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1.0

Introduction

Direct coal injection into blast furnaces, and the air blown gasification cycle (ABGC)
can both be classified as cleaner coal technologies. They provide ways of utilising
coal more efficiently and with a reduced environmental impact.
Direct injection of coal into blast furnaces has been practiced for some time. Coal is
injected into the furnace to replace some of the coke charge by providing an
alternative source of heat and carbon. This has not only economic, but also
environmental advantages, as coke plants tend not to be particularly environmentally
friendly. However, high levels of coal injection (>200kg per tonne of hot metal
produced) have been found to cause operational difficulties. These include reduced
porosity of the coke bed, increased levels of fines in the carryover dust, and unstable
raceway action. Most of the reaction involving the injected coal occurs within the
raceway of the blast furnace. These are the hollow spaces directly adjacent to the
water-cooled tuyeres through which the coal and air blast is injected into the furnace.
They are formed by the intense combustion of the coal/coke with the oxygen in the air
blast, with temperatures in this region reaching 2000oC.
Hot blast velocities are high, perhaps 100m/s, hence the time the coal particles spend
in the raceway is extremely short, at around 20ms. As a result of the extreme
conditions present in the raceway, information regarding the extent of the reactions
that take place in this region is very limited.
Work on this problem has already begun at Imperial College London, with the
modification of a high-pressure wire mesh reactor to allow short (down to 20ms)
bursts of air to be passed over coal samples. This brief period of oxidation can then be
followed by a period of gasification in a CO2 rich atmosphere, to try and estimate
what happens to coal particles injected into the raceway of a blast furnace. From this
work, the extents of the reactions occurring in the raceway have been estimated.
However, work so far has not looked at the changes occurring in the char formed
during these processes. In this project it is intended to further analyse the chars
previously prepared on the wire mesh reactor, to gain some understanding of the
changes occurring in the char during this rapid oxidation process.
Aspects of air blown gasification were investigated by British Coal in the 1980’s,
resulting in the construction of pilot scale gasifier at the CRE site, near Cheltenham.
Air blown gasification, as the name suggests, uses air as the supporting and gasifying
medium in the gasifier and is used, with steam, to convert the coal into a low CV gas.
One advantage of the ABGC over conventional oxygen blown systems is the reduced
initial capital expenditure as there is no need for an air separation unit. This in turn
lends itself to faster and less complicated start-up procedures. As the ash is not
melted, there are also gains in efficiency, as well as allowing the gasifier to handle a
wider range of fuels including wastes and high ash coals.
One of the areas of uncertainty with air-blown, fluidised bed gasifiers concerns the
apparent low reactivity of the char that forms the bed in the gasifier. It is possible that
there are ways of optimising this reactivity which will then influence the design of the
reactor. Work previously completed at Imperial has highlighted the need to match
experimental conditions in laboratory scale reactors to those actually experienced in
3

the industrial scale processes. With this in mind, the high-pressure fluidised bed
reactor at Imperial was modified as part of this project to allow batches of coal
particles (up to 1 gram) to be injected into the reactor at temperatures up to 1000oC
and pressures up to 20bara. It was hoped that by preparing chars under a range of
experimental conditions, a better understanding of the processes occurring in the
gasifier might be achieved. Experimental elements that could be modified include
gaseous atmosphere, peak temperature, holding time at peak temperature, pressure,
and coal particle size.
This fundamental study of coal chars formed during air blown gasification and direct
injection into blast furnaces has led to a more thorough understanding of the factors
affecting char reactivity. This will hopefully improve the attractiveness of these new
generation clean coal technologies, and should therefore assist the UK economy in the
development of technologies that potentially have world-wide applications. Specific
benefits to Corus (UK) Limited is a fuller understanding of the extents of reactions
occurring in the raceway and the nature of the chars resulting from the direct injection
of coal into blast furnaces. A greater understanding of the nature of bed chars and
factors governing the reactivity of char formed in the air blown gasifier will be of
benefit to Mitsui Babcock, who now own the ABGC licence.
The main objectives of this study are detailed below:
• To study how the nature of the char changes during air blown gasification and
direct coal injection into a blast furnace. To investigate how these changes are
affected by the process operating conditions
• To identify and test ways of increasing the reactivity of the char
• To obtain improved data that can be used in mathematical models for
predictive purposes
• To examine the implications of the findings on the design of the gasifier that
forms part of the ABGC and to validate the new kinetic data in the existing
model of the process. To introduce model improvements as appropriate
• To identify design changes to the gasifier that would result in higher fuel
conversions
• To assess the implications of the findings on the conditions for direct coal
injection

4

2.0

Experimental

2.1

Samples

A sample of power station grade Daw Mill coal was donated by BCURA for work
relating to the air blown gasification cycle. This particular coal sample was chosen as
it was indicative of the types of coal that would be utilised in the process at industrial
scale. The coal sample was supplied with a topsize of 3mm. The coal sample was
ground under nitrogen and sieved to a sample size of 106–150 µm. This is the size
range that was previously used as a standard in the laboratories at Imperial. Two other
size ranges also sieved from the initial coal sample (250-425, and 600-850 µm) were
used for additional experimentation.
Acid washed sand was supplied by VWR International. This was sieved to a size
range of 150-300µm. This is the same size range as used previously on the fluidised
bed reactor at Imperial.
The coal sample used on the wire mesh reactor was donated by Corus (UK) Limited
(S/B3). This sample was chosen as it is one that is used as an injectant coal at
industrial scale. The particle size of this sample was 125-150µm.
Analysis of all samples can be found in Appendix A (list of tables).
2.2

The High-Pressure Fluidised Bed Reactor

The set-up of an existing laboratory scale fluidised bed reactor was modified for this
project. The reactor body is constructed from an Incoloy Alloy tube which allows for
pyrolysis, gasification and combustion work to be carried out at temperatures up to
1000oC and pressures up to 40 bara. This tube serves as both as pressure containment
and as a resistance heater; it is 504 mm long with an internal diameter of 34 mm. The
tube is able to withstand the maximum reaction conditions without the need of a cold
pressure casing. Calculations according to the BS 5500 and the High-Pressure Safety
Code showed that the reactor tube could be used safely without undergoing creep
rupture for 1000 hours at 39.9 bar and 1000oC (Zhuo, 1999).
The reactor tube is lined with a loosely fitting quartz tube. This tube not only reduces
corrosion of the reactor body, but also removes the possibility of any catalytic effects
that could be caused by contact of bed particles with the alloy wall. Initially this tube
was mounted on a 3mm thick quartz sintered disk that served as both the bed support
and the gas distributor plate.
This reactor was modified by Zhuo et. al.(2002) to more closely represent the
geometry of the British Coal pilot plant. The main reactor body remained unchanged,
but in order to enable the bench scale reactor to simulate more closely the conditions
of the industrial pilot plant, methods for continuous feeding, as well as a submerged
inlet spout, were introduced. The quartz liner was also modified to have a cone at its
base mimicking the geometry of the pilot scale gasifier.
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The new 28 mm i.d. reactor operated with a continuous coal feed of typically 3 g/min.
Gases from within the reactor could be routinely sampled from the exit gas line and
also from the spout jet, using a specially designed water-cooled probe. The outline of
the system at the start of this project is given in Figure 1. A detailed diagram of the
reactor body is given in Figure 2.
2.2.1

Modification made to the Fluidised Bed Reactor during current project.

