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SUMMARY

The objective of this study was to design, construct, commission and operate a
laboratory scale gasifier system that could be used to investigate the parameters that
influence the gasification process.

The gasifier is of the open-core variety and is fabricated from 7.5 cm bore quartz
glass tubing. Gas cleaning is by a centrifugal contacting scrubber, with the product
gas being flared. The system employs an on-line dedicated gas analysis system,
monitoring the levels of Hp, CO, CO2 and CHy in the product gas. The gas

composition data, as well as the gas flowrate, temperatures throughout the system
and pressure data is recorded using a BBC microcomputer based data-logging
system.

Ten runs have been performed using the system of which six were predominately
commissioning runs. The main emphasis in the commissioning runs was placed on
the gas sample clean-up, the product gas cleaning and the reactor bed temperature
measurement.

The reaction was observed to occur in a narrow band, of about 3 to 5 particle
diameters thick. Initially the fuel was pyrolysed, with the volatiles produced being
combusted and providing the energy to drive the process, and then the char product
was gasified by reaction with the pyrolysis gases. Normally, the gasifier is
operated with reaction zone supported on a bed of char, although it is has been
operated for short periods without a char bed. At steady state the depth of char
remains constant, but by adjusting the air inlet rate it has been shown that the depth
of char can be increased or decreased. It has been shown that increasing the depth
of the char bed effects some improvement in the product gas quality.
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CHAPTER 1
INTRODUCTION

The oil crisis of 1973 and the recognition that the world's non-renewable fossil
energy resources are finite, has resulted in increased activity in the search for
alternative energy sources. - The major industrialised nations appeared to view
nuclear power as the most likely alternative, despite the controversy surrounding its
introduction. However, in recent years, a number of countries, notably the USA,
Sweden and Italy, seem to have reassessed their future energy generation schemes
and have cut back or shelved their nuclear programmes. In the UK, the
government spends £200 million per annum on the UKAEA [1]. There is,
however, expenditure on other alternatives including biomass, wind power,
geothermal sources and solar power, although in 1985/86 this only totalled
£14 million, of which 43 % was spent on land based wind power [2] and
accounted for only about 1.4 % of the total expenditure on energy research and
development [3].

Biomass, which is a generic name for a variety of materials including crops, wood,

. agricultural waste and both industrial and domestic waste, represents a large
potential resource within the EEC. In 1982, 2070 million tons of waste were
produced [4] and could provide an estimated 7% of the EEC's energy needs by the
start of the next century [5].

One possible method of utilising biomass is by direct combustion. However,
although combustion technology is well developed, only thermal energy is
produced and is limited to the production of either steam, hot water or hot air. The
value and usefulness of the biomass can be increased by converting it to more
readily stored gaseous, liquid or solid fuels. These fuels can, in principle, be
burned more efficiently, with only minor modifications being made to existing
equipment.

Gaseous fuels have many advantages over solid fuels. Gas can be distributed
easily; its combustion can be controlled to give high efficiency; it burns with low
emissions, in particular smoke; and it burns at a high temperature thus making it
suitable for many applications. In many modern manufacturing processes, gaseous
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fuels are a prerequisite. A given amount of energy is worth two to four times as
much in the form of gas as it would be in the form of a solid fuel [6].

Biomass can be upgraded to either Hquid or gaseous fuels by a variety of processes:
biochemical techniques such as digestion and fermentation; or thermochemical
methods including gasification, pyrolysis, flash pyrolysis or liquefaction. The
thermochemical processes are generally more efficient than the biochemical routes.
The biological processes can only convert a fraction of the biomass into energy as
the organisms employed cannot attack all of the biomass components. Lignin,
which is a éomponcnt of many biomass materials, cannot be broken down using
existing biological processes. The use of thermochemical conversion techniques is,
therefore, seen by many to be the most sensible route to produce energy from
biomass.

Of the thermochemical processes available, gasification is the most popular and has
seen a considerable resurgence of interest over the last twenty years [7]. The
technology of gasification is not new. The first gasifiers, using either peat or coal
as fuel, were built about 150 years ago [8] and their use reached a peak during the
Second World War. The actual process of gasification involves the heating of the
biomass fuel with a gasifying agent, which may be either air, oxygen, steam or
various combinations of these three reagents, so that the biomass undergoes
'oxygen starved combustion’. The main product is a gas of which the main
components are generally, hydrogen, carbon monoxide, carbon dioxide and
methane. Nitrogen will be present if air is employed as the gasifying agent and
higher hydrocarbon gases are often present in small amounts. This gaseous
product can be used , either directly as a fuel, for example to provide heat, electrical
or mechanical power; or as a chemical precursor (syngas), for example to produce
alcohols or synthetic gasoline.

A number of different reactor types and configurations are available in which to
gasify the biomass. The oldest type of gasifier is the fixed bed which is available in
co-current or counter-current varieties, with the gas flowing either up or down
through the reactor. Other types of gasifier available include fluid bed and entrained
flow and there are a variety of hybrids and specialised reactor types. The selection
of reactor geometry depends on a number of criteria related to the size of the unit
required, the end use of the product gas and properties of the biomass fuel.
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However, although gasifiers have been used for many years, the approach to their
design is still rather more of an art form than a scientific process, although a great
deal of work is being performed worldwide to develop robust design procedures.
Many of the parameters that influence the gasification process have been identified
but have not, as yet, been quantified. In order to optimise the design of gasifiers
and obtain systems that are both efficient and adaptable, these parameters must be
quantified.

The objectives of this project, therefore, were to design, construct, commission and
operate a gasifier system that could be used to investigate these parameters. In
addition to the investigation of the controlling parameters, the system was also to be
employed to investigate secondary processing techniques that could be employed to
~ improve gas quality.

This thesis describes the work undertaken during this project. This includes a
critical literature review in which the principles of gasification and the different
types of gasifier available are discussed, and concentrates on a comparison of the
design and performance of open-core and throated downdraft gasifiers. The
literature review also includes details of the models available for open-core
downdraft systems. A large portion of the project was dedicated to the design and
the commissioning of the gasifier system and, therefore, this is discussed in detail.
The feed materials employed for all the runs performed and the analysis of their
properties, and experimental work undertaken including the selection of the
variables investigated, are also described. The results of the experimentation and
the conclusions and recommendations based on these results are presented at the
end of the thesis. |
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CHAPTER 2
LITERATURE REVIEW AND GASIFICATION
THEORY

2.1  INTRODUCTION

This chapter covers the literature review performed as part of this project. The
theory of gasification is also discussed as it is closely linked to the developments in
gasifier design. The literature review covers the following main topics:

1) An explanation of the basic principles of thermochemical gasification of
biomass.

2) A discussion of the types of gasifier available outlining their advantages and
disadvantages.

3) A description of downdraft gasifiers with particular reference to
construction, performance differences and limitations.

4) The design and modelling of open-core downdraft gasifiers.

2.2 BIOMASS GASIFICATION

Gasification is the reaction, at an elevated temperature, of a carbonaceous material,
such as biomass, coal or peat with an oxidising agent, the gasifying agent, which is
usually either air, oxygen, steam or various mixtures of these three reagents. The
carbonaceous material and the gasifying agent react so that 'partial' or 'oxygen
starved' combustion occurs. Ideally, the carbonaceous fuel is entirely converted to
a combustible gas, consisting of hydrogen, carbon monoxide, carbon dioxide,
methane, water, nitrogen (when the gasifying agent contains air) and possibly
higher hydrocarbons, such as, ethane, ethene and propane. However, in reality, in
addition to the gaseous products, a solid residue of char, mainly carbon and
inorganic ash present in the fuel, and an organic liquid or tar may also be produced.
For many applications, the non-gaseous products and, in particular, the tars are
undesirable and must be either removed and/or their production minimised.
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The gasification process is not simple. A particle of biomass fuel that is being
gasified will undergo a number of different processes. Initially, the fuel particle
will dry, with moisture in the particle being evaporated; the particle will then
pyrolyse, that is thermally decompose (see Section 2.2.1); and subsequently be
gasified, the partial oxidation of the pyrolysis products (see Section 2.2.2).
However, this process is extremely complicated as an individual particle in a
gasifier may be drying, pyrolysing and gasifying simultaneously.

Gasification processes, as described above, are autothermal or energetically self-
sufficient, thus requiring no external heat source. The energy to drive the drying
and pyrolysis processes and endothermic reactions is provided effectively by
combustion of part of the pyrolysis products, or the exothermic reactions in the
partial oxidation step.

2.2.1 Pyrolysis

Pyrolysis is the irreversible but incomplete thermal degradation of the biomass fuel
and generally occurs at temperatures in excess of 250 °C. Three main product
groups are produced when a biomass fuel is pyrolysed:

i) Char - the solid residue of the fuel consisting mainly of carbon but also
containing some hydrogen and oxygen. The char may also contain ‘ash’ from
the biomass fuel, which is inorganic and generally contains: CaO, K70, NajO,
MgO, SiOy, Fe203, P05, SO3 and Clj [9].

ii) Condensibles - a complex mixture of up to 200 different compounds [10]. The
liquid mixture contains two phases, an organic and an aqueous phase. The
aqueous phase is acidic due to the presence of organic acids, but is up to 80 -
90 % water [11] which is produced by the drying of the feed and by reaction.
The organic phase contains the water insoluble products and consists mainly of
oxygenated hydrocarbons. The temperatures reached within a gasifier cause
these condensibles to be produced in the vapor - phase as both true vapours and

a mist.

iii) Gases - a mixture of hydrogen, carbon monoxide, carbon dioxide and short
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chain hydrocarbons, notably methane, but also contain ethane, ethene, propane
and propene.

The relative yields of the gaseous, liquid and solid products are a function of the
pyrolysis reaction conditions such as: reaction temperature, particle heating rate,
fuel moisture content, particle size, composition of the ambient atmosphere,
pressure and vapour residence time (see Table 2.1 below).

Table 2.1 Influence of Reaction Conditions on Relative Yields of
Pyrolysis Products

Increasing Yield of:

Char High MW Low MW Gas

Liquids Liquids

Reaction temperaure ~ Decreases  Decreases Increases  Increases
Particle heating rate Decreases Increases* Decreases
Feed moisture Increases Decreases* Decreases
content
Vapour residence Decreases  Decreases Increases  Increases
time
Particle Size Increases Decreases* Increases
Pressure Increases Decreases™* Decreases
* Total liquid products.

Based on data from [10], [12], [13] and [14].

2.2.2 Gasgsification

In the gasification stage, all the pyrolysis products undergo a series of reduction
and oxidation reactions to produce the final product gas containing predominantly
hydrogen, carbon monoxide, carbon dioxide, methane and water. Gasification

generally occurs at temperatures in excess of 750 °C.

Much of the work in the literature does not cover the reaction of the tars in the
gasification stage but concentrates on the reactions of the soiid and non-condensible
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pyrolysis products with each other and the gasifying agent. These reactions are
usually summarised thus:

(@

(®)

Heterogeneous (gas-solid) reactions:

Oxidation of carbon:

(1) C+1202—CO

2 C+02—CO2

3) The Boudouard reaction
C+C0O2—>2CO

(4)  Water gas reaction
C+H20 <=>Hj + CO

(5)  Methane formation

C+Hy —> CHy

Homogeneous (gas phase) reactions:

(6

@)

®)

€))

(10)

(11)

CO +1/209 —> CO9

Water-Gas Shift Reaction
CO +H70 <=>C0O72 + Hp

CH4 + H70 <=> CO + 3H3
Hjp + 1/202 —> H0
2C0O + 2Hp <=>CH4 + CO9

CO7 + 4Hp <=> CHy4 + 2H20

AH = -110.6 KJ mol-1

AH = -393.8 KJ mol-!1

AH = 172.6 KJ mol~1

AH = 131.4 KJ mol-1

AH = -74.93 KJ mol-1

AH = -283.8 KJ mol-1

AH = -41.2 KJ mol-1

AH = 201.9 KJ mol-1
AH = -241.8 KJ mol-1
AH = -247.3 KJ mol-!

AH = -164.7 KJ mol-1

The condensible and non-condensible organics formed during pyrolysis may be
gasified in two ways: firstly, they may be thermally cracked; or they may be broken
down by reaction with the gasifying agent and the other pyrolysis products

(as above).
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2.3 TYPES OF GASIFIER

Many different types of reactor have been developed for the gasification and
pyrolysis of carbonaceous fuels. Types of reactor that have been developed include
moving bed, fluidised bed, entrained flow, rotary kiln and molten salt. A variety of
different techniques have been developed for the classification of the various reactor
types.

In this thesis, gasifiers are classified by 'density factor', that is the ratio of the
volume of biomass present in the reactor under normal operating conditions to the
total reactor volume. The density factor is an important characteristic of gasifiers
allowing them to be classified as either dense or lean phase reactors which
distinguishes between the two main distinct gasifier types. Dense phase reactors
tend to have distinct reaction zones (see Section 2.3.1) and lean phase reactors tend
to be homogenous with no distinct reaction zones (see Section 2.3.2). Typical
values for the density factor are in the range of 0.5 to 0.8 for dense phase reactors
and 0.05 to 0.2 for lean phase systems [4].

2.3.1 Dense Phase Reactors

There are a variety of dense phase reactors of which the three main types recognised
in the general literature are the counter-current updraft, co-current downdraft and
crossdraft reactors However, in recent years, the ubdraft and downdraft reactors
have seen much wider use than the crossdraft reactor [15]. In all these gasifier
types, the fuel bed, which is generally supported by a grate, flows down the reactor
due to gravity. However, the main difference between the gasifiers is determined
by the relative motion of the gas phase to the solid phase within the reactor. In the
counter-current updraft, the gas flows upwards through the reactor in a counter-
current direction to the fuel; in the co-current downdraft reactor, both the fuel and
the gas flow co-currently down through the reactor; whilst in the crossdraft reactor,
the gas phase passes across the reactor at right angles to the flow of the fuel.

The main advantages of dense phase reactors is their simplicity in both construction
and operation. As a result of their simplicity, they have had a long history, being

the first gasifiers produced commercially. The first true gasifier, built in 1839 by
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Bischoff, was of the updraft variety [8]. A characteristic of dense phase reactors is
the existence of distinct reaction zones, that is drying, pyrolysis, oxidation and
reduction, within the reactor [7][16].

The downdraft gasifier is characterised by the downward flow of gases through the
reactor. The pyrolysis gases, therefore, pass through a bed of hot char which is
supported by the grate, resulting in the cracking of the larger, more complex
molecules into non-condensible gases and water. In order to aid this tar cracking
process, the downdraft gasifier has generally been fitted with a restriction or
'throat' below the oxidant inlet, which ensures the passage of the tarry products
through the hot oxidation zone under conditions of high turbulence to ensure good
reaction of tars. This leads to a relatively clean product gas in terms of tar loadings
and this type of gasifier is favoured for use with internal combustion engines,
particularly in Third World countries for power generation. However, the throat
also limits the gasifier's capacity. A more recent development of the downdraft
gasifier, the open-core downdraft, eliminates the need for the throat, and air is
drawn from the top of the bed. This should, therefore, remove scale-up limitations
but may increase the tar emissions from the reactor. Downdraft gasifiers will be
discussed in greater detail in Sections 2.4 and 2.5.

In the counter-current updraft reactor, the flow of gases and solids are in opposite
directions. The pyrolysis gases, as a result, do not pass through a high temperature
zone and thus the gas contains a high level of tars [16][17]. Therefore, although
this type of reactor can be readily scaled-up, its use when using biomass as a fuel is
limited to direct combustion unless extensive and expensive gas clean-up is
employed. The updraft gasifier is more suitable for use with less volatile fuels and
has been widely utilised for coal gasification.

The third main type of dense phase gasifier is the crossdraft reactor [18][19][20]
which has not been as widely utilised as either the updraft or downdraft reactors.
As with the other two types of reactor, the solid flows down the reactor, but with
the gas flowing at right angles to the bed across the gasifier. This type of reactor
tends to give a gas with high tar loadings unless charcoal is the fuel, but it is
reported to have a quick response time to load changes, thus making it suitable for
use with engines [4].
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The operating principles, reactor temperature profiles and conversion profiles for
the three types of gasifier discussed in this section are presented in Figure 2.1. In
this figure, it can be seen that the temperatures in downdraft and updraft gasifiers
may reach 1000 to 1200 °C and as high as 1500 °C for crossdraft reactors. The
conversion of feedstock to product gas approaches 100 % for both downdraft and
updraft reactors, but is noticeably less than 100 % in crossdraft systems. A feature
of the dense phase reactors is their stringent restrictions on the size of the
feedstocks they can accept, generally the fines content of the feed is limited, as they
will result in the 'blinding’ of the reactor which will result in excessive pressure
drops across the reactor bed.

2.3.2 Lean Phase Gasifiers

There are two main varieties of lean phase reactor, fluidised bed and entrained flow
reactors, both of which were developed for coal gasification, the fluidised bed
gasifier by Winkler in 1926 and the entrained gasifier by Schmalfeld and
Winterschall in 1940 [8]. Unlike the dense phase reactors discussed in Section
2.3.1, no distinct reaction zones exist within the reactor, with drying, oxidation,
pyrolysis and reduction effectively occurring in the same region.

Features of the fluidised bed types of gasifier include high rates of heat and mass
transfer and good mixing of the solid phase, thus reaction rates are high and the bed
temperature distribution is more or less even. Generally, fluidised bed reactors
contain either an inert material, such as sand, to act as a heat carrier or a reactive
material, such as limestone, to act as both a heat carrier and catalyst. Fluidised beds
generally require a feed with a relatively small particle size which, although it may
require comminution of raw feed, means that a variety of feeding systems may be
employed. Fluidised bed reactors are relatively simple to scale-up and can operate
at lower temperatures than dense phase reactors, in the order of 700 - 850 °C [4].
However, they are reported to be difficult to control and operate [18].

These types of gasifier can be further classified by the number of reactors and the
speed of the fluid’sing medium, see Figure 2.2. Developments of fluidised bed
gasifiers include dual bed systems, one bed acting as a combustor (for example
char) and the other as a pyrolyser [21] or as a steam gasifier [22][23]. The heat for
the pyrolysis reactor is often provided by the circulation of hot sand from the
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combustor [17], although systems involving heat transfer walls have been
developed [22]. Another variety of dual bed gasifier is the oxygen donor gasifier
[25] where, in this system, calcium sulphate in the bed material is reduced to
calcium sulphide in the gasifier to provide the neccesary oxygen for gasification of
the feed. The calcium sulphate is recharged by reaction with air in the oxidiser
section of the gasifier.

If a fluid bed gasifier is operated at high fluidising velocities, large amounts of solid
are entrained with the gas. These systems have been developed so that the
entrained material is recycled to the bed to improve the carbon conversion
efficiency. Such systems are known as fast fluid or circulating fluid bed gasifiers
and have been commercialised with systems in the order of 30 tonne/hr available
[15][26][27]. A detailed treatise of fluidised gasifiers has been prepared by
Maniatis [4].

Entrained flow gasifiers are still under dcvclopmeﬂt for use with biomass fuels,
although they have been used for coal [28][29][30]. As with fluidised bed
gasifiers, a small feed particle size is required, although no inert material is present

in the reactor and no distinct 'bed’ exists.

