From Figure 4.23(a), it
can be said that no clear trend is obtained for the
displacement in the X-direction with regards to the bed
height. As for the influence of bed velocity on
displacement, given in Figure 4.23(b), optimum displacement
rate is obtained when the bed velocity is at its maximum,
in this case at 27.50cm/s. The explaination for this
observation might be linked to the formation of bubbles at
greater bed velocities which probably increases the
movement of particles in the X-direction.

Figure 4.24 (a) and (b) shows the X-directional
bandwidth with respect to the bed height and bed velocity,
respectively. The X~-directional bandwidth has an optimum
at a bed height of 35cm (same height as the draft tube) and

bed velocity of 27.50cm/s (maximum bed velocity). The
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explaination for maximum bandwidth obtained for the maximum
bed velocity is the same as for the X-directional
displacement, in that the higher the bed velocity, the
greater the horizontal movement. The reason for the

maximum bandwidth obtained at a bed height of 35cm is

harder to explain.

4.5.2.2 Jet System

Figures 4.25 to 4.29 show the representation of
the digitised negatives in graphical form. Tables 4.10 to
4.14 are the corresponding numerical data obtained from the
digitised negatives. Considering Figures 4.25, 4.26 and
4.27, which show the increase in the total jét volumetric
flowrate (66, 80 and 97 lit/min respectively), while the
fluidising bed velocity is kept constant at 20.83cm/s.
Static bed height for the jet system was kept constant at
30cm throughout. Increase in jet velocity does not have a
significant effect on the dispersion rates as can be seen
from the figures. The influence of fluidising bed velocity
can be obtained by comparing Figures 4.28, 4.25 and 4.29
(16.70, 20.83 and 27.50 cm/s respectively). From the
figures it can be seen that the dispersion rate increases
with increasing bed velocity, but exact displacements and
bandwidths are not clearly obvious. To get a clear picture
graphical output was processed to yield numerical values,

which are given in Tables 4.10 to 4.14.
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TABLE 4-10
DISPERSION DATA-JETS(H=30cm, Us=20-83cm/s, V, = 66 lit/min)

Mean modulus Time/seconds

values 0-000 |1-544 [3-088 |4-632 {6-176 | 7720 {9-264
Displacement in
Xediroction cm|0-00 082 {012 | 174 (374 |3-94 |4-85
Displacement in
Y—dpirection, m 0-00 |179 [3-45]639]9:61 [10-91 |11-93
Bandwidth in
X-direction, ¢m 0-00 |0-37 | 017 [ 062039 {0-78] 129
Bandwidth in '
Y-direction, cm 0-00 10-74 | 146 | 179 1115 |1-34 {136

TABLE 4-11

DISPERSION DATA - JETS (H=30cm, Uz =20-83cm/s, V, =80lit/min)

Mean modulus

Time/seconds

values

0-000|1-544

3-088{4:632

6176

7120

9-264

Displacement in
X-direction, cm

0-00 |191

0-93 |0-04

115

1-30

167

Displacement in
Y-direction, cm

0-00 {2-62

5-40 (8-90

1-31

12-55

13-83

Bandwidth in
X-direction, cm

0-00 |0-02

0-05|0-65

1-53

0-91

0-48

Bandwidth in
Y-direction, cm

0-00 123

115 [ 235

3-23

194

2:06

TABLE 4-12
DISPERSION DATA-JETS(H=30cm, Us=20-83cm/s,V, =97lit/min)

values

Mean modulus

Time/seconds

0-000

1-544

3-088 |4-

632

6:176

7720

Displacement in
X-direction, cm

0-00

0-47

0-64

1-42

1-79

3-02

Displacement in
Y-direction, cm

0-00

198

346

7-08

9-40

1167

Bandwidth in
X-direction , cm

0-00

0-28

0-67

0-44

0-33

0-83

Bandwidth in
Y-direction, ¢cm

0-00

0-98

123

212

2:46

2N
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TABLE 413

DISPERSION DATA-JETS (H=30cm, Us=16-70cm/s, Vs = 66 lit/min)

DISPERSION DATA-JETS (H =30cm, Ug =27-50cm/s, V, = 66Lit/min)

Mean modulus Time/seconds
values |0-000 |1-433 |2:B66 |4-299 |5732 [ 7165 |8-598
isplacement in| 0.00 | 093 {2:07 | 142 [126 |2:21 | 217
Jrspacement n0-00 | 0-52 | 0:36 | 079 [1:39 [ 115 200
. | 0:00 | 0:07 | 0-94 | 112 [ 070 | 0-34 | 035
Q?Qﬂ‘;g{;'n,"c‘m 0-00 035 072{123 (139 [115 |155
TABLE 4-14

Mean modulus Time/seconds

values  [0-000 [1-411 [2822[4-233]5 644 [7:055 [8-466]9-877
D piacenent 1000 [172 |225 022 | 049 |0-50 [ 0-98 | 054
Qi_ijﬁiﬁﬁ‘;"fc‘g 000 122 {211 547|625 |8-08 |8-07 |8-33
Qfgﬁgg{:n{;?n 0-00 | 073 0-45 {1102 | 0:90 | 0-58 106 |0-62
i ' [0:00- 1 0-89 1 1:45 279 |3-04 [ 384 3-46 [3-77
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FIGURE 4-30

Dispersion Data - Jets

30 em, Us = 16.70 cm/s, Vs = 66 lit/min.

—a— Displacement in Y-dir
—+— Bandwidth in X- dir
——w—— Bandwidth in Y-dir

A

o ———

= T M T 1

2 IA 6 8 10
Time/seconds ——=—

o

FIGURE 431

Dispersion Data - Jets
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FIGURE 4-32

Dispersion Data - Jets

30 ecm, Us = 20.83 cm/s,
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FIGURE &-34

Dispersion Data - Jets
cem, Up = 27.50 em/s, Vs = 66 lit/min.
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(a) Dispersion Data - Jets
Effect of bed velocity on Y-dir. displacement.

—O— V, = 66 lit/min, H = 30cm, Uy =16-70 cm/s
—A— V, = 66 lity/min, H = 30cm, Us=2083cm/s

—— V, = 66it/min, H = 30cm, Ug=27-50 cm/s
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(b) Dispersion Data - Jets
Effect of jet velocity on Y-dir. displacement.

—O— H =30cm, Un=2083cm/s, V, = 66 lit/min
~—A— H =30cm, Un=20 83 cm/s, V, =80 lit/min
—+— 11 =30cm, Un=2083 em/s, Vi=97 Lit/min
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(a) Dispersion Data - Jets
Effect of bed velocity on Y-dir. bandwidth.

10- —0— V, = 66 lit/min, H =30cm, Uy 21670 cm/s
—A_— V=66 lit/min, H = 30cm, Us=20-83cm/s
——— V,y = 66 lit/min, 1 = 30am, Upg=27-50 cm/s
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(b) Dispersion Data - Jets
Effect of jet velocity on Y-dir. bandwidth.

~—0— |l = 30¢m, Un=20-83 cm/s, Vy = 66 tit/min
—A— H =30cm, Un=20-83 em/s, V; =80 lit/min
—+— H =30cm, Up=20-83 tm/s, Vy =97 Lit/min
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(a) Dispersion Data - Jets
Effect of bed velocity on X-dir. displacement.

—0— V, = 66 {it/min, 1l =30cm, Uy =1670 cm/s
—A— V, = 66 lit/min, 11 = 30em, Ug=2083cm/s
—+— V; = 66 it/min, H = 30un, Uy=27-50 cnv/s
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(b) Dispersion Data.— Je?s
Effect of jet velocity on X-dir. displacement.

—o0— Il =30cm, Up=20-83cm/s, V; = 66 [ii/min
—A— [{ = 30¢m, Un=20 83 cm/s, V; =80 lit/min
—— 11 =30cm, Us =20 83 em/s, Vy=97 \it/min

E b1 s //

£

Y 31 v

"

Ea / ,

b= / /

21 / /

g / b //
3 I3

3 ] // V

g 1 / ‘ )

o i/

= |

%1 & & 8

Time/seconds ————=—

FIGURE 4-37




- 219 -

(a) Dispersion Data - Jets
.Effect of bed velocity on X-dir. bandwidth.

9 —O0— V, = 66it/min, 11 =30cm, Up =1670cm/s
—A— v, = 66 lit/min, 1 = 30em, Us=2083cm/s
—— V, = 66 lit/min, H = 30cm, Ueg=27-50 tm/s
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(b) Dispersion Data - Jets
Effect of jet velocity on X-dir. bandwidth.

5 —0— || =30um, Us=20-83 um/s, V; = 66 lit/min
A= 11=300m, Us =20-83 cm/s, Vy =80 tit/min
—+—— 1 = 30cm, Up=20-83 um/s, Vi =97 (it/min
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By plotting graphs for each individual condition,
as previously, we obtain Figures 4.30 to 4.34. These
figures show that the highest displacement is in the
Y-direction, except in the case of Figure 4.30 (Usg =
16.70cm/s and V; = 661lit/min), where displacement and
bandwidth is minimum and indistinguishable. Further
splitting of the curves for displacement and bandwidth in
each direction and plotting these againSt fluidising bed
velocity and jet velocity, yields Figures 4.35 to 4.38 (a)
and (b).

Considering the Y-directional displacement given
in Figure 4.35 (a) and (b). The influence of fluidising
bed velocity, Figure 4.35(a), shows that there is a similar
trend to that observed in the case of the draft tube
system, in that increasing the bed velocity, dispersion
rates increase. They increase to an optimum as the bed
velocity approaches the minimum fluidising velocity.
Further increases have little effect on the Y-directional
displacement. The reason for this is the same as
previously explained. The effect of jet velocity, Figure
4.35(b), shows that increasing the total volumetric
flowrate from 66 to 97 lit/min has little effect on the
Y-directional displacement.

Y-directional bandwidth is given in Figure 4.36
(a) and (b). Increase in fluidising bed velocity has

little or no affect until the the velocity is higher than
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the minimum fluidising velocity (Uamf = 25cm/s). This is
probably due to the increase in the movement of the bed
particles as the velocity is increased above the minimum
fluidising velocity.

The X-directional displacement given in Figure
4.36 (a) and (b) shows random fluctuations, no real trend
is observed. The same applies to the X-directional

bandwidth, Figure 4.38 (a) and (b).

4.5.2.3 Conclusions

(a) DRAFT TUBE SYSTEM

(i) Bed height is an important parameter
regarding the dispersion rates. It was found from the
experimental results that a maximum dispersion rate was
obtained with the bed height egviualent to the height of
the draft tube.

(ii) Fluidising bed velocity was found to
increase the dispersion rates but only to an coptimum where
it approaches the minimum fluidising velocity. Further
increases of the fluidising bed velocity have no

significant effect on the dispersion rates.

(b) JET SYSTEM
(i) Fluidising bed velocity for the jet system
also displaced the same trend as the draft tube system, in

that the optimum dispersion rates were obtained with
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fluidising bed velocities approaching the minimum
fluidising velocity.

{ii) The effect of jet velocity on dispersion
rates is not very significant. Increasing the total jet
volumetric flowrate from 66 to 97 lit/min (40% increase),
there was no significant change in the dispersion rate.
Perhaps increasing jet volumetric flowrate dramatically

might have had an affect.

4.5.3 Particle Velocity Vectors

The particle velocity vectors are an important
measurement regarding any hydrodynamic study of fluidising
beds with or without draft tubes or jets. These
measurements help to establish circulation rates and
circulation patterns regarding solid flow.

In this study particle velocity vectors have been
investigated, for the following :

(i) Free bed without internals.
(ii) Draft tube systemn.

(iii)Jet system.

4 .5.3.1 Free bed without internals

The particles velocity vectors were initially

investigated in the case of a free bed. The purpose of
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this study was two fold. Firstly to investigate the
circulation rates, and secondly to show that the
circulation patterns are what one would expect in a
fluidisied bed. For this study the static bed height was
kept constant at 30cm and the fluidising velocities were
varied (30, 50, 75, 100 and 125 cm/s). Table 4.14 shows
all the processed data, while Figures 4.39 to 4.42 show the
particle velocity vectors for 30, 50, 100 and 125 em/s,
respectively.

From the figures it is clear that their is an
almost random circulation patterns in all the cases and the
only difference being that the velocity vectors get larger
as the fluidising velocities are increased. This is not a
new observation but only confirms the fact that this
experimental bed does behave like a fluidised bed. When
different circulation patterns are obtained with draft
tubes and jets, the configuration of the basic experimental
bed has no influence, but the only influence is from the
bed internals.

Figure 4.43 shows the effect of fluidising bed
velocity on average particles velocities. Increasing the

fluidising velocity obviously increases the particle

velocities.



TABLE &4-14

Free-Bed Particle Velocity Vectors

H=30 cm

H= 30 cm H=30 cm H=30 cm H=30 cm

Up=0-30 m/s  [Ug=0-50 m/s |[Us=075 m/s |Us=100 m/s [Us=125 m/s
Max.(av) velocity | 2-52 cm/s 383 cm/s 862 cm/s |719 cm/s 12-98 m/s
Min.(av.) velocity| 2-37 cm/s 234 cm/s | 454 cm/s 6-10 cm/s 1-25 cm/s
Average velocity | 2-44 cm/s | 3:08 ecm/s |6-50 cm/s | 665 em/s  |12:11 cm/s
S.D.(av)) £0-08 cm/s |+ 0-66 cm/s [+177 cm/s |%0-52 cm/s  |+0-41 cm/s
Up-right(av. vel) | 236 cm/s |325 m/s |[623 cm/s | 669 cm/s [12:07 cm/s
% particles 299 % 224 % 239 % 283 % 302 %
Up-left (av. vel}|2:69 cm/s |31 wm/s | 671 am/s | 706 cm/s |12:73 m/s
% particles 21 % L21 % 37-0 % 337 % 376 %
Down left (av. vel)| 2-44 cm/s | 2:64 cm/s | 6:30 om/s | 737 am/s |11-67 cm/s
% particles 261 % 18-4 % 231 % 152 % 162 %
Down-right (av. vel)l 229 cm/s | 317 cm/s | 667 cm/s |554 am/s 1117 /s
% parficles 219 % 171 Yo 16-0 %o 228 % 162 %

- vee -
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FIGURE &-43
Effect of Fluidising Bed Velocity on Average

Particle Velocities in a Free Bed
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4.5.3.2 Draft tube system

This study investigated the effect of the bed
height and fluidising bed velocity on the particle
velocities. The results obtained from the experiments are
given in Table 4.15.

