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1. Summary
This project has developed a test that can measure the drying, devolatilisation and burn out
times of particles of biomass. It applies rapid heating at rates much higher than available
techniques such as TGA, but burnout times are still an order of magnitude longer than for
suspension firing conditions. This test therefore has to be used to rank new fuels against a
fuel that has been used previously in a boiler rather than giving absolute results. This test is,
however, highly repeatable giving confidence that variation between sets of readings is a
consequence of the fuel properties.
To heat the particles a single particle apparatus has been designed and built which operates
in a similar manner to a domestic toaster (but which operates at much higher heating
intensities). Wire gauze meshes are heated to approximately 1000ºC and in turn heat the
biomass particle, which rests on a thin wire support between them, by thermal radiation. A
mineral-insulated type K thermocouple is also positioned between the wire meshes in a
geometrically similar position as the particle, but sufficiently far away so as not to be affected
by any volatile flame. The thermocouple readings provide a measure of the time-integrated
heat flux from the meshes and thus ensure experiment to experiment repeatability.

The

overall repeatability of the test has been also been demonstrated through multiple
experimentation.
A video camera is positioned directly above the particle, and looks down onto it through a
zoom lens protected by both an infra red and a cyan filter. The images obtained throughout
the combustion processes allow a retrospective determination of the particle’s drying,
devolatilisation ending and burn out times respectively.

Prior to a particle being burnt in the single particle apparatus the moisture content of the fuel
batch from which it is taken is sampled with a thermogravimetric analyser. The individual
particle being tested is weighed. The surface area and volume are measured with the use of
a three camera shape analysis apparatus developed for this application. This allows the
particle’s shape aspect ratio (surface area of a sphere with the same volume as the particle
divided by the surface area of the particle) and density to be calculated. The accuracy of the
surface area and volume measurements have been proved for smooth shapes.

Particles of a woody biomass from Aberthaw (abbreviated as WBA), balsa, miscanthus, palm
kernel, oak and straw have been tested in this manner. Straw was analysed in three subgroups; straw rachis, straw stem and straw knees. The WBA has also been used in the boiler
at Aberthaw Power Station. All of the samples were prepared with two different moisture
contents at approximately 3 and 20-30%w/w (as analysed basis). The dry particle masses
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ranged from approximately 5-40mg with shape aspect ratios ranging from approximately 0.50.9.
Linear regression correlations were derived for each fuel for measured drying time,
devolatilisation ending time and particle burn out time respectively.

The regression

correlations were simplified as far as possible so that if no relationship existed between (e.g.)
the particles’ burn out time and the particles’ moisture content, moisture would not appear as
a variable for the burn out time in the linear regression correlation. The linear regression
correlations suggest that the measured drying time is dependent upon the particles’ moisture
content whilst the devolatilisation ending time and particle burn out time are dependent upon
the particles’ dry mass. The burn out time has a greater dependence upon the dry mass than
the devolatilisation ending time, upon which moisture may have a small effect.

A linear

regression correlation for measured drying time could be adequately formed without the
particles’ dry mass.
Following this the burning times of the fuels were examined to see if a ranking of burning
times could be formed. To test for statistical significance a set of simulated particles with
randomly allocated dry mass, moisture, density and shape aspect ratio were formed for each
fuel. To eliminate experimental bias the dry mass, moisture and shape aspect ratio were
randomly allocated as being between the maximum and minimum values of all fuels being
studied. This set was applied to each linear regression correlation and each fuel and the
resultant sets of burning times were compared with a two tailed T-test. Since the particles
were randomly generated each simulation generated a different result.

Therefore two

hundred such sets were generated and probabilities calculated before the mean probabilities
were found. These mean probabilities were then interpreted to rank the different fuels. The
ranks are shown below. The symbol “<” is used to denote a statistically significant difference
at the 5% level of significance whilst “≤” is used to denote a statistically significant difference
at the 40% level of significance. Straw knees have been left out of the below ranks since their
drying times were found to be considerably different from other fuels. The position of WBA in
the particle burn out time is not clear, since the result suggests that its burn out time is
comparable to straw rachis, PK and oak. As such it has also been excluded from the rank.
Measured drying time:
Balsa < Miscanthus ≤ Straw Stem ≈ WBA ≈ Straw Rachis ≤ Oak < PK ≈ Straw Knee
Devolatilisation ending time:
Straw Stem < Balsa < Straw Rachis ≈ Miscanthus ≈ WBA ≤ Oak < PK
Particle burn out time:
Balsa ≈ Straw Stem < Miscanthus ≤ Straw Rachis < PK ≈ Oak
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2. Introduction
The government is encouraging the firing of both energy crops 1 and regular biomass 2 to
generate electricity from renewable sources. This means that it is becoming commercially
viable to suspension-fire many new fuels with which industry is not familiar. Understanding
the behaviour of these new fuels so that they can be used efficiently within a boiler is of great
interest.
Clearly simulating conditions representing a realistic PF suspension-firing combustion
environment is very challenging. Not only is the temperature within the boiler very high, but
different particles will take different routes though the boiler.

This means there is no

‘standard’ heat flux that can be applied.
As such this study does not seek to completely reproduce PF conditions but rather to provide
a repeatable test that is not un-comparable with PF conditions. Thus any variation found
between readings would be a consequence of changes to the fuel, rather than any slight
changes within the rig. The effect of different properties on a particle’s burning times should
then be determinable, as should the effect of changing fuels.

