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ABSTRACT 
Entrained flow reactors (EFRs) are commonly applied in the direct combustion 
and gasification of pulverized biomass. In both technologies, soot emissions 
represent important environmental concerns and a major technical problem due 
to the required downstream cleaning processes. This licentiate thesis 
investigates a pulverized biomass-fired entrained flow reactor under imposed 
acoustic oscillations. The acoustic-induced flow on the biomass feeding 
resulted in a high potential for soot reduction in small lab-scale reactors under 
laminar conditions. This study aims to further investigate this methodology in 
a swirl-stabilized burner and includes a study on both reacting and non-reacting 
conditions. 

All experiments were carried out using a swirl burner with acoustic forcing 
applied to the biomass particles laden transport air. Several different particle 
size distributions were used so that the influence from particle size could be 
investigated. Cold-flow experiments were carried out using a cylindrical 
visualization chamber. Post-processed shadowgraph images provided insights 
into the near-field particle distribution and quantified particle dispersion in a 
broad range of operating conditions. Experiments under reacting conditions 
were performed in an atmospheric entrained flow reactor with 8 kW of thermal 
capacity for relevant conditions in combustion and gasification operation. 
Flame characteristics were investigated using high-speed imaging and particle 
emission was characterized by thermogravimetric and elemental analysis. Gas 
composition was analyzed with an NDIR gas analyzer and a micro gas 
chromatograph. 

Dispersion angle was quantified from time-averaged contour maps of particle 
distribution in cold-flow conditions. Particle dispersion increased near-linearly 
with the pressure amplitude of the acoustic forcing, which presented the 
strongest effect followed by the swirl intensity of the secondary air. The 
smallest particle size of 63-112 μm was highly influenced by the acoustic 
forcing in both cold-flow and reacting conditions. High particle dispersion in 
non-reacting conditions resulted in a significant reduction of the flame lift-off 
distance and a significantly shorter flame length during combustion. Moreover, 
results from the particulate emission analysis suggest a reduction of unburned 
char and soot content in the PM emissions for both combustion and gasification 
conditions under acoustic forcing. The current work brings new results 
regarding the acoustic forcing and the interaction with the particle flow in an 
EFR. The implications in particle dispersion, flame morphology, and 
emissions could be addressed in further investigations, from fundamental 
aspects of particle-laden flows to optimization of burners of EFRs. 
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1 INTRODUCTION 
 

1.1 BACKGROUND 
Bioenergy represents an important share of the global energy supply. In the 2050 net-zero 
emission scenario by the International Energy Agency, bioenergy would represent 25% of the 
total energy supply, 2.5 times the amount from 2020. In such a scenario, 30% of the global 
energy supply would be derived from forest planting and forest residues [1]. This biomass 
feedstock can be applied for heat/power production by direct combustion, and for biofuels 
production by gasification, both processes inside the thermochemical conversion area. The 
current work focus on the suspension firing of pulverized biomass, which is commonly used 
in entrained flow reactors (EFRs) in both combustion and gasification applications.  

In Europe, pulp and paper plants and heat generation have a significant contribution to the 
demand for bioenergy, presenting suspension firing technology in many plants in Germany 
and Nordic countries [2]. Co-combustion using biomass has gained extensive attention and it 
still plays an important role in power production and process furnaces in the industry sector, 
such as cement, mining, and steel [3]. Considering the share of these industries in CO2 
emissions, the combination of biomass as a renewable source with CO2 capture and storage 
technologies has a strong emission reduction potential [1,4]. Moreover, the transport sector 
has an important greenhouse gas abatement potential and its energy demand can be partially 
replaced with biofuels.  

