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Abstract 

Entrained flow gasification (EFG) is a well-proven, commercially available technology 

for large scale coal gasification processes, with a production of a high quality syngas (a 

mixture of carbon monoxide (CO), hydrogen (H2), carbon dioxide (CO2), methane 

(CH4) and other compounds). For biomass, the process is still under development and 

there are several hurdles that must be cleared before it can become commercial. In 

entrained flow gasification, solid fuel particles are milled to a size of a couple of hundred 

micrometers to ensure good heat and mass transfer with the surrounding hot gases, prior 

to be fed in a co-flow of oxidizer stream that can be either air or pure oxygen. The milled 

biomass particles have cohesive behavior and poor flowability, leading to serious 

challenges associated with consistent particle feeding and effective mixing. 

The pulverized fuel injector is a vital part of the gasification/combustion system and a 

well optimized fuel injector can help to promote the process efficiency by enhancing 

mixing, minimizing pollutant emission and fuel consumption. Biomass differs from coal 

not only in chemical composition (in terms of carbon, oxygen, volatile etc. contents) but 

also in aerodynamic properties depending upon some factors, e.g. shape sphericity, 

aspect ratio, particle size, bulk density and particle cohesion force etc. One of the key 

challenges to implement biomass in entrained flow gasification is to ensure a good 

mixing of biomass particles with the oxidizer stream. A common concept is to impart 

swirling motion into the oxidizer stream, forming a recirculated hot gas flow that can 

participate in the gasification. The dispersion behavior of biomass particles in turbulent 

isothermal swirling flows has therefore been studied by using a two-phase particle image 

velocimetry technique. This technique provides simultaneous measurements of 

continuous (air) and disperse phase (pulverized pine particles) velocities. The results 

show that the addition of pulverized pine particles (with a size range of 112-160 μm) 

into turbulent air flow significantly affect the dispersion rate and velocity fields of the 

suspending air flow in the burner near field, inducing a “blockage effect” where the air 

velocity is reduced along the jet core corresponding to a region of high particle 

concentration. It was also found that imparting swirling motion to the co-annular jet 

flow increased the particle dispersion due to strong centrifugal effects induced by the 

swirling motion. 

The entrained flow gasifier is operated at high temperatures to maintain high conversion 

and high cold gas efficiency, resulting in low tar yields, high oxygen demand and a 

viscous slag flow. High operating temperatures also favors soot formation that can be 

detrimental to the operation of the gasifier, e.g. clogging of flow passages, fouling on 

system components and reduced efficiency of gasification. A novel soot reduction 
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method on the basis of forced dispersion of fuel particles has therefore been applied to 

a laboratory scaled entrained flow reactor. Pulverized pine particles with a size of 63-

112 μm were gasified in a sub-stoichiometric methane-air flame stabilized on a flat 

burner. Soot formation was measured along the reactor height in terms of volume 

fraction by a two-color laser extinction method. The results show that particle dispersion 

and inter-particle distance were enhanced by varying the flow velocity ratio between the 

particle carrier gas and the premixed flame.  The soot volume fraction was found to 

decrease towards an asymptotic value with increasing inter-particle distance. 

There are other techniques to control particle dispersion and promote mixing, e.g. 

acoustic forcing or a synthetic jet flow. Both techniques induce a periodic motion to the 

gas phase flow that influences the motion of solid fuel particles. A synthetic jet actuator 

was used in both isothermal and reactive flows in a laboratory scale entrained flow 

reactor. It was found that the synthetic jet actuator formed local flows of dilute and dense 

gas particle suspensions via a convection effect induced by large scale flow structures. 

It was also shown that the synthetic jet actuator provided controlled particle dispersion 

in isothermal flows with respect to forcing amplitudes. The resulting flow field imposed 

significant effects on the amount of soot formed during gasification of pulverized pine 

particles.  

Acoustic forcing was applied to a 150 kW wood powder burner to excite one of the 

natural system instabilities during combustion of wood powder particles. The effect of 

the instabilities on the flame shape and NOx formation were investigated at different 

air/fuel ratios. The powder flame gave a quick response to external flow perturbations 

at 17 Hz showing irregular wobbling and increased NOx emission in the presence of 

acoustic excitation.  

Based on the experiences gained from the experiments, dispersion characteristics of 

particle-laden flow are of utmost importance to reliably predict and optimize pollutant 

emission. Controlled particle dispersion can be simply achieved by external forcing of 

the gas flow by a synthetic jet actuator without any need of a source of external fluid or 

time-consuming, expensive burner modifications. 
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1 
INTRODUCTION 

Rising energy demand and climate changes are two of the most important challenges 

facing the world in the 21st century.  The challenge is how to meet the globally grown 

energy demand in more secure, affordable and clean ways. Fossil fuels (coal, oil and 

natural gas) is currently the main source of energy and met 87 percent of the global 

energy demand in 2010.1 The use of fossil fuel continued to rise in 2014 while the 

primary energy consumption was increased by only 0.9 %.2 A growing fossil fuel 

consumption puts the global climate system at risk of abrupt, unpredictable and 

irreversible changes as fossil fuels are the main contributor of carbon dioxide (CO2) 

emission, releasing 32 Gt/year CO2 gases into the atmosphere. 3  

In 2012, the transportation sector contributed to 23% (globally) and 30% (Organisation 

for Economic Co-operation and Development, OECD) of the overall fossil fuel CO2 

emissions, making it the second largest contributor of CO2 emission after energy sector.4 

In Europe, transport emissions have been decreasing since 2008, but were in 2012 still 

20.5 % higher than in 1990.5 The European Commission has set a binding target to 

reduce the CO2 emission by 60 % by 2050 compared to 1990. In order to meet the goals, 

the aim is to boost the development of low carbon technologies, to increase the share of 

the renewable energies to 20 % and to maximize the efficient use of bioenergy.6 Within 

this context, Sweden contributes significantly to the aim of reducing transport emissions 

by commissioning fossil-fuel-free transportation systems by 2030.7  

Bioenergy is derived from converting renewable biomass into energy carriers, e.g. heat, 

electricity and transportation fuels. Wood, straw, agricultural residues, municipal 

organic waste, algae and seaweed are common examples of biomass feedstock.8 The use 

of biomass for energy supply has dual benefits: sustained energy security and reduced 

CO2 emission as biomass resources are CO2 neutral as well as locally available and 

widely distributed all over the world. Any biomass feedstock can provide energy in a 

variety of ways: by direct combustion, by gasification and by fast pyrolysis. When 

biomass is directly combusted, it provides heat for use in heating and electricity 

generation. Partial oxidation or gasification of biomass provides a synthesis gas (a 

mixture of CO, CO2, H2, CH4 and H2O and higher hydrocarbons) for combustion for 

heat or for electricity generation. Another possibility is to produce biofuels from ligno-
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cellulosic biomass via gasification and catalytic conversion of the syngas. The other 

most common ways to produce biofuels are fermentation of sugars, extraction and 

esterification of vegetable oils.9 Provided that energy input and overall emission output 

are dependent on type of biomass feedstock used for biodiesel production, biodiesel 

emits 40-60 % less CO2 than diesel fuel.10 Along with the restrictive EU policies 

regarding pollutant emissions and energy sustainability, there is currently an emerging 

market for production of sustainable and CO2 neutral biofuels in Europe. The potential 

for biofuel production in Sweden via ligno-cellulosic biomass gasification is estimated 

to 25-30 TWh annually assuming that the conversion efficiency of biomass to biofuel is 

50 %.11 By fast pyrolysis, biomass can also provide a liquid fuel for replacement of fuel 

oil in heating and electricity generation applications. The liquid fuel can also be used in 

production of high valued commodity chemicals.   
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 2 
      FUNDAMENTALS OF GASIFICATION 

Gasification is a thermal oxidation process at which any carbonaceous fuel particles with 

a usable heating value can be converted into fuel gas in the presence of a gasifying agent. 

The gasifying agent can be air, steam, oxygen, CO2 or a mixture of them. Fuel gas is 

commonly referred to as syngas and it consists mainly of H2, CO, CO2, CH4 and N2. 

When a solid fuel particle is heated up, it is subjected to different thermal and chemical 

processes; drying, devolatilization (pyrolysis), combustion/gasification, ash melting and 

fragmentation, see Fig.1. These processes can occur simultaneously or sequentially on 

the basis of fuel particle composition, heating rate and fuel particle size.12 

Figure 1. Schematic illustration of the conversion of a biomass particle when it is heated 

under sub-stoichiometric conditions   

Drying Raw solid fuel particles have a moisture content depending on the humidity at 

the place of origin. Woody biomass has a moisture content of around 30-50 % and after 

being subjected to a considerable ambient drying, the moisture content is still around 

15-20 %.13 When the particle is heated up, the water present in the cell walls (bound 

water) and on the surface of the particles (free water) is evaporated. The evaporation 

temperature depends strongly on the reactor pressure and it ranges from 373-550 K at  

reactor pressures of 1-60 bar, respectively.14 Multiple phases co-exist in the drying 

process, such as liquid water, vapor (gas) and the porous solid fuel particle. The drying 

H2O  H
2
O  

CO CO2 

CH4 

H
2
 

CaHbOc 

soot 

H
2
O  

CO
2
 

H2 

H
2
 CH

4
 

CO 

  Drying       Devolatilization     Gasification   Ash Melting 

 

    

Increasing Temperature 



6 

 

process can be simply expressed as follows (a solid fuel particle is simply represented 

by CxHyOz) : 

CxHyOz,wet + Heat → CxHyOz,dry + Vapor. 

Devolatilization/Pyrolysis When the particle is further heated up to higher temperatures 

(350- 800 ºC), a mixture of gases (condensable and non-condensable), so-called volatile 

gases, is released from the particle into the ambient atmosphere. Pyrolysis starts up at 

160-250 ºC for biomass and about 350 ºC for bituminous coal.15,16 The solid 

carbonaceous residue, known as “char”, is formed along with the volatile gases. The 

typical volatile gases are methane (CH4), carbon monoxide (CO), carbon dioxide (CO2), 

hydrogen (H2), nitrogen (N2), hydrogen sulfide (H2S), ammonia (NH3), higher 

hydrocarbons. Pyrolysis or the so-called devolatilization occurs simultaneously with the 

heating up of the solid fuel particles and can be expressed by the following equation: 

CxHyOz,dry+ Heat → Char + Volatiles. 

The pyrolysis rate is closely correlated with the rate of heating and is divided into three 

subclasses: slow pyrolysis (< 1 K/s), fast pyrolysis (500-105 K/s) and flash pyrolysis 

(>105 K/s) 17. Gasification and pyrolysis reactions can proceed in parallel or in sequence 

depending on the heating rates. At low heating rates, pyrolysis starts at low temperatures 

at which reaction rates for gasification of volatiles and char with steam is very low. The 

gasification starts after devolatilization is complete, resulting in accumulation of high 

concentration of volatiles in the ambient atmosphere. At high heating rates, gasification 

reactions proceed in parallel with devolitilization reactions, avoiding the build-up of 

volatiles in the ambient atmosphere.12 However, the rate of pyrolysis is not only 

dependent on heating rate, but also on the particle size, the rate of gasification by the 

water gas reaction and hence on the reaction temperature and the partial pressure of 

steam.12 

Combustion/Gasification A further increase in char particle temperature leads to 

combustion (oxidation) of, or gasification of, the char particle. Gasification or 

combustion depends on the ambient gas composition and the temperature. Gasification 

covers several endothermic heterogeneous reactions of char with steam and carbon 

dioxide forming CO and H2, or exothermic reactions of char with hydrogen forming 

CH4.  The main reactions that take place in the gasification of the biomass char can be 

summarized by the following reaction steps: 

the Boudouard reaction  

Cchar + CO2 + Heat → 2CO , 
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the water gas reaction 

Cchar + H2O + Heat → CO + H2, 

the methanation reaction 

Cchar + 2H2 → CH4 + Heat. 

Generally speaking, the gasification reactions are endothermic and the heat required to 

start gasification is supplied by the following heterogeneous combustion reactions: 

 Cchar + O2 → CO2 + Heat, 

 Cchar + 1/2O2 → CO + Heat. 

During gasification, char particles reside in the ambient environment with a high amount 

of volatile gases and some of the volatile gases undergo the following semi-global 

homogeneous reactions: 

oxidation of carbon monoxide 

CO + O2 ↔ CO2 + Heat, 

the water-gas shift reaction 

CO+ H2O↔ CO2 + H2 + Heat,  

the steam methane reforming reaction 

CH4 + H2O+ Heat ↔ CO + 3H2.  

The partial combustion of volatile gases do not only provide energy for char gasification 

reactions, but also for pyrolysis reactions. This can occur by recirculating synthesis gas 

in many gasification reactors, especially in the vicinity of the burner or the injector.  

Ash melting if the particle temperature exceeds the so-called slagging temperature, ash 

or mineral held within the particle surface or even inside the particle can be melted 

during high temperature carbon conversion. The major components of biomass ash are 

potassium (K), calcium (Ca), phosphorus (P) and further sodium (Na), magnesium (Mg), 

iron (Fe), silicon (Si) and trace elements.13 Ash melting temperature is dependent on the 

multicomponent composition. For some straws, the ash melting temperature is around 

1080-1120 ºC while for stem wood it is much higher.13
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 3 
      GASIFICATION TECHNOLOGIES 

A gasifier is the vital component of a gasification plant and it must be able to sustain a 

stable syngas production that meets certain criteria for power generation plants. For 

instance, a gas engine requires a certain percentage of burnable gas (> 20 % CO and >10 

% H2) with a minimum amount of tar content (< 100 mg Nm-3) and without any dust or 

other poisonous gases (NH3, SO2 etc.).18 The majority of research has therefore been 

focused on the development of a gasifier that meets the aforementioned criteria. 

Gasifiers can be classified into three main categories, (i) moving (fixed) bed (ii) 

fluidized bed and (iii) entrained-flow gasifiers. 

In a moving (fixed) bed gasifier, solid fuel particles enter from the top of the reactor 

and move downward under the action of gravity while the gasifying agent (air, oxygen, 

steam or the mixture of them) is injected through a grate at the bottom of the reactor. 

While the gasifying agent rises upward through the bed of hot char particles or hot ashes 

on the grate, it is heated up. The counter-current flow of the gasifying agent splits up the 

reactor into different reaction zones. In the drying zone, at the top of the reactor, fresh 

solid fuel particles are heated and dried with the residual heat of the rising hot product 

gas that exits the reactor with a relatively low temperature from the low temperature 

zone. The product gas is contaminated with a substantial amount of tars.  

In the pyrolysis zone, which is below the drying zone, the descending solid fuel particles 

are further heated and pyrolysed in a hot counter-current gas stream, forming 

condensable and non-condensable gases and char. Downstream the pyrolysis zone, there 

is a “gasification zone”, where the pyrolysis gases and char react with steam and carbon 

dioxide. Further downstream, in the combustion zone, near the bottom of the reactor, 

the remaining char particles from the gasification zone are oxidized with the hot 

gasifying agent. The highest reactor temperature is achieved in this zone. Typical 

particle sizes used in the fixed-bed gasifier range between 1 and 10 cm. 19 

Fluidized bed gasifiers are operated in either bubbling or circulating mode. Bed 

materials are typically quartz sand, but can also be catalytically active minerals, and the 

characteristic size of solid fuel particles is between 1 mm to 1 cm.19 Solid particles of 

fuel are fed into the reactor relatively fast from the top in a counter-current to the flow 

of the gasifying agent fed from the bottom of the reactor. The gasifying agent is supplied 
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in the form of a fluidizing gas. Solid particles are dropped on the hot bed of particles 

that increase the temperature of the newly arrived particles up to the bed temperature. 

This allows rapid drying and pyrolysis of solid fuel particles. Compared with the fixed 

bed gasifier, the continuous mixing of the bed of particles with fuel particles maintains 

a uniform temperature at the expense of the formation of a high amount of partially 

gasified char particles. Fluidized bed gasifiers typically operates at temperatures of 800-

1000 ºC, below the ash-softening temperature to avoid agglomeration of sticky ash 

particles in the bed of particles. Therefore, it is easily implemented for fuel particles 

with a high ash content. One of the major problems is that combustion occurs in the 

fluidized phase which lowers the efficiency of gasification.20   

In an entrained-flow gasifier, solid fuel particles are typically fed into the gasifier from 

the top in a coaxial flow of the gasifying agent (e.g. oxygen and steam, in some cases, 

carbon dioxide or a mixture of them). For an entrained flow gasifier, a high carbon 

conversion within shorter residence time demands high operating temperatures and the 

use of small, dry fuel particles. Entrained flow gasifiers are often operated at pressures 

of 20-70 bar and at a temperature around 1400ºC, above the ash-melting point which 

ensures the destruction of tar or oils, producing a tar-free-syngas but with the penalty of 

oxygen consumption.20 The gas flow velocity is also high enough to entrain fuel particles 

and the flow in the entrained flow gasifier is highly turbulent under high temperature 

and high pressure conditions. However, there is a lack of experimental studies on 

characterization of the flow field in the entrained flow gasifier. On the other hand, 

numerical studies 21,22 based on the approach proposed by Pedersen et al. (1997) 23 can 

be used to get some understanding of the flow field in an entrained flow gasifier.  

Accordingly, the flow in an entrained flow gasifier can be represented with four different 

zones (see Fig.2): the near-burner zone (NBZ), the jet expansion zone (JEZ), the external 

recirculation zone (ERZ) and the downstream zone (DSZ). The near burner zone is a 

high temperature region where preheating and pyrolysis of the descending fuel particles 

take place along with gas phase oxidation reactions. Char gasification reactions are also 

initiated in the NBZ. However, the large majority of char particles are gasified in the 

JEZ. The JEZ is characterized by high axial gas velocities with a considerable amount 

of flow expansion. Part of the flow in the JEZ is entrained into the ERZ which carries 

hot combustible gases into the NBZ to assist heat demand for preheating and pyrolysis 

of the descending fresh, solid fuel particles while the other part is directed to the 

downstream zone. The residual ash is drained from the bottom (in the DSZ), either as a 

molten slag or solid particles, depending on the temperature inside the gasifier. Pyrolysis 

reactions are fast in the gasifier due to the high heating rates and this provokes pyrolysis 

and gasification reactions to run in parallel, generating a large yield of pyrolysis gases 

and low char yield.24,25 Since most of the gasifiers are operated in a slagging mode12 the 

ash exiting the reactor is expected to be in the form of a molten slag. With a proper 
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design and operation, a high carbon conversion of over 99 % within a short residence 

time (a few seconds) can be achieved.12 Entrained flow gasifiers use fine ground 

particles  (commonly around < 500 μm) to ensure good heat and mass transfer with the 

product gases.  

 

ERZ 

JEZ 

NBZ 

Fuel Oxidizer 

Water 

DSZ 

Figure 3. Shapes of pulverized pine particles 

with a size of 112-160 μm 

Figure 2. A schematic sketch of an entrained flow gasifier with a simplified 

model of flow zones.  
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 4 
PROCESS CHALLENGES  

Despite potential benefits and availability of biomass, there are some key technical 

challenges for integration of biomass into commercially available power plants that 

come from chemical composition and physical properties of biomass feedstock. This is 

because most of the commercially available power plants have been developed for coal 

feedstock and biomass differs from coal in terms of chemical properties, (i.e. elements, 

C, H, O, Cl, N, S etc.) and physical properties (i.e. particle size, shape, texture, bulk 

density, particle density, volatiles ,net calorific value and moisture etc.), see, Fig.4. 

Particle properties influence the reactor dynamics and stability and hence emissions of 

pollutants. Some process challenges will be discussed briefly in the following section. 

Process Challenges 

 

Figure 4. A map showing some key components of process challenges, ranging from 

fuel properties to emission and to the reactor dynamics and stability. 

 

 

Fuel
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4.1 Fuel Properties 

Moisture content in raw biomass is one of the important fuel characteristics that affect 

the gasification process in many aspects: feeding instabilities, variations in syngas 

composition, system efficiency and flame stability etc. Biomass has a higher moisture 

content than coal. At gasification temperatures, moisture is transformed into steam, 

reacting with char and volatile gases as well as increasing the H2 content of syngas via 

a water-gas shift reaction.26,27 Plis and Wilk28 showed that the CO2 content in the syngas 

increases with moisture content of raw biomass, and syngas derived from dry raw 

biomass have a higher CO content in comparison to highly moisturized biomass. 

Additionally, higher moisture content leads to thermal losses in the system and to a 

reduced heating value of the produced gas and cold gas efficiency.29,30 Woody biomass 

is hygroscopic and easily attracts water molecules from the surrounding environment 

and therefore, the relative humidity has more influence on the moisture content of 

biomass, compared to temperature.31 Additionally, cohesive and adhesion forces among 

particles increase with moisture content32, 33 and it causes particles to stick to each other 

leading to reduced flowability. This poses problems related to inconsistent feeding due 

to bridging, with blockage in the feeding line.34,35,36   

Particle size and shape distribution plays a crucial role in aspects of heat and mass 

transfer, fluid dynamics and flowability etc. and thus in the gasification process. Smaller 

particles have a higher surface area for heat and mass transfer which provides fast and 

more or less uniform heating rates with negligible temperature and composition 

gradients throughout the particle. At high heating rates, moisture and pyrolysis gases are 

diffused throughout the particle rapidly and in sequence, leading to insignificant 

interactions between each other and with a hot char layer. However, for larger particles, 

heating rates are slow and non-uniform, resulting in substantial temperature and 

composition gradients throughout the particle since the pyrolysis and drying process co-

exist in the different parts of the particles.24  

The experimental study of Nik-Azar et al.37 on a rapid pyrolysis of beech wood showed 

that an increase in particle size from 53-63μm to 270-500μm reduces the maximum tar 

yield from 53 wt. % to 38 wt. %. This observation was linked with an increase in the 

rate and extent of tar cracking inside the particle. Biomass particles are commonly more 

irregular and non-spherical in shape with large aspect ratios of more than 6, see Fig.3. 

On the other hand, coal particles are nearly spherical with an aspect ratio that rarely 

exceeds 2.38,39 Theoretical and experimental studies by H. Lu et al. with three different 

shapes of particles (flake, cylinder and nearly spherical) confirmed the effect of particle 

size and shape on particle reactivity. The flake-like and cylindrical-like particles 

devolatilize faster than near-spherical particles since the flat-like and cylindrical-like 
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particles have larger surface to volume ratio than near-spherical particles, and this leads 

to higher heating rates and faster heat and mass transfer to the particle. Particle size and 

shape have also significant roles regarding flowability. Lam et al.40 carried out 

experiments with three different fuels (dry switchgrass, wheat straw and corn stover) 

ground to 12 size fractions from 2 mm down to 0.9 mm. They found that the Hausner 

ratio (the ratio of tapped bulk density over loose filled density) decreases with increasing 

particle size, indicating that larger particles tend to flow freely. Switchgrass with an 

aspect ratio of 3.55 flows freely while wheat straw with an aspect ratio of 2.99 are 

classified as cohesive material. P.Chen et.al 41 compared the flowability of sawdust with 

brown and hard coal and found that brown coal tends to flow more easily among other 

particles characterized as cohesive material.  

4.2 Reactor Dynamics and Stability 

Flame and flow instability are a major problem in pulverized combustion system, 

especially in boilers, that can cause severe structural vibrations, high pollutant 

emissions, and high level of noise, poor combustion efficiency and even structural 

failure. However, in the literature, there is lack of studies on flame stability of biomass 

under gasification. Most of the studies have been focused on coal42,43,44,45,46 and co-firing 

of coal and biomass combustion systems47,48,49,50. Flame stability is dependent on 

various parameters, for instance type of fuel48,50,51 (i.e portion of biomass in coal-

biomass blends), heat loading42 (fuel particle concentration), mass flow rate of the 

primary air stream42, particle size42, fuel composition,45,47 (i.e. ash, moisture and volatile 

content etc), oxidizing agent43,46,52 (O2/CO2 or O2/N2 or pure or portion of O2 or air etc.), 

wall temperature43, quarl dimension (length) and confinement ratio53, strength of swirl 
46,54, momentum flux ratios46 (between reactant streams), fuel-injection mode55 

(injection of either coal or  biomass from the center in a duel fuel burner). To achieve 

efficient and safe operation of power plants, it is imperative to develop a knowledge 

about the stability limits of biomass feedstock under different operating conditions.  

During combustion, the flame propagates into a fresh reactant flow in a counter-current 

direction. Flame instability arises from imbalance between the speed of flame motion 

and the speed of fresh reactant flows and also from insufficient source of heat to sustain 

the flame motion56. Above critical threshold velocity differences, the flame can either 

flash back into the burner (flashback limit) or move further downstream from the burner 

rim and blow off (blow-off limit). Both cases are detrimental to the combustion process 

as it can cause over-heating of the burner rim or flame extinction. In order to sustain a 

stable flame, a source of stable and intense heat is commonly obtained from hot product 

gases. For pulverized flames, this can be achieved by a swirl motion imparted to one of 
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the reactant streams, a bluff-body or a quarl. They are all aimed at generating a 

recirculation zone to promote mixing of the fuel and air and to sustain continuous and 

stable heat to the fresh descending fuel particles and volatile flame from recirculating 

hot product gases. 

