
 

 

 

 

Entrained flow studies on 

biomass fuel powder 

conversion and ash formation  

Per Holmgren 

Thermochemical Energy Conversion Laboratory 

Department of Applied Physics and Electronics 

Umeå 2018 



 
 

 
 
 
 
 
This work is protected by the Swedish Copyright Legislation (Act 1960:729) 
Dissertation for PhD 
ISBN: 978-91-7601-937-5 
Cover illustration: Biomass particle undergoing devolatilization before hitting a surface 
Electronic version available at: http://umu.diva-portal.org/ 
Printed by: Kbc Servicecenter, Umeå University 
Umeå, Sweden, 2018 

 



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

“We live on a placid island of ignorance in the midst of black seas of 

infinity, and it was not meant that we should voyage far.” 

 

― Howard Phillips Lovecraft
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Abstract 

Reducing the global dependence on fossil fuels is of paramount importance in 

tackling the environmental challenges we face, not only tomorrow, but already 

today. Biomass offers a renewable supply of CO2-neutral raw material that can 

be converted into many different forms of fuels and valuable chemicals, making 

it a prime candidate for the technologies of tomorrow. However, the 

heterogeneous nature and distinctly different elemental composition of biomass 

compared to traditional fossil sources present new challenges to be solved. 

When it comes to thermochemical technologies, key issues concern fuel 

conversion efficiency, ash formation, ash/fuel interactions and ash/reactor 

material interactions. 

The objective of the present thesis was to provide new knowledge and insights 

into thermochemical fuel conversion, in particular its application in entrained 

flow technologies. A laboratory-scale reactor was constructed, evaluated and 

was used to study several aspects of high-temperature entrained flow biomass 

fuel conversion. Pulverized fuel particles from different biomass sources were 

used, and their physical and chemical interactions with the surrounding 

atmosphere, the concurrent ash element release, ash formation, and phase 

interactions were also studied in detail. In addition to the entrained flow reactor 

designed and constructed for this purpose, the main method for data collection 

was in situ optical studies of converting particles, either while entrained in the 

flow or when impacting upon surfaces. Elemental composition analysis of 

collected samples and gas analysis were also performed, allowing for a deeper 

understanding of ash element fractionation and interactions and thus 

explaining the observed properties of the resulting deposits or slag. 

The degree of conversion of fuels with very low ash content, such as stem wood, 

was well described and modeled by a novel method using optical data, offering a 

non-intrusive and non-destructive alternative to traditional techniques. 

Coupling computational fluid dynamics with optical data allowed for improved 

experimental data interpretation and provided improved accuracy for fuel 

particle residence time estimations, which is an important parameter when 

studying fast chemical reactions such as those taking place in reactors for 

entrained flow conditions. The results from studies on ash formation gave new 

insights into the feasibility of using dry-mixed K-rich additives for improving 

slag properties during gasification of Ca-rich and Si-rich fuels. Interpretations 

of the experimental results were supported by thermodynamic equilibrium 

calculations, and the conclusions highlight both possibilities and challenges in 

gasification with high fuel flexibility while at the same time producing a flowing 

slag. Applications and future implications are discussed, and new topics of 

interest are presented.  
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Abbreviations & symbols 

Abbreviations 

CFD Computational fluid dynamics 

CF-WMS Calibration-free scanned-wavelength modulation spectroscopy 

DAS Direct absorption spectroscopy 

DIA Dynamic image analysis 

DTF Drop tube furnace 

EDS Energy-dispersive X-ray spectroscopy 

EFG Entrained flow gasification 

EFR Entrained flow reactor 

FTIR Fourier-transform infrared spectroscopy 

ICP-MS Inductively coupled plasma mass spectrometry 

LPI Low-pressure impactor  

OCM Optical conversion model 

PIV Particle image velocimetry 

PM Particulate matter 

SEM Scanning electron microscopy 

SIA Static image analysis 

TC Thermocouple 

TDLAS Tunable diode laser absorption spectroscopy 

TEC Thermodynamic equilibrium calculations 

XRD X-ray diffraction 

 
 
 

 

Symbols 

Aparticle Area of a 2D image of a particle (µm2) 

D0eq Sphere diameter of untreated fuel particle (µm) 

D2D Circle equivalent diameter (µm) 

Dc Diameter of smallest circumscribed circle outside shape (µm) 

Deq Sphere equivalent diameter (µm) 

Di Diameter of largest inscribed circle inside shape (µm) 

Din Particle diameter at inlet (µm) 

Dout Particle diameter at outlet (µm) 

G Gibbs free energy (J/mol) 

H Enthalpy (J/mol) 

m Mass of a given sample (kg) 
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m0 Mass of a unconverted sample (kg) 

mash Mass of the final ash of a sample (kg) 

Pparticle Perimeter around shape (µm) 

Rep Particle Reynolds number 

S Entropy (J/mol·K) 

Stk Stokes number 

t Residence time (s) 

T Temperature (K or °C) 

u Relative velocity of a particle (m/s) 

µ Dynamic viscosity (Pa·s) 

X Conversion degree 

XDAF Dry ash free conversion degree 

β Diameter evolution coefficient 

γ  Initial stage density evolution coefficient 

δ End stage density evolution coefficient 

λ Stoichiometric oxygen ratio (mol/mol) 

ρ0geo Geometric density of untreated fuel particle (kg/m3) 

ρgeo Density based on geometry (kg/m3) 

ϕCox Cox circularity 

ϕRiley Riley circularity 

ψ Sphericity 
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Sammanfattning 

Att minska det globala beroendet av fossila bränslen är av avgörande betydelse 

för att hantera de miljöutmaningar vi står inför. Biomassa erbjuder en 

förnyelsebar källa av CO2-neutralt råmaterial, som kan omvandlas till många 

olika former av bränslen och värdefulla kemikalier vilket gör det till en lovande 

kandidat för morgondagens teknologier. Men olika former av biomassa har stor 

variation i sin sammansättning, speciellt när det gäller de askbildande 

grundämnena i bränslet. Denna sammansättning är också markant annorlunda 

mot traditionella råvarukällor som kol och olja. Detta innebär i sin tur nya 

utmaningar att lösa, speciellt om målet är att utnyttja växtdelar eller 

restprodukter som annars ansetts olönsamma eller tekniskt utmanande.  

En lovande kandidat för effektivare nyttjade av biomassa är den termokemiska 

förädlingstekniken förgasning, men  viktiga frågor kring t.ex. 

bränsleomvandlingseffektivitet, askbildningsmekanismer, 

aska/bränsleinteraktioner och askans påverkan på reaktorytor behöver 

fortfarande besvaras. 

Syftet med denna avhandling är att ge ny kunskap och nya insikter kring 

termokemisk bränsleomvandling av biomassa, specifikt kring dess tillämpning 

som pulverbränslen. En laboratorieskalareaktor konstruerades och 

utvärderades, och användes för att studera flera olika aspekter av 

bränsleomvandling av pulveriserad biomassa vid hög temperatur. Olika sorters 

biomassa användes och deras fysikaliska och kemiska interaktion med 

omgivande heta atmosfär studerades i detalj. Hur partiklar färdades genom 

reaktorn, hur de ändrade form och krympte, och hur de askbildande 

grundämnena frigjordes och reagerade studerades. Förutom den för ändamålet 

konstruerade reaktorn var den huvudsakliga metoden för datainsamling optiska 

studier av termiskt konverterande partiklar, antingen när de färdades i gasflödet 

eller då de kolliderade med ytor i reaktorn. Grundämnesanalyser av uppsamlade 

prover och gasanalys utfördes, vilket möjliggjorde en djupare förståelse av hur 

de olika grundämnena i askan fraktionerades, och hur de olika ämnena 

interagerade. Därmed kunde olika egenskaper hos de resulterande 

beläggningarna/asklagren/smältorna förklaras. Omvandlingsgraden av 

bränslepartiklar modellerades framgångsrikt med en ny metod som baseras på 

optisk data, vilket möjliggör ett icke-destruktivt alternativ till traditionella 

tekniker. Genom att koppla flödesdynamiska simuleringar med optiska data 

kunde tolkningen av experimentella resultat förbättras, bland annat genom 

uppskattningar av uppehållstiden för bränslepartiklar vid olika positioner i 

reaktorn. Detta är en viktig parameter vid studier av snabba reaktioner, såsom 

t.ex. i pulverflammor. Resultat från askbildningsstudierna visar på möjligheter 
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att använda en kaliumrik tillsats för förbättring av egenskaperna hos askan som 

bildas, vilket är speciellt relevant vid förgasning av kalcium- och kiselrika 

bränslen. Termodynamiska jämviktsberäkningar gav stöd till tolkningarna av de 

experimentella resultaten, och slutsatserna lyfter fram både möjligheter och 

utmaningar för biomassaförgasningsapplikationer som ställer krav på hög 

bränsleflexibilitet och en flytande aska. Framtida applikationsområden 

presenteras och framtida forskningsfrågor diskuteras. 
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1 Introduction 

Findings from excavation sites imply that human usage of biomass as a source 

of heating, mainly for warmth and cooking, might go back as far as 1 million 

years [1]. The so-called “cooking hypothesis” posits that the evolutionary driver 

behind Homo erectus was a diet of cooked food, thus implying that the 

controlled use of fire had developed even earlier [2]. The means of utilizing the 

energy in biomass through thermochemical means has been of paramount 

importance throughout the history of mankind, and the routes have since 

diversified from their humble beginnings. From simple open-flame combustion, 

through to the production of charcoal, to the current era where a plethora of 

chemicals are produced using thermochemistry. The subject is a complex field 

of inquiry and much remains to be discovered. One branch of technology that 

has received considerable attention in academia is gasification, the focus of this 

thesis. Gasification technology as a means of producing energy on a large scale 

has been in use for more than 180 years. During the 1800s, coal and peat were 

converted to so-called town gas and used for lighting and cooking, though this 

was later replaced by electricity and natural gas. In the 1920s, gasification 

technology became crucial for the production of synthetic chemicals, and 

especially during World War II the shortage of petroleum reintroduced 

gasification as a means of fuel production, and also reintroduced wood as a 

significant fuel source for the technology. In Sweden alone, the number of 

gasifier-powered transport vehicles rose from less than one thousand in 1939 to 

over 75,000 by 1943 [3]. By 1945 it is estimated that over 9 million vehicles 

worldwide were powered by gasifiers [4, 5] . 

