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ARTICLE INFO ABSTRACT

Keywords: Self-sustained pulverized biomass swirl flames are investigated experimentally under oxy-fuel atmosphere
Oxy-fuel combustion concerning the effect of thermal load, and oxygen content of the oxidizer stream on flame characteristics.
Self-sustained

Experiments are conducted employing a swirl burner in a down-fired cylindrical chamber. Operating conditions
are selected in ranges of thermal loads between 60kW, to 100kW, and oxidizer oxygen contents between
25 and 30vol. — % while keeping the flame stoichiometry constant. Particle velocity profiles are obtained
employing non-intrusive 2D laser Doppler velocimetry. Spectrally narrow-band imaging of the near burner
region enables the identification of reaction zones via OH* radical emission imaging as well as regions of
high particle temperature by imaging their thermal radiation. The results show that the occurrence of an fuel
particle recirculation is related to the ratio of the momentum flow rate of swirled secondary stream over the
momentum flow rate of the fuel with its carrying stream. By either reinforcing the flame thermal power or
lowering the oxidizer oxygen content, the momentum ratio increases, progressively leading to the fuel particle
recirculation at the central axis of the flame. In the flames with a recirculation of hot fuel particles towards
the burner, homogeneous devolatilization and char combustion regions are observed in the radical emission
of OH* and thermal radiation images, respectively.

Pulverized walnut shell
Swirl flame

LDV

Flame visualization

1. Introduction

Despite the forecast in recent year’s world energy outlook (WEO) [1],
that the demand for fossil fuels will peak before 2030, the post-
peak decline scenarios largely vary, also due to the presumed ongoing
coal usage in the energy sector. Thus, besides the effort to decar-
bonize power generation, a replacement of fossil by biogenic fuels
can empower a decline in fossil fuel usage and the related CO, emis-
sions. Biomass energy with carbon capture and storage (BECCS), using
biomass as the main energy source, even has the potential to decrease
the concentration of CO, in the atmosphere due to its net negative CO,
emission [2]. One of the carbon capture and storage (CCS) technologies
is oxy-fuel combustion in which combustion takes place in a mixture of
CO, and O,. Therefore, the resultant flue gas of oxy-fuel combustion
consists primarily of CO,, water vapour and emissive species such as
NOx and SOx. Thus, after condensation of the water and removal of
the emissive species, CO, can be sequestrated and stored. More details
about oxy-fuel combustion can be found in various reviews, e.g. [3-5].

In the oxy-fuel process, the oxygen content in the oxidizer stream is
adjustable, increasing the degree of freedom in tuning the combustion
process. For pulverized coal combustion under an oxy-fuel atmosphere,

the effects of different oxygen concentrations in the oxidizer stream
have been studied in detail. Becker et al. [6] demonstrated that varying
the O, concentration between 25vol. — % and 30vol. — % influences
flame stabilization inside the burner quarl, with the flame base shift-
ing due to changes in recirculation and mixing. Zabrodiec et al. [7]
performed flow field measurements using laser Doppler anemometry,
and showed that increasing O, content from 23 vol. — % to 33 vol. — %
enhances axial velocities in the main vortex while reducing velocities
in the internal recirculation zone, revealing a clear dependence of the
flame’s flow field on the oxidizer composition. Burkle et al. [8] used
tunable diode laser absorption spectroscopy to measure path-integrated
temperatures and species concentrations in a lab-scale combustor. The
results show that higher O, content leads to lower CO and CH, con-
centrations in the flue gas which indicate improved reaction progress
and enhanced burnout due to better mixing of the flows within the
combustion chamber. In contrast to the extensive research on coal
combustion, experimental studies on pulverized biomass flames remain
scarce, especially under oxy-fuel conditions. Moreover, the majority
of experimental works on biomass combustion in the literature are
limited to the measurements of gas-phase temperature [9,10], and
concentration of gas-phase species (e.g. CO,, CO, O,) [11,12].
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A thorough understanding of the underlying mechanisms in biomass
swirl flames requires a detailed characterization of a variety of carefully
selected operating conditions. In the work of Konig et al. [13], pulver-
ized biomass flames at thermal powers of 500kW,, and 750kW,, were
operated with two different inlet swirl numbers. Their investigations
focused on flue gas contents and thermal radiation of the biomass
flames at different swirl numbers. However, due to the aerodynamic
stabilization of swirl flames, the flow field is crucial parameter that
needs to be investigated. Recently, Schneider et al. [14] conducted
a comprensive study on gas-assisted pulverized biomass swirl flames
in oxy-fuel atmosphere. Their work demonstrated that the position of
both - the combustion zone and the internal recirculation zone at the
axis of the flame - shifts towards the burner and becomes more tightly
compacted with increasing oxygen content in oxidizer stream.