Swirling motion can be maintained by deflecting the flow by an array of vanes 

positioned either axially or radially and by a tangential plus axial entry type of nozzle.57 

High swirl flows produce central toroidal recirculation zones (CTRZs) to sustain flame 

stability. In this region, the flow is exposed to high shear stresses and turbulence is 

generated from vortex breakdown. Vortex breakdown is defined as an abrupt change in 

a core of a slender vortex 58. When the vortex core starts to precess around the axis of 

the symmetry at a discrete frequency, a three-dimensional asymmetric flow structure, 

the so-called precessing vortex core (PVC), develops. The flow visualization study of 

Valera-Medina et al.59 showed that the PVC is semi-helical in shape and it stretches 

along the boundary of the reverse flow zone. The PVC gives a significant impact on the 

flow and flame dynamics. In this context, it can cause a highly asymmetric flow pattern, 

directing the flow in one direction.57 Additionally, it generates high velocity fluctuations 

which can either directly couple with low-frequency resonances of the combustion 

system or induce heat release fluctuations by wrinkling the flame front which then 

couples with and amplify natural resonant modes of the system. The resulting feedback 

loop between heat release and the acoustics of the system is called a “thermo-acoustic” 

instability.60  

The quarl of the burner also serves as an efficient flame-stabilization tool. The quarl 

dimensions significantly affect the stability of the pulverized fuel flames 53 and the 

dimension of the recirculation zone established inside the quarl.56 The length to diameter 

ratio of the quarl should be at least unity to provide reasonable flame stabilization.56 

Turbulence becomes important in pressurized entrained flow reactors as the flow is 

highly turbulent and particles are commonly fed into the reactor with a support of inert 

gas in form of dense particulate flows. In real practice, the processes in entrained flow 

gasifiers are not only controlled by chemistry, but also by other physical phenomena 

involving particle-particle and particle-flow interactions. The recent experimental study 

of C.Fang et al.61 revealed the impact of particle-flow interactions on the particle 

entrainment behavior of spherical glass particles in a granular coaxial jet flow. 

According to the authors, the drag force of the backflow gas induced by the vortex flow 

was the most crucial factor in particle entrainment. Some theoretical studies have shown 

large discrepancies in drag coefficient for spherical, non-spherical particles and group 

of particles.62,63 Therefore, it is expected that dispersion behavior of biomass particles  

will differ from coal particles, resulting in a difference in residence time, stoichiometry 

(air to fuel ratio), and hence in temperature and gas composition in the reactor. One of 

the key consequences of the particle-flow interactions is “preferential accumulation or 
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inertial clustering” of particles in turbulent flows, where particles are accumulated into 

dense clusters with eddy motions. The ratio of particle to fluid inertia, termed as Stokes 

number, influences preferential accumulation. Heavier-than-fluid particles tend to 

concentrate in regions of high shear stresses while lighter-than-fluid particles are 

dragged into regions of high vorticity.64 Numerical studies have shown that ignition 65, 

onset of pyrolysis 66, devolitilization and char burning rate 67 are affected by an increase 

in number of particles in unit volume (particle volume fraction). On the other hand, once 

the particles are pyrolysed, they yield a large volume of volatiles. 65  

4.3 Pollutant Emissions 

Tar is the most troublesome component of product gas in the majority of gasification 

technologies. The main technical problems related with biomass tar can be highlighted 

as fouling and plugging problems due to tar condensation, leading to shutdown of the 

gasification plant, forming of carcinogenic compounds (PAH and even soot) due to 

polymerization of tar at high temperatures, and catalyst deactivation due to tar 

deposition.68,69,70 Tar consists of a complex mixture of condensable hydrocarbons 

ranging from single ring to 5- ring aromatic compounds with or without oxygen-

containing hydrocarbons and complex polycyclic aromatic hydrocarbons (PAH).71 

Several parameters that affect tar formation have been identified, namely type of fuel68,72 

, moisture content73, operating conditions70,74, type of gasifier75, and the gasifying 

agent.74,76 Oxygenated tar compounds undergo secondary reactions, with an increase in 

temperature and they are initially converted into light hydrocarbons, aromatics, 

oxygenates and olefins and later to higher hydrocarbons and larger PAH by tertiary 

reactions.72 

Soot is an undesired byproduct in a biomass gasification process as unconverted 

hydrocarbon (predominantly, in form of soot) can accumulate in syngas 77 and reduce 

the efficiency of the gasification. Soot particles in syngas contaminate the quenching 

water system, leading to fouling and plugging of spray nozzles.78 On the other hand, 

soot increases heat transfer by thermal radiation. A controlled amount of soot formation 

is therefore desired in gasification processes. In order to meet the goal, there is a need 

for identifying the underlying mechanism and the controlling parameters of soot 

formation and destruction.  

The parametric studies of K. Qin et al.79,80 on biomass gasification in a laboratory scale 

atmospheric entrained flow reactor showed that in contrast to gasification, soot yield is 

higher in pyrolysis and can be reduced at some extent by a longer residence time, larger 

feeder air flow, lower oxygen concentration, higher excess air ratio and higher 

steam/carbon ratio. Soot emitted during pyrolysis of hydrocarbon fuels appears as an 
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agglomeration of a number of small spheres (spherules) whose diameter is typically 20-

50 nm. Wiinikka et al.81 found that soot particles emitted from gasification of stem wood 

were a mixture of fine particles with sizes of 30-50 nm and larger soot particles with 

sizes of 100-300 nm.  

Soot formation is a very complex process with many possible chemical and physical 

pathways. It is widely agreed that soot forms via the growth of PAHs.82 This hypothesis 

links the gas phase chemistry to soot inception. The detailed kinetic soot models for 

simple flames can still provide a concrete foundation to understand soot formation in 

biomass flames. Among the kinetic models, there is a consensus on major steps of soot 

formation, namely particle inception, surface growth, coagulation and agglomeration 

and oxidation.83 During particle inception, the first aromatic ring formation is a key step 

as this step is suggested to be the rate limiting step. In a detailed kinetic model of 

Frenklach84 et al., the growth of PAH species from the first aromatic ring (benzene or 

phenyl) occur via a reaction sequence of a H atom attack and acetylene addition. The 

“solid” particle phase is assumed to form with coagulation of PAH species85 or the 

growth of PAH molecule via addition of 5-membered ring structures.86 Soot surface 

growth is mostly assumed to be analogous to formation of PAH where acetylene and 

other aromatics, considered as surface growth precursors, attack the active site on the 

soot particle surface. According to Harris et al.87 and Mauss et al.88, a majority of soot 

(>95 %) is formed by soot surface growth. Once soot particles are formed, they collide 

with each other and form larger particles. Coagulation occurs when relatively small 

particles collide with each other and coalesce into a larger nearly spherical particle. On 

the other hand, when larger particles collide with each other, they form fractal 

aggregates.83 This type of surface growth is called agglomeration. Numerical 

simulations by Mitchell and Frenklach89 showed that surface growth rate for smaller 

particles is fast. Conversely, it is slow for larger particles and it indicates that the soot 

surface growth rate is not fast enough to smoothen the surface of particles or bury the 

colliding particle stuck into the surface of larger particles. Soot oxidation proceeds in 

parallel with soot growth and occurs on the particle. Possible oxidizing agents are O 

atoms, OH radicals, O2.83 
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                 5 
OBJECTIVE 

In this thesis, the focus is mainly divided into experimental investigation of particle 

dispersion in entrained flow biomass gasification and combustion and their effects on 

pollutant emissions (NOx and soot). The motivation comes from the fact that there is a 

limited evidence from experimental studies to answer the following two questions: 

 How do biomass particles behave and disperse in turbulent flows? 

 How important is particle dispersion on pollutant emission (soot, NOx) and 

flame stability? 

The aim is to find answers to the questions from a fluid dynamical, as well as a chemical 

kinetics perspective.  A generic understanding of these questions would lead to widen 

the operability limit of the existing pulverized fuel burners, to provide new concepts for 

the design of the pulverized fuel burners and to eliminate the coupling of the soot 

formation from the major operating parameters. 
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      6 
METHOD 

Two-color pyrometer (ratio radiation pyrometer) is a non-intrusive optical technique 

used for measuring the surface temperature of target objects with unknown emissivity. 

In this method, the radiant energy emitted from the body surface is measured within two 

narrow spectral bands and the temperature readings are obtained from the ratio of two 

signals.90 Two dimensional temperature distribution of the body surface is achieved by 

using a CCD or CMOS camera. The typical pyrometer set-up is illustrated in Fig.5. 

 

Figure 5. Schematic diagram of the CCD-based pyrometer (Courtesy of Daniel Holmros 
91) 

The commercial digital camera with a color sensor array record images in a mix of 

colors, often red, green, and blue. This is done by the conventional color filter mosaic 

array (CFA), the so-called R-G-B Bayer Filter. 92 However, CCD cameras with three 

separate sensors (3 CCD), split the incident light by a trichroic coating on the prism 

surface into red, green and blue wavelengths which are directed to three separate CCD 

sensors.93 Two-color pyrometers offer some advantages: the emissivity of target objects 

is neglected and the temperature readings are not affected by energy absorbing medium 

(smoke, water vapor or smog) and dirt on the viewports.90 The calibration process is 

imperative for accurate measurements since the method is sensitive to parameters related 

to the optical imaging system (camera plus lens), such as spectral sensitivity, signal-to-

noise ratio of the camera, exposure time and gain of the camera. The calibration process 
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is commonly performed with a black body source with known emissivity over a range 

of temperatures. More detailed information about the method can be found elsewhere.92 

Particle Image Velocimetry is a laser-based, non-invasive technique to measure the 

velocity of a fluid flow in a planar field. The technique relies on seeding the flow with 

tracer particles. Tracer particles have to be small enough to follow the fluid flow and on 

the other hand be large enough to scatter enough light. The seeded flow is illuminated 

by a planar sheet of light, usually from a laser source. The light sheet is pulsed at least 

twice with a short time delay. The light scattered from the seeding particles are captured 

by a camera either in a single frame or in two separate frames. The time between two 

separate frames is optimized to obtain a perceptible movement of the particles and to 

avoid the particle loss out of the laser sheet. The displacement of particles between two 

separate frames has to be evaluated in order to measure the motion of the particles. The 

pictures are therefore divided into small areas called interrogation areas. The 

interrogation areas from each frame are cross-correlated with each other, pixel by pixel, 

to identify the common particle displacement. If the correlation is acceptable, the cross-

correlation gives a peak. The peak location gives the particle displacement and the 

velocity is calculated by dividing the particle displacement by the exposure time delay. 

The principle of PIV is illustrated in Fig.6. 

 

Figure 6. The principle of PIV. Courtesy of Dantec Dynamics A/S.94 

In case of multiple phase flows, the PIV technique faces some challenges. Some of these 

challenges are identified in the study of Brucker.95 According to the author, one of the 

challenges is that PIV becomes impractical for a void fraction of particles at more than 

5 %. The other challenges are associated with phase boundaries where strong reflections 

and a shadow region of the light sheet behind the particles occur. This leads to loss of 

valuable information. When the particles that are the same size or larger than the 

thickness of the laser sheet enter the observation plane, they cause partial or complete 

loss in the intensity of light sheet. This can be carefully treated by aligning a mirror on 

the opposite side. It is worth to note that the laser light reflected from the mirror should 

not be allowed to enter the laser source. The light reflections from wall surfaces can lead 

to either saturation of the PIV recordings or biased signals. It is very important to keep 

the surfaces clean and to adjust the laser power to an optimum power that causes a 
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minimum of reflections. For reliable velocity measurements, the dispersed phase needs 

to be discriminated from the tracer particles. Dynamic masking, together with image 

processing algorithms, is one method used previously by Tanaka and Eaton 96 and De 

Jong et al..97 The size of the particles should be much larger than the size of tracers to 

achieve successful discrimination. Based on the method, the first step is to construct a 

background image from all the images of each set. In the next step, particles are 

identified by using a threshold value relative to the mean intensity of the background 

image. Once particles are identified, the interior of particles are filled with a dilute filter. 

After that particles are smoothed with an erosion filter and removed from the image. 

Two-color light extinction is a path integrated or line-of-sight technique to measure the 

amount of primary soot particles, often in flame conditions. The technique relies on 

measurement of the attenuation of a light beam in an absorbing or scattering medium. 

When a light beam travels across the flame, it can be attenuated by the presence of soot 

particles. Light extinction measurements allow measuring the soot quantity in terms of 

volume fraction, which is the ratio of the volume of soot particles to the volume of gas 

in which particles are contained. Soot particles that are smaller than the wavelength of 

light (Rayleigh limit particles where the size parameter πd/λ< 0.3, d is the particle size 

and λ is the wavelength of light) absorbs the light volumetrically.98 The light extinction 

method mainly requires a light source and a light detector. Laser is a common light 

source since it emits coherent light. Coherence enables a beam to be focused to a tight 

bright circular spot and travel over greater distances with low dispersion angles.99 

Conventional light detectors that are commercially available are photodiodes or 

photomultipliers. Light detectors are placed on both sides of the measurement volume 

to measure simultaneously both incident and transmitted light intensity. For pulverized 

flames, solid fuel particles, char, ash and soot particles coexist in the measurement 

volume which are the main sources of light attenuation together with energy absorbing 

medium (PAHs, H2O , CO, CO2 etc.). Tree and Peart100 developed a two-wavelength 

light extinction method for coal flames to differentiate attenuation of light from soot and 

from other sources. Soloman101 has found that soot is a broad-band light absorber which 

preferentially absorbs light at the shorter wavelengths. Two superimposed laser beams 

were therefore fired across the flame, in contrast to a conventional laser extinction 

method where a single beam was used. The experimental study of More detailed 

information about the method can be found in the literature.100,102 The principle of two 

color pyrometer is illustrated in Fig.7 where the transmittance is the ratio of the intensity 

of transmitted light to the intensity of the incident light. When significant amounts of 

the primary soot particles are present across the measurement volume, the separation 

between the transmittance signals increases. 
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Figure 7. The principle of two color pyrometer method. 

Special care has to be taken when designing and performing extinction measurements. 

The laser has to be stable and have a low noise level (< 1-3 % RMS noise). Wavelength 

selection has to be done taking into account the absorption band of gases involved in the 

medium (H2O, CO, CO2 etc.).103 With a larger wavelength separation, the detection limit 

for the soot volume fraction becomes lower. Some other technical challenges are 

described in detail in the study of Musculus and Picket104, namely beam stirring ( i.e a 

diverted beam away from the detector sensor due to scattering effect), gradients in the 

index of refraction (due to the gradients in temperature, density or mixture composition), 

background noise ( i.e strong flame radiation), photoelastic effect (due to variations in 

the interference of reflections between the window faces and index of window 

refractions with thermal or mechanical strain). 
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 7 
RESULTS 

7.1 Particle Characterization 

Pine sawdust is a typical biomass feedstock for the Scandinavian countries and is 

therefore used throughout the study. Particles were sieved to two different sieve sizes of 

63-112 μm and 112-160 μm by a sieving machine (AS200, Retsch Technology). Shape 

and size characteristics of powder samples were measured by a particle size analysis 

system (CAMSIZER XT, Retsch Technology GmbH). Camsizer uses a dynamic image 

analysis method that analyzes the shadow projections of particles. The characteristic 

size and shapes of the powder sample is illustrated in Fig. 8. Here, particle diameter, i.e. 

the shortest chord among the maximum chords in all directions, was defined as the 

particle size since it has a strong connection to sieve results. In Fig. 8a, the particle size 

distribution is given in terms cumulative percentage, Q. In Figs. 8b-c particle shape 

factors are characterized by width to length ratio (b/l) and sphericity (SPHT), 

respectively. The width/length ratio of particles was calculated as the ratio of the shortest 

maximum chord of a particle projection to the maximum Feret diameter of a particle 

projection. The Feret diameter is defined as the caliper diameter measured over a 

geometrical shape. Sphericity was calculated from the ratio of the measured area of the 

particle projection to the measured circumference of the particle projection. A snapshot 

of an image recorded by Camsizer is illustrated in Fig. 8d. From the figures, it is evident 

that biomass particles for a given size range of 112-160μm are non-spherical and 

irregular in shape and that the non-sphericity increases with particle size.  
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Figure 8. (a) Particle size distribution of pulverized pine particles sampled for mesh 

size of 112-160 μm, (b) width/length ratio distribution, (c) particle sphericity (d) a 

snapshot of pulverized pine particles, of sizes ranging from 112 to 160 μm, from 

CamSizer XT. 

7.2 Particle Dispersion  

7.2.1 Swirling flow experiments were performed with a 30 kW swirl burner. Schematic 

drawing of the experimental set-up with the system components and the coordinate 

system used in Paper III is illustrated in Fig. 9. The setup mainly consists of an air supply 

unit, a screw feeder, a swirl burner, a clear window enclosure, a particle collector and 

an exhaust system. The burner was designed to generate a swirling flow by adjusting 

the ratio between axial and tangential mass flow rates. It uses three coaxial inlets: a 

central tube through which particles are fed, an annular tube where a flammable gas is 

injected to support the biomass flame, and the outermost tube, in which swirling flow is 

imposed by four tangential inlets, see, Fig. 9b. 
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Figure 9. Schematic diagram of experimental set-up with flow configuration.1 Nd-Yag 

Laser 2 computer 3 timing box 4 camera 5 seeding machine 6 mass flow controller 7 

eductor 8 screw feeder 9 mixing box 10 tee fittings 11 burner 12 field of view 13 window 

enclosure 14 particle collector 15 exhaust pipe 16 extractor 
 

The flow was gradually expanded by a quarl surrounding the burner. Pine sawdust with 

a size of 112-160 μm (sieve size) was fed into a pneumatic line by a screw feeder (K-

CL-24-KT20, K-Tron). A two-phase PIV technique was employed to measure both 

particle and gas phase velocities at the same time which makes it possible to investigate 

particle-flow interactions. The burner was installed into a clear window closure with a 

quadratic cross-section. The measurements were performed in a region close to the 

burner for a range of swirl numbers from S=0 to S=0.66. The swirl number is a non-

dimensional number used for quantifying the strength of swirl where S>0.6 is referred 

to as high swirl. It is expected that the flow field close to the burner will be similar to 

the flow in a real entrained flow reactor where the cross section is circular instead of 

quadratic. However, the PIV measurements with the current set-up do not allow working 
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x 
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at particle loading ratios of more than 5 %, making the flow dilute in comparison to the 

flow in a real entrained flow reactor. However the measurements were performed with 

the conditions as realistic as possible. They still give a better understanding of the 

behavior of biomass particles in turbulent flows. This is important since there is a lack 

in the literature of experimental evidence on how biomass particles disperse in turbulent 

flows.  

  
Figure 10.  The visualization represents an instantaneous snapshot of the particle-air 

flow at (a) S=0; (b) S=0.66 

Figure 10 shows instantaneous snapshots of biomass particles in non-swirling jet flow 

(S=0) and high swirling flow (S=0.66). It is evident that the biomass particles become 

more uniformly dispersed in the swirling flow compared to the jet flow due to the 

centrifugal effects. Biomass particles in a jet flow had a dense core flow even when the 

flow itself was diluted. Conversely, in high swirl flows, swirl-induced centrifugal forces 

dispersed particles towards the walls, providing a better particle dispersion. The 

entrainment rate of both particle and air flows with and without particles were calculated 

by measuring the decay rate of the central mean velocity, Ucl, along the streamwise 

direction, y (see Fig. 11). Streamwise direction and centerline mean velocities were non-

dimensionalized by the outer diameter of the burner, D, and the local maximum of mean 

velocity, Um,0 , at y/D=0, respectively. 
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Figure 11. Inverse decay of the vertical mean velocity along the centerline for (a) single-

phase, air jet flows; (b) dilute phase, air jet flows; (c) dilute phase, particle flows. 

Symbols: -, S=0; -, S=0.075; --, S=0.3; ●, S=0.66.  

 

For all types of flow, the centerline mean velocity decayed faster with increasing swirl 

number due to the centifugal effect. Compared to the single phase air flow, air flow with 

entrained biomass particles decayed relatively faster at S=0.075 and S=0.3, except 

(S=0.66). The decay rate of particle velocity was generally lower than for single phase 

air flows over the whole range of swirl numbers investigated in this study. 

7.2.2 Forced flow experiments were carried out in a laboratory scale entrained flow 

reactor. The experimental system consists of an air supply unit, a synthetic jet actuator 

unit, a wood powder feeder, a flat flame burner (FFB), a quartz reactor tube, an air 

seeding unit, a collecting bin and an air exhaust unit (see, Fig. 12a). Pine sawdust with 

a sieving size of 63-112µm were fed into a central tube of the flat-flame burner by the 

feeder. The feeder was similar to that developed by Li and Whitty105 but was modified 

regarding the flowability of biomass particles used in the experiments. The feeder has a 

cylindrical vessel in which a bed of biomass particles is packed and densed by a 

vibration motor. A bed of biomass particles over the central tube of the flat-flame are 

entrained into the central tube by means of both a carrying gas (i.e.air or nitrogen) 

ejected from the top of the vessel and a rotating stirrer, whose blades move over the top 
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of the particle bed. A syringe pump traverses the cylindrical vessel upward and 

downward over the central tube at variable speeds. The particle flow rate is controlled 

by adjusting the linear actuation speeds of the syringe pump. 

 

 

(a) 

 
(b) (c) 

 

Figure 12. (a) Schematic diagram of experimental set-up, (b) inter-particle distance 

calculated for different particle flow rates at V1/V2=1 and V1/V2=3, (c) Inter-particle 

distance calculated for different loading ratios, L as function of Prms. Symbols: o, 

L1=0.47;  , L2=0.75; ◊, L3 =1.39; , L4=2.67  

The flat flame burner is a commercially available burner (Mckenna Flat Flame Burner 

by Holthuis & Associates) with a central tube. Mckenna burners employ a water-cooled 

porous disc surrounding the central tube. A premixed mixture of methane-air flame is 

ignited and it is stabilized on the stainless porous disc. The flame is shielded by an inert 

gas flow (nitrogen) supplied from a surrounding bronze porous disc. The synthetic jet 
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actuator consists of a 4 ohms loudspeaker that is fitted into a cavity with a centralized 

orifice of 4 mm and mounted perpendicular to the feeding line. Synthetic jet flow occurs 

when a fluid flow is periodically ejected in to/out from the small orifice by motion of a 

loudspeaker diaphragm. The resulting flow fluctuations inside the cavity was measured 

in terms of pressure fluctuations (kPa) by a piezo-electric pressure sensor (Model 106B, 

PCB Inc.). The experiments were performed with the two-phase PIV technique under 

cold flow conditions at different particle feeding rates. The biomass particle flow was 

forced in two different ways by changing either the ratio of the biomass carrier gas 

velocity, V1, to the surrounding methane/air premixed mixture velocity, V2, or the power 

of the synthetic jet actuator. Both experiments show that particle dispersion and thus 

inter-particle distance can be controlled by modulating the burner flow field, (see Fig. 

12b-c). The synthetic jet flow provided a better control of particle dispersion in a laminar 

flow, (see Fig.13a). This was achieved by a convection effect induced by vortex 

shedding, (see Fig. 13b). The vortex ring became more discernable in the flow when the 

flow was forced at 35 Hz and at a pressure of 1.10 kPa. The larger particles were 

accumulated in the zone of high momentum flux (between the vortex rings) while the 

smaller particles were ejected away from the center with the two counter rotating 

reversed flow zones (the vortex rings themselves), see, Paper IV. 

 
 

(a) 

 
                         

(b) 

 

Figure 13. (a) Instantaneous particle images obtained from summation of 700 sample 

images (b) a phase-averaged particle image with qualitative distribution of particle sizes 

and a color bar for the lateral component of particle velocity. Note that the size of the 

particles are qualitatively represented by the size of the circles. 

For a given particle size range, the majority of the biomass particles in the high shear 

region shown in Fig. 14b were oriented over a range of angles from 30° to 330° to the 

flow direction (see, Fig. 14d) while a larger portion of smaller particles around the vortex 

rings shown in Fig. 14c were aligned over a range of angles from 30° to 90° with the 

flow direction, (see Fig. 14e) 
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(a) 
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(d) 

 

Figure 14. (a) phase-averaged particle image and schematic representation of 

orientation angle of a single particle with respect to flow direction, zoom-in sections of 

(b) main jet flow (c) of vortex flow, particles alignment angle with respect to flow 

direction in region of (d) main jet flow, (e) the vortex region.   