One of the key features of this project was to produce chars under conditions
simulating those of a pilot plant gasifier, with a known time-temperature history. In
addition, it was hoped that chars with residence times in the reactor as low as just a
few seconds could be produced. This was because previous work completed on the
wire mesh reactor at Imperial had shown that the majority of char reactivity was lost
within the first 10 seconds that it spends in the reactor (Zhuo et al, 2000). After this
period, residence time was found to have little effect on the reactivity of the char
produced (for residence times up to 60s).
With this in mind, the continuous feeding system installed on the reactor needed to be
replaced. Instead, a method for quickly feeding a batch sample of coal into the reactor
needed to be found. In addition, in order to have defined and known residence times, a
method was also needed for quickly removing and quenching the sand/char mix from
the reactor.
Feeding. In order for an accurate time-temperature history to be known, all coal
particles need to enter the reactor simultaneously. This is also the reason behind the
use of a sand bed in the reactor as opposed to the char bed used in the pilot plant.
Clearly a char bed could not be used in the reactor as there would be no easy means to
distinguish and separate the char produced from the injected coal and the original bed
material.
In previous studies, a water-cooled injection probe had been used to inject coal
samples, batchwise, into the bed of the reactor. However, this method was found to
suffer from severe bed agglomeration problems. As a result, a new method for feeding
coal particles into the reactor was established, using a feeding mode to inject coal into
the base of the reactor.
At the outset of the current project, it was hoped that the existing feeding mechanism
could still be used to feed the coal sample into the reactor through the submerged jet
at its base. In the event some modification was necessary and the method finally used
for feeding the coal sample into the reactor was based on the use of a three-way valve.
In this simple set-up, the common port of the valve is attached to the inlet line of the
reactor. One of the arms to the valve is then attached to a gas supply to provide the
fluidising gas needed for the sand bed in the reactor. The final arm of the valve is then
connected to another gas supply, and also contains a vertical hopper in which the coal
sample (~1g) can be stored (refer Figure 3).
This means that whilst the reactor is heating, the fluidising gas can be supplied to the
reactor via the valve arm that does not house the coal hopper. Once the reactor has
reached the operating conditions for the test, the valve can be switched so that the
fluidising gas now passes through the arm containing the coal hopper. Tests showed
6

that as long as the gas supply through the hopper was about 2 bar higher in pressure
than the reactor itself, the coal sample could be fed quickly (<~1 s) into the reactor.
For data relating to these feeding tests, please refer Appendix C.
Draining. The method used to drain the sand/char bed from the reactor is also quite
simple. The method rests on the use of a second three-way valve. The valve is placed
directly below the reactor, with its common port attached to the inlet spout. The
second arm is then attached to the gas inlet, whilst the remaining arm is attached to a
second reactor tube. This second tube is known as the ‘catchpot’ (refer Figure 3).
The catchpot is made from a spare reactor body, and can thus take the same
temperatures and pressures as the current gasifier. The catchpot also includes a
thermocouple inlet, and a series of wire filters in the gas exit line. The catchpot gas
exit line vents into the laboratory extraction system, and is thus at atmospheric
pressure.
During an experiment, the three-way valve would initially be positioned so that the
fluidising gases can enter the reactor, leaving the catchpot effectively blocked off.
Once the coal sample has been blown into the reactor, and left there for a determined
residence time, the three-way valve at the base of the reactor is then switched
allowing the reactor body to be connected directly to the catchpot. Thus, the pressure
in the reactor during the experiment is used as the driving force to drain the sand/char
bed from the reactor. Dry ice is placed into the catchpot prior to draining the
sand/char bed. This has the advantage of not only cooling the sand bed quickly, but
also purging the catchpot of any oxygen prior to dumping.
Draining tests completed on the new design showed that so long as the pressure inside
the reactor was above 6 bara, a 60g sand bed inside the reactor would be drained at a
rate faster than could be physically timed. For data relating to these tests, refer
Appendix C.
Experimental procedure
•
•
•
•

•
•

Sand (60g) and coal (0.3-1g) samples are weighed out on a Sartorius balance
(model BP 210D).
The quartz liner is placed inside the reactor on top of the reactor spout, and gas
flow is provided via the arm that does not contain the coal hopper. Sand is
placed into the liner
The reactor is sealed and pressurised to 5 bara, where it is checked for leaks.
If no leaks are present, the reactor is then heated to the desired temperature,
with the pressure and flow being increased gradually as the reactor heats.
Normally, the reactor is heated to 20oC above the desired reactor temperature.
This is to account for the temperature drop that occurs on injection.
The coal sample is placed into the arm containing the hopper. This arm is then
re-sealed, and pressurised to a pressure 2 bar higher than the pressure inside
the reactor.
For short residence time tests, the catchpot is filled with dry ice and connected
to the secondary reactor outlet at this point. For long residence time tests (1
hour), the catchpot is installed about 10min before the end of the experiment.
7

•
•
•

The computer is set to log all temperature and pressure readings from the
reactor
Valve 2 (refer Figure 3) is then switched to inject the coal sample into the
reactor
Time is measured by a stopwatch. Once the desired residence time has been
reached, valve 1 is switched, draining the sand bed into the catchpot.

Separating char from the sand bed. Once cooled and removed from the catch-pot,
the sand/char bed is then separated into its different components by means of density
differences. This involves submerging the bed in chloroform, which has a density
between that of sand and char. Thus the sand in the bed sinks to the bottom of the
solution, whilst the char floats and can be collected from the surface. In order to break
up some of the small agglomerates that form during an experiment, the sand/char
chloroform mix is first placed into an ultrasonic bath for about 5min. The liquid layer
is then decanted off through a wire mesh filter (hole size 63µm). This separates the
bulk of the char from the chloroform.
Tests were completed to ensure that the use of chloroform did not adversely effect the
reactivity of the resulting char. To test this, two char samples were prepared on the
wire mesh reactor, with half of the samples being subjected to the separation method.
The isothermal reactivity of both halves of the samples were then measured. No
change in reactivity was found to result from the separation method used (refer
Appendix C for data relating to these tests).
2.3

The Wire Mesh Reactor

In order to simulate the environment of the blast furnace raceway, a series of char
samples were produced by a previous student on the wire mesh reactor at Imperial
(Pipatmanomai, 2002). What follows is a brief description of the main features of this
reactor.
2.3.1

Description of the wire mesh reactor

A double layer of fine wire mesh is stretched between two electrodes and serves as
the coal sample holder and resistance heater. During operation, gas flows through the
sample holder, removing volatiles from the vicinity of the heated mesh (and
pyrolysing coal particles) into a tar trap. The reactor system provides accurate control
of heating rates up to 10,000K/s. For experiments performed below 1000oC a stainless
steel wire mesh is used to hold the char sample (mesh size 63µm). For high
temperature experiments a molybdenum mesh (mesh size 100µm) is used as stainless
steel suffers progressive deterioration under CO2 at 1000oC, even for short hold times
(Megaritis et al, 1999).
The folded mesh containing the sample (5-6mg) is clamped between two electrodes,
one of them spring-loaded in order to stretch the mesh and stop coal particles from
moving during an experiment. The sample is placed as a mono-layer between the two
layers of folded mesh. The mesh is then resistance heated between the two watercooled electrodes. Gas enters through the base of the reactor and is directed through a
flow smoothing section before reaching the mesh. Two thermocouples are attached to
the mesh for lateral temperature measurements and temperature control. For high8

pressure experiments, the reactor is contained within a pressure shell capable of
operating up to 150 bar. Temperatures up to 1500oC and heating rates between 110,000 K/s had been achieved prior to the start of the current project. A diagram of
the reactor is given in Figure 4.
2.3.2

