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non-swirling bluff body-stabilised turbulent annular flows 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Pulverised biomass-laden turbulent jets 
investigated under confinement. 

• Particle Image Velocimetry and Discrete 
Phase Model used to resolve particle 
flow and dispersion. 

• Annular jet recirculates biomass parti-
cles over the bluff-body and disperses 
them downstream. 

• Addition of swirl significantly enhances 
particle entrainment and lateral 
dispersion. 

• For the same particle loading, low Re of 
carrier gas promotes upstream mixing 
and downstream particle dispersion.  

A R T I C L E  I N F O   
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A B S T R A C T   

Deeper insights into particle loading have practical significance in applications particularly when this affects 
fuel-oxidiser mixing and flame stabilisation, as occurs in pulverised fuel (biomass) combustion systems. The 
underlying particle flow and dispersion characteristics not only play a crucial role in controlling overall com-
bustion performance but can also impact emissions. A fundamental understanding of particle flow dynamics and 
dispersion behaviour for raw pulverised biomass, under non-swirling and swirling conditions need further sys-
tematic investigation to better understand the interplay between swirling and non-swirling bluff-body stabilised 
recirculation zones and particles emitted from a centralised jet. This work uses Particle Image Velocimetry (PIV) 
with three-dimensional multi-phase simulations based on the Discrete Phase Model (DPM) and Reynolds Stress 
Model (RSM) to investigate the flow and dispersion characteristics in confined flows typical of many practical 
combustors. Raw pulverised biomass-laden is introduced through a central turbulent jet (Rej = 4500 and 7800) 
and also subjected to turbulent annular flows (Res = 35,500), both non-swirling (S = 0) and swirling conditions 
(S = 0.3). Simulations are first validated against Constant Temperature Anemometry (CTA) resolved inlet 
boundary conditions and flow field PIV data under similar conditions. 
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Results show that when a pulverised biomass-laden central jet interacts with a surrounding turbulent annular 
flow (non-swirling, swirling) the presence of a bluff-body based recirculating zone (BB-RZ) leads to biomass 
particle entrainment (pick up) and their recirculation over the bluff-body before being dispersed further 
downstream. Under non-swirling conditions, a significant 35% decrease in the mean particle axial velocity is 
measured coupled with an even more substantive 177% increase in turbulent fluctuation along the centreline. 
These findings are indicative of intense upstream (x/D ≈ 0.64) turbulent mixing and more intense particle 
dispersion into a BB-RZ. For swirling annular flow conditions near the end of the BB-RZ, the interaction between 
a biomass-laden central jet and the annular flow is comparatively weaker in the upstream region relative to non- 
swirling conditions. However, swirl significantly enhances downstream particle dispersion and lateral spread as 
reflected by a 254% hike in the mean particle radial velocity. Numerical predictions show that for the same 
particle loading ratio, but different (higher and lower) Reynolds number of a central particle-laden jet (i.e., the 
carrier gas), the conditions at relatively lower central jet Reynolds number allow better particle recirculation in 
BB-RZ as well as enhancing downstream lateral particle dispersion and entrainment, compared to a higher 
Reynolds number in the central jet. Outcomes from this investigation may have implications on the design and 
operation of pulverised (solid) fuel combustors if operated on renewably sourced biomass rather than traditional 
fossil fuels.   

1. Introduction 

The use of particle-laden turbulent gaseous flows is prevalent in 
various industrial applications such as coal-fired power plants, circu-
lating fluidised bed reactors, entrained flow gasifiers, cyclone separa-
tors, etc. [1–4]. Recently, there has been a growing interest in 
incorporating biomass (particularly pulverised) in major power gener-
ation systems to minimise fossil fuel usage and encourage carbon- 
neutral low-emission fuel sources [5–8]. Pulverised biomass combus-
tion is primarily non-premixed where key parameters such as fuel- 
oxidiser mixing, flame stabilisation, recirculation of hot reaction prod-
ucts and pollutant emissions are closely linked to the underlying velocity 
field and flow dynamics [9–11]. Fundamental understanding of the 
intrinsic flow field, particle dispersion and aerodynamics associated 
with pulverised raw biomass is still in the early stage despite the 
research undertaken on pulverised biomass combustion [7,8,12,13], 
coal-biomass co-firing [14–16] and particle-laden turbulent flows 
[17–19]. Many practical non-premixed (high power) combustion sys-
tems are based on swirl so as to promote higher turbulence and enhance 
fuel-oxidiser mixing in the reaction zone [9,20,21]. The use of pulv-
erised biomass particles in such turbulent swirling flows further elevates 
the complexity of flow as the solid particles (irregular, non-spherical and 
fibrous in nature) [22,23] interact with the gas phase, thereby poten-
tially affecting shear layers and being subject to the intrinsic flow 
structures induced through recirculation. The present study uses laser 
diagnostics and numerical modelling to investigate pulverised 
(powdered) biomass-laden jets, with particular focus on resolving the 
flow field, particle dispersion behaviour in both swirling and non- 
swirling jets when operated under confinement, as would occur in 
most high power practical combustors. As such, the work is essential in 
providing an insight into the opportunities and challenges associated 
with using (renewable) biomass fuels to supplement or replace tradi-
tional solid (fossil) fuels used in thermal power plants. 

Although numerous studies have already investigated the multi- 
phase flow field and particle dynamics associated with particle-laden 
turbulent flows [24,25], these fall short of the present study. Most 
earlier works either used spherical glass beads [19,26] to mimic parti-
cles or focused on pulverised coal based combustion systems [27–29], 
with very limited data available on the characteristics of such systems 
when operated on pulverised biomass. Fang et al. [26] experimentally 
investigated particle-laden gaseous flows in the upstream of a co-axial 
nozzle. The entrainment behaviour of particles in the near-field was 
found to be influenced by particle size, mass flow rate and diameter of 
the central tube through which particles are ejected. The influence of 
particle size, mass flow rate and central tube diameter on the entrain-
ment was studied, however, only non-swirling flows with glass beads (as 
particles) having much higher density (2490 kg/m3) than pulverised 
biomass were used. Recently, Liang et al. [19] used PDA (Particle 