Figures 4.44 to 4.48 (a, b & c¢) show the particle
velocity vectors, concentration of the velocity vectors and
the 3-D particle velocity concentration configuration for a
better visual concept.

Considering the effect of bed height, Figures
4.45, 4.46 and 4.47 (a, b & c), where the fluidising
velocity is kept constant at 20.83cm/s. It is obvious from
the figures that there is a definite circulation pattern.
the comparison of the concentration profiles and the 3-D
figures shows that the bandwidth of particle circulation
increases with bed height.

Bandwidth of particle circulation and patterns are
more significantly altered when the fluidising bed velocity
is varied keeping the bed height constant at 30cm, Figures
4.44, 4.45 and 4.48 (a, b & ¢). A comparison of the
figures shows clearly that the bandwidth of particle
circulation increases with increasing bed velocity.

Figures 4.49 and 4.50 show the effect of bed
velocity and height, respectively, on the percentage of

particles in the four directions. It is obvious, in
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comparison to particle percentages in a free bed Figure
4.51, that the draft tube system induces a definite

particle circulation.

TABLE 4-15

Draft-Tube Particle Velocity Vectors

H=30cm H=30 cm H=35 cm H=40 cm | H =30 cm

Us=16-70 cm/s | Ug= 20-83 am/s | Uy = 20-83 cm/s| Ug= 20-83 cm/s| Ug= 27-50 am/s
Max.{av) velocity | 494 cm/s 4-07 cm/s 533 amis 497 an/s 4-35 cm/s
Min. (av) velocity | 4-70 cm/s 3-55 cm/s 462 cm/s L-46 cm/s 3-84 cm/s
Average velocity | 4-82 cm/s 3-81 am/s 4-98 cm/s 473 /s 4-09 cm/s
S.0. fav.) +012 cm/s | £0:26 ecm/s |+ 035 am/s *024 ecm/s | 2025 cm/s

. |Up-right {av.) 15-28 cm/s 427 cm/s 540 cm/s 635 cm/s 4:00 cm/s

% particles 12 % 72 % 23 % 3-S5 %% 62 %
Up-left (av) 4-33 m/s 408 mhs 2:69 am/s | 427 wm/s | 483 m/s
% particles 20 % 28 % 10 % 9-0 % 2.5 o
Down-left (av) | 474 cm/s 376 cm/s 470 cm/s 458 com/s | 453 m/s
% particles 021 % 439 % L6 % 385 % 338 %%
Down-right (av) | 467 cm/s 376 wn/s 526 /s L83 /s | 3-81 cm/s
% particles 547 % 461 % 500 % 490 % - 575 %
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FIGURE &-45 (b)
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FIGURE &-47 (3)
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FIGURE 448 (b)
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FIGURE 4-49
Effect of Fluidising Bed Velocity on Particle Percentage

in Four Directions in a Draft Tube System
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FIGURE &-51

Effect of Fluidising Bed Velocity on Particle

Percentage in Four Directions
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4.5.3.3 Jet system

The novel jet system incorporating two jets, one
horizontal and one vertical, as shown in Figure 4.3 earlier
in this chapter. THe study investigated the effect of
fluidising bed velocity and total jet volumetric flowrate
(Vs = Vv + Va) on the particle velocities. The bed height
was kept constant at 30cm. The results obtained from the
experimental work are presented in Tble 4.16.

Figures 4.53, 4.54 and 4.55 (a, b & ¢) show the
effect of the total jet volumetric flowrate (11.00, 13.33
and 16.17 x 10”* m®/s, respectively). The fluidising bed
velocity is kept at 20.83 cm/s. There is a clear
recirculation pattern obtained, but the effect of the jet
volumetric flowrate is not obvious. The medium jet
volumetric flowrate (13.33 x 10°* m®/s), Figure 4.54 (a, b
& c¢) seems to yield the best recirulation. This is
confirmed by comparing the velocity concentrations and the
3-D figures. The reason for the poor performance of the
other jet volumetric flowrates is that at high vy (16.17 x
10°* m®/s), the particles can be seen to be repelled from
the mouth of the jets due to the jet penetration. Whilst
at low Vs (11.00 x 10°* m’/s), there is insufficient
flowrate to entrain the particles.

Considering Figures 4.52, 4.53 and 4.56 (a, b & c)

which show the effect of the fluidising bed velocity
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(16.70, 20.83 and 27.50 cm/s respectively). The total jet
volumetric flowrate is kept constant at 11.00 x 10~ * mn®/s.
It is clearly obvious from the figures that a recirculation
pattern is obtained for the first two cases where Us is
low, but increasing Us the recirculation patterns are
distorted. The recirculation in the second case, Figure
4.53, is better than in the first case, Figure 4.52. Since
a greater proportion of the bed is utilised, thus leaving
negligible bed stagnant.

Figures 4.57 and 4.58 show the effect of
fluidising bed velocity and jet volumetric flowrates on the
percentage of particles in the four directions. The common
trend in both cases is that either increasing the
fluidising bed velocity or increasing the jet volumetric
flowrate, the induced recirculation patterns and rates are
destroyed. In other words the required recirculation is
less obtainable at higher bed velocities or higher jet
volumetric flowrates. In the case of jet volumetric
flowrates, the best required percentage circulation of

particles (Down-left) is obtained at between 13 to 14 x

4

10°* nm/s.



TABLE 4-16

Jets Particle Velocity Vectors

[Uy=16770 cm/s |U,=20-83 cm/s [U,=20-83 cm/s |Ug=20-83 cm/s [Up=27-50 cmls

V,=507x10"m¥/s [M=507x10"m¥s [M=614x10" m*/s M=7-45x10"m¥/s N=5-07x10"* m¥s

W,=5:93x10"10?/s [M=5:93x10"* m¥/s M=719x10" m¥/s [W,=872x10°* m*/s [V;=593x10" m/s
Max.(av) velocity | 2-76 cm/s 2:56 cm/s 275 cm/s 3~39 cm/s 469 cm/s
Min. (av) velocity | 2:30 cm/s 2:17 an/s 2:25 cm/s 2:49 /s 429 /s
Average velocity [ 2:53 cm/s 236 cmls 2:50 cm/s 2:91 /s L47 /s
SO. (av) +021 em/s [*019 cm/s |+ 024 cm/s [20-42 cm/s [+ 022 cm/s
Up-right (av.) 2:25 cm/s 2:33 cm/s 2-54 cm/s 2-:97 cmAs 470 cm/s
% particles 9-0 % 220 % 9-0 % 22-5 % 262 %
Up-teft (av.) 2:32 cm/s 2:34 cm/s 2:54 om/s 2:52 cm/s L-49 cm/s
% par’ricles 19-0 % 210 % 13-0 % 13-8 % 273 %
Down-left {av) | 2:65 cm/s 2:37 m/s 2:46 cm/s 329 cm/s | 485 m/s
% particles 650 % 40-0 % 60-0 % 40-0 % 23-5 %
Down-right (av)} 2-35 cm/s 2-:38 om/s 2-57 cm/s 2:46 cm/s 3-86 wm/s
% particles 7-0 % 170 % 18-0 % 237 % 250 %

- 6£C -
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FIGURE &4-52 (b)
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FIGURE 453 (a)
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FIGURE &-54 (b)
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FIGURE &-55 (b)
Particle concentrations - Jet system
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FIGURE 4-57

‘ect of Fluidising Bed Velocity on Particle Percentage

FIGURE 4-58
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4.5.3.4 Conclusions

(A) FREE BED.SYSTEM
Free bed systems are limited as far as induced
recirculation requirements. It has been shown that the
circulation is random and the particle velocities in all

four directions increases with increasing bed velocity.

(B) DRAFT TUBE SYSTEM

In this system required recirculation patterns and
rates can be obtained as shown. Increasing the bed height
improves the particle circulation bandwidth by utilising a
greater proportion of the bed geometry and leaving very
little dead space. The same kind of trend, but of greater
magnitude, was also seen by increasing the fluidising bed
velocity. From the particle percentage observations, both
the bed height and fluidising bed velocity have an optimum
value where the required circulation (down-right and
down-left) are maximum. For the bed height it is 35cm
(same as the draft tube height) and for the fluidising bed

velocity it is approximately 20cm/s (just under Unms).

(C) JET SYSTEM
This type of system can also produce the required
circulation patterns and rates. In the case of the
influence of jet volumetric flowrates, it was found that

best required circulation rates (down-left) were produced
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at medium jet flowrates (13 to 14 x 10" ' n’/s), for both
the circulation patterns and particle percentages. The low
and high jet flowrates seem to either have insufficient
entrainment or repelling effect, respectively. 1In the
case of fluidising bed velocity, it was found that low Us
(less than Umt) produced the best circulation patterns
while the lowest Us (approximately 15cm/s) produced the

best particle percentage in the required direction

(down-left).

The significance of this study with respect to the
gasification/byrolysis of biomass is that it has been shown
that induced recirculation rates can be obtained using
either the draft tube or the jet system. From the
conclusions of the experimental chapter it was found that
separating the combustion reactions from the gasification
and pyrolysis reactions would yield a better quality
produced. In this chapter it has been shown that
circulation rates can be induced and hence distinct zones
can be created within the reactor bed using either of the
draft tube or jet system, giving a better quality product
gas. Furthermore since the rates of induced circulation
can be controlled by a number of parameters it would be

possible to use different feedstocks employing the same

reactor bed system.
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5 SUMMARY AND CONCLUSIONS

It is the aim of this chapter to summarise the
findings of the studies undertaken, gasification/pyrolysis
of woochips and the cold modelling. Full discussion of
results is included in the relevant chapters, therefore
only brief conclusions will be presented here along with

suggestions for further work.

5.1 THE GASIFICATION/PYROLYSIS OF WOODCHIPS

Woodchips and other forms of wood wastes have been
shown to have the potential to be an important supplement
to conventional fuels if efficiently utilised. Using air
as the gasifying medium, woodchips were converted into a
low CV fuel gas of about 6 MJ/Nma, at fuel feedrates in
excess of about 3.5 x S, and at bed temperatures in the

range of 700 - 800 °c.

5.1.1 Fuel Feedrate

The results of the experimental work showed a
marked improvement in the quality of the product gas as
fuel feedrate was increased. Although there was a limiting

factor, the gasification efficiency, which decreased with
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very high fuel feedrates (> 4 x S). The drop in efficiency
at higher fuel feedrates is due to the 'diminishing
returns' effect, whereby an increase in the fuel feedrate
is not matched by a corresponding rise in the calorific
value of the fuel gas produced. In other words there is a
limit to how much the fuel gas quality can be improved with

respect to fuel feedrate.

5.1.2 Temperature

The quality of the product gas showed marked
improvement with increase in temperature. The only
limiting factors are the materials of construction, the ash
fusion temperature and the energy loss from hot product
gases. The latter can be minimised by utilising the
sensible heat of the product gases either by using heta
exchangers to remove the heat energy., or by using the

product gas immediately after production in an adjacent

plant.

5.1.3 Bed Height

Increasing the static bed height produced a better
quality fuel gas. The reason for this was that there was a
better separation of the combustion and
gasification/pyrolysis zones. This could further be

improved by having an induced recirculation within the
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system. For this purpose a cold modelling study was
conducted to enable the determination of the induced
recirculations within two different systems, namely the

draft tube and the jet system.

5.2 COLD MODELLING

5.2.1 Free Bed System

The empty fluidised bed without any bed internals
demonstrated random recirculation, with little or none

induced circulation patterns.

5.2.2 Draft Tube And Jet Systems

In these systems the required recirculation
patterns and rates can be obtained. They could be employed
to separate the combustion and gasification/pyrolysis zones
with respect to woodchip conversion processes. This would
yield a better quality product gas. Additionally since the
rates of induced recirculation can be controlled by a
number of parameters, as shown in the cold modelling
chapter, it would be possible to use different feedstocks

employing the same reactor bed configuration.
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5.3 FURTHER WORK

field are

(1)

(2)

(3)

The following suggestions for further work in this
The yield and characterisation of the oils and
tars formed during gasification/pyrolysis with
view to assessing by-product recovery.
Experimentél tests employing either or both the
draft tube system and the jet system, using air
as the gasifying medium, and woodchips as the
feedstock to obtain comparative results.