Modifications made to the wire mesh reactor

To simulate the raceway of a blast furnace, periods of short combustion (20ms)
needed to be achieved. The experimental procedure for this was as follows:
The coal sample is heated up in N2 to the peak temperature (1500oC), at which point
the sample would come into contact with a short pulse of air for a desired length of
time (typically less than 100ms). The sample was held for 1s, and then the power
switched off and the sample cooled. A period of 1s hold was used to ensure that all
available O2 had passed through the wire mesh (Pipatmanomai, 2002).
In order to provide the short air pulse to the sample, a novel air injection system was
constructed. This consisted of a pair of fast response 3-way valves. By switching
between the valves it was possible to administer a short pulse of air to the sample for
pulse times as low as 20ms (refer Figure 5).
Further modifications were made to the wire mesh system so that a period of
gasification could follow the brief combustion. This alleviated the need to use a
second apparatus for the gasification tests. The experimental procedure was the same
as for the combustion runs, however, after the 1s hold at 1500oC, the sample
temperature was lowered (to 800 or 1300oC) and the gas switched to 18% CO2 in N2
(typical blast furnace gas concentration of CO2). The hold time during the gasification
part of the experiment was restricted to 10 seconds due to equipment limitations
(Pipatmanomai, 2002). This allowed experiments to be carried out under conditions
simulating the raceway of a blast furnace (brief combustion followed by subsequent
gasification).
In this previous study, the major limitations were that of peak temperature (1500oC in
the study, compared to around 2000oC in a blast furnace) and pressure (atmospheric in
the study, but 3-4 barg in a blast furnace). The effect of higher pressure was partially
simulated by using oxygen enrichment of the air blast (25-75%). This increased the
mass flow of oxygen through the particles, simulating the increased mass flow due to
the higher pressure of the blast furnace. However, the physical suppression effect of
elevated pressure has not been tested.
This work is currently being continued in the Department, and additional
modifications have been made to the wire mesh reactor to enable it to reach
temperatures up to 2000oC operating under pyrolysis conditions, and to operate under
pyrolysis plus air-pulse injection at realistic furnace pressures (~5barg).
2.4

Analytical methods

2.4.1

Thermogravimetric analysis (TGA)

A Perkin-Elmer thermogavimetric analyser (model TGA7) has been used to measure
the relative combustion reactivity of the char samples produced. A standard
9

isothermal method was used for the majority of reactivity measurements. A nonisothermal method was also used for a small number of tests. These two methods are
described in detail below.
Isothermal thermogravimetric analysis
In isothermal analysis, the samples were exposed to air at 500°C, and so the method
measures rate of the C-O2 reaction under chemically controlled conditions.
Initially, the TGA chamber is purged with inert gas at 50oC until a stable reading is
obtained. Once this is reached, the weight of the sample holder is zeroed. 1-2mg of
sample is then placed into the sample pan suspended inside the chamber. This is again
raised to 50oC under inert gas flow, and the initial weight of the sample recorded once
a stable weight is achieved (about 5min). A diagram of the TGA is given in Figure 6.
To begin the isothermal stage, the system is heated up at 25oC/min to 500oC and held
until a stable weight is again reached. The inert gas inlet is then manually switched to
air to initiate char combustion. The temperature is maintained at 500oC for an interval
of time that is dependant on the reactivity of the sample. The sample must be held at
500oC until at least 50% combustion of the sample is reached. The sample
temperature is then raised to 850oC, where it is held for a further 10 min to combust
the remainder of the combustible material to give the ash content of the sample. A
typical weight loss profile obtained from an isothermal reactivity test is shown in
Figure 7.
The % weight change of the sample is recorded as a function of time. The maximum
reactivity (Rmax) and the time for 50% burnout (half time, t1/2) are taken as the index
of char reactivity. The maximum reactivity is defined as:
⎛ 1 ⎞⎛ dW ⎞
⎟⎟⎜
Rmax = −⎜⎜
⎟ max
W
⎝ o ⎠⎝ dt ⎠
Where,
Wo = the initial weight of the char sample (daf basis)
dW/dt = rate of weight loss, obtained from the first derivation of the
weight loss curve.

Non-isothermal thermogravimetric analysis
With non-isothermal analysis, the sample is heated at a constant rate (typically
15K/min) whilst in an oxidising atmosphere. As well as information relating to the
reactivity of the sample, additional information such as the activation energy can also
be calculated.
After a constant weight is achieved for the sample, it is heated to 400oC under an inert
atmosphere. The gas is then switched to air, and the sample is ramp heated at a
constant rate up to 900oC.
This method is particularly useful if your sample is likely to contain two or three
components of significantly differing reactivity, as it allows the components to be
observed independently. Often, separate peaks will be observed in the derivative of
the weight loss profile of the sample, with the more reactive component burning off at
a lower temperature than the less reactive component. If such a profile is observed,
10

then plotting the rate of weight change with respect to temperature as function of
temperature (i.e. dW/dT against T), allows the % mass fraction of each component in
the mix to be calculated by integrating the area under each peak.
2.4.2 Scanning Electron Microscope
In this study, chars are to be observed under the scanning electron microscope to
determine whether differences in conditions used during the formation of the chars
has any noticeable affect on their morphology. Use of a scanning electron microscope
is to be provided by the Materials Department at Imperial. The microscopes available
for use are JEOL models JSM-T200 and JSV1560. Images previously taken of some
char and coal samples used a voltage setting of 25 kV, and a working distance of
28mm. Resolution of the microscopes was about 3nm. Initially, straight char samples
were observed under the microscope. However, this resulted in notable amounts of
charging on the surfaces of some particles (due to areas of non-conductivity), and
hence all samples were later gold coated to improve resolution (coating thickness ~
150 Angstroms). Samples were adhered to carbon stickers which were in turn
mounted on 10mm diameter aluminium JEOL type stubs.
2.4.3

Surface area measurements

A Micromeretics 2000 analyser was used to measure the specific surface area of the
chars produced on the fluidised bed reactor. Unfortunately, due to the limited amount
of char produced, wire mesh reactor chars were unable to be analysed by this method.
The amount of sample required for this process depends on its surface area. For
samples with a high surface area (~200m2/g), about 0.2 grams of sample is required
for a reliable measurement.
Surface areas are estimated from the volume of nitrogen adsorbed onto the surface of
the char particles as a function of pressure (at constant temperature, 77K). The BET
(Brunauer, Emmett and Teller) equation is then used to give the surface area of the
sample. The BET equation calculates the volume of gas needed to form a monolayer
on the sample surface. The actual surface area can then be calculated from a
knowledge of the size and number of adsorbed gas molecules (i.e. by dividing the
monolayer volume by the thickness of the gas layer).
Gas adsorption can also be used to give information relating to the distribution of pore
sizes within the sample. This is because adsorbed gas is bound more tightly to smaller
sized pores. This information is obtained from the rate at which the gas is desorbed
from a completely covered surface as the pressure is decreased. Adsorption theory
relates the amount of the desorbed gas from a pore of a given size to the pressure
change (Sibilia 1988).
Caution must still be used when interpreting the absolute numbers obtained from
surface area measurements by gas adsorption. This is due to the assumptions of a
monolayer distribution, and the equivalence and independence of each adsorption site
on the sample surface.
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2.4.4

Raman Spectroscopy

Due to the limited amount of char produced by experiments conducted on the wire
mesh reactor, very few analytical techniques were available for their analysis. One
technique that was possible was Raman spectroscopy. Raman spectroscopy is used to
determine molecular structures and compositions of organic and inorganic materials
(Sibilia, 1988).
Raman Spectroscopy measures the frequency shift between the incident light focused
onto a sample, and that which is scattered inelastically (Raman scattering). The
differences between the incident and scattered frequencies are equal to the actual
vibrational frequencies of the material.
The most common light source in Raman spectroscopy is an Ar-ion laser. As
differences between the incident and scattered light are of interest, a monochromatic
light must be used for Raman spectroscopy. Also, as Raman scattering is a weak
process, a key requirement to obtain Raman spectra is that the spectrometer provide a
high rejection of scattered laser light. Generally, sample sizes as low as a few
milligrams can be studied by Raman spectroscopy.
Raman Spectroscopy is noted to be sensitive to C-C double and triple bonds and can
differentiate between diamond, graphite, and amorphous carbon. However, the
presence of fluorescence can be a major problem, and can prevent a spectrum from
being obtained.
For char samples, there are four main peaks of interest in the Raman Spectrum (Green
et al, 1983). These are listed below:
1. G line: 1580cm-1. This line is said to arise from the in-plane vibrations of the
layers and is the only line that appears in the spectrum of single crystal and
stress annealed graphite
2. D’ line: 1600cm-1. This is observed in disordered carbons and imperfect
graphites, and is said to be dependant on structural disorder.
3. D line: 1360cm-1. Thought to be associated with in-plane vibrations and results
from structural imperfections
4. G’ line, or the G1’ and G2’ doublet: Usually referred to as the G’ line. It is
usually found to be asymmetric in graphites, and can be curve resolved into
the G1’ line at 2700cm-1, and the G2’ line at around 2735cm-1. The G’ band is
not observed in low temperature carbons. It is considered to be an overtone of
the D band and occurs as a relatively high intensity line in the second-order
Raman spectra of graphites.
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3.0