The principles of lean phase gasification with temperature and conversion profiles
are shown in Figure 2.3. Fluidised bed gasifier systems are the only gasifiers that
attain isothermal bed operation, typically in the range 700 - 800 °C. The majority
of the conversion of the feedstock to gas takes place in the reactor bed, although
conversion of entrained char to gas continues in the freeboard section and generally
approaches 100 %, unless excessive carry over of fines occurs. Entrained flow
gasifiers operate at very high temperatures, up to 1500 °C, thus ensuring low
concentrations of tars and condensible gases in the product gas. However, the high
temperature may create problems with materials of construction and ash melting.
Conversion levels in entrained flow gasifiers may also approach 100 %.

Table 2.2 presents a summary of the disadvantages and advantages of the dense and

lean phase gasifiers discussed in this section. Downdraft gasifiers will be
discussed in greater detail in Sections 2.4 and 2.5.
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2.3.3 Other Gasifier Types

In addition to the dense and lean phase reactors discussed in Section 2.3.1 and
2.3.2, many other reactor types have been developed. These other reactor types
include horizontal moving bed [15][31], rotary kiln [15][32][33], multiple hearth
[15]1{32][33][34], cyclonic [32][35][36], plasma [37] and molten salt reactors
[38]1[39][40]. However, their usage has been generally to meet specific
requirements and they have met with mixed success. A detailed study of these
reactor types is beyond the scope of this thesis.
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Table 2.2 Advantages and Disadvantages of Various Gasifier Types

Advantages
Updraft (counter-current)

Low gas exit temperature
High carbon conversion
Low ash carry over
Simple construction

Downdraft (co-current)

Low tar yield

High carbon conversion

Low ash carry over

Simple construction

Quick response to load changes

Crossdraft

Low reactor weight

Low ash carry over

Less sensitive to plugging
Quick response to load changes

Fluidised Bed

Wide range of particle size
can be accepted

High ash fuels accepted

Good temperature control

High throughput

Good turndown

Entrained Flow

Tar free gas
High feedstock utilisation due to

rapid reaction rates

# May be suitable for specific applications

Based on data of [4][18][41]

Disadvantages

High tar yield

Low specific capacity

Uniformly sized feedstock required- no
fines

Bridging or channelling of feed possible

Ash fusion or clinkering on grate

High gas exit temperature #

Low specific capacity

Poor turn down capability

Uniformly sized feedstock - no fines
Bridging or channelling of feed possible
Ash fusion or clinkering on grate
Difficult to scale-up

Limited moisture content of feed

High tar yield except with wood char
Low specific capacity

Ash fusion or clinkering on grate
Difficult to scale-up

High gas exit temperature #
Tars and particulates in gas
Difficult to control and operate
Carbon loss with ash
Low-operating temperature

High temperatures require refractories
or special materials of construction

Very high gas exit tcmpcraturc#

Ash slagging

Particulates in product gas



2.4 THROATED DOWNDRAFT GASIFIERS

As discussed in Section 2.3, updraft fixed bed gasifiers are the oldest variety of
gasifiers in use. However, these types of gasifier produced a gas containing large
amounts of tar, and in order to combat this problem, the downdraft gasifier was
developed in Middlesborough by Howson in 1866 [42]. This gasifier worked with
an air draft blown into the reactor. The first suction downdraft was produced
around 1870 by Deschamps of Paris [42].

The downdraft gasifier now exists in two main varieties: the traditional throated
gasifier which has seen near continuous use for 70 years and is described below;
and the more recently developed open-core or stratified reactor, which is described
in Section 2.5.

The name 'throated' is derived from a constriction, the throat (or alternatively the
choke plate) near the base of the reactor (see Figure 2.3), into the vicinity of which
the oxidant/gasifying agent, which is generally air, is injected, this being from
either a central injection tube or wall mounted tuyeres. The gasifier is generally
circular in cross-section, although gasifiers with a rectangular cross-section have
been reported [43][44].

The throated downdraft gasifier is generally operated with air as the gasifying
agent. Only two groups have been found using gasifying agents other than air:
Makray et al. at the Universidade Estuadal de Campinas of Brazil who used pure
oxygen, oxygen/steam mixtures and air/oxygen mixtures [45]; and Doner and
Baillie of the University of Virginia who used a mixture of 60 % air/ 40 % oxygen
[46].

The throated downdraft gasifier has been used for a variety of purposes including
fueling internal combustion engines to generate electricity or to power vehicles,
with usage peaking in World War II when it accounted for the majority of the
reported one million gasifier powered vehicles in use [47][48].

The throated reactor produces a gas clean in terms of tar loadings, hence its use

with engines, but its maximum practical size is limited to approximately 750 kg/hr
[15] and the choice of fuel that can be used in the gasifier is also tightly constrained.
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These points are discussed in detail in Sections 2.4.1 to 2.4.5.

2.4.1 Mode of Operation

As discussed in Section 2.2, a particle of biomass being gasified undergoes a
number of processes in sequence: drying, pyrolysis and gasification. Although
these processes cannot be entirely disassociated from each other, there is sufficient
segregation of them so that a fixed bed gasifier can be conceptually divided into a
series of zones. The zones commonly used to describe the throated downdraft
gasifier are (see Figure 2.4):

a)

b)

Drying - moisture within the biomass feed is evaporated. This zone acts as a
'heat-sink' with energy generated within the gasifier being required to
evaporate the moisture from the feed. Later reactions involving the water tend
to be endothermic (see reduction zone) and, therefore, to prevent the moisture
effectively quenching the gasifier, the moisture content of the feed is limited to
approximately 40 % dry basis [15].

Pyrolysis - the dry biomass from the drying zone undergoes thermal
degradation or pyrolysis, giving a gas rich in hydrocarbons; tar; water and a
solid char (see Section 2.2.1).

The gasification reactions as discussed in Section 2.2.2 occur in two separate

zones, which together constitute gasification or partial oxidation:

c)

d)

Combustion/oxidation - The reactions of the pyrolysis products with the
oxygen in the gasifying agent are highly exothermic and result in a sharp rise
in temperature within the reactor, up to a reported 1600 °C [8].

Reduction - the remaining char from the pyrolysis zone is gasified by reaction
with the combustion gases from the combustion zone. In addition, reactions
occur in the gas phase. Overall, this zone is endothermic, absorbing the
sensible heat of both the combustion gases and char.
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2.4.2 Tar Cracking Mechanisms

Tar is converted or eliminated in the reactor either by thermal degradation at high
temperature, or by partial oxidation with oxygen. Therefore, in order to minimise
the tar content of the product gas, the primary tar laden gas should pass through an
area of high temperature and high oxygen concentration.

The injection of the gasifying agent into the reactor bed provides the necessary
oxygen for the partial combustion of all the pyrolysis products, including the tar.
The various components of the pyrolysis products react with the oxygen in the
gasifying agent at different rates in the following order: hydrocarbons > hydrogen >
methane > carbon monoxide > solid carbon [49]. These reactions are exothermic
[50] and thus raise the temperature within the gasifier to a level in excess of 850 °C
[21] which will cause the tars to thermally degrade. Further tar cracking may also
occur in the char within the reduction zone if it is at a sufficiently high temperature,
ie in excess of 850 °C.

However, due to the rapid rate of reaction of the oxygen with the pyrolysis
products, the air jets have only a limited penetration in the bed [21][51] resulting in
an uneven temperature distribution across the reactor bed, ie it is hottest next to the
injectors. Groeneveld found that in the experimental combustion of charcoal, all the
oxygen was consumed within two particle diameters [21], which would suggest a
maximum throat diameter of four particle diameters to prevent oxygen free areas in
the throat area. This could result in the occurrence of 'cold-spots' within the reactor
which would allow tar laden gas to escape the gasifier uncracked. The throat
minimises these bed penetration problems by reducing the cross-sectional area of
the reactor and thus reducing the required penetration distance of the air jet and also
increases gas turbulence to ensure side or back mixing. Ideally, there should,
therefore, be a 'hot' zone across the reactor cross-section through which all the tar
laden gas must pass which should result in the complete cracking of the tar. This
oxidant distribution problem could also be rectified by using more air injection
points across the reactor. However, this could result in disturbances in the flow of
solids through “he reactor, causing channels or voids which could also allow the
product gas to escape uncracked.

Important criteria in the design of throated downdraft gasifiers are reported to be the
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pbsit.ioning of the air injector(s) relative to the throat and the size of the throat itself
[21][52]. The Swedish [52] state that these criteria have an important effect on the
product gas quality and Groeneveld [21] reports that increasing the distance
between the throat wall and injector causes an increase in the tar loading of the
product gas. Taking into account the penetration limits of the air jet into the bed,
these findings are not surprising.

Groeneveld also states that the angle of injection of the air into the reactor is also an
important factor in the amount of tar cracking, the most efficient tar cracking
occurring when the air is injected horizontally into the reactor. This, he attributes,
to the occurrence of gas recirculation flows within the gasifier which carry the tar
laden gas back to the hot zones in the vicinity of the injectors and thus greatly
enhance the tar cracking of the gas. In his particular geofnetry, these flows
followed a figure of eight pattern (see Figure 2.5). Groeneveld suggests that these
recirculation flows are very important to the performance of the gasifier, obtaining a
tar free gas when the temperature at the throat wall was as low as 527 °C, which
would not support tar cracking. This, he believed, indicated that the tar laden gas
was being carried back to the hot zone in the vicinity of the air injector.

Other techniques for improving the tar cracking ability of the gasifier include
insulating the reactor-wall to minimise heat loss to the surroundings and thus ensure
a high temperature at the wall. This insulation may be provided by either refractory
bricks and/or passing the hot product gas in an annulus surrounding the reactor.
The hot product gas can also be used to preheat the gasifying air prior to injection
into the reactor which will result in an increase in temperature in the oxidation zone
due to the increased sensible heat of the oxidant. However, this may create
problems with ash sintering (see Section 2.4.4) or with materials of construction.

2.4.3 Reactor Scale-up Limitations

Despite its ability to produce a clean gas, the downdraft gasifier has seen limited use
due to limitations on its maximum throughput, which is generally thought to be
around 750 kg/hr [15], although Groeneveld reports the maximum practical size
for tar free operation is approximately 250 kg/hr [21]. For applications requiring a
high throughput, multiple gasifier systems have been employed [53][54].
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This lack of scale-up-ability is generally attributed to problems associated with the
mal-distribution of the gasifying agent from the injectors across the reactor bed
[55][56]. This results in an uneven temperature distribution across the reactor bed
and thus, as discussed in Section 2.4.2, results in a high tar content in the product
gas. This may also result in a lowering of the overall efficiency (to cold clean gas)
of the gasifier. At larger reactor diameters, the recirculation patterns discussed in
Section 2.4.2 also become less effective. A possible way to overcome this poor
distribution of air in the reactor would be to add further air injectors across the
reactor. However, this could result in disturbances in the flow of solids through
the bed which could further exacerbate tar cracking problems.

Another reason suggested for the inability to scale-up this reactor geometry, is that
the 'reacting mass' in the throat is supported by a bridging mechanism [57]. This
method of support is only effective over small distances and will not work
efficiently at larger throat diameters, thus preventing the formation of a stable
reactor bed. The degree of bridging is also a function of feed size and shape.
However, although the throat may provide some bed support, the majority of the
bed support is provided by the grate, and, therefore, the breakdown of the throat
supporting mechanism is not a serious factor in limiting the scale-up of throated
reactors.

At least one design has been proposed for the scaling-up of this reactor type to
approximately 100 tonne/day by the use of an annular throat [21], although the
design has yet to be built or tested.

2.4.4 Feedstock Limitations

Further disadvantages of this reactor geometry are the constraints placed upon the
properties of the fuel to be gasified. Work by Beenackers and Manurung [58],
Kaupp [59] and Bonino [60] has identified a number of the fuel properties which
may create difficulties in a throated gasifier. A particular problem may be
associated with the flow of the fuel through the reactor bed which may be hindered
by the throat and/or air injectors. This problem will be exacerbated if the fuel
exhibits poor flow characteristics, for example, low bulk density, lack of shrinkage
or even expansion under pyrolysis. The high temperatures in the vicinity of the air
injectors prevents the use of fuels with a low ash fusion temperature.
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There are also limits placed on the particle size and particle size distribution of the
fuel. A fuel consisting of, or containing, small particles, for example sawdust,
decreases the penetration of the air jet into the reactor bed which in turn leads to
higher tar loading of the product gas (see Section 2.4.2). A further problem
associated with small fuel particles, although not exclusive to this reactor geometry,
is the 'blinding' of the reactor and subsequent elevated reactor pressure drop.
Upper particle size is limited by the physical size of the reactor and by the fuel's
reaction time, in that for tar free operation the feed parﬁéles must be completely
devolatised before entering the reduction zone. Feed shape must also be considered
as a constraint, as a feed containing mixed particle shapes can promote bridging in
the reactor. This may prevent the even flow of fuel through the bed, or form
channels which could allow tar laden gas to bypass the hot zone and escape the
reactor uncracked. '

The moisture content of the fuel is generally considered to be limited to
approximately 40 % dry basis [15]. As discussed in Section 2.4.1, water in the
feed acts as a heat sink and could, at high levels, effectively 'kill' the gasification
process by absorbing more heat than is generated, by the exothermic
combustion/partial oxidation reactions (see Section 2.2). High moisture fuels also
lead to a high tar content in the product gas. This may be due to a lowering of
reactor temperatures or due to the inhibition of the pyrolysis of the biomass, thus
allowing fuel that has not been completely devolatised to pass from the pyrolysis
zone. Further pyrolysis can then occur in the oxidation zone and this may result in
tar passing through this zone uncracked and, therefore, escaping the reactor.

2.4.5 Reactor Feeding

In order to avoid egress of pyrolysis and gasification products, notably carbon
monoxide, and to prevent ingress of air into the reactor, this type of reactor
generally requires a sealed solids feeding device, such as a lockhopper or screw
auger. On small scale systems, the reactor may be hand fed, batches of feed being
regularly added to the reactor. However, the gasifier will still require a sealed lid.

The gasifying agent can be introduced to the gasifier by two methods, either suction
or injection. In suction mode, the gasifier is operated under vacuum with the
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product gas withdrawn from the gasifier either by a gas pump placed downstream
of the reactor or, when used with engines, due to the suction applied by the engine,
which induces a flow of oxidant into the reactor. When operated in injection mode,
a gas pump is placed upstream of the gasifier and injects the oxidant into the
reactor, so generally the system will, therefore, be operating under pressure. In
most cases, throated gasifiers are operated in suction mode. This may be due to
their widespread use with engines or the fact that they operate under a vacuum, thus
reducing the risk of explosion and carbon monoxide poisoning [48][61].
However, systems in the injection mode have been constructed and operated
[62][63].

2.5 OPEN-CORE DOWNDRAFT GASIFIERS

The open-core variant of downdraft reactor has been promoted by the Solar Energy
Research Institute of Colorado [55][61][64][65][66], although other devices have
been found in various locations [58]1[(59][671[681[69]. In its basic form, the open-
core gasifier is an open-topped tube with a grate to support the bed and operates
with air pulled downwards through the reactor. However, the open-core concept
has been developed in a variety of forms, from atmospheric air systems, as above,
to a pressurised oxygen gasifier [70], and a number of variants have been
commercialised such as the Buck Rogers 'air-blown' version of which eighteen
have been sold and the Syngas air gasifier of which three have been sold [15]. The
open-core geometry has less stringent size limitations placed upon it, possibly up to
10 tonne/hr, and can accept a wider variety of fuels than the throated downdraft
reactor, although it may produce a more heavily tar laden product gas. These points
are discussed in detail in Sections 2.5.1 to 2.5.5.

2.5.1 Mode of Operation

As a recently developed, and as yet not widely used reactor type, there is only a
limited amount of literature relating to the open-core gasifier. Only Reed et al. at
SERI have attempted to describe the processes occurring in the gasifier
[55][641[65][66]. They divide the gasifer into four zor °s, two reaction zones and
two non-reacting or inert zones (see Figure 2.6):
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a) Unreacted Biomass

Initially, the biomass fuel and oxidant enter the top of the reactor forming a non-
reacting fuel/oxidant reservoir which should, ideally, homogenise the gas flows to
provide an even oxidant distribution across the reactor, although the oxidant
distribution across the reactor is, in fact, dependent on the reactor bed properties.
This zone also provides a reservoir of unreacted fuel which can allow for
intermittent, rather than continuous, feeding and, as Reed and Markson [61] report,
insulation to minimise heat loss from the flaming pyrolysis zone. As with the
drying zone in throated downdraft gasifiers, there may be some drying of the
biomass fuel in this zone, although due to the limited gas recirculation (see Section
2.5.2), this will only occur within a limited distance of the flaming pyrolysis zone
(see below). However, it is reported [55] that the gasifier may be operated without
a zone of unreacted biomass in 'top-stabilised' mode with the flaming pyrolysis
reaction zone at the top of the bed (see later in this section), and both oxygen and air
'blown' gasifiers have been developed which operate in this way [71][72][73].

b) Flaming Pyrolysis zone

The first reaction zone is described by Reed [64] as the flaming pyrolysis zone and
accounts for a claimed 85 to 90 % of the biomass conversion [55][74]. Here,
Reed et al propose that the biomass undergoes pyrolysis with energy provided by
partial combustion of the pyrolysis products, making the overall process
autothermal or energetically self sufficient. They suggest that the heat transfer
mechanism to the pyrolysing particle is by conduction or radiation, although they
also suggest that, as all the particles in the zone are at approximately the same
temperature, the radiative heat transfer will be minimal. However, they neglect to
consider the possibility of radiation from the burning gases, although they do say
that air or oxygen flames are powerful heat transfer mechanisms. Large amounts of
gas are evolved as a result of the pyrolysis process, which they report forms a
boundary layer around the reacting particle which controls its surface temperature to
approximately 800 - 900 °C and also prevents reaction between the pyrolysis gases
and the char product until flaming pyrolysis is complete, that is the thermal wave
reaches the centre of the particle. This effect creates a distinct interface between the
flaming pyrolysis zone and the char gasification zone (see below).

Reed also reports that, although the gas temperature may rise well above that of the
surface of the particle, the temperature at the centre of the particle will 'lag’ behind
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due to the delay in conduction of the heat from the surface of the particle to its
centre. The time-temperature history for the surface and centre of the particle and
the flame temperature was verified experimentally by Reed and Markson [64]. The
gas entering the flaming pyrolysis zone is predominantly air/oxygen (depending on
the gasifying agent), but reacts completely within the zone to form a gas consisting
predominantly of Hp, CO, CO; and H7O, as well as the char residue. Reed claims
that the oxygen in this zone is in excess for complete gasification, which results in
high temperatures and the near complete destruction of the volatile components.

In order for the biomass feed to undergo flaming pyrolysis, it must be heated to a
temperature in excess of 250 °C for pyrolysis to commence. However, due to the
downward flow of the char and gas from the flaming pyrolysis zone, much of the
'heat’ produced in the zone is also carried by forced convection downwards
through the reactor away from the incoming fuel. Therefore, reaction propagation is
by a different mechanism. Reed and Markson [55] suggest that the reverse heat
transfer necessary to propagate the reaction, may take place by radiation from the
hot reacting material. However, they believe that the main mechanism of
propagation is by the combustion of the pyrolysis gases causing a flame to climb
upwards at velocities of 10 to 100 cm/s, which is much greater than the downward
velocity of the biomass and thus propagating the flaming pyrolysis reaction. They
do not, however, support this theory with any experimental data and/or
observations and it was, therefore, decided that this was an area for further
investigation. Heat conduction through the reactor walls and natural convection
may also play lesser roles in reaction propagation.