Bio-based fuels can be produced by a gasification-based process, similar to that used for the 
synthesis gas production from coal and further processed into chemical and liquid fuels. A 
major part of the fossil fuel gasification plants uses entrained flow reactors, due to their high 
efficiency, proven reliability, and low tar emission [5]. The use of biomass has strong potential 
and is gaining attention for past decades, however, many challenges regarding biomass prices, 
feeding, and cleaning of the synthesis gas slow down the transition [6,7]. Although entrained 
flow gasifiers (EFG) produce low tar syngas, at high temperatures (above 1000 °C) soot 
formation can represent a major problem. Soot consists of ultrafine particles generated from 
incomplete reactions between oxidants (oxygen, steam, and CO2) and fuel [8]. It is an 
environmental issue in combustion plants [9–11] and a major problem with gasification since 
it represents energy losses besides the technical impact on generating blockages and fouling 
of internal surfaces [12]. The soot formation is closely related to the reaction steps during 
biomass devolatilization and pyrolysis, which are affected by the reactor conditions and 
particle-laden flow characteristics [13]. Flow manipulation techniques are suggested to be one 
possible way to tackle soot formation and increase the performance in EFRs [8]. 
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1.2 BURNERS IN ENTRAINED FLOW REACTORS 
 

In entrained flow reactors, particle flows are controlled by the injection of pulverized solid 
fuel and the oxidizer or gasification agent through a burner assembly. They usually consist of 
a multi-channel configuration with a dedicated channel for pulverized fuel transported with a 
carrier gas via pneumatic transport and a swirling co-flow or impinging secondary air [14–
16]. Exceptions are the implementation of cyclone gasifiers or cyclone combustion chambers 
[17,18]. The mixing characteristics of the burner configuration are extremely important to 
achieve high conversion efficiency and low emissions. 

Experiments in a lab-scale drop tube furnace have identified a connection between soot 
formation and the inter-particle distance in EFGs. Soot reduction was achieved when 
increasing the inter-particle distance by modulating biomass feeding rate and the ratio of the 
carrier gas velocity to the surroundings [19]. Göktepe et al. described that higher inter-particle 
distances lower the local concentration of soot precursors, such as polycyclic aromatic 
hydrocarbons (PAH) [19]. Similarly, enhanced mixing conditions inside the reactor would 
also decrease the soot formation as suggested by Qin et al. [20]. In order to achieve high inter-
particle distance, acoustic forcing was applied to increase the particle dispersion in Ref. [13]. 
Acoustic excitation at high levels of pressure amplitude was found to result in a significant 
reduction of soot formation during biomass gasification [13]. 

The previous experiments in Refs. [13,19] were carried out in drop tube reactors with optical 
access, which increases the possibility of observation, including aspects of near-burner 
characteristics and flame morphology, usually difficult in real applications. However, the 
operating conditions usually achieved in these reactors are significantly different from a real 
EFR, with significantly lower particle injection velocities and particle loading. The results 
found in low mass loading and low gas velocities must be verified in larger reactors with a 
pulverized swirl burner, closer to real applications. Moreover, considering a burner operation 
with acoustic-induced flows, the parameter of complexity increases as will be discussed in the 
next section. 

 

1.3 ACOUSTIC-INDUCED FLOWS 
 

An important starting point for acoustic-induced flows in the multiphase flow area was the 
investigation of the turbulent large scales, which strongly influence the interaction between 
inertial particles and the continuum phase [21,22]. They are especially relevant when 
considering the time behavior of such structures in jet flows [23]. In such cases, the acoustic 
forcing was applied to simulate the large structures, which are responsible for particle 
clustering and strongly influence particle dispersion [21]. 
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Acoustic forcing was applied as active flow control in many studies considering single-phase 
and particle-laden flows [24–28]. In the combustion field, the effect of acoustic forcing on 
NOx emissions was investigated [29–31]. In the latter, the active flow was applied at the co-
flow in a 150kW burner using biomass powder, resulting in enhanced heat release for low-
frequency excitations. Additional to the relevant parameters of a multiphase flow, e.g. Stokes 
number and mass loading ratio [32], acoustically-induced flows with swirling co-flow are 
characterized by forcing frequency (or Strouhal number as the dimensionless number 
representing the oscillating flow), forcing amplitude, and swirl number [33]. Biomass particles 
add additional heterogeneous aspects to the problem, such as shape and size. 

The investigation of the acoustic forcing in a swirl burner implies a parametric study of these 
parameters, which is important for fundamental research and is also a first step in the 
optimization of the operating conditions. 

 

1.4 AIM AND OBJECTIVES OF THE WORK 
 

Having examined the relevance of pulverized biomass-fired entrained flow reactors, this thesis 
aims to investigate the effect of acoustic forcing in many aspects of particle flows and fuel 
conversion. Experimental work was carried out on biomass particle dispersion in the near-
burner region for non-reacting conditions. The work is further extended for combustion and 
gasification conditions, with investigations of flame morphology and characterization of 
particulate emissions. Fig. 1 illustrates the research overview covered in this work. 