Results/Discussion

3.1

Air Blown Gasification Cycle – Fluidised Bed Reactor

3.1.1

Pyrolysis results

Effect of temperature
Figures 8 through 15 show the results (Rmax and half time) of pyrolysis experiments
performed under 13 bara nitrogen for various residence times in the reactor. In all
cases the reactivity is seen to decrease, and the half time to increase, with increasing
bed temperature (from roughly 700 through to 950oC). Over this temperature range,
the reactivity of the 2s residence time chars is seen to decrease from nearly 5 %/min at
700oC through to around 2.5 %/min at 950oC, whilst the corresponding half times
increase from around 12 min through to 25 min over the same temperature range. For
the 5 s chars, reactivity decreases from 3.7 to 1.8 %/min, whilst half time increases
from 15 through to 33 min. For 10s, the decrease in reactivity is from near 3.8 %/min
to roughly 1.5 %/min with a corresponding increase in half time from 15 through to
50min. For the hour long residence time chars, the decrease in reactivity is from 3
through to 0.8 %/min, with a half time increase from 20 through to 120min.
Interestingly, when looking at the half time data, at 700oC there is not a lot of
difference between the half time measured for 2s in the reactor (12min) and an hour
(20min) whilst there is a significant difference at 950oC (25 min compared to 120
min). This highlights the increasing effect of residence time in the reactor with
increasing temperature. It is noted that there is a lot of scatter in this data. Possible
reasons for this are discussed later.
Effect of pressure
Figure 16 shows reactivity of chars prepared under 20 bara nitrogen at temperatures
near 850 and 950oC for all residence times in the reactor. Figure 17 shows the
corresponding half time values. As with the runs completed at 13 bara, reactivity is
seen to decrease with temperature and hold time, and half time is seen to increase. For
2s hold time in the reactor, the reactivity is seen to decrease from 3 to 2.5 %/min with
an increase in temperature from 850 to 950oC at 13 bar. For the same residence time
at 20 bar, the decrease is from 2.5 to 2 %/min over the same temperature range. There
is currently only one data point for 5 s in the reactor at 20 bar (at 950oC), and this has
a reactivity of 1.7 %/min. The corresponding value at 13 bar is roughly 1.8 %/min.
For 10s residence time the decrease is from 2 to 1.3 %/min at 20 bar, and 2 to 1.5 at
13 bar. Similarly for 1 hour residence time, the decrease in reactivity is from roughly
1.5 to 0.8 at 20 bar, and 2 to 0.8 at 13 bar. This shows that the increase in pyrolysis
pressure does not seem to have a significant effect on the reactivity of the char
samples.
At 20 bar and 2 s residence time in the reactor, half time increases from roughly 20 to
30min with an increase in temperature from 850oC to 950oC. For 5 s residence time in
the reactor at 950oC, the half time at 20 bar is roughly 40min, and near 33 min at 13
bar. For 10s residence time in the reactor, the increase in half time is from near 30 to
40min at 13 bar, and 25 to 50min at 20 bar for a corresponding increase in
temperature from 850 to 950oC. Similarly, for 1 hour residence time at 20 bar, the
increase in half time is from roughly 50min through to 120min, and from 30 to
120min at 13 bar, over the same temperature range. Again this highlights the
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increasing effect of residence time as temperature increases, with a difference in half
time of 20 and 50 min at 850oC for 2s and 1 hour respectively. This increases to
30min and 120 min at 950oC. Again, there is a lot of scatter associated with this data.
Effect of particle size
Table 4 shows the average data for temperature, pressure, residence time, and
reactivity for all residence times at 13 bar for particle size ranges 106-150, 250-425
and 600-850 µm. Table 5 shows the same information for the average half time
values. Standard deviations in the char reactivity and half time are also shown. It
appears that the reactivity of the char samples decreases with increasing particle size
for all temperatures and residence times tested.
Hold time
From the above data showing the effect of temperature on char reactivity for various
particle sizes, it can be seen that hold time in the reactor also has a significant effect
on char reactivity, particularly at higher temperatures (950oC). Although this
difference is not particularly significant for experiments completed with a few
seconds residence time, the change in reactivity is particularly evident when 1 hour
residence times are used.
Surface area measurements
Surface area measurements of these chars were being measured at the time this report
was written. Relevant results from this analysis will be included in the Final Report.
In the near future it is also planned to analyse these samples by scanning electron
microscopy. Results from this analysis will also be included in the Final Report.
Possible causes of scatter in data
There are a number of factors associated with this particular experiment that will lead
to the large errors seen in the data. When preparing the coal samples, they were
placed on a rolling mill for periods of 2 hours to ensure homogeneity of the samples.
However, as outlined in Table C-3 (Appendix C), there will still be some scatter
associated with differences in the parent coal sample. When running experiments, it
was noted that control of all parameters (particularly temperature) was difficult during
injection. This would have been more prevalent in the shorter hold time chars. As
valves for determining hold time in the reactor were switched manually, there will be
errors associated with hold time, again particularly for the shorter residence time
chars. Use of manual valves was dictated by the lack of automatic valves capable of
operating at the require temperatures (due to valve seating limitations). Although no
coal particles were noted to remain behind in the valves and pipework after injection
(see Appendix C for injection tests), it is possible that some coal particles were able to
stick to the inlet spout due to the higher temperatures there, and thus not injected fully
into the bed. These particles would have then seen lower temperatures than intended,
and would contaminate the final char sample, as they would be drained along with the
sand bed at the end of an experiment. Some error must also be associated to the TGA
analysis. Scatter in TGA data obtained for a reference char run during each batch of
TGA analysis is given in Table C-4 (Appendix C). In short, there are many possible
causes for the scatter observed in the data. If time permits, thought will be given to
methods for reducing this.
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3.1.2

Gasification results

Carbon Dioxide Gasification results
A series of experiments have been completed under CO2 gasification conditions. In
order to match as closely as possible the atmosphere inside the pilot scale gasifier, an
80/20 mix of N2/CO2 was used for these experiments. The experimental procedure for
running these gasification experiments is the same as that used previously in the
pyrolysis work.
Carbon Dioxide and Steam Gasification results
The set-up of the Fluidised Bed Reactor is currently being modified to allow steam
gasification experiments. Due to the tightening of safety requirements, much of the
steam generation equipment is being replaced. It is hoped that this will be finished in
the near future.
This work is currently on going, and as yet no results are available for discussion.
Relevant results however will be included in the Final Report.
3.2

Direct Coal Injection – Wire Mesh Reactor & Test Blast Furnace

Work has already been completed previously by Imperial in producing an experiment
capable of mimicking the conditions inside the raceway of a blast furnace using an
electrically heated wire mesh reactor. The extent of mass losses by pyrolysis, short
pulse air oxidation, and subsequent CO2 gasification have been made. However, little
work has been completed on the effects that the operating conditions have on the
resultant char particles.
It was hoped that as part of the work for this project, some of the chars previously
produced in the wire mesh reactor experiments could be further analysed. This has
proved to be difficult due to the small sample size available for analysis (~2mg). This
ruled out conventional techniques such as x-ray diffraction and surface area
measurements, as both of these techniques require sample sizes in the range of
hundreds of milligrams. Infra-red spectroscopy was also not considered as work
completed by a previous student at Imperial (Chatzakis, 1997) had shown that above
1500oC, the spectra of coal chars tends to have very few significant peaks available
for analysis. As a result, only two techniques showed promise in their ability to
analyse the WMR chars: Scanning Electron Microscopy (SEM) and Raman
Spectroscopy. At the time of writing this report, work on SEM was still to be
completed. Analysis has already been completed by Raman Spectroscopy.
3.2.1