¢) Char Gasification Zone

On completion of flaming pyrolysis, the hot gases from the flaming pyrolysis zone,
which may be at temperatures in the order of 1000 °C, can begin to react with the
char produced by the biomass pyrolysis. The char is consumed by reaction with
carbon dioxide and steam, in the Boudouard and Water Gas reaction respectively
(see Section 2.2.2). As with the reaction zone in a throated gasifier, gas-phase
reactions also occur, see Section 2.4.1, although Reed and co-workers consider the
water gas shift reaction as the dominant reaction. The modelling work performed
by Reed et al at SERI (see Section 2.6) suggests that a certain time, and hence
length, of char gasification zone is required in order for the char to be gasified.
This would suggest that the char passing downwards through the char gasification
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zone is progressively gasified on its journey down through the zone.

Again, as with the reduction zone in the throated downdraft gasifier, this zone is

~ endothermic and the reactions are claimed to be quenched by the following four
mechanisms [64]:

<. The sensible heat of the gas and char is converted to chemical energy. Reed
and Markson report that this cools the gas at the rate of 24 °C per 0.01 degree
of reaction. Thus a gas at 240 °C above the equilibrium temperature could
only attain 0.1 of the complete char gasification. The mole fractions of CO
and CO are related to the degree of reaction X by:

Equation 2.1 : Mg = 2X/ (14X)
and:

Equation 2.2 : Mg, = (1-X) / (1+X)

. The char gasification reactions cannot proceed past equilibrium, which will
occur at temperatures between 600 and 800 °C. The equilibrium temperature
will depend on the composition of the gas entering the char gasification zone.

. The reaction rates drop rapidly as the gas cools and, therefore, may not reach
equilibrium.

. Reed also suggests that there is a 'mechanical’ limit to char gasification. As
gasiﬁcatidn proceeds to a reported 95 to 99 % conversion of the biomass
[75], the char begins to 'dissolve' into a fine dust. This char dust is entrained
in the gas stream and will either escape the reactor entirely or move to the inert
char zone where the temperature is too low to support further reaction thus
limiting the overall char conversion. If this dust does not escape the reactor, it
could result in an increase in the reactor pressure drop and thus limit the
operating time of the gasifier (see below). Walawender and co-workers
report a loss of approximately 3 kg of char per 100 kg of dry feed [76].

Reed and Markson report that it is possible to vary the height of the char bed (see
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below) and that this may also affect the gas quality. Increasing the height of the
char zone increases the contact time of the gas with the char and, therefore, if the
gas and char temperatures are sufficiently high, will allow for greater char
gasification. If the temperatures are sufficiently high, of the order of 850 °C, the
char bed may also aid tar cracking.

d) Inert Char Zone

There may be a zone of unreacted charcoal below the char gasification zone which
is too cool to react with the flaming pyrolysis gases, and is, therefore, not
necessary for gasifier operation. However, Reed reports, it can both absorb heat
from the gases cooling them further, although he does not explain how; or absorb
oxygen if conditions change, presumably by reaction, although he is not clear in
this. It, therefore, acts as a 'buffer' and a charcoal storage zone. It may also
prevent the passage of char and ash from the char gasification zone to the grate thus
hindering their removal. This could result in excessive bed pressure drop if the
reactor is operated for long periods. This problem could be lessened by
mechanically removing some of the ash and char whilst the gasifier is in operation.
However, this would lower the overall carbon conversion efficiency of the gasifier.

At steady state, the gasifier is operating so that the rate of char production by the
flaming pyrolysis zone is equal to the rate of char gasification in the char
gasification zone, thus the reaction zone remains constant relative to the grate.
However, Reed and Markson [55] report that it is possible for the rates of char
gasification and flaming pyrolysis to be adjusted relative to each other so that they
are no longer equal and, therefore, the reaction zone will move either up or down.
If the rate of flaming pyrolysis is greater than the rate of char gasification, the
reaction zone will move upwards. However, if the opposite is true and the rate of
char gasification is greater than the rate of flaming pyrolysis, the reaction zone will

move down.

The work of Reed and Markson [55] indicates that the stability and position of the
reaction zone depends on the air:fuel ratio, the degree of reactor insulation and the
gasifying agent used. They found that at a specific gas flowrate, the reaction zone
will remain stable. However, they also found that increasing the gas flowrate will
cause the reaction zone to move down and approach the grate, whereas decreasing
the gas flowrate will cause the reaction zone to move upwards towards the top of
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the reactor, ie through the unreacted biomass feed. They found that increasing the
amount of insulation on the reactor tends to cause the flaming pyrolysis to dominate
and will either cause the reaction zone to advance up the reactor or slow down the
downward motion through the reactor. However, they do not attempt to explain
this phenomenon.

Where char gasification is controlling, that is the reaction zone is moving
downwards, Reed and Markson claim that the position of the reaction zone can be
restabilised. This, they attribute, to the reduction in the height of the char bed
decreasing the contact time between the char and the gas and, therefore, effectively
reducing the rate of char gasification. The rate of char gasification will eventually
equal the rate of flaming pyrolysis and thus the reaction front will restabilise in what
they term 'grate-stabilisation'. There appears to be no experimental evidence to
support this supposition. They also add that the reduced height of char will result
in a poorer gas quality, due to the shorter zone lowering the conversion of CO7 and
H5O.

In operation with oxygen, the reaction front moves rapidly up through the unreacted
biomass so that it is all consumed and the reaction zone is, therefore, at the top of
the bed and cannot be controlled in any other way. Reed et al [70] describe this as
'top-stabilised’. This type of stabilisation is only suitable for oxygen gasifiers or
gasifiers with a sealed top, as there is considerable radiative heat loss from the
uncovered reaction zone, thus lowering the conversion efficiency, and may also
reprcscnt.a fire hazard. In this mode of stabilisation, fuel must be added at a steady
rate in order to prevent alternate pyrolysis and char gasification operation which is
reported to promote high tar levels [61]. The feed rate will determine the position
of the reaction zone: if large amounts of feed are added, the reaction zone will climb
up through the unreacted feed, but if insufficient feed is added, the reaction front
will begin to move down through the char bed towards the grate.

Although Reed and Markson list techniques for reaction zone stabilisation, they do
not attempt to explain why or how they work. They do not discuss that in changing
reaction parameters such as the degree of reactor insulation or the air/fuel ratio
whether these just effect the rate of char gasification or flaming pyrolysis or both to
differing degrees.
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Reed and Markson also list other methods of stabilising the reaction zone. These
include, varying the degree of insulation up the reactor; agitating the bed; and
injecting secondary air into the bed at the desired level, that is tuyere stabilisation
which is the technique successfully employed by Buck Rogers [76][77].

2.5.2 Tar Cracking Mechanisms

As discussed earlier (see Section 2.4.2), the extent of tar cracking is greater at high
temperatures and at high oxygen concentrations. In an air blown open-core reactor,
the gasifying agent is drawn through the bed from the top of the reactor, which
should result in an even temperature and oxygen distribution across the reactor. In
reality, the actual distribution of oxidant across the reactor will be dependent on bed
properties, such as the degree of channelling and voiding, and, therefore, there are
likely to be variations in both temperature and oxygen across the reactor. In most
cases, as the gasifying agent is introduced across the complete cross-section of the
reactor, there should be relatively even oxygen and temperature distributions across
the reactor bed giving a near uniform tar cracking ability across the reactor, unlike
the throated variety. However, in the vicinity of the reactor wall, local variations
may occur in the oxygen, and hence temperature, distributions due to the
occurrence of 'wall effects'. Typical reaction zone temperatures for the open-core
gasifier are reported to be in the region of 700 to 1100 °C [58][59]. This may be
lower than in the throated reactor, as the gasification air is generally not pre-heated
in an open-core reactor. Reed claims that there is sufficient oxygen, when using
both air and oxygen as the gasifying agent, in the flaming pyrolysis zone to result in
virtually complete combustion of the tar, although he does not provide any
experimental evidence to back this up.

The overall tar cracking efficiency of the throated reactor is reported to be greatly
enhanced by the gas circulation flows set up as a result of the throat and oxidant
injection (see Section 2.4.2). In the open-core reactor, the removal of the throat
and injection systems considerably reduce the degree of gas mixing, hence this may
lower the overall efficiency of tar cracking and increase the tar loading of the
product gas. It is noticeable that in the reported data for an open-core reactor with
additional in-bed air injection [76], the tar loading of the product gas is significantly
reduced relative to those reactors without in-bed injection systems (see Chapter 6).
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As discussed in Section 2.5.1, the open-core gasifier can be divided into a number
of zones. The tar is produced in the flaming pyrolysis zone and this must generally
pass through a bed of char before exiting the reactor. If this char is in excess of
850 °C [21], it may also effect some further tar cracking.

2.5.3 Reactor Scale-up Limitations

As discussed previously (see Section 2.4.3), the scale up potential of the throated
downdraft reactor is limited due to worsening oxygen distribution across the
reaction zone as size increases with subsequent uneven temperature distribution
across the reactor and breakdown of the reaction zone bridging support mechanism.
In the open-core reactor, these problems are of little significance as, ideally, there is
uniform oxygen and temperature distribution and no support is required.

The oxidant is not injected directly into the fuel bed at a number of points, but is
drawn through the reactor from the top of the bed. This should result in an even
oxidant and temperature distribution across the reactor (see Section 2.5.1) and,
therefore, prevent the formation of cold spots across the reactor thus minimising the
problems associated with these cold spots in the throated reactor. Variations may
occur in the oxidant and temperature distributions as a result of irregularities in the
reactor bed, for instance the occurrence of voids and channels. These are formed .
by the bridging of the particles in the reactor feed. However, this bridging support
mechanism is only effective over a limited distance (see Section 2.4.2) and,
therefore, the size of these voids and channels is restricted. Therefore, as the
reactor diameter is increased, the effect of voiding and channelling on the gasifier
performance is likely to be of less significance.

The reaction zone in the open-core reactor is supported on a bed of char which is in
turn supported on a metallic or ceramic grate. There are, therefore, no problems
associated with the breakdown of support that may occur at larger reactor diameters
in the throat of the throated gasifier ( see Section 2.4.3).

The mode of operation is similar to that of the updraft counter-current gasifiers, ie it
is plug flow with the oxidant being introduced across the complete cross-section of
the reactor. Itis, therefore, fair to assume the maximum practicable size will be in
the same order as updraft gasifiers which is generally in the region of
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10 tonne/hour [15]. The largest open-core gasifier so far constructed is that of
Syngas Inc. [73] which is 0.762 m in diameter with a throughput of up to
900 kg/hr with oxygen as the gasifying agent and 670 kg/hr with air.

2.5.4°  Feedstock Limitations

The open-core gasifier, unlike the throated downdraft reactor, is far less constrained
in the fuels it can accept. The flow of solids through the throated downdraft reactor
may be adversely effected by the presence of the throat and oxidant injectors. The
open-core reactor is essentially an open tube without, in most cases, in-bed oxidant
injection; therefore, the flow problems are largely removed (see Section 2.4.4).

Fuels with high ash content and/or low ash fusion temperatures may not be
successfully gasified in a throated reactor due to the occurrence of hot spots in the
vicinity of the oxidant injectors. The temperature distribution across the reaction
zone of the open-core reactor is generally more even without any very hot areas
thus reducing problems associated with the fuel ash properties.

The size and size range constraints placed on reactor fuel for the open-core gasifier
are very similar to that for the throated gasifier. The upper particle size limit is set
-by particle reaction times as in the throated reactor. In the throated gasifier, the
lower particle limit is set by the bed pressure drop and the degree of oxidant
penetration across the reactor bed (see Section 2.4.4). In the open-core reactor with
the oxidant being pulled through the bed, the problem of oxidant penetration across
the bed is largely removed. However, the lower particle size will be constrained by
the maximum bed pressure drop allowed which will be set by the gas suction
pump. Widely different particle sizes may require a different grate design: a grate
for small particle sizes will also increase the overall bed pressure drop.

The suitability of the open-core reactor for the gasification of poor fuels has been
demonstrated by Manurung and Beenackers at Twente University [S8]. They have
developed an open-core reactor which has successfully gasified rice husks, which
is one of the most difficult fuels to gasify. This is of a relatively standard design,
but employs a rotating grate with scraper for char and ash removal. At the
University of California, a batch open-core gasifier was developed for rice husk
gasification [59]. This concept has been developed to a 'continuous' gasifier
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engine system. This employs two batch reactors which are operated alternately
with the non-operating gasifier being cleaned and recharged [78].

2.5.5 Reactor Feeding

An air 'blown’ open-core reactor is a simple open tube with air drawn into the
reactor from the top of the bed and, therefore, does not require a sealed feeding
device unlike most other gasifier types. This must be seen as a major advantage of
this particular reactor type, as the fibrous nature of much biomass makes the design
and opcration of suitable feeders a difficult and troublesome task. On a small
reactor, the reactor can be fed manually, larger reactors would probably require a
mechanical feeding system such as an open screw feeder, a conveyer or a bucket
elevator. The Buck Rogers' gasifier tested at Kansas State University employs a
screw feeder system, the feeder being actuated by an ‘electric eye' operated level
controller [76].

In order to prevent the egress of oxygen and maintain the reactor pressure, the
SERI high pressure oxygen gasifier needs a more complex sealed feeding device.
The feeder on the SERI gasifier employs a series of lock hoppers [70]. The open-
core gasifier developed by Syngas Inc [73] as a result of the SERI work, although
an air gasifier, is 'top-stabilised' (see Section 2.5.1) and requires a sealed feeding
system. A metered screw feeder feeds into a lock-hopper with a rotary valve.

As with the throated variety of downdraft gasifier, the gasifying agent may be
introduced to the reactor by either suction or injection. In oxygen or 'top-stabilised'
air systems, the oxidant is injected into the reactor [70][73]. However, in most
cases, where the gasifying agent is air, the reactor has an open type and, therefore,
the oxidant is sucked into the reactor by a gas pump placed downstream of the
reactor [55][58][59](76].

2.6 DESIGN AND MODELLING OF OPEN-CORE GASIFIERS
As discussed previously in Section 2.5.1, of the limited amount of literature
available relating to open-core gasifiers, much has been produced by Reed and co-

workers at SERI. This is particularly true for literature covering the design and
modelling of open-core gasifiers. Of the modelling work so far performed at SER],
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the major emphasis appears to have been to develop a 'quantitative' model of the
open-core gasifier to predict the gasifier dimensions, that is the length of the
reaction zones, and 'operating characteristics'. This is discussed in Section 2.6.1,
although further modelling work has also been performed (see Section 2.6.2).

A detailed treatise on the modelling of all aspects of pyrolysis and gasification
mechanisms and reactions was felt to be beyond the scope of this thesis as the main
thrust of the work was to design, construct, commission and run a gasifier system.
However, it was decided to study the 'ﬁuantitative' model of SERI (see Section
2.6.1) as this would help in the analysis of the Aston system.

2.6.1 SERI's Quantitative Model of the Open-Core Downdraft
Gasifier

The model is claimed to predict the dimensions of the gasifier as a function of feed
properties and operating conditions [65][66][75][79]. The model developed only
considers the two reacting zones, that is the flaming pyrolysis and char gasification
zones. They do not discuss either the unreacted feed or inert char zones. The two
zones are considered as separate models, each being discussed in turn in Sections
2.6.1.1 and 2.6.1.2, together with general observations in Section 2.6.1.3.

2.6.1.1 Flaming Pyrolysis Zone

In order to predict the height of the flaming pyrolysis zone, it is first necessary to
calculate the time required for the reaction. The time could be calculated from the
following equation:
0.21pD(1 + 0.61D)Fg(1 + 1.76F )e™ o

(1 +3.4F))

Equation 2.3 : tp - [64]

This equation was based on the work of Huff [80] who derived empirical
relationships for the combustion of wood, and which was modified for the lower
oxygen availability in gasification. However, this equation was empirically based
and further work was performed to develop a further model to improve the
understanding of the flaming pyrolysis process. This 'new' model (see Equation
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2.4) was based on what Reed reports as observed heat transfer rates, that is the
pyrolysis time is calculated by dividing the energy for flaming pyrolysis by the rate
at which it is supplied.

(h_+h_F pV
; vt =P W M
Equation 2.4 : L= T [75]

In order for the model to be utilised, values for hy, hy, and q had to be estimated,
the variables relating to the physical properties of the feed, that is Fy feed moisure
fraction, V the particle volume, A the particle area and p the particle density, can be
found by direct measurement.

The heat of pyrolysis, hp or hp(Ts),used in Equation 2.4 is not merely a heat of
reaction, but includes a contribution for the energy necessary to raise the particle to
the pyrolysis temperature, Tp, from its initial temperature, Ty, and the energy
required to raise the products from Tp to Tj the surface temperature of the particle.
The value of T is taken to be greater than Tp in order to drive the reaction at a
'reasonable' rate. The heat of pyrolysis is represented algebraically in Equation
2:5¢

T T

p s
Equation 2.5 : h (T,) = J' C,, dT +Ah + > _[ C,;dT (751
T T

0 P

The detailed evaluation of this equation was not feasible, due to the large number of
pyrolysis products. However, it was possible to calculate hp, from hw (also known
as hw(T,)), the 'heat for water vaporisation at Ty'. This is not just an ‘ordinary’
heat of vaporisation but includes contributions to raise liquid water from the initial
temperature Ty to 100 °C and the water vapour from 100 °C to T, see Equation
2.6. Reed and Levie report that Huff found that 1.76 times as much energy was
required to vaporise a given amount of water at T than was required to pyrolyse the
same weight of biomass. Reed ana Levie, therefore, used th’s as a basis to
calculate the heat of pyrolysis, as the thermodynamic properties are well
documented.

Il



Equation 2.6 : hy(Ty) = C(1) (100 - T,) + h, + Cy(g) (T, - 100) [75]

Reed and Levie calculated values for h,, and h, over the temperature range 600 to
800 °C with hy, covering 3664 to 4115 kJ/kg and h, 2081 to 2338 kl/kg. They
claim that a value of 2200 kJ/kg for hp closely models the conditions in a
downdraft gasifier. This is based on experimental observation in which the surface
temperature was measured to never exceed 800 °C and the surface of the particle
was claimed to appear black, therefore in the region of 700 °C.

The value for q, the average heat transfer rate to the biomass over the whole time
period required for flaming pyrolysis, was obtained by using the modified Huff
equation (Equation 2.3). The estimated value for h, of 2200 kJ/kg was used, and
a wide range of feed properties considered. The values of q calculated covered the
range 30 to 130 kW/m2, with an average of 40 kW/m2. However, when they
utilise the model, the value they select for q is 20 kW/m2, no explanation is offered
for this.

The calculation of the height of the flaming pyrolysis zone can then be calculated
thus:

t mAg

Equation 2.7 :1 = —E—2_
P F,(1-F)

Reed and Levie report that the 'new' model (Equation 2.4) is less accurate than the
original model based on the modified Huff equation, (Equation 2.3), although they
do not quantify the difference. In the original model, actual times measured for
flaming combustion were used to estimate the time for flaming pyrolysis. In the
'new’ model, the pyrolysis time is derived from the ratio of a mean observed value
for pyrolysis energy to the rate at which heat is supplied. The simplifications
involved in the model make it inherently less accurate. However, this makes the
model less complicated to apply. Reed and Levie report that they are investigating
methods of relating particle size, moisture content, gas velocity, and combustion
conditions (although they do not explain what they mean by combustion conditions)
to the heat transfer rate in order to improve the estimate of the heat transfer rate and
thus the accuracy of the model. They are also working on improving the accuracy
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of the value of hp.
2.6.1.2  Char Gasification Zone

The model proposed for the prediction of the length of the char gasification zone is
simpler and is taken to be the length of reactor that the fuel will travel through in
100 seconds, as shown in Equation 2.8:

Equation 2.8: 1, = 100 F4 (1 - F,)

This value of a time of 100 seconds was derived from kinetic studies of the char
gasification zone performed by Reed and co-workers [66][75] who suggest that the
reaction will be 90 % complete after this time. Doubling the length/residence time
in the char gasification zone would only increase the degree of char gasification by
1 to 2 % However, there does appear to be some discrepancies in the work as one
paper reports that the reaction is effectively complete when the temperature,
presumably of the gas, reaches 850 °C [75] and another when the temperature
reaches 800 °C [66].