 

Fig. 1: Overview of the research plan. 
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The specific objectives are the following: 

• Investigate the effect of acoustic oscillations on particle dispersion in a swirl-
stabilized burner at cold-flow conditions: 

o Study an optical method to quantify particle dispersion in the near-
burner region 

o Investigate the importance of different operating conditions on 
particle dispersion 

o Identify acoustic parameters range which intensifies particle 
dispersion 

• Investigate the flame morphology during acoustic excited combustion: 
o Identify flame characteristics 
o Verify emission behavior during combustion 

• Investigate particulate emission and reactor operation using acoustic forcing 
o Examine particulate and gas emissions with sampling methods 
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2 METHODOLOGY 
The stepwise approach of the thesis work is illustrated by the experimental boundaries of each 
reference paper in Fig. 2. The starting point is the study in cold-flow conditions with a focus 
on the near-burner region in Paper I. Conditions which presented a significant impact on 
particle dispersion are further evaluated in combustion conditions in Paper II and gasification 
conditions in Paper III. 

 

Fig. 2: Experimental setup – stepwise approach in the papers. 
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2.1 SWIRL BURNER 
Fig. 3 illustrates the swirl burner and the acoustic forcing system. The swirling co-flow is 
generated with a movable block system (swirl generator in Fig. 3.b), which makes possible 
the study in different swirl intensities (swirl number, 𝑆𝑆𝑤𝑤: 0 - 2.3). The biomass supply was 
controlled by a screw feeder (K-SFS-24 Typ24/6, K-Tron) and transported with carrier air 
through the center tube of the burner. In acoustically excited conditions, the oscillatory flow 
was generated by a synthetic jet actuator consisting of a 4 Ohm loudspeaker and a cylindrical 
cavity. A Tee-union adapter connected the burner inner tube with the acoustic forcing system. 
A signal generator set the frequency and amplitude of the system, measured with a high 
sensitivity piezoelectric pressure transducer (model 106B, PCB Piezotronics, Inc.) placed 
inside the cavity. Mass flow controllers (EL-Flow, Bronkhorst) adjusted the air supply for 
transport air (primary air) and swirling air (secondary air). 

 

 

Fig. 3: Burner details: a) schematic representation of the acoustic jet cavity and burner; b) Cross-
section representation of the movable block swirl generator. Adapted from Paper I. 

 

2.2 PARTICLE FLOW - DISPERSION 
Fig. 4 illustrates the shadowgraph imaging setup for computing particle dispersion. The burner 
was top-mounted in a cylindrical visualization chamber. The setup includes a high-speed 
CMOS camera SpeedSense VEO 410 (Dantec Dynamics) with an optical lens of 100 mm focal 
length Milvus2/100M (ZEISS), and a LED light source (20 W) with a ground glass diffuser 
(DG100X100-600, Thorlabs). The field of view was 87.3x54.5 mm2 with a minimum spatial 
resolution of 66.3μm (camera resolution of 1280x800 pixels at 12 bit).  
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Fig. 4: Shadowgraph imaging setup for particle dispersion analysis. Adapted from Paper I. 

Table 1 presents the operating parameter ranges used to perform a parametric study of particle 
dispersion. 

Table 1: Operating conditions - parameter ranges. 

Biomass feeding:  Spruce stem wood 
Particle size: 500-600, 200-300, and 63-112 μm 
Center jet velocity  UI: 1.9-3.9 m/s, 𝑅𝑅𝑅𝑅𝐷𝐷 = 845 − 1690 
Particle loading ratio  β: 0.7-4.2 kg/kg 
Stokes number  𝑆𝑆𝑆𝑆𝑣𝑣: 2.2-170 

Swirl number  𝑆𝑆𝑤𝑤: 0-2.3 
Acoustic Forcing 
Pressure amplitude  

𝑝𝑝𝑝𝑝𝑝𝑝−𝑝𝑝𝑝𝑝: 0.5-4.0 kPa 

Frequency (Strouhal number)  𝑓𝑓: 30-165 Hz (𝑆𝑆𝑓𝑓: 0.12-0.6) 
 