Dynamic Analyser) to measure gas and dispersed phase mean velocity 
and turbulence data for particle-laden turbulent reacting flows but 
measurements were conducted only at four axial positions and lacked 
overall flow field and particle dispersion characteristics. In terms of the 
modelling of pulverised biomass-laden flows, Elorf et al. [13,30] con-
ducted series of numerical investigations using RANS (Reynold's Aver-
aged Navier Stokes) and DPM (Discrete Phase Model) to study the 
impact of swirl on flow, combustion characteristics, and flame dynamics 
of pulverised biomass (olive waste) in a co-axial burner configuration. 
However, unlike the present study, that earlier research did not use 
pulverised biomass for model validation but with data from pulverised 
coal. Additionally, and despite implementing a DPM, particle motion or 
trajectories were not discussed. As such, the present study addresses 
these shortcomings. Göktepe et al. [31] conducted cold flow PIV (Par-
ticle Image Velocimetry) based experiments to investigate the effect of 
swirl on 112–160 μm sized pulverised biomass (pine) particles in a swirl- 
stabilised burner. It was found that regions of heavy particle concen-
tration caused deceleration in gas phase velocities whereas swirl 
generated centrifugal forces considerably increased particle dispersion. 
Though an important discussion on biomass particle behaviour under 
swirl was provided, the interaction of particles with underlying annular 
flow structures (recirculation zones) was not addressed. Similarly, 
Geshwindner et al. [32] investigated the particle velocity field, respec-
tive slip velocities and local particle Reynolds number of pulverised 
biomass-laden turbulent jets using multiphase PIV in combination with 
novel pulse picking methodology. However, their study was based on 
simple axisymmetric biomass-laden jet only with no annular or co-axial 
jets around to replicate complex practical flows. These geometrical 
considerations can be integral to lab-based research burners and prac-
tical combustors, particularly those featuring swirl [33]. Recently, Wan 
et al. [34] used Discrete Element Method (DEM) based CFD simulations 
to investigate particle-laden coaxial swirling flows in an industrial-scale 
annular pipe. The impact of geometric parameters was studied and 
found that dispersion of particles varies directly with the vane angle and 
diameter of the swirler. Conversely, an inverse correlation was observed 
with the length of the swirler. In summary, the majority of works dis-
cussed above either investigated non-biomass based particle-laden flows 
or were studied in a co-axial or single jet environment. These have been 
no attempt to systematically investigate the flow and dispersion char-
acteristics of raw pulverised biomass under both non-swirling and 
swirling turbulent jet conditions with an annular geometry. 

Driven by the significant research gaps which have been highlighted 
in the existing body of literature on particle laden flows, the present 
paper uses time-averaged 2D (planar) PIV along with 3D RANS, 
featuring DPM based multiphase simulations, to resolve particle flow 
and dispersion characteristics. Pulverised raw biomass is used 
throughout under turbulent jet conditions (Rej = 4500 and 7800). To 
provide a relative benchmark, the study first establishes the above in a 
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simple (axisymmetric, round) jet geometry before then moving to (more 
complex) annular flows operated under confinement, in both non- 
swirling (S = 0) and swirling (S = 0.3) conditions (Res = 35,500). 
Simulations utilise CTA resolved boundary conditions and are validated 
against PIV data. The contributions of this work are to:  

- Establish (baseline) particle flow and dispersion characteristics of 
pulverised biomass-laden simple (axisymmetric, round) turbulent 
jets when subjected to turbulent annular flows.  

- Investigate the effect of swirl on the velocity field and turbulence 
characteristics of pulverised jet operated using biomass.  

- Numerically predict the effect of pulverised biomass loading and 
carrier gas Reynolds number on particle dispersion characteristics. 

2. Methodology 

2.1. Experimental setup 

The test rig consists of a bluff-body stabilised swirl nozzle confined in 
an enclosure that is 310 mm × 310 mm (square) in cross-section and 
700 mm high. The enclosure which has rounded internal corners also 
contains 580 mm × 160 mm fused silica glass windows on each side to 
provide optical access for laser diagnostics. More details on the 

enclosure are available in the literature [35,36]. The exit section of swirl 
nozzle is illustrated in Fig. 1(a) and consists has an outer diameter Do of 
30.2 mm, centrally-aligned bluff-body having a diameter D of 25 mm, a 
resultant blockage ratio D2/

D2
O 

of 0.69, and a central axisymmetric 

(round) jet with an inner diameter Dj = 2.18 mm. The nozzle is provided 
with dedicated axial (straight) and inclined tangential (inclined) ports to 
generate non-swirling and swirling flows, respectively. 

2.1.1. Pulverised biomass-laden jet 
The central jet from the ceramic-faced bluff-body which is shown in 

Fig. 1(b) generates a multiphase turbulent flow of dry air (carrier gas) 
and pulverised biomass particles. The volume flow rate of air was 
controlled by a duly calibrated flow meter (make: Influx; model: 
LV2S15-AI 27, accuracy: 2.5% full-scale) whereas, a motorised screw 
type particle dispenser (make: Barrell Engineering) was used to feed and 
control the mass flow rate of biomass particles. The particle dispenser 
has an integral pneumatic shaker (make: Cleveland Vibrator Co.; model: 
CVT) and an agitator (connected to its feed screw) to avoid particle 
agglomeration inside the (vertical) feed hopper. A variable speed drive 
(make: TECO; model: FM50) was used to control the feed rate of parti-
cles. The degree of multiphase interaction between biomass particles 
(solid) and air (gas phase) is characterised by particle loading ratio Φp 

[37] which is expressed in Eq. (1) as the ratio of mass flow rate of 

Fig. 1. Graphical representation of biomass-laden jet flow configurations with 2-D sectioned schematic of bluff-body and jets.  

Fig. 2. Particle size distribution of pulverised biomass: (a) volume percentage and (b) cumulative volume distribution.  
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particles (mṗ) to that of carrier gas which is air (mȧ): 

Φp =
mṗ

mȧ
(1) 

The Reynolds number of the central jet (Rej) is characterised by Eq. 
(2) in which Qj,a and v represent the volume flow rate of air and kine-
matic viscosity of air (1.56 × 10− 5 kg.m− 1.s− 1), respectively. 

