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Abstract 
 

The already noticeable effects of global climate change motivate the need for technological 
improvements for energy production based on renewable energy sources. One of the many 
possibilities for greenhouse gas emission reduction is the use of biomass as a fuel source, as it is 
considered CO2-neutral. However, any technological development or improvement requires the 
understanding of its fundamental underlying processes, motivating the experimental research. 

Reactor-scale computer fluid dynamics (CFD) simulations usually disregard the implications of the 
elongated shape of biomass particles (high aspect ratio: AR, defined here as the ratio of major to minor 
dimension) and their morphological changes during devolatilization for their heat-transfer and fluid-
dynamics behavior. In addition, solid-fluid interactions are prone to take place in highly seeded flows, 
potentially causing heat and mass transfer limitations during thermochemical conversion. Although 
there is sufficient experimental evidence supporting that particle morphology affects the 
devolatilization rate and the motion of the individual particles in a particle-laden flow, there is a lack 
of experimental data documenting the morphological transformations during biomass devolatilization 
and the heat and mass transfer limitations due to solid-fluid interactions. 

This thesis aims to study the effect of process parameters (particle shape and heating rate) on biomass 
devolatilization from an experimental point of view, and to compare the outcome with state-of-the art 
CFD simulations.  

Experiments have been performed using imaging techniques in a flame-assisted, drop-tube reactor 
with optical access, to extract information relevant to the improvement of multi-particle 
devolatilization models. These models could be of interest for different suspension firing techniques, 
such as entrained flow biomass gasification (EFBG) and oxyfuel combustion. In this work, we have 
documented the morphological transformations and fluid dynamics behavior during biomass 
devolatilization in relation to the initial particle shape and operation conditions relevant to suspension 
firing technologies. In addition, we have observed an interesting phenomenon related to the fast 
release of volatile matter during pyrolysis that affected significantly the particle fluid dynamics. We 
have also performed CFD simulations to observe whether taking into account the phenomenon 
described in this work can help to reproduce better the experimental results. Future work should aim to 
provide a better model for this phenomenon, and to complement the current results with thermometric 
and spectroscopic measurements, which can draw a better insight on the transformations taking place 
during devolatilization. 

The results of this thesis reveal the presence of a rocket-like force on particles derived from 
momentum exchange during fast devolatilization, and the heterogeneous deceleration of the particles 
within a devolatilizing stream. Comparison of experimental data with CFD simulations indicate that 
ignoring the consequences of phase change and fast momentum exchange during devolatilization will 
result in great discrepancies with reality, underestimating the average particle residence time and 
velocity field for a devolatilizing jet. Thus, the optimization of suspension firing technologies for 
biomass fuels requires the consideration of the results presented in this thesis. 

 

  



 
 

Quid est veritas? 
Veritas est adaequatio intellectus et rei 

 
What is truth? 

Truth is the correspondence between reason and the measurable world 
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1. Introduction  
 
The exponential increase of anthropogenic greenhouse gas (GHG) emissions since the first industrial 
revolution has been related to the global temperature increase, making the signs of climate change 
notorious globally [1]. Despite all remedial measures proposed with the current technologies for GHG 
emissions reduction and sequestration, climate change is at the moment irreversible [2]. The most 
optimistic predictions reflect that the global-mean temperature rise will not decrease below 1.5 °C 
relative to pre-industrial times before the end of the 21st century [3]. Therefore, immediate action at 
global scale is required to shorten the remediation time, requiring better means to sequester and reduce 
GHG emissions, solving the problem of instantaneous electricity consumption and production, as well 
as boosting the use of alternative renewable energy sources. 

Forestry biomass is currently the most cost-effective mechanism for carbon capture available globally 
[4], with the additional benefit of being a CO2-neutral fuel and having great potential for 2nd 
generation biofuel production [5]. Power generation from biomass fuels, combined with carbon 
capture and storage (CCS) can achieve negative GHG emissions and co-firing with other fossil fuels 
can reduce the carbon footprint [6,7]. 

Harvesting biomass resources for electricity generation or biofuel production at country scale is not 
always feasible and is prone to soil depletion, pollution and deforestation [8]. Alternative biomass 
sources obtained sustainably as by-products from the primary sectors or from waste are preferable for 
energy production. However, biomass fuels are usually penalized by high moisture and low energy 
content, sometimes requiring an energy densification stage by means of biological or thermochemical 
conversion [9]. Gasification is a viable technology for power and high-end value fuel production [10], 
which historically has been an alternative during fossil fuel shortages [11]. Renewed interests in 
gasification since 2016 are motivated by the Paris agreement and the instability of oil prices [12]. 
However, despite the availability of different gasification technologies, highly efficient reactors are yet 
to be developed for successful commercialization and operation worldwide [13]. Efforts should be 
focused in the production of quality synthesis gas for upgrading or direct combustion, which require 
minimum tar content [14]. 