For each experiment, 500 images at 20 fps (exposure time of 2 µs) were acquired with 
Dynamic Studio 6.8 software (Dantec Dynamics). Additional image processing analysis was 
carried out in Matlab R2019b from Mathworks. The image processing steps are illustrated in 
Fig. 5, from the original image acquisition to the final time-averaged contour plot representing 
the probability of finding particles in each pixel of the image (Fig. 5.f). The black solid lines 
represent the full width at half maximum points (FWHM) of Gaussian fits of the particle radial 
distribution. The dispersion is calculated as the angle between the linear interpolations of the 
FWHM points. More information about the methodology can be found in the appended papers. 
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Fig. 5: Image processing steps: a) original image; b) background image; c) original image with 
background subtraction; d) binary image (Otsu threshold); e) arithmetic mean image (500 images); 
f) contour plot of the mean image representing the probability of finding particle (FWHM 
correspond to the black solid lines). Image from Paper I. 

 

2.3 FLAME MORPHOLOGY 
 

The experimental setup used to identify important flame characteristics of the flame under 
acoustic excitation is presented in Fig. 2 – Paper II. The burner described in the previous 
section was top-mounted in the entrained flow reactor with an identical feeding system and 
acoustic setup. Before the experiments, the reactor inner wall temperature was kept at 1050 K 
(±10.3 K) using four heating elements Type SR (Kanthal) and thermocouples type K placed 
inside the reactor. Flue gas measurements were carried out with a flue gas analyzer (model 
330-2 LL, Testo GmbH). Images using high-speed cameras captured the incandescent light 
emitted from the flames under different operating conditions (Table 2). Moreover, methane 
co-firing was performed for a few conditions by premixing methane at the swirling secondary 
air. 
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Table 2: Summary of the operating conditions – paper II. 

Biomass feeding:  Spruce stem wood (1.3 kg/h) 
Particle size: A) 0-600, B) 0-400, C) 200-300 and D) 63-112 μm 

Swirl number  𝑆𝑆𝑤𝑤: 0 and 2.3 
Acoustic Forcing 
Pressure amplitude  

𝑝𝑝𝑝𝑝𝑝𝑝−𝑝𝑝𝑝𝑝: 0.8-2.3 kPa 

Frequency (Strouhal number)  𝑓𝑓: 30 and 370 Hz (𝑆𝑆𝑓𝑓: 0.07 and 0.74) 
 

Fig. 6 illustrates the methodology based on ignition point identification to identify flame liftoff 
distance and flame length [34,35]. For each experiment, the ignition point of 2000 images at 
20 fps was identified using a peak threshold value of 0.1. The statistical distribution of the 
ignition points was used to characterize flame lift-off distance and stability. 

 

Fig. 6: Illustration of the ignition point analysis. Grayscale image in false color. 

 

2.4 PARTICLE EMISSION CHARACTERIZATION 
 
Gasification experiments were carried out in the same entrained flow reactor, with additional 
measurements at the producer gas and particulate emissions. Fig. 2-Paper III presents the main 
components, including char bin sampling, filter sampling of fly-ash particles using iso-kinetic 
sampling, and producer gas analysis using NDIR gas analyzer (S710, SICK-Maihak) and 
micro gas chromatograph (model 490, Agilent Technologies). Char bin and filter samples 
were characterized with an elemental analyzer EA 3000 (Eurovector) and by 
thermogravimetric curves from TGA8000 (PerkinElmer Inc). The results were used to 
evaluate the mass balance, combustion and gasification efficiency, and particulate emission 
for different operating conditions (Table 3). 
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Table 3: Summary of the operating conditions – paper III. 