Analysis of Char Samples

It was hoped that the effects of temperature, as well as atmosphere, on the structure of
the char samples formed on the Wire Mesh Reactor could be analysed by this method.
Previous work (Green et al, 1983) has shown the D bandwidth at half peak height for
a series of chars decreased with increasing carbonisation temperature.
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A series of char samples from the work completed previously on the Wire Mesh
Reactor were sent for analysis. The list of samples, and their preparation conditions
are given in Table 6.
Figure 18 shows the influence of peak temperature on the Raman spectrum of a char
sample. It can be seen from the spectrum that the bandwidths of the two peaks shown
(G, D) appear to broaden between 1000 and 1200oC, yet narrow from 1200 to 1500oC.
This is surprising as a narrowing of peaks with temperature would have been
expected.
Figure 19 shows the effect of gaseous atmosphere on the structure of a char sample; a
significant difference from Figure 18 is apparent. Analysis of this, and other sample
spectra, reveals some interesting trends. The spectra seem to narrow for char samples
that have experienced a brief period of combustion. However, for chars that have
experienced a brief period of combustion followed by a longer period of gasification,
the spectrum becomes significantly broader. This implies that following the brief
period of combustion, the char samples become slightly more structured. This would
follow with previous work looking at the reactivity of the same samples
(Pipatmanomai, 2002). The char samples exposed to a brief period of combustion
were found to be more reactive than those formed under pyrolysis conditions. The
reason for this was thought to be due to the combustion of less reactive secondary
char formed during the pyrolysis of the char. This secondary char is likely to be more
amorphous than the char sample underneath, hence the sharpening of the Raman
spectrum with combustion. However, when the combusted char samples were
subsequently exposed to a period of gasification, their reactivity was found to
significantly decrease.
3.2.2

Analysis of Blast Furnace Carry Over Dust

Raman Spectroscopy
In addition to analysing the char samples previously prepared on the Wire Mesh
Reactor, blast furnace carry over dusts from a blast furnace test rig at Teesside (Corus
UK Ltd) were also analysed. Analysis of these dusts was made in order to obtain
information as to the fate of char particles once they leave the environment of the
raceway. Carryover dusts from the single tuyere test rig are collected in three separate
areas: in the conditioning towers 1 and 2 (samples T1 and T2) and also in the cyclone
(sample CY). A diagram showing these collection points is given in Figure 20. Tower
T1 collects gas from a point directly above the single tuyere. Tower T2 collects gas
from a point opposite the tuyere. Properties of the dust samples are given in Table 7.
This includes the fraction of coke and char particles based on laborious, pointcounting reflectance measurements.
Raman analysis promises to provide a simpler, more rapid means of estimating
proportions of soot, char, and coke in the dust. Dust from the test scale blast furnace
run at Teesside has been studied as it is run with no iron ore or flux addition. Thus the
only components of the carryover dust should be a mixture of char, coke and soot,
without the normal ferruginous components.
Figure 21 shows the Raman spectra of a char sample (heated at 1000oC/s to 1500oC
under He, held for 0s on the Wire Mesh Reactor), and a coke sample (heat treated to
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2000oC for 5 hours); the two samples have quite different spectra. As a result of the
apparent differences in these spectra, it is hoped that compositional information can
be obtained from blast furnace dust samples by studying either the spectrum of
individual particles in the mix to determine whether they are char, soot or coke
particles, or to take an averaging spectrum and try to calibrate for the percentages of
each species.
To further simplify the analysis, the soot component of a dust sample was removed. It
has been shown by previous work in this Department that soot can be dissolved into
NMP (N-methyl pyrrolidinone). The soot was removed from the sample by dissolving
the dust into NMP and placing it into an ultrasonic bath for 20min. The sample was
then centrifuged at 1500rpm for 30min, and the remaining solvent layer decanted off,
with the dust precipitate remaining in the bottom of the flask. Fresh solvent was then
added to the remaining dust and the process repeated. After 2 washes with NMP,
water was added instead in an attempt to wash the solvent from the remaining dust
sample. It was found that the water layer still appeared to dissolve some of the soot. It
took 80 washes before the top water layer became nearly colourless after centrifuging.
The sample was then dried and the Raman spectrum acquired. It was found initially
that due to severe fluorescence no meaningful spectrum could be obtained (Figure
22). However, further spectra were taken using a higher magnification (i.e. laser
focused onto a smaller area of sample). It was found that some points in the sample
had a lower fluorescence and a slightly more meaningful spectrum could be obtained
(Figure 23).
Non-Isothermal Thermogravimetric Analysis
In a recent publication (Turner et al, 1997), blast furnace carry-over dusts from the
same single tuyere test furnace at Teesside were analysed by differential thermal
analysis. This work showed two distinct peaks in the dust weight loss against
temperature profiles. The peak at the lower temperature was ascribed to the char
proportion in the sample, whilst the higher temperature peak was ascribed to the coke.
Integration of the analysis with respect to temperature allowed the mass fraction of
each peak to be calculated. It was found that the mass fractions obtained by this
method were similar to the mass fractions obtained by a point counting technique
previously used on the samples at Teesside, for some of the samples analysed.
In the current project, an attempt has been made to repeat this work using nonisothermal thermogravimetric analysis. Three dust samples were analysed by this
method (T1, T2 and CY), at various heating rates for the non-isothermal section (5, 10
and 15oC/s). However, it was found that even when the lowest heating rate obtainable
on the TGA was used (5oC/s), only one peak in the spectra was obtained (Figure 24).
This indicates that either the samples consisted of only one species, or that the
reactivities of the species present were so similar, that they were not distinguishable
by this method.
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3.4

Achievement of Objectives

To study how the nature of the char changes during air blown gasification and
direct coal injection into a blast furnace. To investigate how these changes are
affected by the process operating conditions
A significant number of experiments have been completed on the Fluidised Bed
Reactor as part of the work for this project. Experimental conditions that were altered
during these tests included: temperature, pressure, hold time, particle size, and
gaseous environment. The results from this work have already been outlined in the
Results/Discussion and Conclusion sections of this report. This work is currently
ongoing with further char samples being produced through to the end of April.
Further analysis of chars previously prepared on the Wire Mesh Reactor has been
completed. This work has involved studying the char samples by Raman
Spectroscopy to get an idea of the structural changes occurring to the char particles as
they travel through the raceway of a blast furnace.
To identify and test ways of increasing the reactivity of the char
The thermogravimetric analysis has been used to correlate the reactivity of char
samples with their condition of formation. Temperature, particle size, and hold time at
peak temperature were noted to have a significant effect on resultant char reactivity.
To obtain improved data that can be used in mathematical models for predictive
purposes
Knowledge of char reactivity is a major limitation of current models for coal pyrolysis
and gasification behaviour. Models do not contain any algorithms relating the
conditions of formation to the reactivity of the char particles. The work completed for
this project has been able to provide much data in this area.
To examine the implications of the findings on the design of the gasifier that forms
part of the ABGC and to validate the new kinetic data in the existing model of the
process. To introduce model improvements as appropriate
The gasifier model was provided by Mitsui Babcock Ltd, and has been installed at
Imperial. Runs completed when the program was constructed by British Coal have
been repeated, and were found to give the same results as those obtained by British
Coal. From the inputs to the program, it is difficult to modify the program to look at
new conditions without significant reprogramming (in particular, the reactivity data is
only supplied in the form of a ratio). However, it is thought that by incorporating the
project data, the effect of particle size on the operating conditions of the pilot scale
gasifier could be investigated using the model in its current configuration.
To identify design changes to the gasifier that would result in higher fuel
conversions
Due to the amount of analysis waiting to be completed on the chars produced for this
section of the project, work in this area is ongoing. Once all data has been collected
and analysed, thought will be given to possible modifications that could be made to
the design of the current gasifier. Any proposed changes will be listed in the Final
Report.
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To assess the implications of the findings on the conditions for direct coal injection
Work completed in this area so far seems to corroborate the results obtained
previously by TGA analysis of the wire mesh reactor chars.