However, following the end of World War II many countries again had access to 

low-cost gasoline and diesel fuels, resulting in a decline of gasification as an 

energy production technology. A notable exception was South Africa, which 

lacked domestic oil but had large coal deposits, combined with political and 

geographical isolation, and the country continued to develop the technology, 

producing diesel fuel, medium-octane gasoline, liquefied petroleum gas, and a 

number of different chemicals [6]. These developments allowed for improved 

plant efficiency and economics, and also the production of synthetic rubber, 

fertilizers, and other secondary chemicals. During the oil crisis of the 1970s, 

interest in gasification was renewed, and in the United States gasification plants 

were constructed to produce electricity or synthetic natural gas from coal [4]. 

However, the drop in oil prices and the availability of cheap petroleum products 

in the 1980s again diverted interest away from gasification. This trend has 

continued to this day, with discussions on “peak oil” and high oil prices being 

prevalent at the beginnings of the 2010s, although the introduction of shale oil 
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technologies again led to a drop in crude oil prices. The viability of gasification 

to compete with the oil industry is closely linked both to the availability of 

petroleum products and to the political climate. As environmental concerns 

increase, and thus political pressure, the viability of oil has decreased which 

again has renewed significant interest in gasification, and currently Europe in 

particular has put significant efforts into large-scale utilization of biomass as 

feedstock.  

Biomass is a renewable energy source that is currently underutilized in 

advanced energy applications such as the transport sector. One of the main 

challenges behind this is a lack of mature and efficient technology for enabling 

large-scale biomass conversion. There are many technologies being developed, 

and this thesis will focus on the thermochemical approach employed in 

pyrolysis, gasification, and combustion, and in particular on an approach called 

entrained flow gasification (EFG). This technology is based on entraining small 

(<1 mm) solid fuel particles or droplets in a reacting gas flow, giving high 

temperatures and yielding a product gas that can be used for a variety of 

purposes. Of the different gasification technologies available, EFG allows for 

fast and continuous fuel conversion, while the high temperature reduces tar-

related issues [4]. However, switching feedstock from coal to biomass is not 

entirely straightforward. Fuel particle size and size distribution are important 

aspects to consider, but efficient milling of biomass to an acceptable size 

distribution is one of the bottlenecks in the development of systems based on 

EFG. Rather small particles are required, but fine milling is energy demanding 

and the resulting fibrous materials with low bulk densities are associated with 

feeding problems [7]. Besides the difficulties in fuel preparation and feeding, the 

size of biomass particles is known to have an effect on the gas and liquid 

products, where larger particles lead to reduced fuel yields and an increase in 

tar formation, thus increasing overall costs [8]. 

The physical properties of biomass particles such as particle size, morphology, 

and porous structure affect the particle transport and fuel conversion behavior 

inside entrained flow gasifiers [9]. By determining these morphological changes, 

such as swelling/shrinkage, shape, and density change during devolatilization, 

their effect on biomass gasification inside the entrained flow gasifier can be 

quantified [10-12]. Morphological changes of particles have been studied both 

during pyrolysis and char gasification, though mainly for coal [12-18]. For small 

biomass particles (< 1 mm) and high heating rates (>1000 K s-1), relatively few 

studies that investigated the particle morphological changes during char 

conversion qualitatively have been published [12, 19-24]. Other significant 

issues that remain to be addressed range from efficient feedstock transport from 

forests or agricultural areas to the EFG plants, to predicting aerodynamic 
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properties and thus the residence time of biomass fuel particles undergoing 

conversion inside the reactors [25-27]. 

Other questions directly connected to both aerodynamic properties and reactor 

design relate to how biomass reactivity in the gas flow can be improved in order 

to minimize the required residence time and maximize carbon conversion. How 

to continuously extract the ash components that are left over from the carbon 

conversion also need to be addressed, and many operational challenges related 

to the interaction of these ash components with the inner refractory need to be 

solved. Much work have been done on coal powder, but significant differences 

in chemical composition, fuel reactivity, and ash-material interactions, between 

biomass and conventional (fossil) fuels means many previous studies are 

unsuited for meaningful predictions of reactor geometry design efficiency and 

fuel interactions with reactor materials when using biomass.  

Studies on how biomass fuel particles are converted in hot environments are 

highly relevant for large-scale conversion of biomass into liquid fuels. The 

process of converting a fuel particle into gas and liquids has a large influence on 

how the particle interacts with the gas phase surrounding it and vice versa. Of 

specific relevance for this thesis, previously published findings indicate that a 

high potassium content, a main ash-forming element,  might have a positive 

effect on char reactivity [28, 29]. Mechanisms developed for coal and carbon 

have been proposed [30, 31] although how applicable these mechanistic models 

are for biomass is still to some extent unknown [32-35]. Coupled to alkali-char 

interactions is understanding how the solid ash elements locked in the char 

matrix affect both fuel particle conversion and resulting particle properties such 

as aerodynamic diameter and density. When it is known how the fuel converts, 

and thus how it releases or retains ash-forming species, it is theoretically 

possible to predict how the ash elements and the char interact with the gas flow, 

and in turn where the ash-forming elements will end up inside a reactor, and 

also if the ash elements will separate. Knowing this allows for calculations of the 

physical properties of char/ash particles impacting on the walls of the reactor 

and the chemical properties of the resulting deposit formations. This 

information will enable the optimization of gasifier geometries, atmospheres 

and the refractory wall materials that are used, greatly improving the viability of 

biomass gasification as a large scale producer of fuels. 

1.1 Pyrolysis, gasification, and combustion 

When discussing thermochemical conversion, the ratio between the available 

oxygen and the oxygen needed for full oxidation is often defined as λ (lambda), 

with a λ of zero indicating a complete lack of oxygen, and a λ of 1 corresponding 

to a supply of oxygen equal to the theoretical stoichiometric need for full 
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conversion of the fuel into fully oxidized combustion product gases such as CO2 

and H2O. Depending on the λ value, thermal conversion is often classified as 

pyrolysis, gasification, or combustion. Pyrolysis is the thermal decomposition of 

materials in an almost oxygen-free environment using a very low λ close to zero. 

The primary products are char and pyrolysis oil, and this technique is used in 

the chemical industry. Gasification of biomass instead aims at producing 

syngas, or synthetic gas, which is a crucial intermediate in the production of 

synthetic natural gas, ammonia, and liquid fuels. This can be achieved by 

reaction with steam, carbon dioxide or oxygen. λ is typically between 0.3 and 

0.4 during gasification, and the process is optimized for the production of CO 

and H2.  

The purpose of combustion is the production of heat, λ is kept above 1 and 

significant effort is put into optimizing the full oxidation of all fuel components 

while keeping temperature within narrow ranges. Furnace components such as 

refractory wall lining and super-heaters deteriorate if process conditions are 

outside their specifications, and ash-related factors are often the primary driver 

behind equipment failure. For all types of thermal conversion, it is of 

paramount importance to understand how ash elements are transported from 

the fuel to the walls and other interior surfaces of the reactors (such as super-

heaters in furnaces) and under what conditions the ash components will 

contribute to equipment failure. 

Thermal conversion of carbonaceous fuels is a process that involves numerous 

(at a minimum hundreds of) chemical reactions, and the final products are 

highly dependent on available oxygen, maximum and final temperature, heating 

rate, and residence time. However, the process is generally considered to 

proceed in consecutive and partially overlapping steps, starting at 

approximately 100°C with the first step being drying, where water is evaporated. 

Following this, devolatilization occurs, where volatile compounds form from the 

organic matrix. An exact temperature range is difficult to determine because the 

volatilization behavior of a fuel is determined by many other factors such as 

mass-transfer limitations, molecular structure, and elemental composition. In 

the case of biomass, over 80 % of the initial mass can be released as volatiles 

even in the absence of an external oxygen supply. Following this step, char is 

expected to be oxidized while the released volatiles are combusted, and finally 

char is gasified, though in practice the different conversion regions somewhat 

overlap.  

The overall process can be generalized as:  
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𝐶𝑥𝐻𝑦𝑂𝑧(𝑠)⏟      
𝐹𝑢𝑒𝑙

 
𝐷𝑟𝑦𝑖𝑛𝑔

𝐷𝑒𝑣𝑜𝑙𝑎𝑡𝑖𝑙𝑖𝑠𝑎𝑡𝑖𝑜𝑛

→ 𝐶𝑂(𝑔) + 𝐶𝑂2(𝑔) + 𝐻2(𝑔) + 𝐻2𝑂(𝑔)
+ 𝐶𝐻4 (𝑔) + 𝐶𝑎𝐻𝑏𝑂𝑐(𝑔)⏟      

𝑇𝑎𝑟𝑠

+ 𝐶(𝑠)⏟
𝐶ℎ𝑎𝑟

 

 

ΔH > 0 (1) 

In Equation 1 the terms x, y and z in the “Fuel” term on the left-hand side of the 

equation are determined by the composition of the fuel, while the right-hand 

product stoichiometry is determined by the availability of x, y, and z. An 

external supply of oxygen allows for combustion of the released volatiles: 

𝐶𝑎𝐻𝑏𝑂𝑐(𝑔)⏟      
𝑇𝑎𝑟𝑠

+ 𝐶𝑂(𝑔) + 𝐻2(𝑔) + 𝐶𝐻4(𝑔) + 𝑂2(𝑔)⏟  
𝑂𝑥𝑖𝑑𝑎𝑛𝑡

 

𝐶𝑜𝑚𝑏𝑢𝑠𝑡𝑖𝑜𝑛
→         𝐶𝑂2(𝑔) + 𝐻2𝑂(𝑔) 

  

ΔH < 0 (2) 

The elemental composition of “Tars” on the left-hand side is represented by a, b, 

and c in Equation 2, and these together with other reactants on the left-hand 

side determine the stoichiometric balance of the products on the right-hand side 

of the equation.  

If oxygen is available, char will be oxidized into CO or CO2. However, if there is 

not enough oxygen for complete combustion, char gasification will occur, 

primarily through the endothermic Boudouard reaction and through reactions 

with water: 

𝐻2𝑂(𝑔) + 𝐶𝑂2(𝑔) + 2 𝐶(𝑠)⏟  
𝐶ℎ𝑎𝑟

 
𝐺𝑎𝑠𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛
→              

3 𝐶𝑂(𝑔) + 𝐻2(𝑔)  
 

ΔH > 0 (3) 

Of note is the importance of the water content in the gas, which dictates the 

water-gas shift equilibrium:  

ΔH > 0 𝐻2𝑂(𝑔) + 𝐶𝑂(𝑔)
𝑊𝑆𝐺
↔  𝐶𝑂2(𝑔) + 𝐻2(𝑔)  

ΔH < 0 (4) 
 

For the purpose of the production of fuel or other chemicals, the optimum is if 

all fuel mass is converted into gaseous CO, H, CO2, and H2O. This yields a 

syngas that can be water-gas shifted to the required CO/H2 ratio depending on 

what product is to be produced. In practice, however, some carbon will remain 

as solids, either as char or as soot, and tars can be prevalent depending on the 

technology that is used. CH4 is also produced in some quantities, which requires 

costly downstream gas cleaning.  
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Figure 1 shows examples of untreated stem wood fuel powder (a), pyrolyzed 

particles (b) and particles collected at various points of combustion (c,d), and 

the overlap in particle conversion characteristics can be seen. 