The processing of woodchips with steam, steam/air
or steam/oxygen mixtures for the production of
synthesis gas, rich in carbon-monoxide and
hydrogen, especially using the the draft tube or

jet system.
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APPENDIX 1

SIGNIFICANCE OF REACTOR BED GAS PROFILES

The Tables, 1 to 9, given here represents the
information collected regarding the concentration of
gaseous species at several distances above the distributor
plate. The results obtained are in the form of a

concentration profile through the bed.
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TABLE 1

BED PROFILE (RUN 1)

Bed depth = 10 cm
Air  feedrate (15°C) = 80 lit/min (0-0976 Kg/min)

Fuel feedrate = 0-0320 Kg/min(2:0 x S)

DISTANCE ABOVE DlSTRIBUTOﬁ PLATE

Ocn {2cm | 8cm [40cm {130 cm

0 0 |om |223 |621 |89
Hy 0 |08 |049 |129 | 186
CH, o |o0o0s |029 | o087 |09
C.Hy 0 o | o | o | o
GRos o 0 |01 |04 | o057
CHe

C,H, 0 0 |o002 [oo08 | o1
C,H, 0 o | o o001 |oo
0, 2100 | 946 | 519 |12 | 066
N, 1900 8781 ls202 [1520 |[7052
) o [177 | 960 |m78 |1623
Temp. K | 298 | 1037 | 1040 | 771 | 503
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TABLE 2

BED PROFILE (RUN 2)

Bed depth = 10 c¢m
Air feedrate(15°C) = 80 lit/min (0-0976 Kg/min)

Fuel feedrate = 0-0499 Kg/min (31 x S)

DISTANCE ABOVE DISTRIBUTOR PLATE

Oecm [2cm | 8 cm | 40 cm [130 cm
o 0 0 234 | 752 1413
H, 0 0 0-53 | 173 | 341
CH. 0 0 0-31 | 191 | 3-08
C.H; 0 0 0-:01 | 009 | 026
CZH‘ . o .
CH, > 0 0 [020 | 0:95 | 166
C, H, 0 0 0-:03 | 009 | 0-24
C, H, 0 0 0 0 0-01
0, 2100 | 923 | 215 119 | 0-45
N, 79-00 18780 8174 |7144 [59-21
co, 0 297 (1269 |15:09 [17-52
Temp. K 298 1059 | 1060 | 700 598
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TABLE 3

BED _PROFILE (RUN 3)

Bed depth = 10cm
Air feedrate (15°C) = 80 lit/min (0-0976 Kg/min)

Fuel feedrate = 0-0499 Kg/min (3-1x S)

DISTANCE ABOVE DISTRIBUTOR PLATE

Ocm | 2an | 8cm [40 em [130 cm
0 0 0-60 | 577 | 917 |13-45
H, 0 013 1-02 | 121 318
CH., 0 0-07 116 | 196 2:79
C,H, 0 0 0-03 | 011 0-30
C, H.

0 0 075 | 0-91 1-35
C, H, 0 0 0-09 | 0-15 0-23
c; Ha 0 O 0 0 0'01
0, 21-:00 {1095 3-85 | 132 0-91
N, 79-00 {86-71 |7511 [70-58 |60-74
€0, 0 154 |12-22 1469 |[17-04
Temp. K 298 1064 | 1019 725 824
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TABLE &

BED PROFILE (RUN &)

Bed depth = 10 cm
Air feedrate (15°C) = 80 lit/min (0-0976 Kg/min)
Fuel feedrate = 0-0656 Kg/min (41 x S)

DISTANCE ABOVE DISTRIBUTOR PLATE

Ocm 2cn | 8cm | 40cem {130 cm
co 0 0 536 | 12-31 | 1437
H, 0 0-01 [ 110 | 2-01 3-20
CH, 0 0 114 | 233 | 3-58
C, H, 0 0 0-11 | 015 | 017
GRS 1o [ o | 101 | 109 | 114
C, H,
G H, 0 0 0-06 | 0-11 0-21
G H, 0 0 0 0:01 | 002
0, 21-00 [12-56 1-91 145 | 112
N, 79-00 |87-05 | 7610 |64-79 |60-10
o, 0 0-38 [1523 ([15-75 |16-09
Temp. K 298 1051 | 1054 | 751 566
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TABLE 5

BED _PROFILE (RUN 5)

Bed depth = 10 cm
Air feedrate (15°C) = 80 lit/min (0-0976 Kg/min)

Fuel feedrate = 0-0368 Kg/min (23 x S)

DISTANCE ABOVE DISTRIBUTOR PLATE

Ocm | 2 cm [ 8 cm | 40 am {130 em
o 0 | 013 | 451 | 523 615
H o |oos | 097 | 107 127
CH, o | o |om | o8| 112
C, Hy o | o | o | o] o0
GHo, 1o | o | oss | 056 0%
C,H,
G H, o | o |o10 | 013] 015
G, H o | o o001 | 001 oot
0, 2100 |1273 | 646 | 536 | 450
N, 7900 |8658 |79:00 |78:34 |75:91
o, o | 051|779 | 841 | 937
Temp. K | 298 | 955 | 880 | 678 | 512
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TABLE 6

BED __ PROFILE (RUN 6)

Bed depth = 10cm
Air feedrate (15°C) = 80 lit/min (0-0976 Kg/min)

Fuel feedrate = 0-0624 Kg/min (39 x S)

DISTANCE ABQOVE DISTRIBUTOR PLATE

Oem| 2cm | 8cm | 40cm [130 am
Co 0 0 871 |10-57 |12-42
H, 0 0-01 143 | 175 2:20
CH, 0 0 142 | 1151 1- 66
C.H, 0 0 |06 |07 |o083
CZ Ha
C, H, 0 0 0-17 | 018 0-18
C, He 0 0 0-03 | 004 | 006
0, 21-00 [12-55 5-99 | 3-71 2-61
N, 79-00 |[87-40 |73-01 |[70-69 [67-11
Co, 0 0:0&6 | 847 [10:74 |[12-81
Temp. 298 942 947 703 YAA
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TABLE 7

BED__ PROFILE (RUN 7)

Bed depth = 10 cm
Air feedrate (15°C) = 80 lit/min (0-0976 Kg/min)

0-0416 Kg/min (2:6 x )

Fuel feedrate =

DISTANCE ABOVE DISTRIBUTOR PLATE

Ocm | 2cm| 8 cm | 40cm |130 cm
co 0 025 | 202 643 | 9-83
H, 0 0-09 | 0-46 101 1-94
CH. 0 0 0-28 | 095 | 176
C. H, 0 0 0 0 0
C,H,

0 0 0-19 -87 :
CH, 0 116
G, H, 0 0 0-03 015 0-25
c; HQ 0 0 0 0'01 0.02
0, 21-00 | 1227 | S70 3-91 3-:00
N, 79-00 | 86-46 |82:38 |76-84 |7112
o, 0 093 | 894 | 9-83 |10-92
Temp. 298 959 935 751 585
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TABLE 8

BED PROFILE (RUN 8)

Bed depth = 15cm
Air  feedrate (15°C) = 80 lit/min (0-0976 Kg/min)
Fuel feedrate = 0-0376 Kg/min (2-4 x S)

DISTANCE ABQOVE DISTRIBUTOR PLATE

Oem| 2cm | 8cem | 40cem {130 cm
co 0 0 0-03 1:09 3-87
H, 0 0-01 0-06 0-21 0-51
CH. 0 0 0 012 0-44
C; H, 0 0 0 0-01 0-03
C, H.

0 0 0 0-0 .
CH, 9 | 020
C, H, 0 0 0 0-03 | 007
GH, 0 0 0 0-01 0-03
0, 21-00 |18-99 |18-33 794 | 1-54
N, 79-00 18020 | 8016 7929 |75-42
€0, 0 0-80 142 |11-21 |17-82
Temp. 298 738 726 623 462
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TABLE 9

BED PROFILE (RUN 9)

Bed depth = 5 cm
Air feedrate (15°C) = 80 lit/min (0-0976 Kg/min)
Fuel feedrate = 0-0564 Kg/min (36 x S)

DISTANCE ABQOVE DISTRIBUTOR PLATE
Ocm | 2cm | 8 cm | 40cm 130 em
o 0 0 0 14-45 | 17-06
H, 0 0 0-08 191 | 2-52
CH, 0 0 0-02 127 | 179
C,H, 0 0 0 028 | 0-30
GRS 1o | o |oo01 | ose | 065
C. He
G, H, 0 0 0 0-06 [ 0-08
G He 0 0 0 0-:01 | 0-01
0, 21-00 [19-89 |17-26 2:47 | 2:02
N, 79-00 (8019 {7715 |69-26 |[65-45
o, 0 0-02 | 548 | 975 |10-12
Temp. K 298 | 875 825 583 | 404
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APPENDIX 2
THE EFFECT OF VARYING PROCESS CONDITIONS

ON PRODUCT GAS QUALITY AND YIELD

The experimental results derived to investigate
the effect of varying process conditions on product gas
quality and yield are presented here, Tables 1 to 15 (a-e).
Tables b and ¢ represent the yield (NmQ/Kg) and output
(Nm® /min), respectively, of the major gaseous components.
while Table e gives the various process efficiencies. |
Tables a and d are the resulting derived data which have

been employed to investigate the effect of varying process

conditions.



«©

@ Bed deplh = 10¢m , Temperature range = 941-970 K
Rtl, 2
Pewtin 0] M 1 | v 2 RUN 3] RUN 4 |RUN 5| RUN 6| RUN 7| Run 8] Ron 9
Bed depth 210cm .
Temperature <941-970 K . [0 348 4733 | 796 | 61 | sos | w00 | 032 [ B 133
Ar feedrate{15°C)= 80 W/min (0-097 Kg/min) H, VOV 1029 L 083 | 1w | 155 | 207 | vex | 200 209
CH, (009 109 | 132 | 105 | 108 | 132 149 | 1gn 1-18
T o1, 000 | 010 {000 | 000 011 | 000/ 000 009 | 005
7 |run
RUN1 JRUN 2 [RUN3 RUSNS" ;:,:Ls ;::;:oo % %20 |22 i'::> 0-60 1 057 1047 | 070 { 065 | 077 | 098 | 060 055
2 | ¥ .
© :;11 m 09 | teb |190 | 228 |ton (216 | 227 GH 092 1010 | 007 | 015 [ on | 047 | g2 0-20 | 0-16
Ha M2 {120 [153 | 129 | 132 |1as [ 476 | 182 | t28 GH, 0-01 1 006 1001 | 001 | 009 | 001 | 002 002 | 002
CH, o lon | o o low | o 0 [ow |oos 0, 357 1192 3443 f 430 | 186 [ 035 | 254 | 2.9 | 2.60
GH, N 6016 160-04 16010 [60-16 | 6005 [6012 |60-16 |6059 6036
GHo~  Tow |om |oss [o8s | 079 |oes |ms |o8s |00 w, )75 {0 | 7198 | 819 [e10 | 926 113 (13
?:‘. 015 |01z (o008 |08 [0 |09 |o2s gg g;; Tofdd [725 | 7989 |e61t (8169 [0175 | 90-91 |09 92:51 9196
y 001 | 001 |01 | 001 |o002
Gy 001 | 005 298 |30
50 {215 S |52 | 228 038 |300
o 7;:’ 15 (6979 |36k (366 |eem M2 lesk [ssed )
26, 937 | 970 [1362 | 977 {002 [12m |09 |1223 lwez Bed depth = 10 cm, Temperature range = 941-970 K —
KV MI/Noricry) so l22e 201 288 302 |3;3 367 |298 g« 0" [RUN 1 RUN 2 | RN 3 | 6 [mum 5 [Ruw 6 | Run 7 RUN 8 [RUN 9 >
2 - * . . . 16-77 - . . . 221
ol ol il el A ol sl ] 2
00336 (00 262 1 346 1 410 § 285 | 375 | 3.93 | 405 269 2-30
. 00322 |0-0368 |0-0288 ! : CH,
F‘:‘q,f‘,""" gg”: 01-(/’2757 20x5 |23xS |18xS [21xS |23xS [39xS [32xS GH 1000 f 0361 000] 000 038] 0:00] 0-00| 014 0-10 ™M &
min -3 =
Temp. K |957 {957 |950 | 955 97 1966 |959 942 954 E':' 1463 | 2206 ) 146 | 190 | 226 22291 2-66 ) 128 107 (V)
Rnduaton | g0 |go |75 |90 |90 [us |9 |80 |0 GH 1033 036} 022 | 041 | 038 050 0.57( 03 0-31 - I
mins GHo 1003 014 003 | 003} 031 0-03] 005 0-03| 004
0, 970 | 62011376 | 1168 | 646( 1-04| 690 447 547
N, 163:48 (216-75 1186-64 (163-48 |208-51 [178-93 |163-48 | 9697 117-89
€0, 2019 ) 2798 | 36-43 | 21-68 28-44 | 47-92| 25-11 [ 18.12 225
(e) Total _ J215-35 | 268-41 [267-42 [221-98 |283-85 |270-56 [229-86 | 148.25 179-61
“range = 941-970 K
Bed depth = 10cm, Temperature range = 941 @
o/, GASIFICATION | THERMAL
MASS __BALANCE EFF(I)CIEN;:ES Ni?rogen EFFICIENCY % | EFFICIENCY % RUN 1 JRUN 2 JRUN 3 {RUN & |RUN S [RUN 6 [RUN 7 |RuN 8 JRUN 9
Carbon | Hydrogen | Oxyg Prod. gas flow
56-3 100-0 229 357 Dry(Nm"min} (00792 100799 |0.0861 {0-0817 {00818 (00909 [0 0846 |00925 Jo-0920
RUN 1 467 18-9 9.0 100-0 367 53-8 Wel (Nm¥/min) 10-0849 | 0-0837 |0-0905 (00867 |0-0857 {00955 {00896 (01010 [0 0990
RUN 2 n1 21-8 3 0 298 456 Per Kg fuel
RUN 3 743 226 84-7 100- Dry(Nm¥kg} (21522 (28844 {26739 | 22201 {20403 |2-7054 [ 22989 {16186 |17961
RUN & 51-9 22-3 63-0 100-0 26-5 39-8 WeliNmfKg) 23071 | 30216 |26105 | 23560 | 29757 | 28423 | 24348 [+7673 [19330
) . .5 57-6
1000 40-6 57-8 of wet gasi%
RUNG | 982 319 90-7 512
RUN 7 659 314 654 1000 36-8 ‘("/”“?‘"" 0089 (0075 o091 [0109 0099 [0067 [o119 [o019 |o169
RUNS | 512 194 | 681 | 1000 271 g‘;; Ll
. : 26-7 ) Bed-char 10303 o forze lowr foms 0134 |07 [0250 [oo0s
RUN9 60-4 18-6 791 1000 sash (gmin) |° 2
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Bed depth = 10 cm , Temperature range = 971-990 K
Bed depth=10cm