2.6.1.3  General Comments

Reed et al [66] report that the model for the two reaction zones discussed in
Sections 2.6.1.1 and 2.6.1.2 has been combined in a 'dynamic' computer spread
sheet based model. This has been used to predict the zone lengths for a vé.ricty of
different feed materials. The accuracy of the model is claimed to be within a factor
of 2 to 3 [75], although no comparison to actual measured zone lengths are
presented. The simplicity of the model is acknowledged by Reed and Levie but
they reported that the model was being refined, although no new information
relating to these improvements appears to have been published. Areas that might be
included are the reactor heat loss, the air/fuel ratio and the use of different gasifying

agents.
2.6.2 Other SERI Modelling Work

In addition to the modelling work discussed above, Reed and co-workers have also
reported, although only briefly, on another model developed at SERI [81]. The
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purpose of the model is to help in the optimisation of gasifier performance and cost
and, as with the 'quantitative’ model discussed in Section 2.6.1, is divided into two
separate reaction zones, the flaming pyrolysis zone and the char gasification zone.
Each separate zone is modelled by considering combined mass and energy balances
across the zone to give the outlet stream composition and temperature.

The flaming pyrolysis is considered first with the following inputs specified: the
gasifying agent (air or oxygen); the oxidant/fuel ratio; and the feed composition.
From this data, an adiabatic reaction calculation around the reaction zone is
performed to yield temperature gas composition, gas flowrate and char yield.

The outputs of the flaming pyrolysis zone model are used to provide the input
conditions to the char gasification zone model. Char gasification kinetics are
employed to calculate the conversion/length profile and heat balances on the gas and
solid are employed to determine temperature profiles.

Only limited results from the model are presented by Reed and co-workers [81],
these include the CO/CO7 ratio along the char gasification zone and the reactor
temperature profile for the same zone. Reed reports that there is close agreement
between these predicted profiles and those determined experimentally. However,
although there appears to be close agreement for the predicted and actual
temperature profiles, this does not appear to be the case for the predicted and actual
CO/CO;, ratios, although this could be attributed to the difficulties in gas sampling.
The model is claimed to demonstrate the buffering effect of the endothermic
gasification reactions on the char temperature and the results presented for the
temperature distibrutions through the char gasification zone for both air and O are
similar. This effect is reported by Double[82] with his carbon boundary gasifier
“model.

A range of data from the pyrolysis model is presented. This consists of the
adiabatic flame temperature for the zone for both oxygen and air gasifying agents at
various oxidant/fuel ratios for different fractions of fixed carbon. These results are
as might be anticipated, that is increasing the oxidant/fuel ratio to near
stoichiometric levels, increases the flame temperature, as does the degree of carbon
conversion and the use of oxygen rather than air as the oxidant.
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As discussed above, only few results are presented and the model is only discussed
briefly, therefore it is not possible to draw any detailed conclusions on its value. It
is assumed that the model is still under development, although no futher work
relating to it has been published.

2.7 NOMENCLATURE

Symbol Description Units (SI)

A Biomass particle area m2

Ag Cross-sectional area of gasifier m

Cy(2) Average heat capacity at constant pressure for ~ kJ kg-1 K-1
steam over temperature range 100 to Tg °C

Coi Specific heat capacity of the ith kJ kg1 K-1
product of combustion

Cp(D) Average heat capacity at constant pressure for ~ kJ kg1 K-1
liquid water over temperature range T, to 100 °C

o Specific heat capacity of the biomass kI kg1 K-1

D Characteristic size m
(cubic root of particle volume)

Fy Feed particle density kg m-3

P Feed moisture fraction dry basis -

F, Fraction of energy in gaseous surround -

F, Sphericity (Ratio of the surface area of a -
sphere of same volume as particle to actual
surface area of particle

F, Fractional voidage -

My Mole fraction component X -

Ty Initial biomass temperature T

T, Pyrolysis temperature T

Ty Surface temperature of biomass i &

\% Particle volume m3

X Degree of reaction -

hy(Ts) (orh,)  Heat of pyrolysis kI kg1 K-1

hy Heat of vaporisation of water kJ kg1

h,(T,) (orh,) Heat of vaporisation of water at T kJ kg1

k Constant -
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Length of char gasification zone
Length of pyrolysis zone
Biomass feedrate

Heat transfer rate

Time

Density
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CHAPTER 3 -
EXPERIMENTAL APPARATUS

3.1 INTRODUCTION

The objectives of this project were to design, build, commission and operate a
gasifier that could be used to investigate the parameters that influence the
gasification process. The design process can be summarised as follows:

a) The selection of the reactor geometry to be employed.

b) The identification of the items of ancillary equipment required, that is:
reactor feeding; gas cooling; gas cleaning; gas pump; method of product
disposal; gas burner; instrumentation; data-logging and safety equipment.

c¢) The specific design, that is sizing and selection of materials of construction
of equipment.

d) Modifications and/or redesign as a result of experience gained during
commissioning. The commissioning experiments are discussed in Chapter 5.

This chapter describes the design of the complete gasifier system. This is presented
in a 'flow’ order, that is the equipment is described in the order through which the
biomass, and subsequently the product gas, passes through it. The design of each
individual item of equipment is dealt with in chronological order, starting with the
initial design and then dealing with the redesign or modifications required, if any.
These modifications are also summarised in Chapter 5. A P and I diagram of the
complete system is presented in Appendix III, and Figure 3.1 illustrates the
complete system, excluding the lean gas burner. The system costs are itemised in
Appendix V.

3.2 REACTOR FEEDING

To prevent the ingress of air into the gasifier and the egress of gasification products
from the reactor, reactor feeding systems need to be gas tight. However, the
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fibrous nature of biomass, makes the design of suitable biomass feeding systems a
difficult task [83]. The feeders that have been developed are generally complex,
costly and often unreliable. However, the choice of the open-core downdraft
reactor geometry (see Section 3.3) with its open top allows for direct feeding of the
reactor and, at the scale of operation chosen, hand feeding. The technique chosen
was a hand batch system and is discussed in Chapter 5. The feed was introduced
via a funnel, the same funnel being used as with the previous Aston gasifier, in
order to allow access to the reactor for the bed thermocouple array (see Section
3.8.2). The flow of solids through this funnel had proved adequate, as it did not
block even when used with a feed consisting entirely of pins [84].

3«d REACTOR

The first stage in the design of the gasifier system was to select the reactor geometry
to be employed. The types of gasifier available and their advantages and
disadvantages are discussed in Chapter 2. From consideration of the factors
described in that chapter, notably its ease of construction and operation particularly
related to reactor feeding; and the novelty of the gasifier geometry, it was decided to
employ a reactor of the open-core downdraft geometry.

Transparent quartz glass tubing was selected as the material of construction as it
would allow the gasification process to be observed and monitored while the reactor
was in operation. The principle of a transparent quartz glass open-core reactor had
already been established at Aston [84] and SERI [55]. However, the principle was
not studied in detail, although its potential as a research tool was clearly
demonstrated by these groups.

3.3.3 Diameter

As a result of experience gained at Aston using a 3.75 cm diameter reactor [84], it
was decided to build a reactor of larger diameter to give lower heat losses from wall
effects, and a greater ability to accept a wider variety of feed materials. However,
an upper size limit on the reactor diameter had also to be set, this being constrair=d

by a number of factors, including:
. the range of quartz tubing commercially available which was sold in a range
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based on internal diameter and included the following sizes 5.0, 7.5, 10.0,
12.5 and 15.0 cm.

. increasing the reactor diameter would increase the reactor throughput which
would subsequently effect the rate of reactor feeding, possibly occupying a
greater amount of the operators' time, and due to the increased product gas
throughput, increase the size and cost of the ancillary equipment required.

In order to select the appropriate diameter, it was, therefore, necessary to estimate
the throughputs of both the product gas and biomass feed. These estimates were
based on limited data available in the literature for 'air-blown' open-core downdraft
reactors which is summarised in Table 3.1. Of the data available, that of Bright,
Cloney and Fan [84] and Reed and Markson [55] was taken as most indicative of
the performance of the proposed reactor due to the similarity in construction and
feed materials employed. In order to scale the biomass throughput to the proposed
reactor diameters, the feed rate was taken to be directly proportional to the reactor
cross-sectional area or the square of the reactor diameter and, therefore, doubling
the reactor diameter would quadruple the reactor throughput. The biomass
throughputs estimated are shown in Table 3.2, the scaling factor being cross-
sectional area. The anticipated product gas throughputs are shown in Table 3.3
with the calculations presented in Appendix II.

Table 3.1 Performance Data for 'Air-Blown' Open-Core Downdraft

Gasifiers

Author Bright, Fan Reed & Manurung & Reines

& Cloney  Markson . Beenackers
Reference [84] [55] [58] [67]
Group Aston SERI Twente . Open

University University ~ University
REACTOR
Diameter (cm) 3.75 5.4 45 12
Construction Quartz glass Quartz glass Not known Refractory
FEED
Rate (kg/m2hr) 192 540 157 209
Type Wood chips Wood chips Rice Husks Carrot Fibre
PRODUCT
Yield (Nm3/daf kg) 4.18 2.68 1.6 1.51




Table 3.2 Biomass “Throughputs for a \ Variety of Reactor Diameters
Estimated from Data in Literature

Reactor Diameter Estimated Throughput (kg/hr)
(cm) Bright et al data Reed & Markson data
5.0 0.38 1.06
7.5 0.85 2.39
10.0 1.51 4.24
12.5 2.36 6.63
15.0 3.40 9.56

Table 3.3 Gas Throughputs for a Variety of Reactor Diameters
Estimated from Data in Literature

Reactor Diameter Estimated Gas Rate Range
(cm) (Nm3/hr)
5.0 1.01 - 2.86
75 2.27 - 6.40
10.0 ' 4,03 - 11.39
12.5 6.30 - 17.79
15.0 9.08 - 25.62

Calculations are shown in Appendix II.

It was found from the throughput data, as presented in Tables 3.2 and 3.3, that
although reactors of 5.0 cm and 7.5 cm could utilise much the same equipment,
increasing the reactor diameter from 7.5 cm to 10.0 cm would require ancillary
equipment of greater capacity and, therefore, cost. A reactor of 10.0 cm or greater
in diameter would have required a pump of greater capacity and possibly a larger
capacity scrubber, lean gas burner and piping. The larger capacity of pump
required at these higher reactor diameters would have required a 3 phase electrical
supply being installed in the laboratory. Furthermore, it was felt that the maximum
acceptable feed rate for a hand fed reactor, at the feed rate calculated from Reed and
Markson, would be for a reactor of 7.5 cm diameter which would require feeding
approximately every 75 seconds if using batches of 50 g. On consideration of this
throughput data, it was decided to employ a reactor of 7.5 cm in diameter.

3.3.2  Height

The height of the reactor to be employed was based on three main criteria:
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1) The height available within the fumehood which was 2.05 m. However,
this had to accommodate, as well as the reactor, access for feeding, the
funnel, the connecting collar, the heat exchanger, the catchpot and access
at floor level. The total height required for the equipment, excluding the
reactor and the heat exchanger, was 0.6 m, thus limiting the height for the
reactor and exchanger to 1.55 m. Some flexibility was allowed in the
length of the exchanger, but the experience with the previous Aston
reactor [84] suggested that a cooled length of at least 0.5 m would be
required, thus limiting the maximum reactor height to approximately
0.8 m.

ii) The fragility of the tubing. The quartz tubing of the reactor was relatively
fragile, this fragility being qualitatively proportional to the reactor height.
In view of the reactor fragility (and the clumsiness of the author), it was
decided to have a spare tube.

iii) Furthermore, the quartz tubing could only be purchased in standard
lengths of one metre at a cost of approximately £125/metre, although these
could be cut as desired.

On consideration of all these points, it was decided to employ a reactor of 0.5 m,
so that two reactors could be cut from one standard length of tube.

3.3.3 Grate

The purpose of the grate is both to support the reactor bed and to allow the product
gas to exit the reactor at minimum pressure drop and, therefore, normally takes the
form of a perforated plate. The overall diameter of the grate is 7.3 cm with a
tolerance of 0.2 cm on the reactor internal diameter to allow for thermal expansion,
this being an adequate allowance for temperatures as high as 1500 °C and was
calculated from the coefficient of linear expansion for type 304 stainless steel [85].
This design is a direct scale-up, on hole to reactor diameter ratio, of the grate that
had been successfully used on the previous Aston reactor. The size of hole in the
grate is dependent on the particle size of the feed, which in turn may be taken to be
proportional to the reactor diameter and, therefore, the grate was drilled with sixty-
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two 0.5 cm diameter holes. Stainless steel (type 304) was selected as the material
of construction on consideration of the elevated temperatures, in the order of
1000 °C or more, and attack by reactive products, that is pyroligneous tars and
acids, steam and possibly hydrogen and carbon monoxide, that the grate would be
subjected to.

3.3.4 Connecting Collar

The quartz glass tubing selected as the material of construction offered a number of
advantages (see Section 3.3), although it did create a difficulty in connecting the
reactor to the downstream equipment. This problem was overcome by mounting
the reactor in a steel 'collar' (see Figure 3.2), which could be connected to the
downstream equipment via a standard compression fitting. A port was included to
allow for the mounting of a thermocouple to measure the temperature of the product
gas directly below the grate. The thermocouple was mounted using a compression
fitting. The collar was fabricated in stainless steel (type 304), this material being
selected on the same criteria as for the grate (see Section 3.3.3).

Variations in the outer diameter of the quartz tube and a thermal expansion
allowance between its external diameter and the internal diameter of the collar meant
that this 'bond' was not gas tight and thus a sealant was required. The selection of
this sealant is discussed in the next section.

3:3:5 Reactor Sealing

The sealant selected had to be able to withstand high temperature, possible attack by
reactive products (see Section 3.3.3) and be easily removed in order for the reactor
to be cleaned. The use of rubber and polymer sealants was discounted due to their
temperature limitations and fire cements were excluded on the basis that they would
not allow the reactor to be easily removed. Evidence collected on the previous
Aston reactor [84], suggested that fire cement might crack, and hence leak, or
worse crack the reactor under the stress created by the difference in the thermal
expansion of the stee” and the quartz. The final nossibility was the use of a fibrous
material packed into the gap between the collar and the tubing. The traditional
choice for this packing material would be asbestos. However, University
regulations prohibited the use of asbestos and an alternative had to be found. The
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alternative selected was a fibrous ceramic material with specification shown in Table
3.4. This was available in a variety of forms, loose fibre, string and paper. For
this sealing purpose, the 2 or 3 mm paper was found to be most suitable, as this
allowed the reactor to be sealed by placing the tubing on a 'gasket' of the paper as
well as by the packing technique. In order to make the sealing process easier, a

slight taper (wide end at the top), was machined into the collar (see Figure 3.3).

Table 3.4 Properties of Kaowool [86]

Chemical Composition

Component Composition %
AlrOs ' 43t047.
SiOp 53to 57
FepOs : 0.02 to 0.08
TiOp 0.02 to 0.05
MgO CaO <0.1
Alkalis Nap0O K70 0.05 to 0.4
B203 <0.02
Leachable chlorides <20ppm
Physical Properties

Density (kg m-3) 230
Max.continuous service temp (°C) 1260
Melting point (°C) 1760

3.4 PRODUCT GAS TREATMENT

Previous experience at Aston and information gained from the literature, suggested
that the product gas leaving the reactor would be both hot, up to a possible 1000 °C
and 'dirty’ containing a number of contaminants (see Section 3.4.2). The analysis
and metering of the product gas and the requirement to place the gas pump
downstream of the reactor precluded direct flaring of the product gas. However,
the temperature and 'dirtiness' of the gas exiting the reactor, would either damage
or be outside the operating conditions of a number of items of equipment, such as
the gas pump (depending upon the type of pump employed), the flowmeter,
pressure transducers, gasmeter and gas analysers. Furthermore, the expansion of
the gas due to the raised temperature could also limit the pump's capacity.
Therefore, it was decided that the product gas leaving the reactor required both
cooling and cleaning prior to the gas pump and instrumentation.
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3.4.1 Gas Cooling

It was decided to employ a wet scrubbing system as this would act as both a gas
cooler and cleaner (see Section 3.4.2.2). However, it was anticipated that the gas
exit temperature from the reactor would be in the range 700 to 1000 °C [65] and it
was felt that this gas temperature was too high to pass directly to the scrubber. The
scrubber was to be built of QVF and such a temperature would be outside its
operating temperature range and problems might be encountered with excessive
evaporation of the scrubber water. Therefore, it was decided to install a primary
heat exchanger to act as a gas pre-cooler, the construction of which is described
below.

In order to avoid blockage of the primary heat exchanger with particles of char,
unreacted feed, tar or combinations of these materials, and to allow for drainage of
any condensate to the catchpot, it was decided to employ a concentric tube water
cooled exchanger, mounted vertically below the reactor. To facilitate ready access
to the reactor for feeding, the total length of the exchanger was limited to 1.0 m
(see Section 3.3). To allow provision for a gas sampling port and to provide access
to the compression fittings, which were employed to enable the exchanger to be
easily removed for clcaning‘and modification, the cooled length of the exchanger
was limited to 0.75 m. However, this also entailed that the hot gas from the
reactor would be entering an un-cooled section of the exchanger. As the gas could
be at a temperature in the order of 1000 °C, this precluded the use of copper and,
due to the possibly corrosive nature of the gas (see Section 3.3.3), it was decided to
fabricate the exchanger from type 304 stainless steel. In order to minimise the risk
of blockage, the gas tube was fabricated from 2.54 cm diameter tube.

The heat transfer coefficient could not be accurately calculated due to uncertainties
in the gas composition, although it was known that the gas side coefficient would
be controlling. However, an estimate of the gas exit temperature from the
exchanger could be obtained and was based on the data from the exchanger used
with the previous Aston reactor [84]. This estimate indicated tF at, although the heat
load over the exchanger would be increased, both the exchanger area and heat
transfer coefficient would increase, the latter due to the increased gas velocity
through the exchanger. Therefore, it was concluded that the gas exit temperature
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from the exchanger would be of the same order as the previous reactor, that is
between 100 and 200 °C [84] which was felt to be acceptable. When the gasifier
was operated, the actual temperature measured at the end of the cooler was in the
region of 150 °C.

After the first commissioning run (see Chapter 5), it was decided to lower the
reactor in order to improve access to the reactor. To facilitate this alteration, the
heat exchanger was remounted to run diagonally from the reactor (see Figure 3.4).

The solid's catchpot (see Section 3.4.2.1) placed directly after the exchanger also
acted as a gas cooler due to its ice cooling. However, the ice cooling was not
intended to act as a gas cooler but to maintain the QVF from which the catchpot was
constructed within its safe operating temperature. When the gasifier was operated,
the actual temperature measured after the catchpot was in the region of 80 °C. In
addition, it was anticipated that the gas would be further cooled in the pipe between
the catchpot and the scrubber.

