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Abstract: Staged combustion of biomass is the most suitable thermo-chemical conversion for achieving lower
gaseous emissions and higher fuel conversion rates. In a staged fixed bed combustion of biomass, combustion air
is supplied in two stages. In the first stage, primary air is provided below the fuel, whereas in the later stage,
secondary air is supplied in the freeboard region. The available literature on the effects of air staging (secondary
air location) at a constant primary air flow rate on combustion characteristics in a batch-type fixed bed combustor
is limited and hence warrants further investigations. This study resolves the effect of air staging, by varying the
location of secondary air in the freeboard at five secondary to total air ratios in a batch-type fixed bed combustor.
Results are reported for the effects of these controlled parameters on fuel conversion rate, overall gaseous
emissions (CO,, CO and NO,) and temperature distributions. The fuel used throughout was densified hardwood
pellets.

Results show that a primary freeboard length (distance between fuel bed top and secondary air injection) of
200 mm has higher fuel conversion rates and temperatures as well as lower CO emissions, at a secondary to total
air ratio of 0.75 as compared to primary freeboard length of 300 mm. However, NO, emissions were found to be
lower for a primary freeboard length of 300 mm as compared to 200 mm. An increase in secondary to total air
ratio from 0.33 to 0.75 resulted in higher freeboard temperatures and lower CO as well as NO, emissions. The
outcomes of this study will be helpful in the effective design of commercial scale biomass combustors for more

efficient and environmentally friendly combustion.

Keywords: fixed bed combustor, biomass combustion, air staging, freeboard temperature, burning rate, gaseous

emissions

1. Introduction

Combustion of fossil fuels, such as coal, is the main
cause of various detrimental environmental effects such
as acid rain, air and water pollution and it significantly
contributes to CO, emissions, a greenhouse gas leading

to global warming [1, 2]. Besides increasing CO,
concentration in the environment, the coal combustion
also results in emissions of sulphur, which itself causes
acid rain [3, 4]. In this scenario, renewable energy
sources such as biomass can be a solution to these
problems [5, 6]. Biomass is a carbon-neutral energy
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Nomenclature:

4 Cross sectioznal area of fuel bed and
combustor/m

BR Burning rate/kg:m s '

D Combustor internal diameter/mm

d Distance between two adjacent fuel bed
thermocouples/mm

FBT Fuel Bed Temperature/°C

IFV Ignition front velocity/mm-s '

L Primary freeboard length/mm

Ly Secondary freeboard length/mm

Am Mass decrement/kg

O, Primary air flowrate/kgm s’

O Secondary air ﬂowrate/kgm’z-s’1

O Total air flowrate (Qs-i-Qp)/kg-m%s*l
040, Secondary to total air ratio
t Time/s
At Time interval/s
w Width/mm
Xco Carbon monooxide concentration/10°
Xcos Carbon dioxide concentration/%
Xno. Nitrogen Oxide concentration/10°
Xo: Oxygen concentration/%

Distance from fuel bed top at the start of
. experiment/mm

source, having zero net CO,emissions and negligible
sulphur content [7, 8]. Direct combustion of biomass is
most suitable thermo-chemical conversion and accounts
for 95% of the global biomass usage [9]. The size of
biomass based direct combustion plant varies from small
size to large scale commercial power plant [10, 11].
Smaller size plants are mainly of fixed bed
configurations and are primarily used for lab-based
research and domestic heating. These small size plants
are of counter-current type and incorporate stationary
grates [12]. Laboratory scale fixed bed combustors
feature widely in the literature due to their effectiveness
in analyzing the process and fuel conversion efficiency of
large commercial scale moving grate combustors [13, 14].

The fuel bed arrangement used in the present study
follows counter-current configuration in which the flame
front propagates downward opposite to the (upward)
primary air flow [14—17]. Experiments to determine the
optimum primary to secondary air ratio in lab-scale
systems become key in identifying the optimal operating
conditions of commercial systems. Whilst many studies
have dealt with air staging effects, in batch-type as well
as continuous feed fixed bed biomass combustors
[18-20], no studies have ventured into changing
secondary air (Q;) stoichiometry, and its location relative
to fuel bed, whilst keeping primary air (Q,) constant in a
batch-type combustor. The significance of the latter is
that it allows for the sensitivity of secondary air (location,
stoichiometry) to be studied, whilst the packed bed
stoichiometry remains the same. It also means the likely
effects of secondary air jets, injected just above the fuel
bed, can be more clearly understood compared to other
investigations in which primary (Q,) and secondary air
(Qs) might have been varied simultaneously. With this in
mind, the current study examines effects of primary
freeboard length (distance of secondary air location from
fuel bed) and secondary to total air ratio whilst keeping

primary air flow rate fixed. In this manner, the exact role
of secondary air staging and its proximity to the top of
the fuel bed, can be resolved. This study is continuation
of previous work [18] that also investigated the effects of
primary freeboard length, in which total air (O=0,+0;)
was constant and primary as well as secondary air was
varied.