Temperature = 971— 990 K im0 | RUN 1 | RUN 2| RUN 3] Run 4] RUN S| RUN 6] RuN 7] RuN ©
Air feedrate(15°C) = 80 lit/min I 1199 | 787 | 147 | 1107 | 867 | 1063 | o4 | 1038
H, 198 [ 161 [ 199 | 150 | +70 | 209 | 160 | 253
CH, 150 1103 | 152 | 146 | 150 | 137 | 143 | 149
RUN 1 [RUN 2 [RUN 3 |RUN 4 |RUN 5 |RUN 6 RU207 ?1U:1° GH, 011 | 005 | 011 | 017 | 000 | 016 | 0-05 | 000
) . 81 [1226 |13 -
€0 1242 | 968 [12266 [1253 | 981 C,H, . . _ A ' . _
H 20 | 18 |220 |170 |t92 24 | 182 | 288 Py > 07 fos7 | 075 | 068 | 126 | 083 | 078 | 0s
CH, 166 | 127 168 | 165 | 170 |158 | 163 |170 GH, 016 [ 015 | 017 | 017 | 009 | 016 | 022 | 000
CH, 012 | 006 [012 [019 {000 |018 {006 | O GH, 0-05 [ 003 | 005 | 002 | 001 | 002 | 005 | 000
C,H . 0 loss lomm |13 |09 |os9 |oso 0, 235 | 433 | 2241 | 140 | 077 | 150 | 354 | 0.98
N L R L N, |60-51 |6017 60-51 |60-28 |60-23 [60-05 |60-18 | 6031
CH, 018 1018 {019 [019 |00 o~1f; 3(2): g Cg, M55 | 546 [ 164 [12-61 [1-18 [1002 | 803 |11-78
GH, 005|004 |00s |002 001 {00 : otal | 509 | 61, _ _ . . . .
0, 260 |53 l266 |58 |oer 113 [e0s |12 ota 127 | 90-62 | 8836 | 88-41 | 86-83 | 8772 B7.91
N, 613 |w0b 6676 |6823 |e812 (6916|6860 6859 ‘ 19
co, 1281|672 |1284 [1316  [16-06  [11-54 | 915 [13:40
RUN 1 |RUN 2 |RUN 3 [RUN 4 |RUN 5 |RUN 6 {RUN 7 [RuN 8
CV MY/Nmidry) o __|RuN R R N 6 |R RU
Gross 336 (270 {343 |329 [323 [343 |352 |2 Prod. gas flow
Net  |320 [256 [326 |3 [305 |326 |336 (274 Ory(Nm/min} (0-0901 |0-0813 |0-0906 |0-0884 |0-0884 | 0-0868 [0-0877 00879
Fuel feedrate [0-0624 |0-0376 |00626 [0-0459 |00417 | 00288 |0-0384 |00480 Wet(Nm /min) |0-0987 00864 (0-0992 {0-0946 |0-0941 {0-0908 |0-0930 {0-0945
Kgmin  [39xS |24xS [39xS [29xS [2:6xS [18x S [24xS[30xS Per Ky fuel
Temp. K [989 978 |990 |9m 983 [971 |980 |978 - DryINm/Kg) [+4446 |2161% [14524 |19248 [21201 [3.0149 |22846 [18319
. WetiNm/Kg) 15814 |22984 [14740 |20619 |22571 [31517 [24216 |19688
Runduration | g 90 |e0 |80 [120 {90 0 |60
mins i Steam content

87 60 86 66 61 43 5-7 70
of wet gasi{%)
{b)

Bed depth = 10 cm, Temperature range = 971-990 K ca("/yf ()’V" 0175 [o21 0297 [o223 [0195 |0-095 |0178 |o0201
g/min
Nm¥Kg x10'[RUN 1 {RUN 2 {RUN 3 [RUN &|RUN 5 |RUN 6 |RUN 7 [RUN 8 od-car | ow Loz lome lomen ors lome loms
o 1924 | 2093 | 18-38 | 2612 2079 | 36-91| 30-83| 21-62 +ash  {g/min)
H, 397 428 319 327 408| 726 417 s
CH 240 | 276 2.46| 318 360 &76| 3-72| 310 e}
c ;-I 0-18] 03] o018 037] o0o00] o056/ 013] o000 Bed depth = 0 cm, Temperature range = 971-990 K
1'%
GHSS g8 | 12| 120| 148| 302 288] 203| o9 MASS  BALANCE EFFICIENCIES % GASIFICATION | THERMAL
G, H, o571 000 Carbon Hydrogen | Oxygen Nitrogen | EFFICIENCY % | EFFICIENCY %
CH 026 | o0-40] 027| 037] 022 0-56| 05 t ] ‘ ‘ _ . _ '
¢ H: 0-08| 008 0-08{ 004/ 002| 007] 013 000 m ) :;g ;‘2”6 :;; :ggg ;:(2) 23.8
0, 377| n-sz| 3-86{ 3-05 185| s3] 9-22| 204 v s | e e o | Moo ot 3:2
N, 96-97 [160-03| 96-97 | 131-33 | 14444 | 20851 | 156-72 | 12564 RN 6 | ers 29 10 | 100 i e
. . . - . . . 24:54 .
e, 18-51 | 14-52| 18-65 | 2529 3400 3479| 20-91 RN e | 72.9 29-1 %6 | w00 39 480
Total | 14576 [ 216-14 | 145-22 | 192-14 | 212-01 | 301- 49| 228-44 [183-15 RUN6 | 952 39-3 748 | 10-0 514 70-4
RUNT | 69-2 284 70-7 | 1000 40-2 54-7
RUNE | 572 2005 | 666 [ 1000 262 380
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femperature = 99(—1010 K NmY/Kg=10'RUN 1 |RUN 2 |RUN 3|RUN 4 |RUN 5 JRUN 6 [RUN 7 JRUN 8 [RUN 9 [RUN 10 [RUN 11 |RUN 12
Air feedrateS°C) = 80 itimin ©  |2922] 26-53] 21-92| 24-95] 3274 ] 25-61] 22-76| 2319 35-62] 20-44] 20-00( 23-98
H, S96| 4-20| 423 539| 6-49{ 4-29] 3-86| 477 S:86| 443 495| 536
RUN 1|RUN 2 |RUN 3 [RUN 4 [RUN S|RUN 6 |[RUN 7 {RUN B |RUN 9 |RUN 10 |RUN 11 |RUN 12| CH, 328| 446} 2:83| 533| 360 4-65| 4-41] 33| 47| 57| S-05| 439
) 056 [1733 [1300 [1337 [1200 |1155 |073 [1109 [i50& |07 [1205 [1398 || GH, | 0-00 0-00| 0-23| 0-55| 0-00] 0-00| 0-00| 0-18) 0-18] 054 0-47] 052
H, 216 196 | 251 [289 [238 |voe |te2 |228 (247 |255 |298 2-1536 | %: 2.06| 3-07| 1-47\ 307| 2:32| 3-26| 3-72| 1-98] 260 304 2:57| 2-80
H, 19 [206 |168 [286 |132 {290 |208 |61 [200 [298 |305 256 || GH.
ﬁ " 0 o low loso | o 0 o looo looe lom lozs |o30 || GH | 034 036 0-27] 0-38] 0-39] o0-46| 0-26] 0-35| 0-70| 035] 031] 038
CH GH, | 0-03] 0-02| 004} o-04f 0-03] 0-05| 0-02| 035} 0-10| o0-03{ 0-03| 003
c’n:> o7 |12 | 087 |t64 (085 [+e7 [%75 lo95 (10 |¥75 (1SS |13 |l o 2:66| 6-67(10-11) 3-10] 3-36| -85 6-14| 4-70| 8-41] 349 328 1-72
t,H. o2 lon low low low lom loz lewr loo jom o oz N, |187-78]144-44{108-28| 114-99|178-93 [144-44l14-4 4| 130-88[156-72 [104-93 | 104-93 |104-93
CH 001|001 |o02 |o02 |00t |ooz loo lo17 loow |ooz |00z |oo2 0, | 457} 2875) 19-26 28-84] 44-88| 30-14] 26-50| 19-25| 21-93{ 27-34 24-30] 27-41
3t
0, 09 |38 |59 (166 123 399 289 225|335 (201 198 4100 Total [276-78[216-50{ 168-62{186-65[272-71 [221-75[212-09|209-04{236-88)175-35[165-90| 17151
N, 785 6™ j6k21  [6e161 6561 6513 |680  [1218 6616 6038|6325 (618 =
. : : . : 65 [1598 =
co, 1643 1328 [142 1545 |1646 [1359 [12%0 |92 | 926 [1573 |65 [159 Bed depth = 1 cn, Temperahure range = 991-1010 K
CV MJ/Nidry) o MASS _BALANCE _EFFICIENCIES % GASIFICATION | THERMAL
Gross |27 |363 348 |470 |3:07 |376 372 (337 |43 |&®7 :252 - Carbon [ Hydrogen | Oxygen | Nitrogen |EFFICIENCY % |EFFICENCY %
Net 258 {343 331 442 |292 |[355 [3S1 (318|392 4S9 RUN1 | 93-0 279 863 100-0 37-3 553
Fuel feedrate [00320 (00417 (00558 (00525 00336 00417 00417 (00398 |0-0384 |00S76 (0057 (00576 RUN 2 | 727 32.7 78-0 100-0 389 53-6 !
Kg/min 20x S [26x S [35xS |33xS |29 S |26x S |26xS[2:5xS |24x S |36x S |36x S |I6x S RUN3 | 540 219 78-2 100- 0 29-2 40-7 %)
L | 756 38-0 833 100- 0 432 569 &
) 4 |1003 | 999 w01 | 993 {997 [1003 |1006 | 1002 RUN N
;::“’d f',‘ 003 {99 [w08 %00 RUNS | 97-3 308 | 99 | w000 | w6 59-6 |
mins |15 |10 [0 e |ms 10 0 js0 |70 60 |60 |60 |rove | 765 | 367 | e | woo | 412 564
RUN7 | 692 339 72-0 100- 0 39-0 536
RUNB | 808 39-3 628 100-0 481 668
{d) RUNY | 786 365 747 1000 486 64:5
, RUN10 | 730 35-9 850 100-0 41-8 S4-6
RUN 1 |RUN 2 [RUN 3 [RUN 4 [RUN 5 [RUN 6 |RUN 7 |RUN 8 [RUN 9 [RUN 10 [RUN 11 [RUN12] | RUNTT| 6311 33 72 1 000 1 37-0 49-3
Prod gos low RUN12{ 711 341 812 100-0 39-8 52-4
Dry(Nm /min) | 0-0886 |0-0903 |0-0941 |0-0980 |0-0916 [0-0925 [0-0884 |0-0832 |0-0909 |01010 |0-0956 00988 h = o T N u = 91— 1010 K
Wet(Nm /min) [0-0930 [0-0960 101017 {01052 [0-0962 |00982 [0-0942 [0-0871 [0-0962 |0-1080 [0103¢ 01067 Bed depth = 10cm, Temperature range = 991- 1010
Per Kg fuel Nrdiinx10’| RUN 1 |RUN 2 [RUN 3 |RUN & [RUN 5 [RUN 6 { RUN 7| RUN 8| RUN 9 |RUN 10{RUN 11{RUN 12
DrytNm/Kg) [27678 121650 |16862 |1-8665 127271 |22175 (21209 | 2-0904]2:3688 {17535 [16590 {17151 | [co 935 [1023 | 1223[13-10 {1100 {10-68 | 949 [ 923 [ 13-68 | 14-08[11-52 | 13-81
WetNm/kg) |29047 (23019 (18233 |20034 [28640 |23544 (22578 | 2-1894 {25057 {18748 [17960 18521 | |, 190 | 175| 2-36| 23| 2118 | 179| 161 1-90 | 225 | 2-55] 285 3-09
Steam content CH, 105 | 186 1-58| 2:80| +21 | 194] 184 1-34| 182 2-98| 2-91{ 2:53
of wet gasto)| *7 |59 |75 |68 [ 48 |58 |61 f4s [s5 [723 |76 |74 GH, | 000 000 093] 029] 0-00 | 0-00| 0-00| 0-07{ 0-07{ 0-31| 0-27] 0-30
Carry-over E’:‘> 066 1-28) 0-82} 161 078 | 136 1-55| 0-79( 100 | 1-75{ 148] 161
2878
Bed-char GH, | 0-01] 0-01] 0-02] 0-02] 001} 0-02| 0:01| 0-14] 0-04| 0-02] 0-02] 0-02
vash tgmin) 0128 [0167 0223 0210 Jou3u 0167 [0 [oms o154 [o230 [o230 [0243 0, 0-85| 278| 564 1-63] 113 | 3-69| 2:56| 1-87| 3-23| 2-01| 189 099
N, 60-09 J60-23[60-42)60-37|6012 60-23| 60-23]60-05|60-18 [60-64 [ 60-44 | 60-44
0, |14-55]11-99[10-75|15-14 [ 15-08 [ 12:57| 11-05 7-66| 8- 42| 15-75] 14-00{15-79
% Total |88-57 [90-28 | 94-09) 97-99]91-63 | 92:47 | 88- 44 83-20 | 90-96 [100-10 | 95-56 [ 98-79
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Bed depth = 10 cm
Temperature 5 0111020 K
Air feedrate(15°C) = 80 Git/min