Since this test does not reproduce PF conditions it is not directly possible to determine how a
fuel behaves in a PF boiler by simply applying the test. Rather the test must first be applied
to a ‘reference’ fuel for which an operator already has experience. Once this has been
completed the test can be applied to a new fuel. The burning times of this new fuel can then
be compared against those for the reference fuel and a general prediction of whether the new
fuel will perform better or worse within the PF boiler can be formed.
2.1. Objectives
The BCURA contract included the following principle objectives:
a) To build a new test apparatus capable of measuring drying and devolatilisation times
for large biomass particles.
b) To measure drying and devolatilisation times for a range of biomass samples.
c) To develop appropriate data processing and analysis methods.
d) To compare test results with larger scale measurements made by others.
e) To report and disseminate the results to UK industrial users and the scientific
community.

1

“Energy crop means a plant crop planted after 31st December 1989 which is grown primarily for the purpose of

being used as fuel, or which is one of the following: Miscanthus giganteous, Salix, Populus” [OPSI (2009)].
2

Regular biomass is essentially anything which is not an energy crop which on an energy content basis is 90% non-

fossil [OPSI (2009)].
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With the exception of limited achievements under (d), all the objectives have been met. The
new captive single particle test apparatus is described in Section 3. Drying, devolatilisation
and particle burn out times of several different fuels are described in Section 4, whilst the data
processing and analysis methods used to capture this information are described in Section 5.
A summary of where the results have been published is included in Section 8.
The results from this study have not been widely compared with larger scale measurements
made by others. This is owing to a lack of available results with which to compare them. A
reference fuel, woody biomass ‘WBA’ has, however, been burnt in the single particle
apparatus and has been included within fuel rankings. This fuel was previously used at
Aberthaw ‘B’ Power Station.
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3. Experimental apparatus
3.1. Captive single particle apparatus
The heating method for the captive single particle apparatus is based on wire mesh
technology, however discrete particles are in contact with a gas stream in a similar way to that
encountered in a drop tube furnace. The system provides excellent optical access and the
particle always has time to completely burn out.

An assembly diagram (produced in

Solidworks) is included as Figure 1.

The generation of high heat fluxes using electrically heated wire meshes is difficult.

To

simulate realistic PF conditions the mesh would have to operate at around 1500-2000ºC
under oxidising conditions. Clearly this is challenging. Rather an achievable goal would be to
get repeatable fuel trends, which is likely to be possible by rapidly heating the particle to a
lower temperature (~1000ºC) than would be encountered in reality (1500-2000ºC). These
lower temperatures allow the mesh to be formed from stainless steel.
Alternating electrical current (approximately 100A rms) heats the meshes to their operating
temperature of 900-1000°C within approximately 0.5s. The particle sits upon a sample holder
between the wire meshes and is heated by the thermal radiation they produce. The particle is
also heated by natural convection. The particle to wire mesh view factor has been calculated
as being 0.80. A mineral-insulated thermocouple is placed in a geometrically similar position
to the particle. The reading from this thermocouple effectively integrates the incident heat flux
(which is assumed to be similar to the heat flux incident onto the particle) over time and also
gives the asymptotic peak temperature. In this investigation a peak temperature of 900°C
was used (set by the oxidation limit of the wire mesh, Type 304 stainless steel).

The

thermocouple was well oxidised before use thereby ensuring its emissivity was almost
constant between experiments.

The thermocouple’s time constant is too great to be used for rapid feedback control of the
electrical power supplied to the wire meshes. Although a thinner thermocouple with a smaller
time constant could be used it would not survive the extended operating times at the relatively
high temperatures which occur within this apparatus (each heating cycle lasts 40s). The
resistance of the wire meshes is therefore used to calculate the meshes’ temperature. To do
this the voltage drop across a resistor bank in electrical series with the wire meshes is
measured. The resistor bank is water cooled to ensure it does not heat up, with a consequent
increase in its internal resistance. The voltage drop across the wire mesh is divided by the
voltage drop across the resistor bank, giving a parameter which varies monotonically with the
temperature of the wire mesh. Due to progressive oxidation of the mesh (with consequent
resistance changes) this value cannot, however, be used to indicate absolute mesh
temperature. Instead the thermocouple’s temperature is used as the absolute temperature
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indicator, any errors from the desired values being used to set the target resistance value for
short-term control purposes.
During an experiment the particle is filmed from above by a CCTV camera with a large zoom
lens. The video captured from this camera is stored for subsequent analysis. The camera’s
lens is protected by both an infra-red filter and a cyan filter. The cyan filter blocks much of the
orange glow which originates from the wire mesh and is reflected by the particle. Once the
experiment is complete the video can be broken down into frames for image analysis in
MathCAD.

To decrease the required computation time alternate frames (i.e. at 80 ms

intervals) are studied.
The MathCAD program determines the particle’s measured drying time, devolatilisation
ending time and burn out time. The measured drying time is defined as the point at which a
gaseous volatile flame forms around the particle (the onset of homogeneous combustion).
Steam, which can be evolved at the same time as other volatiles, is seen to delay the onset of
this flame. Measuring the point of homogeneous ignition does not determine the exact point
at which all of the particle’s moisture is lost. It does, however, indicate a point at which the
mass of steam evolved by the particle is insufficient to prevent ignition and subsequent selfheating which is arguably of more importance. Since this point is very difficult to identify by
eye, (particularly for wet particles) MathCAD is used. MathCAD determines the measured
drying time by analysing a sequence of frames (defined by the operator) which includes this
point, and selects the frame that contains the smallest flame area.