7.3 Pollutant Emission  

Pollutant emission experiments were carried out with both the laboratory scale 

atmospheric entrained flow reactor and a 150-kW horizontally aligned combustion 

chamber. In the entrained flow reactor, pine sawdust particles with a sieving size of 63-

112µm were heated and gasified with a premixed rich methane-air flame at air/fuel ratio 

of 0.8 (see Fig. 15a).  
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(a) 

 
 

 

(b) 
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Figure 15. (a) Schmatic representation of experimental set-up (b) the effect of inter-

particle distance on soot volume fraction, fv (c) Soot volume fraction distribution along 

the reactor height (d) total soot mass percentage collected at different forcing 

amplitudes, Prms. 

Soot was measured along the height of the reactor by the two-color light extinction 

method. The experimental results were obtained from two different height zones (15–

30 mm and 37–52 mm away from the burner exit) where the soot volume fraction 

exhibited high peak values. Fig. 15b shows that, the soot volume fraction decreased 

monotonically with inter-particle distance which was adjusted by changing V1/V2. The 

critical value of inter-particle distance was approximately 1 mm, which corresponds to 

10-15 times the mean particle diameter. For larger inter-particle distances, the soot 

volume fraction became insensitive to changes in inter-particle distance. This implies 

that particles in a dense cluster may interact with each other and lead to higher soot 

formation when compared with loosely packed or isolated particles. Densely packed 
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particles exhibits overlapping wake flow pattern throughout the reactive flow, resulting 

in shorter diffusion lengths for volatile gases, including PAH molecules. The shorter 

diffusion length in turn can be expected to make local conditions more favorable to soot 

formation, which depends on the availability of soot precursors. Soot volume fraction 

was also measured along the reactor height for different fluctuating amplitudes of the 

synthetic jet flow or shortly called forcing amplitudes. The unforced flames yielded 

larger volume of soot, and gave a peak at a shorter distance downstream of the burner 

outlet, than forced flames. The peak is shifted downstream the reactor with increased 

forcing amplitude (see, Fig. 15c). This implies that the inception of primary soot was 

delayed over larger distances for strongly pulsating flows. This may be linked with the 

fact that the volatile gases including PAH molecule and relatively small biomass 

particles followed the streamlines of vortex flows and were convected radially outwards. 

This may prevent the overlapped wake flows and the local accumulation of PAHs that 

contribute to soot formation. It was expected that strong synthetic jet flows at Prms=1.10 

kPa would generate strong vortices shedding over larger distances along the reactor. 

Due to viscous effects, vortex rings are dissipated and are replaced further downstream 

with a fully turbulent flow where mixing is high due to small eddies. This may be the 

region where the peak showed a sharp rise for forced flows due to faster accumulation 

of PAHs via small eddies. Soot was measured at the reactor outlet by a sampling method 

and the results showed that total soot amount deposited on a filter was reduced with 

increasing fluctuating amplitudes of the synthetic jet flow (see Fig. 15d) 

7.4 Flame Stability 

Flame stability measurements were conducted with a 150 kW horizontally aligned 

combustion chamber (see Fig. 16a). The chamber consisted of an air supply unit, a screw 

feeder, a swirl burner, a synthetic jet actuator, a clear enclosure box, main combustor, 

boiler and exhaust system. Wood powder was pneumatically convected to the central 

tube of the swirl burner. The swirl burner had three inlets, the central tube through which 

the pulverized are carried with air flow, two coaxial tubes with secondary and tertiary 

air, equipped with an array of guide vanes. Moreover, a conical ceramic plug was 

inserted to maintain efficient particle dispersion into the mixing zone of the burner. The 

enclosure box had a rectangular cross-section that provided optical access to visualize 

the flame (see Fig. 16b). The synthetic jet actuator equipped with a 10 inch loudspeaker 

with a rated input power of 180 W was mounted into the secondary air inlet. The air 

forced by the loudspeaker inside the cavity was ejected into the reactor. The resulting 

flow oscillations inside the cavity and in the combustion chamber were measured by 

piezo-electric pressure sensors (Model 106B, PCB). The flame was visualized by a high 

speed CCD camera (Model HS MotionPro X3 Redlake). Images were acquired at a rate 
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of 340 frames per second that corresponded to a total of 10 cycles of oscillation 

frequency. The pollutant gas emissions (NOx and CO) were measured by a portable 

measuring instrument (Testo 350 XL).  

 

 
(a) 

 

 
 

(b) 

 
 

(c) 

  

Figure 16. (a) Schematic diagram of experimental set-up with system components, (1) 

100 kW swirl burner (2) Synthetic jet actuator (3) enclosure box (4) main combustion 

chamber (5) boiler (6) stereo audio amplifier (7) oscilloscope (8) data acquisation board 

(9) computer (10) high speed camera (11)-(12) pressure sensor (13) portable gas 

analyzer,  instantaneous images of wood powder (b) typical flame shape without any 

excitation (c) flame shape when the forcing frequency is 17 Hz. 

Snapsots of the wood powder flame showed that the natural powder flame was highly 

turbulent and occupied most of the volume inside the enclosure box (see Fig. 16b). 
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However, the flame became responsive to a certain oscillation frequency of the flow, 

over a range of frequencies from 10 to 1000 Hz. For flow oscillations driven at a 

frequency of 17 Hz, the flame became short and highly unstable in the enclosure box, 

exhibiting periodic motions which was later detected in the fast Fourier transformation 

of the flame luminosity signal, I (see, Fig. 17a). This signal was coupled with the 

pressure signal inside the combustion chamber, P2. The forced unstable biomass flame 

yielded a larger amount of NOx emission, in contrast to natural biomass flame (see, Fig. 

17b). Forced flames may provide more intense combustion due to high surface 

area/volume ratio and in turn, lead to a sudden rise in temperature throughout whole 

combustion system. A rise in temperature will increase the formation of NOx emission. 

 
 

(a) 

 
 

(b) 

 

Figure 17. (a) Power spectral density of pressure, P2, and emitted light intensity, I, 

obtained at a heat load of 105 kW. (b) NOx emission results with and without acoustic 

oscillations at a heat load of 105 kW. Symbols: o : with acoustic oscillations; ● without 

acoustic oscillation 
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 8 
CONCLUSIONS  

In this thesis, the dispersion characteristics of pulverized biomass particles and their 

effects on pollutant emission and flame stability have been investigated experimentally 

in both turbulent and laminar flows. The aim of this work was to present how woody 

biomass particles disperse in cold flows and how important the particle dispersion is in 

pollutant formation and flame stability. 

It is well understood that gasifier operating conditions influence soot formation and soot 

can be reduced by modifying major operating conditions within the limited degree of 

freedom determined by other operational targets. However, Paper II brings out different 

aspects on soot formation and shows that formation of young soot particles depends on 

inter-particle distance, with a monotonic relationship. In this study, particle dispersion 

was controlled by varying the biomass feeding rate and the flow rate of biomass carrier 

gas (N2) but additional techniques were also used to force dispersion of particles. 

A swirling flow is a conventional way to disperse particles in flows due to centrifugal 

effect and was used in Paper III for pine sawdust particles with a sieving size of 112-

160μm. The results show that biomass particles are dispersed more uniformly in cold 

flow with swirl compared to the non-swirling jet flow. Moreover, swirl increases the 

entrainment rate of both particle and carrier air flows and the particle flow has a lower 

entrainment rate than the carrier air flow.  

A synthetic jet actuator was used as an alternative to the swirling flow technique in Paper 

IV. The results show that synthetic jet actuator provides a very good particle dispersion 

control since the vortices induced by the synthetic jet actuator are very coherent and 

strong. Additionally, the flow was subjected to high shear stresses and high vorticity 

which leads to accumulation of biomass particles in different flow zones depending on 

their Stokes number. Most of the biomass particles, for a given sieving size of 63-112 

μm, were generally aligned with flow streamlines and the alignment angle is different 

for different flow zones (i.e. the zones of high shear and high vorticity). 

Paper V shows that the total amount of soot in syngas can be controlled by the synthetic 

jet actuator since it exhibits a quasi-linear relationship with forcing amplitude of the 

synthetic jet actuator. It is also observed that formation or diffusion of primary soot 
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particles are delayed over further distances from the burner outlet with increasing 

forcing amplitude. 

Paper I shows the importance of thermo-acoustic effects on pollutant emission in a 150 

kW horizontally aligned chamber. When the secondary annular combustion air flow is 

pulsed at a certain frequency, the resulting low amplitude pressure fluctuations in the 

swirl burner inlet plenum chamber can interact with the flame. If these interactions are 

in-phase it can cause discreate peaks in the flame luminosity and drastic changes in 

flame size and shape that are more intense and compact in contrast to the shape of natural 

powder flames. Gas measurements show that low pressure fluctuations yield increased 

NOx emission when the forcing frequency is around 17 Hz.  
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      9 
FUTURE WORK 

Although this thesis has shed some light on the soot formation process and flame 

stability, there are still some points that need more detailed analysis and clarifications. 

For instance, swirling flow and forced flow measurements were performed in a 

laboratory scale experimental set-up and it would be interesting to see if there are any 

changes under real conditions in an entrained flow reactor. For this purpose, the main 

thing one would like to do is to prepare an experiment with an entrained flow gasifier 

that has optical access and repeat the experiments with acoustic forcing to see if the 

same reduction in soot formation can be achieved. It would also be of interest to see how 

much the particle dispersion can be improved by optimization of the burner geometry 

(swirl vanes, synthetic jet plus swirl vanes etc.). 

The quarl of a burner and the burner itself are vital part of a combustion system. If it is 

appropriately dimensioned, the quarl can help stabilize flames. Moreover, the swirling 

flow expanding through the quarl region is expected to be highly sheared and stretched 

leading to high mixing rates. However, there is limited information on the features of 

swirling flow expanding through the quarl because of limited access to the quarl region. 

By providing an optical access, flow visualization experiments covering the quarl region 

would be beneficial to understand the overall behavior of the particles in swirling flows. 

Additionally, more detailed studies with different quarl geometries should be conducted.  

High swirling flows have very complex flow features, including high momentum flow 

region, central recirculation zone and time dependent, three dimensional large scale flow 

structures. Measurements with high speed stereoscopic PIV are more suitable to obtain 

a better resolution of the particle-flow interactions with an improved accuracy. 
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           10 
             DIVISION OF WORK 
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Göktepe was the lead author of this paper. The experimental set-up was designed by 
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designing the experimental-setup, preparing the experimental plan and performing the 

experiments. The results were evaluated under supervision of Umeki and Gebart.   
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and planned the experiments. Göktepe and Saber performed the experiments together. 

The results were evaluated under supervision of Lundström and Gebart. 
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Abstract  In this paper, results are presented from experiments performed in a semi industrial 
scale biomass furnace equipped with a 150 kW powder burner which was operated around 
atmospheric pressure. Pure sinusoidal sound waves were imposed on the wood powder flame 
at different operating conditions in order to better understand the interactions between wood 
powder flame and acoustic oscillations. NOx emission measurements were made in both 
presence and absence of imposed acoustic oscillations for each operating condition in order to 
analyze the influence of thermo-acoustic oscillations on formation of NOx emissions. The 
wood powder burner has three air inlets; primary, secondary and tertiary. During the 
experiments, only the secondary air flow was perturbed by a loudspeaker.  Excitation of wood 
powder flame over a wide frequency interval showed that the wood powder flame gave a 
significant response at 17 Hz by being unstable and showing irregular wobbling. Flame 
motion was recorded with a high speed camera in order to measure fluctuating light 
intensities. The emitted light intensity was integrated over the whole image region for every 
image in order to extract time series of fluctuating intensity and was acquired simultaneously 
with dynamic pressure data. Fluctuating pressure was collected by two piezo electric pressure 
transducers, one in the vicinity of the loudspeaker before the burner and one inside the 
combustion chamber. Power spectral density (PSD) was applied to both fluctuating pressure 
and light intensity to extract frequency information. PSD of image intensity showed a strong 
peak at 17 Hz and a weaker peak at 51 Hz at higher thermal load. Pressure transducers sensed 
excitation frequency and its first five harmonics very clearly. Fluctuating intensity were 
strongly correlated with pressure data at 17 Hz with a coherence value of 0.93. Phase of 
transfer function showed that they are in phase at 17 Hz. NOx emission concentration was 
collected independently from image recordings and pressure acquisitions. Due to low time 
response of gas analyzer unit, NOx emission measurements must be 
interpreted carefully. However, the results are consistent and show that NOx emission 
increases in presence of acoustic oscillations.

Keywords  Wood powder flame, thermo-acoustic oscillations, a high speed flame imaging, 
heat release rate, transfer function 
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1 Introduction  

     Swirling flow has been applied to a wide range of industrial processes, such as aeronautics, 
heat exchange, spray drying, separation, combustion, etc [1]. In combustion systems, it 
enhances flame stability and mixing between incoming reactants through toroidal 
recirculation zone which recirculates heat and active chemical species to the root of the flame 
[2].  Swirl generators are used in especially non-premixed combustion systems, where sudden 
expansion itself may not be sufficient to create recirculation zone for high speed inlet flows 
[3].  Besides benefits, swirl flow also carries some risks along with itself. In a range of certain 
operating conditions, it can lead to fluid dynamic instabilities induced by fluctuation of 
recirculation zone. The resulting coherent structures can lead periodic heat release oscillations 
and prompts combustion instabilities through the system via Rayleigh criterion [4] which 
states that if the fluctuating pressure and unsteady heat release rate are in phase, the amplitude 
of instability is increased by the coupling between pressure/velocity disturbances and heat 
release rate [5]. This coupling can lead to undesirable effects in the swirl stabilized 
combustion systems; flame flashback, loud noise, high amplitude vibrations and even failure 
of the mechanical systems. Extensive works have been devoted to investigate coupling 
between pressure/velocity fluctuations and unsteady heat release rate. In the literature, 
chemiluminescence’s emission measurements are widely used as a diagnostic technique in 
analysis of unsteady heat release rate in hydrocarbon fuels over certain range of equivalence 
ratios [6-8]. In addition to measurement of chemiluminescence’s emission, M. de la Cruz 
Garcia et al. [9] also used Mie scattering technique to record kerosene spray fluctuations in 
reacting conditions with a high speed camera. They investigated the coupling between 
pressure and Mie scattered light intensity via coherence and transfer function.   
      In this study, broadband flame imaging technique was used to measure unsteady heat 
release from wood powder flame in 150 kW burner/furnace system. A pure sinusoidal 
acoustic oscillation at different frequencies was imposed on the powder flame under three 
different operating conditions and the resulting pressure and heat release fluctuations were 
simultaneously acquired with pressure transducer and high speed camera, respectively. The 
correlation and transfer function between pressure and image intensity signals were 
established to understand the coupling in the powder flame. Finally, concentrations of NOx 
emissions were measured for each operating conditions both with and without acoustic 
oscillations.      

2 Experimental Methods 

     Experiments were performed in a scaled biomass combustor equipped with a swirl 
stabilized powder burner. Data were collected at a mean pressure of 1 bar with an excess 
oxygen level in the flue gas ranging between 9-12 volume percent. Combustion system 
consists of four main parts; a powder burner, a rectangular steel box, main combustor and 
boiler/exhaust section (see Fig.1). A rectangular steel box fitted with glass windows provides 
optical access to visualize flame motions. Soot deposition on windows during the powder 
combustion is prevented by a slit air system that sweeps the window frames.   
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Fig.1. Schematic diagram of experimental set-up 

     The powder burner is dimensioned for a maximum power of 150 kW and can be run as 
combined oil/powder burner (see Fig.2).  

Fig.2. Details of  a 150 kW powder burner. 
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     Air flow is introduced into the steel box through three air inlets; primary, secondary and 
tertiary. The flow rate for each inlet is controlled with separate mass flow controllers. Swirl is 
imposed by guide vanes which improve the mixing between fuel and air streams. A powder 
burner is surrounded with a refractory line cone. Wood powder is transported with air flow 
from a powder screw feeder into the steel box via a 19 mm tube located in the centre of the 
burner. At the end of the tube, a conical plug is inserted to distribute powder particles more 
efficiently into the mixing zone of the burner. Flue gases released during combustion are 
discharged to the atmosphere sequentially through the boiler and exhaust pipe. Composition 
of flue gases are analyzed by the portable gas analyzer instrument equipped with a sampling 
probe. This probe is installed at a point in exhaust pipe, 25 cm away from the boiler exit.   

A flame response to imposed acoustic oscillations was investigated by perturbing a 
secondary air flow with a 10 inch loudspeaker which is dimensioned for 180 W rated input 
powers. A stereo amplifier (Model SA 520 Pioneer) was used to drive the loudspeaker at 
certain amplitudes and frequencies. The amplitude and frequencies of signal from amplifier 
was logged in an oscilloscope.    
     Pressure oscillations were measured with two Model 106B PCB piezoelectric pressure 
transducers with a maximum step pressure of 1379 kPa. One of the pressure transducer was 
located closer to the loudspeaker and its signal was chosen as a reference signal (see Fig.1). 
The other pressure transducer was mounted flush with the wall of the steel box. This pressure 
transducer was protected from overheating by water cooling jacket.  
     Light emission from the acoustically excited flame was recorded by a high speed CCD 
camera (Model HS MotionPro X3 RedLake) fitted with the  Nikon AF Nikkor 85 mm f/1.8D  
lens  which is capable of capturing 2000 fps at full 1280 x 1024 pixel resolution. The 
refractory quarl surrounding the burner imposes certain limitations on monitor whole burner 
exit, therefore the camera was placed rear of the steel box at angle with respect to the centre 
of burner axis. 
     Images were acquired at a rate of 340 frames per second with an exposure time of 2941 s 
per image. A total of 1050 frames per film corresponding to about 3s were analyzed to 
measure heat release. 
     Pressure data were collected with a real-time USB data acquisition module (Model DT 
9841-VIB) controlled by Measure Foundry software at a sampling rate of 8192 Hz. A total of 
139264 data points were collected for each test. A trigger signal detected by the camera was 
generated by the module which in turn, led to sample the pressure and image data 
simultaneously.    

NOx emission measurements were performed with a portable measuring instrument (Testo 
350 XL) which mainly consists of gas analyzer box and sampling probe equipped with 
integrated thermocouples which are used to measure the flue gas temperature. Fundamental 
principle of analyzer operation is that the flue gas is drawn over the probe, cooled down to 4-8 
0C, pumped at regular intervals into condensation tank and later is transferred to the gas 
sensors through filter which allows a very small portion of measuring gas  to pass and  
produce a signal. The surplus measuring gas is sent away through an exhaust pipe.  

3 Results and Discussion 

     In the experiment, simultaneous measurement of fluctuating heat release and pressure were 
made for wood powder flame under different operating conditions. Elemental composition of 
wood powder particles used in the experiment is given in Table 1. 
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Table 1 Elemental composition of wood powder particles. 

Elemental Composition (weight %) 
C 50.8
H 6.2
O 38.4
N 0.05

Moisture 4.2
Ash 0.35

     Three different operating conditions were achieved by only varying the fuel flow rate and 
keeping air flow rates constant in the experiments. The operating conditions corresponding to 
the fuel flow rate is summarised in Table 2.  

Table 2 Operating conditions at which data was collected. 

Mair [ln/min] 
Condition transport primary secondary Tertiary Mfuel

[kg/h] 
Air Factor*

[-] 
Load** 
[kW] 

A 161 300 604 700 21 1.84 105 
B 161 300 604 700 18 2.08 90 
C 161 300 604 700 15 2.40 75 
* Air factor was estimated from combustion gas analysis. 
** Heating value of wood powder particles are 18 MJ/kg. 

     The high speed camera was triggered by 5 volt signal in form of square wave and the 
signal was acquired simultaneously with pressure data. Collected image series and pressure 
data were brought to the same reference level by clipping data points just before a computed 
reference time. The reference time was the time corresponding to the first zero crossing point 
after first trigger time (see Fig.3).    

Fig.3. A Square wave signal used to trigger the camera. ‘ ’ and ‘ ’ markers represent trigger 
time and first zero crossing point after trigger time, respectively. 
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     Fig.4 (a) and (b) show the time history of both raw and filtered pressure signals at 
condition A and they were measured from pressure transducers mounted close to loudspeaker 
and inside the steel box which was denoted as P1 and P2, respectively. In the rest of the paper, 
P1 and P2 are denoted as pressure signals. Pressure signals had a high level of noise during the 
experiment so averaging and low pass filters were used in sequence to reduce the effect of 
noise (see Fig.4). Low pass filter was applied to both pressure and light intensity data in order 
to improve the correlation information among the signals by filtering out their high frequency 
contents.  

             (a)           (b) 

   (c) 

Fig.4 Time series of raw and filtered pressure signal acquired at point, (a) close to 
loudspeaker, (b) inside the rectangular steel box, (c) emitted light intensity, for condition A.   

Intensity information in Fig.4 (c) was extracted on basis of spatial integration of each pixel 
values in every instantaneous image after being subtracted from a mean image. This matrix 
operation provides information on time history of fluctuation of powder flame around its 
mean value over whole observation domain captured by the high speed camera. The extracted 
signal represents qualitative information and its amplitude is directly proportional to intensity 
level of light emitted from a flame [9]. In this paper, fluctuation component of flame intensity 
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was denoted by I’. Moreover, power spectrum density (PSD) were used to extract frequency 
information on fluctuations of flame at each operating conditions In Fig. 5, power spectrum of 
fluctuating intensity was estimated with two different non-parametric methods; periodogram 
and Welch’s method. The periodogram method estimates the power spectrum of a random 
process by the Fourier transform of autocorrelation sequence [10]. 

Fig.5. Power spectral estimation of fluctuating intensity emitted from powder flame at 
condition A by two non-parametric methods; standard periodogram and Welch’s method with 
Kaiser Window. For clarity, power spectrum density of periodogram is shifted by +60 dB. 

     On the other hand, Welch’s method divides data length into number of segments by (non)-
rectangular windows. Each segment is overlapped between each other. Power spectral density 
for every segment is computed and averaged over whole number of segments [11]. Power 
spectral density computed by the standard periodogram was shifted + 60 dB for the clarity of 
comparison. Welch’ method using Kaiser Window with beta value of 15 improved resolutions 
of the frequency components of spectrum.  Fundamental and third harmonic modes of 
excitation frequency compared with standard periodogram method were clearly discernable 
over background noise. Therefore, Welch’s method was applied to the rest of data to estimate 
power spectral density of both pressure and light intensity data at each operating conditions.  
     Power spectral densities of pressure signal (P2) and emitted light intensity signal were 
shown in Fig.6 for the operating condition A. Pressure signal has peaks at excitation 
frequency with relatively lower amplitude distribution of other harmonics. The peak power at 
17 Hz is 116 dB. However, fluctuating light intensity shows a main peak at the excitation 
frequency which is followed by a small peak at 51 Hz, third harmonic mode of excitation 
frequency. In comparison to the power spectral density of pressure, there is no significant 
peak at 34 Hz in that of fluctuating intensity signal. This may result from spectral leakage of 
background noise or peaks overlap around 34 Hz.  Power of the fluctuating intensity signal 
was decreased sharply with higher frequencies.  
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Fig.6 Power spectral density of pressure and emitted light intensity at operating condition A.  

     Accurate estimation of the transfer function requires high level of coherence between the 
signals at a driving frequency [8]. The coherence takes values ranging from zero to unit and is 
described by Eq. 1 [12]: 

( )
)()(

)(

fGfG

fG
fC

xxyy

xy
xy =       (1) 

where Gxy, Gyy and Gxx denote the cross spectrum density between quantities x and y and their 
power spectrum density respectively. The coherence and transfer functions were only 
obtained for operating condition A. Coherence function between pressure signal, P2 and 
emitted light intensity signal was plotted versus frequency in Fig.7. The signals exhibit a 
strong correlation at the excitation frequency with a value of 0.93.   

Fig.7. Coherence function computed between pressure signal, P2 and the emitted light 
intensity, I´ at operating condition A.  
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     The transfer function between the pressure signal P2 and emitted light intensity I´ was 
determined from Eq.2: 

)(
)(
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xx

yx
xy =      (2) 

(a)                (b) 

Fig.8. Transfer function estimation between signals P2 and I´ at operating condition A. For 
clarity, the phase information is only shown for frequencies close to 17 Hz. 

Fig.8 illustrates the transfer function in terms of magnitude and phase. Magnitude 
representation of transfer function in Fig 8(a) shows that powder flame responds strongly to 
the excitation frequency. In Fig.8 (b), phase information was extracted for the frequency 
range of interest, 16.3-17.01.  This frequency range was chosen as in this range, the pressure 
and intensity signals were strongly correlated with each other with a high coherence value. 
The phase difference between P2 and I´ is 0.6864 radian at the excitation frequency. This can 
be interpreted that pressure waves are in phase with heat release rate. 
      Influence of thermal load on emission of fluctuating light intensity was investigated by 
recoding flame images at three different operating conditions. Both time series and power 
spectral densities of fluctuating intensity signal from Fig.9 (a) and (b) show that the strength 
of light emission is increasing with thermal load or fuel flow rate. At operating condition A, 
powder flame responds to excitation signal at two frequency components, 17 and 51 Hz. 
When operating condition was shifted from A to B, power spectral density of flame intensity 
showed two peaks at 17 and 34 Hz.  At more lean condition, C, flame responded to excitation 
signal at 17.71 Hz. The frequency response was slightly shifted in comparison to operating 
conditions A and B.         
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                                           (a)                                (b) 

Fig.9. (a) Time series of fluctuating intensity signal and (b) power spectral density of 
fluctuating intensity signal estimated for conditions A, B and C and for clarity, power 
spectrum densities of conditions A and C are shifted by +20 dB and -20 dB, respectively.  