4.0

Conclusions
•
•
•
•
•
•
•

5.0

Char reactivity was found to decrease with increasing temperature and
increasing hold time for chars prepared on the fluidised bed reactor under
pyrolysis conditions
There was little difference in char reactivity between chars prepared under
nitrogen at 13 bara and 20 bara.
Char combustion half time was noted to be particularly effected when the
residence time in the reactor was increased from 10 seconds to 1 hour at the
highest temperature tested (950oC).
Char reactivity was also seen to decrease with increasing particle size for
pyrolysis chars
Significant differences were noted between the Raman spectra of char and
coke samples. Some interesting Raman spectra of blast furnace carryover
dusts were obtained despite problems with fluorescence.
Non-isothermal TGA analysis of blast furnace carryover dusts was tested, but
it proved to be impossible to differentiate between char and coke proportions
of the dust by this method.
Raman spectra of char samples prepared on the wire mesh reactor show
significant differences between pyrolysis, combustion, and gasificaton chars.

Proposed work for a subsequent program

From the work completed for this project it does appear that the time-temperature
history of coal particles inside the reactor is important when considering the reactivity
of the resulting char. However, the results obtained in this work have contained
significant scatter. It may be possible to modify the high-pressure fluidised-bed
reactor further to help reduce this scatter.
Pyrolysis and CO2 gasification chars have so far been produced as part of this project.
It is hoped that chars prepared under steam gasification conditions will be prepared in
the near future. A continuation of these experiments under further experimental
conditions may be of interest, particularly if time limitations mean that only a few
steam gasification chars can be prepared. Results in this section may also give rise to
other areas or experimental conditions of interest.
As there has been a tendency towards the co-gasification of wastes with coal, the
effect of residence time on biomass, wastes and blends would also be of interest.
However, injection of fibrous material may prove difficult via the current method.
Only a limited analysis of the wire mesh char samples was completed for this project.
This was mainly due to the small amount of sample available. It may be interesting to
analyse more of the later wire mesh char samples by Raman spectroscopy to gain a
fuller understanding of the structural changes that occur during direct injection of coal
into blast furnaces.
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6.0

Publications arising from the project

Paper being prepared for submission:
‘An investigation of the reactivity of chars formed in fluidised bed gasifiers:
Equipment development and initial results.’
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Appendix A: Tables
Table 1: Composition of Daw Mill coal sample
Moisture %
Ash %
Volatile matter %
Fixed Carbon %
C%
H%
N%
O+S%
Analysis basis: As received into laboratory

4.1
6.9
35.1
53.9
72.07
4.52
1.28
11.13

Table 2: Impurities in acid washed sand
Impurity
Hydrochloric acid soluble matter
Loss on ignition
Chloride
Acid soluble iron

Amount %
0.2
0.1
0.005
0.01

Previous experiments completed on sand alone found that the weight loss on heating
was around 1mg (when 50g was heated to 1000oC in He), (Zhuo, Y., 1999). As this
change in mass is so small compared to the mass of coal injected in an experiment
(1g), it was felt that no further pre-treatment of the sand was necessary.
Table 3: Composition of S/B3 coal sample
Ash %
Volatile matter %
C%
H%
N%
S%
O% (by difference)
All analysis given on dry basis

8.7
17.4
82.7
4.3
1.1
n/a
n/a

Table 4: Average char reactivity for different particle size ranges
Average
temperature
(oC)
740.8
814
850
902
961.6

Average
pressure
(bara)
12.4
12.9
12.9
12.9
12.9

Average
residence
time (s)
2
1.6
2.2
2.2
1.7

Particle size
(µm)
106-150
106-150
106-150
106-150
106-150

Average
reactivity
(%/min, daf)
4.3
3.5
2.8
3.2
2.4

Standard deviation in
reactivity (%/min)
0.82
0.72
0.18
0.21
0.22
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706
793.9
857.9
895.7
703.1
793.5
847.4
892.5
949.6
700.7
851.3
949.7
940.4
944.9
943
949.1

13.1
13
13.1
12.6
13.2
13.2
13.1
13.1
13
13.1
13
13.1
13
12.8
13
13

4.5
4.9
5.2
5
9.5
9.9
9.8
9.9
9.8
3600
3600
3600
10.1
2.2
10.1
3600

106-150
106-150
106-150
106-150
106-150
106-150
106-150
106-150
106-150
106-150
106-150
106-150
250-425
600-850
600-850
600-850

3.7
3.1
2.7
1.7
3.9
2.7
2.2
1.3
1.5
2.9
2.2
0.6
1
1.6
1.1
0.5

0.07
0.37
0.32
0.08
0.31
0.16
0.33
0.18
0.08
0.08
0.01

It should be noted that for the larger particle sizes and some temperatures, only a few
samples have been run. Standard deviations are not shown when only one data point
was available for analysis
Table 5: Average half time values for difference particle size ranges
Average
temperature
(oC)
740.8
814
850
902
961.6
706
793.9
857.9
895.7
703.1
793.5
847.4
892.5
949.6
700.7
851.3
949.7
940.4
944.9
943
949.1

Average
pressure
(bara)
12.4
12.9
12.9
12.9
12.9
13.1
13
13.1
12.6
13.2
13.2
13.1
13.1
13
13.1
13
13.1
13
12.8
13
13

Average
residence
time (s)
2
1.6
2.2
2.2
1.7
4.5
4.9
5.2
5
9.5
9.9
9.8
9.9
9.8
3600
3600
3600
10.1
2.2
10.1
3600

Particle size
(µm)

Half time
(min)

Standard deviation in
Half time (min)

106-150
106-150
106-150
106-150
106-150
106-150
106-150
106-150
106-150
106-150
106-150
106-150
106-150
106-150
106-150
106-150
106-150
250-425
600-850
600-850
600-850

13.6
17
20.6
18.1
24.2
15.4
18.1
20.6
33.6
14.5
21.3
26.8
43.7
40.4
20.8
28.1
108.6
60.6
38.2
57.1
126.2

1.77
3.14
1.54
1.32
2.08

0.3
3.25
4.33
2.5
9.72
0.25
26.53
8.4
1.51
5.54
15.32
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Table 6: List of coke and char samples sent for Raman analysis. Char samples were
prepared on the Wire Mesh Reactor. Coke samples were provided by Corus UK
Coke Sample
Sample code

Source

A-3

Plant Blend

Char Samples
Sample Parent
Code
Coal
C-2
S/B3
C-3
G-P
C-4
S/B3
C-5
S/B3
C-6

S/B3

Volatile matter
content (%db)
23

Heat treatment
temperature (oC)
2000

Heating
rate (oC/s)
1000
1000
1000
1000

Peak temperature
(oC)
1200
1500
1000
1500

Hold time at peak
temperature (s)
0
0
0
1

1000

1500

1

Time at
temperature (hrs)
5
Gaseous atmosphere
N2
He
He
N2 followed by 25%
enriched air for 112ms
N2 followed by 25%
enriched air for 112ms,
followed by 18%CO2

Table 7: List of the dust samples and their properties (Pipatmanomai, 2002)
Sample

Char
Coke
Ash
V.M.
C
H
Vol % (mmf)
Vol % (mmf)
(% db)
(% db)
(% db)
(% db)
T1
78.5
21.5
23.9
0.5
80.2
0.04
T2
50.5
49.5
26.5
0.1
77.1
0.06
CY
94
6
40.9
0.2
63.8
0.14
Note: The volume % of char and coke in the samples was determined by Corus (UK)
Limited by means of a point counting method.
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Figure 1: Line diagram of fluidised bed system at beginning or project
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Figure 2: High pressure fluidised bed reactor

To exhaust
system

Key
T

Thermocouple

P

Pressure gauge

P

P

Pressure
transducer

Tar trap

Bubbler

Flowmeter

Steam
trap
Pressure letdown valve

spout
thermocouple T

Steam
trap

Counterweight
P

Kao wool

N2
Spurt
Spouted
bed
reactor

Quartz tube
Rubber tubing to
exhaust system

T
wall
thermocouple

Pressure relief
valve

P
N2
Fluidising
Needle
valves

Kao wool

Coal
sample
hopper

P
P

Filter

2
1

T
catch-pot
thermocouple
Catch-pot

Dry-ice

Figure 3: Line diagram of the Fluidised Bed Reactor, as being used in the present
study.