In the test rig of this study, the first studies with pulverized walnut
shell combustion have been conducted to investigate the effects of
methane-assistance on the flame start-up procedure employing particle
velocity measurements, and narrow-band flame imaging [15]. The mea-
surements show that methane-assistance at the startup of the pulverized
walnut shell flame is the deciding parameter for the aerodynamic
control of the flame. Even if the methane-assistance is cut a while after
the flame is started, the flame can manage to keep its flow field and
shape. Previous studies in this chamber and this burner concentrated
on the influences of different fuels and, different atmospheres at fixed
thermal load of 60kW,, [16-18], also complemented by the numerical
studies [19-21]. This study aims to explore the effects of increasing
thermal load and oxygen concentrations in the oxidizer stream. A
total set of five different flames is presented, with three flames at the
same oxidizer composition with an oxygen content of 25vol. — % and
thermal load varying between 60kW,, and 100kW,, and three flames
at constant thermal load of 100kW,, with the oxygen content vary-
ing between 25 to 30 vol. — %. Non-intrusive laser-Doppler velocimetry
(LDV) is employed to obtain particle velocity profiles at different
distances below the burner. Likewise, non-intrusive spectrally narrow-
band imaging enables linking the flow field to the devolatilization zones
and identifying regions with high particle temperatures.

2. Experimental setup
2.1. Combustion chamber and operating conditions

Experiments are conducted in the pilot-scale down-fired cylindri-
cal combustion chamber (cf. Fig. 1(a) - (b)) in the test facility of
the Institute of Heat and Mass Transfer (Lehrstuhl fiir Warme und
Stoff-iibertragung, WSA) at RWTH (Rheinisch-Westfalische Technische
Hochschule) Aachen University. The cylindrical design supports a sym-
metric flow field and strong internal recirculation, allowing particles
to remain longer in the chamber and burn out completely. The inner
diameter and the length of the chamber are 400 mm and 4200 mm,
respectively. Heating elements embedded into the chamber’s ceramic
wall to sustain a wall temperature of ~ 1000°C for the experiments.
Thus, pilot-scale pulverized solid fuel combustion can be conducted
without the need for gas-phase flame assistance. The experiments are
performed at the measurement level of the chamber (cf. Fig. 1(c)) with
three measurement ports, available for either optical or probe access
into the chamber. To protect the optical windows from deposition
of fuel and ash particles, a continuous purge flow is introduced and
subsequently recaptured through nozzles located at the inner region
of each optical access port. The burner is mounted on the vertically
traversable burner port whose location can be seen in Fig. 1. a. Thus, at
the measurement level, different sections of the flame can be optically
accessed by adjusting the vertical position of the burner within the
combustion chamber. A flue gas quench section is positioned below the
combustion chamber to cool the exhaust gases prior to their discharge
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to the stack. Cooling is accomplished via water injection. The opening
between the combustion chamber and the flue gas quench is intention-
ally kept small to prevent the cold quench gases from affecting the
flame.

The test facility can be operated in three different modes: air, dry
oxy-fuel, and wet oxy-fuel. The air and dry oxy-fuel modes represent
once-through operation, using either air or a mixture of CO, and O,
as the oxidizer, respectively. In air mode, compressor air system with a
built-in refrigerant dryer provides a clean, dry air to be used in the
combustion chamber. In the dry oxy-fuel mode which is employed
in this study, oxygen and carbon dioxide are provided from separate
supply tanks, and an in-house gas mixer prepares the oxidizer mixture
with the desired O, content. The wet oxy-fuel mode corresponds to a
flue gas recirculation configuration, in which a portion of the flue gas
is recycled and enriched with oxygen.