Biomass feeding:  Pine bark (0.9-1.6 kg/h) 
Particle size: 0-400 (4-5) and 63-112 μm (1-3) 

Swirl number  𝑆𝑆𝑤𝑤: 2.3 
Air-fuel equivalence ratio 𝜆𝜆: 0.8 – 1.9 
Acoustic Forcing 
Pressure amplitude  

𝑝𝑝𝑝𝑝𝑝𝑝−𝑝𝑝𝑝𝑝: 2.3 kPa 

Frequency (Strouhal number)  𝑓𝑓: 30 Hz (𝑆𝑆𝑓𝑓: 0.07) 
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3 RESULTS AND DISCUSSION 

3.1 FLOW CHARACTERISTICS 
 

Fig. 7 and Fig. 8 show the instantaneous behavior of particle-laden flow submitted to acoustic 
forcing in both cold flow and reacting conditions. Large structures are visible for high pressure 
amplitudes of the acoustic forcing (Fig. 8,d-f). These clusters are formed by the toroidal 
vortices acoustically induced at the exit of the central pipe. At large Stokes numbers, these 
large structures are still visible but with much less intensity than presented by smaller particle 
size distribution. 

 

Fig. 7: Effect of acoustic forcing amplitude in non-swirling flows: a) unexcited flow; b) 0.53; c) 0.69; d) 1.11; 
e) 2.03; f) 3.32 kPa. Image from Paper I. 

Results in reacting condition (Fig. 8, right), present the visible flame (incandescent 
carbonaceous particles, such as devolatilized char, soot, and unburned carbon). In such 
conditions, large flame structures are still presented, most likely generated by particle clusters 
visualized in the near-burner region that propagates downstream of the reactor. 
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Fig. 8: Instantaneous snapshot of the cold-flow experiment (left). Reacting condition at a similar condition 
with methane co-firing (right). 

The dispersion angle was calculated for different operating conditions and was strongly 
influenced by the pressure amplitude and swirl intensity as presented in Fig. 9. On the other 
hand, forcing frequency had a minimum effect on dispersion, considering the parameter range 
of this work. Large particles were less affected by the acoustic forcing and their results are not 
presented here. Acoustic excitation substantially increased the particle dispersion, near 
linearly with the pressure amplitude (Fig. 9). More details can be found in the appended 
papers. 
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Fig. 9: Dispersion angle results. Filled symbols: non-swirling flow. Non-filled symbols: the swirling flow, 𝑺𝑺𝒘𝒘 =

𝟐𝟐.𝟑𝟑. Symbols: 𝑺𝑺𝑺𝑺𝒗𝒗 (Stokes number), 𝜷𝜷 (mass loading ratio), 𝐔𝐔𝐈𝐈 (mean axial velocity at center pipe exit). Details of 
each condition are presented in Paper I. 

 

3.2 FLAME MORPHOLOGY 
 

From previous results, selected operating ranges were used to investigate the acoustic effect 
under reacting conditions (Table 2). Fig. 10 illustrates the acoustic forcing on the flame 
morphology for the particle size of 63-112 μm for different swirl intensities and CH4 co-firing. 
For all cases acoustic forcing reduced the flame lift-off distance, shortening the flames, 
especially when combined with the swirling flow. 
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Fig. 10: Flame shape results for 63-112 μm particles. Mean image of 2000 frames after normalization and 
threshold level of 0.1. See Paper II for more details of each condition. 

 

The overall effect on lift-off distance is illustrated in Fig. 11, where lift-off distance is mainly 
affected by the fuel fineness. It is also possible to observe the effect of the swirling motion 
and acoustic forcing reducing the lift-off distance, especially for the small particles in high-
swirling flow. At the same time, the large particles with broad-size distribution presented 
higher lift-off distance with strong variations (error bar as the standard deviation of the ignition 
points), suggesting higher flame instability. Fig. 12 compares the current results of lift-off 
distance with the dispersion angle results from the previous study in cold-flow conditions. The 
results suggest that higher particle dispersion reduces flame lift-off distance by enhancing the 
fuel-air mixing. Moreover, the effect on flue gas emission resulted in lower CO emissions and 
higher NO emissions for acoustically excited flames for small particle size distribution. 
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Fig. 11: Flame lift-off distance results. Filled symbols represent excited conditions, while open symbols the 
unexcited cases. Circles, squares, and diamonds symbols indicate, swirling without co-firing, swirling with co-
firing, and non-swirling without co-firing, respectively. See Paper II for more details of each condition. 

 

Fig. 12: Experimental results of lift-off distance and dispersion angle for 63-112µm particles (D1 and D3) and 
200-300µm (C1) with acoustic excitation at 30Hz and 2.3kPa. 