Ll

3.4.2  Gas Cleaning

As discussed above, it was anticipated that the gas leaving the reactor would be
'dirty’ and that in order to protect the instrumentation, some form of gas cleaning
would be required. At the initial design stage, the combined scrubber/gas pump
was considered (see Section 3.5). However, when it was decided to employ a
vacuum pump of the positive displacement type, a separate gas cleaning system was
necessitated.

On the basis of the previous experience gained at Aston [84][87] and the literature
review, it was anticipated that the dirt in the gas would comprise of two main types
of contaminant: a 'mist' of fine droplets of pyroligneous tars and acids; and
entrained particles of ash and char. It was also anticipated that particles of char and
unreacted feed would fall through the grate and, although not entrained in the
product gas stream, had to be collected in order to avoid blockage of the piping.

3.4.2.1 Solid's Catchpot
The first stage of gas cleaning was a solid's catchpot. In the original layout, this
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was placed directly below the reactor (after the heat exchanger) and was designed to
remove any large solid particles (ie >0.5 mm) that were entrained in the product
gas and those particles falling through the grate. In order to allow the quantity of
removed particles to be observed, the catchpot was made from a section of QVF
column. To maintain the QVF within its permitted operating temperature range, the
catchpot was cooled in a salt/ice bath which also meant that the catchpot acted as a
gas cooler.

The realignment of the heat exchanger (see Section 3.4.1) meant that the catchpot
was no longer directly below the reactor, therefore, in order to catch any particles
falling through the grate, a secondary catchpot was placed directly below the reactor
prior to the heat exchanger fabricated from stainless steel. The catchpots are
illustrated in Figure 3.4.

3.4,2.2 Gas Scrubber Device One

A wide variety of equipment is used for gas cleaning in industry, including wet
scrubbers, cyclones, electrostatic precipitators and filters. For this particular
application, it was decided to employ a wet scrubbing system. This decision was
made after a review of the relevant literature which indicated that wet scrubbing
systems were the type most commonly employed with other gasifiers. Further
reference to the literature suggested that the efficiency of cyclones, in the region of
85 % [88], would not be adequate and had only been used for the removal of char
and ash entrained in the gas [77][89]; and the 'sticky' nature of the tarry
contaminants would tend to clog filters thus limiting their operating life. The use of
an electrostatic precipitator was discounted as, due to their complexity, a system
would have to be purchased and insufficient funds were available for this, and no
data was available relating to their use with gasifiers.

A further factor included in the selection of a wet scrubbing system was its ability to
act as a gas cooler, as had been demonstrated by Nielson and Nielson [90] in the
cooling and cleaning of the flue gas from a straw furnace using a packed scrubber.
As discussed in Section 3.4, the product gas required both cooling and cleaning
and, therefore, a system that could perform both these tasks was felt to be
desirable. The particular advantages of a combined cooler/cleaner were that it
would minimise the number of items of equipment required and, therefore, ease
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Figure 3.4 View of Reactor Showing Catchpots and Heat Exchanger
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problems associated with the layout of equipment within the confines of the
fumehood. -

There is, however, a wide variety of different types of wet scrubber (see Table 3.5)
and it was, therefore, necessary to perform a selection process in order to identify
the most appropriate scrubbing system for use with the gasifier.

The choice of scrubbing system was based on the following criteria:

a) Scrubbing Efficiency - the purpose of the scrubbing system was to remove as
many contaminants from the gas as possible, therefore, the efficiency of the
apparatus was an important criterion. The efficiency of a scrubber is generally
considered as a grade efficiency, which expresses the efficiency of the scrubber at a
particular particle size or size range and is represented algebraically in Equation 3.1.

Equation 3.1: Nig = [1-CyC;]1*100 [91]

No information was available in the literature on the particle size of the gas
contaminants from a downdraft gasifier. However, it was reported from the
previous Aston work that tar droplets were 'very small' [87], although the size was
not quantified. Only limited data was available for the comparison of the
performance of wet scrubbers, and it was decided to employ the data of Marchello
and Kelly [91] which covered the smallest particle size and is detailed in Table 3.5.

b) Scrubber Pressure Drop - although the pump was selected to maintain its
capacity at low inlet pressures (see Section 3.4), it was desired to employ a
scrubber with a low pressure drop in order to minimise its effect on the pump
capacity and thus allow a sufficient safety margin for other items upstream of the
gas pump.

Also considered in the selection of the scrubber system was its simplicity of
construction. Cost and time limitations meant that it would be desirable to select the
most simple system possible without adversely effecting either the pressure drop or
efficiency considerations. A simple construction would also allow the utilisation of
equipment already available in the Department, thus saving bota cost and time.
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Table 3.5 Data Used in the Selection of the Gas Cleaning System

Design Approx. grade Pressure drop Simplicity of
efficiency at (cm H30) [91] construction
Sum [91] rating*

Gravity Spray : 80 13-5.1 1

Centrifugal or wet cyclone 87 2.5 -38.1

Self-induced spray 93 5.1-38.1 3

- Impingement plate 97 25-20.3 3

Packed bed - 99 05-25 - 1

Venturi 99+ 12.7 - 88.9 2

Mechanically induced spray 99+ 3.8-10.2 3

* Rating 1- Simple to 3 - Difficult

The data on which the selection of the scrubbing system was based is presented in
Table 3.5. On consideration of this data, it was decided to employ a packed bed
system. This decision was based on the fact that the packed bed type of scrubber
had the lowest pressure drop, was considered to be one of the simplest types of
scrubber to construct and its efficiency, although not as high as the venturi or
mechanical induced spray scrubber, was felt to be sufficient.

It was decided to construct the scrubber from QVF as this would allow the internals
. of the scrubber to be monitored whilst in operation. However, only a limited
number of suitable columns were available so it was decided to select the largest
diameter of column available, that is 10.16 cm, in order to give the greatest
gas/liquid contacting area. This would allow a maximum packing size of between
0.677 and 1.27 cm. In order to maximise the packing area, it was decided to
employ 0.635 cm glass Raschig rings. The scrubber is shown in Figures 3.5 and
3.6.

Percentage flood calculations were performed for the maximum anticipated gas
flowrate, ie 6.5 Nm3/hr, over the gas temperature range 0 to 273 °C, the higher
temperature used was chosen to give an adequate allowance for the gas entering the
scrubber at an elevated temperature and to simplify the calculations (see
Appendix II). The water flowrate was calculated to be between 1.8 and
2.95 1/min, at 80 % flood. Tests prior to start-up using ambient air at a liquid rate
of 2 /min, showed that the column would flood at 10 m3/hr, which showed close
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agreement with the calculated value.

In order to prevent 'clogging' of the packing with contaminants removed from the
gas and to prevent saturation of the scrubber water with the removed contaminants,
the scrubber was designed to work on a once-through water system. However, as
the system would be under vacuum, a gravity drainage system could not be
employed due to the danger of air leakage into the system. This potential problem
was overcome by the installation of a reservoir below the scrubber column which
was drained in batches by a level switch activated centrifugal pump. A high water
level in the reservoir activated the pump and at low level caused it to be turned off.
A non-return valve in the drain line prevented leakage of air back into the reservoir
and a tun dish in this line prevented the reservoir from emptying further than
desired due to siphoning. A sample point was placed in the drain line so that used
wash water could be drawn off for analysis.

3.4.2.3  Gas Scrubber Device Two

Although no quantitative evidence was available, qualitative observations made
during and after the first commissioning run, suggested that the packed bed
scrubber was not as efficient as required. The gas pump's lubricating oil collected
after the run was black and opaque, as opposed to its normal golden and transparent
appearance. This colour change was attributed to the absorption of contaminants
from the gas as no such discolouration had occurred when the pump had been run
in 'cold’' commissioning runs. This contamination of the pump oil resulted in the
pump requiring a service. There was little evidence of absorption of contaminants
in the scrubber water which was only marginally discoloured. Further evidence for
the poor performance of the scrubber was provided by the occurrence of a 'smoke'
of tar particles in the 'knockout' pot downstream of the scrubber and the
discolouration of the water in the gas burner flame trap. On this evidence, it was
decided that the packed bed scrubber's performance was unsatisfactory and it was,
therefore, decided that a more effective gas cleaning system was required.

It was concluded that in order to obtain effective removal of the tar droplets from
the product gas, the efficiency had to be considerably improved by increasing the
gas/liquid contacting. As it had been seen that the necessary degree of gas/liquid
mixing required for an efficient gas cleaning system appeared to have occurred in
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the gas pump, it was decided to follow this example and employ a high energy
centrifugal contacting scrubber.

A Stuart-Turner No.12 pump was used as the scrubber, providing intimate mixing
of the gas and scrubber water occurring in the impeller head.of the pump. Initial
mixing of the gas and scrubbing water occurred prior to entering the pump. The
reservoir system was retained both to prevent air leakage into the system and to act
as a disentrainment vessel to separate the scrubber water and the cleaned gas. Tests
indicated that the optimum wash water rate was approximately 3 I/min (see Chapter
5), this being a balance between the reduction in pump capacity due the scrubber
pressure drop and the gas/liquid mixing.

Initially, this scrubber system was also operated in the once-through water mode,
clean water being fed directly to the scrubber from the mains supply and the used
water being drained using the level control system. The scrubber efficiency was
observed to have improved as evidenced by the colouration of the scrubber water,
which was much darker than with the packed bed scrubber; by the presence of tar
agglomerations floating on the water surface in the disentrainment vessel; and the
absence of the tarry smoke in the knockout pot. However, the increased efficiency
of the scrubber caused the failure of the level control system, due to tars coating the
sensor electrodes, even when they were sheathed to prevent this. Therefore, in
order to overcome this problem and in order to minimise any product gas
dissolution in the scrubber water when the gas analysis sample point was placed
after the scrubber, it was decided to operate the scrubber with a continuous water
recycle. The degree of dissolution of the product gas in the scrubber water would
not be the same for all the components, carbon dioxide being significantly more
soluble and this would, therefore, effect the accuracy of the mass balance
However, with continual water recycle, the scrubber water would become saturated
with carbon dioxidée and the other components which would minimise this problem.
This required a modification so that the reservoir drainage pump was used to inject
water into the scrubber pump. Flow diagrams of the scrubber system, in both
recycle and once-through water modes, are presented in Figure 3.7 and the system
is illustrated in Figures 3.8 and 3.9. ‘
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3.4.2.4 Pump Filters

Further clean-up stages included a filter on the gas pump inlet after the scrubber to
remove any contaminants that had passed through the scrubber and thus further
protected the pump. A result of the pumps once-through oil lubricating system was
that oil droplets were entrained in the outlet gas stream, and in order to prevent
damage to the gas flowmeter in particular, the droplets were removed with an oil
mist filter in the pump outlet line but within the recycle loop.

3.5 GAS PUMP

To provide the necessary flow of gasifying agent into the reactor a pump was
required. A number of alternatives were available for the type of pump to be
employed, that is centrifugal or positive displacement gas pumps; gas or liquid
ejectors or venturi systems. However, the first stage in the selection of the gas

pump was to estimate the product gas throughput and the system pressure drop.

The total product gas throughput was estimated for a variety of reactor diameters.
These calculations were based on gas throughput data of Reed and Markson [55]
and Aston gas data, although reported to be inaccurate [84][87]. A further estimate
was based on the biomass throughput data of both Reed and Markson [55] and
Bright et al [84] and was calculated from the gas yield versus heating value data of
Shand and Bridgwater [17]. The calculations are shown in Appendix II and the
estimates of gas throughput so obtained are summarised in Table 3.3.

The design of the reactor with an open top necessitated the pump being placed
downstream of the reactor, so that the pump operated in the suction mode with air
being pulled through the reactor (see P and I Diagram in Appendix III). This meant
that the inlet of the pump would be under vacuum whilst the outlet would, due to
equipment downstream of the pump, be at slightly greater than atmospheric
pressure. On consideration of potential future applications of the gasifier system,
for example the use of secondary reactors, and the possible need for gas cleaning
equipment, it was estimated that an inlet pressure of 50 kN/m2 might be required
without there being a significant loss of pump capacity.

A choice was, therefore, presented between the purchase of a suitable pump of any
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type or the in-house manufacture of an ejector or venturi system. However, on
consideration of the time limitations of the project, it was felt, as with the feeder
(see Section 3.2), that the difficulties associated with the design, construction,
commissioning and operation of an in-house built system, would be too time
consuming. It was, therefore, decided to purchase a pump and quotations were
sought on the basis of the pressure drop and flowrate required; details of anticipated
gas composition; and the application of the pump. However, the response was
poor and only one quotation that met the specification was received, from Wemer
Rietschle (UK) Ltd., for two vacuum pumps rated at 10 and 25 m3/hr (at ATP).
As discussed previously (see Section 3.3.1), a reactor diameter of 7.5 cm was
selected and on consideration of the anticipated throughputs, it was decided to
purchase the pump rated at 10 m3/hr as it was felt that this would have sufficient
capacity. The pump is shown in Figure 3.10.

The pump works on a once-through oil lubrication system. The lubricating system
was specified by the manufacturers due to concern over the contamination of the
lubricating oil with tars, moisture and other components of the product gas. The
pump was of the positive displacement variety and, therefore, the flowrate had to be
controlled by the use of a valved recycle loop which gave a flowrate over the range
~ 0.5 to 10 m3/hr.

3.6 LEAN GAS BURNER

The carbon monoxide content and the explosive nature of the product gas meant that
it had to be disposed of by flaring. A lean gas burner with a propane gas pilot light
had been developed for the previous Aston reactor and it was decided to adapt this
for use with the proposed reactor by altering the pilot light to accept natural gas;
altering the interconnecting pipework and burner head to accommodate the greater
gas throughputs; installing a sheathed thermocouple for the pilot light alarm sensor
and shortening the pipe between the flame trap and the burner. The burner ‘jet'
itself consists of a flattened 28 mm copper pipe contained in a stainless steel gauze
covered 'cowl'. The burner is shown in Figures 3.11 and 3.12.
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Figure 3.10 Gas Pump



Figure 3.11 Lean Gas Burner

82



Burner

/Cowi
Jet/

\Alarm

Thermocouple

T Pilot
Ligt



Figure 3.12 Top View Burner Assembly
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Figure 3.12 Top View Burner Assembly
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3.7 PIPING

The two criteria to be considered in the design of the gasifier pipework, were the
pipe diameter and its material of construction. Due to their ready availability, it was
decided to make use of piping materials available within the Department, that is
copper, mild steel, PVC and reinforced PVC. Of the materials available, it was
decided that copper piping would be most suitable on the basis that it would have a
greater corrosion resistance to gasification products, notably water and
pyroligneous acid than mild steel, and would be more durable and hard wearing
than the PVC tubing.

The selection of the tube diameter to be used was based on the following criteria:
the diameter of pipe available, ie nominal diameters of 6.35, 9.5, 15.0, 22.0 and
28.0 mm; cost, which is directly proportional to the pipe diameter; and the fluid
velocity, which is generally taken to be between 15 and 30 m/s [88][92].

The diameter of pipe that gave the most suitable gas velocity for the maximum
anticipated gas yields, was 15 mm. This diameter of pipe also permitted a
maximum exit temperature (from the primary exchanger) of approximately 300 °C
to keep within the gas velocity limits. It was, therefore, decided to fit the gasifier
system with 15 mm diameter copper tubing.

However, 15 mm diameter copper tubing could not be used for the entire system.
The heat exchanger was fabricated from 25.4 mm diameter stainless steel tube (see
Section 3.4.1). In addition, the pump recycle loop was fabricated from 22 mm
diameter copper pipe to match the inlet and outlet ports on the pump and thus
minimise turbulence at these points, and the final length of piping to the burner
which, in order to allow the burner to be readily moved, was plumbed in using
19.0 mm diameter reinforced PVC tubing.

Two types of pipe joint were employed, soldered fittings and compression fittings.
The type of joint employed depended on the permanency of the joint and the
temperature conditions to which it was subjected. For low temperatures (<100 °C)

~and permanent joints, soldered fittings were employed, whereas for high
temperatures (>100 °C) and/or joints that had to be regularly disassembled for
cleaning or modification, compression fittings were employed.

84



3.8 INSTRUMENTATION

This section describes the instrumentation employed in the gasifier system. A
number of parameters were recorded both to allow for the formation of mass and
energy balances and to monitor the gasification process itself. It was, therefore,
necessary to monitor the inputs and outputs, both in terms of materials and energy
flows from the gasifier system, and to monitor the pressure and temperature
conditions within the reactor and elsewhere throughout the gasifier system (see P
and I diagram in Appendix III). The instruments selected are described in Sections
3.8.1 to 3.8.5.

3.8.1 Gas Analysis

The composition of the product gas from the gasifier is an important parameter that
requires both accurate and, in order to identify trends and monitor transient
conditions, frequent measurement. The gas composition must be known so that it
can be related to variations in reaction parameters; for preparing mass and energy
balances; and for calculating the heating value of the gas. The design process for
the gas analysis equipment consisted of the identification of the most appropriate
type of system for the application; and then the specification of that system.

3.8.1.1  Selection of Type of Analysis System to be Employed

A review of the technical literature available indicated that three types of gas
analysis system could be employed. These are described below:

i) Dedicated On-line Gas Analysers - this type of system consists of a single
instrument for each gas to be detected and generally requires an automated sampling
system. Analysers of this type give continuous gas analysis. However, this type
of system is expensive, approximately £2000 - 3500 per analyser with an additional
cost for the sample system, although generally the cost of the system is dependent
on the number of gases detected. They are generally system specific, an analysis
system being designed for a particular application with only limited scope for
variation in the detection range.
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ii) Manual batch - gas samples are taken by hand using either syringes or special
sample bags; these samples are then stored until analysis can be performed off-line.
-Analysis can then be performed by mass spectroscopy and/or gas chromatography
which, with different columns, detectors and the appropriate standards, could allow
- for a wide variety of gases to be detected. However, the method has the following
drawbacks: the storage time between sampling and analysis decreases the analysis
accuracy due to gas, notably hydrogen, leakage [84]; taking the gas samples can
take a considerable amount of the operators' time; and the analysis of the gas is also

time consuming and may further compound any losses of accuracy due to gas
leakage.

iii) Process gas chromatography - this consists of an 'on-line' chromatograph and
automatic sampling system, and can take and analyse a gas sample approximately
every 10 to 12 minutes. This type of system is very application specific and is
only designed to detect the gases over set ranges specified in the original design.
These systems are also very expensive, in the order of £25000.

The selection of the system to be employed would have to be based on a
comparison of the relative merits of each type of system available. It was felt that in
order to identify the changes occurring in reaction parameters and their influence on
the product gas composition, the most useful system would perform a continual and
accurate analysis of all components in the gas. It was also felt that the system
should require minimal operator time in order to leave the operator free to both
observe and control the gasifier.

However, the ability of the system to fulfil these needs would be constrained by the
funds available for its purchase. The anticipated cost of a suitable analysis system
meant that it had to be seen to be readily adaptable in order to be used on other
projects in the future so that the necessary financial outlay could be justified as cost
effective.

The selection of the system to be employed would, therefore, be judged on the
following criteria:

a) Sampling rate.

b) Accuracy of analysis.

¢) Number of gases detected.
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d) 'Stand-alone' ability, ie amount of time dedicated to analyser operation
by the gasifier operators.

e) Cost.

f) Adaptability.

The various types of system available were assigned a rating for each of these
criteria, the most appropriate system would have the best total rating. The ratings
are presented in Table 3,6.