The combustion of biomass results in a number of
continuous heterogeneous and homogeneous reactions.
Along with its useful power, biomass combustion results
in the generation of ash and emissions. Apart from high
ash content, moisture contents, cellulose/lignin ratio and
calorific value are also some of the challenges associated
with the use of biomass as a fuel. In this regard, many
different treatment processes are being developed to
improve the physical and chemical properties of biomass
[21-24]. Further, the lower thermal efficiency of biomass
combustion plants is also an issue which results in lower
process temperatures and higher concentration of carbon
monoxide [25-28]. A solution to these problems can be
modification or improvements in operational parameters
such as air preheating, air staging and pre-treatment of
fuel. Moreover, improving the thermal efficiency of
biomass combustion plants [25-28] relies on an
improved understanding of the way in which primary air
and secondary air independently affect the overall fuel
conversion efficiency and the resulting emissions. Yet,
Table 1 which summarises most work carried out on air
stagging using lab-scale biomass combustors shows that
in all the cases, both the primary and secondary air were
simultaneously varied. Keeping total air constant and
varying both primary and secondary air may not give a
clear idea of the effect that secondary air flow and its
location have on overall combustion characteristics.
Whilst air staging has previously been shown to
influence emissions [29] and in particular primary air is
known to influence fuel burning rate, fuel bed
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Table 1 Experimental studies into air staging strategies in fixed bed biomass combustors

Combustor type Coluzn/rrlnﬁngth, Dr(r);nW/ Constant O, Egorr: rze.l;el/ Biomass fuel type Reference
1500 1300 0.01-0.05 [33]
Continuous feed 1500 120 No 0.06-0.09 [20]
(fuel bed does not move) 1500 120 0.07-0.11 Pellets/densified [34]
1500 120 0.04-0.15 [35]
320 120 0.16-0.50 [19]
Batch-type 890 206 No 0.21-0.54 Chips/non-densified [36]
(fuel bed moves downward) 1700 200 0.03-0.08 [28]
1500 202 0.19-0.35 Pellets/densified [18,37]

temperatures and emissions. A higher primary air flow
(near or above stoichiometric condition) can result in
greater particulate matter as well as NO, emissions.
Therefore, in staged combustion, primary air is mainly
supplied less than stoichiometric condition in the range
of 30% to 60% of stoichiometric air [12, 20].
Accordingly, unburned hydrocarbons leaving the packed
bed during the fuel’s devolatization phase are thermally
converted in the freeboard region after mixing with
secondary air.

There is a realisation for the need to better understand,
and independently study the secondary air (location,
stoichiometry) due to its effect on reducing CO as well as
NO, emissions by 50% and 37%, respectively compared
to non-staged operation (Q;=0) [30]. Further to this,
Deng et al. [19] showed that by varying the primary and
secondary air flow rates, the fuel burning rate can be
improved by providing a QyQ, of 0.60. Similarly,
Zadravec et al. [31] investigated the effect of air staging
(primary to secondary air ratio) and excess air on
sensible heat loss and gaseous emissions in a laboratory
scale wood pellet boiler. The results show that a low
primary to secondary air ratio of 0.53 results in reduction
of NO, and CO emissions by 14.4% and 93.9%
respectively. A significant reduction in CO emissions
(approximately 41%) at a primary to secondary air ratio
of 0.20 was also observed by Collodo et al. [32], who
investigated combustion characteristics of olive cake in a
fixed bed combustor. Some studies have investigated the
influence of change in primary freeboard length on
combustion characteristics. However, these studies have

not been performed under constant primary air operations.

For varied primary air operations, an increase in Qy/Q;
results in lower primary air and greater secondary air
flow rate. Due to this, any increase or decrease in
investigated parameters can be either due to a decrease in
primary air or an increase in secondary air. Therefore, to
provide a clear indication of the effect of secondary air
on combustion performance, the current study
investigates the effect of change in primary freeboard
length at a constant primary air.

Despite the availability of extensive literature on the
combustion of biomass in fixed bed configurations,
studies on the effect of secondary location inside a
combustor (primary freeboard length) and secondary
flow rate on combustion characteristics such as fuel
conversion, fuel bed and freeboard temperatures, as well
as emissions, are scarce. The effects of primary freeboard
length on combustion characteristics using the same
batch-type fixed bed combustor as of current study were
investigated previously at varied primary air [18]. The
current study will further explore the findings from
previous work on the effect of primary freeboard length
at a constant primary air. With the above in mind, the
main objectives of current study focus on the two main
areas of biomass combustion in a fixed bed combustor:

Fuel bed: To investigate the in-bed combustion
characteristics; burning rate, ignition front velocity and
fuel bed temperature at a constant primary air whilst
varying secondary air flow rate (Q,=0.08 kg'm s and
0,~0.04-026 kg'm>s') at two primary freeboard
lengths of ;=200 mm and 300 mm.

Freeboard: To analyse the role of varying primary
freeboard length at ;=200 mm (L,/D=1.00) and L=300
mm (Ly/D)=1.48 on freeboard temperatures and gaseous
emissions (CO,, NO, and CO).

Benefits from this study help in the selection of
operating conditions (primary and secondary air flow rate)
and in the designing (secondary air location) for more
efficient and less polluting biomass combustion systems.

2. Methodology

This section presents the details of type of combustor
and fuel used as well as the methods used for obtaining
the temperature, emissions and fuel mass loss data.
Details about the post-processing of data can be found
elsewhere [38].

2.1 Fixed bed combustor and data acquisition

Fig. 1 shows sectional and assembly views of the
biomass combustor operating on a counter-current



configuration [18]. It features, from the lower end, a
primary air plenum, column with various thermocouple
and fuel supply ports, a top flange through which exhaust
gases move upwards into the extraction system and the
secondary air penetrates downwards into the column. The
freeboard region is broken down into two zones; the
primary freeboard, the region starting from the fuel bed
surface to secondary air injection point, and the
secondary freeboard which is the remainder of the
column towards the top flange. The combustor has an
internal diameter (D) of 202 mm and length (L) of 1500
mm and is manufactured using stainless steel. The ratio
of the combustor diameter to the equivalent particle
diameter was 31 corresponding to D/L of 0.13 as seen in
Table 1 whereby at this ratio wall effects can be
neglected [39]. A stainless-steel fuel grate with an open
area of 32% was placed 100 mm above the plenum using
a variable height spacer. Two plenum side ports were
used to supply the primary air.