Once homogeneous

ignition occurs this flame rapidly grows to surround the particle and increase the heat flux
incident to its surface. The volatile flame is also seen to prevent oxygen reaching the surface
of the particle, thereby preventing the char (which forms from the fuel as the volatiles are lost)
from oxidising. Once all of the particle’s volatiles have been evolved this gaseous flame is
seen to rapidly collapse back to the surface of the particle. This is the devolatilisation ending
time.

At this point oxygen reaches the particle’s surface and char combustion

(heterogeneous combustion) begins, with the dark char lightening as oxygen reacts with the
char. Again this continues until all the carbon within the char is consumed. The frames
corresponding to the devolatilisation ending time and particle burn out time are easy to pick
out by visual inspection so MathCAD is not required.
3.2. Shape analysis apparatus
To fully characterise the particle before it is burnt within the single particle apparatus the
particles’ mass, moisture content, shape aspect ratio3 and density must be measured. Whilst
measuring the particles’ mass and sample moisture content is trivial (see section 4.1)

3

The shape aspect ratio is defined as the surface area of a sphere with the same volume as the particle divided by

the surface area of the particle.
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measuring the particles’ surface area and volume (required to calculate the shape aspect
ratio and density) is not.
In order to calculate the particles’ surface area and volume three video-microscopes have
been arranged to be orthogonal, focusing on the particle from three different directions. An
assembly drawing (produced in Solidworks) is shown in Figure 2. These three microscopes
capture the largest projection of the particle from each direction.

Also captured by the

microscopes is each particle’s position with respect to blue dots, which are painted upon the
bolt supporting the particle with the point of a needle. The distance between these blue dots
has been measured, thus allowing the dimensions of the particle within the captured images
to be calculated. These three projections are digitally combined to re-form the particle. The
particle’s volume, surface area and shape aspect ratio are then calculated. The accuracy of
the volume and surface area calculations have been verified for simple, regular shapes.
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4. Results
4.1. Experimental method
The samples were prepared to have two different moisture contents. One sample set was
dried for at least 12 hours in a drying oven at 105°C. The second sample set was left in an
air tight box which had a relative humidity near 100%. Over time the moisture content of this
sample was seen to increase to around 20-30%, depending on the fuel. Table 1 shows the
number of experiments completed for each sub-sample. The moisture content of the fuels
was verified with a thermogravimetric analyser (TGA). The sample was initially held under a
nitrogen purge at 25°C for 30 minutes, before being heated at 20K/minute to 105°C. It was
then held at 105°C for a further 30 minutes. It was assumed the all of the mass lost in this
process corresponded to loss of moisture from the sample.

The biomasses came in several different forms. The balsa and oak had not previously been
cut up, and were still in large blocks. Prior to being dried / wetted these were cut into both
slices (2-4mm thick) and square section ‘wands’, between 2x2mm and 4x4mm.

The

miscanthus and straw had previously been cut into a range of different sizes varying from
approximately 1-70mm in length. They were not cut up further prior to being dried / wetted.
There was no need to cut up WBA or the palm kernel, both of which had previously been
milled.

The moisture content of the fuel being studied was verified by heating a particle within the
TGA.

As a minimum this took place on the same day as, and before and after

experimentation.

For the samples stored in the air tight box with high humidity this

additionally took place on the day before experimentation – so as to ensure the moisture
content had reached equilibrium at the temperature and relative humidity within the box. The
variability in particle to particle moisture content has been examined for miscanthus, straw
and oak where repeated measurements were made over several days.

The results are

shown in Figure 3. They suggest that both oak and miscanthus have relatively constant
moisture content, whilst the moisture content of straw varies. Note that in this instance straw
knee, straw rachis and straw stem were pooled.
Each particle burnt within the single particle apparatus was, depending on the fuel type, either
selected at random or snipped sequentially from the end of a wand. The particle was then
placed in the three camera shape analysis system and photographs taken from all sides. It
was then weighed. Wet particles appeared to lose moisture at up to around 5µg/s. As such
photographs were always taken first, allowing an as up to date as possible mass to be
recorded. If the balance failed to settle on a mass within approx 30s, instead recording a
constantly reducing mass, an approximate value was recorded and the particle loaded into
the single particle apparatus as rapidly as possible. Samples being dried within the TGA
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tended to exhibit this phenomenon. It is thought that whilst a sample could lose up to 3% of
its moisture during this process (0.1% on an as analysed basis) the procedure is a repeatable
one, affecting each particle in the same way.

Prior to use the target value for the algorithm controlling the wire meshes’ temperature was
set. This is an automatic process and an accurate value was obtained by running the single
particle apparatus without a particle 2-3 times. This needed to be completed whenever the
meshes were changed, typically after 5-10 experiments.
4.2. Combustion of various biomass fuels
Particles of woody biomass WBA, balsa, miscanthus, oak, palm kernel, straw knee, straw
rachis and straw stalk have been burnt within the single particle apparatus. Characteristic
combustion times of measured drying time, devolatilisation ending time and particle burn out
time were recorded. A volatile burning time (the difference between the measured drying time
and devolatilisation ending time) and a char burning time (the difference between the
devolatilisation ending time and the particle burn out time) have also been calculated.
The initial dry mass of each particle has been plotted against each characteristic combustion
time in Figure 4. Figure 4 (a) suggests that the relationship between measured drying time
and dry mass is weak, with there being no clear relationship and much scatter. A relationship
does appear to exist in the case of volatile burning time (Figure 4 (b)), devolatilisation ending
time (Figure 4 (c)), char burning time (Figure 4 (d)) and especially, particle burn out time
(Figure 4 (e)). These linear relationships appear to suggest the rate at which devolatilisation
and char combustion take place are independent of particle mass.
The particle’s initial moisture content (on a percentage as received basis) has been plotted
against each characteristic combustion time in Figure 5.