Entrained flow biomass gasification (EFBG) is able to produce clean syngas, suitable to be burnt in a 
gas turbine or upgraded into higher value fuels without the risk of fouling the catalyzers. In addition, 
the technology can be easily scaled up and is versatile with respect the feedstock type. However, it 
requires very small particles, making necessary a preliminary grinding, which can become very costly 
at obtaining small size fractions [15]. In addition, due to the fibrous nature of biomass, grinded 
particles tend to have a high aspect ratio, AR, (defined as maximum over minimum particle 
dimension), the extent of which, depends on the grinding technology and the biomass type [16]. 
Reactor optimization requires fundamental understanding of the implications of the many fuel 
idiosyncrasies on the conversion behavior, for which experimental observations in laboratory scale 
conditions can be very useful [17]. However, wood properties as a fuel are very variable, depending on 
the part of the tree, the region where they are cultivated and the direction of the grain [18]. In addition, 
heterogeneity of these properties is enhanced by high aspect ratios and change dynamically during 
thermochemical conversion [19]. 

In EFBG, particles are advected in a hot reaction environment very rich in gasification products, (CO2, 
H2O, CH4…), volatile matter and soot. Here the particles must go subsequent drying and 
devolatilization stages. In commercial EFBG reactors, access to the devolatilization zone is generally 
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restricted and due to the harsh environment, optical and laser diagnostics methods might lack spatial 
resolution. Experiments in smaller scale might not be representative of the events taking place under 
real conditions. However, these types of fundamental experiments can provide a better understanding 
on the phenomena in single particle and multi-particle scale, and help to validate models for CFD 
simulations. 

In this thesis, the influence of aspect ratio and the flow rate of CO2 as carrier gas has been 
investigated, in relation to the devolatilization behavior of particles advected in co-flow with the hot 
combustion products of a fuel-rich CH4/CO2/O2 premixed flame. We have used image analysis and 
particle tracking velocimetry to obtain time-averaged and time-resolved information of particle 
morphology and velocity during conversion. The information provided in this thesis has helped to 
broaden the understanding of particle conversion during devolatilization, showing discrepancies with 
the current models used for CFD simulations. In the course of this work, we have also found an 
interesting phenomenon related to the fast volatile release during biomass devolatilization, which has 
very important implications on the particle fluid dynamics and thermochemical conversion. These 
results could help to develop better multi-particle models for biomass devolatilization, for the 
optimization of EFBG and oxyfuel combustion reactors, as well as increasing the fundamental 
knowledge on the field of multi-particle conversion. 

 
-Research questions to be answered: 

RQ1: How does aspect ratio and operational parameters affect the particle morphology and motion 
dynamics during devolatilization? 

RQ2: How does transitory swelling of biomass particles relate to particle deceleration? 

RQ3: Do models accounting for aspect ratio and a force due to fast momentum exchange replicate the 
experimental results? 
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2. Background 

2.1. Biomass devolatilization in suspension firing technologies 
Devolatilization is a heat-driven process causing volatiles to be released from the particle. Generally, 
this stage takes place after drying, and is followed by char burnout. In suspension firing technologies, 
biomass particles are advected into a hot reaction environment with a stream of carrier gas. After their 
entrance, particles begin sequential processes of drying and devolatilization, releasing up to 80% their 
initial mass in the form of gas and tar during a short period of time [20]. A fast onset and short length 
of the devolatilization stage is crucial for self-sustained entrained-flow gasification or for the stability 
of pulverized flames [21]. However, many of the processes involved in devolatilization are 
endothermic, being this the reason for which it is a stage mainly driven by heat transfer [22]. 
Therefore, active control measures of the reaction conditions, such as modifying the flow rates of fuel 
and gas -which affect the heat transfer mechanism to the particles- can modify the onset and rate of 
devolatilization [23–25]. In addition, the dynamics of thermo-physical properties of the particles 
during conversion will also affect the time and length scales of the devolatilization stage [26]. 
In industrially realistic conditions, devolatilization is promoted by good mixing and radiation from the 
walls, the gas and the incandescent matter produced during conversion (soot and char) [27]. On the 
other hand, fuel and carrier gas can act as thermal ballasts, and locally high concentrations of fuel can 
shield from access to oxidant or heat flux (group phenomenon), hindering reactions [28]. Therefore, 
mixing and recirculation are promoted, for example, by increasing the flow angular momentum, or 
recirculating product gas [29].  

Devolatilization can be accompanied by complex physicochemical transformations of the fuel 
particles, such as changes in size, shape, internal porosity, apparent density or melting behavior [30]. 
These determine the quality of the char, tar and gas for subsequent stages [14]. In addition, particle 
group phenomena can occur at high fuel volume fractions by shielding other regions from efficient 
heat and mass transport [31]. However, the transient behavior of devolatilization cannot be generalized 
for all pulverized feedstocks at single and multi-particle scales, due to the many uncertainties in the 
inputs for fundamental models, especially for biomass fuels [19]. These uncertainties involve the 
initial size, shape and composition of the fuel particles, local fuel concentration in the jet, phase and 
thermochemical properties of the reacting particles or release rate and composition of the volatiles. 
The assumptions taken for any devolatilization model must accommodate to these uncertainties, so 
that accurate predictions can be made for the scale of interest. It is therefore crucial to broaden the 
knowledge of biomass conversion at multiple scales for carefully controlled feedstock sources, to 
understand how active control measures of suspension-fired techniques affect devolatilization. 