Table 3.6 Gas Analysis System Selection

System Type Manual batch Process gas Dedicated
chromatography analysers

Sampling Rate

Accuracy

Number of Gases Detected

'Stand-Alone' Ability

Cost

Adaptability

TOTAL

5| [FVE IV IS
c‘ll —_ )W
Gl RN WDWW

Key - Rank: 1 - Poor, 2 - Average, 3 - Excellent

From this analysis, it can be seen that the dedicated analyser type of system had the
best overall rating and it was, therefore, decided to purchase a system of this type.

3.8.1.2  System Specification

Before any quotations could be obtained and the system purchased, it was
necessary to specify the gases to be detected, the required detection ranges and the
nature and degree of any gas contaminants. To obtain the necessary data on which
to base the selection of the gases to be detected and their required ranges, a survey
was performed of the relevant literature for both air-blown open core and throated
downdraft gasifiers. This survey is summarised in Table 3.7.
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Table 3.7 Summary of Data Available in the Literature for Gas
Components and their Composition Ranges of Downdraft

Gasifiers

Component Composition
(Volume %)

Hp 6.3 -18.6

CcO : 12.4 - 24.9

COy 6.0-31.8

CHy 00-3.8

N»p 42.7 - 66.3

O 0-27

Cy.* 0-2.6

* - Higher hydrocarbon gases, for example ethane, ethene and propane.
(Based on data in Chapter 6).

The dedicated analysis type of system selected requires an analyser for each gas to
be detected. However, insufficient funds were available to purchase a system
capable of detecting all the gases listed in Table 3.7, therefore, the most important
components had to be identified in order to remain within the limitations of the
funds available. Sufficient funds were available for a four analyser system.

Discussions with a number of analyser manufacturers indicated that nitrogen
analysers were not readily available, therefore, the purchasé of a nitrogen analyser
could be excluded. Reference to the literature (see Table 3.7) indicated that oxygen
and the Cp, hydrocarbon gases were the least significant components in percentage
terms and, in many cases, were not analysed for at all. It was, therefore, concluded
that the most appropriate analysis system would detect the following gases,
hydrogen, carbon monoxide, carbon dioxide and methane, and nitrogen would be
estimated by difference.

The analysis ranges also needed to be pre-selected as this was set by the
manufacturers, although only the upper limit needed to be specified as the lower
range limit would be constrained to 0 %. As with the selection of which gases to
detect, the upper ranges were also selected on consideration of the data in the
literature (see Table 3.7). The ranges subsequently chosen included a safety margin
and a degree of flexibility in order to allow the system to be used for future
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projects. For example, the system selected is currently being employed to analyse
the product gas from a molten salt pyrolyser [93]. On consideration of the above
points, the following ranges were selected: hydrogen 0 - 25 %; carbon monoxide
0 - 30 %; carbon dioxide O - 35 %; and methane 0 - 10 %.

The complete system would include gas s.ampling and sample conditioning.
Analysers are delicate instruments and require a clean gas passing through them in
order to prevent damage. In this particular case, the nature of the gas contaminants
(see Section 3.5.2) meant that a sample conditioning unit would be required in
order to obtain the required level of gas purity.

3.8.1.3  System Description

A number of manufacturers were approached to provide a suitable system.
However, only MSA were able to meet the requirements listed above (see Section
3.8.1.2). The analysis system was purchased as a complete unit and consisted of a
gas sampling system and sample conditioning unit (sample clean-up system) as well
as the analysers themselves. The sample conditioning consisted of two halves, the
primary conditioning being provided externally to the analyser cubicle by a unit
known as the 'hotbox' (see below) with the final conditioning being provided
within the analyser cubicle.

A four analyser system was purchased covering the specification discussed in
Section 3.8.1.2. The hydrogen analyser is a Leybold-Hereaus Hydros unit and has
a thermal conductivity detector. The other analysers are all MSA Lira 3000 units
and employ infra-red detectors. Each analyser has an analogue display and also
produces an electrical output of 0 to 100 mV which is proportional to the gas
composition (see Section 3.9). The analyser cubicle is illustrated in Figure 3.12.
The gas sampling system, of which a flow diagram is shown in Figures 3.13 and
3.14, consisted of a sample pump and the necessary flow control valving to control
and balance the sample flowrate to each analyser. The sampling unit also included a
number of filters and a final sample conditioning unit, the FSA1 (see Figure 3.15).
This equipment was all contained within the main analyser cubicle.
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Figure 3.13 Gas Analyser System
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Figure 3.16 Gas Sample Clean-up '"Hotbox'
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The primary gas conditioning system was a separate unit, a Perma Pure Model
2112 E filter-dryer, known as the 'hotbox', and is pictured in Figure 3.16. A flow
diagram of the 'hotbox' can be seen as part of the general sample system flow
diagram, Figure 3.17 (see later). The gas sample entering the hotbox passed
through a heated, sintered stainless steel, bypass filter, the sample being drawn into
the filter by a compressed air eductor. The heated filter operated at approximately
120 °C and is designed to remove condensible liquids and particulates down to a
claimed 1 pm [94]. It was felt that at the operating temperature of the filter, any
thermal degradation of the tarry products would be insignificant and would not
effect the accuracy of the analysis. The sample bypass was vented with the eductor
air to the fumehood. The filtered gas from the bypass filter then passed to a wound
string cartridge filter prior to exiting the hotbox. The total gas sample rate taken
was about 10 /min of which about 4 I/min was passed to the analysers, the
remainder being lost in the sample bypass. The gas sample presented to the
analysers, having passed through the sample clean-up system, should be both dry
and clean.

3.8.1.4 Modifications to the Analysis System

A number of modifications were necessary to the gas sampling and sample
conditioning systems. These modifications, which are discussed below, concerned
the addition of extra cleaning stages, the repositioning of the sample point and the
metering of the gas sample flowrate.

Initially, it was decided to place the gas sample point as close to the gasifier as
possible. This was to minimise the time lag between a variation occurring in the
gas composition and its detection, therefore allowing easier identification of the
cause of the variation, and to minimise the back mixing of the gas which could
disguise these changes. However, the gas leaving the reactor would be at an
anticipated 700 to 1000 °C [65] and would require some cooling before it could be
passed to the sample clean-up system which could only accept a sample up to
120 °C. It was, therefore, decided to take a pre-cooled gas sample from after the
heat exchanger at a temperature of approximately 100 to 200 °C as this would not
require any further additions to the sampling system and would only add to the time
lag between sampling and analysis by approximately 0.2 seconds. The nylon
tubing specified by MSA for the sampling system had a maximum operating
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temperature of approximately 80 °C and, therefore, the initial 0.5 m of the sample
system was piped in using 6.35 mm copper tube.

A modification made prior to the first run to the sample conditioning system as
supplied, was the installation of a silica gel column between the hotbox and the
analyser cubicle. The system, as specified, has a water knockout pot in this
position of approximately 2 litres capacity. However, this knockout pot was felt to
be unsuitable, as it could lead to backmixing in the gas sample and could be
ineffective in removing any water from the gas sample.

The pbsitioning of the sample point prior to the main gas flowmeter and the
positioning of the gas sample flowmeters after the gas analysers, meant that the total
sample flowrate would not be monitored as the bypass from the hotbox would be
unrecorded. As this loss would be in the order of 6 I/min, which could amount to
between 5 and 16 % of the total anticipated gas production rate, it was decided to
place a flowmeter in the sample line prior to the hotbox. However, due to a delay
in the receipt of the order, this rotameter was not fitted until after the first run.

Gas analysis was only performed for approximately 45 minutes during the first
commissioning run. A considerable amount of tar had passed through the hotbox
but was removed from the sample stream by the silica gel column and as a result,
no tar appeared to reach the analysers themselves. However, before the silica gel
column could become overloaded with tar and allow tar to pass through, the gas
sample pump was turned off and the gas analysis terminated. It was, therefore,
decided that a number of modifications were required to the gas sampling system so
that gas analysis could be performed for longer than 45 minutes. In order to
remove a large part of the tar prior to the hotbox, it was decided to install a charcoal
column in the sample line before the rotameter. It was felt that a liquid based gas
cleaner would effect the accuracy of gas analysis due to the differential solubility of
the different gas components. Charcoal was selected to be used as it was felt that
due to its surface area and pore structure, it would be a suitable tar absorber and it
was readily available as a supply had been purchased for reactor start-up. In order
to condense water from the sample stream and possibly the higher boiling tars that
might pass through the charcoal filter, a salt/ice-cooled trap was placed directly after
the charcoal column. During the first run, it was also observed that the tar
production was greater during the reactor start-up period. Therefore, it was decided
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to make a procedural change in order to increase the time over which gas analysis
could be performed by only sampling the product gas after start-up and when the
gasification of the fuel was well established.

After one run employing a charcoal column, it was decided to replace this with a
column packed with wood chips. This was due to concern over the charcoal
column acting as a gas chromatograph column [95] which could, therefore, effect
the gas analysis due to the differential absorption of the various gas components.
Wood based filters were reported to be effective, having seen widespread use with
gasifier-engine systems [19].

However, even with these modifications, the gas analysis could only be performed
for a time of about 60 minutes. The complete sampling system, except for the
heated bypass filter prior to the analyser cabinet, then required stripping and
cleaning due to the deposition of tar throughout the system. Therefore, it was
decided to move the gas sampling point from its existing position, directly after the
primary heat exchanger, to a position after the scrubber, but upstream of the gas
pump. After the repositioning of the gas sample point, it was decided that the wood
column was no longer required and this was, therefore, removed. In this
arrangement, the sampling system performed adequately and no further
modifications were made. A flow diagram of the sample cleaning system in its final
arrangement, including the hotbox, is shown in Figure 3.17.

A number of problems were also encountered with the 'clogging' of the filters and
the eductor in the hotbox. This was attributed to the high levels of tar carry-over
during the early runs with the sample point prior to the scrubber. When this
occurred, the relevant part was cleaned and, if necessary, replaced. In order to
prevent these parts clogging in the latter runs, the hotbox was stripped after every
run and the filters and eductor cleaned with acetone or, if necessary, replaced. In
addition to this, the gas sample flowmeter was checked to see if any tar had been
deposited in it. If there were visible quantities of tar in it, it was stripped and
cleaned with acetone.
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3.8.1.5 Batch Gas Analysis

The analysis system as described previously, was only able to detect hydrogen,
carbon monoxide, carbon dioxide and methane, the other anticipated components,
that is nitrogen, oxygen and the C . hydrocarbons could not be detected by this .
system. As nitrogen was anticipated to be the major gas component (see
Table 3.7), the balance of the gas, excluding that detected by the analysis system,
was assumed to be nitrogen for mass balance purposes. Even so, to allow for
detection of the other components and to act as a 'back-up' to the analysis system, it
was decided to install a batch gas sampling point. These batch samples would be
taken using a special gas sample bag and analysed on the Department's gas
chromatograph. However, in order to fill these bags, a higher than atmospheric
pressure was required and, therefore, this sample point had to be positioned
downstream of the pump prior to the lean gas burner.

3.8.2 Product Gas Flowrate

In order to prepare mass and energy balances, it was necessary to monitor the
product gas flowrate. For the commissioning runs, except the first run, a standard
size 18 rotameter with a koranite float was employed. This covered the flow range
of 1.2 to 10.8 m3/hr of air at ATP (ATP - gas volume at 760 mmHg and 20 °C),
which covered the flow range of the pump purchased (see Section 3.5). The
flowrate had to be recorded manually which, due to the other operator duties,
limited the amount of data that could be collected. However, this flowmeter was
only employed temporarily while awaiting delivery of a flowmeter that could be
connected to the data-logger.

This new flowmeter (Platon Flowbits CMIE) was also a rotameter in which the
position of the float was monitored magnetically. This was translated into both an
analogue display of the flowrate and an analogue signal directly proportional to the
flowrate. The flowmeter was calibrated over the range 0.8 to 8.0 m3/hr air at ATP
which was felt adequate to cover the anticipated gas flows (see Section 3.3).

To minimise the risk of damage to the flowmeter by gas contaminants such as tar, it
was neccessary to position the flowmeter downstream of the gas scrubber and, in

order to simplify the system layout, downstream of the gas pump and recycle loop.
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However, as discussed in Section 3.8.1.4, this meant that the gas sample flowrate
had to be monitored separately, as the gas sample was taken prior to the main gas
flowmeter. This was performed using a rotameter calibrated over the range O to
25 Umin (0 to 1.5 m3/hr) of air at ATP.

As discussed above, the flowmeters employed were calibrated for air at ATP,
although suitable flowmeters calibrated for specific gases could be purchased.
However, the variation in the product gas composition meant that the extra expense
incurred by this special calibration was felt to be unnecessary. The gas flow could
be calculated from the measured flowrate thus:

Equation 3.2 : VGas = VAIR ( SGAIR / SGgas ) 112 [96]

If the gas flowrate was not measured at ATP, it could be converted to the
appropriate value (or to whatever standard desired) thus:

Equation 3.3 : VAR = VM (PM / PA) (Ta / T™).

In addition to the gas flowmeter which monitored the rate of gas production, the
cumulative volume of gas produced was also monitored using a standard gasmeter.
For the first run, a gasmeter calibrated to 0.1 cubic feet (2.83 x 10-3 m3) was
employed. However, this was damaged by another user and had to be replaced (by
them) with an alternative which was calibrated to 10 cubic feet (0.283 m3) and
thus reduced its value due to loss of accuracy in the measurement of the volume of
gas produced (see Figure 3.18).

3.8.3 Temperature

Temperatures were monitored at a number of points throughout the gasifier system
(see Appendix III) to provide data for the analysis of the gasification process itself
and to aid in the preparation of mass and energy balances. Particular importance
was placed on the measurement of the temperature distribution in the reactor and the
gas exit temperature in order to relate these parameters to variations in gasifier
performance (see below). All the temperature measurements were made using
type-k (nickel/chrome-nickel/aluminium) thermocouples. For low temperature
measurements, below approximately 50 °C, plastic insulated in-house made
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thermocouples were employed, but for higher temperatures, it was necessary to
purchase stainless steel sheathed thermocouples.

In order to collect data to prepare the mass and energy balances, temperatures were
measured at the following positions:

* Inlet air temperature.

* Reactor bed temperatures.

» Gas exit temperature directly below the grate.

* Gas temperature after cooling.

* Gas temperature at the point of flow measurement.
 Cooling/cleaning water inlet temperature.

* Cooling water outlet temperature.

» Gas/cleaning water temperature at the scrubber outlet.

In addition to being monitored for mass and energy balances, the gas exit
temperature directly below the grate was monitored as one of the main operating
variables of the gasifier itself. This temperature was indicative of the degree of gas
cooling due to the char reduction reactions and reactor heat loss.

As discussed above, particular importance was placed upon monitoring the
temperature profile vertically down the reactor. This would help locate the
positions of the various reaction zones within the reactor bed and would indicate the
conditions prevailing within the reactor, that is, the temperature and length of the
flaming pyrolysis zone and the relative lengths of the char reduction and inert char
zones. However, some difficulties were encountered in measuring the reactor
temperature distribution.

Initially, an array consisting of three 0.1 cm diameter stainless steel sheathed
thermocouples in a stainless steel tube was employed, designed so that the
thermocouples could be moved up or down. This had to be replaced as it was both
difficult to move the thermocouples when the array was in position in the reactor
and difficult to accurately locate the height of the thermocouples. It was, therefore,
decided to replace this array with an array consisting of seven stationary
thermocouples (0.1 cm diameter stainless steel sheathed) placed at 3 cm intervals
from O to 18 cm above the grate.
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Initially, this array was placed along the central axis of the reactor. This, however,
was felt to cause problems with the flow of the biomass fuel through the reactor and
was moved to be adjacent to the reactor wall. Damage to two thermocouples during
the 'burning-out' of the charcoal bed at the end of the first run meant that the
spacing of the thermocouples in the array had to be adjusted to 5 cm. On receipt of
replacement thermocouples, this spacing was adjusted to 4 cm which allowed
coverage of a greater height in the reactor. In order to prevent a recurrence of the
damage to the thermocouples, the array was removed from the reactor prior to the
reactor being allowed to 'burn-out' at shut-down.

Although it would also have been desirable to monitor the radial temperature
distribution in the gasifier, both to quantify the wall effects and to test Reed's [55]
supposition that consistent oxidant and, therefore, temperature distributions exist
across the reactor diameter, this was not attempted. The experience with a simple
axial thermocouple array (see above) suggested that there was no suitable method of
monitoring the radial temperature distribution in the reactor without causing major
disturbances to the flow of solids through the reactor which would effect the
oxidant, and hence temperature, across the reactor diameter.

3.8.4 Pressure

Pressure was monitored at two points in the gasifier system, these positions being
shown in the P and I diagram in Appendix III and can also be seen in Figure 3.18

above:

1) Downstream of the reactor in order to measure the pressure drop across the

reactor.

2) At the point of flow measurement in order to correct the gas flow rate for

pressure effects (see Section 3.8.2).

The pressure measurements were made using pressure transducers (Data
Instruments - Model AB), these were calibrated over the range 0 to 101.3 kN/m2
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giving an analogue signal of 0 to 100 mV inversely proportional to the measured
pressure. However, due to limited funds, the pressure transducers had a maximum
operating temperature of 93.3 °C and, therefore, the transducer to measure the
reactor pressure drop had to be placed after the gas cooler.

3.8.5 Miscellaneous

3.8.5.1 FeedRate

The feed rate needed to be measured in order to prepare mass and energy balances.
As discussed already in Section 3.2, a hand feeding technique was selected and the
feed rate could, therefore, be calculated from the rate of addition of the feed batches
(see Chapter 5).

3.8.5.2  Height of Char Bed

The height of the char bed is an important parameter in the operation of open-core
downdraft gasifiers (see Chapter 2) and it was decided to investigate its influence
on the gasifier performance (see Chapter 5). It was, therefore, necessary to be able
to measure the height of the char bed. Due to the duties required of the operators
while running the gasifier, the method of measurement had to be relatively quick
and simple but still be accurate. Two 30 cm stainless steel rulers were placed either
side of the reactor so that the scales ran in opposite directions and started at the
same level as the grate. The height of the char bed could then be read off by line-
of-sight.

3.8.5.3 Condensate Production

In addition to the gaseous products produced from the gasifier, a condensible liquid
product consisting of water and pyroligneous tars and acids was also produced. In
order to prepare mass and energy balances, the condensible liquid had to be
monitored and also the tar levels had to be measured so that methods of product gas
upgrading could be evaluated. A number of solvent absorber based sampling
systems were developed. However, these systems were not covered under this
project and are discussed in greater detail in the thesis by Reyes-Nunez [97].

102



3.8.5.4  Cooling and Cleaning Water Flow Rates

In order to select the correct water flowrate for the packed bed scrubber, a rotameter
was installed in the mains water inlet line. This rotameter was also employed for
metering the inlet water to the centrifugal contacting scrubber when used in 'once-
through' water mode. However, when this scrubber was converted to recycle
operation, the scrubber water rate was not metered, although this rotameter was
retained. As an aid to the preparation of energy balances, the flow rate of the
cooling water was also metered. These measurements were made using standard
size 14 rotameters with stainless steel floats, which cover the flow range 0.5 to
5.0 Vmin of water at 20 °C (see Figure 3.18 above), the position of the flowmeters
can be seen in the P and I diagram in Appendix III.

In addition to monitoring the wash water flow rate, a sample point was provided for
taking samples for analysis. For scrubber device one and scrubber device two used
in once-through water mode, this sample point was in the disentrainment vessel
drainage line. When scrubber device two was used in the recycle mode, the sample
point was moved to after the recycle pump and required a syringe to withdraw the
sample.