Rej =
4.Qj,a

π.Dj.v
. (2)  

2.1.2. Particle size distribution 
The size distribution of the pulverised biomass (bark) particles was 

measured by using laser diffraction-based particle size analyser (make: 

Malvern Panalytical, UK; model: Mastersizer 3000). Particle size anal-
ysis was conducted using the general purpose volume-weighted analysis 
method built-in the OEM software. Fig. 2 presents the percentage vol-
ume and cumulative volume distribution of particles. The particle size 
distribution measurements were conducted in a size window of 0 to 250 
μm. The percentage volume of particles at each size (diameter) is 
calculated by taking an average of 10 measured values. 

2.1.3. Annular non-swirling/swirling jet 
The gas phase turbulent jet emitting from the annulus is charac-

terised by well-defined boundary conditions. Constant Temperature 
Anemometry (CTA) was used to resolve velocity data and characterise 
swirl number over the annulus. The CTA system (make: Dantec; model: 
90 N10) features three data acquisition channels, designated for hot 
wire probes. A dual-wire miniature probe (model: 55P61) along with a 
temperature probe (model: 90C20) were used to measure the radial 
distribution of time-averaged axial and tangential velocity components 
over the annulus (at x/D = 0.2). The CTA probe was calibrated for ve-
locity measurements using an automatic calibration system (make: 
Dantec; model: 90H10). Two standard calibrations were performed: (i) 
streamline calibration for a velocity range of 0.5 to 120 m/s and (ii) 
directional calibration for a range of − 40 to 40 degrees to accommodate 
mean flow direction (resultant velocity angle [38]). A mechanical 

Table 1 
Experimental flow settings for central and annular jets.  

Jet type Diameter 
(m) 

Reynolds 
number 

Flowrate (m3/ 
s) 

Velocity (m/ 
s) 

Central jet 0.00218 (Dj) 4500 (Rej) 
1.2 × 10− 4 (Qj, 

a) 
32.1 (Uj) 

Annular 
jet 

0.0302 (Do) 
0.0250 (D) 35,500 (Res) 

8.46 ×
10− 3(Qs) 

36.6 (Us)  

Fig. 3. Set-up for PIV experiments.  
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traverse system (0.02 mm resolution) was used to horizontally translate 
the nozzle, whereas, the position of hot-wire probe was precisely set by 
using a digital vernier-based clamping system (0.01 mm resolution). 
Each CTA measurement was repeated three times and data were ac-
quired (spatial increments = 0.2 mm) at a sampling frequency of 10 kHz 
for 2 s. To obtain both non-swirling and swirling flows from the annulus, 
the tangential and axial air, used to feed the annular flow stream, was 
varied thereby generating aerodynamic swirl without the use of geo-
metric inserts [33]. The degree of swirl is expressed by a swirl number 
(S), defined [39] as the ratio of bulk tangential velocity to bulk axial 

velocity 
(

S = Wb
Ub

). The Reynolds number of the annular jet is defined on 

the basis of outer radius of annulus Ro and average axial velocity over 
the annulus Us, based on the volume flow rate (Q) through the flow-
meters and cross-sectional area (A) for the annulus: 

Res =
Us Ro

v
. (3) 

Table 1 lists the experimental flow settings pertaining to central jet 
(air) and annular jet. 

2.2. Laser diagnostics 

In present work, 2D planar PIV was used to experimentally resolve 
the velocity field of pulverised biomass-laden turbulent flows as illus-
trated by the schematic in Fig. 3 and also pictured in the Fig. S1 of 
Supplementary Materials accompanying this study. The PIV system 
consists of dual-pulsed Nd: YAG laser (make: Dantec Dynamics) having 
200 mJ/pulse energy with an operating wavelength and frequency of 
532 nm and 10 Hz, respectively. An optical laser guiding system was 
employed to achieve a diverging laser sheet of ≈1 mm thickness, focused 
to pass through the central axis of the nozzle. A double-frame charged- 

coupled device camera (make: Dantec Dynamics, model: Flow Sense EO 
16 M-9) with a maximum resolution of 4920 × 3280 pixels and operated 
at an image acquisition frequency of 4 Hz, was aligned perpendicular to 
laser sheet to capture raw instantaneous snapshots. An external syn-
chronizer (make: IDT, model: XS-TH) was used to synchronise camera 
shutter timing with the dual pulses (laser shots) of the laser. Considering 
the laser sheet thickness of ≈1 mm, the time between two laser shots was 
kept at 10 μs, ensuring that biomass particles would not leave the 
measurement plane in this time duration. For a laser sheet of 1 mm 
thickness and pulse separation time of 10 μs, biomass particles would 
need a velocity (out of plane) of over 100 m/s to cross 1 mm thick laser 
sheet. Whereas in present work, the swirling flow case BF-35BB/4.5CJ-S 
(0.3) attained a maximum tangential velocity of just 13.6 m/s measured 
above the annulus and considering that the jets were generally diverging 
along their length, thus negating any possibility of particles crossing the 
laser sheet in a given pulse separation time. 

2.2.1. Particle seeding 
The PIV experiments were primarily designed to visualise and 

resolve the flow behaviour of dispersed phase by using raw pulverised 
biomass particles without any additional light scattering tracers. To 
ensure appropriate light scattering, particle detection (by PIV algo-
rithm), and minimum agglomeration of biomass particles, a comparison 
was made with standard 0.3-μm de-agglomerated alumina PIV tracers 
(make: Allied High Tech), as presented in Fig. 4. Under same operating 
conditions, two equally-sized windows in the upstream (x/D = 0.18, r/ 
D = 0.3) and downstream (x/D = 2.4, r/D = 0.3) of nozzle were 
considered for comparison. For pulverised biomass-laden flows, in the 
preliminary testing, it was found that light scattering and particle 
detection substantially depends on the mass flow rate of biomass (mṗ)

and Reynolds number (Rej) of carrier gas (air) jet. Increasing the values 

Fig. 4. Comparison of light scattering and particle detection at upstream (close to nozzle exit plane) and downstream locations: (a) jets operated at similar conditions 
using typical 0.3 μm laser scattering alumina particles and (b) the same jets operated without alumina particles but using pulverised biomass. 
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of mṗ and Rej beyond certain values caused intense light scattering due 
to which PIV algorithm could not capture separate particles in the post- 
processing. On the other hand, lowering the values of aforementioned 
parameters gave inadequate particle density and transitioned the central 
jet flow to the laminar regime. Therefore, the values of mṗ and Rej were 
adjusted in such a way to achieve light scattering that does not cause 
(image) saturation but still allowed particle detection in a turbulent flow 
regime. The same flow conditions were then repeated for alumina par-
ticles and a comparison was made. As depicted in Fig. 4, under same 
flow settings, biomass particles presented comparable light scattering 
and particle detection (with minimal agglomeration) relative to that of 
alumina particles. Beyond these preliminary checks, and for the 
remainder of experimental test results presented, the pulverised biomass 
loading and central jet Reynolds number were not varied. 