Ideally, simultaneous spatial and time resolved experimental measurements of particle size, shape and 
volume fraction, as well as temperature, velocity and composition of the particles, volatiles and gas 
could provide a realistic picture of the phenomena taking place during devolatilization. However, this 
is technically a very complex task, at least for the multi-particle scale. Single particle experiments can 
provide a very useful peek to the real events taking place during conversion, but might misrepresent 
reality, neglecting multi-particle effects. On the other hand, experiments at pilot scale take place in too 
harsh environments for non-intrusive, high-speed imaging techniques combined with laser diagnostics. 
Therefore, in-situ laboratory experiments at an intermediate scale between single particle and 
industrial conditions can provide an approximate picture of the reality under devolatilization in 
industrial burners, although measuring only a fraction of all the previously mentioned parameters. 
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Experiments at laboratory scale should represent conditions near burner outlet of industrial suspension 
fired burners, which, for the case of entrained flow biomass gasification are represented by: 

• High particle slip velocity to enhance convection  
• Very high heat flux obtained from a combined effect of radiation and convection, promoting 

fast devolatilization. 23-30 MW/m2 
• Fuel rich conditions, due to the high flux of particles required for stoichiometric conditions. 

Particle volume fraction higher than 10-4. During devolatilization, the external parts of the jet 
might have locally different gas composition due to external recirculation. 

Table 1 compares the operation conditions achievable by the laboratory-scale reactor used in this 
thesis and a common industrial pulverized fuel burner. It is clear from this table that the laboratory-
scale reactor is not able to reproduce completely the reaction conditions typical of an industrial burner, 
specifically for the gas velocity. However, the ratio of thermal input to fuel flux is higher for the 
laboratory scale conditions. The Reynolds number indicates laboratory conditions are lacking high 
turbulence. However, the laboratory-scale reactor is still able to provide a very fast heating rate to the 
particles, similar to the one experienced by the particles at the edges of a pulverized jet of an industrial 
burner. 

 
Table 1: Comparison of operation conditions between the laboratory scale reactor used for this work and a common 
industrial burner 
 Laboratory-scale reactor Industrial burner[32] 
Thermal input [kW] 0.028 1000 
Gas velocity [m s-1] 0.08 7.2 
Reynolds number of jet 30 30500 
Fuel flux [kg m-2 s-1] 0.049 6.0 
Ignition method Methane flame 
Optical access Yes No (black box) 
 
During pyrolysis, particles release gas and volatile matter from the breakage of the least energetic 
bonds within the complex wood polymers, and the remaining molecules recombine to form char. At 
very high heating rates, polymer chain breakups are promoted rather than char formation, increasing 
the yield of volatiles [33]. In some cases, especially for feedstocks rich in cellulose or lignin, polymer 
chain breakups can give rise to an unstable intermediate liquid phase [34,35]. Melting during 
devolatilization promotes the very characteristic morphological changes during devolatilization that 
can be found for experiments at high heating rates, such as shrinking or spherodization [36]. The 
presence of a molten phase at high temperature can also cause reactive boiling, increasing the porosity 
and decreasing the apparent density of the particle [37]. Pressure can also build up in the particle, 
causing swelling [38] , micro-explosions [39], or fast directional gas release from the particle [40]. 
Figure 1 (a) and (b) were obtained using a temperature controlled vertical drop-tube furnace at 1000 
°C for pinewood, and beechwood respectively, showing the influence of melting during 
devolatilization for the pinewood particle. 
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Figure 1: Scanning electron microscopy images of char particles obtained with a drop tube furnace reactor at 1000 
°C. (a) is a molten char particle from pinewood, (b) is char from beechwood, preserving its initial porous structure. 
Images obtained from [41] 

2.2. Consequences of particle morphology on gas-particle dynamics 
Grinding is conditio sine qua non prior to pulverized suspension firing [15]: It reduces the particle 
size, which helps conversion and makes the size distribution homogeneous, achieving a more 
predictable outcome during conversion. However, lignocellulosic biomass contains many long and 
intertwined fibrous structures composed by cellulose microfibrils, aligned with the plant’s direction of 
growth. These fibers make the wood’s resilience highly anisotropic, being highest in the longitudinal 
direction of the fibers, both for traction and shear. Therefore, when grinded or chopped, wood tends to 
break following these fibrous structures, resulting in very elongated particles [42]. In addition, 
grinding becomes increasingly expensive as the particles approach the very small scales. For EFBG, 
spherical equivalent particle diameter can be in the order of 1 mm [43]. 

In addition, porosity in biomass also presents directionality, since all plants require a vascular system 
to carry up and down nutrients and water to the cells [16]. The vascular system of plants is composed 
by hollow cells, which also provide structural integrity from the cellulose fibers in their walls. 
Therefore, most of the pores in the wood are also aligned with the main direction of the cellulose 
fibers, especially for gymnosperms, also known as softwoods. 

When suspended or carried by a gas flow, the forces acting on a particle can be written as: 

𝑚𝑚𝑑𝑑𝑣𝑣𝑝𝑝
𝑑𝑑𝑑𝑑

= 𝐹𝐹𝑔𝑔𝑔𝑔𝑔𝑔𝑣𝑣𝑔𝑔𝑑𝑑𝑔𝑔 + 𝐹𝐹𝑏𝑏𝑏𝑏𝑏𝑏𝑔𝑔𝑔𝑔𝑏𝑏𝑏𝑏𝑔𝑔 + 𝐹𝐹𝑑𝑑𝑔𝑔𝑔𝑔𝑔𝑔 + 𝐹𝐹𝑙𝑙𝑔𝑔𝑙𝑙𝑑𝑑 + 𝐹𝐹𝑏𝑏𝑑𝑑ℎ𝑒𝑒𝑔𝑔𝑒𝑒 (1) 

Where the left-hand side of the equation represents the time derivative of particle momentum, m 
stands for particle mass and vp is particle velocity.  