     NOx emission measurements were acquired independently from pressure and image data 
at excitation frequency. Due to certain limitations on the response and memory of the gas 
analyzer unit, few numbers of data points were collected for each operating conditions. 
However, the results can already give a clue on the interaction of sound waves with NOx 
emissions.  According to Fig. 10 (a), NOx emission concentration is increased at operating 
condition A when powder flame is subjected to acoustic oscillations at 17 Hz. Fig 10(b) 
shows time series of measured NOx emission concentration at two different operating 
conditions A and B, in presence of acoustic oscillations at 17Hz. The condition A which has 
relatively higher fuel flow rate produces more NOx concentration with respect to condition B.   
The resulting increase in NOx emission concentration at higher fuel flow rates in presence of 
acoustic oscillations may be supported with results obtained from Fig.8 and Fig.9.  

     (a) 
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 (b) 

Fig.10 NOx emission results (a) with and without acoustic oscillations at operating condition 
A, (b) at different operating conditions with acoustic oscillations. 

As the powder flame is in phase with acoustic waves at 17 Hz, it strongly responds to acoustic 
oscillation and emits more intense light at this frequency rather than other frequencies. This 
may result in more intense combustion at 17 Hz and, in turn a sudden rise in temperature 
through whole combustion system. A rise in temperature will prompt increase in formation of 
NOx emission.   

 Instantaneous flame images were given in Fig.11. These images were recorded at 
operating condition A and in presence of acoustic oscillations at 17 Hz. From image, flame 
rotates counter clockwise around the centre of burner axis and is shifted again to centre. In 
addition, it draws spiral trajectory when subjected to acoustic oscillation at 17 Hz. This may 
reveal the presence of precessing vortex core which is commonly encountered in swirling 
flows.        

 t=0.279412 s      t=0.308824 s       t=0.317647 s 
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 t=0.323530 s  t=0.338235 s  t=0.350000 s 

Fig.11. Instantaneous images of excited wood powder flame at 17 Hz under 
operating condition A.   

4 Conclusions 

     Fluctuating heat release rate is conventionally detected by chemiluminescence’s imaging 
method which is based on use of narrow bandpass filters to measure concentration of radicals 
on flame front. In this study, broadband flame imaging is successfully adapted to forced wood 
powder flames at low frequency to measure fluctuating heat release. Low amplitude pressure 
fluctuations in the system can interact with powder flame and if this interaction is in-phase, it 
can lead to sharp peaks in heat release. The amplitude of peaks is directly proportional to 
thermal load of burner. Increase in heat release causes more dense combustion and increases 
temperature in the system and hence formation of NOx emission. Due to low time response of 
gas analyzer unit, NOx emission measurements must be interpreted carefully. However, the 
results are consistent and show that NOx emission increases in presence of acoustic 
oscillations.

Acknowledgements The authors gratefully acknowledge the support of the European 
Commission within 6th Framework Programme, through the Marie Curie RTN Project 
"AETHER", Contract No: MRTN-CT–2006–035713. 

References 

[1] Lucca-Negro, O., O’Doherty, T.: Vortex breakdown: a review. Progress in Energy and 
Combustion Science 27, 431-481 (2001).  

[2] Syred, N.: A review of oscillation mechanism and the role of the precessing vortex core 
(PVC) in swirl combustion systems. Progress in Energy and Combustion Science 32, 93-161 
(2006). 

[3] Poinsot, T. and Veynante, D.: Theoretical and Numerical Combustion. R.T. Edwards 
(2005).  

SPEIC10 Towards sustainable combustion Tenerife 16-18 June 2010

SPEIC10 Conference Proceedings



[4] Khalatov, A., Syred, N.: Generation and alleviation of combustion instabilities in swirling 
flow, in: Advanced Combustion and Aerothermal Technologies. Proceedings of the NATO, 
UK, 3–20 (2006). 

[5] Dowling, A.P, Ffowcs Williams, J.E.: Sound and Sources of Sound. Ellis Harwood 
(1983).  

[6] Zähringer, K., Durox, D. and Lacas, F.: Helmholtz behaviour and transfer function of an 
industrial fuel swirl burner used in heating systems. Int. J. Heat Mass Trans. 46, 3539–3548 
(2003)  

[7] Kulsheimer, C. and Buchner, H.: Combustion Dynamics of Turbulent Swirling Flames. 
Combustion and Flame 131, 70-84 (2002).

[8] Bellows, B.D., Zhang, Q., Neumeier, Y., Lieuwen, T., Zinn, B.T., 41st Aerospace 
Sciences Meeting. AIAA Paper No. 2003-0824 (2003). 

[9] De la Cruz García, M. , Mastorakos, E. and Dowling, A.P.: Investigations on the self-
excited oscillations in a kerosene spray flame. Combustion and Flame 156 (2), 374-384 
(2009).  

[10] Hayes, M.H.: Statistical digital signal processing and modeling. John Wiley & Sons 
(1996).  

[11] Shin, K. Hammond, J.K.: Fundamentals of Signal Processing for Sound and Vibration 
Engineers, John Wiley & Sons (2008). 

[12] Bendat, J. S., Piersol A.G.: Random Data, Wiley-Interscience (1986).

SPEIC10 Towards sustainable combustion Tenerife 16-18 June 2010

SPEIC10 Conference Proceedings



  



 

 

Paper II 
 

Does distance among biomass particles affect soot formation 
in an entrained flow gasification process? 

 

 

 

  



 



Does distance among biomass particles affect soot formation in an entrained flow
gasification process?

Burak Göktepe 1, Kentaro Umeki ⁎, Rikard Gebart
Energy Engineering, Division of Energy Science, Luleå University of Technology, 971 87 Luleå, Sweden

a b s t r a c ta r t i c l e i n f o

Article history:
Received 15 February 2015
Received in revised form 1 May 2015
Accepted 23 June 2015
Available online xxxx

Keywords:
Biomass
Gasification
Soot
Laser extinction
Particle dispersion

Soot creates technical challenges in entrained flow biomass gasification processes, e.g. clogging of flow passages,
fouling on system components and reduced efficiency of gasification. This paper demonstrates a novel soot re-
duction method in a laboratory-scale entrained flow reactor by forced dispersion of biomass particles. Gasifica-
tion of small biomass particles was done in a flat flame burner where a steady stream of biomass was sent. The
flat flame burner was operated with a premixed sub-stoichiometric methane–air flame to simulate the condi-
tions in an entrainedflow gasifier. The dispersion of biomass particles was enhanced by varying the flow velocity
ratio between particle carrier gas and the premixed flame. Primary soot particles evolved with the distance from
the burner exit and the soot volume fraction was found to have a peak at a certain location. Enhanced particle
separation diminished the peaks in the soot volume fraction by 35–56% depending on the particle feeding
rates. The soot volume fraction was found to decrease towards an asymptotic value with increasing inter-
particle distance.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Liquid fuel production via gasification of lignocellulosic biomass is
expected to play a major role on future fossil-free transport fuels in
Sweden and other parts of the world. An entrained flow biomass gasifi-
cation (EFBG) process is a promising option since it can be scaled up to
the size where the complicated fuel synthesis units are economical.
EFBG is also known to generate very little tar due to its high operation
temperature [1,2]. Downstream gas cleaning processes can be simpli-
fied if tar concentration in syngas is below a certain level, which
makes significant cost savings possible. However, many laboratory-
scale studies have shown that the reduction of tar is often accompanied
by increased soot formation until a certain temperature level [3,4].
Recent pilot-scale studies have shown that soot particles dominate
both the condensate in quenchingwater and particulates in cold syngas
[5,6]. An increase in the excess oxygen ratio, λ, has been demonstrated
to reduce soot formation, but such an operation would result in lower
cold gas efficiency (ratio of chemical energy in syngas to biomass).

Conventional soot reduction methods such as modifying major
operation conditions are limited due to the constraints from other
operation targets. Several operation targets exist in addition to cold
gas efficiency, e.g. high carbon conversion efficiency, and viscosity of
slag around 8–15 Pa·s [7]. The EFBG is usually operated with a temper-
ature around 1273–1673 K to achieve those operation targets [8]. This

temperature range is, however, known to be favourable for the forma-
tion of soot [2,4,9,10], whose yield can be up to a maximum of 5–
15 wt.% of biomass input [9,11]. In addition, it is of interest to minimise
the total reactor volume to lower the investment cost, meaning that the
probability of soot reduction by gasification reactions is reduced due to
short residence time. Since themodification of operating conditions can
impose limitations on the overall efficiency, alternative measures to re-
duce soot formation without changing the process operating conditions
are of interest.

A large number of studies on gaseous and liquid combustion have re-
vealed that polycyclic aromatic hydrocarbons (PAHs) are precursors of
soot and nucleation occurs between PAHs with 5–6 aromatic rings
after the growth of molecular structure from acetylene [12]. Additional-
ly, PAHs can be generated from phenolic compounds [13,14], which are
major pyrolysis products from lignin [15]. Since soot is formed as a re-
sult of the reactions between PAHs, the yield of soot can be reduced as
long as high concentrations of PAH accumulation are avoided inside
the gasifier.

Previous studies in combustion of groups of droplets [16] showed
that locally fuel-rich conditions appear dependent on the reaction con-
ditions and total number and average distance of droplets regardless of
the overall reaction condition. It implies that the local concentration of
soot precursors can be manipulated by changing the distance and total
number of biomass particles, i.e. particle dispersion. However, no
study that investigated the correlation between fuel particle dispersion
and soot formation was found. Therefore, the correlation between par-
ticle dispersion and soot yield is an important topic to be investigated
for the development of low soot burners for EFBG.
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This study aims to investigate if and how particle dispersion, i.e. av-
erage distance among the fuel particles, affects soot formation. Biomass
was gasified with the support of a premixed methane flame to achieve
similar reaction conditions to those for fuel particles in industrial
entrained flow gasifiers. The degree of particle dispersion was varied
by changing the biomass feed rate and the flow velocity ratio between
particle carrier gas and the premixed gas mixture that is combusted in
the flame. The soot volume fraction was measured at various distances
from the burner outlet by using a non-intrusive 2-colour laser extinc-
tion method.

2. Experimental

2.1. Fuel properties

Pine sawdust was used as a typical biomass type for the Scandina-
vian countries. The sample was sieved to obtain a particle size range
of 63–125 μm(sieve opening). Fig. 1 shows the particle size distribution
of the sample measured by a dynamic image analysis method
(CAMSIZER XT, Retsch Technology GmbH). Here, particle diameter, i.e.
the shortest chord among the maximum chords in all directions, was
defined as the particle size since it represents both the sieve size and
characteristic diameter for mass and heat transfer. Table 1 shows the
fuel analysis.

2.2. Flat flame gasification reactor

Fig. 2 shows a schematic figure of the experimental setup (flat flame
gasification reactor). It consists of a gas supply unit, a biomass feeder, a
flat flame burner, a quartz reactor tube, a char particle collector, and gas
exhaust. The set-up is designed to represent the local conditions in a
small section of the torch-like flame in a real entrained flow gasifier.
In a real gasifier the fuel particles are fed together with the oxidant
through a burner at the top of a cylindrical reactor. The internal flow
in the cylindrical reactor comprises a centre-line jet flow surrounded
by an annular recirculation flow [8]. The recirculation flow transports
hot gas from the lower end of the reactor towards the burner at the
upper end of the reactor. As a result, biomass particles that enter the re-
actor quickly heat up at a heating rate of around 104 K/s. The heating
rate in this experimental setup was comparable to that in real gasifiers
according to both measurement and particle simulation as described
in Section 3.2.

The flat flame burner (Mckenna Flat Flame Burner by Holthuis & As-
sociates) has three water-cooled gas inlets. A 9.525 mm (3/8 in.)-O.D.
central tube was used to supply biomass particles suspended in N2.
Premixed CH4 and air were supplied through a sintered stainless steel

plate with 60 mm diameter. The methane–air flow was shielded by an
annular flow of N2 that was supplied through a bronze sintered plate
(73.4 mm in diameter). The sub-stoichiometric methane–air mixture
(excess air ratio of 0.8) formed a flat flame a fewmmbelow the surface
of the sintered stainless steel plate gas outlet (see Section 3.2 and Fig. 6
formore details). Flow rates of CH4, air andN2were controlled andmea-
sured by digital mass flow meters (Mass-View® by Bronkhorst
High-tech B.V.) to create an outlet superficial velocity of 100 mm/s at
the standard state. Eventual flow rates of gases at the standard state
were 0.43 or 1.28 L min−1 of N2 from the central tube, 1.92 L min−1

of CH4 and 14.62 L min−1 of air from the sintered stainless plate, and
8.49 L min−1 of N2 from the bronze sintered plate. The quartz reactor
tube is sealed against the outside of the flat flame burner and it has
four measurement ports at the same height located at 90° to each
other (see Fig. 2). Fused silica glass windows (transmission
rate N 99%) were fitted to the measurement ports to provide optical ac-
cess for the non-intrusive optical measurement techniques described in
the next section.

In order tomaintain a stable particle feeding rate, the biomass feeder
previously developed by Li and Whitty [17] was slightly modified. The
biomass sample formed a bed of particles in a cylindrical vessel over a
central tube of the flat flame burner, and it was packed to the tapped
density by vibration motors. The cylindrical vessel was moved upward
at constant speed by a syringe pump (Legato 100, KD Scientific). N2 car-
rier gas was supplied from the top of the cylindrical vessel. Part of the
biomass above the central tube was supposed to be entrained into the
central tube by the N2 flow. However, particle bridging prevented the
biomass from being fed at constant rate, especially when the cylindrical
vessel was tapped to form a flat particle bed. Therefore, a simple stirrer
with horizontal blades was installed above the central tube, rotated by
an electric motor at 6 rpm. This modification helped feeding the bio-
mass particles at a constant feed rate. The actual particle feeding rates
were calibrated on mass basis against the linear actuation speed of the
syringe pump.

To manipulate the particle dispersion, two parameters were varied
in this study. The first parameter was biomass feeding rate (10.7 and
15.9 g/h). The other is the ratio of the biomass carrier gas velocity, V1,
to the surrounding methane/air premixed mixture velocity, V2. Two
different values, V1 / V2 = 1 (i.e. 0.43 L min−1 of N2) and V1 / V2 = 3
(i.e. 1.28 L min−1 of N2), were attained by changing V1 while V2 was
kept constant. The velocity of the nitrogen flow from the outermost
annular ring, V3, was set to the same value as V2 to minimise boundary
effects. The particle feeding rate was independent from the carrier gas
flow rate in the range of the calibration.Most biomass particles followed
the central stream. The width of the particle stream initially expanded
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Table 1
Property of the pine sample.

Method Value

Moisture content, wt.%—w.b. SS 02 81 13-1 5.2
Ash 550 °C, wt.%—w.b. 0.5
Higher heating value, MJ/kg—d.b. 20.4
Elementary composition

Carbon, wt.%—d.b. EN 15104:2011 52.0
Hydrogen, wt.%—d.b. EN 15104:2011 6.4
Nitrogen, wt.%—d.b. EN 15104:2011 0.17
Oxygen, wt.%—d.b. by difference 40.93

Ash analysis
SiO2, wt.%—d.b. ICP-SFMS 0.118
Al2O3, wt.%—d.b. ICP-SFMS 0.0239
P2O5, wt.%—d.b. ICP-SFMS 0.0092
TiO2, wt.%—d.b. ICP-SFMS 0.00093
K2O, wt.%—d.b. ICP-SFMS 0.0442
Na2O, wt.%—d.b. ICP-SFMS 0.00713
CaO, wt.%—d.b. ICP-SFMS 0.111
MgO, wt.%—d.b. ICP-SFMS 0.0392
Fe2O3, wt.%—d.b. ICP-SFMS 0.0166
MnO, wt.%—d.b. ICP-SFMS 0.0141
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to 12 mm and decreased to 8 mm along the axial position (10–60 mm
from the burner outlet).

2.3. Measurement methods

To identify the degree of particle dispersion in the flatflame gasifica-
tion reactor and calculate the surface temperature of solid particles, bio-
mass particles were recorded by a 3CCD camera (CV-M9GE by JAI) at
30 Hz. Each CCD sensor detected the light with specific wavelengths
thanks to an IR filter and two dichroic prisms (i.e. trichroic prism) in
front of the sensor (blue: 400–533 nm; green: 466–612 nm; red:
547–754 nm).

A diffused LED light illuminated the background of the images to cre-
ate a shadowgraph that could be used for image analysis and calculation
of inter-particle distances. The aperture time of the CCD sensors was set
as 20 μs to avoid recording streak images of the biomass particles. The
images were recorded at four different height intervals from the burner
exit (5–20 mm, 15–30 mm, 37–52 mm and 55–70 mm) and later
analysed as shown in Fig. 3. First, the background light intensitywas cal-
culated by averaging around 100 images to make it possible to remove

the effect of fuel particles. Then, the shapes of the biomass particles
were detected from the binary images converted by the Canny edge de-
tection algorithm,which uses two thresholds to detect strong andweak
edges. The Canny edge detection algorithm is relatively insensitive to
noise, but it still requires image pre-processing. A median filter was ap-
plied to distinguish the gradients due to particles from those due to
background noise. After this a Laplacian filter was used to sharpen the
images. After the detection of biomass particles, the distances between
any two particles were calculated as the average distance to the three
nearest neighbouring particles to reduce the bias from irregular spatial
distribution of particles. The mean inter-particle distance was deter-
mined for each image. The calculated values outside 95% of confidence
interval in approximated Kernel distribution (Fig. 4) were ignored to
avoid the biased values.

Green and red CCD sensors were used to record the images without
backlight illumination for the calculation of particle temperature. The
exposure time was set long enough to obtain sufficient signal from the
radiation of the particle surface (typically 2 ms). The surface tempera-
ture of the fuel particleswas calculated based on the two colour CCD py-
rometry techniquedeveloped by Lu et al. [18]. The signal intensity of red

CH4 Air N2

Exhaust

Gas cylinders

Flow meters

Biomass feeder

Flat flame
burner

Quartz
tube

Char
bin

(a) (b)

Fused silica windows
(transmission: >99%)

(b) (b) Diode laser
(405 nm; 640 nm)

Integrated sphere
+photo diode

Diffuser

LED light

3CCD camera

Reaction zone
(particle flow)

Fig. 2. Flat flame gasification reactor. (a) Schematic figure. (b) Top view of the measurement point. The two optical measurements were carried out individually to avoid interference.

Fig. 3. Image processing procedure for the calculation of average particle distances. (a) Raw image, (b) binary image and (c) zoom-in binary image.
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and green CCD sensors, IR/G, due to the radiation from fuel particles can
be expressed as

IR=G ¼ a1
d2

ea2g a3E λ; Tð Þτ þ a4E λ; Tð Þ þ a5½ �; and ð1Þ

E λ; Tð Þ ¼
Z λ2

λ1

Sλ
C1λ−5

eC2=λT−1
dλ; ð2Þ

where d is the distance between the lens and object, Sλ is the spectral
sensitivity, g is the gain, τ is the exposure time, E is the radiation inten-
sity, C1 and C2 are Plank's constants, λ is thewavelength, T is the surface
temperature and other symbols are constants unique for each sensor
and optical configuration. The parameters for the CCD sensors, Sλ and
ai (i = 1–5), were calibrated with a black body furnace (Dias, model
Pyrotherm CS1500). We should note that the measurement by the py-
rometer technique always contains a systematic error due to the grey
body assumption. Hence, it is not recommended to compare the results
with other measurements such as thermocouples.

The soot volume fraction along a line of sightwas determinedwith a
technique based on the measurement of the transmittance of a laser
beam along the optical path by a photo detector. This technique uses a
two wavelength laser in order to eliminate the effect from light attenu-
ation due to fuel, char and ash particles [19]. Attenuation by soot parti-
cles, whose size is comparable to the wavelengths of lasers, is stronger
for lights with shorter wavelengths. Larger particles (char, ash and un-
burned particles), on the other hand, attenuate all wavelengths equally
strong. By combining the transmittances of two differentwavelengths it
is possible to eliminate the contribution from the larger particles and
obtain the volume fraction of sub-micron particles (mainly soot) [19].

The resulting formula for calculation of the soot volume fraction is:

f v;soot ¼
ln

τλ1

τλ2

� �

6Lsootλ0:39 λ−1:39
2 −λ−1:39

1

� � ; ð3Þ

where fv,soot is the soot volume fraction, Lsoot is the laser path length, λ1
and λ2 are the wavelengths of the lasers, and τ is the transmittance of
the laser beams. The calculated value from the experiments with V1 /
V2 = 3 was corrected to take into account the dilution by higher gas
flow rate. Here, it is important to note that this method contains various
sources of errors including optical and physical properties of soot parti-
cles. Therefore, the soot volume fraction obtained by this method was
used only to study the sensitivity to the reaction conditions rather

than as a quantitative measure of the soot volume fraction. In the fol-
lowing, the unit of the soot volume fraction was denoted as arbitrary
unit (a.u.) instead of ppm in Eq. (3). Amore comprehensive information
about the method, with a discussion of uncertainty and sensitivity, can
be found in [19,20].

The two-colour extinction method requires using laser beams with
two different wavelengths. In this study, the laser source was config-
ured with two lasers that deliver the beams simultaneously at 405 nm
(blue) and 640 nm (red) via a single mode optical fibre (Qioptiq,
model: iFLEX-Gemini). The optical power of the laser beams was
44 mW and 41.3 mW for the blue and red lasers, respectively. The out-
put power of the laserswas continuouslymonitored by two photodiode
sensors (Newport, model: 818-UV/DB) embedded in the laser system.
The laser beams were transmitted through the reactor cavity and
collected by an integrating sphere (Newport, model: 819C-SL-3.3) that
distributes the incident laser beams evenly to the measuring ports.
The measuring ports are also equipped with two photodiode sensors
and band-pass filters which were centred at wavelengths of 640 nm
and 405 nm with a 10-nm bandwidth (Newport, model: 10MLF10-
405 and 10BPF10-640).

The centreline gas temperature was measured by a thin (130 μm)
bare-wire S-type thermocouple, which was inserted through one of
the measurement ports. The laser and temperature signals were simul-
taneously sampled at a rate of 10 kHz at four different heights (8, 22, 38
and 60mm) from the burner nozzle and digitizedwith a time interval of
0.1 ms during 10 s.

2.4. Measurement uncertainty

The sensitivity and noise levels of the optical components put a limit
to the precision and accuracy of the two-colour laser extinctionmethod.
The noise level of the optical output from the fibre coupled laser system
is 0.3% RMS (root-mean-square) due to variations in the power line
voltage. Thermal radiation from flame can interfere significantly with
the photodiode's output signal and affects the measurement accuracy.
The narrow-bandpass filters mitigate the interference from thermal ra-
diation to some extent. The thermal radiation, after filtering, was less
than 1% of the transmitted signal intensity in the current set-up and
therefore has a very small influence on the measurements. In a reactor,
the gasification process will yield gradients in temperature, density and
mixture composition, which in turn, will result in gradients in the index
of refraction. This will result in deflection of the laser beam (so-called as
“beam steering”) as it passes through the optical path. To reduce the ef-
fect frombeamsteering on the results, an integrating spherewith a 1-in.
entrance port was used to collect the laser light and distribute the
collected light uniformly to the photodiode detectors. Soot deposition
on optical ports will attenuate the laser light which will result in
overestimated values for the soot volume fraction. However, in the cur-
rent set-up, a N2flowemerging from the outermost-annular burner ring
protected the optical ports from soot deposition.

Another source of error is the variations in particle and gas flows. In
order to reduce this error from temporal fluctuations, the output signals
of the photodiode detectors and thermocouple were averaged over
multiple overlapping 1-second windows. The precision of the measure-
ment was evaluated by the standard deviation of the mean value fol-
lowing the rule described in the literature [21] as shown in Eq. (4).

σx ¼
σxffiffiffiffi
N

p ð4Þ

3. Results and discussion

3.1. Control of biomass particle dispersion

Several techniques have been developed to force the dispersion of
fuel particles at the burner exits. A very common technique is to use

Distance [mm]
0 0.5 1 1.5 2 2.5 3 3.5

N
um

be
r 

of
 P

ar
tic

le
s

0

5

10

15
V

1
/V

2
=1, 10.7 g/h

Fitted Kernel Dist.
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swirl burners [22], which utilizes the inertial forces in the air flow to en-
hance the gasmixing at the burner outlet. Alternatives to this technique
include synthetic jet [23] and acoustic excitation [24]. Both techniques
use periodic changes in gas pressure to influence the motion of the
fuel particles. In this study, the average distance between biomass par-
ticles was controlled by varying the biomass feeding rate and the flow
rate of biomass carrier gas (N2).