2.2.2. Post-processing 
Raw imaging data were acquired and post-processed using Dantec 

Dynamic Studio 5.1, with these images having a spatial resolution of 
0.044 mm/pixel for a field-of-view of 135 mm × 110 mm. For each test 
condition, Fig. S3 shows that acquiring 500 instantaneous images (at a 
4Hz camera frame rate) was sufficient. The PIV data post-processing for 
present particle-laden flow is based on the methodology described by 
Göktepe et al. [31] and Birzer et al. [40]. A multi-pass adaptive cross- 
correlation algorithm [41,42] was used to convert raw PIV images 
into instantaneous velocity fields. The field-of-view was divided into a 
fine grid size, i.e. 6 pixels (0.26 mm) and interrogation windows ranging 
from 8 × 8 pixels (0.35 mm × 0.35 mm) to 16 × 16 pixels (0.7 mm × 0.7 
mm) were used for the measurement of instantaneous velocity field. To 
obtain maximum velocity vectors within the region of interest and 
attribute a velocity field to the dispersed phase, the grid size and 
interrogation windows were kept at the smallest possible values. Section 
S2 of Supplementary Materials describes further details regarding PIV 
data post-processing and measurement of particle phase velocity field. 

The accuracy of time-averaged velocity field was ensured by conducting 
residual error analysis [43] along with the estimation [44,45] of random 
uncertainty in the PIV measurements, as presented in section S3 and 
Fig. S3 of Supplementary Materials. 

2.3. Numerical approach 

2.3.1. Computational domain 
To complement the experiments and numerically analyse the influ-

ence of particle mass loading and carrier gas turbulence, three dimen-
sional steady-state Reynolds-Averaged-Navier-Stokes (RANS) 
multiphase (solid-gas) simulations were conducted using ANSYS 
FLUENT 2020 R1. Fig. 5 presents computational domain with di-
mensions, multi-phase inlets, and detailed views of mesh, employed in 
present simulations. A multibody polyhedral mesh comprising of 22.9 
million cells with an aspect ratio and orthogonal quality of 1.78 and 0.8, 
respectively, was used. The regions where high velocity gradients were 
expected such as shear layers of annular and central jet, were addi-
tionally refined relative to other parts of the mesh (Fig. 5b). The mesh 
independence and uncertainty in the discretization was evaluated using 
GCI (Grid Convergence Index) based method [46] and discussed in 
detail elsewhere [36]. 

2.3.2. Turbulence and dispersed phase models 
In present study, the multiphase turbulent flows were modelled by 

applying Eulerian-Lagrangian approach. For the gas-phase, time-aver-
aged continuity and momentum equations were solved in a Eulerian 
frame of reference. The dispersed phase (particle phase) was modelled in 
Lagrangian frame and individual sample particles were tracked. 
Considering the complexity (anisotropic turbulence and swirling flow) 
of gas phase flow, Reynolds Stress Model (RSM) was used to compute the 
closure term for momentum governing equation [47,48]. The selection 
of RSM was based on the results of authors' previous work [36] where 

Fig. 5. CFD configuration: (a) 3D fluid domain with detailed view of jet inlets, and (b) sectioned view of multi-body mesh showing regions of fine mesh.  
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under same geometric configuration and mesh, the viability and accu-
racy of RSM was compared with other turbulence models and found to 
be superior. For the particle phase, discrete phase model (DPM) was 
used to track individual motion of biomass particles and predict time- 
averaged particle velocities. In DPM, the particle inertia is balanced 
with the acting forces to track particle motion and trajectories [48] such 
that: 

∂vp
→

∂t
= FD

(
v→− vp

→)
+

g→
(
ρp − ρ

)

ρp
, (4)  

where the term FD
(

v→− vp
→)

represents drag force per unit particle mass 

and g→(ρp − ρ)
ρp 

accounts for the effect of gravity on particles. The symbol vp 

represents velocity of particle, ρp is particle density, v denotes fluid 
(carrier gas) velocity,and ρ shows the fluid density. 

2.3.3. Boundary conditions and solution methods 
The gas-phase turbulence model and governing equations were 

solved using the finite volume method. The SIMPLE algorithm [48] for 
pressure-velocity coupling and a second-order upwind scheme was 

Fig. 6. Model validation for non-swirling and swirling particle-laden flow: validation of radial distribution of mean particle axial velocities obtained from DPM 
against PIV experiments. 
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employed for discretising the convective terms in the transport equa-
tions. In terms of boundary conditions, CTA resolved axial and tangen-
tial velocity profiles were imposed at the velocity inlets (central jet and 
annular jet), a no-slip boundary condition was applied on the walls, and 
far field boundary was designated as a pressure outlet. The interaction of 
particles with the continuous phase was activated (two-way coupling), 
and wood particles were selected as materials to reflect the pulverised 
biomass used throughout the experiments. Numerically, particles were 
injected from the central jet using surface injection with Rossin- 
Rammler diameter distribution such that Dmin, Dmean and Dmax were 
set to be 5 μm, 40 μm and 150 μm, respectively. Further details regarding 
selection of Rosin-Rammler distribution parameters are presented in 
section S4 of the Supplementary Materials. To incorporate and predict 
the influence of gas phase turbulence on particle motion and dispersion, 
a discrete random walk stochastic model [48] was implemented. 
Furthermore, steady-state data sampling was applied on DPM variables 
to evaluate particle mean characteristics such as mean particle velocity 
field and volume fraction. 