A swirl-type burner with a diffusor (cf. Fig. 2) was employed to build
stable self-sustained biomass flames in the combustion chamber. The
same burner has been previously employed in investigations of pulver-
ized coal flames under air and oxy-fuel conditions [16,18]. The burner
has two concentric annular nozzles (named primary and secondary)
through which the oxidizer flow is released into the diffusor region. The
primary nozzle concentrically surrounds a central bluff body and deliv-
ers the solid fuel particles entrained by the oxidizer stream. The feeding
rate of solid fuel particles was controlled by a double-screw feeder, from
which the particles were discharged and transported into the primary
oxidizer line. To mitigate the risk of spontaneous combustion within
the feeder silo, the system is continuously purged with inert gas. During
operation, this constant inert gas flow prevents oxidizer backflow from
the oxidizer primary stream into the feeder. Consequently, the primary
steam is operated with a reduced oxygen concentration. The secondary
nozzle is the only nozzle that delivers a swirled oxidizer stream into
the chamber. Within the burner body, the secondary stream obtains its
swirl in a plenum chamber situated ahead of the nozzle. The swirler
assembly includes four axial and four 45°-inclined tangential channels.
By redistributing the total flow between these channels, the level of
swirl imparted to the secondary stream can be controlled. Detailed
illustrations of the burner and its swirler can be found in [6]. The
geometric swirl number for all conditions is S, = 0.95 according to the
definition (Eq. (1)) by [22]. It represents the ratio between the axial
flux of swirl momentum (G,) and the axial flux of axial momentum (G,)
times the equivalent nozzle radius (r). An S, = 0.95 corresponds to a
flow field with an effective swirl angle of about 45°. This swirl number
was selected since the previous experiments demonstrated that it yields
a stable flame with minimal observable fluctuations. The diameter of
the secondary nozzle, d = 64.0 mm, is used as the reference length for
the description of the axial and radial positions of the measurements
taken, i.e. measurements at H = 0.54 are taken 32.0mm below the
dump plane. The tertiary stream is released into the chamber through a
gap between the diffusor and burner port. Lastly, the necessary oxygen
for the complete combustion is provided by the staging stream, which
enters the combustion chamber via the gap between the burner port
and the chamber wall. The main purpose of the tertiary and staging
streams is to reduce the amount of oxidizing gas injected through the
diffusor (by the primary and secondary nozzles), thereby decreasing
the axial velocity at the burner. Furthermore, by adjusting the ratio
between the oxidizer supplied through the diffusor and that provided
by the tertiary stream, the local air ratio can be controlled. This enables
the establishment of under-stoichiometric conditions in the near-burner

region.
S, = S (€Y
&7 Gyr

The operating conditions of the investigated flames are listed in
Table 1. The flames are named based on the thermal load in kW and
the volumetric percentage of oxygen in the oxidizer stream, e.g 100kW-
0OXY25 flame is 100kW,, flame operating in oxyfuel atmosphere with
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Fig. 1. (a) Cross-sectional illustration of the experimental test facility. (b) Picture of the measurement level at the experimental facility in RWTH. (c) Cross-sectional
illustration of the measurement level with LDV and narrow-band imaging setups. All geometrical dimensions are given in millimetres.
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Fig. 2. (a) Picture of the swirl burner. (b) Half cross-sectional view illustrating the traversable burner port and the swirl burner installed at the top of the
combustion chamber. The main components — primary (fuel + oxidizer) nozzle, secondary, tertiary, and stating oxidizer inlets, centre bluff body, and diffusor

— are labelled. All geometrical dimensions are provided in millimetres.

25 vol. — % oxygen and remaining 75 vol. — % carbon dioxide. Five self-
sustained pulverized biomass flames are selected to examine the effect
of thermal load (60kW-OXY25, 80kW-OXY25, 100kW-OXY25 flames)
and the oxygen content (100kW-0XY25, 100kW-OXY27, 100kW-OXY30
flames) on the flame characteristics. Flame stoichiometry is kept con-
stant for all studied cases by using the same oxygen-fuel ratios (4)
in the oxidizer flow rate calculation. Hence, 4 = 1.0 represents the
complete combustion of solid fuel without excess oxygen in the flue
gas. Global oxygen-fuel ratio 4; = 1.3 accounts for all oxidizer streams
provided into the combustion chamber while the local oxygen-fuel ratio
A; = 0.8 excludes the staging stream. The volumetric flow rate of
the primary stream is set to 8.5m>h~! for all studied flames for stable
pulverized fuel feeding. The chemical composition and the microscopic

size distribution of the walnut shells, used as solid fuel in this study,
are presented in Table 2. The volume-based cut-off diameters (dy o,
dy 50, dy o) Of the particles, listed in Table 2, are determined by image
processing of the microscopic images of fuel samples, as described in
Pielsticker et al. [23].