 

 

 

  

Figure 1. SEM images of pine wood particles. 600–630 mm dry particles (a), pyrolyzed for 0.9 s at 
1100 °C (b), after combustion at 1000 °C for 0.6 s (c), and after combustion at 1000 °C for 1.5 s (d). 
Adapted from Papers I and II. 

 

1.2 Entrained flow gasification 

EFG is the most widely used type of gasification for large scale-gasification of 

coal, petroleum coke, and petroleum refinery residues [4]. The technique 

achieves high throughput by using high temperatures and short fuel particle 

residence times, although this relies on the fuel being either a finely ground dry 

solid, an atomized liquid fuel or a fuel slurry, which presents some difficulties 

for its application with biomass feedstocks. Biomass tends to be highly fibrous, 

making fine milling energy intensive. The exact specifics of the different models 

based on EFG are varied, though all share the common trait of the fuel being 

entrained within the primary oxidant flow. Due to the high temperatures, EFG 

also efficiently destroy tars, which tend to be high in biomass gasification. The 

main bulk of the fuel is quickly converted near the entry zone through 

devolatilization where local temperatures can be very high. The devolatilization 

a b 

c d 

        1 mm         1 mm 

        1 mm         1 mm 
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stage is followed by a slower char gasification step that takes place in an 

atmosphere dominated by CO2 and H2O. This stage of fuel conversion is 

relatively slow, and for this reason a long reactor length is required.   Reactors 

based on EFG relies on the ash being molten for continuous removal, where 

liquid ash travel downwards along the reactor’s inner refractory walls, drip into 

a quench and are thus solidified, allowing for easy extraction. However, the ash 

composition of biomass is highly heterogeneous, both between different 

feedstocks and sometimes within the same source. Many have compositions 

where predicting ash properties such as melting temperatures and viscosity are 

difficult, due to complexity or a lack of data, and is currently an area of 

significant interest [36]. Biomass ash is often prone to chemical interaction with 

commonly used refractory materials, limiting the life span of the interior lining 

of the reactors. Degradation of the refractory can disrupt reactor operation, and 

if the slag is not efficiently removed, plugging of the reactor outlet will lead to a 

process shut-down [37]. Figure 2 presents a simplified schematic of an EFG 

rector, with the primary region of interest for this thesis highlighted. 

 

 
Figure 2. Simplified schematic of an entrained flow gasifier, with the particle/gas/wall area 
magnified. 
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1.3 Ash formation and transformations 

Different fuel feedstock’s come with different ash compositions, and as such 

different chemical properties. Collectively this fraction of the fuel is referred to 

as ash-forming elements, and these are generally what constitute the bulk of 

condensed residue (solid or liquid) remaining after the chemical conversion 

process. For biomass, the elements in question (K, Na, Ca, Mg, Fe, Al, Si, P, S 

and Cl) can interact with the organic matrix or with each other and can form 

gases, liquids or solids. Which compounds form is also highly dependent on the 

temperature within the reactor with K, S, and Cl in particular being prone to 

forming gaseous compounds e.g. KOH, H2S and HCl. These can often condense 

later in the reactor either by themselves or by interacting with other compounds 

to form various solids or liquids. In the case of ash oxides entering the liquid 

state, a slag is said to have formed. In the case of EFG plants utilizing coal as the 

feedstock, they are almost exclusively operated in the slagging regime, which 

solves the problem of ash element accumulation by being constructed so that 

the flowing slag is transported downwards and out of the reactor interior by 

gravity. However, chemical interactions between the ash and the refractory wall 

can lead to considerable material degradation such as cracks, spalling, or other 

forms of material loss. This combined with high temperatures puts considerable 

demands on material properties and has been the focus of much recent research 

[38].  

A different approach is to use a cooling screen, i.e. a cooled wall, where ash in 

contact with the wall becomes solid due to cooling, and as the ash is allowed to 

build up a steep temperature gradient will form due to proximity to the flame. 

At a certain thickness, the ash layer surface will become molten and run down 

the interior of the reactor. In principle this produces a self-regenerating inner 

lining and protects the wall from corrosion. However, heat losses are higher and 

thus reactor temperatures are lower with such a setup. In either case, ash is 

continually removed from the bottom of the reactor, and thus a sufficiently 

flowing slag is crucial for continuous operation. 

The ash content of biomass varies widely, and the source of the ash also differs. 

Certain algae have been found to have over 70 % ash by dry weight, while stem 

wood from forests can often have <0.5 %. Bark from woody sources are often in 

the region of ~1–2 %. This number increases significantly for woody residue due 

to contaminants such as sand, soil, clay or gravel from handling of tree trunks 

and branches. The ash from woody sources tends to be dominated by Ca, K and 

Mg, with the main source of Si being contaminants [39]. Feedstock dominated 

by alkaline earth metals may have melting points higher than the operating 

temperature of the gasifiers, while those with a high alkali and silicate content 

tend to have much lower melting temperatures. The ash composition of woody 
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fuels is generally regarded as positive for combustion purposes because the low 

amounts of powdery ash is relatively easy to transport away, but in the case of 

gasifiers these ash properties prohibits the use of cooling screens and lead to 

plugging of the reactor outlets as the ash builds up without flowing out. 

Agricultural residue and grassy fuels such as wheat straw or miscanthus tend to 

have much higher ash content (5–10%), containing significant amounts of Si 

and K. Potassium silicates can generally produce flowing slags at moderate 

temperatures, so from this perspective the ash composition from grassy sources 

would appear better suited for EFG reactors. A factor that can complicate the 

use of grassy fuels is the common presence of Cl, which form KCl and thus 

prevents the formation of potassium silicates, in addition to being associated 

with corrosion downstream in the reactor. Related to this is ash elements 

experiencing fractionation, either during milling of the fuel due to their 

heterogeneous distribution within various parts of a plant, or within the reactor 

itself, where some elements easily form gaseous compounds, with others remain 

locked with the char [40]. This complicates predictions of ash behavior within 

the reactor because the overall composition might indicate favorable slag 

formation, but in reality the elements do not mix properly and thus the ash mix 

does not acquire the intended properties.  

For applications using coal, additives have long been employed to alter the ash 

chemistry, and these are often various calcium-rich compounds such as lime 

[41, 42]. The ash in coal tends to be rich in silicates and alumina, while being 

poor in alkali, and calcium functions as a network modifier by breaking the 

covalent bonds between silicon ions and oxygen ions, thus lowering melt 

viscosity [43]. However, one the main issues with commonly used biomass fuels 

is generally the abundance of calcium, so other additives will need to be 

considered. Using additives increases fuel cost, and steps must be taken to 

maximize additive interaction with the ash-forming elements in the fuel. 

Different approaches have been tested, co-pelletizing the fuel together with 

additives, dry-mixing, spraying, or impregnation [44, 45]. Dry-mixing of 

additives with the base fuel is likely the most inexpensive and most 

straightforward approach, and should also produce similar interactions as solid 

fuels blends, making it an interesting research topic for improving the utility of 

low-value feedstocks. 

1.4 Objective 

As outlined above, significant challenges remains to be solved, and there is a 

critical need for a better understanding of what criteria are required to 

accurately model entrained biomass particles and how these criteria differ for 

different kinds of biomass, as this knowledge is necessary for successfully 

predicting operational performance. Milling to very small sizes comes with a 
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significant energy cost, but large particles require large and expensive reactors, 

thus finding an operational “sweet-spot” is crucial. Particle reactivity also 

influence how fast it converts and how long the particle needs to remain in the 

reactor, which means residence time and fuel reactivity are paramount for the 

long-term goal of more efficient utilization of renewable biomass sources. 

Furthermore the influence and problems associated with ash-forming elements 

need to be taken into account, and means of minimizing their negative impact 

need to be developed. Therefore, the objectives of this thesis included to: 

1. Formulate appropriate size, shape and conversion descriptors for how 

biomass fuel particles convert in a hot entrained flow environment 

2. Design and construct an entrained flow reactor (EFR) for detailed 

studies on rapid fuel particle conversion, and perform subsequent 

experimental evaluation through optical and extractive sampling  

3. Determine in situ gas phase potassium release from converting fuel 

particles by coupling experimental data with computational fluid 

dynamics (CFD) 

4. Investigate reactions between a dry-mixed potassium-rich additive and 

two fuels by coupling thermodynamic equilibrium calculations (TEC) 

and experimental findings on the resulting rheological changes induced 

in silicon-rich and calcium-rich ash 

  

1.5 Thesis outline 

The thesis is a summary and discussion of the findings from the appended 

Papers, and the focus and methods of the different papers is outlined as listed 

below:  

Particle image 
velocimetry 

 

Char formation/ 
conversion 

Ash interactions Simulations 

Gas Solid/ 
Liquid 

CFD TEC 

Paper  
I-V 

Paper 
 I-III 

Paper 
II-III 

Paper  
II-V 

Paper  
II-III 

Paper 
 III-V 

 

The initial studies began with pyrolysis drop tube experiments conducted at 

RISE ETC in Piteå, Sweden, using pine wood and wheat straw milled to fine size 

ranges (125-150 µm, 400-425 µm and 600-630 µm). The samples were collected 

at varying fall heights and reactor temperatures, giving detailed data on char 

conversion and in particular physical particle parameters such as size, size 

distribution and shape parameters. Pyrolysis can be approximated to simulate 

the first step of particle combustion and as such is useful for studying the 
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intrinsic properties of fuel particles. Substantial work was also done on char 

reactivity of the collected samples [46], investigating the influence of ash-

forming elements and their role in conversion of the organic fuel matrix, but 

those findings are not included not included in the present thesis. The results of 

the experimental campaign can be found in Paper I, where two-dimensional 

image data were analyzed for the most useful shape and size factors. These 

descriptors were later used in all following papers to describe the observed fuel 

particles. Significant practical considerations were learned on reactor design 

and operation, and later implemented in the design of the reactor presented in 

Paper II.  