There appears to be a linear

relationship between a particle’s initial moisture content and the measured drying time (as
shown in Figure 5 (a)), although there is also a great deal of scatter in the results. This
scatter is especially prevalent in the case of WBA and straw knees. Looking back at Figure 4
(a) it is perhaps significant that, for both these fuels, the gradient of the line of best fit which
relates dry mass and measured drying time is not infinite, which would be expected were dry
mass independent of measured drying time. Figure 4 (b) and Figure 4 (c) show that the
volatile burning and devolatilisation ending times also apparently increase with the particle’s
moisture content, although the scatter is very much greater. Figure 4 (d) and Figure 4 (e)
suggest that there appears to be little relationship between either of the char burning time /
burn out time, and the moisture content. It is interesting to note, however, that the gradients
of the lines of best fit are (with the exception of miscanthus) negative in the char burning time
case. It is unclear if this is statistically significant, but initially appears to suggest char burning
times decrease with increasing moisture content. This perhaps could be due to the longer
drying times extending char combustion until later in the heating cycle where the
13

thermocouple had reached its operating temperature. This could have allowed the apparatus
to correct for the effect of increased mesh emissivity by increasing the mesh temperature by
approximately 20K.

Moisture content was assessed as a discrete, rather than a continuous variable allowing the
characteristic combustion times of the dried and wet fuels to be compared. The employed
statistical test returns probabilities that represent the probability of this result occurring by
chance. Statistical significance is assumed when the probability falls outside of the range
0.025-0.975. The probabilities are shown in Table 2. They suggest that the measured drying
time and the devolatilisation ending time are affected by the particles’ moisture content. The
effect of moisture upon the volatile burning time is less clear, with it being statistically
significant in some instances, but not in others. It is noteworthy that there is no evidence to
suggest the char burning time and particle burn out times differ between the two samples.
The same result may not be obtained were particles with higher moisture content investigated.
Each characteristic combustion time is plotted against shape aspect ratio in Figure 6. There
are no clear correlations, suggesting that the variables are not strongly related.. There are a
few possible exceptions, with the char and volatile burning time appearing to marginally
increase with shape aspect ratio for straw stalk. Oak also apparently exhibits a relationship
between shape aspect ratio and volatile burning time. The particle’s measured drying time
appears to be independent of the shape aspect ratio.
Density has been plotted against each of the characteristic combustion times in Figure 7. It is
perhaps of interest that no particle with a low density exhibits a high characteristic time, for
example the maximum char burning time for a particle with a measured average density of
3

100kg/m is approximately 8s, whilst it increases to approximately 18s and 24s for particles
with a measured average density of 200kg/m3 and 300kg/m3 respectively. A similar effect
appears to exist for those particles with a low characteristic time, whereby the minimum
conversion time of all fuels combined appears to increase with density. This suggests that
particle density does have some effect upon conversion times, however the importance of any
effect is not clear.
What is clear from Figure 4 to Figure 7 is that the relationships governing the burning times of
the studied fuels are complex. It is not clear if one variable dominates over the others to such
an extent that all others can be neglected.

Equally comparing the fuels’ characteristic

combustion times is not simple. Directly comparing the particles’ burning times is pointless
since each particle is unique and will therefore have a unique burning time.
The results could be greatly simplified if the fuels’ burning times could be related to their
material properties by way of linear regression correlations. These would allow the different
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fuels to be compared since identical particles could be used in each fuel’s linear regression
correlation, and the apparent burning times compared. It would also allow a determination as
to the significance of each variable – for example do the shape aspect ratios affect the
measured drying time in a significant way, or can they be neglected?
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5. Discussion
5.1. Formation of linear regression correlations
As stated above each fuel has four variables (dry mass, moisture, shape aspect ratio and
density) and five characteristic combustion times (measured drying time, volatile burning time,
devolatilisation ending time, char burning time and particle burn out time). To combine these
variables into one over-arching relationship, linear regression was used to form regression
correlations. Two basic correlation forms were used, which are shown in Equations 1 and 2.
These equations were used for all five characteristic combustion times.

Time( s) = A × Mass + B × Moisture + C × Shape + D × Density + E

(1)

Time( s) = A × Mass × Moisture × Shape × Density + B

(2)

It is possible, however, that these reference linear regression correlations are more
complicated than they need to be for, as in the above example, the measured drying time
may be independent of the shape aspect ratio. This would mean that in Equation 1 ‘C’ would
equal zero whilst Equation 2 could be formed with only three variables. As such 23 other
equations were formed which were simpler than the above, excluding one or more variables.
All combinations of the variables were thus combined per fuel and per characteristic
combustion time, although the two types of equation were not combined (e.g. the form A x
Mass x Moisture + B x Density + C was not studied).
Several statistical tests were then undertaken to select the correlation which best
approximated the data from the twenty five. The following tests were applied:
1. A two-tailed D’Agostino-Pearson normality test was applied to each linear regression
correlation’s residuals to ensure they were normally distributed about the best fit line.
This was done since it is not appropriate to use non-normally distributed data in other
statistical tests.
2. The importance of the relationship between each variable and the characteristic
combustion time was then tested. To do this the gradient of the linear regression
correlations were compared against infinity. Any statistical difference would mean
that as the variable under test changed the characteristic combustion time also
changed. A two tailed F-test at the 5% level of significance was used.
Any linear regression correlations passing the above two tests therefore contained statistically
significant information which related characteristic combustion times to particle properties.
However, frequently several correlations passed both of these stages.