2.3.4. Model validation 
To ensure physical representative results and determine the accuracy 

of DPM predictions, detailed validations against experimental data were 
carried out for biomass-laden turbulent jets under non-swirling and 
swirling conditions. Whereas, validation for gas phase predictions and 
the accuracy of RSM is described in detail elsewhere [36]. Figs. 6 and 7 
present the comparison of radial (at various x/D locations) and axial 
distribution of time-averaged particle axial velocity obtained from PIV 
and DPM predictions for non-swirling BF-35BB/4.5CJ-S(0) and swirling 
BF-35BB/4.5CJ-S(0.3) test cases. To produce dimensional independent 
results, the velocity data (experimental and CFD) were normalised with 
average axial velocity through the annulus (Us). It can be observed that 
DPM presented high levels of accuracy in the extreme upstream region 
(x/D = 0.24) by accurately capturing particle peak velocity over the 
central jet and annulus along with the particle flow in shear layer region. 
Similar to experiments, the particles in simulations were injected only 
from the central jet and the particle velocity obtained over the annulus 
was due to those particles which were entrained into the annular jet 
through the bluff-body stabilised recirculation zones (BBRZ). This vali-
dates the viability of DPM in acceptable predictions of central particle- 
laden jet dispersion into turbulent annular flows. Overall good agree-
ment was found between experiments and DPM at downstream locations 

except at x/D = 0.6, where a noticeable discrepancy in dispersed phase 
velocity was observed for both cases (more obvious in non-swirling 
case). It is evident that the DPM accurately captured the particle flow 
reversal close to the nozzle exit plane, however it over estimated the 
annular jet's dissipation (faster jet decay) and mixing with the central 
particle-laden jet. This resulted in decreased particle velocity in the jet 
core and over the bluff-body region (Fig. 6). The possible reason for this 
discrepancy is attributed to an innate limitation of RSM based solutions, 
i.e. under estimation of gas phase velocity in annular flow geometries 
(near bluff-body region) [36,48,49]. Since, the annular jet was not 
seeded with biomass particles, and RSM being responsible for gas phase 
modelling, there occurred an under predicted upstream gas velocity that 
resulted in overestimation of annular flow entrainment and diffusion 
[36]. Additionally, Fig. 7 shows that, except at x/D = 0.6–0.8, DPM 
accurately predicted centreline particle velocities without any 

Fig. 7. Centreline mean particle axial velocity comparison between DPM and experimental results.  

Table 2 
Test cases for experimental and numerical analyses.  

Experimental 
cases 

Description Particles S Res Rej 

BF-4.5CJ Particle-laden 
central jet only  

– –  

BF-35BB/4.5CJ- 
S(0) 

BB annular jet +
Particle-laden 
central jet 

Bark 
flour (BF) 0  

35,500 

4500 
BF-35BB/4.5CJ- 

S(0.3)  
0.3  

Numerical 
cases 

Description mṗ(kg/s) mȧ(kg/ 
s) 

Φp Rej 

N-35BB/4.5CJ-S 
(0) 

Benchmark case 
(S = 0) 

4.73 ×
10− 5 

1.44 ×
10− 4 0.33 4500 

N-35BB/4.5CJ-S 
(0.3) 

Benchmark case 
(S = 0.3) 

4.73 ×
10− 5 

1.44 ×
10− 4 0.33 4500 

N(1.75mȧ)- 
35BB/7.8CJ-S 
(0.3) 

75% increase in 
mȧ 

4.73 ×
10− 5 

2.52 ×
10− 4 0.19 7800 

N(0.43mṗ)- 
35BB/4.5CJ-S 
(0.3) 

43% decrease in 
mṗ 

2.71 ×
10− 5 

1.44 ×
10− 4 0.19 4500 

Key: BF: bark flour; CJ: central jet; BB: bluff-body; N: numerical; S: swirl number; 
Res: Reynolds number of annular jet; Rej: Reynolds number of central jet; mṗ: 
mass flowrate of particles; mȧ: mass flowrate of air; Φp: particle loading ratio.  
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distinguishable uncertainty throughout the flow domain. In terms of 
turbulence parameters, Fig. S5 of the Supplementary Materials presents 
validations for non-swirling and swirling flow test cases. Comparison of 
mean particle axial fluctuating velocity shows good agreement between 
experimental and numerical results, particularly for BF-35BB/4.5CJ-S 
(0.3) case. 

3. Results and discussion 

Table 2 presents details pertaining to experimental and numerical 
test cases of present work investigating pulverised biomass-laden tur-
bulent jets as stand-alone and when subjected to turbulent annular jets 
(non-swirling and swirling). 

Experiments were conducted for three cases:  

i. A baseline case featuring a stand-alone pulverised biomass-laden 
turbulent central jet, case BF-4.5CJ,  

ii. The addition of a non-swirling turbulent annulus to (i), case BF- 
35BB/4.5CJ-S(0), and  

iii. Further increasing the flow complexity of (ii) by adding swirl to 
the turbulent annulus, case BF-35BB/4.5CJ-S(0.3). 

Further insights are then obtained through numerical simulations 
employing multi-phase modelling into the particle dispersion charac-
teristics when achieved through varying the flow rate of carrier gas or 
particle loading. All numerical cases are prefixed with the “N” 

Fig. 8. Mean particle axial velocity contour maps with corresponding upstream directional vectors: (a) BF-4.5CJ, (b) BF-35BB/4.5CJ-S(0) and (c) BF-35BB/4.5CJ- 
S(0.3). 
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designator: 

i. Baseline conditions used for model validation against the exper-
imental conditions tested (ii and iii), cases N-35BB/4.5CJ-S(0) 
and N-35BB/4.5CJ-S(0.3),  

ii. Increases of 75% to the carrier gas' Reynolds number compared to 
the experiments conducted in (iii), case N(1.75mȧ)-35BB/7.8CJ- 
S(0.3), and  

iii. Decreases by 43% to the (powder) loading of pulverised biomass 
compared to the experiments conducted in (iii), case N(0.43mṗ)- 
35BB/4.5CJ-S(0.3). 