Significant differences between the drop tube employed in Paper I and the 

reactor design in Paper II was the implementation of ports along the reactor 

tube, giving in situ optical access to the particle conversion process, and allowed 

for the construction of various probes for sample collection. CFD was utilized 

for this reactor to give further insight into the flow fields and temperature 

gradients affecting the fuel particles. Using woody and agricultural fuel 

feedstocks and now a combustion atmosphere (air), both fuels exhibited similar 

but significantly faster conversion behavior than during pyrolysis, and they also 

had similar shape changes. Further analysis of the collected categories of chars 

allowed for quantification of the chemical separation of elements during 

combustion. Fine particles (PM <10 µm) were collected showing clear 

differences between the fuels and allowed for chemical analysis of these very 

fine ash particles that had separated or formed from the combusting fuel 

particles. Ash analysis of coarse particles collected indicated similar amounts of 

potassium-retention initially, though the agricultural ash showed significantly 

higher ability to retain potassium it its silicate matrix throughout the rest of the 

reactor. The fine particles were dominated by potassium, and both fuels 

exhibiting similar relative content, though the agricultural fuel exhibited a 

noticeable shift from chloride to sulfate formation with increasing reaction time.  

These findings and the influence of potassium on the conversion process 

warranted further investigation, resulting in Paper III. The coupling of CFD 

and tunable diode laser absorption spectroscopy (TDLAS) allowed for the 

estimation of gas temperature and the distribution of gas-phase molecules such 

as elemental potassium and H2O. This allows local oxygen ratios surrounding 

the fuel particles to be estimated and thus allow for thermodynamic equilibrium 

calculations (TEC). Significant findings were that although the potassium-

content in the raw agricultural fuel was six times higher than in the woody fuel, 

the elemental potassium in the gas phase was comparable. At the end of the 

reactor, TEC gave calculations that matched the observed data well, indicating 

that the gas-phase ash elements were dominated by KOH for the woody fuel and 

by KCl for the agricultural fuel. In the flame zone, elemental potassium 
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appeared much lower than what the temperature and H2O content would imply, 

likely due to the omission of reactivity in the equilibrium calculations. Based on 

the results reported in Paper II, the high silicon-content of the agricultural fuel 

is likely the explanation for the similar levels of elemental potassium in the gas-

phase, indicating that potassium content by itself in the raw fuel is not enough 

to accurately assess its impact on either the fuel conversion or the subsequent 

ash formation. For the study presented in Paper IV, the reactor was modified 

to allow for higher temperatures, and continues the study of potassium/silicon-

interactions by use of a thermally unstable potassium-rich additive in a 

gasification atmosphere. An impact plate was inserted into the reactor to 

simulate the inner wall of a gasifier being subjected to char- and ash particle 

impacts. The results indicated that gas-phase potassium interacts fast enough 

with solid silicon bound in the fuel to form a flowing slag, and this gave further 

support to the conclusions in Paper III.  

The reactor setup presented in Paper IV was also used for the experiments in 

Paper V, but the fuel was instead bark with or without the same additive as in 

Paper IV. The bark was rich in calcium and contained significant amounts of 

phosphorous together with silicon. The interactions between potassium, 

calcium, and phosphorous, and the role of carbonates in the resulting deposits, 

were studied, providing further insights into this field. 
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2 Methodologies 

The studies summarized in the present thesis were conducted using both 

commercially available analytical equipment, and also purpose-built 

instruments, with all important apparatus presented in this section. 

2.1 Reactors 

In the studies summarized in the present thesis, three different reactor setups 

were used. In Paper I, a drop tube furnace (DTF) located at RISE ETC, Piteå, 

was used to pyrolyze fuel particles. In Papers II and III, an EFR with an inner 

steel reactor tube, located at Umeå University, Umeå, was used in combustion 

mode, and in Papers IV and V the EFR situated at Umeå University was instead 

used with a ceramic reactor tube in gasification mode. 

Drop tube furnace 

In the study presented in Paper I, a DTF was used to pyrolyze biomass powder. 

The reactor consisted of a central alumina oxide reaction tube surrounded by 

five heater zones, see Figure 3. Fuel particles were fed in through a central 

particle feeder tube located at the top, and were collected at different positions 

by use of a water-cooled sample probe inserted from the bottom. By varying 

how far up the probe tip was placed, the residence time of the fuel particles 

could be varied. An inert N2 atmosphere was used both as the carrier gas for the 

fuel particles and to provide the main atmosphere. The main purpose of the 

supplied gas was to ensure a laminar flow profile that would drive the particles 

and pyrolysis products towards the centerline of the flow and away from the 

tube walls. The inner pipe of the water-cooled probe was constructed from a 

porous ceramic tube, and nitrogen gas flowed through the tube. The cold 

nitrogen gas ensured fast quenching of fuel particles, which were subsequently 

trapped in a cyclone with a cut-off of 70 µm, while particles smaller than that 

were collected on a filter plate.   
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Figure 3. Schematic figure of the drop tube furnace and the inlet of the quenching sampling probe. 
Reprinted with permission from Paper I [47]. 

Entrained flow reactor 

In Papers II-V an EFR was used to either combust or gasify fuel particles, 3D 

rendering available in Figure 4.  

A flat-flame burner was situated tightly atop the reaction tube and provided 

high particle heating rates. The flat flame McKenna-style burner, custom-

fabricated by Holthuis & Associates, was made of sintered bronze with stainless 

tubing for gas and solids transport and copper lines for cooling water. The face 

was divided into three zones, including an outer region with an outer diameter 

of 104 mm used to supply a shroud gas (either air or nitrogen), an inner region 

with a 50 mm outer diameter used to provide a flat flame, and a central tube 

with an inner diameter of 6 mm through which solid fuel and carrier gas entered 

the hot reactor zone. A cooling jacket surrounded the burner with a supplied 

cooling water flow rate of 2 liters per minute. More details on the flat flame 

burner geometry can be found in Paper II. 

The reaction atmosphere was supplied through the burner at the top of the 

reaction tube. An outlet exhaust fan allowed the operator to balance the 

pressure of the reactor via a manometer. The feeder pressure was maintained at 

25 to 50 Pa above atmospheric pressure during operation. 
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Figure 4. CAD rendering of the entrained flow reactor with furnace and platform. Reprinted with 
permission from Paper II [48]. 

Steel tube 

In Papers II and III, the EFR was used in combustion mode, and a schematic of 

reactor setup is shown in Figure 5. The inner reactor tube and optical ports 

consisted of an austenitic chromium-nickel steel alloy Sandvik 253 MA, with 

21% Cr and 11% Ni. The material had a maximum operating temperature of 1150 

℃. Stainless steel provided good mechanical properties but had limitations in 

the upper temperature range, and the steel alloy was somewhat susceptible to 

fuel/ash interactions. The tube size had a 114.3 mm outside diameter and 6.0 

mm wall thickness, and this yielded an inner diameter of 102.3 mm at room 

temperature. The hinge-side optical ports of the reaction tube had an outside 

diameter of 21.3 mm, and the outer optical ports had an outside diameter of 

26.7 mm. A gas and particle extraction probe that could be inserted through the 

ports was also constructed from stainless steel, which allowed for gas analysis 

along the reactor, fine particle sampling and the collection of coarse particles.  
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Ceramic tube 

In Papers IV and V, the same EFR setup as presented above was used, though 

the stainless steel reaction tube in Figure 4 was changed to an alumina ceramic 

tube (Degaussit AL23, Friatech, Germany) as presented in Figure 5 and in 

Figure 6(a). This allowed for significantly higher temperatures during operation. 

The ceramic tube had an inner tube size of 70 mm diameter and 5 mm wall 

thickness and a total height of 2,100 mm. An adapter was constructed to allow 

the fitting of the flat flame burner to the ceramic tube, restricting the shroud gas 

area to an outer diameter of 70 mm. Optical ports were located 700 mm from 

either the top or bottom of the main reactor tube. The hinge-side optical ports of 

the reaction tube had an inside diameter of 25 mm and the outer optical ports 

had an inside diameter of 40 mm. For the experiments using the ceramic tube, a 

loudspeaker was also attached to the fuel feed pipes above the burner, operating 

continuously at 1.4 kHz. This inhibited the formation of particle agglomerates 

and reduced plugging. 

 
Figure 5. CAD rendering of the entrained flow reactor tube in steel to the left, and in ceramic to 
the right. Adapted from Paper II [48]. 

Ceramic impact probe 

A vital part of the setup for Paper IV and V was the ceramic impact probe 
(Degaussit AL23, Friatech, Germany) consisting of an 8 mm diameter alumina 
rod containing two canals enabling the positioning of a thermocouple  in direct 
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contact with the underside of the main probe plate, see Figure 6(b,c). The probe 
plates had a diameter of 25 mm, and were positioned at different impact angles 
to simulate particle-wall impacts under different conditions. Four deposit 
formation mechanisms have been proposed in previous studies using coal [49]: 
inertial impaction, thermophoresis, condensation, and chemical reaction. It has 
previously been shown that inertial impaction is the dominating mechanism 
behind deposit formation [50, 51]. During inertial impaction on surface, a 
particle either sticks or rebounds depending on the stickiness of both the 
particle and the surface [52, 53]. As the temperature difference between the 
particle and the probe plate could be assumed to have little influence on inertial 
impacts, no additional cooling over the radiative heat loss through the optical 
port openings and conductive heat loss through the ceramic rod was added. By 
varying the angle of the plate, it was possible to study particle entrainments in 
the gas flow, particle-wall impacts, and slag viscosity. Two sample frames 
captured during the experiments can be seen in Figure 6, the probe surface 
before particle impacts in (d), and the probe plate during particle impacts in (e). 

 

 

 

  

Figure 6. 3D rendering of the reactor (a) and inserted probe (b). Dimensions of the probe in (c). 

a b 

c 

e d 
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Sample frame from the impact probe plate before particle impacts (d) and during particles 
impacts (e). Adapted from Paper IV 

2.2 Fuel properties 

Several different biomass fuels were used in this thesis, and their ash and 

volatile contents were determined by methods EN 14775 and EN 15148, 

respectively.  Carbon, hydrogen, and nitrogen contents were determined by 

method EN 15104, where oxygen is calculated by difference. The elemental 

composition of the biomass plays a crucial role in understanding both the 

devolatilization process and the fractionation of ash-forming elements as well as 

the subsequent properties of the ash- or slag deposits that formed. Biomass was 

milled and sieved into narrow size ranges, which can have an effect on the 

elemental composition of the fuel powder (see Wheat straw in Table 1). 

In Paper I, pine stem wood and wheat straw were prepared in three narrow size 

ranges of 125–150 µm, 400–425 µm, and 600–630 µm. The pine powder 

represents an “easy to use” fuel, with a low ash content dominated by calcium 

and potassium. Wheat straw is instead a plentiful agricultural residue that is 

characterized by a high ash content dominated by silicon and potassium, and 

which contains significant amounts of calcium and chloride. This fuel is known 

for forming melts at even moderate temperatures, and chlorides are commonly 

associated with fly ash and corrosion. 