On the right hand side, the forces acting on the particle include the weight of the particle (Fgravity), and 
the buoyant force caused by the displacement the fluid in which the particle is submerged (Fbuoyancy). 
Generally, buoyancy doesn´t play an important role, since usually, the apparent density of the particles 
is much higher than the gas. Therefore, buoyancy is not a problem unless the particle is highly porous. 
In that case, the apparent density of the particle can be much lower than the skeletal one, therefore the 
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particles can experiment an upward buoyant force with the same order of magnitude as drag or weight, 
corresponding to the simple application of the Archimedes principle: 

𝐹𝐹𝑏𝑏𝑏𝑏𝑏𝑏𝑔𝑔𝑔𝑔𝑏𝑏𝑏𝑏𝑔𝑔 = −𝜌𝜌𝑔𝑔𝑉𝑉𝑝𝑝𝑔𝑔 (2) 

Where ρg is the gas density, Vp is the displaced volume of gas by the particle and g is gravity. Particle-
fluid interactions can be affected by the Stefan flow from the interface of gas and particle, since it will 
increase the thickness of the velocity boundary layer. Therefore, buoyant forces and momentum 
conservation become increasingly important parameters to consider as devolatilization proceeds, but 
unfortunately few parametric experimental studies have addressed this problem from a multi-particle 
scale.  

The drag force on the particle opposes its movement and consists on a combination of forces due to 
the pressure and shear stresses for the undisturbed flow, the dynamic resistance to the particle 
acceleration through a fluid due to viscosity and the exchange of momentum with the fluid. 

All forces causing drag can be grouped into a single drag force, which can be modeled using a non-
dimensional drag coefficient CD: 

𝐹𝐹𝑑𝑑𝑔𝑔𝑔𝑔𝑔𝑔 = −𝐶𝐶𝐷𝐷
𝜌𝜌𝑔𝑔𝑣𝑣𝑠𝑠𝑠𝑠𝑠𝑠𝑝𝑝

2 𝐴𝐴
2

 (3) 

Where Fdrag represents all the drag forces, ρg is the gas density vslip is the relative velocity between 
particle and fluid and A is the reference area, which depends on the shape of the particle. For most 
cases, the Schiller-Naumann model for the drag coefficient is applicable [44]: 

𝐶𝐶𝐷𝐷 = 24
𝑅𝑅𝑒𝑒𝑝𝑝

(1 + 0.15𝑅𝑅𝑒𝑒𝑝𝑝0.687) (4) 

Where Rep stands for the particle Reynolds number, calculated as: 

𝑅𝑅𝑒𝑒𝑝𝑝 = 𝑑𝑑𝑝𝑝𝑣𝑣𝑠𝑠𝑠𝑠𝑠𝑠𝑝𝑝
𝜗𝜗

 (5) 

dp would be the characteristic dimension of the particle, vslip is the relative velocity between particle 
and fluid and 𝜗𝜗 is the kinematic viscosity of the fluid. 

Particle shape also affects how the flow field and particle rotation can give rise to heterogeneous 
pressure distributions within the particle, therefore affecting the drag and lift. Hölzer and Sommerfeld 
[45] proposed a correction of the drag coefficient based on particle orientation of the major axis of 
prolate spheroids with respect the direction of motion: 

𝐶𝐶𝐷𝐷 = 8
𝑅𝑅𝑒𝑒𝑝𝑝

1
�𝜙𝜙∥

+ 16
𝑅𝑅𝑒𝑒𝑝𝑝

1
�𝜙𝜙

+ 3
�𝑅𝑅𝑒𝑒𝑝𝑝

1

𝜙𝜙
3
4

+ 0.42400.4(−log𝜙𝜙)0.2 1
𝜙𝜙⊥

 (6) 

Where CD is the drag coefficient, Rep is the particle reynolds number and ϕ is particle orientation. 

Lift forces are also a combination of forces caused by uneven pressure distribution within the particle 
surface (Saffman force) or due to the pressure differential caused by particle rotation (Magnus force). 
As with drag forces, the lift force on a particle can also be made non-dimensional with the use of a lift 
coefficient that accounts all lift forces, CL: 
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𝐹𝐹𝐿𝐿𝑔𝑔𝑙𝑙𝑑𝑑 = 𝐶𝐶𝐿𝐿
𝜌𝜌𝑔𝑔𝑣𝑣𝑠𝑠𝑠𝑠𝑠𝑠𝑝𝑝

2 𝐴𝐴
2

 (7) 

Where FLift is the lift force. A numerical solution for the lift coefficient taking into account the Magnus 
and Saffman forces for rotating prolate spheroids was developed by Jeffery [46]  and Rosendahl [47]. 