2.2. Measurement techniques

Spectrally narrow-band imaging is used to identify reaction zones
for different flame conditions. The experimental setup includes a CCD
camera (LaVision) coupled to an image intensifier (IRO, LaVision). To
obtain cross-sectional images of the flames, the image intensifier was
focused on the centre of the chamber using a UV objective (UV1054B,
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Table 1

Operating conditions.
Parameter Units 60 kW 80 kW 100 kW 100 kW 100 kw

0XY25 0XY25 OXY25 OXY27 0OXY30

biomass mass flow rate [kgh™'] 11.4 15.3 19.1 19.1 19.1
flame thermal load [kW,,] 60 80 100 100 100
0, fraction of [vol. — %]
primary stream 22.6 22.6 22.6 24.4 27.1
secondary stream 25.0 25.0 25.0 27.0 30.0
tertiary stream 25.0 25.0 25.0 27.0 30.0
staging stream 25.0 25.0 25.0 27.0 30.0
Volumetric flow rate of* [m*h~']
primary stream (Qp) 8.5 8.5 8.5 8.5 8.5
secondary stream (QS) 23.7 34.0 44.3 40.4 35.7
tertiary stream (Q,) 4.2 6.0 7.8 7.1 6.3
staging stream (Qst) 22.7 30.3 37.9 35.0 31.5
Bulk velocity of? [ms™']
primary stream (V) 4.6 4.6 4.6 4.6 4.6
secondary stream (V) 9.9 14.2 18.5 16.9 14.9
tertiary stream (V) 1.2 1.8 2.3 2.1 1.9
staging stream (V) 0.5 0.7 0.9 0.8 0.7
Temperature of [°C]
primary/secondary stream 25/40
tertiary/staging stream 40/900
Momentum flow rate of [kgms™2]
fuel 57.9 77.8 97.1 97.1 97.1
secondary stream x1073 120.0 247.0 419.4 346.7 268.3
Momentum ratio, 1,/1,° x1073 2.1 3.2 4.3 3.6 2.8

2 STP = Standard temperature (0°C) and pressure (1.013 bar).

b Ratio of the momentum flow rate of secondary stream over momentum flow rate of solid fuel.

Table 2
Chemical composition, and microscopic size analysis of the employed walnut
shells.

Component ar.c w.f.d d.a.fe
Carbon [w.-%] 46.11 50.94 51.32
Hydrogen [w.-%] 5.58 6.16 6.21
Oxygen® [w.-%] 37.95 41.92 42.36
Nitrogen [w.-%] 0.10 0.11 0.11
Sulphur [w.-%] <0.01 <0.01 <0.01
Water [w.-%] 9.48 - -

Ash [w.-%] 0.66 0.73 -
Volatiles [%] 72.93 80.57 81.16
HHV® [MJ/kg] 18.445 20.376 20.525
Particle dy o dy s dygg
diameter” [pm] 101.5 140.6 178.8

2 Calculated from difference.
b HHV: higher heating value.
¢ ar.: as received.

4 w.f.: water free.

¢ d.af.: dry, ash free.

{ volume-based.

Universe Optics) composed of ultraviolet quartz lenses, allowing the
flame’s ultraviolet radiation to be detected by the CCD camera. The
objective has a focal length of 105 mm, resulting in a conversion ratio of
8 pixels per millimetre for the post-processing of the narrow-band im-
ages. Two spectrally narrow-band filters, centred at 308 nm and 430 nm
(each with a full-width at half-maximum of 10nm), were mounted in
front of the objective. The 308 nm filter was used to capture the spon-
taneous radiative emission of radical OH (denoted OH*), whereas the
430 nm filter recorded the thermal radiation originating from the black
body radiation of fuel, and soot particles. Since OH* is an intermediate
species in the hydrocarbon oxidation [24], its emission is associated
with the homogeneous combustion of volatiles.