3.1. Underlying particle-laden flow dynamics 

Fig. 8a and b illustrate the dispersed phase flow-field for a pulverised 
biomass-laden central jet, when operated stand-alone BF-4.5CJ or sub-
jected to an additional non-swirling annulus BF-35BB/4.5CJ-S(0), 
respectively. Analysis of velocity contours and directional vectors re-
veals a strong interaction of annular jet with the biomass-laden central 
jet. The gas phase annular jet develops its characteristic flow feature 
around the periphery of central jet and in the immediate wake of bluff- 
body, known as bluff-body based recirculation zone (BB-RZ) [51,52]. 
The detailed flow characteristics of gaseous annular jet and BB-RZ are 
well described in authors previous work [35]. The BB-RZ plays a crucial 
role in the recirculation and dispersion of biomass particles over the 
bluff-body and downstream of the flow, respectively. When biomass- 

laden central jet interacts with the BB-RZ, the strongly recirculating 
vortices picks up biomass particles from the central jet, recirculate them 
over the bluff-body and then disperse downstream of the flow (Fig. 8b). 
It is worth mentioning that only central jet was seeded with pulverised 
biomass particles, no PIV tracers or additional seeding from the annulus 
were applied, therefore the flow contours and directional vectors are 
solely representative of flow and dispersion behaviour of pulverised 
biomass particles. To add further clarity, Fig. S6(a) of Supplementary 
Materials shows three dimensional CFD simulations conducted for N-BF- 
35BB/4.5CJ-S(0) and N-BF-35BB/4.5CJ-S(0.3) cases. Analysis of pre-
dicted particle trajectories clearly shows that the particles originally 
ejected from the central jet were picked up by the annular jet, recircu-
lated inside the BB-RZ and then ultimately dispersed in the downstream. 
In terms of pulverised biomass combustion in annular geometries (non- 
premixed combustion), the BB-RZ would act as a stabilising mechanism 
for biomass-laden jet to promote fuel-oxidiser mixing as well as help 
complete combustion of biomass particles by recirculating and retaining 
them within the reaction zone. To quantify the interaction of pulverised 
biomass-laden jet with a turbulent annular jet, axial distribution (at r/D 
= 0) of mean particle velocity and turbulent fluctuating velocities for 
BF-4.5CJ and BF-35BB/4.5CJ-S(0) are shown in Fig. 9. Whereas Fig. 10 
presents radial distribution of mean particle velocity (axial, radial) data 
at various x/D positions. The influence of annular jet in BF-35BB/4.5CJ- 
S(0) on the particle-laden central jet starts to appear at x/D ≈ 0.64, 
where with respect to a central jet only as in case BF-4.5CJ, the cen-
treline mean particle axial velocity (up) exhibits a sudden dip (35% 
decrease) with a corresponding sharp hike (177% increase) in the 

Fig. 9. Axial (x/D = 0) distribution of mean particle velocities with their respective fluctuating velocities in a central jet BF-4.5CJ and when subjected to both non- 
swirling (S = 0) and swirling (S = 0.3) conditions: (a) particle axial velocity, (b) particle radial velocity, (c) particle axial fluctuating velocity and (d) particle radial 
fluctuating velocity. 
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Fig. 10. Radial distribution of mean particle velocities at various upstream locations in a central jet BF-4.5CJ and when subjected to both non-swirling (S = 0) and 
swirling (S = 0.3) conditions: (a) mean particle axial velocity and (b) mean particle radial velocity. 
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Fig. 11. Radial distribution of mean particle fluctuating velocities at various upstream locations: (a) mean particle axial fluctuating velocity and (b) mean particle 
radial fluctuating velocity. 
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Fig. 12. Mean particle trajectories for axial velocity: (a) N-35BB/4.5CJ-S(0.3), (b) N(1.75ṁa)-35BB/7.8CJ-S(0.3) and (c) N(0.43ṁp)-35BB/4.5CJ-S(0.3).  
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particle axial fluctuating velocity (u′
p) (Fig. 9a and c). This is because 

when biomass-laden central jet (with positive axial momentum) im-
pinges into the strongly recirculating (having negative axial mo-
mentum) BB-RZ, turbulence increases drastically causing the particle 
velocity to drop and initiate mixing of two streams. To further resolve 
this turbulence, radial distribution (at various upstream x/D positions) 
of mean particle axial and radial fluctuating velocities are presented in 
Fig. 11. It was found that for BF-35BB/4.5CJ-S(0) at x/D = 0.6 and in the 
shear layer region of central jet, the u′

p shows a 96.3% increase compared 
to that of BF-4.5CJ, thus reinforcing the previous observation of intense 
turbulence and enhanced mixing in this upstream region at x/D ≈
0.6–0.7. Similarly, the interaction of biomass particles with BB-RZ can 
also be observed in the radial distribution of mean particle axial velocity 
(Fig. 10a, x/D = 0.6), where 35BB/4.5CJ-S(0) shows a 24.3% decrease 
(relative to BF-4.5CJ) in the peak value of up (at r/D = 0) with particles 
strongly recirculating in BB-RZ at a negative velocities of − 4 to − 6 m/s 
at r/D = ±0.1 to ±0.3. Fig. 9a shows that entrainment of the biomass- 
laden central jet (into the annular jet) starts from x/D ≈ 1.2 in case 
BF-35BB/4.5CJ-S(0). Furthermore, as the axial location x/D = 1.8 is 
approached, the central jet also appears to completely diffuse with its 
peak being totally consumed by the annular jet as depicted in Fig. 10a, 
x/D = 1.8. An asymmetry can be observed in particle axial velocities at 
x/D = 1 and 1.8, which is attributed to the underlying intrinsic asym-
metric gas phase annular flow [35].The entrainment of particle-laden jet 
is further resolved by analysing the axial distribution of mean particle 
radial velocity (vp) in Fig. 9b in case BF-35BB/4.5CJ-S(0). A gradual 
increase can be observed in vp starting from x/D ≈ 1.2 and reaching a 
maximum value of 1.85 m/s at x/D = 2.6 (at this location BF-4.5CJ 
shows almost negligible vp). This manyfold increase in particle radial 
velocity indicates that annular jet, in addition to retaining biomass 
particles in the BB-RZ, significantly disperses the particles downstream 
of the flow as shown in Fig. 9b for case BF-35BB/4.5CJ-S(0). In addition 
to this, it is also evident in Fig. 10 from the radial distribution of vp that 
biomass particles attains significant radial velocities once they start 
recirculating in the BB-RZ as occurs with case BF-35BB/4.5CJ-S(0) This 
flow behaviour of raw pulverised bark flour proves its viability (as a 
fuel) in non-premixed combustion, where dispersion and diffusion of 
fuel jet (biomass-laden) into the surrounding oxidiser (annular jet) 
critically affects overall combustion performance and emissions. 