The distance between the primary air inlet and fuel
grate was approximately 150 mm. The purpose of this
distance was to allow a more uniform flow of primary air
to the fuel bed. A distance of 150 mm was sufficient to
allow a uniform supply of primary air to the fuel grate as
shown in Fig. S1 of the supplementary materials. A
further decrease in distance between primary air inlet and
fuel grate might result in a non-uniform supply of
primary air which can result in channelling of fuel bed
[40]. Whereas, a greater distance between primary air
inlet and fuel grate results in a shorter freeboard length of
the combustor. Due to the high volatile content of
biomass, a longer residence time in the freeboard is
required for complete combustion. Therefore, a shorter
freeboard length and residence time can result in
incomplete combustion and higher CO emissions [41].
Additionally, flow conditioning was applied to the
plenum for flow uniformity. The secondary air assembly
is combination of a downpipe and a circular ring with
eight holes, each of 3 mm in diameter. The downpipe is
attached to the combustor’s top flange. The length of the
downpipe inside the combustor can be adjusted to the
desired level. The position (distance) of the secondary air
with respect to the top of the packed bed (L;) and the
secondary freeboard length (Ly) can be modified for a
given total freeboard length (L; + Ly) by varying the
length of downpipe inside the combustor. Additionally,
the primary and secondary freeboard lengths can also be
varied, by using a spacer to elevate the fuel bed into the
combustor column thereby reducing the total length of
freeboard (L;+ Ly;) from its design length of 1500 mm.

Data from eleven thermocouples, positioned axially
along the centreline of the freeboard and packed bed,
were acquired at a rate of 0.2 Hz using National
Instruments thermocouple module (model: NI 9213) and

data acquisition system (model: cRIO-9074XT).
Thermocouples were of N-type. Table S1 of the
supplementary materials shows the axial location of all
fuel bed and freeboard thermocouples. The sheath
diameter and the length of the thermocouple were 3 mm
and 300 mm respectively. With a resolution of 0.15°C,
the thermocouples can measure temperature in the range
of —270°C to 1300°C. Stainless steel compression fittings
were used while mounting the thermocouples on
combustor wall to avoid heat loss and leakage of flue

gases.
A Testo 350 X/ML gas analyser was used to measure
gaseous emissions (CO, CO,, NO,, and O,).

Concentration of gaseous emissions in the flue gas was
measured just above the exhaust pipe of the combustor.
Emissions data presented in later parts of this study
were obtained during the steady state operation of the
combustor. Further details about identification of onset of
steady state can be observed in Figs. S2 and S3
(Supplementary materials). The applied gas analyser has
a resolution of 1.0x10° for NO emissions levels up to
3.0x107, 0.1x10°° for NO, for emissions levels up to
5.OX10’4, and 0.01% for CO, and O,. Similar to previous
studies conducted on biomass combustion,
concentrations of CO,, NO, and CO in the flue gas were
corrected to a baseline 10% of O, as per ASTM standard
of flue and exhaust gas analysis PTC 19.10 using Eq. (1)
[20, 42-44].
X X 21-[0,,ref]
O,,ref = “* 0, ,measured 21 _[

O,, measured M
where X is the gas concentration in vol% (CO,, NO, and
CO); the subscript “Opref” is the baseline oxygen
concentration for calculating X (10% of O,); the subscript
“0,, measured” is measured value of gas concentration
corresponding to oxygen concentration measured during
the experiment. The conversion of gaseous species to a
baseline 10% of O, allows comparison of results
obtained from the current study and earlier works carried
out at a similar operating condition.

2.2 Biomass fuel and combustion conditions

Hardwood pellets (make: Maxiheat Hard Wood Pellets)
were utilised as a fuel. The diameter and nominal length
of the pellets was 6.5 mm and 540 mm respectively.
ASTM standards [45-48], were used to perform the
proximate and ultimate analysis of the fuel. Bulk density
of pellets was measured as per ASTM E873 [49]. Table 2
lists the proximate and ultimate analysis of the fuel
which is pictured (as received state) in Fig. 1.

The fuel batch used for each experiment was 3.9 kg,
which resulted in fuel bed height of approximately
150-165 mm. After charging the combustor with the
desired amount of fuel, 15 mL of methylated spirt
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(concentrated 96% ethanol) was sprayed on fuel bed
surface, which was then ignited using a handheld butane
flame torch. Each test was repeated three times. The
primary freeboard length was varied (200 mm and 300

mm) at a constant secondary freeboard length of 700 mm.

This was achieved by using two spacers of 300 mm and
550 mm in height. This is emphasised as the main feature
of the current study, as variations in primary freeboard
length and secondary air flow rate are not dependent of
secondary freeboard length and primary air flow. Primary
freeboard lengths of 200 and 300 mm were selected due
to their better combustion characteristics identified in
previous work [18]. After igniting the fuel, the flow of
primary and secondary air was increased slowly upto the
desired level. Data acquisition (Fuel bed temperatures,
freeboard temperatures, emissions and mass deficit)

Table 2 Proximate and ultimate analysis of pellets

Parameter Value

Proximate analysis

Volatile matter’/% (in weight) 78.4
Fixed carbon®/% (in weight) 14.1
Ash/% (in weight) 0.86
HHV*/MJ kg 19.1
Unit density/kg-m™ 1165
Bulk density/kg-m™ 713.4
Ultimate analysis
Carbon/% 45.8
Hydrogen/% 53
Oxygen/% 48.8
a: Dry basis.
Exhaust flange |

—_—
-

Thermocouple port

Fuel bed

started once the desired flow rates of primary and
secondary air were achieved.