The narrow-band images were recorded as line-of-sight integrated

emissions of electronically excited species. Due to the optically lim-
ited access of the combustion chamber, the recorded images exhibit
non-zero intensity at the radial boundaries, particularly in the lower re-
gions of interest for analysis, rendering Abel deconvolution unreliable.
Therefore, the presented results correspond to line-of-sight integrated
radiation, which may overrepresent intensities at axis of the chamber,
rather than true cross-sectional distributions such as those obtained by
planar laser-induced fluorescence (PLIF).

Narrow-band images cover the same axial and radial region of the
combustion chamber for all investigated flames. Image acquisition was
carried out using the frame grabber software (DaVis 7.0) provided by
the camera manufacturer. Images were recorded at a constant gain
and a fixed frame rate of 1.2Hz, while the gate time of the image
intensifier was varied between 250 000 ns to 999 999 ns to account for the
different flame intensities. Since the recorded intensity scales linearly
with gate time, comparison between measurements with different gate
settings was enabled in post-processing by normalizing each image
with respect to its applied gate time. For each flame, 340 images were
acquired, temporally averaged, and normalized based on the respective
gate settings to ensure comparability across all operating conditions.

The particle velocity profiles along the radial axis of the combustion
chamber are measured using laser Doppler velocimetry (LDV). A long-
range LDV system (ILA R&D GmbH) designed specifically for this
combustion chamber is operated in backscattered mode. Two laser
heads (Coherent Genesis CX-SLM series) at wavelengths of 488 nm and
514nm are operated to simultaneously determine axial and tangential
particle velocities, respectively. Each of the two laser head outputs
is divided by Bragg cells into two beams, resulting in a total of four
beams, with a frequency shift of 40 MHz applied to one beam from
each pair. All four laser beams were individually focused and directed
to form the measurement volume via a combination of optical compo-
nents (right angle prisms, singlet lenses) without optical fibre cables
which maximize power efficiency. Thus, each beam contributes with
a power of ~ 700mW to the ellipsoidal measurement volume, which
is positioned approximately 1600 mm from the front panel of the LDV
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Fig. 3. Particle size distribution of walnut shell particles in volume-based and
number-based representations.

system to enable measurements inside the combustion chamber. The
ellipsoidal measurement volumes of 488 nm and 514 nm laser couples
have a width of 135pm to 150 pm and a length of 1600 pm to 1800 pm,
respectively.

For the collection of Doppler signals, the scattered light at the
ellipsoidal measurement volume is captured by optical components
(lenses and dichroic beamsplitter) and routed via fibre optics to photo-
multiplier tubes (PMTs). Bandpass filters are placed between fibre cable
ends and the PMTs to suppress undesired wavelength components of
the light and to improve the signal-to-noise ratio of the Doppler signal.
PMTs are used to amplify very weak light signals and convert them
to electrical signals. The voltage on the PMTs are adjusted between
600V to 1200V depending on the particle size and concentration on
the intersection of optical paths of the laser beams and receiving optics.
These output signals of PMTs are then digitized and processed through
a Dantec BSA P80 signal processor based on the user input in the BSA
flow software.

The LDV system can be traversed in the radial direction. Thus, the
particle velocity measurements are performed across the radial axis at
the five distances below the burner (H = 0.3d,0.5d,1.0d,2.0d,4.04d).
The radial resolution of the measurements is adjusted between 1 mm
to 20mm based on the spatial gradients in the velocity profiles. At
each radial measurement point, burst signals are collected for 60s and
subsequently processed by the Dantec BSA flow software to obtain the
velocity data. The average data rate obtained at each measurement
point varies with the local particle number density in the combustion
chamber, and the corresponding profiles are presented in Figure A.1 in
the Appendix.