For example the

reference correlation equations (Equations 1 and 2) nearly always passed these tests. This
was because there was at least one important variable for each characteristic combustion
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time contained within these equations. Therefore the reference linear regression correlation
would always be regarded as significant even though it also included variables which
appeared not to be significant and had no real effect upon conversion times. Equally it is also
known that as the number of variables in any linear regression equation increases the
goodness of fit will also increase. Thus the most desirable equation is the simplest one that is
not statistically significantly worse than the reference equation (Equation 1 was chosen in
preference to Equation 2). This has the effect of eliminating any variable from the linear
regression correlation which was not statistically significant. Therefore two further tests were
applied:
3. The goodness of fit of the reference linear regression correlation was compared
against the goodness of fit of all other linear regression correlations with a two-tailed
F-test. This eliminated the extra variables from the reference correlations.
4. The chosen correlation was then picked as being the remaining linear regression
correlation with the fewest number of variables. If two (or more) correlations with the
same number of variables passed all these tests the regression correlation with the
highest coefficient of determination was selected.

The resulting correlations therefore represented the simplest possible relationship between
the particles’ variables and each characteristic combustion time.

This analysis was

completed for each fuel. The form of the correlation for the eight studied fuels is shown in
Table 3. Comparison of these linear regression correlations therefore allowed the fuels to be
directly compared and ranked.
5.2. Ranking of fuels
To compare these fuels without bias a string of reference particles were created. These
particles had a randomly allocated dry mass, moisture, density and shape aspect ratio. To
eliminate as far as possible any experimental bias, the recorded dry mass, moisture and
shape aspect ratios for all fuels being studied were pooled. The maximum and minimum
value of each variable was found, and the dry mass, moisture and shape aspect ratio were
randomly generated as being between these limits. Density is a material property, and as
such the density information was not pooled, rather the maximum and minimum values (which
again set the limits) were only taken from the fuel of the reference particle.
The same string of reference particles was used within each different linear regression
correlation, and the predicted characteristic combustion times for each fuel were then
calculated. The resulting burning times were compared with the use of Student T-tests. Two
tailed tests and a 5% level of significance were used. Since different particles were used
every time the simulation was repeated 200 times per fuel. Mean probabilities were then
calculated, which indicate the probability of the result occurring by chance.
reported

These are
in
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Table 4. A low probability means the fuel in the right column took more time to burn than the
fuel in the left column. A high value has the opposite meaning. The difference is assumed to
be statistically significant if the probability is outside of the range 0.025-0.975.

The probability values can then be interpreted to rank the different fuels. The rankings are
shown in Equations 3-7 below.

Different notation is used to denote different levels of

statistical significance. The symbol “<” is used to denote a statistically significant difference at
the 5% level of significance whilst “≤” is used to denote a statistically significant difference at
the 40% level of significance. Straw knees have been left out of the below rankings since
their drying times were found to be considerably different from other fuels. Biomass WBA
was seen to have a long burn out time, and was not statistically significantly different from
either straw rachis, PK or oak. As such it has been excluded from the burn out rank. The
reason for this is unclear, although it appears that large particles of Oak burn faster than large
particles of WBA, whilst small particles of Oak take longer to burn than small particles of WBA.
The scatter shown by WBA is small, thus it is not thought that the sample was contaminated,
or a blend of several different fuels.

Measured drying time:
Balsa < Miscanthus ≤ Straw Stem ≈ WBA ≈ Straw Rachis ≤ Oak < PK ≈ Straw Knee

(3)

Volatile burning time:
Straw Knee < Straw Rachis ≤ Balsa < Miscanthus ≈ WBA ≈ Oak ≤ PK

(4)

Devolatilisation ending time:
Straw Stem < Balsa < Straw Rachis ≈ Miscanthus ≈ WBA ≤ Oak < PK

(5)

Char burning time:
Straw Stem < Balsa < Straw Knee < WBA ≈ Miscanthus ≈ Straw Rachis ≈ Oak < PK

(6)

Particle burn out time:
Balsa ≈ Straw Stem < Miscanthus ≤ Straw Rachis < PK ≈ Oak

(7)

These statistical rankings are based upon differences between normal distributions, as
calculated by the student T-test.

Plotting these normal distributions would give a visual

indication as to how different, or similar, the results are. These have been done for one
simulation in Figure 8 to Figure 12. It should be noted that the above rankings are based
upon the mean of many simulations, while these graphs are based upon one simulation only.
The use of many simulations reduces the effect of randomly generated particles being biased
in favour of one fuel or another, and as such these Figures should not be seen as being more
reliable than the above ranks.
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The statistical ranking for the measured drying time can be compared against the results in
Figure 5 (a) which show the moisture content plotted against the measured drying time for all
fuels. Equally the statistical rankings for the other fuels can be compared against Figure 4
(b)-(e)Error! Reference source not found.. This is an approximation only, since it assumes
the drying time only depends upon the moisture content, whilst all other times only depend
upon the dry mass. This has been shown to be true for most times and fuels, although there
are a few exceptions. The rankings based upon these Figures are shown in equations 8-12,
below. Note that here the symbol “<” has no statistical meaning.
Measured drying time:
Balsa < Straw Stem < Miscanthus < Straw Rachis ≈ Oak ≈ WBA < PK < Straw knee