Four different biomasses were used in Paper II and III: Norwegian spruce 

(Picea abies); a softwood blend of Norwegian spruce and Scots pine (Pinus 

sylvestris L.); reed canary grass (Phalaris arundinacea); and Miscanthus 

(Miscanthus x giganteus). Norwegian spruce and reed canary grass were only 

used to test mass closure in the reactor setup described in Paper II, and the 

behavior of the ash forming elements were not tested for these fuels. Therefore 

the elemental analysis for those two fuels are not presented in Table 1. The 

softwood blend was a low-ash fuel that is commonly used for energy generation 

and fulfilled the same role as pine in Paper I. Miscanthus is moderately ash-rich, 

dominated by silicon and potassium. In Paper IV, reed canary grass was used in 

a gasification atmosphere with varying amounts of potassium hydrogen 

carbonate additive in order to study the formation and properties of the formed 

potassium silicon deposits and melts. In Paper V, bark was gasified with the 

same additive used to study the formation of carbonate melts and their role as 

precursors of phosphorous-rich ash compounds.  
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Table 1 Fuel composition for the four different fuels used in reactor characterization. 

 

Unit 
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e 
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h
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eat straw
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h
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o
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d
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th
u

s 
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Paper  I I I I II/III II/III IV V 

Size µm 

1
2

5
-6

3
0
 

1
2

5
-1

5
0
 

4
0

0
-4

2
5
 

6
0

0
-6

3
0
 

3
0

0
-9

0
0
 

3
0

0
-9

0
0
 

2
5

0
-5

0
0
 

2
5

0
-5

0
0
 

KHCO3 

additive 
%wt, ds 

- - - - - - 

0
/1

/5
 

0
/5

 

T
em

p
eratu

re 

°C
 9
0

0
/1

1
0
0
 

9
0

0
/1

1
0
0
 

9
0

0
/1

1
0
0
 

9
0

0
/1

1
0
0
 

1
0

0
0
 

1
0

0
0
 

1
0

0
0

/1
2
0

0
 

8
5

0
-1

3
0
0
 

λ  ~0 ~0 ~0 ~0 ~4 ~4 ~0.6 ~0.6 

Ash %wt, ds 0.4 8.2 7.1 6.4 0.4 3.2 3.8 1.7 

C  50.6 45.3 46.0 46.4 50.1 47.6 47.3 50.6 

H  6.2 5.8 5.8 5.9 6.20 5.80 5.84 5.97 

N  0.2 0.7 0.6 0.6 0.04 0.24 0.58 0.25 

O  42.6 40 40.5 40.7 43.5 43.2 42.5 41.5 

K mg/kg, ds 813 13500 13500 12100 501 2780 2060 2070 

Na  17 188 189 177 30 87 34 31 

Ca  838 4560 3950 3260 906 1111 1040 3720 

Mg  229 1120 936 806 136 479 397 626 

Fe  30 419 358 275 47 233 68 73 

Al  31 568 520 431 77 191 108 588 

Si  183 19400 14700 12600 309 10116 12600 358 

P  161 760 680 600 47 298 663 528 

S  121 1270 1180 1130 57 344 738 278 

Cl  26 3630 3540 3240 23 239 388 72 
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2.3 Particle image velocimetry and properties analysis 

Fuel particles were analyzed using two different commercially available 

instruments for image analysis – a Camsizer XT (Retsch Technology GmbH) in 

Paper I and a LaVision ParticleMaster system (Imager SX 4M CCD camera, 

LaVision GmbH) in Papers I–V. Both instruments use a form of shadow 

imaging based on backlight illumination. A light pulse from an LED flash lamp 

illuminates a particle from behind, and the shadow is recorded by a CCD-

camera, providing information on size and shape of a particle. By recording 

frames in quick succession, the recorded particle can be matched between two 

frames and the velocity calculated. The principle behind the technique and a 

sample image can be seen in Figure 7. 

 

  

Figure 7.  Schematic of the principle behind shadow imaging 

 

The Camsizer XT was used for dynamic image analysis (DIA) to analyze size 

distribution and shape descriptors. This was done by feeding samples collected 

from the DTF experiments in an even air stream falling past two high-speed 
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CCD cameras. One camera is optimized for the larger particles in the sample, 

while the other camera is zoomed and is optimized for the smallest fractions. 

This allows for accurate size and shape analysis of the full size range of particles. 

The LaVision system was used for similar DIA as the Camsizer XT, though only 

using a single CCD camera. The main difference is that this system can also be 

used with a long-distance microscope, allowing for in situ shadow imaging 

provided that the reactor has suitable ports. It was also configured for static 

image analysis (SIA) of stationary particles on a flat surface seen from above. 

DIA of the data collected using the LaVision system was done using the software 

DaVis version 8.1.5. ImageJ v.1.48 [54] was used for density calculations based 

on SIA data. 

Residence time determination 

Both the Camsizer XT and the LaVision ParticleMaster system were used for 

particle image velocimetry (PIV). By recording two images with known pixel size 

in quick succession of a particle in motion, and with a known time interval 

between the acquisitions, the position of the particle can be compared, and the 

relative displacement over the time difference can be calculated, resulting in 

individual particle velocities. This can in turn be used to assess residence time 

for fuel particles, which plays a significant role in thermal decomposition and is 

a direct result of particle velocity and reactor geometry [5, 6].  

Particle parameters 

Describing the shape, size, and density of an irregularly shaped particle in a 2D 

image can be done in several different ways. Given known scaling and resolution 

of the images taken, the area of each pixel can be determined. By summing the 

pixels that make up a particle, the geometric 2D area, Aparticle, can be determined 

and then converted into a circle-equivalent 2D diameter, D2D, (Equation 5).  

𝐷2𝐷 = √
4𝐴𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒

𝜋
 

 

(5) 

Using 2D images to model 3D objects requires some compromises, and 

throughout this thesis the method described by Bagheri et al. [55] was used to 

calculate a 3D equivalent volume diameter, Deq, of a particle from 2D images 

(Equation 6).  

𝐷𝑒𝑞  =
𝐷2𝐷

1.022𝜓−0.29
 

 
(6) 
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Their findings indicate that diameters of 3D objects based on 2D images can be 

improved by taking into account particle sphericity, ψ, where they used Cox 

circularity [56], φCox, for vesicular particles and Riley circularity [57], φRiley, for 

non-vesicular particles (Equations 7 - 9). Both forms of sphericity are equal to 1 

for a perfect sphere and decrease towards zero as the shape becomes less 

sphere-like. Cox circularity describes how the perimeter of the particle, Pparticle, 

differs from the perimeter of a circle with the same area as the particle. Riley 

circularity compares the diameter of the largest inscribed circle, Di, that can fit 

inside the shape divided by the diameter of the smallest circumscribed circle, 

DC, that can fit around the outside of the shape. For more information on the 

equations used see Camsizer XT documentation, DIN 66141.  

𝜓 { 

𝜑𝑅𝑖𝑙𝑒𝑦  𝑓𝑜𝑟 𝑛𝑜𝑛‐ 𝑣𝑒𝑠𝑖𝑐𝑢𝑙𝑎𝑟 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 
(7) 

𝜑𝐶𝑜𝑥  𝑓𝑜𝑟 𝑣𝑒𝑠𝑖𝑐𝑢𝑙𝑎𝑟 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 
 

𝜑𝐶𝑜𝑥 =
4𝜋𝐴𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒

𝑃𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒
2  (8) 

𝜑𝑅𝑖𝑙𝑒𝑦 = √
𝐷𝑖

𝐷𝑐
 (9) 

Geometric density, ρgeo, was determined using Equation 10, dividing the total 

mass of all n particles used for SIA image analysis, msample, by the sum of the 

volumes based on Deq. 

𝜌𝑔𝑒𝑜 =
𝑚𝑠𝑎𝑚𝑝𝑙𝑒

∑
𝜋
6
(𝐷𝑒𝑞)

3𝑛
𝑖=1

 

 

(10) 

A parameter of vital interest during pyrolysis and gasification is the mass loss X, 

which describes the degree of mass conversion of a particle. The most common 

definition of X is on a dry ash-free basis, XDAF, according to Equation 11.  

𝑋𝐷𝐴𝐹  =  
𝑚0 −𝑚

𝑚0 −𝑚𝑎𝑠ℎ
 

 
(11) 

Here m0 is the initial weight of a sample, m is the current weight of the sample, 

and mash is the final weight of the sample after full combustion. This means the 

sample conversion X is zero initially, and is 1 when only ash remains i.e. all 

mass that can convert has converted. A somewhat more simplified definition of 

X that is better suited to optical studies is to include ash according to Equation 

12. 
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𝑋 =  
𝑚0 −𝑚

𝑚0
 

 
(12) 

In the case of a particle containing ash, X will never reach a value of 1 as m will 

never reach zero.  

The volume multiplied by the density of a particle equals the particle mass, and 

thus measuring the size and density of char particles quenched at different 

points of conversion allows for the solving of X. This correlation between 

volume, density and conversion can be rearranged into Equation 13, which is a 

slight variation of an equation proposed by Smith [58] in 1982, developed for 

coal particles. The circle equivalent diameter is replaced with the particle 

equivalent diameter, and X is the degree of conversion as described above, D0eq 

is the equivalent diameter of the unconverted fuel particle, and the diameter 

evolution coefficient β can vary between zero and ⅓. A value of zero describes a 

particle where mass loss occurs strictly through density loss while the diameter 

remains constant, and a value of ⅓ describes a situation where the density 

remains constant and mass is lost solely through shrinkage. 

𝐷𝑒𝑞  =  𝐷0𝑒𝑞(1 − 𝑋)
𝛽 

β=0 Density loss model 
(13) 

β=1/3 Shrinking particle model 

Particle-gas interaction 

As fuel particles are transported through the reactor, the organic matrix and ash 

components will convert and separate. This mass loss and conversion affects the 

physical properties of the fuel particle, including its size, shape, density, and 

even its radiative emissivity. This in turn affects how it interacts with the 

surrounding gas, and smaller and lighter particles become fully entrained more 

easily, while rounder particles move through the gas medium with less 

resistance than a highly irregular particle. Particle diameter and velocity allows 

for the calculation of the particles Reynolds number (Rep) and Stokes number 

(Stk), two useful numbers when dealing with particles entrained in flows, and 

the general equations [59, 60] can be rewritten for use with the above outlined 

parameters.  