2.3 Fuel conversion

Determining the instantaneous fuel conversion rate
requires real-time measurement of fuel consumption. In
order to acquire a time-series of (instantaneous) fuel
mass loss throughout the duration of each experiment,
the whole combustor assembly was attached to a
hydraulic lift platform with an integral load cell. The load
cell was in the form of an industrial scale (make:
Wedderburn, model; SUK300), with a capability to
measure the mass upto 300 kg and sensitivity of 100
grams (equivalent to 0.0014 m’ of fuel bed volume). A
digital indicator (make: Rinstrum, model: RAR320A)
was used to record the data from load cell via its
Rinstrumview software. During testing, the lift platform
carrying the load cell was elevated to carry the entire
weight of the combustor. At the conclusion of each
experiment, the lift platform was lowered thereby
allowing the combustor to instead bear its entire weight
on a floor-affixed steel frame, as seen in Fig. 1. In this
manner, the load cell was only loaded during testing.

Whilst the lift platform was raised carrying the
combustor, burning rate (kgm>s') of the fuel was
calculated using mass deficit of fuel throughout the
steady state regime. The burning rate (BR) was used to
express the rate of fuel conversion relative to the
cross-sectional area of the fuel bed as presented in

Eq. (2).

R = Am
At-A

@

Data logger

Secondary air

Ignitor port

ate  Grate and stud

assembly

Primary air

(a) (b)

Primary air flow
Secondary air flow
Emission data
Mass loss data

—— Temperature data
Flow board

818/18/18

Plenum

| Load cell
SIS SIS IS ISIS I /7/79

(©

i Air compressor

Fig.1 Biomass combustor: (a) sectional view, (b) as operated in the lab and (c) data acquisition set-up



Table 3 Combustion conditions used

Primary freeboard

L/D Primary Air, O, Secondary Air, Qy/ Total Air, O/ 0J0 Uncertainty/
length, L/
mm kgm?s! L/min kgm?s! L/min kgm?s! %
0.044 70 0.134 0.33
0.089 140 0.179 0.50
0.134 210 0.224 0.60" "
200 1.00 0.089 140 +5
0.179 280 0.269 0.66
0.224 350 0.313 0.71
0.269 420 0.358 0.75
0.044 70 0.134 0.33
0.089 140 0.179 0.50
0.134 210 0.224 0.60" "
300 1.48 0.089 140 +5
0.179 280 0.269 0.66
0.224 350 0.313 0.71
0.269 420 0.358 0.75

*: Instability case; *": Full scale reading.

The method used here provides a direct, and more
accurate measure of the fuel conversion rate compared to
other values for BR found in the literature [50-52]. Most
of the previous research uses the data from fuel bed
thermocouple data to obtain the ignition front velocity
(IFV) in mm-s ', which can be used to calculate burning
rate (BR=IFVxpg,). That alternate approach is largely
used for simplicity as it negates the need for real-time
fuel conversion measurements. However, the use of IFV
(fuel bed temperature data) to obtain BR does not
account the mass of char left in the combustor, which can
lead to an overestimation of fuel burning rate in
comparison to direct measurement of fuel mass loss
specially at lower air flow rates [53]. A comparison
between BR obtained using fuel mass loss and IFV can
be observed in Fig. S4 (Supplementary materials).
However, fuel bed temperature data were also utilized to
find the IFV. IFV was calculated by considering the time
taken by the ignition front (f) to reach a specific
pre-determined reference temperature between two
adjacent thermocouples that are located at a distance (d)
from each other (Eq. (3)). The distance (d) between two
adjacent fuel bed thermocouples (TC2 and TC1) in the
present work was 50 mm. Theoretically, any temperature
can be used as a reference temperature to calculate time
taken by ignition front; a temperature value of 600°C for
estimating IFV was considered as a reference
temperature, the same temperature value was also
considered in previous studies [39, 54].

IFV=d/t 3)

The primary air flow rate was selected less than
stoichiometric air (in this case stoichiometric conditions
occurs at 0=0.358 kg'm*s ' or 560 L/min) to avoid
higher particulate and gaseous emissions [18]. Secondary

air flow rate was then increased in equal steps until total
air flow rate became 560 L/min (stoichiometric
condition). Further details about experimental setup and
methods used can be found elsewhere [18, 37]. Total
errors associated with the experimental data are displayed
in Tables S2 and S3 (Supplementary Materials). A more
detailed description of experimental conditions is listed
in Table 3.

3. Results and Discussion

In order to examine the influence of primary freeboard
length and secondary air flow rate on fuel conversion,
freeboard temperatures and emissions for the
experimental conditions listed in Table 3, this section
initially investigates the effect of these variables on fuel
bed temperatures and burning rates. This section then
presents data related to freeboard temperatures and
emissions. The data for the QJ/0=0.60 (Q~0.134
kg'm s ') case were not presented here, as this case was
subject to instabilities. The instabilities were found to
occur at certain primary freeboard lengths (200 mm-550
mm) and secondary air flow rates in the range of 0.224
kgm?>s' to 0269 kgm?>s'. The occurrence of
instabilities increased with the increase in primary
freeboard length, i.e. 400 mm and 550 mm [37]. This can
be due to the fact that the secondary air is located at a
more distant location from the fuel bed in these cases and
the temperature of unburned volatiles emitted from the
fuel bed decreases by the time they reach the secondary
air. In addition to the lower temperature of volatiles, a
higher secondary air flowrate causes quenching due to
convective cooling and results in incomplete combustion
and instabilities. Apart from the incomplete combustion
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of the post fuel bed volatiles, the mechanisms leading to
occurrence of instabilities could also be caused by the
thermo-acoustic coupling due to the variation in
temperature distributions along the combustor length and
warrants further investigation. Further detail about the
occurrence of the instabilities can be found elsewhere
[37]. Primary freeboard lengths greater than 300 mm in
addition to more instable conditions, also resulted in
lower combustion temperatures and higher gaseous
emissions [18]. Therefore, only two primary freeboard
lengths of ;=200 mm and 300 mm were selected.