Figure 4: Schematic diagram of the wire mesh reactor used for combustion
experiments (Pipatmanomai, 2002): [1] gas-exit; [2] tar trap; [3] liquid-N2; [4]
pyrex bell; [5] wire-mesh sample holder; [6] electrode clamps; [7] ceramic sheet; [8]
brass support plate; [9] water-cooled spring; [10] power supply; [11] wound
corrugated tube; [12] flow distributing unit; [13] sinter discs; [14] water-cooled
support plate stands; [15] copper seals; [16] gas inlet; [17] O-ring seals; [18]
clamps; [19] base plate

Figure 5: Schematic diagram of the wire-mesh system equipped with the short-pulse gas injection facility (Pipatmanomai 2002): [1], [2]
solenoid valves; [3] wire-mesh reactor; [4] gas supply; [5] on/off valve; [6] vacuum pump; [7] relay box; [8] computer; [9] watchdog; [10]
transformer; [11],[12], [13] metering-valves; [14], [15], [16] pressure gauges; ——— gas lines; —ּ — electronic; —ּּ— electrical

Figure 6: Schematic diagram of the thermogravimetric analylzer (Cai 1995): 1.
balance chamber; 2. Balance purge gas inlet; 3. sample pan; 4. thermocouple; 5.
micro-furnace; 6. furnace tube; 7. sample purge gas inlet; 8. exhaust gas line; 9.
furnace base; 10. operation indicating panel; 11. main power switch
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Figure 7: Typical weight (%) loss profile of a char sample under an isothermal reactivity test
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Figure 8: Char reactivity as a function of bed temperature for
chars prepared under 13 bara N2 with 2s hold time in the reactor
(particle size 106-150 µm)
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Figure 9: Half time as a function of bed temperature for chars
prepared under 13 bara N2 with 2s hold time in the reactor (particle
size 106-150 µm)
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Figure 10: Char reactivity as a function of bed temperature for chars
prepared under 13 bara N2 with 5s hold time in the reactor (particle size
106-150 µm)
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Figure 11: Half time as a function of bed temperature for chars prepared
under 13 bara N2 with 5s hold time in the reactor (particle size 106-150
µm)
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Figure 12: Char reactivity as a function of bed temperature for
chars prepared under 13 bara N2 with 10s hold time in the reactor
(particle size 106-150 µm)
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Figure 13: Half time as a function of bed temperature for chars prepared
under 13 bara N2 with 10s hold time in the reactor (particle size 106-150
µm)
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Figure 14: Char reactivity as a function of bed temperature for chars
prepared under 13 bara N2 with 1 hour hold time in the reactor (particle
size 106-150 µm)
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Figure 15: Half time as a function of bed temperature for chars prepared
under 13 bara N2 with 1 hour hold time in the reactor (particle size 106150 µm)
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Figure 16: Char reactivity as a function of bed temperature for chars
prepared under 20 bara N2 for various hold times in the reactor
(particle size 106-150µm)
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Figure 17: Half time as a function of bed temperature for chars
prepared under 20 bara N2 for various hold times in the reactor
(particle size 106-150µm)
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Figure 18: Raman Spectrum of char samples prepared to different peak temperatures under helium (heating rate 1000oC/s, hold time at peak
temperature 0s)
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Figure 19: Raman Spectrum of char samples. Key defined as follows: Parent coal - heating rate/peak temperature/hold time at peak
temperature/details of subsequent combustion or gasification

Figure 20: Raceway simulating single tuyere rig (Teesside technology centre)
(Pipatmanomai, 2002)

Figure 21: Raman spectrum of char and coke. Y-axis shows intensity, and x-axis shows Raman shift (cm-1)

Figure 22: Raman spectrum of blast furnace carryover dust before (T1 BF dust) and after (T1 – NMP washed) washing with NMP. Also shown
are spectra from sample extracted into NMP (possible soot) and a surface layer noted as the NMP washed blast furnace dust sample dried (T1 –
NMP washed surface)
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Figure 23: Raman spectrum of T1blast furnace dust sample taken at three different points using high magnification (50 x objective)
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Figure 24: Non-isothermal TGA profile of T1 blast furnace dust. Derivative of weight % with respect to temperature plotted against
temperature. Heating rate of 5 oC/s used during non-isothermal stage.

Appendix C: Additional experimental results
Feeding
To verify that a 1g batch of coal could be fed quickly into the reactor in a ‘single slug’
a series of feeding tests were performed.
Experimental method
•

Valve 2 positioned so that arm containing coal hopper blocked (refer diagram
C-1).
Spurt N2 opened so that gauge read 2 bar pressure.
Valve 2 switched so that gas flows through arm containing coal hopper.
Flow measured and set to 4 x minimum fluidising velocity of sand at
atmospheric pressure using needle valve.
Valve 2 switched and spurt N2 closed off.
1 g sand/coal sample placed into coal hopper. Spurt N2 switched back on and
re-set to 2 bar pressure.
Valve 2 switched to enable gas to flow through arm containing sand/coal
sample.
Time taken for sample to travel through to spout or reactor timed and sample
collected in measuring cylinder weighed.

•
•
•
•
•
•
•
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Figure C-1: Schematic of experimental set-up used to test feeding method
Results
It was found when completing injection tests that the time taken for the coal sample to
pass from the coal hopper through into the collection cylinder was faster than could
physically be timed with a stopwatch. As a result no data relating to the injection time
was recorded.

The amount of coal sample carried into the reactor spout was measured, and the
results are listed in table 1 below. In addition, after each injection all of the piping was
pulled apart and any coal remaining behind in the tubing after injection was collected
and measured.
Note: When injecting coal, not all of the sample could be collected. Some fines were
noted to escape from the measuring vessel due to the force of the injection blast. As a
result, a full mass balance was not always possible.
Table C-1: Results from injection tests at 2 barg (flow = 18 L/min)
Mass fed
(g)
1.0134
1.00268
1.00745
1.50528
1.78744

Mass collected (g)
in inlet pipes or valve in measuring cylinder
0.00045
1.01507
0.00071
0.9946
0
1.00156
0.0014
1.4958
0.00005
1.78128

Mass not injected (g)
(Mass fed – mass collected in cylinder)

0
0.00808
0.00589
0.00948
0.00616

Draining
Tests were completed to ensure that the system outlined in Figure 3 was still capable
of draining the 60g sand/char bed quickly and efficiently from the reactor into the
catchpot. For this, the same set-up was used as outlined in Figure C-1, with the
addition of a bucket used to catch the sand bed as it drained from the catchpot outlet
of valve 1 as shown in Figure C-2.
Experimental method
•

•
•
•
•
•
•
•

The reactor assembly was set-up in the same method as would be used for
an experiment. However, instead of attaching the catchpot to the common
port of valve 1, a tube was used to connect the port to a bucket. This was
so that the sand bed could be seen when draining from the reactor.
Valve 1 was positioned so that the arm connecting to the reactor outlet
tubing was blocked (i.e. catchpot and atmosphere connected).
A small but steady gas flow was allowed to flow through the reactor.
A 60g sand bed was weighed and placed into the quartz liner inside the
reactor, the reactor was sealed and the vessel pressurised.
The flow was set to 4 x the minimum fluidising velocity of the sand at the
pressure of the reactor.
The computer was turned on, and the pressure change inside the reactor
recorded with time.
Valve 1 was then switched so that the reactor outlet was now connected to
the catchpot.
The time taken for the sand to travel from the reactor through to the
catchpot was measured.
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Figure C-2: Schematic of experimental set-up used for draining tests
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Figure C-3: Results of draining test completed with ¼” three-way valve. The graph
shows the amount of time taken for the sand bed to drain from the reactor for different
pressures inside the reactor