(8)

Volatile burning time:
Straw stem < Straw Knee < Straw Rachis ≈ Balsa < Miscanthus ≈ WBA ≈ Oak < PK

(9)

Devolatilisation ending time:
Straw stem ≈ Balsa < Miscanthus ≈ Straw rachis < Oak ≈ WBA ≈ PK

(10)

Char burning time:
Balsa < Straw Stalk < WBA ≈ Miscanthus ≈ Straw Rachis ≈ Oak ≈ Straw Knee < PK

(11)

Particle burn out time:
Stalk ≈ Balsa < WBA ≈ Miscanthus ≈ Straw Rachis ≈ Oak ≈ Straw Knee <PK

(12)

These results generally show good agreement with the statistical method, suggesting the
statistical method is providing a reasonable ranking.

It may also be possible to use a plot of the form of Figure 4 (e), burnout times against initial
particle dry mass, for simple interpretation of experimental results to compare between welldifferentiated samples. The accuracy of this approximation, however, will depend upon the
degree of scatter in the burnout times.
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6. Conclusions
A test has been developed which is capable of characterising the combustion of small
biomass particles.

This test involves the use of a novel single particle apparatus.

The

apparatus applies a heat flux to the particles which is capable of heating them to 900°C (not
allowing for self-heating during volatile and char combustion phases).

Before being

characterised in this apparatus each particle’s mass is determined by weighing and the
surface area and volume of each particle are measured with the use of a novel three-camera
system developed for this application. This allows the density and shape aspect ratio of the
particle to be calculated.

The moisture content of the fuel sample is measured with a

thermogravimetric analyser.

Six different fuels have been burnt within this apparatus, with one of these fuels (straw)
further sub-divided into straw stalk, straw rachis and straw knee. Another of the fuels (WBA,
a woody biomass) had previously been co-fired at Aberthaw Power Station. Characteristic
combustion times, drying time, devolatilisation ending time and particle burn out time, were
measured for all fuels. This allowed the volatile burning time and char burning time to be
calculated.

It was judged that the particle’s shape aspect ratio and density did not significantly affect the
particle’s measured drying time, volatile burning time, devolatilisation ending time, char
burning time or burn out time. Dry mass was judged to be the variable which, with the
exception of measured drying time, most affected all characteristic combustion times.
Moisture was judged to be the variable which most affected the measured drying time.
Moisture was also seen to affect the particles’ devolatilisation ending times.

In some

instances it also affected the volatile burning times, however this was not seen for all fuels.
Both char burning time and particle burn out time were seen to be independent of particle
moisture content, however this conclusion may not be valid at higher moisture contents (a
maximum moisture content of 25-30% on an as analysed basis was used).
The determination of the relationship between characteristic combustion times and fuel /
particle properties meant that fuels could be ranked. Different notation is used to denote
different levels of statistical significance. The symbol “<” is used to denote a statistically
significant difference at the 5% level of significance whilst “≤” is used to denote a statistically
significant difference at the 40% level of significance.
Measured drying time:
Balsa < Miscanthus ≤ Straw Stem ≈ WBA ≈ Straw Rachis ≤ Oak < PK ≈ Straw Knee
Devolatilisation ending time:
Straw Stem < Balsa < Straw Rachis ≈ Miscanthus ≈ WBA ≤ Oak < PK
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Particle burn out time:
Balsa ≈ Straw Stem < Miscanthus ≤ Straw Rachis < PK ≈ Oak
WBA has been excluded from the particle burn out time rank since the results suggested the
burn out time was similar to straw rachis, PK and oak. This makes it difficult to include in the
particle burn out rank since a clear statistical different was seen between straw rachis and PK
/ oak.

Straw knees were seen to take much longer to dry than all other fuels. This makes it difficult
to rank, since straw knee particles with low moisture content will burn faster than most fuels
whilst particles with high moisture content will mostly be slower.
These rankings have been compared with the actual results, by comparing the drying time
ranking with a graph of moisture content versus measured drying time. A good agreement
was obtained. All other rankings have been compared with a plot of dry mass versus the
relevant characteristic combustion time.