Solid fuel particles are used as flow tracers for LDV measurements.
Fig. 3 compares the number-based and volume-based particle size
distributions of the fuel. As clearly shown, the number-based mean
particle diameter dy s, is below 15pum, indicating that the majority
of the fuel particles act as effective flow tracers (St < 1). However,
in backscattered LDV measurements, larger particles scatter Doppler
bursts with significantly higher intensities than smaller ones. To protect
PMTs from saturation, sensitivity (high voltage to the PMTs) is set
according to the highest scattered intensities. This adjustment leads
LDV to favour the burst signals of large particles over those of small
particles. Thus, it should be noted that the mean velocities reported in
this study represent particle motion, and may not fully capture details
of the gas flow field.
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3. Results and discussion

In the sections below, the impact of increasing flame thermal power
and oxidizer oxygen content on the fuel particle’s trajectories, and
flame structure is discussed. Radial profiles of dimensionless axial and
tangential particle velocities are shown in Fig. 4 for the three OXY25
flames at 60, 80 and 100kW, as well as one OXY30 flame at 100kW,,.
The measured mean velocities are converted to non-dimensional form
using the reference velocities which are the mean of the bulk velocities
of primary and secondary streams for axial velocity profiles (U, =
(Ug p+Ug)/2), and the bulk velocity of secondary stream for tangential
velocity profiles (Vo = Vps/2). Bulk velocities of each stream (cf.
Table 1) are calculated as: V3; = O;/A;, where Q; is the volumetric
flow rate of stream i and A is the cross sectional area where the stream
i is released into the combustion chamber. The LDV measurements
are conducted at five different axial distances below the burner port:
H = 0.3, 0.5, 1.0, 2.0, and 4.0d — except the 80kW,, flame, where
the velocity profile at H = 4.0d is excluded due to its poor data
rate in the measurements. The spectrally narrow-band images of five
flames are separated and displayed in two groups: 60, 80 and 100kW,
flames under same oxy-fuel atmospheres in Fig. 5, and 100kW,;, flames
with three different oxy-fuel atmospheres in Fig. 6. Both images — OH*
radical emission and thermal radiation - are taken through the same
port and capture the same half section of the axisymmetric flame. For a
better visual representation, the OH* images are mirrored. Moreover, to
correlate particle velocity profiles and reaction zones, the OH* images
include markers indicating the radial positions and magnitudes of the
peak axial and tangential velocities (taken from Fig. 4). Thus, the radial
trajectory of the main vortex, represented by the positions of peak axial
velocities, can be evaluated with respect to the reactive zone of the
flame. Radial axis of Figures (r/d) are also in non-dimensional form
similar to the axial distances below the burner port (H /d).

3.1. Discussion of increasing thermal power

In the dimensionless velocity profiles of the OXY25 flames (cf. Fig.
4(a)-(c)), two different flame patterns can be observed, which are
directly related to the (non-)existence of recirculation of solid fuel
particles towards the burner, herein denoted as particle recirculation
zone (PRZ). Regarding the profiles around the centre (r/d = 0),
negative velocities are only observed for the 80 kW, flame at H =2.0d
and the 100kW,, flame below H = 1.0d4. Thus, it is observed that
the higher the thermal load, the closer the PRZ reaches towards the
burner. In the shear zones around the PRZ, i.e. where the particles’ axial
trajectory changes direction, the tangential velocities increase, and
contract towards the chamber axis. For 80kW,;, flame, PRZ develops
between H = 1.0—-2.0 d where the highest tangential velocity shifts from
r/d = 1.1to r/d = 0.8 with an increase in magnitude from V /¥ ¢ = 0.46
to 0.54. This increase in velocity is only observed for the flames with
PRZ and attributed to the conservation of angular momentum in the
rotating motion of the fluid flow. With no PRZ in 60kW, flame, the
peak velocities of the axial and tangential velocity profiles, i.e. the main
vortex of the flame, continuously spread outwards towards the chamber
wall, where the main vortex merges with the staging stream.

The narrow-band images (cf. Fig. 5) yield a similar picture. With
increasing thermal load from 60kW, to 100kW,, the OXY25 flames
show an increase of intensity for OH* radical emission (left half of
narrow-band images in Fig. 5) from as well as thermal radiation (right
half of narrow-band images in Fig. 5) at the central axis r/d = 0. The
recirculation of hot particles towards the burner yields higher flame
intensities (OH* radical emission as well as thermal radiation) in the
PRZ for both 100kW, and 80kW,, flames. Since the 60kW,, flame
lacks a PRZ, its reactive zone is restricted to its main vortex only.
Furthermore, the recirculation provides heat to the near burner region,
leading to an earlier volatile release. At 100kW,,, both OH* radical
emission and thermal radiation already start in the quarl which can
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Fig. 4. Dimensionless mean velocity profiles obtained from the LDV measurements of the axial U and tangential ¥ velocity components for the flames: (a)
60kW-0XY25, (b) 80kW-OXY25, (c) 100kW-0XY25, (d) 100kW-OXY30. Positive values of axial velocity profiles represent a downward velocity in the combustion
chamber. Grey shaded regions at r > 3.125d = 200 mm represents measurements inside the observation port.