With only 6 bara pressure in the reactor, the sand bed was found to drain in around 1
second. As experiments were to be completed at reactor pressures even higher than
this (13 – 20bara), it was felt that the method used to drain the bed from the reactor
was adequate.
Char separation method
Char was recovered from the sand bed used during experiments by means of density
difference. The density of sand is approximately 2600kg/m3 whilst that of char is
nearer 1400kg/m3. It was hoped that by immersing the sand/char mix into chloroform
(density ~ 1500kg/m3), the char would float allowing it to be separated from the sand.
On practice it was found that this method worked to a limited extent. Much of the char
stuck to some of the sand and formed small agglomerates. Placing the
sand/char/chloroform solution into an ultrasonic bath for ~5 minutes was found to
break up some of these agglomerates, slightly enhancing the recovery.
The method used to separate the char from the sand bed used during an experiment is
outlined below:
• Sand/char sample submersed in chloroform
• Solution then placed into ultrasonic bath for about 5min
• Solution above sand decanted off through a wire mesh (63µm). The solution is
collected in a beaker below the mesh and poured back into sand mix. The
solution is then decanted about twice more to ensure maximum recovery of
char from the sample. Decanted solution then collected and disposed of. Char
sample left to dry under cover to avoid dust contamination
• Char sample then placed into jar, and chloroform added once more. The
chloroform/char mix is again placed into the ultrasonic bath for a further 5min.
• Chloroform layer is then decanted off through a wire mesh as described
previously. Solvent is disposed of, and char sample allowed to dry.
• The char sample is then observed under microscope. If sand content of sample
is viewed to be excessive (>10 pieces per slide). The ultrasound and char
collection procedure repeated for third time. If char sample is considered
adequate, then it is stored in glass jars under nitrogen.
Initial experiments showed that less char was being collected from each run than
anticipated. Unsurprisingly, all char that was not separated from the sand bed was in
the form of large agglomerates. It was thought that tars evolved during the experiment
might be one of the causes of the sand and char particles sticking together in such
large masses. As a result a stronger solvent (n-methyl pyrrolidinone, NMP) was used
during the first ultrasound step of the char separation to see if this could help break up
the agglomerates. Three char samples prepared on the fluidised bed reactor were
homogenised, and then split in two. The first half being subjected to the standard
separation procedure (as described above), and the second being subjected to a first
wash in NMP. The amount of char collected from each method was compared.
During this process, some char was able to be collected from the first NMP wash.
This was dried and collected (denoted NMP char). Char remaining in the sand bed
was then further washed in chloroform (denoted NMP-chloroform char. The sum of

the NMP and NMP-chloroform char samples was taken to be the total char collected
during the alternative NMP char separation method. It was found that the NMP did
not significantly enhance the recovery of the char from the sand/char bed.
In addition to the amount separated by each method, the reacitvities of the char
samples prepared by each different method were tested. These results are outlined in
Figure A-7 below. As can be seen in the graph, the stronger solvent did not adversely
effect the reactivity of the char samples (as compared to the chloroform separated
samples).
However, chloroform itself is quite a strong solvent. In order to check whether the
chloroform was effecting the reactivity of the char samples, it was hoped that a
sample of char could be separated from the sand/char mix by some other method. This
did not prove viable due to the difficultly associated with separating the sand/char bed
manually. Instead, two char samples were prepared by a colleague at Imperial on the
wire mesh reactor. These samples were prepared under the same conditions as those
used in the fluidised bed reactor (900oC, 13 bara, 10 s hold, 1000K/s heating rate). The
heating rate is lower than that achieved in the fluidised bed reactor, however this is
not thought to cause any significant differences to the char samples.
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Figure C-4: Effect of solvent on char reactivity. Chars were produced under nitrogen
at 13bara and 10s hold in the reactor.
These wire mesh char samples were split in two. The reactivity of the first half of the
samples were measured on the TGA (straight char samples). The second half of the
samples were then subjected to the same separation method as used on the sand/char
bed taken from the fluidised bed reactor. Once dry, the reactivity of these second
samples were measured on the TGA. Table C-2 below lists the results obtained.

Table C-2: Reactivity of char samples produced on the wire mesh reactor
Straight samples
Chloroform
separated samples

Char 1
Char 2
Char 1
Char 2

Rmax (%/min, daf)
1.33
1.02
1.22
1.08

t1/2 (min)
43.11
55.65
43.63
53.89

As can be seen from the data in Table C-2, the reactivity of the char samples was not
significantly effected by char separation method used.
Solvent extractions
In addition to testing the reactivity of the char samples produced on the wire mesh
reactor, the solvent remaining after each extraction step was collected and analysed by
size exclusion chromatography. Unfortunately at the time of writing this report,
although the samples have been run, the data has not yet been normalised. It is
intended to include this data in the final report. The data from the size exclusion
chromatography shows that there is very little dissolved material in the chloroform
remaining after the treatment of the wire mesh reactor chars.
Nitrogen cooling
To test the effectiveness of the dry ice for cooling the sand/char bed quickly, runs
were completed using liquid nitrogen to cool the bed material. As liquid nitrogen is
much colder than dry ice (around -200oC as opposed to –40oC for dry ice), it was felt
that it should be able to cool the bed much more quickly than the dry ice. Initially
liquid nitrogen was placed inside the catchpot as well as in the cooling jacket around
the outside. However, the coefficient of expansion for the liquid nitrogen evaporating
is much higher than that of the dry ice subliming, and resulted in most of the bed
material being blasted out of the catchpot. In the end, liquid nitrogen placed inside the
catchpot was allowed to evaporate down until only a small amount was remaining at
the base of the vessel. Liquid nitrogen was still placed in the cooling jacket
surrounding the catchpot. Pyrolysis experiments under 13 bara nitrogen were
performed for holding times of 2 and 10 seconds inside the reactor. The reactivity of
the resulting chars were found to be within those values already acquired using dry ice
as the coolant. Thus it was felt that the dry ice was able to adequately cool the bed
material.
Changes in coal properties
In addition to the analysis completed by TES Bretby on the Daw Mill coal sample
(Table 1), a proximate analysis was also completed on the TGA at Imperial College.
This was completed in order to gain an idea of how the properties of the parent coal
were changing throughout the sample. The results are given in Table C-3 below. It
should be noted that these values are not directly comparable to those produced by
TES Bretby as the analysis techniques used were quite different. Most notably, as the
method used at Imperial started once a stable weight reading was obtainable at 50oC,
this meant that by the time the analysis was started, most of the moisture from the
sample had already been lost. Although the method used at Imperial is not a standard

procedure, it is still able to show quite adequately the changes occurring in the parent
coal sample.
Table C-3: Results of proximate analysis of Daw Mill coal sample (106-150µm) as
measured by Imperial College method
Run number
1
2
3
4
5
Average
Std Dev

Moisture
content %
1.062
0.484
0.674
0.584
0.734
0.708
0.219

Volatiles
%
37.622
37.835
38.355
37.059
38.09
37.792
0.493

Fixed carbon
%
54.986
57.514
56.914
54.981
56.44
56.167
1.145

Ash
%
6.33
4.166
4.057
7.375
4.74
5.334
1.458

Stability of thermogravimetric measurements
When running a series of TGA measurements, temperature and furnace calibrations
were always run prior to running the samples. The temperature calibration used was a
two-point curie method based on the change in magnetic properties of two metal
samples with temperature. The furnace calibration then matched the program
temperature with the sample temperature (as determined by the temperature
calibration). After completing the calibrations, a standard sample was run to check the
validity of the calibration. If the reactivity of the standard sample was found to be
significantly different to that measured during previous runs, the calibrations were
repeated. This particular standard char was chosen as it is believed to be homogenious
and relatively unreactive. Table C-4 contains the reactivity measurements calculated
for this standard over various runs.
Table C-4: Reactivity data for BSR2 reference char over a number of runs
Run number
1
2
3
4
5
6
7

Rmax (%/min, daf)
0.41
0.43
0.45
0.45
0.46
0.5
0.45

Half time (min)
233.8
216.72
205.7
204.13
206.04
186.39
213.42