The rest of forces that can act on the particles are called “body forces”. In the case of the fast release 
of gas from particles preserving their structural integrity, conservation of momentum will produce a 
reaction force on the particle, thereafter called “jet effect”.  Assuming that the macropores of the 
particles coincide with the major axis of the particles, Elfasakhani et al. [48] provide a formula for 
momentum conservation that can be applied to obtain a rocket force for a dried particle, contributing 
to the last term of the momentum equation: 

𝐹𝐹𝑔𝑔𝑏𝑏𝑏𝑏𝑟𝑟𝑒𝑒𝑑𝑑 = 𝑆𝑆
�𝑑𝑑𝑚𝑚𝑣𝑣𝑣𝑣𝑠𝑠

𝑑𝑑𝑑𝑑 �
2

𝐴𝐴𝑐𝑐𝑐𝑐𝜌𝜌𝑔𝑔
 (8) 

Where Frocket is the force in N, S is a parameter from -1 to 1 accounting for the direction of the release 
of gas with respect of the main axis of the particle, 𝑚𝑚𝑣𝑣𝑏𝑏𝑙𝑙 is the mass of volatiles, Aca is the reference 
area of the particle and 𝜌𝜌𝑔𝑔 is the density of the gas.  

2.3. Heat and mass transport limitations during devolatilization 
Devolatilization rate can be controlled by chemical, heat or mass transport resistances, which vary 
dynamically with the particle temperature and stage of conversion [49]. Traditionally, the ratio of 
internal and external heat transport resistances provides a higher limit for the particle diameter for 
which the interior of the particle can be considered isothermal, in which case only external convection 
or chemical kinetics control the devolatilization of the particle (Bi<=0.1) [50]. However, as previously 
mentioned, lignocellulosic biomass particles tend to be elongated, exhibiting anisotropic thermal 
properties depending on the direction with respect the main axis of the particle. Therefore, an 
elongated particle could exhibit transient internal temperature gradients while a spherical one with its 
same minimum dimension would fall within the isothermal regime [51]. The ratio of pyrolysis or 
devolatilization rate to the external or internal heat transfer resistance defines the Pyrolysis number, 
leaving chemical kinetics control for very small particles at high heating rates, which due to the 
heterogeneity of the fuel size fractions is not an entirely realistic assumption. In addition, as 
devolatilization proceeds, phase change and gas release from the gas-particle interface can drastically 
affect the internal and external heat transport mechanisms, varying the Nusselt number [52]. 
Furthermore, locally high volume fractions can also include an additional external resistance to heat 
transfer, by shielding radiation and decreasing the temperature of the gas, giving rise to group particle 
phenomena [31]. 
External convection to the particles is usually modelled with the famous Ranz-Marshall correlation. 

𝑁𝑁𝑁𝑁 = 2 + 0.6𝑅𝑅𝑒𝑒
1
2𝑃𝑃𝑃𝑃

1
3, (9) 

 
However, for the case of very elongated particles, corrections are required, such as the model proposed 
by Kishore-Gu [53]. 

𝑁𝑁𝑁𝑁 = 2𝐴𝐴𝑅𝑅0.3𝑃𝑃𝑃𝑃0.4 �0.4𝑅𝑅𝑒𝑒𝑝𝑝0.5𝐴𝐴𝑅𝑅0.83 + 0.06𝑅𝑅𝑒𝑒𝑝𝑝
2
3𝐴𝐴𝑅𝑅0.1� (10) 

Where Nu is the Nusselt number, AR is aspect ratio, Pr is the Prandtl number and Rep is the particle 
Reynolds number. 
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2.4. Limitations of the current devolatilization models 
It is difficult to accurately predict the devolatilization behavior of particles under heat and mass 
transfer limitations using conventional single particle models, due to the uncertainty of fuel and input 
data for the models. Assumptions and empirical models become necessary, since it can be very 
computationally expensive for CFD simulations to include detailed chemistry and fluid dynamics 
models for every particle. In some cases, it is unknown whether considering some effects is important 
enough for the outcome of a simulation, requiring experimental measurements or detailed simulations. 

CFD simulations depend in accuracy on the lengthscale they can resolve, increasing in computational 
cost with very small turbulence lengthscales (i.e.: approaching the Kolmogorov scale). LES 
simulations are becoming more available due to the increased capacities of high-performance 
computers, however, direct numerical simulation at reactor scale is still impractical. 

Several assumptions are done in reactor-scale simulations to simplify the calculations: 

• The flow and chemistry are not resolved for every individual particle  
• Particles are usually considered spherical with a shape correction, ignoring whether the spatial 

orientation of the particles or they tendency to spin and turn could affect their flow motion. 
• The size and shape and phase changes of particles are not usually considered and matter a lot 

for the prediction of flow motion, particle dispersion and gas composition during conversion. 
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3. Methodology 
An experimental methodology was developed to understand the possible implications of particle shape 
on the devolatilization behavior of biomass particles, and their interaction with the active measures for 
the control for the onset and length of devolatilization stage under conditions relevant for entrained 
flow biomass gasification.  

Spruce stemwood particles have been segregated by aspect ratio into elongated and equant, and a drop 
tube reactor where heat was provided by an under-stoichiometric CH4/O2/CO2 flame was used to 
achieve similar atmospheres to those found in the near burner zone of entrained-flow gasifiers and 
oxy-fuel burners. Experiments were performed at two different carrier gas flows to simulate the active 
control reaction conditions taken place at industrial burners to control the onset and stability of the 
devolatilization stage. 