Role of Air Staging in a Batch-type Fixed Bed Biomass Combustor under Constant Primary Air

Temperature/°C

Temperature/°C

3.1 Fuel bed conversion rates and temperatures

Figs. 2 and 3 show the time series of fuel bed
thermocouples at different values of Qy/Q; for L/D=1.00
and 1.48. Fuel bed thermocouples TC1 and TC2 were
located at 50 mm and 100 mm respectively, below the top
of the fuel bed at the start of the experiment. However,
TC3 was placed at the top of fuel bed. It can be observed
from Figs. 2 and 3 that Q/Q; has minimal effect on the
magnitude of fuel bed temperature for both L,/D=1.00
and 1.48. Fuel bed temperature slightly increased from
790°C to 908°C for Li/D=1.00 and from 796°C to

| —=— TCI
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Fig.2 Fuel bed thermocouple time series for L;/D=1.00



893°C for L/D=1.48 as the Oy/Q; increased from 0.33 to
0.75. This rise was around 14% and 12% for L;/D=1.00
and 1.48 respectively, as shown in Table 4. Further, the
peak fuel bed temperatures were similar for L;/D=1.00
and 1.48 at all the values of OJ/Q; tested i.e. 790°C
(LyD=1.00) and 796°C (Ly/D=1.48) at O/0=0.33 and
893°C (Ly/D=1.00) and 908°C (L/D=1.00) at Q/Q= 0.75.
Fuel bed temperatures are mainly affected by primary air
flow rate [18, 50]. Therefore, no significant difference in
peak fuel bed temperatures for L;/D=1.00 and 1.48, can
be due to the use of the constant primary air flow rate in
the current study. Whilst increase in peak fuel bed

temperatures with the increase in Qy/Q; can be due to
increased drying of fuel at greater values of O/0=0.66,
0.71 and 0.75. However, a significant difference in trends
of TC1 and TC2 for Li/D=1.00 and 1.48 was observed at
0/0=0.66, 0.71 and 0.75 cases. Fuel bed temperature
for TC2, as observed in Fig. 3, rose sharply from ambient
temperature as the ignition front reached the
thermocouple for L,/D=1.48 at all QJ/Q; tested. Further,
the ignition front then propagated downwards toward the
next thermocouple in the fuel bed (TC1) which also
follows the same trend. However, for L;/D=1.00, value of
fuel bed temperature as observed from TC2 rose much
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earlier than ignition front arrival at QJ/0=0.66 and for
both TC1 and TC2 at Q/Q=0.71 and 0.75. For L/D=1.00
at 0/0=0.75, the temperature inside the fuel bed was
around 200°C at 500 s, which increased slowly and
reached a peak temperature of 850°C (when the front
reached the thermocouples) at 2000 s as seen in Fig. 2.
This behaviour was only noticed for L;/D=1.00 at greater
00 values.

This behaviour can be related to the lower distance of
secondary air from the fuel bed, i.e., 200 mm, which
despite having very high flow rates at O/0=0.66, 0.71
and 0.75, did not quench the reactions happening inside
the bed, but rather instead helped the burning process.
Higher secondary flow rate due to greater value of Qy/Q;
of 0.66, 0.71 and 0.75 corresponding to secondary air
flow rate of 0.296, 0.313 and 0.358 kg-m’z-s’l, increased
the heat transfer from the top combusting part of the fuel
bed to the lower layers of the fuel bed, which were not
combusted yet, leading to a rise in temperature of lower
layers. The rise of fuel bed temperature above 100°C for
L/D=1.00 case, caused drying of fuel, which eventually
increased the burning rate as the burning rate of wood
pellets is higher for fuels with lower moisture content
[55]. Interestingly, at QJ/Q=0.66, higher temperature
before ignition front arrival is only observed for TC2.
Additionally, the rise in temperature of TC2 (located near
the top surface of the fuel bed) at O/Q=0.66 can be
attributed to a lower secondary flowrate corresponding to
0.266 kg'm s ' as compared to 0.313 kg'm>s' and
0.358 kg'm *s ' at 0/0=0.71 and 0.75. This flow rate is
not enough to transfer the heat from the ignition front
located at the top surface of the fuel bed to bottom layers
of fuel (where TCI1 is located). As the secondary air
flowrate increases further in the case of O/0=0.71 and
0.75, heat transfer from the top surface of fuel bed is
enhanced by strong downward penetrating secondary air
jets and therefore, this rises the temperature of TCl
before the arrival of ignition front. Furthermore,
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increased radiative heat transfer from the uppermost
layers of the fuel bed also results in a rise in the
temperature of TC1 due to an increase in fuel bed
temperature at higher values of O/0=0.71 and 0.75 as
seen in Table 4.