RUN 1|RUN 2|RUN 3|RUN &
o 1038 [071 [13-46 (1680
H, 42 [145 | 207 | 430
CH, 140 | +43 | 241 | 185
C.H, 017 | 017 0 019
C’H‘ o g
GH > 066 1068 {107 |100
C,H, 015 |06 | 029 | 017
GH 002 002 |002 |00
0, 324 | 348 549 |[388
N, 7294 (1183 [63-89 |59-04
o, 962 1007 M-0 [12-%
CvV MJ/Nm(dry)
Gross (276 |28 |39 |4&438
Net 263 |22 |3 | &15
Fuel feedrate [0:0459 [0-0459 [0:0417 [0-0560
Kg/min 2-9x5 |29x $|{26x S [3-5xS
Temp. kK {1018 1018 | 1013 [ 015
Run duration
mins 80 80 120 60

(b}

Bed depth="0cm, Temperature range =1011-1020 K

()

Bed depth = 0cm, Temperature range =101-1020 K

Nmminx10”|RUN 1 |RUN 2 | RUN 3|RUN &
0 858 | 8:99 1269 [ 1719
H, 17 | 122 | 1-95 | 440
CH, 116 [ 1:20 | 227 | 189
C.H, 014 | 0-14 | 0-00 | 019
CaH.
G, 0-55 [ 0-57 | 101 { 1-02 ';
GH, 012 [ 0413 | 0-27 | 017 0
GH, 0-02 | 0:02 | 0-02 | 0-01 r
o, 2:68 | 2:92 | 518 | 3-97 m
N, 60-28 160-28 |60-23 |60-42
o, 7-95 | 845 {10-65 |13-06 +
Total  [82:65 |83:92 |94-27 [102:34
e
Bed depth = Wem, Temperature range = 1011 - 1020 K
MASS  BALANCE EFFICIENCES % GASIFICATION | THERMAL
Carbon |Hydrogen Oxygen | Nitrogen [EFFICIENCY % {EFFICIENCY %
RUN 1{ 474 176 56-3 000 24-8 366
RUN 2 | 500 183 59-9 100-0 25-9 38-0
RUN 3 | 764 354 869 100-0 44-2 59-8
RUN & | 701 30-6 890 100-0 39-7 52-8

Nm”Kg»10' [RUN 1 |RUN 2 {RUN 3 |RUN &
] 18-69| 19-59 % 30-43| 3070
H, 255 2-66| 468| 786
CH, 2-53) 2:61| S4| 338
G H, 0-30] 0-30| o0.00] 0-34
GH, r20) 124 242 182
CH,

GH, 0-26{ 0-28| 065 0-30
C,H, 0-04] 0-04| o0-05) 0-02
0, 5-84] 6:36| 12-42] 7-09
N, 131-33 [ 13133 | 144 - 44} 107-89
(0, 17-32| 18-41 | 25-54] 23-32
Totat  |180-06 | 182-83 {226-07 {182-75

Ad)
RUN 1 [RUN 2 |RUN 3 [RUN &

Prod gas flow

Dry(Nm/min) [0-0826 |0-0839 |0-0943 01023
Wet{Nm /min) [0-0889 |0-0902 [0-1000 (01100
Per Kg fuel

Dry INm /Kg)[18006 18283 22607 |18275
Wet (Nm/Kg) {19375 [19654 |2:3976 |1-9645
Steam content 7 70 57 70
of wel gas(%o)

C -

TY=OYET 1 o501 [0-565 [0273 |0309
{g/min)
Bed-char +ash

0184 {0184 [0167 |0-224
{g/min}

G8¢C
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Bed depth=10cm ’
Temperature = 1021-1040 K
Air feedrate(15°C) =80 lit/min

(b)

RUN §

RUN 1 |RUN 2 | RUN 3 |RUN & RUN 6 [RUN 7 [RUN 8 |RUN 9
€0 895 [10-8. (1324|1064 |1161 | 2-00 | 984 [13-06 |13.09
Hy 186 | 194 | 265 | 224 |285 | 155 | 159 [188 | 275
CH, 109 | 141 | 255 |50 | 253 | 156 | 166 |+94 | 305
CH, 0 [ 0 [019 [013 |019 | 020 |019 |05 | o029
C,H, _ . .

057 | 098 | +32-/079 |+27 | 0% |o0-88 |101 |52
o > |
CH 011 |01 023 [013 |o21 | 018 |013 |019 | 022
Gh 001 1001 | 002 [008 [003 | 002 [001 [o004 |002
0, 066 |19 135 [224 [250 | 357 |gos |g00 |12
N, 7052|6718 6137 [6886 (6636 |7-54 |6g98 6309 6168
co, 1623 1556|1708 [13-39 D245 | 862 |68 |96k [1613
TV M/Nmdry)

Gross | 230 | 299 [427 |305 [404 | 316 |295 | 366 |65
Net 219 | 28 {403 [289 |[380 | 302 |280 |348 [438
Fuel feedrate [0-0320 [0-0320 00499 |00624 |0-0682 |00459 |0:0512 |0-0560 |0-0502
Kg/min 20x S120x S |39x S [39x S |43xS [29xS |32x §|35xS [37x S
Temp. K [ 1060 [1032 [ 024 [036 | 1040 |37 |1031 |03 | 1035
Run duwration |15 Ims |os |80 |70 |8 |60 |60 |20

mins _
d)

RUN 1]RUN 2|RUN 3|RUN 4[RUN S[RUN 6 |RUN 7 [RUN 8 [RUN 9
Prod. gas flow
DryiNm fmin) (0-0852 [0-0894 (00983 |0-0879 {0-0913 |0-08430-0875 |0-0980 | 0-0980
Wet (Nm /min) |0-0896 [0-0938 |0-1052 {0-0964 | 01006 | 0-0906 [0-0945 | 0-1034 | 0-1061
Per Kg fuel
DryiNm/Kg) |2:6631 {27953 [1-9703 |1-4082 |1-3387 |1-8359 (17090 |17102 {16559
WetiNm/Kg ) |2:8000 (29322 | 21072 |15452 | 14756 |19728 | 18459 |18471 | 17929
steam content| o {49 L es |89 | 93 | 69 T4 |14 | 76

pf wet gas (%)

Carry-over o207 | 0499 |0127 {0357 | 0402 | 0397 | 0369 | o315 0299
{g/min)

bed-char | o128 | o428 |0200 [0250 |0273 |o18s |0205 | 0226 0237

‘:sh {g/min)

Bed depth = 0 cm, Temperafure_.r-ange = 021- 1040 K
Nn‘/l(gxw'Rm1RUN2RUN3RUNIole S{RUN 6|RUN 7|RUN 8 |RUN 9
o 2386 | 3031 | 26-09] 1498 1554 | 22-03 1682 | 22:34 | 2167
H, 4-97 5641 523 316f 381 2:85| 2N N 456
CH, 2N 3941 503| 2-12{ 3-39) 285 2.83 3-32 5-05
G H, 0-00 0-00] o038] o018] ¢-25| 0-37] 033 0-25F 0-47
E’:‘ 1-53 2750 260 110] 170{ 139| 150 17131 2-52
F e 3
GH, 0-28 | 0-41 0-46) 018 o0-28| o0-33] o2 0-32{ 0-37
C,H, 0:03{ 003 o004] 01| 004 o004 0-021 007 003
0, 175 | S-a4f 2:66] 316] 334]| ¢-5 13-73| 15-39] 2-08
N, 187-78 |187-78 | 120-92] 96-97| 88-84 | 131-33 117-89 | 107-89( 102-13
co, 43-22 1 43-50 33-65| 18-86| 16:67| 15-82 %-82| 16-48| 2671
Total 266-31 1279-531197- 03] 140-82 | 133-87 {183-59 | 170- 90 171-02 16559
e}
Bed depth = 10 cm, Temperature range = 1021-1040 K
NmYminx10"1RUN 1 | RUN 2 | RUN 3 RUN 4] RUN S [ RUN 6| RUN 7| RUN 8 | RUN 9
co 763 [ 970 [13-02 | 935 | 10-60 011 | 861 [ 12-51 [ 12-83
H, 159 [ 1-74 2261 [ 1-97 { 2-60 | 131 | 1-39 1-801 2-70
CH, 0:93 [ 126" 2251 | 132 | 231 131 1457 1-86] 2-99
C.H, 0:00 1 0:00 | 019 | 0-11 | 0-17 017 | 017 | 014 | 0 28
C.H
CIH‘ > 0-49 ] 0-88 130 069 { 1-16 0-66 | 077} 097 1-49 .
e
G H, 009 1 013 | 023 | 011 | 019 015 | 01 0-18 | 0-22
C,H, 0-01 | 0-01 0-02 | 0007] 003] 002 001 0-04 | 0-02
0, 056 | 1764 | 133 | 1-97 | 2.28 301 703 862 123
N, 60-09 |60-09 |60-34 |[60-51[60-59 60-28 | 60-36 [ 60- 42 | 60- 46
co, 13-83 113-92 1 16-79 | 11-77 } 11-37 726 | 7-59 | 9-23 {15-81
Total 8522 189-45 | 98-:32 | 87-87 | 91-30 | 84-27 87-50 [95-77 | 98-03
e
Bed depth = 10 cm, Temperature range = 1021 - 1040 K
MASS BALANCE EFFICIENCIES % GASIFICATION | THERMAL |
Carbon Hydrogen Oxygen | Nitrogen |EFFICIENCY % EFFICIENCY %
RUN 1 827 231 78-3 100-0 30-5 L84
RUN 2 94, 31-9 88-1 100-0 &5 60-5
RUN 3 80-7 35-2 89-9 100-0 41-6 56-1
RUN & | 441 16-9 60-8 1000 21-3 31-3
RUNS | 452 23-9 59-9 100-0 26-6 36-8
RUNG6 | S0-7 20-2 57-9 100-0 29-0 L4
RUN7 | 43-4 19-6 68-4 100-0 25-0 36-6
RUNS | 529 23-3 837 100-0 31-1 431
RUNY9 | 67-8 33-7 79-4 100-0 379 50-7
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Bed depth =10 ¢m
Temperature =1041-1060 K
Air feedrate(15°C) = 80 lit/min

)

rwrr— T

» Bed depth - 10:6;, Temperafu; range

= 1041 -1060 K

RUN 1{RUN 2 |RUN 3 |RUN 4 [RUN S5|RUN 6|RUN 7]RUN B |RUN 9 |RUN 10
o 1323 [1746 [1368 |13-3¢ |18-44 [1096 11752 |1878 |14-45 |35
H, 299 | 317 1301 {303 | 319 {252 | 341 | 315 | 331 | 293
CH, 278 | 255 | 27 | 279 | 255 | 283 | 308 | 249 | 294 | 250
G, Hs 023 {020 {025 024 | 020 | o018 | 029 | 018 | 025 {020
E'::> 130 | 143 | 139 {133 | 6b | 101 | 166 | 145 | 131 | 125
H
C,H, 022 | 033 | 022 | 022 | 036 [018 | 026 | 032 | 023 |019
C,H, 001 | 004 | 002 | 002 | 004 | 001 |001 | o006 | 001 |001
0, 098 | 247 | 170 | 106 | 250 | +06 | 045 | 278 | 105 | 213
N, 6153 6008 160-95 161°20 {5901 6447 15921 15854 [5922 |62-01
co, 1673 (1227 1599 11677 1227 hers  he13 227 1723 [1se3
CV M¥Nmidey)
Gross | 460 |S07 |45 [446 [523 |381 |S41 (520 |468 |49
Net 414 | 481 628 (420 [496 | 358 |S12 |49h |a42 |395
Fuel feedrate |0-0699 |0:0682 |0-0512 |0:0499 |0-0682 [0-0499 |0-0499 [0-0682 (00592 |0-0560
Kg/min _ {31x S 143x S {32xS [3x S | 43xs |31x S {31x S| 43x5{37x S{35x S
Temp. K [1051 [1052 | 056 [1051 | 1052 | 1054 {1060 |1056 | 1053 | 1060
Run duration | oo 190 1120 w0 |80 | 95 |10 | %0 |120 | 126
)
RUN 1[RUN 2{RUN 3 |RUN 4 {RUN S{RUN 6 [RUN 7[RUN 8 {RUN 9 [RUN 10
Prod gas flow
Dry(Nm /min} |0-0981 {01008 {00990 (00986 {01027 |0-0936 |0-1019 {01035 01021 |0-0974
Wet(Nm /min) [0-1049 |0-1102 {01060 {01054 {01120 {01004 |0-1087 [01128 {p1102 |0-1051
Per Kg fuel
Dry (Nm/Kg) {19651 |14786 {19340 |1-9758 [1-5054 [1-8756 {20421 {15176 {19247 {17400
Wet(Nm /Kg) |21022 | 16155 (20711 |21126 |16424 {20124 (21792 |16545 {18616 |18770
Steam content
65 |85 |6 65 (83 | 68 {63 | 83 | .
of wet gas (Vo) 6 8 T4 73
Corry-over 10300 {0377 |0409 | 0435 |04s9 |o3m losos |o3s9 0278 10431
(g/min)
Bed-char +
0200 {0273 {0205 (0200 {0273 0200 0200 |0-273 |, .
ash {g/min) 0237 0224