3.1. Experimental setup and feedstock preparation 
Norwegian Spruce is a coniferous tree from the group of gymnosperms. It was chosen as feedstock for 
this research due to its availability in the northern region of Europe, where it is the most abundant 
softwood cultivar. An additional benefit of the choice of this type of wood for an experimental study is 
its low variability of apparent density, independent of the source and part of the tree. It also contains a 
very high amount of volatile matter, promoting jet-like phenomena during devolatilization. Spruce 
stemwood is also poor in ash content, which is beneficial for experimental studies, minimizing the 
effect of additional thermal ballasts. 

Particles have been segregated by aspect ratio from the same batch of a narrow sieve size fraction from 
200-250 µm. The two samples of particles can be seen in Figure 2, taken with an optical microscope. 
The less elongated particles are not perfectly spherical, since they still present irregular shapes. 
Therefore are called equant. Table 2 contains the composition of the biomass particles. 

The experiments for this work were carried in a drop tube reactor setup represented in Figure 3. 
Particles were advected in the reaction zone from the inlet with a carrier flow of CO2 gas. Two 
different flows of carrier CO2 were used to emulate the effect of increase in the carrier gas flow as an 
active control measure of the onset and length of the devolatilization stage. 

 

 
Figure 2: Optical microscope images of the two shapes of spruce particles used for the experiments: (a) elongated 
particles, (b) equant particles 
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Table 2: Ultimate composition and ash analysis of the biomass samples 
  Method High AR Low AR 
Higher heating value, MJ kg-1, dry basis  19.8 19.8 
Elementary composition, % on dry mass basis   
 Carbon EN 15104:2011 49.5 49.5 
 Hydrogen EN 15104:2011 6.1 6.1 
 Nitrogen EN 15104:2011 0.1 0.2 
 Oxygen by difference 44.46 45.20 
Ash analysis, mg/kg on dry mass basis, raw sample    
 Al ICP-SFMS 8.29 
 Ca ICP-SFMS 815 
 Fe ICP-SFMS 16.7 
 K ICP-SFMS 580 
 Mg ICP-SFMS 86.9 

 
 

 
Figure 3: 3D schematic representation of the reactor setup 
 
The optical access of the reactor is used for high speed imaging diagnostics techniques. These allow 
simultaneous, non-intrusive and spatially resolved measurements of size, shape and velocity of the 
reacting particles from the light scattered from a thin laser sheet. The images obtained were submitted 
to image processing techniques, in order to obtain binary masks of the particles. Centroid cross-
correlation between frames was used to obtain temperature and reconstruct the tracks followed by each 
particle. Figure 4 contains images with the steps taken by the image processing method to obtain the 
binary masks of the particles. More information about the image processing methodology can be 
found in the appended papers. 

The experimental campaign performed with this reactor tried to observe the influence of heating rate 
and particle shape. Heating rate was modified using the amount of carrier gas flow for a similar flow 
rate of biomass particles. Figure 5 represents the intensity of disperse incandescent matter released 
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during devolatilization versus the residence time of the gas. Clearly, the onset of devolatilization was 
observable earlier for the cases at low gas flow, indicating that for these experimental conditions the 
heating rate was higher. 

 

 
Figure 4: Image processing steps to obtain binary masks from the particles 
 

 
Figure 5: Normalized pixel intensity of the disperse incandescent matter for all experimental conditions 
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3.2. 2D-PTV  
Velocity measurements from gas and particles were extracted from the post-processed images of the 
experiments after a pixel-distance calibration of the field of view. Different methodologies are 
required for gas or particle velocity measurements. For gas flow measurements, seeding particles must 
be small enough to be entrained in the flow and if they need to be used under hot conditions, they must 
be also refractory and non-reactive.  Gas velocimetry using imaging techniques takes advantage of 
Mie scattering for particles hit with laser light with a wavelength in the same order of magnitude as the 
particles using a method known as particle interferometry velocimetry (PIV). For particles larger than 
the laser wavelength and within the resolution of the optical system, simultaneous measurements of 
velocity and morphology can be obtained with a combination of image processing and particle 
tracking velocimetry (PTV). However, the methodologies and results obtained from the two 
measurement methods are different. 

PIV accounts the displacement of a group of seeding particles between two images by cross-
correlation of a particle density function (PDF). This function is calculated for pre-defined regions of a 
grid, also called interrogation areas (IA). The method is deemed accurate when a sufficient number of 
seeding particles are contained within each IA, (generally more than 8). For conventional PIV, the grid 
of IAs is regular, while for Adaptive PIV, the size of the interrogation areas varies with the average 
particle density. As a consequence, the velocity vectors are snapped to the grid centers (Eulerian 
approach). On the other hand, PTV calculates velocity by solving the cross-correlation matrix of 
particle positions between two frames, without using PDFs and interrogation areas. Thus, the velocity 
vectors are snapped to the instantaneous particle positions (Lagrangian approach). The main constraint 
for accuracy is limited by particle detection and the mathematical method used for solving the cross-
correlation problem, which is affected by overlaps, high displacements or out-of-plane movements. 
Therefore, in opposition to PIV, low particle density is very beneficial for velocity correlation. At high 
particle densities, the solution to the cross-correlation matrix is not trivial and produces outliers. 

To resolve particle size and shape, the experimental methodology must be able to accurately calculate 
the size distribution of the particles in comparison to standardized and commercial methods. In 
addition, to achieve two-dimensional spatial resolution, for a non-reactive particulate flow, the average 
particle dimensions should remain constant for all the measurement regions. 