 

3.3 PARTICLE EMISSION CHARACTERISTICS 
 

The results of the reactor operation in gasification conditions under acoustic excitation are 
presented in Fig. 13 and Table 4. Fig. 13 illustrates the instantaneous images inside the reactor 
for two different particle size distributions and a comparison with the combustion cases. For 
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images processed at the same threshold levels, the gasification cases present significantly 
lower pixel intensity than the result for combustion operation. 

 

Fig. 13: Instantaneous snapshots of combustion (a: 63-112μm, b: 0-400μm) and gasification (b and d). 
Grayscale image in false color. 

 

The combustion condition presented lower carbon content at both char bin and filter particles. 
Overall, the results in Table 4 suggest a reduction in unburned char and soot in the PM 
emissions when applying acoustic forcing in gasification conditions. The unburned carbon 
was estimated by TGA analysis during oxidation of the filter samples. However, this result 
was followed by a slight reduction in cold gas efficiency (CGE), mainly due to lower CO and 
CH4 content in the product gas. The low CGE values are a consequence of the relatively high 
air-fuel equivalence ratio and low temperature of the reactor. 

Table 4: Summary of results for gasification condition. 

  (6) 0-400μm (4) 0-400μm (5) 0-400μm 
  λ:1.2 / 0Hz λ:0.8 / 0Hz λ:0.8 / 30Hz 
CGE (HHV basis)  17.2% 16.3% 
    
Char yield (g/daf kg fuel) 5.5 33.9 29.7 

%C at char bin (CHN) 56.8% 65.7 67.1 
    
PM emissions (mg/Nm3) 540 690 680 

%C at PM (CHN analysis) 5.8% 13.8% 10.4% 
Mass loss (wt.%) <500°C (TGA) 3.0% 12.8% 7.6% 
Unburned char/soot yield g/kg fuel (daf) 0.10 0.38 0.22 
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4 CONCLUSIONS AND FUTURE WORK 
Combining optical methods using high-speed imaging with sampling methods, this work 
presents important findings on the effect of acoustic forcing in an entrained flow reactor. 
Shadowgraph image analysis was applied in non-reacting conditions to identify particular 
characteristics of the acoustic-induced flow and to quantify particle dispersion. Instantaneous 
images of excited conditions showed the presence of regions with high particle concentration, 
identified as particle clusters in the near-burner region. The generation of these large structures 
increases the overall dispersion, measured by time-averaged particle distribution maps. The 
dispersion angle presented nearly linear behavior with respect to the pressure amplitude, which 
had the strongest effect followed by the swirl intensity of the secondary air. 

In reacting conditions, the flame morphology analysis indicates a lower liftoff distance for 
acoustically forced flows, suggesting enhanced air-fuel mixing, especially for the small 
particles in high-swirling flow. This observation correlates with the high particle dispersion 
found in cold-flow conditions. Flue gas emissions indicated lower CO emissions and high NO 
emissions for excited conditions with small size biomass particles. Analysis of the particulate 
emissions was carried out in both combustion and gasification conditions. A lower amount of 
unburned char and soot in the PM emissions was found for excited condition, with a reduction 
of 40% in gasification operation. 

The current work presented new insights into the soot reduction potential by applying acoustic 
forcing in a swirl burner with noticeably higher capacity than the previous studies. However, 
additional effort is required to fully understand its applicability in gasification conditions. 
Experiments under gasification conditions in this work considered a relatively high air-fuel 
equivalence ratio (λ> 0.8). Real gasifiers operate at significantly lower λ values (0.3-0.5), 
which would require further developments in the experimental setup regarding producer gas 
disposal. Further studies of particle emission in such operating conditions will bring valuable 
results for the project. 

Regarding particle emission characterization, detailed soot measurements will be necessary to 
assess the impact of acoustic excitation. Here two technologies should be considered: optical 
diagnostics using two-color laser extinction and 2-D laser-induced incandescence imaging (2-
D LII); nanoscale particle characterization using impactor stages and further analysis in 
SEM/EDS analysis. 

Further optimization of the proposed system should be considered in future work. A 
parametric optimization can be achieved by varying the operating conditions of the acoustic 
setup to minimize soot emissions. A combined study with the swirl geometry optimization 
and evaluation of different acoustic-induced flow strategies would bring interesting new 
results. 
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