3.2. Impact of swirl on particle flow and turbulence field 

The introduction of swirl to a turbulent annular flow generally im-
parts additional flow complexities such as imparting rotary motion to 
BB-RZ, high levels of turbulence and certain characteristic flow features 
(vortex breakdown) [20,52]. To resolve the effect of swirl on the pulv-
erised biomass particle flow and dispersion characteristics, mean par-
ticle velocity and turbulence data are discussed in this section. Analysis 
of particle axial velocity contours and vectors for swirling flow BF- 
35BB/4.5CJ-S(0.3) (Fig. 8c) shows overall identical results compared 
to its non-swirling counterpart BF-35BB/4.5CJ-S(0) (Fig. 8b) in terms of 
particle interaction with BB-RZ and swirling annulus. However, as ex-
pected, addition of swirl significantly enhanced the downstream radial 
dispersion of the biomass particles. Comparison of mean particle tra-
jectories presented in Fig. S6a and S6b shows that swirling annular flow 
N-BF-35BB/4.5CJ-S(0.3) picks up significantly more biomass particles, 
relative to N-BF-35BB/4.5CJ-S(0) from the central jet, imparts swirl 
motion to these particles and then disperses them further downstream in 
the largely quiescent surrounding flow domain formed by the enclosure. 
Keeping in mind that the same number of biomass particles were 
injected in both numerical cases, however the particle trajectories of N- 
BF-35BB/4.5CJ-S(0.3) case clearly show larger lateral spread and 
dispersion relative to N-BF-35BB/4.5CJ-S(0) (Fig. S6a,b). This increased 
lateral spreading can be attributed to the centrifugal forces associated 
with swirling flows [54]. The influence of swirl on biomass particles can 

further be resolved by analysing the axial distribution of mean particle 
axial and radial velocity (Fig. 9) in case BF-35BB/4.5CJ-S(0.3). It can be 
seen that similar to non-swirling case BF-35BB/4.5CJ-S(0), an upstream 
at x/D ≈ 0.64 a dip in the particle axial velocity with a corresponding 
increase in particle axial fluctuating velocity was observed (Fig. 9a,c). 
However, this reduction in up and increase in u′

p is 9.3% and 34% less, 
respectively, as compared to the non-swirling case BF-35BB/4.5CJ-S(0). 
The reason for this difference between non-swirling and swirling cases is 
attributed to the structure of the BB-RZ. It is well established from the 
literature that a BB-RZ for swirling annular flow can be open at the 
centre (positive velocity at the centre) [56] while it's closed (with a 
stagnation point) for the non-swirling flow [35,51,53,54,55]. Therefore, 
when biomass-laden jet impinges into a closed BB-RZ (non- swirling 
case), particles interacts with the strong negative velocity that generates 
higher turbulence (steep hike in u′

p) and causes significant reduction in 
up as compared to that of opened BB-RZ (swirling case) where particles 
at the centre interact with positive gas velocity and generates relatively 
low turbulence. The comparison of radial distribution of mean particle 
axial fluctuating velocity of BF-35BB/4.5CJ-S(0) and BF-35BB/4.5CJ-S 
(0.3) shows that swirl has negligible effect on the shear layer turbu-
lence of central biomass-laden jet except at x/D = 0.6 (Fig. 11a). Simi-
larly, the radial fluctuating velocity (v′

p) also remains identical for non- 
swirling and swirling cases over the region of biomass-laden central jet 
and its corresponding shear layer region. In addition to this, the 
entrainment of biomass-laden central jet into swirling annular flow 
starts at x/D ≈ 1.2 which is identical to the non-swirling case BF-35BB/ 
4.5CJ-S(0)). The particle axial velocity gradually starts increasing, 
however the value of up remains significantly less (20% at x/D = 2.2) 
than that of BF-35BB/4.5CJ-S(0) case (Fig. 9a). This reduction in cen-
treline particle axial velocity is attributed to swirling annular jet (gas 
phase) decay. The swirling flows are always associated to faster jet decay 
and rapid shear layer growth (compared to non-swirling flow) due to 
their highly turbulent nature, better convective transport and entrain-
ment characteristics [54,57]. Furthermore, the faster decay of particle 
axial velocity in case BF-35BB/4.5CJ-S(0.3) is counterbalanced by a rise 
in particle radial velocity, as shown in Fig. 9b. The radial particle ve-
locity for BF-35BB/4.5CJ-S(0.3) starts rising from x/D ≈ 1.2 and reaches 
to a maximum value of 5.2 m/s at x/D = 2.2, which is 254% greater than 
that of non-swirling case BF-35BB/4.5CJ-S(0). Göktepe et al. [31] re-
ported similar increasing trends of particle radial velocity (increased 
lateral spreading) with swirl intensity for pulverised pine particles. 
These significant differences between non-swirling BF-35BB/4.5CJ-S(0) 
and swirling BF-35BB/4.5CJ-S(0.3) cases validates the substantial role 
of swirl in rapid axial diffusion (faster jet decay) of biomass-laden jet 
with a corresponding downstream lateral dispersion. 