As in the measured drying time case good

agreement between the rankings was achieved, suggesting the statistical method is providing
reasonable results.
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7. Proposed work for a subsequent programme
This study is based upon the assumption that a fuel which burns slower or faster than a
reference fuel in the single particle apparatus will also burn faster or slower in a PF boiler.
Comparison of two fuels, both of which have been burnt within a PF boiler and the single
particle apparatus, would help to support this assumption. It would be necessary also to
obtain results for fairly homogeneous fuels if possible.
Recent work [Lu (2006)] has described how to calibrate a video camera so that it can act as a
pyrometer. Progress was made in the use of this technology in this application, however it
was not completed. Determining a particle’s temperature would be advantageous, allowing
an alternative estimation of char reactivity.
Part way through this study a trial was undertaken where the mass of a particle was
measured whilst it was being burnt. Here the particle support was rested upon a balance,
and the particle’s mass was monitored in real time. Unfortunately, at this trial stage, the only
method of monitoring the balance’s reading was with the video camera, meaning the particle’s
mass, and degree of combustion could not be compared. The extension of this work, and the
monitoring of the balance electronically, would allow an estimation of the fuels’ ‘R’ factors
[Kimber et al. (1967)] to be made, which are in turn affected by the heating rate. In the
current apparatus once combustion has started it is not thought possible for it to be
interrupted accurately. This is because there is not space within the apparatus to retrofit a
large diameter pipe around the sample holder which can shroud the particle in a protective
gas. Rather only a small diameter pipe could be used that would have higher gas velocities
and tend to ‘blow-away’ any particle once most of its mass (through drying and
devolatilisation) has been lost. This may cause inaccuracies in any future work to determine
‘R’ factors, since it may not be possible to determine when devolatilisation has finished, rather
only to determine when char combustion begins.
An increase in the temperatures of the mesh within the captive single particle apparatus
would increase the similarity between the conditions within the apparatus and a PF boiler. A
potential alloy with excellent high temperature oxidation resistance, Kanthal ‘AF’, has been
identified. Higher temperatures may, however, have several unwanted side effects, including
reducing the differences in burning times between particles which are highly similar. Since
this may reduce temporal accuracy a high speed camera may have to be used. Any increase
in mesh temperature might also require the power source to be changed from single phase
alternating current to either three-phase alternating current, or direct current. This is because
the alternating current is sourced from mains electricity, and the apparatus is operating near
the limit of what a 13A socket can supply. Direct current could be supplied from lead acid
batteries or possibly a higher-power three-phase transformer could be used. Since more
power could be delivered this would also allow for an increased wire mesh heating rate.
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10. Tables
Table 1 – Number of experiments completed, and moisture pre-treatments for each fuel
1-3% Moisture (aa basis)

25-35% Moisture (aa basis)

WBA

17

16

Balsa

19

16

Miscanthus

14

18

Oak

15

21

Palm Kernels

15

12

Straw stem

12

13

Straw rachis

11

12

Straw knee

13

12

Table 2 – Mean probability values for T-tests comparing wet against dried fuels
Probability value
Fuel

Measured

Volatile

Devolatilisation Char burning

Particle burn

drying time

burning time

ending time

time

out time

WBA

0.000

0.091

0.018

0.719

0.363

Balsa

0.001

0.011

0.007

0.196

0.048

Miscanthus

0.000

0.023

0.006

0.553

0.251

Oak

0.000

0.001

0.000

0.371

0.062

PK

0.000

0.282

0.005

0.872

0.610

Straw stalk

0.000

-

4

0.048

0.819

0.431

Straw rachis

0.000

0.039

0.000

0.702

0.132

Straw knee

0.000

0.826

0.000

0.967

0.314

Table 3 – Form of correlations for studied fuels
Fuel

WBA

Balsa

4

Combustion stage

Correlation form

Coefficient of

(constant not shown)

determination

Measured drying time

Density

0.494

Volatile burning time

Dry mass

0.860

Devolatilisation ending time

Dry mass

0.813

Char burning time

Dry mass

0.944

Particle burn out time

Dry mass

0.959

Measured drying time

Moisture + Density

0.694

Volatile burning time

Dry mass

0.667

This straw (stalk) correlation had non-normally distributed residuals meaning a T-test could not be used.
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Miscanthus

Devolatilisation ending time

Dry mass

0.609

Char burning time

Dry mass

0.770

Particle burn out time

Dry mass

0.809

Measured drying time

Moisture

0.392

Volatile burning time

Dry mass

0.719

Devolatilisation ending time

Dry mass

0.691

Char burning time

Dry mass

0.792

Particle burn out time

Dry mass

0.801

Measured drying time

Moisture

0.548

Moisture + Dry mass

0.635

Moisture x Dry mass

0.693

Moisture + Dry mass

0.662

Char burning time

Dry mass

0.910

Particle burn out time

Dry mass

0.816

Measured drying time

Moisture

0.543

Volatile burning time

Density

0.489

Devolatilisation ending time

Dry mass

0.584

Char burning time

Dry mass

0.598

Particle burn out time

Density

0.594

Measured drying time

Dry mass

0.403

Volatile burning time
Oak

Palm kernel

Devolatilisation ending time

Volatile burning time
Straw stem

Straw rachis

Straw knee

5

5

6

-

-

Devolatilisation ending time

Shape

0.447

Char burning time

Shape

0.511

Particle burn out time

Dry mass

0.893

Measured drying time

Moisture

0.508

Volatile burning time

Dry mass

0.366

Devolatilisation ending time

Moisture

0.572

Char burning time

Dry mass

0.792

Particle burn out time

Dry mass

0.697

Measured drying time

Moisture

0.656

Volatile burning time

Dry mass

0.577

Devolatilisation ending time

Dry mass

0.718

Char burning time

Dry mass

0.591

Particle burn out time

Dry mass

0.883

This is the only instance where the best correlation is formed by products rather than sums of the variables. Since

there is little difference between the two coefficients of determination the summing correlation will be used.
6

The residuals are not normally distributed about any correlation
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Table 4 – Mean probability values for T-tests comparing different fuels
Probability value
Fuels to be compared