In entrained flow reactors, gasification occurs in a dense cloud of
particles where the inter-particle interactions may play an important
role in the ignition and progress of the gasification process. Inter-
particle distance is a common assessment measure of the level of
inter-particle interactions both in heterogeneous combustion [16] and
transport phenomena [25]. Therefore, the inter-particle distance was
quantified under cold flow conditions at various distances from the
burner exit as shown in Fig. 5 (see Section 2.3 for the calculation meth-
od). As expected, the particles had a tendency to pack denser with rela-
tively higher particle feeding rate. In addition, an increase in V1 / V2

enhanced the particle dispersion that increased the mean inter-
particle distance by more than a factor of three at 10.7 g/h and a factor
of two at 15.9 g/h. The variation inmean inter-particle distance was dif-
ferent for the unperturbed case (V1 / V2= 1) compared to the casewith
enhanced dispersion (V1 / V2 = 3). For the unperturbed case, the varia-
tion in the mean inter-particle distance was smaller than the range of
experimental error. For the enhanced dispersion case the mean inter-
particle distance instead had a maximum at the interval of 15–30 mm
from the burner outlet. Further downstream (at 55–70 mm from the
burner outlet), the effect of increased dispersion became much smaller
and the difference inmean inter-particle distance between the different
cases almost disappeared (see Fig. 5).

3.2. Reaction profile of biomass flame

The gas temperature was measured at a point close to the radial
centreline of the burner exit at different heights. The highest tempera-
ture was at around 1800 K at 8 mm from the burner outlet, and then
dropped to 1100–1300 K at 60 mm downstream the burner outlet
(see Fig. 6a). The temperature fluctuation during measurement was in
the range of 0.5–5 K except at 60 mm downstream. Gas dilution by
the increase of particle carrier gas flow rates (V1) had a limited effect
on gas temperature, showing a difference in gas temperature by
2–15 K between V1 / V2= 1 and V1 / V2= 3 at 8–40mm from the burn-
er exit. This observationwas also compared to the chemical kinetic sim-
ulation of a one-dimensional premixed methane flame under an
adiabatic condition by CHEMKIN Pro with the kinetic scheme GRI-

Mech 3.0. The temperature rose quickly at 0–1.5 mm from the burner
exit, which was at the location of the methane flame. The predicted
gas temperature was 1850 K for V1 / V2 = 1 and 1837 K for V1 / V2 =
3 at 10 mm downstream from the burner outlet as shown in Fig. 6.
The extrapolation from the measurement indicated that the flame tem-
perature in the experiments was comparable to that from the simula-
tion, albeit the simulated gas temperature deviated from the
measurement downstream because of the exclusion of heat loss in the
model. Nevertheless, both the experiments and simulation showed
that the temperature change due to gas dilution was negligible.

Fig. 6b shows the particle temperaturemeasurement by the CCD py-
rometer together with results of particle simulation (ref. [26] for model
description). Particle simulation was carried out for cylindrical particles
with diameter of 100 μm, and information on the surrounding gas flow
was taken from the chemical kinetic simulation described above. It took
around 17 ms for gas flow to reach 10 mm from the burner outlet. The
temperature of biomass particles at 10 mm from the burner outlet
was 1752 K by experimental measurements and 1804 K by simulation,
meaning that the average heating rate was around 9000 K/s. This result
ensured that the biomass particles experienced a similar heating rate as
that in a real entrained flow gasifier. Fig. 6b also shows the conversion
rate of biomass devolatilization along the distance from the burner
exit. It shows that most of devolatilization takes place within 15 mm
from the burner exit.

As outlined in Section 2.3, the volume fraction of the primary soot
was determined by the laser extinction method (see Fig. 7). Near the
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burner outlet (at 8 mm from the burner outlet), the primary soot vol-
ume fractionwas at a very low level. In this region soot precursors prob-
ably evolved from biomass devolatilization but the residence time for
these precursors was too short to allow the formation of more complex
molecules. Particle simulation (described in the previous paragraph) in-
dicated that around60%of biomasswith 100 μmdiameter is expected to
devolatilize at this position. At 22mmdownstream of the burner outlet,
a high concentration of primary soot particles was detected for all cases.
The measurement method used in this study is sensitive to small soot
particles (primary soot) as explained in Section 2.3. The peak of the
soot volume fraction implies that the soot inception occurs at this posi-
tion shortly after biomass devolatilization (see Fig. 6b). It indeed coin-
cided with our visual observation where the glowing (orange) flame
started. Then, the (primary) soot volume fraction decreased along
with the distance further downstream. This can be explained as a conse-
quence of two competing mechanisms, soot agglomeration and gasifi-
cation, both of which reduce the total mass and number of primary
soot particles measured in this study. The primary soot volume fraction
remained nearly constant between 40 and 60mm from the burner exit.
Since the region of primary soot formation and soot agglomeration is
thought to be located at 22–40 mm from the burner exit, the effect of
particle dispersion is further discussed at this location in the next
section.

3.3. The effect of particle dispersion on the soot volume fraction

The effect of mean inter-particle distance on the soot volume
fraction was investigated at two axial positions (15–30 mm and
37–52 mm away from the burner exit) as shown in Fig. 8. These posi-
tions were chosen because the soot volume fraction had a peak at
these locations. The soot volume fraction showed a significant increase
when the inter-particle distance became smaller than a critical value
(approximately 1 mm or 10–15 times the particle diameter in Fig. 8).
For mean inter-particle distances above the critical value, the magni-
tude of the soot volume fraction became insensitive to the change in
inter-particle distance. Below the critical inter-particle distance, the
soot volume fraction was very sensitive to changes in mean inter-
particle distance. This implies that fuel particles at high volume fraction
may have interactedwith each other, and resulted in higher soot forma-
tion than highly dispersed fuel particles, which reacted independently.

A large number of theoretical and experimental studies support
that soot formation starts with the growth of polycyclic aromatic

hydrocarbon (PAH) molecules into primary soot particles, see e.g. [12].
In this study, we observed that a soot cloudwas generally observed up-
stream of the fuel particle and transported downstream by the gas flow
as shown in Fig. 9. Densely packed particles exhibited overlappingwake
flow patterns throughout the reactive flow, with resulting shorter diffu-
sion lengths for volatile gases, including PAHmolecules. The shorter dif-
fusion length in turn can be expected to make local conditions more
favourable to soot formation, which depends on the availability of soot
precursors.

The particle loading ratio (mass flow ratio of fuel to entrained gas) in
this study was 0.1–0.5. Industrial entrained flow gasifiers are operated
even at a higher particle loading ratio, e.g. 0.8–1 inside the feeding
line [8], indicating that particle interaction would affect soot formation
significantly. Hence, forced particle dispersion with flow manipulation
techniques could be an effective measure to reduce soot formation in
industrial gasifiers. Especially, flow manipulation techniques should
be employed to disperse particles in the heating zone because the
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primary soot was observed just after the devolatilization of biomass
(see Figs. 6–7).

4. Conclusion

A rich methane–air premixed laminar flame successfully created
conditions similar to those in an entrained flow gasifier where biomass
particles are fed together with oxidant through a burner. Particle tem-
peraturemeasured by a two-colour pyrometer showed that the biomass
particles were heated up quickly by the thin rich methane–air laminar
flame and reached a temperature close to the local gas temperature
(1600–1700 K) near the burner outlet.

The inter-particle distancewasmanipulated by increasing the veloc-
ity of biomass carrier gas (N2) flow while that of surrounding gas flow
was kept constant. As an effect of this manipulation, the mean distance
among biomass particles was enhanced by a factor of 2 to 3 at
15–30mm from the burner outlet. The effect on the centreline gas tem-
perature of an increased flow rate of biomass carrier gas was negligible.

The soot volume fraction had a peak at a particular distance (22mm)
from the burner outlet for all cases. The drop in the soot volume fraction
further downstream from this peakmight be explained by either gasifi-
cation of soot particles or agglomeration of primary soot particles to the
size where the current method would regard the particles as fuel or ash
particles. At a fixed position, the soot volume fraction increased sharply
when the inter-particle distance was decreased below a certain critical
level. For higher distances than the critical level, the soot volume frac-
tion was almost constant. Snapshots of the sooty flame showed that
soot particles formed in the wake region of each biomass particle and
were transported together with the hot volatile gases. These observa-
tions indicate that soot formationwas significantly affected by the inter-
action among fuel particles due to the overlap of the wake regions
resulting in high concentration of the soot precursors. Overall, the pres-
ent study showed that the primary soot formation can be reduced by
modulating the inter-particle distances in a high temperature biomass
gasification process.
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Abstract  

Short particle residence time in entrained flow gasifiers demands the use of 

pulverized fuel particles to promote mass and heat transfer and to achieve high 

fuel conversion rate. The pulverized biomass particles have a wide range of 

aspect ratios which can exhibit different dispersion behavior than that of spherical 

particles in hot product gas flows. This results in spatial and temporal variations 

in temperature distribution, the composition and the concentration of syngas and 

soot yield. One way to control the particle dispersion is to impart a swirling motion 

to the carrier gas phase. This paper investigates the dispersion behavior of 

biomass fuel particles in swirling flows. A two-phase particle image velocimetry 

technique was applied to simultaneously measure particle and gas phase 

velocities in turbulent isothermal flows. Post-processed PIV images showed a 

poly-dispersed behavior of biomass particles with a range of particle size of 112-

160 μm imposed a significant impact on the air flow pattern, causing air flow 

decelerated in a region of high particle concentration. Moreover, the velocity field, 

obtained from individually tracked biomass particles showed that the swirling 

motion of the carrier air flow gives arise a rapid spreading of the particles.  

Keywords 

Biomass, Swirl-stabilized burner, Particle image velocimetry, Particle-laden 

turbulent flow and Entrained flow reactor. 
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1. Introduction 

There is currently a large interest in Europe for the conversion of biomass to 

sustainable and CO2-neutral motor fuels. With a conservative assumption about 

the conversion efficiency of 50% from biomass to methanol and utilizing biomass 

gasification and with biomass potential data from the EU project Biomass Futures 

(Elbersen et al., 2012) the fuel methanol production potential can be estimated to 

be of the order of 125-160 MToe (million tons of oil equivalent) per year if all the 

potential sustainable biomass is used. This corresponds to more than 1/3 of 

current fossil fuel consumption for transport in the EU and more than 50% of the 

estimated fuel needs in 2030 (estimated to be 230 Mtoe/year). Thermal 

gasification followed by catalytic conversion of the resulting syngas (a mixture of 

CO, H2, CO2 and other compounds) into advanced biofuels, is one of the key 

processes since it has a high tolerance to variations in the feedstock and a high 

flexibility with respect to the end products. In order to avoid deactivation of the 

catalysts it is of utmost importance to have an ultra-clean syngas (Rostrup-

Nielsen and Christiansen, 2011). Pressurized entrained flow gasification (PEFG) 

has been proven in coal gasification to yield a high purity syngas (Higman and 

Tam, 2014) and the experience with PEFG of biomass, although limited, has also 

been encouraging (Qin et al., 2012; Weiland et al., 2013; Öhrman et al., 2014).  

One of the keys to successful implementation of PEFG is how the fuel and 

oxidant are introduced and how the flame is stabilized in the gasification reactor. 

A common concept is to use a controlled amount of swirl that modifies the flow in 

the reactor to produce a significant recirculation of hot reaction products that can 

participate in the gasification process to the flame zone. Previous studies in 

isothermal turbulent jet flows have quantified the influence from swirl on jet 

growth, rate of entrainment and rate of decay of the jet (Froud, 1995; Huang and 

Yang, 2009).  

However, strong swirl flows can also be detrimental to the gasification process 

by inducing strong flame instabilities, leading to an excessive heating of the 

burner components by a large mass of recirculating hot gases. Hence, it is 

important to optimize the strength of swirl with respect to efficiency and 

operational safety. The relative strength of swirl imparted on the flow is 

characterized by a non-dimensional parameter, the swirl number. The swirl 

number, S is defined as the ratio of axial flux of angular momentum to axial flux 

of axial momentum divided by a characteristic radius, R: 

𝑆 =
1

𝑅

∫ 𝑟2𝑈𝑉𝑑𝑟
𝑅
0

∫ 𝑟𝑈2𝑑𝑟
𝑅
0

      (1) 

where U and V are the axial and tangential velocity at the corresponding radial 

position, r.  
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The presence of dispersed solid particles of biomass in the gas increases the 

complexity of turbulent swirling flows through the influence from interaction 

between phases, the surface irregularities and the clustering tendency of 

particles. The mass loading ratio, 
𝑚

 defined as the ratio of the mass of particles 

to that of the gas phase (DI GIACINTO et al., 1982) indicates the extent of these 

interactions between phases. 


𝑚
=

𝑚𝑝̇

𝑚𝑓̇
      (2) 

where �̇� denotes the mass flow rate and subscripts p and f represent the 

particle and fluid respectively. The mass loading ratio of the particles influences 

both the mean and instantaneous gas-phase flow field (Fan et al., 1992, 1990; 

Gui et al., 2010; Sommerfeld and Qiu, 1991; Zhou et al., 2000). Entrained flow 

reactors typically use powdered solid particles with a diameter of less than 100 

μm to enhance the mass transfer and transport in gas flows (Higman and van der 

Burgt, 2008). Typically, the milling process that is used to fractionate the biomass 

to particles results in a wide distribution of size and shape parameters (non-

sphericity, surface area, length to width ratios etc.). For turbulent flows with non-

spherical particles of irregular shapes the particle dispersion characteristics and 

velocity profiles can be significantly different than for the case with spherical 

particles (Black and McQuay, 2001).  

Another issue in multi-phase particle-gas flows is that particles tend to locally 

accumulate in turbulent flows associated with the eddy motions. This 

phenomenon of preferential concentration in certain areas is also called inertial 

clustering and has been observed by several researchers (Fessler et al., 1994; 

Longmire and Eaton, 1992; Wood et al., 2005) The preferential particle 

concentration causes inhomogeneities in the concentration field and can affect 

the ignition and combustion behavior of particles (Ryan and Annamalai, 1991; 

Zhao et al., 2007).  

As discussed above, the aerodynamic properties of biomass particles impose 

limitations to the efficiency of the firing systems and there is still a lack of 

understanding the behavior of biomass particles in turbulent swirling flows. The 

present paper addresses the effect of the swirl strength on the behavior of 

biomass particle motion and biomass particle dispersion characteristics in the 

near-field flow close to the pulverized fuel burner. Accordingly, four different swirl 

numbers ranging from S=0.0 to S=0.66 were investigated for the solid-gas 

turbulent jet at a moderate jet Reynolds number (Re ≈ 6000). A two-phase particle 

image velocimetry (PIV) technique was applied to simultaneously measure 

particle and gas phase velocities in turbulent isothermal swirl flows (Saber, 2014). 

Pulverized pine particles sieved to a particle size range of 112-160 μm were used 

as representative of the dispersed phase. The gas velocity was measured both 

in the presence and the absence of particles in order to assess the coupling of 
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particle and gas phases. Moreover, the particle velocity field was extracted by 

employing a particle tracking algorithm to PIV images.  

2. Experimental Setup  

2.1 Laboratory-scale pulverized wood swirl burner 

The swirl burner was dimensioned for a maximum output power of 30 kW and 

consists of three concentric tubes, two for primary and secondary air streams and 

one for flammable gases, e.g. methane, in order to support the flame during start-

up (see, Fig.1). The primary air stream is supplied to a 12 mm diameter central 

tube together with pulverized biomass particles. The secondary air stream is split 

into two branches named as an axial air stream and a tangential air stream. The 

axial air stream enters the outermost tube, flowing sequentially through two 12 

mm diameter tubes, an annular settling chamber and twelve 2 mm diameter 

injectors intended to give a uniform distribution of the air into the outer annulus. 

The aim of the annular settling chamber is to reduce the flow fluctuations. The 

tangential air stream is mixed with the axial air stream through four 6 mm diameter 

tubes that are aligned in a tangential direction with respect to the centerline of the 

burner geometry. The burner design makes it possible to adjust the ratio between 

axial and tangential mass flow rates and to obtain a wide range of swirl numbers 

without changing the total mass flow rate. In this study, the swirl number was 

determined from the ratio of the tangential to the axial momentum estimated from 

the burner geometry (Claypole and Syred, 1981). Although it does not truly 

represent the real swirl number as defined by Eq.(1), it makes it possible to 

compare different cases. In the present study, no flammable gas was used, 

therefore there was no flow through the innermost tube. Based on visual 

observations, the swirl flow is rotated around the geometric center in an anti-

clockwise direction. The swirl burner is surrounded by a plexi-glass conical 

section (denoted in the rest of the paper as "quarl"), which slows down the velocity 

of the annular jet flow by gradually increasing the flow area. The quarl causes 

disturbing light reflections on recorded images and hence the starting point for 

measurements is at around 2 mm below the quarl exit.  
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Fig. 1. Schematic diagram and cross section of the swirl burner used in this study. 

Note that units are given in mm. 

 

Compressed air from an 8 bar central compressed air system was fed into the 

primary and secondary air streams. The flow rates of the air streams were 

controlled by mass flow controllers with an accuracy of ±1 % of the full scale. The 

pulverized pine particles were fed into the primary air stream by a twin screw 

feeder (K-CL-24-KT20, K-Tron) via an eductor (Festo). The screw feeder had a 

maximum capacity of 7 kg/h. The flow was seeded with mineral oil droplets that 

were generated with a smoke generator (AFA10-S1, TQ education and Training 

ltd) that produces droplets with an average size of less than 1 μm. The “smoke” 

was mixed and diluted with the axial air stream, before being sent to the burner 

inlet. The swirl burner was connected to a clear window enclosure with a volume 

of 1000 x 400 x400 mm3 (see, Fig.2) to mimic the conditions in an entrained flow 

reactor. The cross section of the enclosure was quadratic to eliminate optical 

distortion from curved windows. It is expected that the flow field close to the 

burner will be very similar to the flow in a real entrained flow reactor where the 

cross section is circular instead of quadratic.The largest particles in suspension 

were collected in a plastic container that was set underneath the window 

enclosure. The container was connected to the exhaust gas to guide the seeded 

air flow to the extractor fan.  
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Fig. 2. A schematic diagram of experimental set-up with flow configuration.1 Nd-

Yag Laser 2 computer 3 timing box 4 camera 5 seeding machine 6 mass flow 

controller 7 eductor 8 screw feeder 9 mixing box 10 tee fittings 11 burner 12 field 

of view 13 window enclosure 14 particle collector 15 exhaust pipe 16 extractor 

2.2 Particle characteristics  

As a first step, powdered pine particles were sieved to the size class of 112-

160 μm by a sieving machine (AS200, Retsch Technology). The size distributions 

of the powdered particles were then measured by dynamic imaging analysis 

(CamSizer XT, Retsch Technology) and are shown in Fig.3 in terms of the 

cumulative volume percentage, Q. Fig.3b shows the width to length ratio (b/l) of 

pulverized biomass particles which were calculated as the ratio of the shortest 

maximum chord of a particle projection to the maximum Feret diameter of a 

particle. The Feret diameter is defined as the caliper diameter measured over a 

geometrical shape. The width/length ratio for sieved biomass particles were 

around 0.5-0.6. Fig.3c shows the sphericity of the sieved biomass particles. The 

sphericity was defined as: 

𝑆𝑃𝐻𝑇 =
4𝜋𝐴

𝐶2
 (3) 

where C is the measured circumference of a particle projection and A is the 

measured area of a particle projection. Note that for a sphere or a circle, the 

Coordinate system 

y 

x 
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sphericity is 1. The sphericity for the pulverized biomass particles for a given size 

range is lower than 0.7 and this value is even lower (0.4) for larger particles (200-

300 μm). Evidently, the pulverized biomass particles for a given range of size 

cannot be considered to be spherical in shape. Fig.3d shows a snapshot of 

pulverized biomass particles recorded by the shape and size analyzer. The 

Camsizer instrument automatically analyses a large number of such images to 

obtain the results in Figs.3b and 3c. 

 
Fig. 3. a) Particle size distribution of pulverized pine particles sampled for mesh 

size of 112-160 μm, b) width/length ratio distribution, c) particle sphericity d) a 

snapshot of pulverized pine particles, of sizes ranging from 112 to 160 μm, from 

CamSizer XT. 

2.3 Experimental Conditions 

In the present study, the velocity field measurements were performed for 

single phase and multi-phase flows over a range of swirl numbers, from S=0.0 to 

S=0.66. The particles were pneumatically conveyed through the central tube of 

the burner at a mass loading ratio of 0.035. The mass loading ratio was selected 

as the maximum that would still give unsaturated images that could be analysed 

with the PIV software (Lavision Gmbh). The flow rate of carrier air was optimized 

to ensure the flowability of biomass particles and mimic the mean residence time 
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of particles in a hot zone of the pressurized entrained flow gasifier (typically <1s 

in a real gasifier (Weiland, 2015)). However, the PIV measurements are limited 

to low volume fraction of the dispersed phase and with the current setup, do not 

allow working at particle loading ratios of more than 5 %, making the flow dilute 

in comparison to the flow in a real entrained flow reactor. Under this circumstance, 

the experiments were conducted with the conditions as realistic as possible. For 

the base case, S=0, the momentum flux ratio of the primary to the secondary air 

streams were set to order of unity. The overall input parameters are given in Table 

1. 

Table 1 Operating conditions of the swirl-stabilized powder burner 

 S=0 S=0.075 S=0.3 S=0.66 

Re,cp 5967 5967 5967 5967 

M, cp 37.4 37.4 37.4 37.4 

M, tan 0 31.9 63.9 95.9 

M, ax 159.8 127.8 95.9 63.9 

, cp 0.035 0.035 0.035 0.035 

 

2.4 Experimental Methods 

2.4.1 PIV-Processing Algorithm 

In this study, the experiments were carried out by a commercial particle image 

velocimetry system (Lavision GmbH). The PIV system consists of a double pulse 

Nd:Yag 532 laser with a maximum repetition rate of 100 Hz,  a double-frame CCD 

camera (Lavision, Imager Pro) with a sensor spatial resolution of 1280 X 1024 

pixels per frame and a pixel size of 12 μm. Both the laser and the camera system 

were mounted on a traverse system to control the position of the PIV system. 

Using a 105-mm Nikon lens with a Nd:Yag laser line filter gives an image pixel 

size of 72.25 μm corresponding to a Field Of View (FOV) of about 92.5x74 mm2 

and a depth of focus of about 1 mm.  The LaVision integrated lens system was 

used to create a laser sheet with a thickness of about 1 mm, positioned in the 

center of the box and aligned with the flow direction, perpendicular to the camera 

axes. To ensure statistically independent samples, 4260 double frame images 

were recorded at a frequency of 10 Hz with a pulse length of varies according to 

each case. A dynamic masking algorithm was employed on the raw PIV images 

to differentiate the biomass particles from the seeding particles. In the present 

study, the overall image processing subsequently consists of 3x3 pixels 

smoothing, particle edge detection by dilute filter and a high level threshold filter. 

The mean particle displacement was evaluated by a cross-correlation technique, 
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combined with adaptive multi-pass interrogation scheme (DaVis 7.2 software). 

The velocity field was extracted by dividing the mean particle displacement by the 

product of the time between the exposure of image pairs and the optical 

magnification. The largest uncertainties are estimated for the streamwise and 

crosswise components of the mean velocity at the 95 % confidence level; εu/Umo 

=1.25 % and εx/Vmo =5.78 % with a sample size of 4260 and 3350, respectively. 

3. Results and discussion 

3.1 Flow field visualization  

Fig. 4 shows a snapshot and the ensemble average of binary particle images 

in the non-swirling and high swirling flows. In the non-swirling flow (Fig.4a), the 

particles were more concentrated around the centerline within the core of the 

non-swirling jet flow. When the annular swirl flow was allowed to interact with the 

jet flow carrying the biomass particles, the particles were dispersed more in the 

fluid domain (see Fig.4b). Fig.4c-d shows the biomass particle images derived by 

summation of 100 PIV images. It is clear that the dispersion of particles is 

increased in the high swirling flow due to the presence of strong centrifugal 

forces, induced by the swirl motion. The result may also be interpreted in a way 

that the particle spacing and thus gas diffusion length scale would be reduced in 

non-swirling reactive flows when compared with swirling reactive flows. This 

might result in formation of local concentration of volatile gases that also acts as 

soot precursors that will promote soot formation (Göktepe et al., 2015). 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 4. The visualization represents an instantaneous snapshot of the particle-air 

flow at a S=0; b S=0.66; total accumulation of the instantaneous particles c S=0; 

d S=0.66. 

 

3.2 Characteristics of the gas phase flow field 

In this section the velocity of the gas phase velocity, in single-phase and 

multi-phase flow, is investigated.  