3.9 DATA-LOGGING

The number of instruments employed to monitor the gasifier system would generate
a large amount of data. It was decided that it would be impracticable to record this
data manually and, therefore, an automatic data-recording system was required.

Although a number of different data-logging systems were available, it was decided
to purchase an interface system manufactured by Biodata. This selection was based
on the following criteria:

» such a system had already been used successfully within the Department for
measuring the temperature distribution across a distillation column tray [98] and
had been proven to be reliable and simple to operate, and experience in the

'setting-up' and maintainance was also available.

+ the system could be connected to a BBC B microcomputer. These computers
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were readily available within the Department and the required software could be
written in BBC BASIC.

+ the system is readily upgradable to take a variety of different input or output

channels for system control.

The data-logger hardware, software and the necessary conversion procedures are
described in Sections 3.9.1 and 3.9.2

3.9.1 Data-Logger Hardware
The data-logging system employed consists of three main components:
i) Biodata Microlink Interface

The function of the Microlink interface is to 'condition’ and digitise the analogue
signals from the thermocouples, flowmeter, pressure transducers and gas
analysers. The resultant digital signal is then transmitted to the BBC micro-
computer via the IEEE 488 databus.

The Microlink interface consists of two main types of component: the mainframe
which is a 'rack' with a power supply and connection to the IEEE 488 interface
(see below); and 'function cards', which slot into the 'rack’ and are designed to
perform specific functions on different signal inputs. The system employed in this
project comprises of three cards:

» a 12 bit analogue to digital converter (the A12D) which converts the analogue
signal received by the interface to a digital signal for transmission to the BBC.
The resolution on the conversion is 1 in 4096 (thatis 1 in 212), so for example
over a temperature span of 0 to 100 °C, the temperature could be read to an
increment of 100/4096 or 0.0244 °C.

« a specialist thermocouple input card (the TC-16) which supports up to 15

thermocouples and includes a platinum resistance thermometer as the cold
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Jjunction reference temperature.

* an analogue input card (the AN16/32) which reads the 0 to 100 mV signals

from the gas analysers, flowmeter and pressure transducers.

ii) The IEEE 488 databus.

Information is sent from the Microlink interface to the BBC microcomputer via this
databus (a physical link for the transmission of information between two or more
devices) which was purchased as a separate unit, the Aries-B488. The IEEE 488
databus is specifically for applications such as this and allows up to 15 instruments,
that is microcomputers, printers, X-Y plotters or Microlink interfaces, to be
interconnected [99]. For this particular application, only two devices were
interconnected, that is the BBC microcomputer and the Microlink interface. One
instrument acts as the system controller, for this particular application, the BBC
microcomputer.

iif) BBC microcomputer (including monitor and disc drive).

This has three roles. Firstly, it controls the Microlink interface, selecting which
instrument is to be read, communicating with the interface via the IEEE 488
databus. Secondly, it controls the flow of data over the IEEE 488 databus and
thirdly, it converts the digital signal to the appropriate instrument reading, that is °C,
mmHg, vol% and m3/hr, which is both displayed on the computer's VDU and
written to a data file on floppy disc. The software required to perform these
functions is described in Section 3.9.2.

A schematic diagram of the data-logging system is shown in Figure 3.19 and the
interface system is illustrated in Figure 3.20.

3.9.2 Data-Logger Software

As discussed previously in Section 3.9.1, the BBC microcomputer had three roles
to fulfil. However, in order to perform these functions, the software had only to be
divided into two parts, the IEEE control software (see Sectior 3.9.2.1) and the
'conversion' software (see Section 3.9.2.2).
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Figure 3.20 Data-Logging System
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. Figure 3.20 Data-Logging System
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3.9.2.1 IEEE Control Routines
These routines had to perform two functions:

« control the flow of data over the databus, that is whether the Microlink should
listen' to the BBC and receive instructions or if the Microlink should 'talk’ to

the BBC and send the appropriate data.

« select the device to be read, for example thermocouple number two or the

hydrogen analyser.

The software to perform these functions was provided with the Aries B488
IEEE 488 databus. This was, however, written in BBC BASIC and limited the
speed at which the data-logger could operate. Therefore, in order to increase the
speed of the data-logger, these routines were translated into assembler code by Mr
D. Bleby. These routines were able to increase the data-logger speed by up to a
factor of ten and are listed in Appendix VI

3.9.2.2 Conversion Routines

These routines had to perform a number of functions:

« call the IEEE control routines.

» convert the digital reading sent from the Microlink interface to the appropriate
value, ie °C, mmHg, vol% and m3/hr.

« display the converted value on the screen (an example of the display is shown in

Figure 3.21) and write this value to floppy disc.
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READING SET NUMBER 16

RUN START TIME 00:00:00
TEMPERATURE <(deg C> RTD= 20.87

1=21.2 2=21.2 3=21.2 4=21 .2
S=21.2 6=21.2 @+ 7=21.2 8=21.2
o9=21.2 10=21.2 " 11=21.2 12=21.2
13=21 .2 14=21 .2 15=21.2 .
GAS COMPODSITION <%

/ "Hem=0.0 , CO=0.0 C02=0.0
N2=160.0

- GAS FLOWRATE <(Nm3/h>=0.0

PRESSURES CmmHg> P1=760.0 P2=760.0
AT TIME : 00:12:S0 |

TO_STOP_PROGRAM PRESS ANY KEY
WITHIN THE NEXT 30 SECONDS

Figure 3.21 Data-Logger Visual Display

The software to perform these functions had to be written in-house by the author of
this thesis. Due to a lack of knowledge of assembly code and in order to make the
routines more readily adaptable, the routines were written in BBC BASIC. In
writing this software, the following points had to be considered:

i) Procedural program structure - the software was written to be made of distinct
procedures where possible in order to make modification and upgrading as simple
as possible.

ii) Program speed - in order to maximise the software speed, the recommendations
in the BBC manual were followed [100].
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iii) User friendliness - the data-logger system would have to be used by other
people and, therefore, it was necessary to make the program simple to operate.

iv) Signal stability - the thermocouple readings were found to be stable to
1 0.1 %. However, due to signal noise, for example mains 'hum’, the signals
received by the AN16/32 card, that is for the flowmeter, pressure transducers and
gas analysers, were less stable. Therefore, in order to obtain the necessary signal
stability, the instruments had to be read a number of times and the values averaged.
The number of readings taken to obtain the necessary stability was five, this being a
compromise between stability and speed. This average value was then converted to
the appropriate display value.

v) Conversion algorithms ) these are the procedures necessary to convert the digital
signal received from the Microlink interface to the appropriate value, ie °C, mmHg,
vol% and m3/hr. The algorithm for conversion of the digital reading to temperature
was provided with the Microlink interface [101]. However, the other conversion
routines had to be written within the Department. These algorithms are listed in
Appendix VL.

vi) Data-logger calibration - a number of ‘conversion coefficients' (see Appendix
VI) were required to convert the digital signal received from the interface to the
appropriate display value. However, due to instrument 'dﬁft', these coefficients
were obtained prior to every run as part of the start-up procedure (see Appendices
IIT and VI). These values were stored in a separate data-file which could be easily
edited, while maintaining the write protection on the data-logging software.

The data-logging program is listed in Appendix V1.
3.9.3 Kermit

To help in the analysis and plotting of the data collected by the data-logger, it was
transfered to the University's VAX 8650 Cluster system using the Kermit file
transfer system [102], the Kermit programs being stored on a ROM chip in the
BBC. It was necessary to convert the data file from the BBC format in which it is
stored to an ASCII format so that it could be used by the Cluster. Having the data
files on the Cluster would allow for a more rapid and comprehensive statistical
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analysis of the data and would also allow the data to be plotted graphically using the
GINO routines available on the Cluster system.

3.10 SAFETY

A number of potential hazards are associated with the operation of a gasifier. The
hazards are described below.

3.10.1 Hazards

The hazards associated with the operation of a gasifier can be considerted as either a
toxic or an explosion/fire hazard.

3.10.1.1 Toxic Hazards

The products of a gasifier contain a number of toxic compounds in both the gaseous
and liquid products. The product gas contains carbon monoxide which is a
colourless, odourless, tasteless and highly toxic gas. The long term occupational
exposure limit for carbon monoxide is 50 ppm for a weighted average on an eight
hour working shift, and in the short term (ten minutes), the exposure limit is
400 ppm, this also being a weighted average [103]. Carbon monoxide is absorbed
into the blood to form carboxyhaemoglobin, and the effects of the levels of
carboxyhaemoglobin in the blood are detailed in Table 3.8.

Table 3.8 Effects of Carboxyhaemoglobin Levels in the Blood

[104]
% carboxyhaemoglobin Symptoms
in blood
<20 Nil. Slight breathlessness on exertion.

20-30 Flashing, tightness across forehead, slight headache.
Some breathlessness on exertion.

30-40 Severe headache, dizziness, nausea, occasional
vomiting, weakness of the knees, irritability and
impaired judgement.

40 -50 As above but more pronounced. Fainting on exertion.

50-60 Loss of consciousness.

> 60 Increasing depression of the circulatory and respiratory

centres ending in death.
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The other gaseous components do not have the serious toxic effects of carbon
monoxide. However, they may represent a potential hazard and their toxic effects
are listed in Table 3.9.

Table 3.9 Toxic Effects of Other Gas Components [103]

Component OEL* Toxic Effects
(ppm) )
Hydrogen - Asphyxiant

Carbon dioxide 5000 -

Nitrogen - Asphyxiant

Methane - Narcotic at high concentrations in the absence of
‘ oxygen

CoHy, CoHg, C3Hg - Asphyxiant and possible anaesthetic at high

and C3Hg concentrations

* - Occupational exposure limit.

Another potential toxic hazard is represented by the pyrolysis liquids or tars
produced in gasification. A large number of different products have been identified
in these products, a number of which are toxic and some of which have been
reported to be carcinogenic [105][106][107]. Coal pyrolysis oils and mineral oils,
for example, have been known for some time to cause cancer of the scrotum
[108][109], and direct analogies with biomass pyrolysis products may be assumed.

3.10.1.2 Explosion and Fire Hazards

Gasification is a process by which a solid fuel is converted to a gaseous fuel. It
can, therefore, be seen that both the gasifier feed material and gaseous product
present a potential fire, and possibly explosion, hazard. The flammable limits of
the main components of the product gas in air are presented in Table 3.10, although
these limits would not apply for these components in a mixture. They do,
however, give an indication of the likely explosive limits for the product gas. It
must be noted that the potential fire and explosion hazard is greater at start-up and
shut-down, that is when the system is at unsteady state operation. This is due to
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Table 3.10 Flammable Limits of Main Gas Components in Air [110]

Component _Flammable limits (%)  Ignition temperature
Lower Upper (°C)

Hydrogen 4.0 74.2 | 585

Carbon monoxide 12.5 74.2 609

Methane 5.0 15.0 537

the possibilty of explosive mixtures of product gas and air occurring in the system
[48][61].

A further fire hazard associated with the gasifier was due to the storage of the dry
wood chips in the laboratory. Another potential hazard associated with the feed
material is the possibility of a dust explosion. Figures published by the Joint Fire
Research Organization [111] show that the minimum ignition temperature for wood
dusts covers the range 360 °C for wood (they do not explain what form of wood or
its moisture content) to 470 °C for wood pulp flock. They do not present any
figures for the minimum explosive concentration. However, although the potential
risk of a dust explosion was identified, it was not considered to be a major hazard.
Dust was only generated when the wood chips were being sieved, and due to the
general unpleasantness of this.task, only a limited amount of wood was sieved at
any one time (see Section 4.3.1), thus limiting the quantity of wood dust generated.

The potential for a dust explosion, both wood or char dust, within the gasifier
system itself was also recognised. However, it was felt that this risk was minimal
compared to the risk of a product gas explosion.

3.10.2 Safety Precautions

The potential hazards involved in the operation of a gasifier have been discussed in
Section 3.10.1. In order to minimise the dangers inherent with these hazards,
safety measures could be taken in three areas:

i) The design of safety devices into the gasifier system.
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i) Gasifier operational procedures (see Chapter 5 and Appendix IV).
iii) Supporting or laboratory requirements.
3.10.2.1 Gasifier Design

The main safety precaution taken in the design was to include as much of the
gasifier system as possible in a fumehood, see Figure 3.1 earlier. The only items
outside the fumehood were the burner, the gas analysers and data-logging system.
In order to allow ready observation of the gasifier whilst in operation, the
fumehood walls were made from wire-reinforced transparent PVC sheeting. The
fumehood had to be fitted with a number of removable panels and doors both to
allow ready access for feeding and system maintenance. To minimise the risk of
injury to the operators in case of explosion, an explosion port opposite the feeding
door and an opening in the shielding at the pump end of the fumehood were
included in the construction of the fumehood in order to direct any explosion away
from the operators.

In order to prevent propagation of flames through the system, a flametrap,
consisting of a chamber packed with glass beads and partially filled with water
through which the product gas had to pass, was included as an integral part of the
burner (see Section 3.6). It was felt that the scrubber would also act as a flametrap.

The system also included two alarms. To dispose of the product gas, a lean gas
burner was employed (see Section 3.6). In order to ensure that this burner was
flaring the product gas, the burner pilot light was alarmed. This alarm consisted of
a thermocouple placed in the pilot flame which actuated a red wamning light if the
burner was extinguished and caused the thermocouple temperature to fall. Tests
were performed to identify both the optimum position and set point temperature (~
500 °C) of the alarm thermocouple in order to give rapid response time should the
pilot flame be extinguished.

The dangers of carbon monoxide have been discussed in Section 3.10.1.1, and,

upon consultation with the Departmental safety officer (Dr CJ Mumford), it was
decided to install a carbon monoxide alarm (Crowcon Toxiguard). The alarm
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and tempo as the carbon monoxide level rises above 50 ppm. If the carbon
monoxide level reaches 200 ppm, the note changes to a 'siren’ and a warning light
flashes. This alarm was installed on the outside fumehood wall in the area in which
the operators spent the majority of their time whilst the gasifier was in operation
(see Figure 3.18 above).

3.10.2.2 Laboratory Requirements

A number of measures independent of the gasifier system were taken to ensure the
safe operation of the gasifier. These measures included: -

i) Safety equipment.- the laboratory breathing apparatus was overhauled.

ii) Fire fighting equipment - in addition to the carbon dioxide extinguishers already
available in the laboratory, a water extinguisher was obtained specifically in
case of a fire in the feed material. These extinguishers were placed so that they
could be readily reached by the operators when running the gasifier. A sand
bucket was obtained as a reactor extinguisher as it was felt that both the carbon
dioxide and the water extinguishers would be unsuitable for extinguishing the
reactor. The position of fire fighting equipment outside the laboratory was
identified and was clearly sign-posted within the laboratory.

iii) Access - a clear path around the gasifier system was maintained and also from
the gasifier to the laboratory exits to ensure evacuation of the laboratory as
quick as possible, if required.

iv) Feed storage - the feed material was stored in lidded plastic dustbins and/or
sealed plastic bags on metal trays in order both to contain the material in case of
fire and to minimise the spread of wood dust.

v) Emergency procedures - the operators familiarised themselves with the

University emergency procedures, that is evacuation points and the emergency
telephone number. '
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3.11
Symbol

C
C2
Pa
Pm
SGar
SGgas

NOMENCLATURE

Description

Pollutant concentration at scrubber inlet
Pollutant concentration at scrubber outlet
Pressure at standard conditions

Pressure at point of variable measurement
Specific gravity of air

Specific gravity of product gas
Temperature at standard conditions
Temperature at point of variable measurement
Volumetric flowrate at standard conditions
Volumetric flowrate of air

Volumetric flowrate of product gas
Volumetric flowrate measured

Grade efficiency
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Units (SI)

- kg m-3

kg m-3
N m-2
N m-2

K
K
m3 s-1
m3 s-1
m3 s-1
m3 s-1



. CHAPTER 4
FEED MATERIALS

4.1 INTRODUCTION

The feed material is an important factor in the design, operation and performance of
a gasifier system. There is a wide range of feed characteristics that influence the
gasification process of which the most important are generally considered to be
particle shape, size, moisture content, ash content and chemical composition [112].
This chapter covers the selection, preparation, properties and the methods of
analysis of the properties of the feed materials used in this project.

4.2 FEED CONSTRAINTS

The geometry and physical size of the reactor limited the selection of feed materials
that could be used in the gasifier. The constraints placed on the selection of feed °
materials for this gasifier were notably on the particle size, size range, shape,
moisture content and ash content and these are discussed in Sections 4.2.1 to 4.2.4.

4.2.1  Particle Size and Size Range

The absolute upper limit for the particle size was set by the physical dimensions of
the reactor itself. As the reactor was a packed bed, it was decided as an initial
criterion to set the practical upper limit for particle size on the same considerations
as for the sizing of packings employed in packed columns. In packed columns, the
maximum packing size allowable is generally taken to be one-eighth of the tower
diameter [113][88]. If the packing size is increased above one-eighth of the tower
diameter, 'wall' effects, notably mal-distribution of the fluid phases due to the
lower packing density near to the column wall, become significant. Therefore, in
order to minimise any such 'wall' effects in the gasifier, the maximum particle size
was set at one-eighth of the reactor diameter, that is 9.4 mm.

The lower limit for the particle size was constrained by limitations on the equipment
employed and the higher pressure drop associated with smaller particle sizes. The

design of the grate, that is the size of the holes, may be the limiting design feature,
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although different grates could be used for different sized feed materials. However,
the main constraining factor on the lower particle size limit was the effect on the bed
pressure drop and the subsequent effect on the gas pump's capacity, ie as the
particle size decreases, bed pressure drop increases and as a result limits the pump
capacity. This also causes lower absolute pressures in the equipment increasing the
possibility of air ingress into the gasifier, thus increasing the hazards associated
with operation of the gasifier and also affecting the performance of the gas analysis
sampling system. Feed materials covering a wide range of particle sizes, and in
particular those with a large percentage of small particles, are also limited in their

use due to pressure drop considerations.

For the consideration of feed particle size as a reactor constraint, it was necessary to
quantify the particle size. As most of the feed materials to be employed in the
gasifier would be classified by sieving, the particle size was taken to be a sieve size
range and was determined by the sieves used in its preparation. The exception to
this was feed D (see Section 4.3.4), which was of a regular shape and was cut to a
specific size.

4.2.2 Particle Shape

Particle shape was originally defined by observation, that is whether the material
appeared to be of a specific shape, for example a sphere or a cube, or by
consideration of its geometry, that is its length, depth, breadth ratio (see Section
4.4.1.5). Previous work had suggested that a feed material consisting solely of
'pins’ (ie typical length, depth, breadth ratio of 5: 1: 1 or greater) was unsuitable, as
it was prone to bridging and did not flow easily [84]. It was, therefore, decided not
to employ feed materials consisting solely of 'pins'.

4.2.3 Moisture Content

The moisture content constraints for gasifier fuels is dependant on the reactor
geometry. The upper limit acceptable for a downdraft reactor is generally
considered to be around 40 % dry basis [15], as the water acts a a 'heat-sink'
requiring energy to evaporate it from the feed, and it also takes part in
predominantly endothermic reactions such as the water gas reaction (see Chapter 2).
There is theoretically no lower limit on the moisture content and it would be
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feasible and may in fact be desirable to gasify a feed with as low a moisture content
as possible to reduce the tar level in the product gas.