Fuel conversion rates (BR and IFV) initially decreased
with rise in QJ/Q; from 0.33 to 0.66. Increasing Qy/O;
further to 0.75, resulted in higher fuel conversion rate for
both L;/D=1.00 and 1.48. This increment in fuel
conversion rates was more significant for Z,/D=1.00 as
compared to L/D=1.48, especially at O/0=0.75. The
increase in fuel conversion rates (BR and IFV) for O/Q=
0.71 and 0.75 cases can be attributed to the greater values
of temperatures for the lower portion of the fuel bed
(TC1) which removes moisture from fuel (causing drying)
in these two conditions before the arrival of the ignition
front. This results in the increased drying of fuel, thereby
promoting higher fuel conversion rates, as depicted in
Fig. 2(d)—(e). Fig. 4 illustrates the normalised values of
fuel bed temperature, ignition front velocity (IFV) and
burning rate (BR) for L/D=1.00 and 1.48. Values in
Y-axis in Fig. 4 are obtained by normalizing values of
combustion parameters obtained from L;/D=1.00 case
with L;/D=1.48 case. A significant rise in the values of
these parameters can be observed at O,/0=0.75 (Fig. 4).
In contrast at O/Q=0.33 and 0.50, a small difference in
the values of fuel bed temperatures, ignition front
velocity and burning rate can be observed for Ly/D=1.00
and 1.48. This is as expected, as the flow of secondary air
is lower for these cases; hence, the effect of secondary air
location (primary freeboard) on fuel conversion is also
minimal. The maximum values of burning rate and
ignition front velocity were observed for Ly/D=1.00 at
0/0=0.75, corresponding to 0.042 kg'm >s™" and 0.065
mm-s ', respectively. Greater values of temperatures for
the fuel bed before the arrival of ignition front in the
0J/0=0.75 case increases the drying process of fuel by
removing moisture, thereby promoting higher fuel

Table 4 Fuel bed temperatures and fuel conversion rates for L;/D=1.00 and 1.48

Ly/mm L/D kg~r%gé-s’l kg~r%i£-s’l kg~gl/2‘s" 0J/0: FOBCT / rrifnvs/’l kg?nl}z/- ! Uncertainty
0.044 0.134 0.33 790 0.058 0.040
0.089 0.179 0.50 818 0.057 0.040
200 1.00 0.089 0.179 0.269 0.66 868 0.045 0.034
0.224 0313 0.71 919 0.045 0.036

0.269 0.358 0.75 908 0.065 0.042 FBT: £1.1%

0.044 0.134 0.33 796 0.061 0.040 I;I\{/f Ill §$}f,
0.089 0.179 0.50 800 0.057 0.038
300 1.48 0.089 0.179 0.269 0.66 854 0.052 0.036
0.224 0313 0.71 889 0.050 0.037
0.269 0.358 0.75 893 0.054 0.037
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conversion in the case of L;/D=1.00. The values of fuel
bed temperatures, burning rate and IFV obtained in
current study were in a good agreement with the previous
work on the combustion of wood pellets in a batch-type
fixed bed combustor [39, 52]. Moreover, comparison of
burning rate for L,/D=1.00 at Q/0=0.66 (Q,=0.089 and
0,~0.179 kgm?>s') with previous work [18] at
0/0=0.50 (0,=0.179 and Q~0.179 kg'm*s ') shows
that burning rate for the current study was approximately
47.6% lower than in previous work. Despite having the
same values for L; and Qs higher values of burning rate in
previous study can be linked to the greater value of O,
(0.179 kgm?>s"'), where for sub-stoichiometric
conditions, burning rate increases in accordance with the
increase in O, [50].

3.2 Freeboard temperatures

Fig. 5(a) and 5(b) present the axially resolved
centreline temperatures for two primary freeboard
lengths and five secondary to total air flow ratios. The
results show that the freeboard temperatures to be fairly
low for lower Qy flow rates at O/0Q=0.33 and 0.50,
corresponding to Q=0.044 kgm?>s' and 0.089
kgm s (0,=0.089 kg'm >s™") for both Z/D=1.00 and
1.48. This indicates that if a sufficient amount of
secondary air is not supplied in the freeboard region, then
the influence of primary freeboard length on freeboard
temperatures becomes negligible. Adding further
secondary air in the case of O/0=0.66, 0.71 and 0.75,
corresponding to 0,=0.179, 0.224 and 0.269 kg'm s,
significantly increases freeboard temperatures. Similar
values of freeboard temperature can be noticed for L=

1.00 and 1.48 at O/0=0.33 and 0.50, as seen in Fig. 5(a).

For higher values of QJ/Q; at 0.66, 0.71 and 0.75,
L/D=1.00 generally have greater freeboard temperatures
in comparison to L/D=1.48 cases. The highest
temperature in the upstream (x=50 mm) of secondary air
in the case of L;/D=1.00 was observed at QJ/Q0=0.75
(839°C), whereas for L/D=1.48, the highest freeboard

temperature (785°C) in the upstream of secondary air
was at QJ/0=0.71, as illustrated in Fig. 5(b). This
indicates that for L/D = 1.48, adding more secondary air
after 0/0=0.71 (0=0.224 kg'm>s™') reduces freeboard
temperature. However, for L,/D=1.00, temperatures were
in an increasing trend even at O/Q=0.75 (Qs~=0.269
kg'm>s'). This behaviour, in addition to higher
freeboard temperatures for Ly/D = 1.00 at Q/0=0.75, can
be linked to greater values of BR and IFV, as seen in
Table 4, as well as fuel bed temperature trends illustrated
in Fig. 2, where L/D=1.00 had a significant increase for
in-fuel bed progress variables at O/0=0.75. Interestingly,
between lower and higher freeboard temperature
conditions there was an instability case at Q=0.134
kgm?s' and 0,=0.089 kgm?>s' for Q/0=0.60.
Freeboard temperature in the upstream of secondary air
injection (x=150 mm) for L/D=1.00 at QJ/0=0.66
(0=0.179 kg'm *s ") were approximately 27% less than
those observed by Junejo et al. [18] for O/0=0.50 and
0,=0.179 kg'm >s'. Lower freeboard temperature in the
specified case could be a result of a lesser primary air
flow rate of 0.089 kg'm s, as compared to 0.179
kg'm s in the previous study that resulted in lower
freeboard temperatures with accompanying lower fuel
conversion rates.
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3.3 Freeboard gaseous emissions