𝑅𝑒𝑝  =  
𝜌𝑔𝑒𝑜𝑢𝐷𝑒𝑞

𝜇
 (14) 

𝑆𝑡𝑘 =  
𝜌𝑔𝑒𝑜𝐷𝑒𝑞

2 𝑢0

18𝜇𝑙0
 

 

(15) 

In Equation 14, u is the relative particle velocity in comparison to the 

surrounding fluid and µ is the dynamic viscosity of the fluid, while in Equation 
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15 u0 is the fluid flow velocity well away from the geometry that disrupts it, and 

l0 is the characteristic dimension of the geometry that disrupts the fluid flow 

(which can be difficult to determine for complex geometries). The particle 

Reynolds number describes the ratio between the momentum of an object and 

the dynamic viscosity of the medium it is traveling through. If Rep < 10, a sphere 

passing through does so at a rate that will not disrupt the flow profile of the 

medium, thus indicating a laminar flow around the sphere. The Stokes number 

instead describes the ratio of the inertia of a particle to the inertia of the 

medium. A Stk < 1 implies that the particle follows the gas flow if the gas 

changes direction, while a high Stk number indicates that the particle will 

detach from the flow field due to inertia.  

As a particle shrinks and become fully entrained, the relative velocity difference 

between the particle and the surrounding gas becomes zero, and thus convective 

heat transfer is significantly reduced. In theory the only external source of 

oxygen for a fully entrained particle in a laminar flow would be through 

molecular diffusion in the gas. This is important for understanding the local λ 

and chemical equilibrium surrounding the converting fuel particle and 

accompanying ash elements. 

2.4 Computational fluid dynamics 

Numerical simulations of fluid dynamics can be useful both for design 

optimization and for understanding complex flow properties that are difficult to 

measure directly. Papers II and III utilized this tool extensively, with 

measurement data collected in Paper II allowing for calibration of simulations, 

and those results being used to interpret gas composition measurements in 

Paper III. Numerical simulations can be done in many ways, each with their 

own drawbacks and strengths [60], and in this thesis the method used was a 

two-dimensional axi-symmetric geometry based on the dimensions of the EFR 

reactor (excluding optical ports) using Ansys Fluent (version number given in 

the relevant paper). Gas flow was simulated using a k-ε model with non-

equilibrium wall functions [60, 61]. Combustion was modeled employing a non-

adiabatic probability density function table of 20 species, with the rich 

flammability limit for propane in the fuel stream set to 0.1. The effect of 

radiation on the gas phase was incorporated using a domain-based, weighted-

sum-of-gray-gases model, and radiation from surfaces was accounted for by a 

discrete ordinates approach [62]. All surfaces were ascribed an emissivity 

coefficient of 0.7. Because measurements of the flat-flame burner and shroud 

inlet surface temperatures were not available, a one-point temperature 

calibration was performed using the temperature measured by TDLAS at Port 2. 

The wall temperatures were approximated by a polynomial function based on 
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measured thermocouple values corresponding to the wall at Port 1 and on 

TDLAS measurements from Port 2 to Port 5. 

2.5 Tunable diode laser absorption spectroscopy 

In Paper III, in situ detection of H2O(g), gas temperature and atomic potassium, 

K(g) was performed inside the entrained flow reactor. The measurements were 

conducted using instruments based on tunable diode laser absorption 

spectroscopy (TDLAS), which were provided and operated by the Applied Laser 

Spectroscopy group at the Department of Applied Physics and Electronics, 

Umeå University. The TDLAS sensors allowed for simultaneous real-time 

detection of H2O(g), gas temperature and elemental gas-phase potassium in one 

beam path, by combining two existing TDLAS instruments previously applied 

and validated in a flat-flame [63], single pellet conversion experiments [64, 65] 

and pilot-scale entrained flow biomass gasification [66].  

A typical TDLAS setup consists of a tunable diode laser light source, 

transmitting optics, an optically accessible absorbing medium (in this case gas 

the flue gases inside the EFR accessible through optical ports), receiving optics 

and photodetectors. The species of interest in the gas have characteristic 

absorption lines, and the diode laser emission wavelength is tuned over the 

wavelength region of interest. Atomic or molecular absorption causes a 

reduction in the measured light intensity, which can be used to determine the 

species concentration in the gas [67]. For detection of H2O at 1398 nm, a variant 

of TDLAS, calibration-free scanned wavelength modulation spectroscopy, was 

used. This provided path-averaged H2O concentrations and H2O density-

weighted, path-averaged gas temperatures [63, 65]. Direct absorption 

spectroscopy (DAS) at 769.9 nm was employed to obtain path-averaged 

elemental potassium concentrations [64]. The laser beams were combined using 

an optical fiber coupler, passed through the EFR, and then separated again 

employing a beam splitter for subsequent detection with photodetectors (see 

Paper III for details).  

Gas temperature was assessed independently of the absorption path length by 

two-line thermometry on H2O transitions [65]. This allowed for the 

determination of H2O density-weighted, path-averaged temperatures even in 

the presence of temperature and species non-uniformities [68]. The 

temperature was used to calculate species concentrations at individual ports. 

The detection limit for H2O at 10 cm path length was 0.1 %, and the 

measurement uncertainties were estimated to be 25 K and 0.5 % H2O for 

temperature and water vapor respectively [63]. The gas-phase potassium sensor 

was designed to allow operation under optically thick and partially opaque 

conditions, which enabled a dynamic range of 106, from 40 parts per trillion by 
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volume (pptv)·cm to 40 parts per million by volume (ppmv)·cm, while the 

measurement uncertainty could be up to 20 % at high absorbance. 

At each optical port the three parameters temperature, H2O, and potassium 

concentration were monitored for about 15 minutes under stable combustion 

conditions. A small (0.1 Nl/min) nitrogen purge flow applied to the optical port 

tubes helped to maintain an optical path length close to the inner diameter of 

the EFR by counteracting flue gases from entering the port tubes.  

2.6 Thermodynamic equilibrium calculations 

Thermodynamic equilibrium and viscosity calculations (TEC) were carried out 

in Papers III–V. The fuel composition and atmosphere was determined based 

on fuel composition and λ. The equilibrium module was used to calculate the 

expected chemical equilibrium concentrations of chemical species based on 

given input elements.  

Relevant elements from Table 1 were used as fuel composition input, and slag or 

gas composition output was calculated as a function of temperature or λ. The 

calculations seeks to minimize the total system free Gibbs energy, and as such 

do not take into account chemical kinetics. This means that any results are to be 

interpreted conservatively, especially when applied to environments where fast 

and slow reactions compete during a limited time frame. 

The Gibbs energy G is a function of the enthalpy H and the entropy S at a given 

temperature T. 

𝐺 = 𝐻 − 𝑇𝑆  
 

(16) 

As a system undergoes either a chemical reaction or a phase change the 

enthalpy and entropy will also change, which can be described as 

𝛥𝐺 = 𝛥𝐻 − 𝑇𝛥𝑆  
 

(17) 

The equilibrium state is reached when ΔG equals zero, and a change in ΔG also 

indicates if the process will occur spontaneously. A negative ΔG indicates that 

the system will move towards that state. However, for multicomponent and 

multiphase systems G for all components and phases needs to be considered, 

which includes stoichiometric compounds (liquid or solid) and solutions (gases, 

liquids and solids). These calculations are often in reality quite complex, and 

specialized software has been developed for such purposes. In this thesis the 

software FactSage™ [69] was used, with the relevant edition and databases 

given in the corresponding papers.  
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Viscosity was also calculated for the predicted melts in Papers IV and V using 

the viscosity toolbox available in FactSage™. The MELTS database was used, 

and the composition of the predicted chemical equilibrium oxide melts and salts 

at the temperature span of 700–1,300 °C was used as composition input. The 

viscosity of predicted carbonates was not calculated because relevant data were 

not available, although carbonate viscosity is generally assumed to be low. The 

viscosity of carbonate melts have mainly attracted the attention of geologists, 

and as such much of the work assumes high pressure [70]. 

2.7 Complementary analysis equipment 

In addition to the techniques and equipment described above, a number of 

additional methods of analysis were used throughout the papers. 

Scanning electron microscopy with energy dispersive X-ray 

spectroscopy 

A scanning electron microscope (VP-SEM; Carl Zeiss Evo) was used in all 

papers, and elemental analysis was performed using energy dispersive X-ray 

spectroscopy (EDS: Oxford Instruments X-Max 80 mm2) in Paper II-V. 

Powder X-ray diffraction 

Powder X-ray diffraction (XRD) (Bruker AXS d8Advance diffractometer in θ-θ 

mode, Cu Kα-radiation (1.5418 Å)) was used in Paper V to analyze the 

carbonates that were formed. 

Fuel analysis 

Ash and volatile contents were determined at an accredited lab, using 
inductively coupled plasma optical emission spectroscopy (ICP−OES) or 
inductively coupled plasma mass spectrometry (ICP−MS) according to EN 
14775/15104/15289/15290/15297 

 
FTIR 
A portable FTIR instrument (Gasmet DX-4000) equipped with a ZrO2-cell for 

O2 measurement was used to determine the flue gas composition (O2, CO2, H2O, 

CO) at the exhaust in Papers II and III. 

Particulate matter sampling 

In Paper II a 13-stage Dekati low-pressure cascade impactor (LPI) equipped 

with a pre-cyclone (cutoff 10 µm) was used for sampling of particulate matter 

(PM). The sampling probe consisted of a 25 mm outer diameter Sandvik 253 

MA steel tube with a 95 mm × 15 mm rectangular opening positioned through 
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the reactor optical ports and centered in the reactor during sampling. A nitrogen 

gas flow of 9-10 Nl/min was introduced through the probe opposite to the PM 

sampling system that sampled at 9.6 Nl/min. This served two purposes: firstly 

to quench the combustion of particles entrained in the probe and secondly to 

avoid damage to the sampling system by reducing gas temperatures for the 

sampled stream. This enabled sampling above 1,000 °C but removed the 

possibility for isokinetic sampling, and consequently the determined >1 µm PM 

concentrations should only be discussed in relative terms between samples 

collected with this probe. The chemical composition of sampled particulate 

matter (PM) is relevant for discussing ash transformation reactions. 
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3 Results and discussion 

3.1 Char formation 

The first step in this study towards improved understanding of fuel powder 
conversion and ash formation was to quantify the size and shape changes of 
converting biomass particles during thermal conversion. The DTR described in 
section 2.1 was used to pyrolyze pine stem wood and wheat straw using different 
temperatures and residence times. The collected chars were then analyzed using 
the optical equipment described in section 2.3.  

By PIV on char particles, and compensating for density and viscosity changes of 

the gas in the DTR, residence time was estimated, and particle size and shape 

allowed for the calculation of the volume equivalent diameter Deq, Figure 8. 

 
Figure 8. Relative particle diameter change plotted against calculated residence time, (a) stem 
wood  (b) wheat straw. Reprinted with permission from Paper I [47]. 