3.2.1 Self-similarity of single-phase jet flows 

A hypothesis of self-similarity or self-preservation suggests that the flow 

evolves in a state of equilibrium at which the velocity profiles becomes self-similar 

when non-dimensionalized by local length and velocity scales (Pope, 2000). In 
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order to test the self-similarity assumption, the vertical mean air velocity and 

crosswise coordinates are normalized by a local maximum of vertical mean 

velocity and half-width respectively. The half-width is defined as the lateral 

location at which the velocity is half the maximum velocity. The concept of self-

similarity was applied to turbulent air flows at different swirl numbers, ranging 

from S=0 to S=0.66. 

As shown in Fig.5a, the self-similarity assumption appears to be valid for the 

non-swirling jet flow (S=0) for which the flow reaches a self-preserving state at 

y/D ≈ 3 from the burner exit which is significantly earlier than for the experimental 

data reported in the earlier studies of Wygnanski and Fiedler (1969) and Hussein 

et al.,(1994) where the self-similar region was established beyond the developing 

region of a free turbulent round jet (y/D >30). The noteworthy fact is that there 

are some differences in the experimental setup between the present study and 

the study of Hussein et al (1994). In the present study, the concentric airflows 

issued from the central and outermost nozzles were mixed and gradually 

expanded in the quarl. Apart from Reynolds number effect, the quarl geometry 

itself and the internal mixing layer between the concentric streams can enhance 

the mixing and accelerate the development of the flow. As mentioned by Guitton 

and Newman (1977), the fluid flow over a convex curved surface increased the 

thickness of the boundary layer rapidly and promoted turbulent mixing by forming 

low wall surface pressure. This observation was also supported by Pollard et al., 

(2005) for isothermal flow in a full-scale industrial burner.  

For the swirling flows, it is evident from Figs.5b-5d that the swirl motion 

imparted to the jet flow delays the development of the jet flow. The flows deviate 

from the self-preserving state at the jet edges where the velocity decays fast due 

to the presence of the strong shear layer that is generated at the jet edges. 

Moreover, Chigier and Chervinsky (1967) reported that strong swirl flows 

(S=0.66) approach the self-preserving state at y/D>10. The swirling flows under 

investigation can therefore be considered to be still developing in the 

measurement domain.  
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Fig. 5. Crosswise distribution of vertical mean velocity of a single-phase, air 

flow in a range of swirl number a S=0; b S=0.074; c S=0.3; d S=0.66. Symbols: 

o, y/D = 0;  , y/D = 1.2;  * ,  y/D = 1.8 ; , y/D = 2.44 . 

3.2.2 Mean velocity component  

Fig.6 shows the crosswise distribution of vertical mean air velocity in a range 

of swirling flows, with and without suspended particles. Each sub frame illustrates 

the situation at a fixed axial coordinate to make it easier to assess the effect of 

swirl and suspended particles. 

The vertical mean velocity is non-dimensionalized with the local maximum of 

vertical mean velocity for the single phase non swirling flow, Um. At y/d=0, the 

velocity profile of the non-swirling jet flow can be approximated with a smooth 

Gaussian profile, which implies strong mixing inside the quarl. Reverse flow 

zones are set up at the jet edges due to flow expansion. The peak velocity is 

reduced in the multi-phase flow by about 20% at y/D≈1.2 (see, Fig.6b) and the 

same behavior is also observed for all swirling flows under investigation. In the 

weak swirl flow (S=0.075), the peak vertical velocity at the centerline decreases 

with about 45% at y/D≈1.2, in comparison to that for single-phase jet flow.  
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Fig. 6. Crosswise distribution of vertical mean velocity of air flow in a range of 

swirl number a y/D = 0; b y/D = 1.2; c y/D=2.4. Symbols: o, S=0; , S=0.075; , 

S=0.3; , S=0.66 . Note: ‘hollow’ and ‘filled’ symbols represent the single and 

dilute phase flows, respectively. 
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The drop in peak values can be explained as an “inertia effect” from the solid 

particles that will enhance the spreading of the jet and as a result decrease the 

peak velocity at the centerline. Additionally, the weak swirling flow becomes 

asymmetric around the center and gives a secondary velocity peak at y/d≈1.2.  

The particle inertia effect becomes less pronounced in high swirling flows as 

particles are displaced from the core region towards the walls due to centrifugal 

force. Together with the impact of flow expansion, the recirculation zone becomes 

stronger in the high swirling flows due to the strong coupling of axial and 

tangential components of the velocity (Lucca-Negro and O’Doherty, 2001). One 

can expect that high swirling flows (S=0.66) should exhibit a stable central 

recirculation zone. However, the central recirculation zone, represented by 

negative axial velocities, was not detected in the mean velocity profile. This might 

be linked to that the first data points were taken outside the quarl and that the 

recirculation zone is contained within the quarl. Moreover, the swirl number 

calculated from global parameters might be lower than the real swirl number 

based on local velocities and thus the vortex core might be unstable and turbulent 

due to the centrifugal instabilities. The velocity peaks for the different cases are 

not aligned on the same axis, indicating an asymmetry in the flows with swirl. A 

similar asymmetry was reported by Legrand et al. (2010) for a burner of the same 

type as in the present case that was mounted on a flat wall, without quarl, facing 

a very large volume. However, the asymmetry in the present case is more 

pronounced. It is unclear at this time if the difference to Legrand et al. (2010) 

comes from the presence of the quarl, from small deviations from perfect 

symmetry in the burner geometry or from the presence of downstream walls in 

the present experiment. Regardless of the origin for the asymmetry the results 

show that the present burner and combustion chamber geometry is susceptible 

to instabilities that can generate an asymmetric near-field flow.  

Fig.7 shows the horizontal mean air velocity distribution versus the crosswise 

direction in a range of swirling flows. Horizontal mean air velocities, V are non-

dimensionalized by the single-phase vertical mean air velocity, Um. For S=0, the 

negative values of horizontal velocity in the jet edges represent the inward air 

flow or air entrainment. The peak horizontal mean velocities in the non-swirling 

(S=0) and the weakly swirling jet flows (S=0.075) are around two order of 

magnitudes smaller than the maximum vertical air velocities. The biomass 

particles moving through weakly swirling flow result in an increase in the 

horizontal mean air velocity and the flow asymmetry. The increased horizontal 

mean air velocity is consistent with the particle inertia effect described above that 

will enhance the spreading of the particle laden jets.  
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Fig. 7.  Crosswise distribution of horizontal mean velocity of air flow in a range of 

swirl number a y/D = 0; b y/D = 1.2; c y/D=2.4. Symbols: o, S=0; , S=0.075; , 

S=0.3; , S=0.66 . Note: ‘hollow’ and ‘filled’ symbols represent the single and 

dilute phase flows, respectively. 
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A further increase in swirl number strengthens the horizontal motion due to 

the radial pressure gradient generated by an azimuthal velocity component 

(Gupta et al. 1984). High swirl strength increases the peak velocity by one order 

of the magnitude.  

3.3 The characteristics of the particle phase flow field 

In this section the velocity of the biomass particles, which differs from the 

gas phase velocity, is investigated. 

3.3.1 Mean particle velocities  

Fig. 8 shows the variation of the vertical mean particle velocity versus the 

crosswise coordinate. Note that the vertical component of the mean particle 

velocities is normalized by the local maximum of vertical mean air velocities in 

dilute phase flows. In Fig.8a, at y/D>0, the velocity profiles of biomass particles 

generally show a similar trend with those obtained for the air flow in Fig.6a. 

Negative particle velocities have been obtained at the edge of the jets for the jet 

flows over the entire range of the swirl number. This illustrates that some particles 

with low inertia follow the sudden expansion and deceleration of the air flow and 

are dragged into the reverse flow zone. On the other hand, most of the particles 

are concentrated along the centerline and move downstream at a higher velocity 

(corresponding to the peak ratio of 1.1) than the air flow. The peak velocities are 

up to 2.2∙Um for S=0.66, (see, Fig.8c). As would be expected, larger biomass 

particles with high inertia do not follow the flow variations and travel downward at 

higher velocities than the airflow. Moreover, In Fig.8b, the particle velocity in weak 

swirling flow (S=0.075) exhibits a secondary peak at 0.2<x/D<0.5 which is 

consistent with the gas phase velocity profile for dilute flow obtained in Fig.6b.  
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Fig. 8. Crosswise distribution of vertical mean velocity of the particles in a 

range of swirling flow a y/D=0; b y/D=1.2 c y/D=2.4. Symbols: o, S=0; , 

S=0.075; , S=0.3; , S=0.66 . 

 

Fig. 9 shows the crosswise distribution of the horizontal mean velocity of the 

biomass particles in the jet flows over a range of swirl numbers. In Fig.9a, the 

particles in the non-swirling flow (S=0) undergo axisymmetric expansion at y/D=0 

with higher peak velocity due to the sudden expansion of the flow. However, the 

amplitude of horizontal mean velocity decreases in stream wise direction (see, 

Figs. 9b-9c). Figs.9a-9c show that the horizontal particle velocity increases with 

the swirl number due to the strong centrifugal forces. In Fig.9c, the particles in 

the strong swirl flow (S=0.66) tend to distribute in crosswise direction with higher 

velocity amplitude and spreads out from the centerline with increasing 

streamwise position. This illustrates that the strength of swirl imparted to the flow 

promotes the crosswise motion of the particles due to the presence of strong 

centrifugal forces.  
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Fig. 9. Crosswise distribution of mean horizontal velocity of particles in a 

range of swirling flow a y/D=0; b y/D=1.2 c y/D=2.4. Symbols: o, S=0; , 

S=0.075; , S=0.3; , S=0.66 .  

 

3.4 The decay rate of centerline velocity  

A decay rate of the centerline mean velocity is a good indicator of entrainment 

and mixing rates of flows with an ambient fluid. In this section, the decay rate of 

mean centerline velocities are measured and are shown versus streamwise 

direction for a range of swirling flows in Fig.10. Mean centerline velocities, Ucl are 

non-dimensionalized by the local maximum of mean velocity, Um,0 at y/D=0. The 

centerline velocity decay for a self-preserving round jet is defined as (Xu and 

Antonia, 2002) 

𝑈𝑚

𝑈𝑐𝑙
=

𝑦−𝑦0

𝐶1𝐷𝑒
     (4) 
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where Um is the maximum centerline mean velocity, Ucl is the centerline mean 

velocity, y0 is the virtual origin and C1 is the decay constant. 

In this present study, the decay constant for the non-swirling, single phase jet 

flow is calculated as 6.34 and it is higher than the decay constant of 5.9 and 6.06, 

reported by Hussein et al. (1994), and Panchapakesan and Lumley (1993), 

respectively. This discrepancy in the decay constant values can be related to 

difference in jet exit conditions (i.e. Reynolds number, initial velocity), flow 

configuration (co-flow concentric jets or single jet flow) and confinement rate, 

which determine initial flow development in early stages of jet. Evidently, the 

normalized centerline velocity decays faster with increasing swirl number, owing 

to high centrifugal forces. Similar behavior have been previously reported by 

Chigier and Chervinsky (1967), Liang and Maxworthy, (2005). For S=0.3 and 

S=0.66, the decay rate is hyperbolic and does not show a straight-line behavior, 

indicating that the flow is still developing. This agrees well with data shown in 

Figs.5c-5d. In comparison to single-phase flows, the dilute multi-phase flows at 

S=0.075 and S=0.3 decay faster. On the other hand, the decay rate of multi-

phase air velocity for S=0.66 is lower than that for single-phase flow (see, 

Fig.10b). The findings are rather associated with the particle inertia effect which 

is more pronounced in flows at S=0.075 and S=0.33, with a resulting drop in 

vertical velocities and an increase in horizontal velocities (see, Figs.6 and 7).  The 

decay rate of the mean centerline particle velocity is, due to the high inertia of 

particles, generally lower than for the single phase airflows over the whole range 

of swirl numbers investigated in the present study. 
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Fig. 10. Inverse decay of the vertical mean velocity along the centerline for a 

single-phase, air jet flows; b dilute phase, air jet flows; c dilute phase, particle 

flows. Symbols: -, S=0; -, S=0.075; --, S=0.3; ●, S=0.66.  

3.5 Particle slip velocity 

The velocity of an individual particle will almost everywhere differ from the 

local gas phase velocity. This velocity difference is often denoted 'slip velocity' 

and will generate a viscous drag force from interaction with the surrounding air. 

Fig.11 shows the total slip velocity (𝑈𝑡𝑜𝑡𝑎𝑙 = √𝑈2 + 𝑉2 ) versus the crosswise 

direction. The slip velocity is normalized by the local maximum total air velocity. 

In Figs.11a-11c, for non-swirling (S=0) flows, the slip velocity increases in 

streamwise direction and attains a peak value of 0.15∙Um at y/D=2.4. Fig.11b 

shows that the slip velocity in dilute phase flow at S=0.075 takes positive values 

at 0 <x/D<0.4 and y/D≈1.2 where both the particle and air flows in Fig 6b and 

Fig.8b exhibit the secondary velocity peak. This indicates that particles moving 

downstream at a higher speed than the surrounding air flow transport momentum 

to the surrounding air flow and increases the surrounding air velocity. A further 

increase in the inlet swirl number raises the peak slip velocity to 0.3∙Um at y/D=0 

for S=0.66 due to the sudden flow expansion and the presence of strong 

centrifugal forces. Moreover, the slip velocity increases in the streamwise 
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direction for S=0.66, as the carrier airflow decays faster than the particle flow 

across the measurement domain (see, Figs.10b and 10c) with a resulting very 

low vertical mean velocity at larger distance from the burner exit. 

  
 

 

Fig. 11. Normalized total mean slip velocity versus the horizontal coordinate 

for a y/D=0; b y/D=1.2; c y/D=2.4. Symbols: o, S=0; , S=0.075; , S=0.3; , 

S=0.66. 
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4. Conclusion 

The motion and the behavior of the biomass particles in a range of confined 

swirling flows from S=0 to S=0.66 have been investigated experimentally. The 

principal results can be summarized as follows. 

 The pulverized pine particles are non-spherical with a wide variety of different 

aspect ratios. This adds to the complexity in predicting drag coefficients and 

thus makes it difficult to predict the particle dispersion in both isothermal and 

reactive fluids.  

 The self-similarity analysis has been tested on single-phase, air flows over a 

range of swirl numbers and it is shown that self-similarity hypothesis is only 

valid for the non-swirling jet flow and that the swirling flows can be considered 

to be still developing across the measurement domain.  

 Biomass particles in the fluid generate a “blocking effect” from particle inertia 

resulting in a deceleration of the air flow compared to the single-phase flow. 

When a swirling motion is imparted to the carrier airflow, the crosswise 

particle dispersion of both single-phase and multi-phase flows is increased, 

due to strong centrifugal forces.  

 The entrainment rate of single-phase and multi-phase jet flows over a range 

of swirl numbers has been investigated and it is found that swirl increases 

the entrainment rate of both the particle and the carrier air flow. The 

entrainment rate for particles are lower than that for the carrier air flow. 

 The spatial distribution of slip velocities in a range of swirling flows shows 

that the particles move faster than the carrier air flow across the jet centerline 

in the near-field region of the burner. The slip velocity increases with an 

increase in swirl number.      

Acknowledgement 

This work was supported by the PEBG project, funded by the Swedish Energy 

Agency. We would like to thank to Pilar Borau Maorad for her valuable   support 

during the experiments. 

 

 

 



23 
 

References 

Black, D.L., McQuay, M.Q., 2001. Laser-based particle measurements of 

spherical and nonspherical particles. Int. J. Multiph. Flow 27, 1333–1362. 

doi:10.1016/S0301-9322(01)00008-8 

Claypole, T.C., Syred, N., 1981. The effect of swirl burner aerodynamics on 

NOx formation. Symp. Combust. 18, 81–89. doi:10.1016/S0082-

0784(81)80013-6 

Chigier, N. A., Chervinsky, A., 1967. Experimental Investigation of Swirling 

Vortex Motion in Jets. J. Appl. Mech. 34, 443. doi:10.1115/1.3607703 

DI GIACINTO, M., SABETTA, F., PIVA, R., 1982. TWO-WAY COUPLING 

EFFECTS IN DILUTE GAS-PARTICLE FLOWS. J FLUIDS ENG TRANS 

ASME. 

Elbersen, B., Startisky, I., Hengeveld, G., Schelhaas, M., Naeff, H., & 

Böttcher, H. (2012, February 1). Atlas of EU biomass potentials. Retrieved July 

16, 2015, from 

http://www.biomassfutures.eu/public_docs/final_deliverables/WP3/D3.3 Atlas of 

technical and economic biomass potential.pdf 

Fan, J., Zhang, L., Zhao, H., Cen, K., 1990. Particle concentration and 

particle size measurements in a particle laden turbulent free jet. Exp. Fluids 9, 

320–322. doi:10.1007/BF00188760 

Fan, J., Zhao, H., Cen, K., 1992. An experimental study of two-phase 

turbulent coaxial jets. Exp. Fluids 13, 279–287. doi:10.1007/BF00189021 

Fessler, J.R., Kulick, J.D., Eaton, J.K., 1994. Preferential concentration of 

heavy particles in a turbulent channel flow. Phys. Fluids 6, 3742–3749. 

Froud, D., 1995. Phase averaging of the precessing vortex core in a swirl 

burner under piloted and premixed combustion conditions. Combust. Flame. 

doi:10.1016/0010-2180(94)00167-Q 

Göktepe, B., Umeki, K., Gebart, R., 2015. Does distance among biomass 

particles affect soot formation in an entrained flow gasification process? Fuel 

Process. Technol. doi:10.1016/j.fuproc.2015.06.038 



24 
 

Gui, N., Fan, J., Zhou, Z., 2010. Particle statistics in a gas–solid coaxial 

strongly swirling flow: A direct numerical simulation. Int. J. Multiph. Flow 36, 

234–243. doi:10.1016/j.ijmultiphaseflow.2009.10.003 

Guitton, D.E., Newman, B.G., 1977. Self-preserving turbulent wall jets over 

convex surfaces. J. Fluid Mech. 

Gupta, A.K., Lilley, D.G., and Syred, N., 1984. Swirl Flows, Abacus Press, 

Kent, England 

Higman, C., Tam, S., 2014. Advances in coal gasification, hydrogenation, 

and gas treating for the production of chemicals and fuels. Chem. Rev. 114, 

1673–708. doi:10.1021/cr400202m 

Higman, C., van der Burgt, M., 2008. Gasification, Gasification. 

doi:10.1016/B978-0-7506-8528-3.00003-1 

Huang, Y., Yang, V., 2009. Dynamics and stability of lean-premixed swirl-

stabilized combustion. Prog. Energy Combust. Sci. 

doi:10.1016/j.pecs.2009.01.002 

Hussein, H.J., Capp, S.P., George, W.K., 1994. Velocity measurements in a 

high-Reynolds-number, momentum-conserving, axisymmetric, turbulent jet. J. 

Fluid Mech. doi:10.1017/S002211209400323X 

Legrand, M., Nogueira, J., Lecuona, A., Nauri, S., Rodríguez, P.A., 2010. 

Atmospheric low swirl burner flow characterization with stereo PIV. Exp. Fluids 

48, 901–913. doi:10.1007/s00348-009-0775-6 

LIANG, H., MAXWORTHY, T., 2005. An experimental investigation of 

swirling jets. J. Fluid Mech. doi:10.1017/S0022112004002629 

Longmire, E.K., Eaton, J.K., 1992. Structure of a particle-laden round jet. J. 

Fluid Mech. 

Lucca-Negro, O., O’Doherty, T., 2001. Vortex breakdown: a review. Prog. 

Energy Combust. Sci. 27, 431–481. doi:10.1016/S0360-1285(00)00022-8 

Öhrman, O.G.W., Molinder, R., Weiland, F., Johansson, A.-C., 2014. 

Analysis of trace compounds generated by pressurized oxygen blown entrained 

flow biomass gasification. Environ. Prog. Sustain. Energy 00, n/a–n/a. 

doi:10.1002/ep.11975 



25 
 

Panchapakesan, N.R., Lumley, J.L., 1993. Turbulence measurements in 

axisymmetric jets of air and helium. Part 1. Air jet. J. Fluid Mech. 

Pollard, A., Ozem, H.L.M., Grandmaison, E.W., 2005. Turbulent, swirling 

flow over an axisymmetric, constant radius surface. Exp. Therm. Fluid Sci. 29, 

493–509. doi:10.1016/j.expthermflusci.2004.07.001 

Pope, S.B., 2000. Turbulent Flows, Book. doi:10.1088/1468-5248/1/1/702 

Qin, K., Jensen, P.A., Lin, W., Jensen, A.D., 2012. Biomass Gasification 

Behavior in an Entrained Flow Reactor: Gas Product Distribution and Soot 

Formation. Energy & Fuels 26, 5992–6002. doi:10.1021/ef300960x 

Rostrup-Nielsen, J., Christiansen, L., 2011. Concepts in syngas 

manufacture. Imperial College Press, London. 

Ryan, W., Annamalai, K., 1991. Group ignition of a cloud of coal particles. J. 

Heat Transfer 113, 677–687. 

Saber, A., 2014. Transport of Particles in Turbulent Flow with Application to 

Bio-Fuels. Luleå tekniska universitet. (Licentiate thesis / Luleå University of 

Technology). 

Sommerfeld, M., Qiu, H.-H., 1991. Detailed measurements in a swirling 

particulate two-phase flow by a phase-Doppler anemometer. Int. J. Heat Fluid 

Flow 12, 20–28. doi:10.1016/0142-727X(91)90004-F 

Weiland, F., Hedman, H., Marklund, M., Wiinikka, H., Öhrman, O., Gebart, 

R., 2013. Pressurized Oxygen Blown Entrained-Flow Gasification of Wood 

Powder. Energy & Fuels 27, 932–941. doi:10.1021/ef301803s 

Weiland, F., 2015. Pressurized entrained flow gasification of pulverized 

biomass: Experimental characterization of process performance. Luleå tekniska 

universitet. (Doctoral thesis / Luleå University of Technology). 

Wood, A.M., Hwang, W., Eaton, J.K., 2005. Preferential concentration of 

particles in homogeneous and isotropic turbulence. Int. J. Multiph. Flow 31, 

1220–1230. doi:10.1016/j.ijmultiphaseflow.2005.07.001 

Wygnanski, I., Fiedler, H., 1969. Some measurements in the self-preserving 

jet. J. Fluid Mech. doi:10.1017/S0022112069000358 



26 
 

Xu, G., Antonia, R.A., 2002. Effect of different initial conditions on a turbulent 

round free jet. Exp. Fluids 33, 677–683. 

Zhao, Y., Kim, H.Y., Yoon, S.S., 2007. Transient group combustion of the 

pulverized coal particles in spherical cloud. Fuel 86, 1102–1111. 

doi:10.1016/j.fuel.2006.10.018 

Zhou, L.., Li, Y., Chen, T., Xu, Y., 2000. Studies on the effect of swirl 

numbers on strongly swirling turbulent gas-particle flows using a phase-Doppler 

particle anemometer. Powder Technol. 112, 79–86. doi:10.1016/S0032-

5910(99)00308-3 

         



 

 

Paper IV 
 

Active fuel particles dispersion by synthetic jet in an entrained 
flow gasifier: Cold flow 
 

 

 



 



1 
 

Active fuel particles dispersion by synthetic jet in an entrained flow Gasifier: Cold flow 

 

Ammar Hazim Saber ab* ,Burak Göktepe c,  Kentaro Umekid, T. Staffan Lundström a ,  

Rikard Gebart d 

a Division of Fluid and Experimental Mechanics, Luleå University of Technology, 971 87 

Luleå, Sweden 

          b University of Mosul, Mechanical Engineering Department, Mosul, Iraq 

 
c SP Energy Technology Centre, Industrigatan 1, 941 28 Piteå, Sweden 

d Division of Energy Science, Luleå University of Technology, 971 87 Luleå, Sweden 

* Corresponding author. Tel. +46 920 49 2432. E-mail: ammhaz@ltu.se 

 

 

Abstract 

 

Pulverized fuel (PF) burners play a key role in the performance of PF fired gasification and 

combustion plants, by minimizing pollutant emission, fuel consumption and hence fuel costs. 

However, fuel diversity in power generation plants imposes limitations on the performance of 

existing PF burners, especially when burning solid fuel particles with poor flowability, e.g. 

biomass sawdust. In the present study, a vertically downward laminar flow was laden with 

biomass particles at different particle mass loading ratios, ranging from 0.47 to 2.67. The 

particle laden flow was forced by a synthetic jet actuator over a range of forcing amplitudes 

(0.346-1.106 kPa). Pulverized pine particles with a size range of 63-112 μm were used as 

biomass feedstock. A two-phase particle image velocimetry technique was applied to measure 

the velocity of particle and air flow at the same time. The results showed that the synthetic jet 

had a large influence on the flow fields of both air and powdered pine particles, via a convective 

effect induced by vortex rings that propagate in the flow direction. The velocity, particle 

dispersion and hence inter-particle distance increased with increasing forcing amplitude. 