Measured
drying time

Volatile
burning
time

7

Devolatilisation
ending time

Char

Particle

burning

burn out

time

time

Straw stem

0.500

-

0.500

0.500

0.500

Balsa

1.000

-

0.000

0.002

0.643

Straw rachis

0.372

-

0.000

0.000

0.000

Miscanthus

0.970

-

0.000

0.000

0.001

WBA

0.001

-

0.000

0.000

0.001

Oak

0.122

-

0.000

0.000

0.000

PK

0.000

-

0.000

0.000

0.000

Straw knee

0.000

-

0.004

0.000

0.000

Straw stem

0.000

-

1.000

0.998

0.357

Balsa

0.500

0.500

0.500

0.500

0.500

Straw rachis

0.000

0.879

0.972

0.000

0.000

Miscanthus

0.000

0.002

0.000

0.000

0.000

WBA

0.000

0.001

0.000

0.000

0.000

Oak

0.000

0.000

0.000

0.000

0.000

PK

0.000

0.000

0.000

0.000

0.000

Straw knee

0.000

0.998

0.117

0.000

0.000

Straw stem

0.628

-

1.000

1.000

1.000

Balsa

1.000

0.121

0.028

1.000

1.000

Straw rachis

0.500

0.500

0.500

0.500

0.500

Straw

Miscanthus

0.998

0.001

0.694

0.878

0.857

rachis

WBA

0.003

0.000

0.000

0.784

0.344

Oak

0.176

0.000

0.000

0.281

0.000

PK

0.000

0.000

0.000

0.000

0.000

Straw knee

0.000

1.000

1.000

0.000

0.022

Straw stem

0.030

-

1.000

1.000

0.999

Balsa

1.000

0.998

1.000

1.000

1.000

Straw rachis

0.002

0.999

0.306

0.122

0.143

Miscanthus

0.500

0.500

0.500

0.500

0.500

WBA

0.000

0.304

0.501

0.586

0.358

Oak

0.000

0.266

0.062

0.603

0.164

PK

0.000

0.000

0.000

0.000

0.000

Straw stem

Balsa

Miscanthus

7

The residuals around the Straw stem correlations are not normally distributed so no Probability values are reported.
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Oak

WBA

PK

Straw knee

0.001

1.000

0.954

0.025

0.242

Straw stem

0.878

-

1.000

1.000

1.000

Balsa

1.000

1.000

1.000

1.000

1.000

Straw rachis

0.824

1.000

1.000

0.719

1.000

Miscanthus

1.000

0.734

0.938

0.397

0.836

WBA

0.001

0.379

0.378

0.202

0.201

Oak

0.500

0.500

0.500

0.500

0.500

PK

0.000

0.922

0.000

0.000

0.718

Straw knee

0.001

1.000

0.299

0.231

0.215

Straw stem

0.999

-

1.000

1.000

0.999

Balsa

1.000

0.999

1.000

1.000

0.999

Straw rachis

0.997

1.000

1.000

0.216

0.636

Miscanthus

1.000

0.696

0.499

0.414

0.642

WBA

0.500

0.500

0.500

0.500

0.500

Oak

0.999

0.621

0.621

0.798

0.799

PK

0.000

0.414

0.000

0.001

0.228

Straw knee

0.018

1.000

0.949

0.330

0.644

Straw stem

1.000

-

1.000

1.000

1.000

Balsa

1.000

1.000

1.000

1.000

1.000

Straw rachis

1.000

1.000

1.000

1.000

1.000

Miscanthus

1.000

1.000

1.000

1.000

1.000

WBA

1.000

0.586

1.000

0.999

0.772

Oak

1.000

0.078

1.000

1.000

0.282

PK

0.500

0.500

0.500

0.500

0.500

Straw knee

0.506

1.000

1.000

0.999

0.999

Cells have been colour coded as follows:
Fuel in right column is slower with statistical difference at 5% level of significance
Fuel in right column is slower with statistical difference at 40% level of significance
No statistical difference
Fuel in the right column is faster with statistical difference at 40% level of significance
Fuel in right column is faster with statistical difference at 5% level of significance
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11. Figures
Hollow electrodes
carry cooling water

Camera lens with
protective filters

Insulating (wooden)
supports
Mesh

LED

Sample holder

Brass clamping bars

Type K thermocouple

Figure 1 – Assembly drawing of wire mesh apparatus

Particle supported by bolt

Video microscope

Figure 2 – Assembly drawing of shape analysis apparatus
The insert shows a close up of the particle and bolt, including the three small blue dots with
known locations which define the reference space. Only two dots are visible to each camera.
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Figure 3 – Variation in particle to particle moisture content of miscanthus, straw and oak
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Figure 4 – Measured drying time (a),

a)

Volatile burning time (b), Devolatilisation
ending time (c), Char burning time (d) and
particle burn out time (e) plotted against
initial particle dry mass.

b)

c)

d)

e)
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Figure 5 - Measured drying time (a), Volatile

a)

burning time (b), Devolatilisation ending time
(c), Char burning time (d) and particle burn out
time (e) plotted against initial particle moisture
(as analysed basis).

b)

c)

d)

e)
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Figure 6 – Measured drying time (a), Volatile

a)

burning time (b), Devolatilisation ending time
(c), Char burning time (d) and particle burn
out time (e) plotted against initial particle
shape aspect ratio.

b)

c)

d)

e)
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Figure 7 – Measured drying time (a), Volatile

a)

burning time (b), Devolatilisation ending time
(c), Char burning time (d) and particle burn
out time (e) plotted against initial particle
density.

b)

c)

d)

e)
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Figure 8 – Probability density of measured drying time of different fuels, plotted against
measured drying time

Figure 9 – Probability density for volatile burning time of different fuels, plotted against volatile
burning time
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Figure 10 - Probability density for devolatilisation ending time of different fuels, plotted against
devolatilisation ending time

Figure 11 – Probability density for char burning time of different fuels, plotted against char
burning time
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Figure 12 – Probability density for particle burn out time of different fuels, plotted against
particle burn out time
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