Table 5 shows the concentration of various gaseous
emissions (CO,, CO and NO,), whilst Fig. 6 shows the
normalised values of these gaseous species for different
values of Qy/Q; tested at L/D=1.00 and 1.48. A rise in
0y 0 from 0.33 to 0.66 leads to higher CO, values in the
flue gas. CO, concentration in the flue gas increased by
approximately 37.5% when Qy/Q; increased from 0.33 to
0.66 for Ly/D=1.00. Further increasing the Qy/Q; from
0.71 to 0.75 had minimal effect on the CO, concentration
in the flue gas for both L/D=1.00 and 1.48. The lower
CO,; concentration in the cases of O/0=0.33 and 0.50
can be linked to lower freeboard temperatures, as well as
fuel conversion rates due to lesser secondary air flow
rates, as evident in Fig. 5 and Table 4. Higher freeboard
temperatures and burning rates were observed for
0/0=0.71 and 0.75 due to the availability of sufficient
oxygen in the freeboard, which leads to more efficient
combustion and an increase in CO, values. Moreover,
CO, concentration was quite similar across all the
investigated QJ/Q, values for L;/D=1.00 and 1.48.
Interestingly, at L;/D=1.00 and 1.48, NO, emissions were
significantly greater for lower values of Qy/Q;(0.33 and

0.50) as compared to higher values of 0.66, 0.71 and 0.75.

These emissions were 564% higher for O/0=0.33 as
compared to QJ/0=0.75 at L,/D=1.00. Formation of NO,
as a result of biomass combustion can occur due to three
mechanisms: (1) thermal NO, (2) prompt NO, and (3)
fuel NO, [56]. Thermal NO, refers to the NO, produced
due to the oxidation of atmospheric nitrogen at very high
temperatures. Prompt NO, is produced due to the
presence of hydrocarbon radicals in the fuel and fuel NO,
is produced due to the release of HCN and NHi radicals
from nitrogen containing fuels such as biomass during
the devolatisation process. In the case of biomass
combustion, fuel based NO, accounts for more than 70%
of the total NO, emissions [57, 58]. Moreover, the
formation of thermal and prompt NO, takes place at very
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higher combustion temperatures, between 1300°C—
1400°C [59]; as maximum combustion temperatures,
both in the fuel bed and freeboard, for the current study,
were approximately 900°C, the share of fuel based NO,
will be expected to be greater in this study. Furthermore,
an uncertainty of 10% in NO, emissions can be due to the
wide range of temperatures (175°C—450°C) observed
near the exhaust of the combustor where gaseous
emissions were being measured. Additionally, uncertainty
in NO, emissions can also be due to variation in fuel
properties (Nitrogen content). The supply of primary air
less than stoichiometric condition decreases the fuel bed
temperature. Additionally, this also results in an increase
in the CO concentration, both of which contribute to
lower NO, emissions [60, 61]. However, since in the
current study primary air flow rate was constant in all of
the tested conditions, any change in NO, concentration
was primarily due to secondary air flow rate.

As observed in Table 5, CO concentration in flue gas
for O/0=0.33 and 0.50 was significantly higher than
04/0=0.66, 0.71 and 0.75. Interestingly, concentration of
NO, in the flue gas was slightly lower for L,/D=1.48 as
compared to Ly/D=1.00. This could be due to the
condition where at L;/D=1.00, secondary air was located
closer to the fuel bed, in a high temperature region,
where the majority of the combustion reactions take
place. Therefore, introducing secondary air at this
location provides the oxygen required to complete the
oxidation of fuel based nitrogen in a high temperature
region. The results presented in the current study are also
consistent with previous studies on combustion of
biomass and coal-biomass blends in fluidized bed
reactors [61-63]. NO, emissions can be reduced
significantly by positioning secondary air at a farther
position from the fuel bed (L/D=1.48), as well as at
greater values for QJ/Q, of 0.66, 0.71 and 0.75.

Table 5 shows that irrespective of primary freeboard
length, CO emissions are significantly affected by Qy/Q,,

Table 5 Concertation of CO,, O,, NO, and CO in flue gas corrected at 10% of O, for L;/D=1.00 and 1.48

L/ 0,/ 0y o/ COy 0y NO./ co/ .
mm L/b kgm s kgm?Zs™! kgm?Zs™! /0 % % 10° 10° Uncertainty
0.044 0.134 0.33 7.68 9.91 505 -
0.089 0.179 0.50 7.61 11.32 450 96 435
200 1.00 0.089 0.179 0.269 0.66 10.56 6.21 34 1610
0.224 0313 0.71 10.64 9.3 57 341
CO,: +4.3%
0.269 0.358 0.75 10.57 122 76 201 Oy 42.2%
0.044 0.134 0.33 7.52 10.16 444 NO,: £10.9%
CO: £9.8%
0.089 0.179 0.50 7.64 13.83 448 97 493
300 1.48 0.089 0.179 0.269 0.66 9.87 6.18 28 2686
0.224 0.313 0.71 10.62 9.55 43 613
0.269 0.358 0.75 10.54 13.29 71 278
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as increasing QJ/Q; from 0.33 to 0.75 significantly
reduces CO from 9.6435x1072 to 2.01x10™* (L/D=1.00).
This significant reduction in CO concentration is also
coupled with observations from Figs. 25, where higher
secondary air flow rates in the case of QOy/0=0.75
increase both fuel conversion rates and freeboard
temperatures. CO emissions were also reduced when
secondary air was located closer to the fuel bed at L;/D=
1.00. This trend was more observable at higher values of
0J/0,, as seen in Fig. 6. Accordingly, CO concentration
for O/0=0.33 was very high (>0.125) and therefore, was
above the measurement range of the gas analyser. A
higher CO concentration in the case of O/0=0.33 could
be due to air staged operation of the combustor. Since the
primary air supply to the combustor was low (fuel rich),
this can result in the generation of CO in large amounts.
If the secondary air flow is sufficient, the product of
incomplete combustion from the fuel bed, including CO,
should combust in the freeboard region. Therefore, at
0/0=0.33, lower values of secondary air flow rate
(0.089 kg'm *'s™") resulted in higher concentration of CO.
Further, increase in secondary air supply (Qs=0.269
kg'm *s™), as indicated by greater values of 0/Q=0.75,
resulted in lower CO concentration. A significant
decrease in CO concentration with the increase in Qy/Q;
has also been documented by the earlier works conducted
on combustion of wood pellets [31, 32, 64]. CO
emissions in the current study are significant lower than
previous work [18], for both Ly/D=1.00 and 1.48.
Furthermore, CO concentration for the previous work
were approximately 2100% and 1200% higher than
current work for L;/D=1.00 and 1.48 respectively; the
higher CO concentration in previous work can be linked
to lower secondary air flowrate.