4.2.4 Ash Content

While there are constraints on the maximum level and type of ash content of fuels to
be gasified, this was not a problem in this experimental programme, as low ash
fuels were employed. The problems associated with the gasification of high ash
fuels are due to the detrimental effect on solids flow through the reactor due to the
agglomeration of the ash into large particles by sintering or fusion; the lack of
shrinkage of the fuel in the gasifier; and 'blinding' of the bed due to retained ash.
These problems can be reduced or avoided by the use of low ash fuels such as most
woods, or in the design of the reactor by the use of reactor-bed stirring, continuous
charcoal removal and/or specialised methods of ash removal such as the rotating
grate and scraper employed by Manurung and Beenackers [58].

4.3 FEED SELECTION AND PREPARATION

In order to test the effect of size, shape and feed type on the gasification process,
four different feed materials were used over the ten runs performed, the type,
nominal size and shape of these materials are shown in Table 4.1. The selection
and preparation of the feed materials used is described in Sections 4.3.1 to 4.3.4,
the feed properties and their measurement are detailed in section 4.4.

Table 4.1 Description of Feed Materials Used in Gasifier

Feed Type Bark Nominal Shape

size (mm) (description)
A Pine (soft) Yes 475 - 6.35 pins & slabs
B Pine (soft) No 4.75 - 6.35 cubes & slabs
C Pine (soft) Yes 2.8 -4.75 pins & slabs
D Ramin (hard) No 6.35 cylinders

The above feed materials are illustrated in Figures 4.1 to 4.4.
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Feed A

Figure 4.1

Figure 4.2 Feed B
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Figure 4.3 Feed C

Figure 4.4 Feed D
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4.3.1 Feed A

Feed A was selected on the basis that the raw' chips were representative of 'real’
biomass, having been produced by passing timber yard offcuts through an
industrial chipper (see Miles [83]); were readily available; and needed little
preparation other than sieving and drying. The size range chosen (4.75 -
6.35 mm) was selected to be in the mid-range of the limitations set by the reactor
(see Section 4.2.1) and thus leave scope for future work with different sizes of feed
materials. The chips, as received, had a moisture content measured at
approximately 50 to 60 % dry basis. A feed at this moisture level would have been
unsuitable for use in a downdraft gasifier (see Section 4.2.3) and would have
presented storage difficulties. It was, therefore, decided to air dry the wood to its
equilibrium moisture content and use the wood at this moisture level as a feed
material. The moisture content was measured prior to each run in which the
material was used, methods of moisture determination are discussed in Section
4.4.1.3 later with results presented in Chapter 5.

The raw chips were air dried by spreading them out in a 250 mm thick layer on
polythene sheeting on the laboratory floor. In order to ensure even drying, the
chips were turned at least once a day. The moisture content was measured
regularly, initially once a week, but as it approached equilibrium conditions, twice a
week, and upon reaching a steady level, that is 11.5 *1 % dry basis, the chips
were assumed to have reached their equilibrium moisture content. This assumption
was felt to be valid as the moisture content lay within the anticipated range, 8 to
15 % dry basis, predicted from TRADA data [114] for the laboratory temperature
and humidity conditions. The dried chips were either stored in plastic bins or
polythene sacks.

Prior to a run, the chips were hand sieved to the desired size range. Generally,
only a sufficient quantity of chips to provide about 5 kg of the appropriate size
range were classified in one session, as the sieving procedure was time consuming,
unpleasant due to the dust generated and physically arduous.

4.3.2 Feed B
Experience with feed material A showed that, although it could be satisfactorily
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gasified, problems were encountered with its flow through the reactor due to
bridging. In order to overcome these problems without modifying the reactor, it
was decided to try another feed material which would minimise these solid flow
problems and could also give a basis for assessing the effect of particle shape on the
gasification process. In previous work at Aston, in-house manufactured blocks had
been used as a fuel and had exhibited good flow characteristics [84]. It was,
therefore, decided to experiment with a similar feed material for the present reactor.
In order to allow for easier comparison between the various feeds, it was decided to
use the same nominal size range as feed A. The wood was purchased as
commercial timber which had already been dried. It was stored in the laboratory
under the same conditions as feed A and was, therefore, used at the equilibrium
moisture content for the laboratory conditions, which was measured for each run.

Commercial 50 mm x 50 mm (2 by 2) softwood was purchased in 1250 mm
lengths. The timber was sawn across the grain into slabs 6.35 mm thick using a
bandsaw. An accuracy of 0.5 mm was obtained on the slab thickness by cutting
against the saw's guide bar. The slabs were fed to a variable pitch hand grinder
with sieving to obtain the desired size range and to remove oversize particles for
regrinding. The chips were either stored in buckets or polythene sacks, the uncut
timber lengths were stored in the open laboratory.

4.3.3 Feed C

As part of the experimental programme, it was decided to investigate the influence
of particle size on the gasification process. In order to perform this work, it was
necessary to obtain a feed of a different size range to those already used. In view of
their ready availability and as they would require less time in preparation, it was
decided to produce the new material from the undersize fractions from the
production of feeds A and B. However, due to operational difficulties, that is
elevated reactor pressure drop (see Chapter 6), only the material produced from
feed A was used.

4.3.4 Feed D

Feed D was also selected to assess both its flow characteristics under gasification
conditions and to provide a further basis for the assessment of the feed particle
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shape on the gasification process. A number of alternative feed shapes were
considered: that is spheres, cylinders and beads (that is drilled spheres). Dowel
cylinders were chosen due to their lower cost and the ready availability of wooden
dowel rods. The moisture content was set as supplied and allowed to adjust to its
equilibrium moisture content for the laboratory conditions as with feed B (see
Section 4.3.2). The smallest diameter of dowel available was 6.35 mm. This
was, therefore, selected as it was similar to the upper size of both feeds A and B
(see Table 4.1).

The dowel rods were purchased in 2400 mm lengths and were cut into 6.35 mm
lengths on a bandsaw, the length being set, to an accuracy of + 0.5 mm, by the
use of the guide bar as with the timber. In order to minimise splintering of the
dowel fragments, the rods were cut in bunches. As with the timber, the dowel was
received dried and no further drying was performed. The dowel fragments required
no further treatment such as sieving and were stored in beakers.

4.4 FEEDSTOCK ANALYSIS AND CHARACTERISATION
4.4.1 Measurement of Properties

In order to prepare mass and energy balances; assess the influence of feed
properties on the gasification process; and to allow for valid comparisons between
different reactor systems it is necessary to detemine feed properties and
characteristics. For fuels such as coal and coke, a series of standard tests have been
developed by the British Standards Institute and the American Society for Testing
and Materials to ensure accuracy and compatibility of analysis. However, no such
comprehensive set of tests exist for the analysis of biomass for fuel purposes.
Therefore, a number of workers analysing the properties of biomass fuels have
used the existing standards for coal [9][115][116].

The feed characterisation performed in this project has, therefore, where possible,
tried to follow these standard tests. However, due to limitations on equipment .
availability, time and money, this was not always feasible and, therefore, either
these existing tests have been adapted or developed to suit the equipment available.
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4.4,1.1 Proximate and Ultimate Analyses

The proximate and ultimate analyses of the feed materials were performed at the
British Gas PLC, Midland Research Station in Solihull. Each sample was tested
four times with a repeatability within £1 % of the measured value. The mean
values for the proximate analyses are presented in Table 4.2. The ultimate analysis
data did not add up to 100 % and was, therefore, normalised to 100 % in order
that it could be used for equilibrium modelling work. The mean normalised
ultimate analyses are also presented in Table 4.2.

Table 4.2 Ultimate and Proximate Analysis of Feed Materials

Feed Material

A B C D
im nalysis (wei

Carbon 50.74 49.74 50.74 47.44
Hydrogen 5.62 5.85 5.62 5.67
Oxygen 43.05 43.48 43.05 41.62
Nitrogen - <0.2 <0.2 <0.2 <0.2
Sulphur <0.01 <0.01 <0.01 <0.01
Ash 0.38 0.71 0.38 5.06
H:C Ratio 1.33 1.41 1.33 1.43
O:C Ratio 0.64 0.66 0.64 0.66
Proximate Analysis(weight %)

Volatile Matter 80.21 83.05 80.21 80.00
Fixed carbon 19.41 16.24 19.41 14.94
Ratio - Volatile Matter:Fixed carbon 4.13 5.11 4.13 535
Higher heating value MJ/daf kg) 19.50 19.41 19.50 18.54

4.4.1.2 Biomass Higher Heating Value

The higher heating value of the feed was calculated from the ultimate analysis of the
feed using the IGT equation:

Equation 4.1: HHV = 0.341C + 1.323 H + 0.0685 - 0.0153A - 0.12 (O+N) [9]
A survey by Graboski and Bains [9], showed the IGT equation to be the most

accurate of the equations available for calculating the heating value of biomass,
differing from experimentally determined values for a variety of different materials
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by an average of £ 1.7 %. Higher heating values for all the feed materials used in
the gasifier were calculated using the IGT equation and are presented in Table 4.2.
These calculations were based on the average ultimate analyses (see Section
4.4.1.1) and are also presented in Table 4.2 above.

4.4.1.3 Moisture Content

The feed moisture content was determined by an oven drying technique following
the TRADA method [114] and ASTM D-3175-85 [117]. Feed samples of
approximately 20 g were placed in a fan assisted drying oven, and the oven was
maintained in the region of 102 to 104 °C. Samples were dried until a constant
weight was obtained, which generally took about 12 hours. However, as this
required drying overnight, samples were often dried for up to 24 hours. A typical
drying curve is presented in Figure 4.5, although the rate of the drying will vary
with the particle size.

The moisture content can be expressed on either a dry basis, the ratio of loss of
weight during drying to the final dry weight of the sample; or a wet basis, the ratio
of loss of weight during drying to the original weight of the sample. Throughout
this thesis, dry basis moisture content has been used. This can be converted to wet
basis moisture content as follows:

MC b
Equation 4.2: MCwb = m—
db

The feed materials employed were at or near their equilibrium moisture contents.
This is known to vary with both humidity and temperature, therefore the moisture
content of the materials to be used in a particular gasifier run were measured prior to
that run (see Chapter 5). Generally, two different samples of each material were
used for each test, the difference between the two samples being generally within +
5 % of each other.

4.4.1.4 Particle Size Distribution

The size distribution of each feed material used was measured by sieving; the
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Figure 4.5 Typical Drying Curve for Oven Dried Wood Samples

following sieves being employed: 9.5, 8.0, 6.7, 5.6, 4.75, 3.35, 2.8, 2.0 and
1.0 mm. These sieves were chosen from the range available to give the most
representative size distribution for the materials to be tested. Sample weights of 50
or 100 g were used, as larger samples tended to 'overload' individual sieves
preventing separation, and smaller samples produced individual size fractions too
small to weigh accurately. The sieves were agitated using a mechanical sieve
shaker as hand shaking had proved to be inconsistent. Each sample was agitated
for five minutes as experimental experience had shown that no improvement in
material classification could be obtained if agitated for longer periods. The
individual size fractions were removed from the sieves prior to weighing.

Each individual material was sieved twice, a separate sample being used each time.
The average size distribution for each material is presented in Table 4.4 and this
data, for feed materials A, B and C, is illustrated as a histogram in Figure 4.6.

4.4.1.5 Particle Geometry

Observations were made of the individual particle shapes of the different feed
materials employed in the gasifier. This was somewhat subjective and a more
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Table 4.3 Feed Size Distributions
Feed Material

A B C D

Size distribution (mm)
Range Mean

9.5 >x> 8.0 (8.75) 0.0 0.0 0.0 -
8.0 >x> 6.7 (7.35) 0.0 0.0 0.0 -
6.7 >x> 5.6 (6.15) 0.5 2.0 0.0 100a
5.6 >x> 4.75 (5.175) 12.7 23.8 0.1 -
4.75 >x> 3.35 (4.05) 722 33.3 31.1 -
3.35 >x> 2.8 (3.075) 5.6 10.3 3.3 -
2.8 >x> 2.0 (2.4) 7.0 6.5 32.1 E
20 >x> 1.0 (1.5) 1.4 1.8 10.3 -
1.0 >x> 0.0 0.5) 0.3 0.3 1.1 —
Total 100 100 100 100
Key
a - Dust was present but in insufficient quantities to measure.

0.5 1.5 24 3.075 4.05 5:173 6.15
Sieve mean size (mm)

Figure 4.6 Histogram of Size Distributions for feeds A, B and C
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objective method of assessing particle shape was sought. However, only a limited
time was available in which to perform this analysis and it was decided simply to
measure the relative dimensions of the particles, that is their length, depth and
breadth. The length was taken to be the longest dimension overall and the depth the
smallest dimension overall. However, due to irregularities in the particle shapes,
each individual dimension was taken to be the largest measurement in that direction
(see Figure 4.7).

In order to perform these measurements, random samples of approximately fifty
particles were taken from each of the feed materials and these particles were then
hand measured with a rule. The length, breadth and depth for each individual
material were then averaged and the ratio of length and breadth were taken relative
to the depth. However, due to its uniform particle shape, these measurements were
not required for feed D. These data are presented in Table 4.4, feed D is included
for comparative purposes.

Top view Side view

Breadth Depth
Length b

AN

Figure 4.7 Schematic Illustrating Methodology of Particle Geometry

Measurement
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Table 4.4 Particle Geometries

Feed Mean L: B: D Ratio L: B: D
' (mm)

A 1.4: 3.6: 7.3 1: 2.5:5.1

B 3.3: 4.6: 6.1 1: 1.4: 1.8

C 1.3: 2.9: 5.6 1: 2.2: 4.2

D 6.35: 6.35: 6.35 1:1:1

Key: L - length, B - breadth, D - depth.

4.4.1.6  Bulk Density

" A number of different bulk densities exist, these include loose, uncompacted bulk
density and compacted bulk density where the sample under test is c-ornpacted to
different degrees by 'tapping' a set number of times, for example one hundred taps.
For this project, it was decided to employ a loose, uncompacted bulk density as this
would be less time consuming to measure, would be easier to standardise than a
compacted density due to the difficulty in obtaining a consistent tap force and, as
the feed fed to the reactor would also be uncompacted, it was felt to be a more
representative bulk density.

Feed samples of approximately 50 g were placed in a 250 cm3 measuring
cylinder. The cylinder was then shaken vigorously to minimise any compaction
and settling of the sample. The volume was then measured. The bulk density was
then calculated by dividing the sample weight by the measured volume.

The measurement for each individual material was repeated three times, with a
repeatability within £2.5 %. The average bulk density based on these three
measurements is presented in Table 4.5 below.

4.4.1.7  Absolute Density

The absolute density was measured by two techniques, the selection of which .
depended on whether or not the feed material was received pre-chipped.

For unchipped materials, that is the dowel rods and 2 by 2 timber lengths, the
density was determined by weighing and calculating the volume. This procedure
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was repeated ten times for the dowel rods with a repeatability of + 2 %. Greater
care had to be taken in the selection of the 2 by 2 timber to be tested, as a number of
lengths were chipped or had knots missing. However, the procedure was repeated
five times for the timber with a repeatability within + 2 %.

For pre-chipped materials, that is feed A and C, the density had, by necessity, to be
calculated by a different technique. A small weighed sample of the material
(approximately 10 g) was placed in a 50 cm3 measuring cylinder. The voids in
the wood in the packed section of the measuring cylinder were then filled with a
fine sand of known bulk density. The absolute density could then be calculated as
follows;

Weight of feed sample
Weight of sand
Bulk density of sand

Equation 4.3 :
Bulk volume of feed sample -

This procedure was repeated twice with a repeatability within + 5 %. The average
densities obtained for all the feed materials are presented in Table 4.5 below.

Knowing both the bulk and absolute density of the feed materials, their fractional
voidage could be calculated thus:

Absolute density - Bulk density

Equation 4.4 : Fractional voidage =
quation ractional voidage Abolhh ety

The voidages calculated using this equation are presented in Table 4.5

Table 4.5 Feed Densities and Voidage

Feed Material

A B C D
Bulk density (kg/m3) 155 245 159 315
Absolute density (kg/m3) 485 410 485 620
Voidage 0.68 0.44 0.67 0.49
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NOMENCLATURE

Description

Weight % Ash

Weight % Carbon

Weight % Hydrogen

Weight % Oxygen

Weight % Nitrogen

% Moisture content dry basis
% Moisture content wet basis
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CHAPTER 5
EXPERIMENTAL WORK

5.1 OBJECTIVES

The objectives of this research project were to design, build, commission and
operate a laboratory scale gasification system which could be employed to
investigate the gasification process and methods of product gas quality
improvement. Within the objectives of the project, the experimental work to be
performed was divided into stages:

1)  Commissioning of the gasifier system and equipment modifications.

2)  Investigation of selected parameters influencing the gasification process.

3)  Investigation of methods of product gas clean-up

This chapter describes the commissioning; the selection of parameters to be
investigated; the operational procedures for the gasifier; and possible methods of
product gas upgrading.

5.2 COMMISSIONING

Prior to the commencement of the experimental investigation of the gasification
process, the gasifier system, as a new system, had to be commissioned. This was
divided into two stages of 'cold' and 'hot' commissioning. The aims of the
experimentation performed during the commissioning were:

(1)  To test and assess the performance of individual items of equipment

(i) To test and assess the performance of the complete system.

(i) To test and, if necessary, amend the operating procedures for the gasifier.

(iv)  Utlise resultant data in subsequent analysis if it was of sufficient reliability.
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5.2.1 Cold Commissioning

'Cold' commissioning entailed the operation of a number of items of equipment,
but without the gasifier operating. The purpose of this was to check that the
equipment performed satisfactorily, to obtain operating experience with the
equipment, and to calibrate instruments. The majority of the tests were, therefore,
performed prior to the initial gasifier start-up. However, the redesign of existing
equipment and installation of new equipment meant that some 'cold’ tests also had
to continue after the commencement of 'hot' commissioning. The 'cold’
commissioning tests performed are summarised in Table 5.1, which, where
appropriate, are cross-referenced to the relevant discussion in other chapters.The
majority of the tests were only performed once. However, a number of the tests
have become standard calibration and safety checks and these are indicated in the
table.

5.2.2. Hot Commissioning

Although the 'cold' commissioning tests discussed above (Section 5.2.1) were of
considerable use, they could not be used to fully test the equipment in the gasifier
system. Certain items of equipment and operating procedures could only be
adequately tested under 'real' operating conditions, that is with the gasifier in
operation. Therefore, in order to perform the tests required, a number of 'hot’
commissioning runs were performed.

The results of the 'hot' commissioning runs are listed chronologically in Table 5.2.
The original design and any subsequent modifications that were required are also
discussed in greater detail in Chapter 3 and, where appropriate, Table 5.2 is cross-
referenced to this discussion. Three areas in particular required close attention and
a number of modifications: the in-bed temperature measurement, the product gas
cleaning and the gas sample clean-up system. The first six runs performed on the
gasifier, although yielding some useful data, were used predominantly as
conventional commissioning runs.
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5.3 EXPERIMENTATION

This section describes the selection of reaction parameters for investigation and the
operating procedures for the gasifier.

5.3.1 Selection of Variables

The gasification process is dependent on a number of process variables related to
both the reactor feed and the operation of the gasifier. Table 5.3 lists these
variables with particular reference to open-core downdraft gasifiers, together with
the permitted variation in the parameters for the existing gasifier system. This table
does not include secondary processing stages, these will be discussed in Section
5.4.

Table 5.3 Parameters that Influence the Gasification Process

Parameter Variation possible

Feed type wood, bark, straw, RDF

Feed mean particle size 2<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>