 
Significant differences in size change were observed between the two fuels. For 

stem wood presented in Figure 8(a), heat transfer limitations were observed due 

to the initial particle size. Smaller particles began shrinking earlier and higher 

temperature also led to faster shrinkage, explained by the higher internal 

particle heating rates expected from smaller particles. Initial particle size did 

not seem to have an effect on final relative particle diameter, although the 

largest particle size fraction likely did not reach full conversion.  

For wheat straw presented in Figure 8(b), no significant differences between the 

400 µm and 600 µm particles could be seen depending on temperature or 

residence time, indicating that heat transfer did not play a significant role. 

However the smallest 125 µm fraction deviated noticeably, only undergoing 

moderate shrinking in comparison to the larger factions. The smallest size 

fraction had a higher ash content, which might explain the observations. The 

ash components in biomass are not evenly distributed in the plant, and different 

parts of the organic structure might become unevenly represented in the size 

fractions during milling and sieving due to differences in brittleness connected 

to the ash content and composition. 
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The 600 µm fraction of collected chars was used to calculate particle density as 

explained by Equation 10, see Figure 9. The data shows that stem wood 

underwent a fast initial decrease in density, followed by a slow increase as 

conversion proceeded. Wheat straw instead maintained its density during the 

initial stage of conversion, followed by a sharp decrease in density that was 

maintained afterwards, possibly due to full conversion being achieved. 

 
Figure 9. Relative density change of stem wood and wheat straw undergoing rapid pyrolysis. 
Reprinted with permission from Paper I [47]. 

 
Particle conversion was assessed by multiplying the relative volume change by 

the relative density change of the chars and comparing this to the untreated fuel 

particles, but it was found that Equation 13 was not well suited to describing the 

fuel conversion process. Stem wood initially lost mass by a reduction in density 

during the devolatilization stage while retaining size, followed by the char 

conversion stage that was better characterized by a rapid reduction in size and 

increase in density. Wheat straw, on the other hand, initially lost mass through 

fast shrinking, followed by a stabile size but a reduction in density. Equation 13 

was therefore modified into Equation 18, where the coefficient β is replaced by 

γ, and an extra X term is added to allow for a different mass loss pattern during 

initial and final conversion using the coefficient δ. Both power terms fulfill the 

same role as β in Equation 13, though they are not limited to a maximum value 

of ⅓ . 

𝜌𝑔𝑒𝑜  =  𝜌0𝑔𝑒𝑜 ∗ ((1 − 𝑋)
𝛾 + 𝑋𝛿) (18) 

  
Substituting X in Equation 18 with relative density (Equation 10) multiplied by 

relative volume through use of Equation 6, the parameters γ and δ could be 

calibrated. Relative density change could then be determined as a function of 

Deq, in turn allowing for X to be modeled as a function of Deq, β, γ and δ. This 

optical conversion model (OCM) approach was compared with a commonly 

used ICP-MS method in Figure 10. 
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Figure 10. Particle conversion plotted against residence time for pine stem wood particles at 900 
°C (a), pine stem wood particles at 1,100 °C (b), wheat straw particles at 900 °C (c) and wheat 
straw particles at 1,100 °C. Reprinted with permission from Paper I [47]. 

For stem wood, both methods gave similar results, though at 900 °C no trend 

indicating mass transfer limitations could be seen using the reference method, 

but clear influences were indicated using the OCM. Both methods give 

somewhat scattered trends for wheat straw, and conversion was under-

predicted for the smallest size fraction. This was expected due to the way these 

particles deviated, as shown in Figure 8. The ICP-MS method requires a certain 

amount of ash sample to give accurate results, meaning it is easier to collect 

enough sample for wheat straw than stem wood. The method is also sensitive to 

contaminations and to ash compounds re-condensing in the sampling 

equipment and on collected char particles. This can also be seen in the error 

bars for the reference method and also that some of the stem wood experiments 

did not yield enough char for successful analysis to be performed. Because the 

reference method uses tracking of non-volatilized ash-forming elements, it 

relies on these elements not being lost from the fuel particle during conversion 

[71]. If fragments are formed and the element is not evenly dispersed 

throughout the particle, non-representative parts might be lost, causing errors 

in the estimations. This might be the case for the wheat straw particles because 

they are rather heterogeneous in composition, coming from different parts of 

the plant, and this could potentially explain the somewhat scattered trends seen 

for conversion estimated by the reference method. 
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3.2  Char-ash transformation 

Fuel powder conversion and ash formation during combustion in an EFR was 

studied for powders of softwood and miscanthus. Particle velocity, size, and 

shape change were monitored in situ using optical ports and PIV, while chars 

and fine particles were collected using an extraction probe, cyclone and LPI. 

Interpreting particle flow behavior was supported by a CFD model of the 

reactor. The simulated flow field and temperature distribution can be seen in 

Figure 11. 

 

Figure 11. Simulated gas velocity (a) and gas temperature (b). Reprinted with permission from 
Paper II [48]. 

 
A significant reduction in gas velocity just below Port 2 was predicted due to 

mixing of cold and hot gases, while the gas was expected to increase in velocity 

along the centerline between Ports 3 and 5. Significant temperature gradients 

were only expected in the gas at Ports 1 and 2. PIV data on particle size and 

velocity are presented in Figure 12(a). As expected from the CFD model, a 

substantial decrease in particle velocity could be observed at Port 3 due to 
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particles traveling through a region of very low gas velocity. Monitoring of 

particle diameter indicated rapid conversion between Ports 2 and 3, and using 

an assumption of constant density, the diameter change would indicate a 

conversion of 94 % for softwood and 85 % for miscanthus at Port 3 (after 0.6 

seconds residence time). This means the particles had entered the char 

conversion stage by Port 3, or after just over 0.6 s residence time. The observed 

particle velocity acceleration followed the trend of the gas predicted by CFD, 

indicating that they were fully entrained in the flow. The main reaction zone for 

studying devolatilized matter was therefore Port 3, and Port 5 was deemed 

appropriate to study the release of ash-forming elements during char 

conversion. Fine and coarse particles were collected by use of an LPI and 

cyclone (cutoff 10 µm), and size distribution of the fine particles can be seen in 

Figure 12(b). 

 
 

Figure 12. (a) Particle size and velocity of particles undergoing combustion. (b) Fine particulate 
matter size distribution at Port 3 and Port 5 (P3, P5) for softwood and Miscanthus during EFR 
combustion. Adapted using data from Paper II [48]. 
 

A sharp decrease in sub-micron PM between Port 3 and Port 5 could be 

observed for both softwood and miscanthus. At Port 3 the extracted material 

contained both carbonaceous material and inorganic ash compounds. At Port 5 

ash-forming elements dominated the total composition. Because char and ash in 

the solid or liquid state travel together with the gaseous components formed 

during fuel particle burnout, continuous interactions can be expected in an EFR, 

making chemical-equilibrium considerations highly relevant. The relative 

elemental composition on an O- and C-free basis of PM collected at Ports 3, Port 

5, and the collection tray (bottom ash), was determined using SEM-EDS, see 

Figure 13. 
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Figure 13. Elemental composition of coarse and fine particulate matter collected at Port 3 and Port 
5. C and O omitted from analysis. Adapted using data from Paper II [48]. 

 
A clear trend of potassium being released from the coarse particles was seen for 

both softwood and miscanthus, though the release was more rapid for softwood, 

likely due to a lack of readily available anions in the ash of the softwood [72, 73]. 

The coarse miscanthus particles were dominated by silicon, reducing the release 

of potassium by instead forming silicates. The fine particle fraction collected at 

Port 3 and Port 5 was dominated by potassium and chromium for both fuels. 

The chromium was released from the stainless steel reactor walls, and as such 

should be considered a contaminant. The main difference between the fuels was 

the higher content of volatile elements such as sulfur and chlorine in the 

miscanthus, and the released phosphorus also indicated the formation of gas-

phase potassium phosphates.  A trend observed for fine PM in Figure 13 was 

that the S/Cl ratio increased significantly between the ports, likely explained by 

an increase in sulfate formation. Between Port 3 and Port 5 (a 0.9 second 

residence time) the S/Cl ratio increased by a factor of three for both fuels, likely 

explained by a change in local oxygen availability. This indicated that the 

reaction kinetics were fast enough to shift the equilibrium over from chloride to 

sulfate formation over a short time span. At Port 3 the sulfate formation was 
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likely limited by the oxidation rate of SO2 into SO3, a reaction that can be 

heavily affected by the ongoing organic fuel matrix conversion. 

3.3 Potassium release  

The release of potassium into gas-phase species during combustion of biomass 

was studied using a combination of PIV, TDLAS, CFD, and TEC. Velocity, size 

and shape change data of converting biomass particles were collected as 

described in previous sections. The optical ports allowed for in situ TDLAS data 

collection of the gas-phase composition of H2O and elemental potassium (K(g)). 

As described in section 2.5, two-line thermometry on H2O transitions was used 

to calculate path-averaged gas temperature, while path-averaged K(g) 

concentrations were obtained by direct absorption spectroscopy. CFD 

simulations of the gas composition distribution across the gas column analyzed 

by TDLAS allowed for improved estimations of the local conditions surrounding 

converting fuel particles. As the converting char particles were fully entrained in 

the gas, the volatiles released from the fuel particles traveled close to the 

remaining solid char, allowing for continuous interaction between ash-forming 

elements, the carbonaceous matrix, and other gaseous compounds originating 

from the same particle. A comparison of TEC results with gas-phase potassium 

concentrations measured in the reaction zone can indicate whether the fuel 

conversion and ash transformation reactions are close to, or have reached, 

equilibrium. TEC was made more applicable by the combined TDLAS/CFD data 

because more clearly defined local conditions surrounding the converting 

char/ash particles could be obtained. 

Figure 14 shows the simulated H2O distributions in the EFR during propane 

flame operation. Close-ups on the regions around the port locations (indicated 

by arrows) are shown for clarity. Steep gradients are present at Port 2 because 

the hot propane combustion products are concentrated at the EFR center, while 

the cold dry shroud gas resides near the reactor wall. At Ports 3–5, the gases are 

well mixed, leading to more uniform conditions across the reactor tube.  
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Figure 14. 2D CFD simulation of H2O distributions. Radial H2O concentration for selected ports (P) 
shown to the right. Adapted from Paper III [74]. 

 
At Port 5 gas temperature and H2O distribution could be expected to be 

uniform, simplifying interpretation of TS-LAS data. At Port 3, however, the 

temperature and H2O concentration along the centerline, where the fuel 

particle conversion takes place, deviated from the average value. Local H2O 

levels, oxygen availability, and temperature close to the converting particles 

probably deviated from measurements on the radial average, giving rise to 

uncertainties at this port. In Figure 15, the average gas-phase potassium 

concentrations measured between Ports 2 and 4 are presented.  