9 319Vl

NnVKgxw']RUN1 RUN 2 {RUN 3 [RUN & [RUN S [RUN 6 [RUN 7 [RUN 8 |[RUN 9IRUN10
(0] 25-99) 25-82 26-46| 26-35{ 27-76| 20-56{ 35-77] 28-50] 24-92] 22-88
H, 587 469 582] 599 4-81] 473 695 4-78] 5-71| 509
CH, S47) 377) 539| SS51 3-84] 531 629] 3-78] 507 4-36
C.H, 0-46] 0-29| 0-49] 048] 0-31] 0-34] 0-60] 0-28] 0-44] 0-34
(c:' :‘ 541 211} 2700 262 2-17| 1-90] 3-39] 2-20| 226| 218

1'%

G H, 0-44] 0-481 0-43} 0-44] 0-54{ 0-34] 0-48 0-48| 0-39( 034
G H, 0-02| 0-06| 0-04f 0-04) 0-06f 0-02| 0-02| 0-06{ 0-02] 002
0, 1921 3:65| 3-28) 210 3-77{ 1-98] 0-92] 422 181! 37
N, 120-92 88-84 |117-891120-92| 88-84}120-92[120-92| 88-84{102-13 107-89
co, 32-88| 18-14 | 30-92{ 33-13| 18-48} 31-44| 28-86] 18-62| 29-71| 27-20
Total  1196-51 (147-86[193-40{197-581150-541187-561204-21{151- 76 {17247 (17400

o)
Bed depth = 10 cm, Temperature range = 1041~ 1060 K

INmYimin=10°IRUN 1 [RUN 2 |RUN 3[RUN 4| RUN 5|RUN 6 |RUN 7| RUN 8 |RUN 9|RUND
(Y] 12.97 1 17-61 | 13-55] 13-15 | 18-93 | 10-26 [ 17-85 | 19-44 | 14-75 | 12-81
H, 2:93| 3-20| 298] 2299] 3-28{ 2:36] 3-47| 3-26] 3-38] 285
CH, 2:731 2:57) 276 2:75] 2:62| 2:65] 34| 2-58] 3-00]| 2-44
G, H, 0-23} 0-20} 0-25} 0-24) 0-21{ 0-17} 0-30] 0-19} 0-26| 0-19
E’:‘ 127} 1-44) 1-38] 1-31| 148} 0-95] 169 1-50] 1-34] 1-22

'
GH, 0-22| 0-33] 022 022 0:37] 0-17] 0-24] 0-33] 0-23]| 019
C,H, 0-01) 0-04)| 0-02] 0-02| 0-04)0-01] 0-07) 0-04| 0-011] 0-01
0, 0:961 2:49] 1-68| 1-05] 2257]0-99 | 0-46{ 2-88] 1.07] 2-08
N, 60-34 160-59 60-36 1 60-34 1 60-59 160-34 | 60-34 | 60-59 | 60-46 | 60-42
o, 16-41112-37115-83 | 16-53112-60{15-70 | 14-40{ 12-70{ 17-59 | 15-23
Total  198-06 | 100-84( 99-02]98-59 [102-67]93-59 [101-90{103-50[102-10 | 97 44
o) ~ '
Bed depth = 10 ¢m, Temperature range = 1041-~1060 K
MASS BALANCE EFFICIENCIES % GASIFICATION | THERMAL
Carbon | Hydrogen | Oxygen | Nitrogen [EFFICIENCY % |EFFICIENCY %
RUN 1 80-2 372 87-1 100-0 426 57-7
RUN 2 60-6 29-0 748 100-0 37-2 486
RUN 3 78-8 37-6 877 100- 0 43-4 583
RUN & 812 38-0 88-2 100-0 434 58-6
RUN S 63-5 29-8 779 100-0 39-1 50-8
RUN 6 70-3 320 79-7 100-0 351 493
RUN 7 89-9 449 86-8 100-0 54-7 70-6
RUN 8 64-3 29-5 80-0 100- 0 392 51-0
RUN9 | 74-2 345 86-1 100- 0 399 534
RUN10 | 67-7 307 82-3 100-0 36-0 494
L.
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_a)
Bed depth = 10 cm

Temperature = 1061—1080 K
Air feedrate (5°C) = 80 lit/min

{b)

Bed depth=Y0cm, Temperature range=1061-1080 K

RUN 1 [RUN 2 |RUN 3 |RUN 4

€0 15945 |29 |85 1278
H, 38 350 |347 | 257
CH, 279|262 |334 |24
GHy 030 (o2 |03 |02
C:H, 135 158 [178 [ 109
C;Hg
CH, 023 046 | 027 |01
GH, 001 |005 [003 |o01
o 091 |2 097 |30
N, 607 5537 |sez  |6364
o, 1706|1208 1665 [1431
CV MiNntry)

Gross |&S4 |595 |535 |383

Net  |428 [567 |504 |363
Fuel feedrate 00499 (00682 [0-0656 00512
Kaimin __ |31x S [43xS |41x S [32xS
Temp. K | 1067 [1061 | 164 | 1070
Run duration

s %5 |70 [120 |120

NmYKg x 10" |[RUN 1 |RUN 2 [RUN 3 |RUN &
1) 26:77| 3526 | 23-70| 2367
H, 6-33] 5:62| 550 4-76
CH, 5-5S| 4-21) 529 3-96
G H, 0-60) 0-35| 0-52| 0-37
G H, . . . .
CH, 2-68| 2-55| 2-82| 2-01
C,H, 0-46| 0:73| 0-43] 0-33
C,H, 0-021 0-07{ 0-04{ 002
0, 1-80| 3-43| 1-s4] s5-70
N, 120-92| 88-84| 92-30| 117-89
co, 33-93| 19-38] 26-40} 26:50
Total 199-08 | 160- 44 | 158-67] 185-23

{c)

Bed depth=10.cm, Temperature range = 061-1080 K

inx10°| RUN 1 | RUN 2 | RUN 3| RUN 4
© 13-36 | 2405 | 15-55 [ 12-12
H, 316 | 383 | 361 2-44
CH, 277 | 287 | 3-47| 2-03
CHy 030 [ 0-24 | 034|019
C.H, 136 | 174 | 185 1.

o> 85 | 1-03
G H, 0-23 [ 050 | 028 | 017
GHo | 001 | 0-05 | 003 | 0-01
0, 0-90 | 2:34 | 101 | 2:92
N, 60-36 |60-59 | 60-55 |60-36
o, 16:93 |13-22 | 17-32 [13-57
Total  |99-34 [109-42 |104-02 [ 94-84

{d

RUN 1 [RUN 2|RUN 3|RUN & —
Prod. gas flow >
Ory (Nm /min) | 0-0993 {01094 [0-1040 |0-0948 o
Wet (Nm /min) {6-1062 |01188 | 01130 {0-1018
Per Kg fuel m
Ory (Nm /Kg}|1-9908 11-6044 | 15857 |1-8523
Wet (Nm /Kg) | 21276 [1-7413 | 147227 | 19892 ~J
Steam content
64 76 79 6-9
of wet gas (%)
Corry-over o019 0137 |o205 |01
(g/min)
Bed-ch
U o200 |o213 |o262 | 0208
ash  {g/min) ) :
@
Bed depth = 10 cm, Temperature range = 1061- 1080 K
MASS  BALANCE  EFFICIENCIES % GASIFICATION | THERMAL
Carbon Hydrogen | Oxygen Nitrogen [EFFICIENCY % [EFFICIENCY Y
RUN 1 83-0 39-0 895 100-0 L6 60-2
RUN 2 75-0 346 87-2 1000 47-6 60-3
RUN 3 7-0 374 841 100-0 41-8 54-8
RUN 4 67-0 28-5 814 100-0 35-2 491

88¢



TABLE 3-20(a)
Bed depth = 1Sum
Temperature = 769-850 K
Air feedrate = 80 lit/min

RUN 1 JRUN 2{RUN 3

0 13-58 (1198 | &-b4
H, "M 1-23 |} 029
CH, 0-91 094 | 047
CH, 015 | 0117 | o1
C.H, 0-42 | 0-45 0-28
C,H
C,H, 0-:01 | 001 0-03
C,H, 0 0 0
0, 2:82 | 576 | 958
N, 7327 16995 169-90
co, 773 {951 {1690
CV MJ/Nm*idry)

Gross 2-61 247 1107

Net 253 j238 |103 |
Fuel feedrate |0-0400 [0-0600 |0-0454-

Kg/min 25xS{25xS|28 xS
Temp. K 823 813 749
Run .durafion 60 60 60
mins

TABLE 320 (b)
Bed deplh=15um, Temperature = 749-850 K

Nm/Kg x 10 |RUN 1 |RUN 2 [RUN 3
W) 2790 | 2578 | 8-44
H, 228 265 055
CH, 1-88| 2-02| 0-90
(. H, 0-30| 0-38( 0-20
C?H‘ . . .
Ch >| 0-88| 098] 0-53
GH, 0-02| 0-02| o0-07
G H, 0-00]| 0-00{ 0-00
0, 5-80 { 12-40| 18-19
N, 15050 {150- 50 {132-78
(0, 15-88 | 20-45| 28-30
Total  [205-42 | 215-18 | 189-93

Bed depth=15cm, Temperature=759-850 K

TABLE 3-20 (c)

TABLE 3-20 (d)
Bed depth=15cm, Temperature = 749 -850 K

RUN 1T | RUN2{RUN 3
Prod. gas flow
DryNmmin} | 0-0822 | 0-0861 |0-0862 —
Wet{Nm”/min) | 0-0876 | 0- 0915 |0-0924 o
Per Kg fuel o
DeyiNm'/Kg) {2-054 |2-152 |1-899 R
WetNm/Kg) {2-191 [2-289 [2-036
Steam content (@ o)
of wet gas{%) 63 6:0 87
Carry~over
{g /min) 0-028 | 0031 | 0-024
h
Bed char + 10160 [0-160 | 0182
ash (g /min)
TABLE 3-20 (e)
Bed depth = 15¢m, Temperature range = 749 - 850 K
MASS _ BALANCE EFFICIENCIES % GASIFICATION { THERMAL
Carbon Hydrogen | Oxygen Nitrogen [EFFICIENCY % |EFFICIENCY <%
RUN 1 537 127 567 100-0 27-2 39-2
RUN 2 57-0 14-2 72:9 100-0 254 391
RUN 3 | 439 6-0 87-3 100-0 10-2 19-1

Nm/min x10°| RUN 1 | RUN 2 | RUN 3
© 1116 | 1031 | 383
H, 091 | 1-06 | 0-25
CH, 075 | 081 | 0-41
G H, 012 | 015 ] 0-09
GHhoS o35 | 039 o2u
C,H,

G, H, 0-01 | 001 | 003
G, Hy 0-00 | 0-00 | 0-00
0, 232 | 4-96 | 826
N, 60-20 | 60-20 |60-28
Co, 6-35 | 818 {1285
Total  |82:17 |86-07 | 86-23
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{a)

_th)

Bed depth = 15cm, Temperature range = 851- 950 K

(d)

Bed depth = 1Scm, Temperature = 851-950 K

RUN1 1 RUN2| RUN3 | RUN &
Prod. gas flow
Ory(Nm¥min) | 0-0970 | 0-0796 | 0- 0884 | 0-0877
WetNmmin) | 0-1028 { 0-0851 [ 0- 0946 | 0-0930
Per Kg fuel —
Dry(Nm”Kg) | 2271 | 1-991 | 1-934 2:248 g
WellNm'/Kg) | 2:408 | 2-128 | 2-071 | 2-385 —
Steam content 57 |64 66 59 m
of wel gas (%)
\Y>
Carry-over
{g/min) 0-024 ] 0-044 | 0-018 | 0-020
Bed char +
ash (g/min) 0-171 [ 0-160 | 0-183 | 0-156
(e)
Bed depth = 15cm, Temperature range = 851-950 K
MASS BALANCE EFFICIENCIES % GASIFICATION | THERMAL
Carbon | Hydrogen | Oxygen | Nitrogen |EFFICIENCY % {EFFICIENCY %
RUN 1 891 217 104-0 100-0 34-6 51-3
RUN 2 330 5-4 58-2 100-0 15-9 271
RUN 3 64-5 17-6 80-6 100- 0 237 36-8
RUN & 73-2 16- 0 864 100- 0 22-6 36-5

Bed depth = 15 tm Nm7Kg x 10" [RUN 1 [RUN 2 [RUN 3 [RUN 4
Temperature = 851-950 K 0 29-39 | 19410 | 1676 | 1851
Air feedrate = 80 {#/min H, 3-54 1-32 1-97 197
CH, 2293 | o088 | 267 338
G H, 0-37 ] 002| 024 o0-05
RUN 1 |RUN 2 |RUN 3 |RUN 4 G H,
156 | 020 127 044
co 1294 | 960 | 867 | 823 C H, >
H, 156 | 066 | 102 | 0-88 GH, 0-30 | 002 031 0-23
CH, 129 | 044 | 138 | 150 GH, 0-02 | 000 o004| o0-08
CH, 016 | 001 | 012 | 0-02 0, 5-39 | 18-00 4-00 4-05
CH, N, 141-08 [150-50 |131-90 [154-33
C,H, 068 | 010 0-66 | 019 (o, 42-60 9-02 | 34-22 | 41-36
Gy Hy 013 {001 | 016 | 0-10 Total 227-1% 1199-05 | 193-41 | 224 -82
G Hy 001 | 0 0-02 | 0-03
G, 237 | 904 | 207 | 1-80
N, 6211|7561 [68-20 |68-65
€, 18-75 | 453 1770 ]18-60
{c)
CV MUNmidry) . —
Gross 306 | 156 | 246 | 202 Bed depth = 15cm, Temperature = 851-950 K
Net 291 {153 {234 [192 Nm¥min x 0| RUN 1 | RUN 2| RUN 3 |RUN &
Fuel feedrate |0-0427 |0-0400 | 0-0457{0-0390 ) 1255 | 764 | 766 | 722
Kg/min 27x S 125% S |29x § |24x S H, 1-51 0-53 0-90 0-77
CH 125 | 035 | 122 | 132
7 '
R::"“;u : 236873 &7 863 G H, 0-16 | 0:01 | 011 | 002
rarion
mins 60 | 60 60 | 3 E’ :‘ > | o066 | 008 | o058 | 017
1%
G H, 013 | 001 | 014 | 009
G H, 0-01 | 0-00 | 002 | 003
0, 230 | 7-20 | 183 | 1-58
N, 60-24 | 60-20 | 60-28 | 60-19
co, 18:19 | 361 [15:64 |16-31
Total 96-99 |79-62 | 88-39 | 87-68
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1a)