Fig. 7 shows the correlation of downstream freeboard

temperature with CO and O, concentration in the flue gas.

The downstream temperature in Fig. 7 was measured at
x=250 mm for L;/D=1.00. Downstream Ilocation of
temperature at x=250 in Fig. 7 was selected due to being

closer to secondary air, in the higher temperature zone
where the combustion of unburnt volatiles occurs. The
concentration of O, was higher in the exhaust gas,
approximately 9.91% and 11.3% for Qy/0=0.33 and 0.50,
respectively. The higher O, concentration in these cases
was coupled with lower freeboard temperatures and
higher CO emissions. This indicates that even though the
secondary air supply was low for Oy/0=0.33 and 0.50, it
did not react greatly with the unburnt volatiles emitted
from the fuel bed (to convert CO into CO,), which
resulted in higher O, and CO concentration. As sufficient
O, is supplied (0/0=0.66, 0=0.179 kgm>s"'), O,
decreases with a significant increase in freeboard
temperature and CO reduction. However, further
increasing Qy/Q; ratio to 0.71 and 0.75 and Q, from 0.224
kg'm s 'to 0.269 kg'm *s ', again resulted in higher O,
concentration due to the supply of excess air in the
freeboard, which resulted in higher freeboard temperature
and a further reduction in CO.
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Fig. 7 CO, O, and downstream temperature correlation

4. Conclusions

Experiments have been conducted on a
laboratory-scale batch-type fixed bed combustor to
characterise the influence of primary freeboard length (L)
and secondary air flow rate on burning rate and
temperature distribution in the fuel bed as well in the
freeboard region. Concentration of gaseous emissions
(CO,, NO,, CO) was also investigated. These
experiments were conducted at two different primary
freeboard lengths of 200 mm (Ly/D=1.00) and 300 mm
(L/D=1.48), using five different secondary to total air
ratios (Qy/Qy) ranging from 0.33 to 0.75 at a constant
primary air flowrate of 0.089 kg:m>s'. The following
conclusions are drawn:

Fuel Bed Temperatures and Conversion: An
increase in secondary to total air ratio (Qy/Q;) from 0.33
to 0.75 results in higher fuel bed temperatures. Variation
in primary freeboard length had minimal effect on fuel
bed temperatures. No significant effect of Oy/Q; on fuel
conversion rates (BR and IFV) was observed for primary
freeboard lengths of L/D=1.00 and 1.48 at O/0=0.33
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and 0.50. However, as Qy/Q; increased to 0.71 and 0.75, a
rise in fuel conversion rates was observed. The effect of
primary freeboard length on fuel conversion rates was
more prominent at QJQ#=0.75, where L;/D=1.00
possessed marginally higher values of BR in comparison
to L/D=1.48. A greater fuel conversion rate for Qy/QO=
0.75 at L/D=1.00 can be attributed to the drying of the
fuel caused by heat transfer from ignition front to the
bottom layers of fuel bed due to stronger secondary air
flow rate.

Freeboard Temperatures: Freeboard temperature
was found to have a positive correlation with QJ/Q..
Maximum freeboard temperatures were found in the
vicinity of secondary air injection and at Q/Q0=0.75 for
Ly/D=1.00 and at QJ/Q=0.71 for L/D=1.48. Freeboard
temperatures were very similar for L;/D=1.00 and 1.48 at
0/0=0.33 and 0.50. However, as the Q/Q; increased to
0.66, 0.71 and 0.75, L/D=1.00 had higher freeboard
temperatures than L;/D=1.48.

Emissions: An increase in QJ/Q, from 0.33 to 0.75
resulted in lower CO and NO, emissions with
accompanying higher CO, concentration in the flue gas.
For higher values of QJ/Q, i.e. 0.71 and 0.75,
significantly lower CO emissions were observed
attributing towards the complete combustion of volatiles
(consequence of higher freeboard temperature) in the
freeboard region. Injecting secondary air at a higher
position at L;/D=1.48 from fuel bed results in lower NO,
emissions as compared to L;/D=1.00. However, this
reduction in NO, is accompanied with higher CO
emissions.

Overall, the combustion characteristics were
influenced by both the secondary to total air ratio and
primary freeboard length. Fuel bed temperatures, fuel
conversion rate, freeboard temperatures and emissions
(CO) were found to be lower in the current work as
compared to previous work conducted on the same
combustor but at a varied primary air flow rate. The
outcomes from the current work complements the
available data in effective designing and a better
understanding of the combustion and emissions of
biomass fuels in large commercial scale moving grate
combustors.
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