3.3. Impact of carrier gas and particle mass flow rates 

In addition to pulverised biomass-laden flow experiments, three 
dimensional multiphase CFD simulations were conducted to model 
pulverised biomass-laden jet in a confined turbulent swirling annular 
flow. Parametric analysis was conducted to predict resultant particle 
flow and dispersion characteristics by varying the particle loading ratio 
(with respect to benchmark case) using two criteria, i.e. decreasing 
biomass loading or increasing Reynolds number of the carrier gas (air jet 
carrying particles). The numerical test cases were designed in such a way 
that the mass flow rate of biomass particles (mṗ) and mass flow rate of air 
(mȧ) was decreased by 43% in N(0.43mṗ)-35BB/4.5CJ-S(0.3) and 
increased by 75% in N(1.75mȧ)-35BB/7.8CJ-S(0.3), respectively, while 
particle loading ratio (Φp) was kept same for both cases as shown in 
Table 2. The results of numerical test cases are compared with each 
other and as a reference with the benchmark case N-35BB/4.5CJ-S(0.3). 
Fig. 12 presents 3D visualisation of mean particle trajectories for the 
benchmark case and test cases. Comparison of N(0.43mṗ)-35BB/4.5CJ-S 
(0.3) and N(1.75mȧ)- 35BB/7.8CJ-S(0.3) shows that for the same value 
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Fig. 13. Radial distribution of predicted mean particle velocity and volume fraction at various x/D locations: (a) mean particle axial velocity and (b) mean particle 
volume fraction. 
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of Φp, increasing the Reynolds number of carrier gas from Rej = 4500 to 
Rej = 7800 reduces biomass particle recirculation inside the BB-RZ as 
shown in Fig. 12b,c. This is because the high axial momentum of central 
jet restricts the annular jet to penetrate into and pick up biomass par-
ticles rather it forces the majority of the particles to escape the flow 
domain without being recirculated in the BB-RZ. Whereas, for of case N 
(0.43mṗ)-35BB/4.5CJ-S(0.3), it can be seen that not only more particles 
lies inside the BB-RZ but the overall effect of swirl motion is also more 
pronounced as compared to case N(1.75mȧ)-35BB/7.8CJ-S(0.3) 
(Fig. 12c). Furthermore, biomass particles under the strong influence of 
swirling annulus also improves downstream particle dispersion for N 
(0.43mṗ)-35BB/4.5CJ-S(0.3), as evident from the lateral spread of par-
ticle trajectories in Fig. 12c. To further support, particle trajectories, 
radial distribution of mean particle axial velocity and volume fraction 
(predicted via DPM) at various x/D locations are presented in Fig. 13. It 
can be seen that from x/D = 0.6 to x/D = 1 (upstream of nozzle), for case 
N(0.43mṗ)-35BB/4.5CJ-S(0.3), the peak of volume fraction of biomass 
particles is greater than that of N(0.43mṗ)-35BB/4.5CJ-S(0.3) and lies 
over the central jet region (r/D = − 0.1 to 0.1). At the axial location just 
beyond the BB-RZ from x/D = 1.4 and x/D = 2, the volume fraction of N 
(0.43mṗ)-35BB/4.5CJ-S(0.3) grows radially and shows two peaks at r/D 
≈ 0.4 and − 0.4 leaning towards the annulus as compared to the single 
and relatively narrow peak of N(1.75mȧ)-35BB/7.8CJ-S(0.3) as shown 
in Fig. 13b. This indicates relatively higher biomass particle concen-
tration in the reattachment region of annular jet for N(0.43mṗ)-35BB/ 
4.5CJ-S(0.3) compared to N(1.75mȧ)-35BB/7.8CJ-S(0.3). Similarly, 
further downstream at x/D = 2.8, it can be seen that for almost identical 
mean particle velocities (Fig. 13a), the volume fraction of N(0.43mṗ)- 
35BB/4.5CJ-S(0.3) shows a higher peak with larger radial spread (from 
r/D ≈ 0.6 to − 0.6) than to N(1.75mȧ)-35BB/7.8CJ-S(0.3) which just 
start to have two peaks at r/D ≈ 0.4 and − 0.4 (Fig. 13b). These ob-
servations can be summarised as for the same particle loading ratio of 
two test cases, the biomass volume fraction of N(0.43mṗ)-35BB/4.5CJ-S 
(0.3) shows a relatively higher downstream growth with lateral expan-
sion, which supports previous observations from mean particle trajec-
tories (Fig. 12c) that relatively low Reynolds number of carrier gas 
allows annular jet to pick up more particles from the central jet and 
results in increased downstream dispersion of biomass particles. Finally, 
from the comparison of particle trajectories and volume fraction data of 
test cases with the benchmark case, it can be deduced that when particle 
loading ratio is reduced from 0.33 to 0.19, the case N(0.43mṗ)-35BB/ 
4.5CJ-S(0.3) performs better than N(1.75mȧ)-35BB/7.8CJ-S(0.3) in 
terms of biomass particles recirculation, downstream dispersion and 
overall entrainment into the annular flow. 

4. Conclusions 

Time-averaged two-dimensional planar PIV experiments along with 
three-dimensional multiphase RANS simulations (DPM based) have 
been conducted to investigate pulverised raw biomass (bark flour) laden 
turbulent jet (Rej = 4500 and 7800) flow and dispersion characteristics. 
Analyses are conducted first on stand-alone particle-laden jet and then 
under confined turbulent annular flows (Res = 35,500) at non-swirling 
(S = 0) and swirling (S = 0.3) conditions. The numerical predictions 
are based on well-resolved (via CTA) boundary conditions and validated 
against PIV data. The conclusions of this work are summarised below:  

• Underlying particle-laden flow dynamics: Pulverised raw 
biomass-laden jet strongly impinges into the BB-RZ of turbulent 
annular jet. The biomass particles are well picked up by strong 
vortices of BB-RZ, recirculated over the bluff-body and then 
dispersed downstream of the flow (validated by mean particle tra-
jectories). A 35% decrease and 177% increase in the mean particle 
axial velocity and turbulent fluctuation is recorded respectively, 
indicating intense upstream (x/D ≈ 0.64) turbulent mixing and 

effective particle dispersion into the BB-RZ. In terms of downstream 
entrainment, annular jet completely engulfs pulverised biomass- 
laden at x/D = 1.8.  

• Impact of swirl on particle flow and turbulence field: In case of 
swirling annular flow, a relatively weaker interaction with pulv-
erised biomass-laden jet takes place that results in a 34% decrease in 
upstream turbulence compared to non-swirling case. This reduction 
in turbulence is attributed to the underlying structure of BB-RZ of 
swirling annular flow. Despite this, addition of swirl to annular flow 
significantly enhances the downstream dispersion and lateral spread 
of biomass particles as evident from the 20% and 254% massive 
increase (compared to non-swirling case) in mean particle axial and 
radial velocities, respectively.  

• Impact of carrier gas and particle mass flow rates: In terms of 
CFD simulations, particle loading ratio is reduced from 0.33 to 0.19 
via two different criteria, i.e. Increasing the Reynolds number of 
carrier gas and decreasing the biomass particle loading (with same 
Reynolds number). It is concluded that, for a constant particle 
loading ratio, the test case having relatively low Reynolds number of 
carrier gas allows better particle recirculation (promote mixing) in 
BB-RZ and enhances downstream lateral dispersion and entrainment 
of biomass-laden jet compared to high Reynolds number case. 
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