be seen below the edge of the diffusor at r/d = 0.75. This suggests
that the flame stabilizes near the diffusor, enabling early ignition of
the biomass particles. With regard to the above observations, it can be
concluded that for the investigated flames, an increasing thermal load
leads to the formation of a PRZ, that intensifies with a further increase.
In parallel, the release of volatiles shifts in the direction of the burner,
as the recirculating combustion products reach the area close to the
burner and lead to a higher particle heating rate there.

The velocity markers in Fig. 5 show the radial trajectory of the main
vortex between H = 0.3 —2.0d. For all the flames, the trajectory of the
main vortices follows the progression of OH* radical emission of the
corresponding flames. The main vortex of the 60 kW, flame shifts away
from the centre axis of the chamber while the main vortex of flames
with PRZ stay close to the centre axis. By observing the change in
marker size, strong increases in axial velocity can be identified between
H =05d and H = 1.0d for both the 60kW,, and 80kW,, flames, as
shown in Fig. 4. It is attributed to the thermal gas-phase expansion,
associated with the high combustion temperatures of volatile matters,
which manifest in OH* radical emission observed between H = 0.5 —
1.0d in Fig. 5. Due to the early volatile release of the 100kW,, flame
inside the diffusor, no sharp increase is observed below the diffusor,
neither for OH* radical emission, nor for the axial velocity.

3.2. Discussion of increasing oxygen content

To explore the effect of oxygen content in the oxidizer streams,

velocity measurements of the flames with the same thermal load of
100kW,, are compared for different oxygen contents (OXY25 and
0XY30) in Fig. 4(c) - (d). While a PRZ is observed between 1.0—4.0d for
the OXY25 flame, the OXY30 flame has no PRZ, similar to the 60kW-
OXY25 flame. At the axis of the OXY30 flame (r/d = 0) the mean axial
velocities have non-zero values throughout the chamber until H = 4.0d
where the stagnation point (U/U,s = 0) is observed. Both velocity
components — axial and tangential — show that the main vortex of the
OXY30 flame shifts away from the centre with a decrease in the peak
value.

As an intermediate step between the OXY25 and the OXY30 flames,
the narrow-band images for the OXY27 flame are provided for dis-
cussion. It is observed that with an increase in oxygen content, the
reaction zones move towards the burner, both at the axis (r/d = 0)
and below the edge of the diffusor (r/d = 0.75). In the OXY25 flame,
the highest intensities are observed between H = 1.0 — 2.0d whereas
the positions of the highest intensities move gradually closer to the
burner in OXY27 and OXY30 flames. This is attributed to the early
ignition of fuel particles due to the higher oxygen availability in the
flame. Moreover, the decrease in the volumetric oxidizer flow rate at
the inlet (cf. Table 1) drops the thermal inertia of the inlet gas flow
and so it leads to higher local flame temperature and thermal radiation
close to the burner. Although all three 100kW,,, flames have the same
fuel mass flow rate the corresponding flame radiation emission (in
arbitrary units) ranges from 5000 (OXY25) over 10000 (OXY27) to
30000 (OXY30)
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Fig. 5. Temporally averaged spectrally narrow-band emission images of three walnut shell flames with three different thermal loads under same oxy-fuel
atmospheres: 60kW-OXY25, 80kW-OXY25 100kW-OXY25. Parula and hot colour-schemes are selected for 308 nm (OH* luminosity [a.u.]) and 430 nm (Thermal
radiation [a.u.]) images, respectively. Hollow markers, velocity markers, represent the radial positions of the highest measured particle velocities (white: axial
velocity, red: tangential velocity) at the corresponding axial distances below the burner port (c.f Fig. 4). The sizes of the hollow marks are set proportional to

the value of the highest dimensionless measured particle velocities.