Bed depth =15 cm
Temperature =951-1050 K
Air feedrate = 80 lit/min

{c)

RUN1 | RUNZ | RUN3 [ RUN & |RUN 5|RUN 6 | RUN 7
) 6-81 [16-99 |11-06 | 722 [10-62 |1817 |2117
H, 106 | 192 | 145 [ 130 [ 085 | 310 |38
CH, 110 | 275 {186 [ 057 {228 | 280 |320
C,H, 010 {015 [014 |0-02 |0-08 | 009 |0
GHos st 132 [o093 |o22 |o92 |109 [119
C,H,
C,H, 015 | 019 | 017 007 |032 | 032 |04k
G Ha 002 (002 [002 [001 |003 [004 [009
0, 201 {+16 | 088 |52 [467 [210 [200
N, 76-80 6144 |67-69 [70-77 |7164 5647 |S2-81
€0, 1146 [16:08 |1580 |18-30 | 879 |15-82 [15:89
vV MUNm'dry)
Gross | 200 {442 |322 [155 |333 {494 {57
Net 190 {419 | 306 |148 | 316 |470 |54S
Fuel feedrate |0-0457 |0:0657 [0:0457 |0-0543 |0-0543 [0-0543 |0-0688
Kg/min  129x S |29x S [29x S [34x S |34 xS |34xS |43xS
Temp. K | 963 | 973 |984 | 992 1029 | 1006 |1000
Run duration | .5 | 40 |40 |35 50 |35 |35
mns
{b)
Bed depth = 15 cm, Temperature range = 951-1050 K
NmKg x 10' [RUN 1 |RUN 2 [RUN 3 [RUN & |RUN S |RUN 6[RUN 7
0 nn 3219 21-55] 11-34 | 16-17 | 35-78} 35-31
H, 182 40| 2-82| 204 1-32{ 611| 530
CH, 188 591 363 0-90| 3-54| 551 533
C,H, 018 | 0-33) 0-26] 0-04| 0-13] o0-18| 0-19
GH
¢ 88| 2-84| 1-82| 0:35| 44| 215} 199
o> | v
C,H, 0-26| 0-42| 0-33{ 011 | 0S0| 0-63| 073
C,H, 0-06| 004f 004 002] 006! 007] 014
0, 346 245 1711 239 7260 | 333
N, 131-90 {131:90 [ 131:90 [111-23 | 11123 [ 1m-23] 8807
co, 19-65 | 34-53] 3079 | 28:77 | 13-65] 31-16| 2637
Total 17175 | 214-68 | 194-86 | 157-16 | 155-28 | 196-98| 16677

Bed depth = 15cm, Temperature = 951-1050 K
Nm'/min x 10" | RUN 1 [RUN 2 [RUN 3 [RUN & RUN 5 [RUN 6 |RUN 7
o 535 %7 9-85 616 | 878 | 19-43 | 24-29
H, 0-83 1881 129 ] 111 0-72 3-32 3-65
CH, 0-86 2270 166 | 049 | 1-92 2-99 367
C.H, 0-08 0-15] 012 ) 002} 007 0-10 0-13
E' : > {040 | 130] 083| 019 078 | 117 139
7%
GH, 0:12 1 019 | 015 | 006 027 | 034] 050
G H, 0-02 {002 002| 001 003 004| o010
0, 158 | 112 | 0781 1-30 | 394 | 2225 | 2-29
N, 60-28 160-28 [60-28 160-40 |60-40 | 60-40 60- 59
o, 8:98 115-78 [14-07 |15-62 | 7-41 | 16-92 18-14
Total 78:49 19811 |89-05 | 85-34 |84-31 [10696 [114-74
_d)
Bed depth = 15 ¢m, Temperature = 951 ~1050 K
RUN 1 { RUN 2| RUN 3| RUN4&| RUN 5| RUN 6 | RUN 7
Prod. gas flow
Ory(Nm¥min) | 0-0785 | 0-0981 | 0-08910-0853 0-0843 {0-1070 [0-1147
Wet(Nm’/min) |0-0848 | 0-1044 | 0-0953 |0-0928 {0-0917 |0-1144 01242
Per Kg fuel :
Dry(Nm'/Kg) 1718 | 2147 [ 1-949 | 1-572 | 1-553 1970 |1-668
WetNm'/Kg) |1-854 |2-284 [ 2-086 | 1-709 1:690 | 2107 | 1805
Steam content 7.4
of wet gas (%) 60 66 80 81 65 76
Carry -over
(q/min) 0-018 | 0-018 | 0-021 | 0-025 | 0-038 | 0-014 0-028
Ped e+ ) 183 | 018
ash {g/min) 183 10183 [0-217 {0297 | 0217 {0-275
el
Bed depth = 15 cm , Temperature range = 951-1050 K
MASS BALANCE EFFICIENCIES % GASIFICATION | THERMAL
Carbon | Hydrogen | Oxygen [ Nitrogen [EFFICIENCY %|EFFICIENCY %)
RUN 1 405 13-2 50-1 100-0 17-1 29-6
RUN 2 89-7 36-8 91-8 100-0 47-1 65-7
RUN 3 68-5 23-8 74-8 100-0 31-2 471
RUN & 47-1 7-6 70-4 100-0 12-2 24-0
RUN 5 42-6 20-5 SS5-4 100-0 25-7 396
RUN 6 88- 6 37-0 101- 6 100- 0 L84 671
RUN 7 82-7 35-6 102-6 100- 0 47-6 65- 0

-
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1)

Bed depth= 20cm
Temperature = 751-800 K
Air feedrate (15°C) = 80 Lit/min

{b)

Bed depth = 20am, Temperature range=751-800 K

NmKg = 10°|RUN 1 |RUN 2 |RUN 3 |RUN &
o 354 | 917 | 1366 640
H, 04| 016 | 0-50] 0-52
CH, 0-70| 0-38] 093] 0-46
C,H, 0-02{ o000 o0-00] 0-03
C,H,
c,H.> 0-36| 0-08] 014 012
C,H, 0-06) 0-02| o0-04| 0-03
G H, 0-02] 0-00| 0-02| 0-00
0, 7711 | 12-46| 7-15]21-89
N, 94-14 {121-88 [121-88 {183-26
(o, 628 15-76| 22-58 | 2229
Total 112-95 [159-92 | 166-89 {235 00

{c)

Bed depth =20cm, Temperature =751-800 K

RUN 1| RUN 2] RUN 3| RUN 4
co 314 | 573 {818 |2:72
H, 012 {010 | 030 |o0-22
CH, 062 | 024 | 056 {020
C,H, 0’01 0 0 0’01
E’:‘ > [031 {005 | 009 |005
1 tig
CH, 0-05 | 001 | 0-02 {001
GH, 001 | 0 001 | 0
0: 6-83 | 779 | 428 | 932
N, 8335 {7622 |73-03 7798
Co, 556 | 986 |13-53 | 9-49

LV MJ/Nmidry)

Gross | 093 | 0-88 | 139 |0-50
Net 0-89 | 0-86 | 136 |0-49

Fuel feedrate {0-0643 |0-0495 0-0495(0-0328
Kg/min 40xS [31x S [31x S [21x S
Temp. K | 785 751 794 793
Run duration | o} o | w0 |60
mns

Nm¥min x 10° [RUN 1 |RUN 2 | RUN 3 [RUN 4
w 228 | 454 | 676 | 210
He 009 | 0-08| 025 | 017
CH, 0-45 | 019 | 0-46 | 0-15
CH, 0-01 | 0-00 | 0-00 | 0-01
GHo> 1023 | 004 | 007 | 004
G H, ,

GH, 0-04 | 0-01 | 0-02 | 001
CHe 0-01 | 0-00 | 0-01 | 0-00
0s ©96 | 617 | 354 | 7.18
N, 60-53 [60-33 [ 60-33 |60-11
€0, 404 | 7-80 | 1118 | 7-31
Total | 72:63 {79-16 | 82-61 | 77-08

(d)
Bed depth=20 cm, Temperature = 751-800 K

RUN 1 |RUN 2 JRUN 3 |RUN &
Prod. gas flow —
Dry (Nm?min} | 0-0726 | 0-0792 |0-0826 | 0-0771 >
Wet (Nm¥min) |0-0814 | 0-0859 |0-0894 | 0-0816 g3
Per Kg fuel r-
Dry (Nm”/Kg) }1-129 | 1-599 | 1-669 |2-350 m
Wet(Nm*/Kg) {1-266 | 1-736 | 1-806 | 2-487 N
Steam content -
. 7. 7 5-5
of wet gas (%) 108 ? 6 )
Carry-over
(g/min) 0-280 | 0-500 | 0-500 | 0-268
Bed-char + 1 5.267 | 0198 | 0-198 | 0131
ash (g/min) | :
_te)
Bed depth = 20¢em, Temperature range = 751-800 K
—
MASS BALANCE EFFICIENCIES % GASIFICATION | THERMAL
Carbon | Hydrogen Oxygen [ Nitrogen [EFFICIENCY % |EFFICIENCY %
RUN 1 12-8 39 330 100-0 5-2 13
RUN 2 285 17 59-5 100-0 72 14-5
RUN 3 42-1 43 66-3 100- 0 11-8 20-6
RUN & 33-0 27 66-3 100-0 60 164

Z6T



Bed depth = 20cm
Temperature = 801-900 K
Air  teedrate {15°C) = 80 Lit/min

Bed depth = 20 cm,

(7]

RUN 1 |RUN 2| RUN 3|{RUN & {RUN 5 |RUN 6
[0} 734 | 846 | 9-50 | 540 | 738 | 809
H, 0-49 | 063 | 105 | 056 | 078 | 0-88
CH. 091 | 080 | 30 | 0-68 | 1-01 | 118
G H, 002} 0 0-01 | 002 | 0-03 | 0-03
G H. . .
040 | 013 | 0-24 | 0-22 | 0-37 | 01
(,H. >
G, H, 0-10 | 003 | 007 | 0-07 | 0-13 | 015
Cy He 0-01 | 0-01 {002 ] 001 {001 |003
0, 226 | 179 | 257 | 3-51 ]334 | 273
N, 71-83 |72-87 |69-52 [74-78 {71-25 |71 24
€0, 1666 11528 [15-72 [14-75 |15-70 1526
CV M¥/Nm3(dry)
Gross | 176 | 160 | 211 [1-26 | 184 | 2:07
Net 167 | 155 | 202 | 121 | 1+75 | 198
Fuel feedrate|0-0643|0-0495]0-0495}0-03280-0328}0-0328
Kg/min 4-0x S|3x S|31x S{21x S[21x S [21x S
Temp. K | 853 | 831 | 856 | 855 | 879 | 893
Run duration | .5 | 40 | 40 | 60 | 60 | 60
mins
{b)
Bed depth = 20cm, Temperature range = 801~ 900 K
[Nmmgxn'mm 1JRUN 2[RUN 3 JRUN 4|RUN S[RUN 6
) 963 | %146 | 16-65] 13-23] 18-99] 20-82
H, 0646 | 1-05| 184 1-37] 2-01] 226
CH, 120 | 1-33] 228 1-68] 2-59| 3-0%
C,H, 003 | 000! o0-02{ 0.06] 0-09| o0-09
?:‘ 0-s3| 0-22| o-4z| o-ss| 0-94| 107
2 [
G H, 0-12| 0-04| 0-12] 0-18] 0-34] 040
G, H, 0-02| 0-02] o0-04| 0-03] 0-03| o0-09
o, 2-94| 2-99| 4-s0| 8-60| 8-60| 7-01
N, 94-14 [121-88 |121-88[183-26183-26 18326
(o, 21-84 | 25-56| 27-56| 36-16| 40-36| 39-24
Total 13106 |167-25 | 175-31 | 245-06 257-20 | 257- 22