Moreover, particles were preferentially concentrated in the flow regime, based on their Stokes 

number (Stk). The effect on particle dispersion was more pronounced in the forced flows with 

low mass loading ratios. 

Keywords: non-spherical particles, biomass, flow control, acoustic jet, entrained flow gasifier 
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1. Introduction 

As global energy demand continues to increase, the use of renewable energy sources can serve 

as an alternative solution to reduce energy demand and to improve energy security with reduced 

greenhouse gas emissions as a benefit. Recently, there has been an increasing effort to integrate 

biomass into the major CO2 emitting sectors, e.g. energy and transportation since biomass is 

renewable and CO2 neutral. Gasification is one of the cleanest and most versatile ways to 

convert biomass into high value-added commercial products, e.g biofuel or commodity 

chemical products. Entrained flow gasification (EFG) is a well proven, commercially available 

gasification technology for coal, producing high quality syngas with little or no tar. Although 

there has been recently promising progress towards entrained flow gasification of biomass, 

there still remains some challenges that come from biomass properties. Biomass particles differ 

from coal particles in many aspects, particle size, shape, texture and chemical composition etc. 

Retrofitting existing entrained flow coal gasifiers to accommodate biomass can produce some 

technical hurdles. For instance, bulky and fibrous woody biomass leads to inconsistent feeding 

[1,2]. This is because in most cases  fibrous biomass have low bulk density and high cohesive 

forces [3].  

Entrained flow gasifiers are operated at low air/fuel ratios (≈0.4) in order to avoid combusting 

high heating value gases [4]. At low air/fuel ratios, particles are packed tightly together, 

occupying high volume fractions. The review study of W.A Sirignano [5] reported that close-

packed particle arrays produced different reaction environment in terms of temperature and gas 

composition than that for isolated particles. Similar findings were obtained in an experimental 

study of Goktepe, Umeki and Gebart [6] showing that highly packed particles produce higher 

volume fractions of soot than loosely packed particles or isolated particles. This raises the 

question: how can particle dispersion be controlled?  

A conventional way to control particle dispersion in burners is to impose a swirling flow that 

will enhance particle dispersion via a centrifugal effect. Swirling jet flow increases the particle 

dispersion rate and the residence time [7]. An alternative way is to modulate the gas phase flow 

with a synthetic jet actuator that generates a pulsed flow by periodic forcing of a fluid back and 

forth through a small opening. In this way, the synthetic jet flow actuator can transfer 

momentum to the flow with zero-net mass flux while simultaneously enhancing the mixing of 

gases via a convective effect induced by the trailing vortex rings [8]. Moreover, several studies 

on particle-laden flows have reported that vortex rings concentrate solid particles in two 

different flow regions: a high shear region (between vortex rings) and a high vorticity region 

(vortex rings themselves). In literature, this phenomena is referred to as “preferential 

accumulation” and has been earlier reported by Balanchandar and Eaton [9] and Tamburello 

and Amitay [10]. Preferential accumulation is mostly governed by the Stokes number, Stk 

which can be defined as 

𝑆𝑡𝑘 =
𝑡𝑜∗𝑈0

𝑙0
      (1) 

where t0 is the relaxation time of the particle, L0 is a characteristic length and U0 is bulk velocity. 
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Typically, particles with Stk >> 1 will move freely, independently of the continuous phase 

while particles with Stk ≤ 1, will follow the streamlines of the continuous phase. Around St of 

unity, where particle time scales match vortex motion, the particles cluster in a region of high 

strain rate in relatively high concentrations. [11].  

To the best of the authors’ knowledge, there is no available literary information on the motion 

and dispersion behaviour of non-spherical particles in vortex flows, since the previous studies 

in the relevant area have been conducted with spherical particles. This paper is therefore 

focused on investigating the interactions between fine ground, non-spherical biomass particles 

and vortex rings for different particle mass loading ratios and for different strength of pulsating 

flows. 

 

2. Particle characterization 

Pine sawdust with a sieving size of 63-112 μm was used in this study. The characteristic 

size and the shape properties of the biomass sample were measured by a dynamic image 

analysis method (CAMSIZER XT, Retsch Technology GmbH) and are illustrated in Fig.1  

 
(a) 

 

 
                          (b) 

 
(c) 

  
                         (d) 

 

Figure 1. (a) Particle size distribution of pine sawdust with a sieving size of 63-112 μm (b) 

width to length (b/l) distribution (c) particle sphericity (d) snapshot of pulverized pine particles 

recorded by CamSizer XT. 

 

The particle size distribution of the biomass sample are given in terms of cumulative 

distribution, Q, see, Fig.1a. Here, particle diameter, i.e. the shortest chord among the maximum 

chords in all directions, was defined as the particle size since it is more relevant to the sieve 
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size. Sphericity (SPHT) and width to length ratio (b/l) are also illustrated in Figs.1b and 1c, 

respectively. The b/l ratio was calculated as the ratio of the shortest maximum chord of a particle 

projection to the maximum Feret diameter of a particle projection. Feret diameter is defined as 

the caliper diameter measured over a geometrical shape. For smaller particles than 250 μm, the 

b/l ratio decreases with increasing particle size, see, Fig.1b. Sphericity was calculated from the 

ratio of measured area of the particle projection to the measured circumference of the particle 

projection. The sphericity decreases from 0.8 to 0.3 with increasing particle sizes from 20μm 

to 280μm. A snapshot image of pulverized pine particles in Fig.1d confirms the shape 

irregularities and non-sphericity in biomass particles. 

 

3. Experimental setup 

The experiments were carried out with a laminar cold-flow jet in a laboratory scale, atmospheric 

entrained flow reactor. The experimental set up is illustrated in Fig.2. 

 

Figure.2 .Schematic diagram of experimental set up 

The experimental-setup mainly consists of an air supply unit, a wood powder feeder, a synthetic 

jet actuator unit, a flat flame burner (FFB), a quartz reactor tube, a char bin, an air seeding unit, 

and an air exhaust unit. Pine sawdust was fed into the flow with a syringe pump feeder and was 

entrained into a central tube of a commercial burner (Mckenna Flat Flame Burner by Holthuis 

& Associates) with a carrier air flow (0.428 l/min). Particle feeding rates used in this study were 

14.53 g/h, 25.45 g/h, 47.29 g/h and 90.97 g/h that corresponded to the mass loading ratios of 

0.47, 0.75, 1.39 and 2.67. The loading ratios were calculated with respect to the flow rate of the 

carrier air. The burner has two co-axial water-cooled porous discs that surround the central tube. 

In normal cases, a premixed mixture of methane andair (methane: 1.919 l/min, air: 14.62 l/min) 

is ignited and stabilized on the innermost stainless steel porous disc. Nitrogen (8.493 l/min) is 

supplied from the outermost bronze porous disc to shield the flame. In this study, methane was 

replaced with air since the scope of the study encompassed visualization of the particle-flow 

interactions under cold flow conditions. More detailed information regarding the powder feeder 

and the flat flame burner can be obtained from the study of Göktepe, Umeki, & Gebart [6]. 
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The synthetic jet actuator consists of a 4 ohms loudspeaker, (ND140-4-5-1/4”, Dayton), that is 

fitted into an annular cavity with a central orifice of 4 mm. It produces a pulsed flow ejected 

into/out from the small orifice during periodic motions of the loudspeaker’s diaphragm. The 

synthetic jet actuator was mounted perpendicular to the central tube of the burner via a Tee 

union adapter and an extension pipe. A fine porous steel mesh was attached to the entrance of 

the arm of the Tee-union adapter to avoid the accumulation of fine pine sawdust particles in the 

cavity and along an inner surface of the extension pipe during the suction part of the actuation 

cycle. The loudspeaker was driven by a sinusoidal signal. The signal was generated by a data 

acquisition board (DT-9841-VIB, Data Translation), and was amplified by a stereo amplifier 

(Integrated amplifier A-10 from Pioneer) prior to being sent to the loudspeaker. A high 

sensitivity dynamic pressure sensor (106B, PCB), was flush mounted on the cavity’s inner wall. 

It measures dynamic pressure fluctuations (in terms of Prms) developed inside the cavity. The 

sine-wave of 35 Hz with the peak to peak amplitudes of 0.15V, 0.29V and 0.48V caused the 

pressure fluctuations of 0.346 kPa (84.75 dB), 0.668 kPa (90.48) and 1.106 kPa (94.85), 

respectively. Accelerometer sensors (Delta Tron 4507, Bruel&Kjaer) were also attached on the 

external surface of the central pipeline to monitor the structural resonant frequencies.  

 

Particle and air velocities were measured at the same time with a commercially available 

particle image velocimeter (PIV) from LaVision GmbH. The PIV system consists of double 

pulsed Nd-Yag laser with a maximum repetition rate of 100 Hz, a Lavision FlowMaster Imager 

Pro CCD-camera with a spatial resolution of 1280x1024 pixels per frame, timing controller and 

the PIV software program (LaVision Davis 7.2). The carrier air flow was seeded with aerosol 

droplets with diameters of 0.3 µm that were produced by atomizing Di-Ethyl-Hexyl-Sebacat 

(DEHS) with an aerosol generator. The PIV measurements were conducted at a frequency of 

34.65 Hz, witha total of 700 image pairs for each recorded set (sampled during around 20 

seconds). Each set was repeated four times to check the repeatability of the measurements. The 

sampling frequency was adjusted to maintain in-phase coupling with time scales of the flow 

structures. A dynamic masking and image processing algorithm, which was previously used by 

Tanaka and Eaton [12] and De Jong et al. [13], was employed to discriminate the biomass 

particles from the tracer aerosol particles. Based on the algorithm, the first step was to reverse 

black and white pixel colors in the raw binary images. In the next step, random noise in the 

images were removed by a 3x3 pixels smoothing filter. The biomass particles were detected by 

using an edge detection algorithm which detects the changes in contrast and their interior 

regions of the particles were filled by a dilute filter followed by an erosion filter. Biomass 

particles were sorted out from the images by using a threshold filter. The images were divided 

into interrogation windows of 32x32 pixels with a 50% overlap. A minimum of five tracer 

particles were detected in interrogation area which gave a reliable cross-correlation. The 

biomass particle velocities were measured by a particle tracking algorithm (PTV) which relies 

on tracking single particles in the flow domain.   

A constant temperature hot-wire probe (Type 55- P11 from Dantec Dynamics) was used to 

measure the air velocities in the unforced laminar flow. The probe has a 5 µm diameter 

platinum-plated tungsten wire which is welded directly to the prongs. The probe measures one 

component of gas velocity and is recommended to perform measurements in one directional 
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flow of low intensity. Under the aforementioned flow conditions, the carrier air velocity ejected 

from the central tube was measured to around 0.37 m/s, which corresponds to a Reynolds 

number (Re) of 140, while the air supplied from the porous disc was around 0.1 m/s.   

4. Results and Discussion  

The frequency used in this study was selected in a screening experiment by operating the 

synthetic jet actuator under a range of frequencies, starting from 10 Hz to 600 Hz with a step 

resolution of 10 Hz. At the same time, the biomass particle-air flow with the mass loading ratio 

of 0.47 was continuously illuminated along the reactor height by the laser sheet and were 

visually observed by the CCD camera in order to determine the frequencies that lead to high 

particle dispersion. The pressure signals were measured in the quartz reactor and in the cavity. 

However, the mounting assembly attached on one of the reactor ports were away from the 

burner outlet and the dynamic pressure fluctuations were already damped around the mounting 

assembly. A custom designed probe with a tip of 100 mm was therefore used to sense the 

pressure fluctuations in the burner nearfield. This probe has a linear frequency response 

between 0-100 Hz so the pressure measurements in the reactor was performed over a frequency 

spectrum between 10-100 Hz. Based on the visual observations, high particle dispersion was 

achieved at low frequencies in the range 15 to 50 Hz. The pressure probe measurements, 

showed that the strongest flow fluctuations were at 35 Hz which corresponded to St = 0.57. This 

agrees well with reports in the literature that states that the maximum mixing enhancement for 

jet flow is in the range of St= 0.3-0.6 [14]. The resonance frequency for the cavity and the 

central pipeline were measured 289 Hz and 451 Hz, respectively. Fig.3 shows binary images of 

biomass particles averaged over 200 sample images for these three characteristic frequencies 

(35 Hz, 289 Hz and 451 Hz). Figure 3 shows that the highest particle dispersion was achieved 

when the synthetic jet actuator was operated at 35 Hz. The resonant vibrations at 451 Hz in the 

central tube showed some effects on the particle dispersion, however the effect was not as strong 

as for 35 Hz. Compared to 35 Hz, the resonant frequency of the cavity at 289 Hz caused even 

higher dynamic pressure fluctuations inside the reactor, but did not enhance dispersion of the 

particles significantly.  
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(a) 

 

 
(b) 

 

 
(c) 

 

 
(d) 

 

Figure 3. The mean binary particle images obtained at mass loading ratio of 0.47 by averaging 

over 200 sample images at a distance of 2-30 mm from the burner outlet for (a) base (b) 35 Hz 

(c) 289 Hz (d) 451 Hz. Note that the images are false-color. 

 

Figure 4 shows the features of the unforced and forced particle-air flows at a distance range of 

2 mm-30 mm from the burner outlet. The biomass particles in the undisturbed laminar flows 

agglomerated to form larger particles and the agglomeration was more pronounced for high 

mass loading ratios, see, Figs.4a and 4c. This may be linked to cohesive forces or electrostatic 

forces among the biomass particles. When the air flow was pulsed at 35 Hz, the vortex rings 

were formed through vortex shedding at the burner rim and then propagated downwards in the 

axial direction. The convective effect induced by the vortex rings spread the particles laterally 

over a large distance in the reactor see, Figs.4b and 4d. Moreover, the vortex flows caused very 

little or no particle agglomeration  
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(a) 

 

 
(b) 

 

 
(c) 

 

 
(d) 

 

Figure 4. Snapshot images of biomass particles at a distance range of 2 mm- 30 mm from the 

burner outlet in (a) the unforced laminar flow with the mass loading ratio of 0.47 (b) the forced 

initially laminar flow with the mass loading ratio of 0.47 (c) the unforced laminar flow with the 

mass loading ratio of 2.67 (d) the forced initially laminar flow with the mass loading ratio of 

2.67. 

Figure 5 shows the phase-averaged vorticity and total air velocity in the biomass-air flow 

pulsating at the forcing amplitude, Prms=1.106 kPa. From the figures, the vortex ring split up 

the flow in two regions: a high reversed flow zone (around the vortex rings) and a high 

momentum zone (between the vortex rings). The counter rotating flow zones dragged the part 

of the surrounding air flow into the vortex centerline leading to reduce the flow passages and 

hence increase the total velocity in this region. The maximum velocity measured in the vortex 

centerline was about 2 m/s and was dropped to 0.2 m/s around the boundary of the reversed 

flow zone, leading to high velocity gradients and hence shear stresses. It has been already 

clarified that high shear rates (> 30 s-1) break up particle aggregates, causing a reduction in the 

mean particle size [15]. Recalling the Fig.4, the high local shear stresses may be accounted for 

the break-up of particle aggregates in the burner nearfield. Alternatively, the break-up of 

particle aggregates might already occur in the central tube. However, it is very difficult to 
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clarify the underlying mechanism that leads to break up of particle aggregates, with the current 

setup and it is also out of the scope of the paper. 

 
(a) 

 
(b) 

Figure 5. Phase-averaged (a) vorticity field (b) total velocity field of air flow for Prms =1.106 

kPa. 

Figure 6 presents the effect of the forcing amplitude on the mean axial air velocity and the mean 

centerline velocity.  

 
(a) 

 

 
(b) 

 

Figure 6. (a) Axial component of the averaged air velocity profiles vs crosswise distance and 

(b) mean centerline velocity profile vs streamwise distance  measured in the flow with the 

mass loading ratio of 0.47 pulsating at Prms=0.07, 0.346 and 1.106 kPa. Note that in (a), the 

distances from the burner outlet are represented from the top to the bottom, y/Dj =1, y/Dj =2 

and y/Dj =3, respectively. Symbols: ; Prms=0.07 kPa o; Prms= 0.346 kPa and ; Prms=1.106 

kPa  

The mean axial air and the mean centerline air velocities were non-dimensionalized by the 

centerline velocity at the burner outlet obtained from undisturbed laminar jet velocity (Uj), 

respectively. The lateral and axial directions were normalized by the central tube diameter, Dj. 

Fig.6a shows that the mean axial air velocity increases with the excitation amplitude. The flow 

is highly asymmetric for Prms=1.106 kPa at y/Dj=1. The asymmetry in the flow arises from the 

location of the synthetic jet actuator and the main jet flow is deflected away from the synthetic 
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jet side. Similar results have been reported by Tamburello and Amitay (2008). Moreover, the 

negative local mean velocities at x/Dj= 1 reveals that the flow is reversed towards the burner 

rim under the effect of suction. In Fig.6b, a peak to peak distance can be defined as the distance 

between the first maximum value and the second maximum value and can be interpreted as a 

distance between two vortex rings (cf. with fig. 4b). From the figure, it can be concluded that 

the peak-to-peak distance increases with increasing the forcing amplitude. This can be 

interpreted as if the vortex rings will propagate faster when the forcing amplitude is increased. 

Figure 7 presents the effect of the mass loading ratio on the mean axial air velocity and the 

mean centerline velocity. In Fig.7a, the averaged air velocity was measured for Prms=1.106 kPa 

at two different mass loading ratios, 0.47 and 2.67. In the case with higher mass loading ratio, 

the velocity magnitude is decreased since the particles or particle aggregates tend to act like a 

semi solid obstacle against the air flow. In Fig.7b, the mean centerline air velocity profile shows 

that the peak to peak distance and hence the distance between two vortices decreases with 

increasing the loading ratio. This can be interpreted as if the vortex rings are slowed down, or 

blocked, by a higher mass loading ratio. 

 
(a) 

 

 
(b) 

 

Figure 7. (a) Axial component of the averaged air velocity profiles vs crosswise distance and 

(b) mean centerline velocity profile vs streamwise distance measured in the flow with the mass 

loading ratio of 0.47 and 2.67 pulsating at Prms=1.106 kPa . Note that in (a), the distances from 

the burner outlet are represented in the direction from the top to the bottom and they are y/Dj 

=1, y/Dj =2 and y/Dj =3, respectively. Symbols: o; 0.47 and ; 2.67  

The instantaneous Reynolds number Rep for each particle in the flow field has been calculated 

for 700 images and is presented graphically in Fig. 8a. Please note that the size of the circles 

gives a qualitative indication of the particle size. As expected, larger particles have higher Rep 

and the smallest ones follow the flow perfectly. Also, it shows that for the larger particles the 

concentration is higher at the jet core and lower in the periphery of the image. The phase-

averaged lateral velocity for the biomass particles were calculated and plotted in Fig 8b.  The 

small particles are convected away from the jet core due to the rotating vortex rings for which 
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the rotational direction is directed downwards near the axis and upwards at the outer periphery 

of the vortex rings. Some of the particles are entrained into the vortex ring edge and re-enter 

the jet core. However, in the core of the reverse flow zone, no particles were detected. The 

radial particle velocity increases laterally towards the reverse flow zones. 

  

 
(a) 

 
(b) 

Figure 8. (a) Instantaneous particle images obtained by summation of 700 sample images, 

represented with radial Rep and the particle size. (b) phase-averaged particle images represented 

with the radial velocity and the particle size for Prms=1.106 kPa. Note that the size of the 

particles are qualitatively represented by the size of the circles. 

Figure 9 shows the orientation of the biomass particles and particle velocity vectors calculated 

from the phase-averaged particle image for Prms =1.106 kPa and for the mass loading ratio of 

0.47. The particle orientation with respect to the streamwise (or axial) direction is defined by 

an angle, α in Fig.9a. and is illustrated in polar coordinates in Figs.9d-9e. For a given particle 

size range, the majority of the biomass particles in the high shear region shown in Fig. 9b are 

oriented over a range of angles from 30° to 330° to the flow direction, (see, Fig. 9d) while a 

larger portion of smaller particles around the vortex ring  shown in Fig. 9c are aligned over a 

range of angles from 30° to 90° with the streamwise direction, (see Fig. 9e). This shows that the 

biomass particle for a given size range tend to align themselves in with the flow streamlines. 

 

 

2 4 6 8 10 12 14 16 18 20
0

5

10

15

20

25

x mm

y
 m

m

 

 

0

1

2

3

4

5

6

7

8

0 5 10 15 20
0

5

10

15

20

25

x mm 

y
 m

m
 

 

 

-0.4

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

0.4



12 
 

 
(c) 

 
(e) 

 
(a) 

 

 
(b) 

 
(d) 

 

Figure 9. (a) phase-averaged particle image and schematic representation of orientation angle 

of a single particle with respect to flow direction, zoom-in sections of (b) main jet flow (c) of 

vortex flow, particles alignment angle with respect to flow direction in region of (d) main jet 

flow, (e) the vortex region.   

The average inter-particle distance is shown in Fig. 10. The data for the undisturbed laminar 

flow was omitted since the result was biased to high values due to the existence of the large 

particle aggregates across the measurement domain.  Except for the flows with the highest mass 

loading ratio of 2.67, the inter-particle distance increases with increasing forcing amplitude. 

The effect is more pronounced for the flows with low mass loading ratios. For instance for a 

mass loading ratio of 0.47, the trend is quasi linear. The inter-particle distance decreases with 

increasing the mass loading ratio.   
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Figure 10 .Inter-particle distance calculated for different loading ratios, as function of Prms. 

Symbols: o, 0.47;  , 0.75; ◊, 1.39; , 2.67  

 

5. Conclusions 

 

Experiments were performed with pine saw dust particles in a laboratory scale entrained flow 

reactor. The biomass particle flow as well as the carrier air flow were excited by a synthetic jet 

actuator to investigate the effect on the flow and the inter-particle distance. Velocity 

measurements were conducted with a PIV system, both for the continuous phase and for the 

particle phase The flow was excited with three different excitation amplitudes and the effect of 

four different mass loading ratios were investigated. The results can be summarized as follows.  

 

 The synthetic jet actuator produced a continuous train of vortex rings when the forcing 

frequency was in the range 10 to 50 Hz. However, the strongest vortex rings and the 

highest particle dispersion was achieved at 35 Hz. 

  The biomass particles tend to agglomerate in the unforced laminar flows but the particle 

aggregates disappeared in the forced flows, even at high loading ratios (2.67). 

 The strong vortex rings generates two different zones: one high momentum zone 

(between the vortex rings) and one high vorticity zone (the vortex rings themselves). 

The larger particles with high inertia are mainly concentrated between the vortex rings 

while the smaller particles were convected radially away from the jet core by the 

rotational motion of the vortex rings. 

 The particle loading ratios affect the flow features of the trailing vortex rings. For 

instance, the distance between the velocity peaks, interpreted as the distance between 

the center of two vortex rings increased with increasing actuator power and decreased 

with increasing particle mass loading ratio. 
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 In dense particle-air flows, the presence of particles reduced the centerline air velocity 

while the centerline velocity increased with increasing actuator power. 

  The particle alignment with respect to the streamwise direction was different for the 

high momentum (between vortex rings) and high vorticity (inside the vortex rings) flow 

regions. The particles in the high momentum zone were aligned with the streamwise 

direction within a range of angles 30-330º while the particles at the edge of the vortex 

rings were aligned within a range of angles between 30-90º, i.e. close to the local 

direction of gas flow.  
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Abstract 

Soot is an unwanted by-product of entrained flow biomass gasification since it has a 

detrimental effect on operation of the gasifier, e.g. clogging of flow passages, fouling 

on system components and reduced efficiency of gasification. This paper addresses 

the effect of synthetic jet flow on soot formation. A pulsating synthetic jet flow was 

supplied by an actuator assembly and was directed 90 degrees to a vertical tube at the 

center of the flat flame burner through which pine sawdust with a size range of 63-112 

μm were fed into a reactor. Soot sampling and the laser extinction methods were 

employed to measure soot yield and soot volume fraction respectively. The gas 

composition was measured by a micro-GC. The results showed that the synthetic jet 

actuator modulated the dispersion of the powdered biomass particles in both hot and 

cold gas flows through generation of large scale structures in the flow. The forced flow 

also resulted in reduced agglomeration of particles and a significant reduction in the 

total amount of soot from 1.52 wt. % to 0.3 wt. %.  

Keywords:  Biomass, entrained flow gasification, vortex rings and soot. 
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1. Introduction 

Fossil fuel use is the primary source of CO2 emission. Global fossil fuel carbon 

emission has grown within years and in 2010, it reaches 9176 million tons.1 The 

transport sector accounts for 23% (globally) and 30% (OECD) of overall fossil fuel CO2 

emissions, making it the second largest contributor of CO2 emission sector after energy 

sector.2 In Europe, transport emissions have started to decline since 2008 but they 

were in 2012 still 20.5 % higher than those in 1990. A further reduction by 67 % would 

have to be achieved by 2050 in order to meet a binding EU target of 60% reduction 

compared to 1990.3 This requires adaptation of best available low CO2 technologies to 

renewable energy sources and long-term development of a range of new technologies 

that promote sustainable biofuels.  