Particle size fraction analysis obtained with the image analysis for PIV under cold flow conditions was 
compared to the particle size distribution obtained with standard commercial methods. The average 
particle size distribution versus distance from the burner outlet was also calculated. They can both be 
seen in Figure 6, where the two methodologies present good agreement, as well as accurate size 
fraction measurements for the field of view. 
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Figure 6: Accuracy of the image processing methods to resolve particle size, on the left particle size distributions 
obtained with all measurement methods under cold flow conditions, on the right, the average particle diameter versus 
distance from the burner outlet for non-reactive conditions. 
 

Simultaneous PIV and PTV for gas and particles, respectively, has not been able to be put in practice 
with this experimental setup. The light scattered from the disperse incandescent matter was enough to 
blur out the Mie scattering from the seeding particles. Therefore, PTV and PIV were carried in 
separate experiments. Therefore, gas measurements are less emphasized in this study, since they can 
differ substantially from the ones with gas and particles. Due to this, the calculation of slip velocity for 
its comparison with industrial values might not be representative of the real value. However, it will 
certainly be in the same order of magnitude, since the flow is laminar.  

Time resolved measurements of particle size and shape require recognize the particle track as they 
move. PTV software used for this study does not allow path tracking and was done by software using 
Matlab, considering only tracks with more than 10 samples of the same particle. An example of the 
recognized tracks can be seen in Figure 7. 

 



14 
 

 
Figure 7: Particle trajectories followed by the particles for one experiment. The condition presented here corresponds 
to elongated particles under high heating rate conditions 
  



15 
 

4. Results and discussion 

4.1. Time-averaged experimental information  
The main results of the experimental measurements can be summarized in that overall, the bulk of 
particles show a deceleration stage after 30 mm from the burner outlet, approaching the gas velocity. 
This indicates entrainment for the latter stages, which can be related to an increase of the buoyant 
forces. The most plausible cause for this is related to density loss and swelling. 

Figure 8 shows the time-averaged velocity contours for all conditions with shaded areas representing 
standard deviation, it can be clearly seen that particles accelerate, reach a maximum velocity and 
decelerate. The deceleration stage seems to depend on the amount of carrier gas flow, and therefore 
the heating rate: Cases at high heating rate present a faster deceleration. 

Figure 9 shows the time-averaged particle volume for all the particles at different heights from the 
burner outlet. Swelling can be observed at the edges of the stream of particles after approximately 35 
mm from the burner outlet. Higher heating rates also promoted swelling, supporting the premise of 
deceleration due to increased drag or density loss. 

 

 
Figure 8: Time-averaged particle velocity versus distance from the burner outlet for all experimental conditions. 
Shaded areas represent standard deviation. 
 



16 
 

 
Figure 9: Time-averaged projected volume at different distances from the burner outlet. Errorbars represent 
standard deviation. 

4.2. Time-resolved data: The implications of the fast volatile release 
The intriguing differences in the deceleration and transitory swelling after 35 mm from the burner 
outlet motivated the investigation of the time-resolved history of the particles. Initially, this was done 
using a single particle approach, consisting in direct observation of high-speed imaging footage, 
isolating particles exhibiting the transient swelling phenomenon. However, during the visualization of 
the images from the experiment, other phenomena was observed in connection to swelling. That is the 
sudden acceleration of particles due to the fast release of volatiles, namely the jet-effect. Figure 10 
represents snapshots at different residence times of a particle undergoing devolatilization, and Figure 
11 represents the trajectory, velocity and volume ratio (volume over initial volume) of the particle 
during conversion. After swelling rapidly, the particle remains with a very small volume until 68.75 
ms of residence time, when it suddenly exhibits a very fast motion, faster than the exposure time of the 
camera, making it appear as a strike. Afterwards the particle swells rapidly and its velocity decreases 
substantially. Notice also that the particle has already released a certain amount of volatile matter 
during its shrinking stage, as it is revealed by the cloud of incandescent matter around the particle, 
before it exhibits the jet effect. 
 



17 
 

 
Figure 10: Sequence of snapshots of a particle undergoing devolatilization 
 

 
Figure 11: Particle trajectory, velocity and volume ratio for the same particle shown in Figure 10 

 
Not all the swollen particles exhibited the jet effect, but swelling is common within particles 
presenting the jet effect. Another example of a particle exhibiting a jet-like force extracted from the 
experimental data can be observed in Figure 12. The particle (in black) exhibits a lateral migration 
accompanied with the release of volatiles, (grey cloud), seemingly coming from a narrow spot from 
the surface of the particle. This could indicate reactive boiling of a molten phase during 
devolatilization as a probable cause for the jet effect, leaving a swollen, hollow cenosphere with a 
small apparent density, which exhibits higher drag and buoyancy.  
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Figure 12: Particle exhibiting jet effect. Particles in black, grey areas are disperse incandescent matter, and arrows 
represent velocity vectors. 
 