The OXY30 flame exhibits the highest intensities of the OH* radical
emission just at the outlet of the diffusor at r/d = 0.75, indicating that a
strong biomass devolatilization, as well as strong gas-phase expansion,
already starts inside the diffusor. This strong gas-phase expansion also
explains the difference between the axial velocities of OXY25 and
0XY30 flames. Although the OXY30 flame has lower oxidizer flow rates
than the OXY25 flame, the axial velocity at H = 0.3d in OXY30 is
almost twice as high as that in OXY25. Moreover, a clear shift of the
intense radiation zones in OH* radical emission — away from the axis —
is observed, in agreement with the changes in the velocity profiles seen
in the velocity markers’ radial position change.

Overall, the velocity measurements show that both thermal load
and oxygen content significantly influence the development of PRZ
and, consequently, the flame stabilization at the diffusor. This can be
explained by the variations in the momentum ratio between the flame
conditions in Table 1. As the ratio increases from I,/I, = 2.1 x 1073
to I,/I;, = 43 X 1073 with thermal power increasing from 60kW,
to 100kWy,, the intensifying formation of a recirculation zone can be
observed for the OXY25 flames. This behaviour aligns also well for
the cases where the momentum ratio decreases from I,/I, = 4.3 X
1073 for 100kW-OXY25 flame to I,/I, = 2.8 x 1073 100kW-OXY30
flame. The recirculation zone vanishes when the oxygen contents in the
oxidizer stream are increased from 25 to 30vol. — % for the 100kW,
flames. However, aerodynamics at the burner nozzle is not the only
parameter responsible for the flame shape. The momentum ratio is
larger for 100kW-OXY30 than for 80kW-OXY25. The latter exhibits a
recirculation zone, while the former does not. This indicates, that other
parameters, such as the availability of oxygen in the vicinity of the
burner also play a crucial role in shaping the flame, i.e. the increase in
oxygen content leads to far higher flame intensities close to the burner
(cf. Fig. 6 for 430 nm).

4. Conclusions

In the present study, the effects of flame thermal power and oxidizer
oxygen content on the fuel particle’s trajectories, and flame structure of
pulverized walnut shell flames are investigated. Spectrally narrow-band
imaging and laser Doppler velocimetry measurements are conducted
for five different operating conditions with identical stoichiometric
conditions.

The experimental results of OXY25 flames show that the thermal
power of the flame has a significant effect on the flame characteris-
tics, mainly depending on the ratio of momentum flow rates of the
swirled secondary and solid fuel transporting streams. Among three
0XY25 flames, a PRZ is developed only in 80 kW and 100kW,, flames.
Observed PRZs are not stabilized at the bluff body of the burner, and
extend between H = 1.0d and H = 4.0d. The existence of a PRZ
has a homogenizing effect on the flame concerning volatile release and
thermal radiation. On the other hand, varying the oxygen content in
the oxidizer stream affects significantly all three investigated flame’s,
showing up in: Particle velocities, OH* radical emission, and thermal
radiation. Although the PRZ vanishes as the oxygen content increases
from 25 to 30vol. — %, the reactive zone of the flames shift into the
diffusor, so the flame stabilization at the diffusor improves. Thus, the
degree of freedom oxy-fuel combustion provides on the oxygen content
in the oxidizer stream is proven to be advantageous since the pulverized
biomass flame has a high sensitivity to the oxygen content.

Besides these insights on the combustion behaviour under the inves-
tigated operating conditions, the quantitative radial profiles of particle
velocity provide a unique dataset for the validation of numerical stud-
ies on biomass combustion, paving the way for a transition towards
net-zero or negative emissions in the solid-fuel based energy sector.
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Fig. 6. Temporally averaged spectrally narrowband emission images of three 100 kW walnut shell flames under different oxy-fuel atmospheres: 100kW-OXY25,
100kW-OXY27 100kW-OXY30. Parula and hot colour-schemes are selected for 308 nm (OH* luminosity [a.u.]) and 430 nm (Thermal radiation [a.u.]) images,
respectively. Hollow markers, velocity markers, represent the radial positions of the highest measured particle velocities (white: axial velocity, red: tangential
velocity) at the corresponding axial distances below the burner port (c.f Fig. 4). The sizes of the hollow marks are set proportional to the value of the highest
dimensionless measured particle velocities. Velocity markers are omitted for the 100kW-OXY27 flame due to the lack of LDV measurements.
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