Gasification in combination with catalytic conversion of the resulting syngas (a mixture 

of CO, H2, CO2 and other compounds) is an efficient, reliable and flexible process for 

the production of advanced biofuels. The gasification process must generate an ultra-

clean syngas in order to avoid deactivation of catalyst by contamination with impurities 

from the syngas.4 Accordingly, entrained flow gasification of biomass is a promising 

technology that is well proven in large-scale coal gasification to produce high quality 

syngas with very little or no tar content. Biomass is CO2 neutral and sustainable making 

it an ideal source of energy in a cost effective and environmentally friendly biofuel 

production aimed at eliminating fossil fuel in transports. As a result the research in 

entrained flow biomass gasification (EFBG), although limited, has been growing 

significantly in recent years.5–9  

The EFBG is operated at high temperatures (1000 - 1400° C) in order to achieve high 

carbon conversion within relatively short residence time. At high temperatures 

oxygenated tar undergoes secondary reactions in gas phase and decompose into light 

hydrocarbons, aromatics, oxygenates and olefins followed by formation of higher 

hydrocarbons and larger polycyclic aromatic hydrocarbons (PAHs) in tertiary 

processes.10 Detailed soot formation models have confirmed that soot forms via a 

growth of PAHs through hydrogen abstraction/acetylene addition (HACA) 

mechanism11 and migration reactions yielding formation of 5 and 6 membered aromatic 

rings.12 In the temperature range of EFBG, tar is reduced while soot production is more 

pronounced, with a result of high soot yields that in extreme cases can be as high as 

5-15 wt % of biomass input.6,13 Particulates accumulated in syngas during the EFBG 

mainly consist of soot 12 and unconverted soot in syngas leads to lower cold gas 

efficiency. Moreover, soot can accumulate in the quenching water 13, making cleaning 

system cost-intensive. Detailed kinetic models for soot formation have been under 

development for a long time but are still unable to predict soot formation in entrained 

flow gasifiers under varying conditions and with different fuels.16 For this reason, most 

of the parametric studies of soot formation in EFBG are experimental and they have 

demonstrated that soot production is noticeably affected by residence time, reactor 

temperature, excess air ratio, oxygen concentration and steam/carbon ratio. 6,7.   
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The entrained flow gasifiers are mainly operated at a range of low oxygen equivalence 

ratios (λ=0.3-0.4) to achieve high cold gas efficiency by avoiding combustion of 

energetic gases.5 In this range of λ values for wood powder in oxygen blown gasifiers, 

the particle mass loading ratios can be estimated to be around unity or slightly above, 

giving a rise to the formation of a dense cloud of particle in hot gas environment. Some 

research studies have reported that a particle surrounded by a dense cluster of 

neighboring particles is exposed to a different reaction environment than an isolated 

particle and this results in different ignition behavior17, pyrolysis and reaction rates18, 

and soot formation9. Dispersion characteristics of particle-laden flows are, therefore, 

of utmost importance for the optimization of the main gas composition and pollutant 

emission during gasification and combustion processes. The particle concentration 

does not depend on solely particle size since large-scale structures in the flow can also 

alter the particle concentration locally.19,20 Large-scale structures can be naturally 

present in jet flows due to background turbulence.21 However, it is also possible to 

enhance and control large scale coherent structures by using acoustic forcing. This 

method has been applied to particle laden flows to investigate the particle vortex 

interactions and the resulting dispersion of particles.19–25.  In gaseous flames, flame-

vortex interactions lead to variations in soot formation and distribution which are 

influenced by the reactant streams at which a shedding of vortices are initiated.26 

According to authors’ best knowledge, there are no experimental studies on the effect 

of acoustic forcing on soot formation in entrained flow biomass gasification.  

In this context, the present study aims to investigate the influence on pulverized 

biomass particle dispersion from synthetic jet flows and the resulting gas composition 

and soot formation in a laboratory scale atmospheric entrained flow biomass gasifier. 

Pulverized pine with a size class of 63-112μm was used as a representative of biomass 

feedstock and was gasified in the presence of a fuel rich laminar flat methane-air flame. 

Particle dispersion was controlled by an acoustic forcing method. Soot was measured 

by using both a sampling method and a non-intrusive 2-colour laser extinction method. 

2. Experimental Section  

Feed Materials 

Pine saw dust was used as a biomass feedstock for the atmospheric entrained flow 

gasification. Pulverized pine particles were screened to the size class of 60-112 μm 

with a sieving machine (AS200, Retsch Technology) and the corresponding size 

distributions of the powdered particles were then obtained by dynamic imaging 

analysis (CamSizer XT, Retsch Technology). The particle-size distribution data is 

plotted in Fig.1 in terms of the cumulative volume percentage, Q. The result of ultimate 

and proximate analyses are given in Table 1.  
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Figure 1. Cumulative size distribution of the powdered pine particles with a screen size 

class of 60-112 μm.  

Table 1. Property of the Pine Sample. 

 Method Value 
Moisture content, wt.%-w.b. SS 02 81 13-1 5.2 
Ash 550 ºC, wt.%-w.b.  0.5 
Higher heating value, MJ/kg-
d.b. 

 20.4 

Elementary composition   
Carbon, wt.%-d.b. EN 

15104:2011 
52.0 

Hydrogen, wt.%-d.b. EN 
15104:2011 

6.4 

Nitrogen, wt.%-d.b. EN 
15104:2011 

0.17 

Oxygen, wt.%-d.b. by difference 40.93 
Ash analysis   
SiO2, wt.%-d.b. ICP-SFMS 0.118 
Al2O3, wt.%-d.b. ICP-SFMS 0.0239 
P2O5, wt.%-d.b. ICP-SFMS 0.0092 
TiO2, wt.%-d.b. ICP-SFMS 0.00093 
K2O, wt.%-d.b. ICP-SFMS 0.0442 
Na2O, wt.%-d.b. ICP-SFMS 0.00713 
CaO, wt.%-d.b. ICP-SFMS 0.111 
MgO, wt.%-d.b. ICP-SFMS 0.0392 
Fe2O3, wt.%-d.b. ICP-SFMS 0.0166 
MnO, wt.%-d.b. ICP-SFMS 0.0141 
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3. Experimental equipment 

The experiments were carried out in a laboratory scale, atmospheric entrained flow 

gasification system. The idea behind the set-up is to simulate the conditions in the 

near-flame region of a large-scale entrained flow gasifier where hot syngas is partially 

combusted together with the oxidant that carries the fuel particles into the reactor. 

Simultaneously, the fuel particles will be advected through the very hot flame sheet 

where they will be rapidly heated and pyrolysis will commence. The equipment is 

mainly comprised of a gas supply unit, a biomass feeder, a synthetic jet actuator, a flat 

flame burner (FFB), a reactor tube, T-junction bottom chamber, a char collector, 

particle sampling system, cooling system and gas analysis system. The experimental 

setup is schematically illustrated in Fig.2.  

 

Figure 2. Experimental apparatus. 1. Gas cylinders. 2. Mass flow controllers. 3. 

Syringe type powder feeder. 4. Synthetic jet actuator 5. Flat flame burner with central 

tube. 6. Reactor with four optical ports perpendicular to each other. 7. Statistic and 

dynamic pressure sensors. 8. Char collection bin. 9. Quartz filter. 10. Gas exhaust. 

The flat flame burner used in the present study is a commercially available burner 

(Mckenna Flat Flame Burner by Holthuis & Associates) with a water cooled porous 

sintered disc and a central fuel tube. In this burner, the particles were carried into the 

reactor via the central fuel tube by a suspending gas stream (0.136 L min− 1, air). A 

premixed mixture of methane, CH4 (1.535 L min− 1) and air flows (11.69 L min− 1) was 

combusted to produce a free-standing fuel rich flame a short distance below the porous 

disc. A flow of nitrogen, N2 (6.794 L min− 1) is purged through an annular sintered 

bronze disc that surrounds the central porous disc to shield the laminar flame from air 
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entrainment. The flow rates of CH4, air and N2 (shield gas) were controlled and 

measured by mass flow controllers (EL-FLOW, Bronkhorst High-tech B.V.).  

A synthetic jet actuator was connected at a 900 angle to the central feed pipe via a 3/8” 

pipe and a Tee-union adapter (Swagelok) in order to create pulsations in the biomass-

carrier air flow over a range of frequencies and amplitudes. The synthetic jet actuator 

is comprised of a 4 ohm loudspeaker (ND140-4-5-1/4”, Dayton) as a vibrating element 

that is fitted into the volume of a cavity (259.6 mm3) having a centralized orifice of 4 

mm. A porous steel mesh was attached to the entrance of the arm of the Tee-union 

adapter to prevent the deposition of pulverized particles in the cavity and along the 

pipeline. The loudspeaker was driven by a sinusoidal signal that was generated by a 

data acquisition board (DT-9841-VIB, Data Translation) and amplified by an audio 

amplifier (Integrated amplifier A-10, Pioneer) prior to being sent to the loudspeaker. 

The synthetic jet actuator forms a jet with a zero-net mass flux by a periodic suction 

and ejection of an ambient fluid through the orifice induced by a movement of the 

diaphragm of the loudspeaker. A high sensitivity acoustic pressure sensor (106B, PCB) 

was mounted into the cavity to measure the magnitude of the resulting flow 

fluctuations, in terms of pressure oscillations (Prms), developed inside the cavity.  

The flat flame burner is installed on the top of a steel reactor. The reactor has four 

optical viewports (200 mm in length and 35 mm in width) that are aligned at 900 to each 

other. A 3mm-thick fused silica glass is used to provide optical excess for non-intrusive 

optical measurement techniques. The reactor outer walls are insulated by glass wool 

to minimize heat losses through the walls. The absolute and dynamic pressures in the 

reactor were monitored at the reactor outlet by a water-cooled piezo-resistive absolute 

pressure sensor (4049B05DS, Kistler) and a water-cooled high sensitivity acoustic 

pressure sensor (106B, PCB), respectively. 

The biomass particles were fed into the reactor under the action of the gravity and the 

airflow from a feeding system. More detailed information on the operating principles of 

the feeder can be found elsewhere. 9,27 

The reactor outlet is connected to T-junction bottom chamber that allows to collect the 

residual carbon from the char collector at the bottom of the reactor and to divert the 

resulting syngas to the sampling system via the branch arm. The syngas at the reactor 

outlet is allowed to flow sequentially through a particle sampling system, a cooling 

system and a gas analysis system. The particle sampling system consists of a glass 

membrane filter and a filter holder, which are directly connected to the sampling line. 

Total soot mass, deposited on the filter was evaluated by weighing the filter before and 

after sampling. The T-junction was heated by a stripe heater to prevent tar and moist 

condensation on the sampling system. The filtered syngas was cooled and dried by 

the cooling system prior to being sent to the gas analysis system. The flue gas was 

analyzed using a micro gas chromatograph (490 Micro-GC, Agilent Technologies), 

which can detect the volume fractions of hydrogen (H2), carbon monoxide (CO), carbon 

dioxide (CO2), oxygen (O2), nitrogen (N2) and some lighter hydrocarbons (methane 
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(CH4), acetylene (C2H2), ethylene (C2H4)) in flue gas. The resulting gas composition 

without solid fuel feeding was: H2=3.61 %, N2=91.13%, O2=0 %, CH4 =0 % and 

CO=3.21% for rich methane-air flame at air/fuel ratios of 0.8. 

In addition to the sampling method, soot was also measured in terms of volume fraction 

by a two-wavelength laser extinction method. This technique relies on measurement 

of the transmittance of two co-axial laser beams of different wavelengths, across the 

flame by collecting the intensity of the beams before and after it crosses the flame. The 

method was earlier successfully applied to soot measurements in coal 28,29 and 

biomass flames 9. In the present study, the dual line source with a modular fiber 

delivery system (Qioptiq, model: iFLEX-Gemini) was used to fire two co-axial laser 

beams at wavelengths of 405 and 640 nm. The intensity of the laser beams passing 

across the flame was measured with an integrating sphere (Newport, model: 819C-SL-

3.3) of which adapter mounts were equipped with sequentially two band-pass filters 

with a 10-nm bandwidth (Newport, model: 10MLF10-405 and 10BPF10-640) and two 

photodiode sensors (818-UV, Newport). The modular fiber delivery system and the 

integrating sphere were mounted on a traverse system so that the soot volume fraction 

could be measured over the whole reactor height. The experiments were repeated 

three times to investigate the repeatability of the experimental study and the results 

were obtained by averaging the repeated measures. 

 

4. Results and Discussion 

Figs.3a-b show the instant images of natural and forced biomass particle-air flows at 

particle mass loading ratio (mp/mair) of 1.3. The instantaneous images were obtained 

using a planar Mie scattering technique. Di-Ethyl-Hexyl-Sebacat (DEHS) with a particle 

size of 0.3 μm was used to trace the continuous phase. In Fig. 3a, it was observed that 

the pulverized pine particles tend to form agglomerates in the laminar airflow. Particle 

aggregates were also observed at even lower particle mass loading ratios (mp/mair ≈ 

0.47). When pressure oscillations at a forcing frequency of 35 Hz with a peak amplitude 

of Prms=1.106 kPa was guided to the feeding line, large vortex rings became more 

clearly discernable in the particle-laden flow (see Fig.3b). A similar experimental study 
24 conducted with an axisymmetric forced jet in a co-flow suggests that the boundary 

layer at the trailing edge of the central fuel tube produces pressure amplification, 

making it a kind of resonator where all the natural instabilities are excited.  
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(a) 

 
 

(b) 

 
 

(c) 
 

Figure 3. Snapshots of natural, undisturbed, cold flow (a), of forced cold flow at 

Prms=1.1 kPa (b) and of forced hot flow (c). Note that the pictures are represented in 

false color. 

Forcing the flow at any one of the natural frequencies of the system amplifies the flow 

disturbances and enhances the formation of large-scale vortex structures. In the 

present study, the synthetic jet flow gave the strongest periodic perturbations at the 

Strouhal number (= 𝑓 × 𝐿/𝑈, where f is forcing frequency, L is the characteristic length 

and U is the flow velocity) St of 0.6 which was in contrast with the one (St=0.3) obtained 

by other authors 24. The noteworthy difference in the St between the present and the 

previous aforementioned studies was that in the present study, the flow was initially 

laminar. Some other studies 32–34 conducted with initially laminar forced flows 
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confirmed that the optimum St was found to be around 0.6 which provides the 

maximum mixing rate between coaxial gas flows.  Also, the dispersion pattern of the 

biomass particles in the forced flow was changed drastically, in comparison to the 

unperturbed natural laminar flow. Very little or no particle agglomeration was observed 

in the forced flow. It is, although, very hard to point out the underlying mechanism that 

leads to break-up of particle aggregates, but it has been already clarified that shear 

flows drive aggregate break-up by both surface erosion of the constituent particles from 

the parent particles and a splitting of a larger aggregate into smaller  fragments.35 

Numerical studies36,37 have also confirmed that aggregate break-up and final 

aggregate morphology are dependent on shear rates and strength of inter-particle 

interactions. It would be expected that synthetic jet flow induced high local shear 

stresses, leading to formation of strong lift and hydrodynamic drag forces against the 

adhesive forces among the particle aggregates. As the synthetic jet flow was 

introduced into the central pipeline, break-up of agglomerates might occur not only in 

the burner nearfield, but also in the central pipeline. 

Fig.3c show a snapshot of vortex shedding in hot, reacting flow. The vortex structure 

was visualized by a planar Mie scattering technique using titanium (IV) oxide as tracer 

particles for continuous phase flow. It could be expected that thermal expansion due 

to the heat release from the flat flame would attenuate the growth of the vortex ring 

near the burner exit. 38 However, the vortex rings appeared to maintain their integrity 

throughout the hot gas stream. Based on the visual observations, the vortex rings were 

present throughout the hot gas stream at all forcing amplitudes studied as the synthetic 

jet actuator was mounted very close to the burner exit, resulting in strong pressure and 

flow perturbations even at the lowest forcing amplitude (Prms=0.07 kPa).  

Fig.4a shows the temperature profiles of forced and natural gas flows along the reactor 

centerline under reacting conditions. Thermocouple measurements were corrected for 

radiation losses. From the figure, it appears that the temperature profiles, up to 72.5 

mm from the burner outlet had similar trends for forced and natural reactive flows. After 

this point, temperature fell less steeply for the highest forcing amplitude. Temperature 

deviations (T=Tg,forced-Tg,natural) from the natural hot gas flow are reported for forced 

flows in Fig.4b. In a range of distance of 10-62.5 mm from the burner outlet, the 

temperature deviation dropped in the streamwise direction with increasing forcing 

amplitude, indicating the dominance of the strong flow dynamics on the gas 

temperature profile. However, beyond this range, the flow with the strongest forcing 

exhibited a much slower cooling than for lower forcings. The recirculating flow induced 

by the vortex ring may be responsible to produce the low temperature fields in forced 

flows by mixing of the hot gas flow (in the burner nearfield) with relatively cold gas flow 

(in the lower zone of the reactor). This observation agrees with the observation by 

Mansour et al.39 for highly stretched rich methane flames. It has been found that the 

maximum temperature decreases with increasing strain rates due to mixing with the 

pilot gases of low enthalpy. After 70 mm from the burner outlet, the temperature 

deviation increased in the streamwise direction with increasing forcing amplitude. 
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Liang and Maxworthy 41 has reported that as a vortex ring travels downstream, it grows 

at first in the streamwise direction and further downstream undergoes strong 

interactions (vortex pairing) resulting in  spreading of the major part of the jet. Shortly 

afterwards, the flow reaches a fully turbulent state where no distinct vortex can be 

observed. In this context, it would be expected that at this elevation, the disturbances 

were dissipated and the vortex ring died out with a result of increased local turbulence 

which increased mixing with the surrounding hot gases and thus local temperature. 

  
 

 

Figure 4. Temperature distribution (a) and temperature deviations for forced hot gas 

stream from unforced hot gas stream. Symbols: o Prms=0.00 kPa; + Prms= 0.07 kPa;  

Prms= 0.35 kPa; * Prms= 0.67 kPa; x Prms=1.10 kPa. 

The regular pattern of the shed vortices creates oscillating flows at a discrete 

frequency. A blue laser signal at four different heights, 33 mm , 48 mm , 88 mm and 

108 mm from the burner outlet was therefore decomposed into a frequency domain by 

a fast Fourier transformation (FFT). The results are illustrated in Fig.5, in terms of 

power of signal versus frequency. 

 

(a) (b) 
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(a) 

 
 

(b) 

 
 

(c) 

 
 

(d) 
 

Figure 5.  Fourier transformation of blue laser signal at four different distances from 

the burner outlet (a) 33 mm and (b) 48 mm (c) 88 and (d) 118 mm 

At a distance of 33 mm from the burner outlet, two discrete frequencies were obtained 

at 35 Hz and 70 Hz, which corresponded to the natural frequency and the first harmonic 

of flow oscillations. This reveals the presence of vortex shedding at this height. 

However, no strong discrete peak at 35 Hz could be observed further downstream, 

indicating that no vortex was present.  

Soot was measured by both sampling and a two-color laser extinction method, in terms 

of total soot mass per unit fuel mass (kg/kgfuel) and soot volume fraction (m3/m3), 

respectively. Fig.6a shows the total soot mass per unit fuel mass (kg/kgfuel) in both 

forced and natural flows as a function of the distance from the burner outlet. Total soot 

amount during biomass gasification is reduced with increasing forcing amplitude. At 

the forcing amplitude of 0.07 kPa, there was a steep fall in the total soot mass as it 

was previously mentioned that the lowest forcing amplitude (0.07kPa) still generated a 

strong vortex shedding. After an initial rapid drop in total soot mass, the total soot mass 
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was reduced linearly with respect to the forcing amplitude in the range of 0.07-1.106 

kPa. Fig.6b shows the local volume fraction of soot along the reactor height for natural 

and forced flows. The data obtained from the laser extinction measurements cannot 

be correlated directly with the total soot amount. Figure 5b shows that the volume 

fractions of primary soot particles were reduced, compared to the unperturbed flow, in 

the streamwise direction. Moreover, soot growth was delayed over a larger distance at 

high forcing amplitudes, for instance for Prms=1.106 kPa, soot volume fraction had a 

sharp increase in a region of 60-80 mm. After the peak point, the volume fraction of 

the primary soot particles was reduced. It would be expected to be constant since there 

was no available excess air to oxidize the primary soot particles and the temperature 

was also too low in this region (80-120 mm) for the gasification of the primary soot 

particles by carbon dioxide and steam. The sudden falls in the volume fraction values 

may be linked with the fact that after the peak point, the growth of the existing primary 

soot particles by surface reactions and aggregation was dominant over the formation 

of the new primary soot particles in the lack of oxygen, leading to an increase in the 

size of the primary soot particle and hence a reduction in the number of and the volume 

fractions of the primary soot particles detected by the laser extinction method. 

Additionally, the laser extinction method are insensitive to the soot particles or soot 

aggregates that are much larger than the wavelength of the laser beams. This would 

result in low volume fractions for the primary soot particles, the sizes of which were in 

the detection limit. A detailed chemical kinetic model11 for soot formation suggests that 

soot nucleation begins with PAH dimerization while individual PAH species keep 

growing via molecular chemical growth reactions. Accordingly, delay of the primary 

soot inception for Prms=1.106 kPa in the burner near-field (up to a distance of 60 mm 

from the burner outlet) may be interpreted as follows: while a vortex ring was 

propagating throughout the hot pyrolysis gases, the volatile gases including PAH 

molecules were ejected radially outward via the convective effect. This would increase 

the diffusion lengths for the gas molecules which in turn would be expected to delay 

the local accumulation of the soot precursor molecules and hence inception of the 

primary soot particles. Recalling the Fig.4b, in the near burner field, the temperature 

difference with respect to the undisturbed hot flow were small and this would not be 

expected to have a significant impact on the formation of primary soot particles. When 

the vortex rings were dissipated into the smaller turbulent eddies, the turbulent diffusion 

was dominated over the convective effect, resulting in a rapid mixing. This led to fast 

accumulation of the soot precursor and hence fast soot nucleation which gave sharp 

increase in soot volume fraction.  
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Figure 6. Total soot mass with respect  to forcing amplitude (a) soot volume fraction 

along distance from the burner outlet (b) Symbols: o Prms=0.00 kPa;  Prms=0.07 kPa; 

x Prms=1.106 kPa. 

 

5. Conclusion 

Experiments have been performed in a laboratory scale entrained flow gasifier to study 

soot formation and the possibility of suppressing soot in the syngas by active 

perturbation of the flow with a synthetic jet actuator that creates a pulsating flow in the 

fuel feed pipe. The fuel was pine sawdust and it was gasified over different amplitudes 

of pressure oscillations at the forcing frequency of 35 Hz. The results can be 

highlighted as follows: 

 Synthetic jet flow directed into the biomass feeding line generated vortex 

shedding that created a train of vortex rings that propagated in the axial direction 

through the reactor. The vortex rings enhanced the dispersion of biomass 

particles (larger average interparticle distance) and broke up particle 

agglomerates. The vortex rings also increased the non-uniformity in the flow 

with regions of high strain rate (in the vicinity of the vortex rings) separated by 

regions with low strain rate (between the vortex rings).  

 The gas temperature decreased faster along the axial direction with increasing 

forcing amplitude. The gas temperature profile with forcing relative to that of 

natural laminar flow showed two different trends in two different flow regions: 

From 10 mm-72.5 mm from the burner outlet, the temperature deviation was 

increasingly negative with increasing forcing amplitude, and 72.5 mm to 120 

mm, where the temperature deviation was increasingly positive with increasing 

forcing amplitude. 

 Soot was measured by both sampling and a two-color light extinction method. 

Total soot was reduced from 1.52 wt.% to 0.3 wt.% when synthetic jet flow was 

(a) (b) 
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supplied at Prms of 1.106 kPa. Moreover, the total soot mass fraction was, after 

an initial very rapid drop, reduced linearly with increasing forcing amplitudes.  

 The local soot volume fraction, measured with the light extinction method that 

is only sensitive to small primary soot particles, exhibited a peak about 60 mm 

downstream of the burner. The peak value was reduced when the synthetic jet 

actuator was turned on and the reduction increased with increasing strength of 

the perturbation.  

 The two-color laser extinction measurement allows not only to measure local 

(along the line of sight) soot volume fraction, but also to extract information 

about the presence of large-scale structures. The light power spectrum had two 

clear peaks at 35 Hz and 70 Hz close to the burner outlet. Further downstream 

the peaks had disappeared indicating that the vortex rings had been completely 

dissipated there. 
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