After having experimental proof of particle swelling, a statistical approach was used to obtain the 
velocity profiles during conversion for all the individual particles during conversion. This could help 
to further confirm whether swollen and jetting particles were the cause for the sudden deceleration, 
and whether there was any way to relate this data to the experimental conditions. Figure 13 represents 
the trajectories and velocities for all the particles tracked during the experiment. Trajectories 
exhibiting jetting are clearly visible. The scatter plot of velocities also scales them to their position 
with respect the distance to the centerline axis. It is clear also that there are two distinct behaviors for 
the bulk of particles. Some decelerate very fast and while others remain at a velocity plateau. In 
addition, the color scale of the scatter plot indicates that the particles that are further away from the 
reactor’s axis have a higher tendency to exhibit a fast deceleration. These results have several 
implications: 

• Deceleration is connected to swelling, since jetting causes lateral migration in many cases. 
• These decelerating particles only are the ones causing the deceleration stage in the time-

resolved data. 
• The sudden velocity bursts of the particles during jetting are less relevant for the time-

averaged velocity than the subsequent deceleration. 
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Figure 13: Particle trajectories with a number of detected particles higher than 40, and scatter plot of particle 
velocities for all trajectories with a number of detected particles higher than 10, with colorscale relative to the 
distance from the reactor’s axis. The trajectory highlighted in red corresponds to the same highlighted sequence of 
velocities represented in over the scatter plot. 
 
The clear difference between the two behaviors of the particles observed in Figure 13 allowed 
categorization, based on the final velocity within the trajectory of a particle. Figure 14 shows a 
categorization of the two possible behaviors, based on particle velocities at the end of the trajectory 
lower or higher than 0.6 m/s. A polynomial interpolation with 95% confidence intervals is added to 
remark the tendencies of the two distinct behaviors. 
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Figure 14: Categorization of the two fluid-dynamics behaviour of the biomass particles. The dashed lines represent 
polynomial curves interpolated to the scattered data, shaded areas are the 95% confidence intervals for the 
interpolation. 
 
This categorization allows a parametric analysis, taking into account the influence of heating rate and 
particle shape on the devolatilization behavior. Table 3 shows the percentage of the number of 
trajectories exhibiting deceleration for different experimental conditions. Standard deviation represents 
the repeatability within three experimental repetitions for each condition. Heating rate and high aspect 
ratios correlate with a higher amount of trajectories exhibiting deceleration: 
 
Table 3: Percentage of tracks exhibiting fast deceleration for each experimental condition. Results are expressed in 
terms of mean and standard deviation of three experimental repetitions 

 Percentage of the tracks exhibiting fast deceleration 
Particle shape High heating rate Low heating rate 
Equant 5.75 ± 0.32 % 4.08 ± 1.36 % 
Elongated 11.05 ± 0.54 % 3.99 ± 1.66 % 

 

4.3. Comparison between models and experimental results 
A CFD simulation using a Lagrangian approach, allowed for the inclusion of realistic approximations 
of particle motion for elongated particles, and the inclusion of the jet-force model by Elfasakhani et al. 
[48], modified to assume volatile release from the extremes of an elongated particle. The velocity 
profiles for the simulation and experimental results are shown in Figure 15. It can be seen that the 
consideration of the jet force does not pose very relevant differences to the time-averaged velocity 
profile, and that the simulation results cannot capture the deceleration stage.  

However, if the simulation results are compared to the fluid dynamics behavior of the accelerated 
particles from Figure 14, the difference reduces significantly, as it can be seen in Figure 16. 

This indicates that the models used for the CFD simulation do not capture some of the transformations 
of the particles during conversion, such as density loss, which could very well explain the 
discrepancies in the velocity profiles and the estimation of particle residence time. 
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Figure 15: Comparison of velocity profiles at different distances from the reactor outlet, for CFD simulations and 
experimental results 
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Figure 16: Comparison of velocity profiles at different distances from the burner outlet for simulation and 
experimental results containing only particles that do not exhibit a fast deceleration. 
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5. Conclusions and future work 
The experiments and simulations carried out in this thesis answer the following research questions: 

• RQ1: How does aspect ratio and operational parameters affect the particle morphology and its 
motion during devolatilization? 

This question is addressed by paper A.  

Time averaged results reveal shrinking, preferential particle orientation and deceleration of the particle 
stream. All of them depend on the reaction conditions and aspect ratio of the feedstock. Particles 
exhibit deceleration during devolatilization that could be related to transient swelling. The deceleration 
is more pronounced for high heating rate. 

• RQ2: How does transient swelling of biomass particles relate to particle deceleration? 

This question is addressed by paper B. 

Time resolved experimental measurements of particles during devolatilization points to reactive 
boiling, and bubble formation of the molten phase during devolatilization as a very plausible cause for 
swelling, and the increased drag and buoyancy of the particles to deceleration. The sudden release of 
volatiles causes bursts of velocity in some particles, but does not have great implications in the 
average particle velocity field. Deceleration caused by density loss and transient swelling are more 
relevant for time-averaged data. 

• RQ3: Do models accounting for aspect ratio and a force due to fast momentum exchange 
replicate the experimental results? 

This question is addressed by paper C. 

The current model by Elfasakhani et al. undermines the deceleration effect of the overall stream of 
particles, since apparent density or drag coefficient changes are not taken into account and might not 
be addressing the physical phenomena behind the jet effect accurately. 

 

Future work: 

• To provide an explanation the inhomogeneity in the jet-effect within the bulk of particles: 
Why some particles exhibit it and others do not?  
 

• To perform experiments with other experimental techniques such as thermometry and 
spectroscopy to further understand the physical phenomena underlying biomass 
devolatilization.  
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