Temmfure range = 801~ 900 K
Nm’min > 07”{RUN 1 [RUN 2 |RUN 3 | RUN 4 | RUN S |RUN 6
co 619 | 700 | 824 | 434 | 623 | 6-83
H, 0-411 0-52] 091 ] 045 | 066 0-74
CH, 0-77] 066 113 | 055 085 1-00
G H, 002 000 007 | 0002} 003 ] 003
%::* >1036f 01 |o21]| 018031 035
2
GH, 0-08| 0021 006|006/ 0111 013
G H, 0-07 ] 0-011 002 | 001] 001{ 003
0, 1-89 | 148 2:23 } 282 282 230
N, 60-53 160-33 160-33 [60-11 |60-11 |60-11
o, 14-04 [12:65 [ 13-64 | 11-86 | 13-24 | 12-87
Total 84:27 1 82:79 | 86:78 | 80-38 | 84-36 | 84-37
_d
Bed depth = 20cm, Temperature = 801 - 900 K
RUN 1|RUN 2 JRUN 3[RUN 4 |RUN 5 |RUN 6
Prod. gas flow
Ory(Nm’/min} | 0-08430-0828 | 0-0868 | 0-0804 } 0-0844] 00844
Wet(Nm¥min) |0-0931]0-0896 | 0-0936 |0-0849 | 0-0888] 0-0899
Per Kg fuet
Ory (Nm”min) | 1311 | 1673 | 1753 | 2-450 | 2:572 | 2-572
Wet (Nm/min) | 1-448 | 1-:810 | 1-890 | 2-587 | 2-709 {2-709
Steam content
of wet gas (% 9-5 76 72 5-3 51 51
Carry-over
(g/min) 0-425 [ 0-500 | 0-500 | 0-268 | 0-268 | 0-268
Bed-char + '
. 0-257 1 0198 | 0-198 [ 0-131 | 0-131| 0131
ash (g/min)
_te)
Bed depth = 20 cm, Temperature range = 801- 900 K
MASS BALANCE EFFICIENCIES % GASIFICATION | THERMAL
Carbon | Hydrogen | Oxygen | Nitrogen [EFFICIENCY % |EFFICIENCY %
RUN 1 382 72 61-9 100-0 "4 201
RUN 2 466 67 646 100-0 135 23-3
RUN 3 535 11-9 732 100-0 18-6 29-8
RUN & 59-0 10-0 71-9 100-0 15-5 28-9
RUN 5 72-8 16-0 81-8 100- 0 23-6 39-0
RUN 6 746 18-6 79-3 100- 0 26-6 42-6
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1a)

Bed depth = 20 ¢m
Temperature = 901- 1050 K

Air  feedrate{15°C) = 80 lit/min

RUN 1{RUN 2|RUN 3
0 15-23 113-88 | 10-38
H, 2:80 | 2-69 | 148
CH, 101 ] 1-31 | 158
CH, 0-02 | 0-02 | 0-15
C.H. 0-55 | 0-58 | 0-69
CH, >
C,H, 0-11 0-11 | 0-20
Gy H, 001 {002 {001
0, 2-17 10-96 | 1-98
N, 62-01 [64-66 |6814
o, 16-09 |15-79 |1539
CV MW/Nm’(dry}
Gross 319 | 3145 | 2-89
Net 306 § 301 | 274
Fuet feedrate | 0-0643{0-0643 [0-0328
Kg/min 40x §|60x S|21x S
Temp. K 973 1003 904
Run duration
e s | es |60

{b)

Bed depth=20cm, Temperature =901-1050 K

Nm¥Kg 10" [RUN 1 |RUN 2 {RUN 3
© 2312 | 2022 | 27-93
H, 426 392] 399
H, 156 191 | 424
GH, 0:03] 0:03| 0-40
C:H, 0-84) 0:84] 1-86
G H,

G H, 0171 0-16| 0-55
GH, 002 0-03| 003
0, 3-30) 1-40| 534
N, 94-14 | 94-14 |183-26
o, 24:43] 23-00 | 4140
Total 151-84 | 165-65 | 268-93

Bed depth=20cm, Temperature = 901-1050 K

{c)

Bed depth = 20 ¢m,

o)

Bed depth=20um, Temperature = 901-1050 K

RUN 1

RUN 2

—_—

RUN 3

Prod. gas flow
Ory (Nm/min)
Wet (Nm*/min)

0-0976
0-1064

0-0936
0-1024

0-0882
0-0927

Per Kg fuel
Dry (Nm /min)
Wet INm/min)

1-518
1-655

1-456
1-593

2:689
2-826

Steam content
of wet gas (%)

83

86

48

Carry-over

0-358

0-550

0-268

(g /min)

Bed-char +
ash (g/min)

0-257

0-257

0-131

e

Temperature

range = 901 -1050 K

€l 318VL

MASS

BALANCE  EFFICIENCIES %

Carbon

Hydrogen

Oxygen

Nitrogen

GASIFICATION
EFFICIENCY %

THERMAL
EFFICIENCY %

RUN 1
RUN 2
RUN 3

574
53-0
89-2

14-9
15-6
28-6

82-2
122
84-9

100-0
100-0
100-0

24-3
22-9
386

37-2
35-9
567

Nm'min x 0| RUN 1 [RUN 2 |RUN 3
© 14-87 | 13-00 | 916
H, 273 252 13
H, 099 | 1123 139

G H, 0-02| 0-02{ 013
CH, : : :
CH. > 054 054 061
GH, 0-11 | 0-10| 018
G H, 0-01 | 0-02{ 0-01
0, 212 | 090 | 175
N, 60-53 160-53 | 60-11
(o, 1571 | 1479 | 13-58
Total 97-63 9365 | 88- 21

véc



Bed depth =
Temperature range = 801-900 K

{3l
Scm

(b)

Bed depth = Scm, Temperature range = 801- 900

RUN 1|RUN 2|RUN 3|RUN & |RUN §
o 1662 | 940 | 582 ] 651 | 538
H, 225 | 142 | 085 0-90| 073
CH, 166 122 079 1-03] 024
C.H, 0-23| 019 | 0-08| 011 0-03
%:‘; > | 052 049 025 040 0-10
1 't
C,H, 0-07 | 006 | 0-04] 0-05] 0-01
C,H, 0-01| 002 | 0-01| 0-02{ 0-00
0, 399 | 4S54 | 498 437 1-30
N, 67-61 | 72-56 | 80-29 | 76-62 | 87-16
| co, 7-06 | 1010 | 6-89 | 6-99 | 5-05
o MJ/Nm’(dry)ﬁ
Gross 362 | 238 | 143 | 175 | 0-97
Net 347 | 2:27 | 136 | 167 | 0-94
HFuel feedrate | 0-0576 | 0-0224 | 0-0224 | 0-0224 | 0-0288
i1 Kg/min 36xSiThx S{T4xS |14xS{18xS
{Temp. K 875 | 801 | 832 | 859 | 852
Run duration
s 40 30 40 40 | 30

K

Nm¥Kg x 10' {RUN 1 |RUN 2|RUN 3 |RUN 4 {RUN S
o 2580 | 34-69] 19-42| 21-88] 12-88
H, 349 | s5-22] 2:81] 304 1-74
CH, 2551 451 2-63{ 3:48] 0-59
G, H, 0-36| 0-71| 0-27{ 0-36| 0-07
C.H, 0-80] 1-78f 0-85] 1-34] 0-24
C,H,
G, H, 0-10{ 0-22] 013 | o0-18{ 0-03
G, H, 0-02| 0-09| 004 0-09] 0-00
0, 6-20 | 16-74116-61 | 14-69| 312
N, 104-93 [267-68 |267-68 [267- 68|208-51
€o, 10-95 | 37-28]| 22:99 | 23-48| 12-08
Total 155-21 {368-93 [333-39 |336-20 |239-24

3]

Bed depth = Scm, Temperature range = 801 - 900 K

Nm”min x 0°[RUN 1 [RUN 2 [RUN 3 |RUN 4]|RUN 5
o 16861 777 | 435 | 49| 37
H, 201 1117 ] 063 | 0-68] 0-50
CH, 1471 101 ] 059 [ 0-78} 0-17
G, H, 0-21] 016 | 0-06 ] 0-08] 0-02
G H, 0-46 | 0 : 0- 07
CH. > 401 0-19 30| 00
C, H, 0-06 { 005 0-03( 0-04] 0-01
C,H, 0-01]0-02] 001 002] 0-00
0, 3-571 375 3721 329} 0-90
N, 6064 |59-96 | 59-96 |59-96 | 60-05
co, 6-31 | 835 ) 515 | 526 | 3-48
Total  |89-40 | 82-64 | 74-68 | 75-31 | 68-90

)
Bed depth=5cm, Temperature range = 801-~900 K
RUN 1{RUN 2 |RUN 3 {RUN & |RUN S
Prod. gas flow —
Dry {NmYmin) 1 0-089410-0826 [0-0747 | 0-0753 | 0- 0689 >
Wet (Nm*min) | 0-0973]0-0857 |0-0778}0-0784]0-0728 @ s)
Per Kg fuel —
. Dry(Nm¥Kg) | 1-552 | 3-689 |3-334 [3-362 |2-392 ™m
Wet (Nm*/Kg) | 1-689 | 3-826 | 3-471 |3-499 | 2-529
—
Steam content ~
of wet gas (%) 8-1 3-6 39 3-9 54
Carry -over
. ]0-300 [ 0-140 | 0140 | 0-290 | 0-180
{g/min)
Bed-char +
10230 1 0090} 0-090] 0-155 | 0-115
ash (g/min)
te)
Bed depth = Scm, Temperature range = 801~ 900 K
MASS  BALANCE EFFICIENCIES % GASIFICATION | THERMAL
Carbon Hydrogen | Oxygen | Nitrogen |EFFICIENCY % |EFFICIENCY %
RUN 1 470 16-9 59-3 100-0 28-2 39-9
RUN 2 921 30-4 760 100-0 43-8 629
RUN 3 533 16-3 52-5 100-0 23-7 40-4
RUN & 59-2 21-5 52-3 100-0 29-4 474
RUN S 29-3 54 217 100- 0 1-7 23-8
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3
Bed depth = Som
Temperature range = 901 - 1060 K
RUN 1 |RUN 2 [RUN 3 |RUN & |RUN S
o 17:06 | 2251 | 645 8-45]10-53
H, 252 ) 349 112| 149 3-21
CH, 179 2-50{ 1:06 | 142 2-21
G H, 0-30] 0-27{ 0-12| 019 | 0-18
c’ H‘ . . .
CH, > | 065|077 ] 048] 061 0-94
G H, 0-08 1 011 | 009} 009} 0-19
C, Hs 0-01 | 0-02 | 0-01 | 0-01] 0-02
0, 2-02 | 3-48 | 432 | 3-07] 2:99
N, 66-45 | 62:03 | 72-69 | 70-37 | 66-27
co, 9-12 | 4-82 |13-66 | 14-30 [ 13-46
OV MINm’(dey)
Gross 3-90 | 510 | 1-87 | 245 | 356
Net 3-7% | 4-88 { 1-78 | 2-32 | 3-35
Fuel feedrate] 0-0648[ 0-0576]0-0288 {0-0368 | 0-0368
Kg/min 28xS|36xS|18xS {23 x5[23x5S
Temp. K 1034 | 1053 .| 906 | 993 | 1015
Run duration | 30 | 40 | 30 | 50 | 50
mins

(d)

Bed depth=5cm, Temperature range = 9011060 K
RUN 1 JRUN 2}1RUN 3|RUN 4}RUN S
Prod. gas flow
Dry (Nmmin}| 0-0907 {0-0974 | 0-0826]0-0855 | 0-0908 —
Wet (Nmmin) | 0-09680-1053 | 0-0866{0-0905 0-0958 >
Per Kg fuel E
Dry (Nm¥Kg) [ 2:024 | 1-692 | 2-868 | 2-323 [ 2-467 m
Wel{Nm’Kg) | 2-161 | 1-829 | 3-005| 2- 460 | 2-604
Steam content —
of wet gas (% 63 | 75 46 56 |53 un
Carry -over
(g/min) 0-240 | 0-300 (0180 | 0-260 | 0-260
Bed char «
ash  (g/min) 0179 10230 | 0115 | 0-147 | 0-147
e}
Bed depth = 5cm, Temperature range = 901 - 1060 K
MASS  BALANCE EFFICIENCIES % | GASIFICATION| THERMAL
Carbon | Hydrogen | Oxygen | Nitrogen {EFFICIENCY %% |EFFICIENCY %
RUN 1 68-2 25-0 68-0 100-0 39-6 57-0
RUN 2 611 27-9 65-3 100-0 43-2 60-0
RUN 3 72-7 20-8 77-8 100-0 26-7 443
RUN &4 67-7 22:0 75-8 100-0 28-2 456
RUN 5 80-2 39-7 80-9 100- 0 433 63-9

{b)

Bed depth =5om, Temperature range = 900-1060 K

Nm/Kg = 0" |[RUN 1 |RUN 2 [RUN 3 [RUN & [RUN §
o 34-53} 38-07| 18-51| 19-62| 25-98
H, s11| 590 3-23] 345 791
CH, 3-62| 4-24| 306| 329 S-46
(,H, 0-60{ 0-45( 0-35| o0-43] 0-43
G H

. 1321 130) 1-39) 1| 23
G H, >
GH, 0-16] 019 0-24) 022] 0-46
C,H, 0-02{ 003{ 003! o0o03] 005
0, 4-08| s-88| 12:40] 7-12| 7-36
N, 134-53 | 104-93 |208-51 | 16348 163-48
€0, 18:-46| 816 39-17| 33-23] 337
Total 202-46 |169-17 | 286-84 | 232-31 [ 246-68
{d

Bed depth = Scm, Temperature range = 900-1060 K

Nm’min x 0° [RUN 1 ]RUN 2[RUN 3|RUN 4 |RUN 5
0 15-47 | 2193 533 | 722 | 9-56
H, 2229 | 340] 093] 127 | 29
CH, 1962 | 2-44) 0-88] 1-21 | 2-01
G, H, 0-27 { 0-26| 010 0-16 | 0-16
E’ :: >1059 {075 0-40{ 0-52 | 0-85
? &
C, H, 0-07 1 0-11] 0-07] 0-08 | 0-17
G, H, 0-01 | 0-02| 001] 0-01{ 0-02
0, 1-83 | 339 3-57] 262 | 2271
N, 60-27 [60-44 | 60-05 | 60-16 | 60-16
€0, 8-27 | 470 ) 11-28 | 12-23 | 12-22
Total 90-70 | 97-44 | 82-61 | 85-49 | 90-78
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