 
Figure 15. Average TDLAS-measured gas-phase potassium concentrations at Ports 2-5 as a 
function of residence time for softwood (SW) and miscanthus (MC) combustion in the EFR. 
Error bars represent the estimated measurement uncertainty. Adapted from Paper III [74]. 
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Softwood underwent a linear release of potassium, while miscanthus seemed to 

undergo a somewhat more rapid initial release of potassium, followed by a 

sharp drop. Primary ash transformation reactions producing KOH(g) from K(g) 

is the most likely mechanism for the reduction of K(g) seen for the softwood 

experiments, though other secondary reactions could also have taken place [75]. 

Miscanthus contained almost six times as much potassium as the softwood 

(Table 1) but also significant amounts of silicon which was expected to cause the 

potassium to remain locked in the char. This however does not explain the 

sharp drop in K(g) content observed at residence time 1.2 seconds. For 

miscanthus it was also shown in Figure 13 that significant amounts of chloride 

and sulfur was present in the fines collected, in particular at Port 5,  giving clear 

indications that secondary and tertiary ash reactions had taken place. Because 

elemental potassium is characterized by high reactivity, the content of free 

potassium could be used to analyze the properties of the local atmosphere, such 

as oxygen content and the distribution of other K-containing species. The fuel 

composition and estimated local temperature at Port 3 and Port 5 was used for 

TEC. The dominant gas phase compounds containing potassium and the H2O 

concentration were calculated as a function of the oxygen-to-fuel ratio. The 

measured H2O concentration and potassium levels were then matched to the 

TEC data, as shown in Figure 16.   

 
Figure 16. Thermodynamic equilibrium values of K compounds and H2O for softwood (a, b) and 
miscanthus (c, d) for Ports 3 and 5, plotted as a function of λ and calculated using the TDLAS-
measured temperature at the respective port. Blue dots indicate the measured H2O concentration, 
to which the measured K(g) concentrations (red star markers) were matched. The dual errors bars 
represent the standard deviations and maxima due to fuel feeding fluctuations. Reprinted with 
permission from Paper III [74]. 
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Water vapor is predicted to increase as available oxygen increases until a λ of 1 

is reached, followed by an increasing dilution effect on H2O concentration in the 

gas as excess O2 is introduced. The blue dot on the H2O concentration lines 

indicate the measured H2O concentration at the given port, while the red star 

indicates the measured gas-phase potassium and was plotted at the λ indicated 

by the H2O concentration. The flame zone was observed to reach Port 3, 

indicating a local λ below 1 at that port. For all parameter settings, it was 

observed that the level of elemental potassium in the gas phase were highly 

dependent on λ. Above λ 1, K(g) experienced a sharp decrease, explained by a 

large increase in K2SO4 according to the TEC predictions. KCl was not expected 

to be heavily influenced by local λ. This gave support for the interpretations of 

the data presented in Figure 13, that local λ at Port 3 was below 1 and at Port 5 

above 1. The amount of K(g) increased with increasing temperature. For both 

fuels, the measured K(g) levels at Port 3 were significantly lower than what 

would be expected from the TECs. Secondary and tertiary ash transformation 

reactions have likely played a significant role, as K(g) was at or near equilibrium 

at Port 5.  

The elemental composition of the miscanthus fuel contained significant 

elements associated with the formation of strong Lewis acids [76], such as 

chloride, silicon and phosphorous, and these are expected to induce secondary 

ash transformation reactions with the present Lewis bases. Significant K-

retention in silicates is also supported by the coarse miscanthus particle 

composition presented in Figure 13, while the presence of chloride and 

phosphorous in the miscanthus fine particles presented in Figure 13 support the 

formation of aerosols.  

For softwood, the main secondary ash transformation reaction that can take 

place is carbonate formation, but the reactor temperature (1,000 °C) was likely 

too high for these compounds to remain stable. This is also supported by the 

sharp decrease in potassium content with increased residence time seen in 

Figure 13 for the coarse softwood particles. The measured K(g) concentration at 

Port 3 can also be interpreted as this being a region fluctuating between λ <1 

and >1, because the K(g) mole fraction corresponds to a point on the K(g) line 

very close to a λ of 1. A very small difference in local λ can change the 

equilibrium by a power of 2, and the experimental data indicated that the K(g) 

fraction was at an intermediate level between the values expected for either λ <1 

or λ >1. For both fuels, the experimental data and TEC were in agreement at 

Port 5, indicating that the local λ was reached at this point. 
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3.4  Slag formation  

Ash formation and the interaction between gas-phase potassium compounds 

and solid/liquid deposits on the interior of reactor surfaces during gasification 

were studied and reported in Papers IV and V. The steel reactor tube (Papers II 

and III) was exchanged for a ceramic reactor tube with two ports, as outlined in 

section 2.1.2. This allowed for higher temperatures and reduced the risk of 

chemical interactions with the wall material. An impact probe was positioned at 

different angles and different reactor temperatures. Reed canary grass (RGC), a 

silicon rich biomass, was used in Paper IV to study the formation of potassium 

silicate melts due to gas-solid interactions, while pine bark was used in the 

study reported in Paper V to study the interaction of phosphorous, potassium 

and carbonates in an environment rich in calcium. To control the availability of 

gas phase potassium compounds, KHCO3 was used as an additive. KHCO3 

decomposes into KOH and CO2, and both gas-phase species are common during 

thermal conversion of biomass as outlined in previous sections. The impacting 

particles and resulting melts or solid deposits were monitored by PIV, and the 

resulting deposits were analyzed using SEM-EDS and XRD for elemental 

composition and crystalline phases. 

For the potassium-silicate experiments (Paper IV) the impact plate was 

positioned to produce a constant 30° particle impact angle, the reactor 

temperature was either 1,000 °C or 1,200 °C, and the additive was used at either 

0, 1, or 5 %wt. The deposit buildup over 30 minutes was recorded, and the 

extracted probes from two examples can be seen in Figure 17. Using no additive 

gave porous deposits with a stable buildup rate, and temperature had little 

impact. Using 1 %wt additive and 1,000 °C reactor temperature gave a significant 

increase in deposit formation, which was also prone to collapse. Because the 

thickness of the deposit was measured at the center of the impact plate, the 

values measured might not be fully representative if the fuel deposits have a 

very high critical angle of repose. Figure 17(b) illustrates the characteristics of 

the formed deposits using 1 %wt additive and 1,000 °C, which illustrates this 

limitation. Operating the reactor at 1,200 °C with 1 %wt additive gave very little 

difference to using no additive. Using 5 %wt additive gave significant differences 

in deposit characteristics at both temperatures. At 1,000 °C, an initially fast 

buildup rate was observed, followed by the formation of a partially melted 

deposit, likely due to the high potassium partial pressure interacting with the 

silicates. At 1,200 °C and 5 %wt, the deposits were fully melted throughout the 

experiment, and an image of the collected deposit probe plate is presented in 

Figure 17(c). 
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(b) 1 %wt KHCO3, 1000 °C 

 

 (c) 5 %wt KHCO3, 1200 °C  

Figure 17. Deposit growth (a), and examples of ash samples collected (b, c). Adapted from Paper IV 
[77]. 

Based on fuel analysis and SEM-EDS results, the deposit composition was 

dominated by potassium silicates, with only minor amounts of calcium. The 

expected composition of the RGC fuel using the different additive amounts was 

plotted on the K2O-CaO-SiO2 ternary diagram seen in Figure 18.  
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Figure 18. K2O-CaO-SiO2 ternary system. Relatively low temperature melt region in the middle 
and bottom of the diagram. Blue star indicates the composition of Reed Canary Grass. Green 
star is the same fuel with 1 %wt KHCO3 added, while red star corresponds to predicted 
composition using 5 %wt KHCO3. Adapted from  [78]. 
 

The reduced K2O-SiO2 binary system was used for further analysis, justified by 

the low calcium content, and various positions in the analyzed melts and 

deposits were plotted against the binary phase diagram, Figure 19. An overall 

trend was lower potassium capture efficiencies for the high temperature 

experiments, in particular for the 5 %wt experiment. Ingoing fuel composition 

and samples agreed fairly well both without the additive and at the low additive 

level (1 %wt). Increasing to 5 %wt additive increased the potassium content 

significantly, but overall the deposit composition did not reach the composition 

predicted by the ingoing fuel composition. 

The experiments using no additive and using 1 %wt additive at 1,200 °C were all 

in the SiO2-melt two-phase area, explaining the similar deposit buildup rates. 

The potassium in the fuel led to the formation of a small amount of melt 

together with solid SiO2, explaining the stickiness observed for these 

experiments, even when appearing as dry solids, apparently retaining the 

individual particle structures (Figure 17(b)). 
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Figure 19. Binary diagram showing phase boundaries, samples analyzed (circles at 1000 °C and 
squares at 1200 °C), and ingoing fuel mixtures (dashed lines). Reprinted with permission from 
Paper IV [77]. 
 

The samples in liquid and mixed regions corresponded well to the particle 

structure of the straw ash particles, with varying amounts of gluing melt keeping 

the structure together. At 1 %wt additive and 1,000 °C, most samples were found 

in the liquids area, but spreading from K-rich, and more melted, towards Si-rich 

with a larger fraction of solid SiO2. SEM-EDS results can be considered global 

on the single particle level, and taking that into account while at the same time 

considering possible surface reactions by gaseous potassium species forming 

potassium-rich melts might explain why the deposit collected was not entirely 

molten in this case. 

Adding 5 %wt KHCO3 at 1,000 °C resulted in a mixture of solid and liquid 

sample. The surface of the sample (the red circle farthest to the left in Figure 19) 

contained enough potassium to place it in the liquid region, while the innermost 

region of the deposit corresponded well to K2O·2SiO2, which is an intermediate 

phase that congruently melts at relatively high temperature. Compositional 

analysis and phase considerations supported the experimental observations.  



43 
 

The combination of apparently solid samples with a high probability of sticking 

indicated that viscosity could play a major role in explaining the differences in 

deposit buildup rates, and viscosity calculations were performed using the full 

composition of the fuel and corresponding additive (except for phosphorous due 

to a lack of data) (Figure 20). All parameter combinations were predicted to 

produce some melt, although the addition of additive was expected to change 

the viscosity by orders of magnitude. Despite the large fraction of melt expected 

at equilibrium, the viscosity was also expected to be very high. Only at 1,200 °C 

and with 5 %wt additive was the viscosity expected to produce a slag flowing in 

the timescale of the conducted experiment, which was in qualitative agreement 

with the experimental observations. 

 

Figure 20. Expected RGC melt fraction (grey lines) and viscosity (black lines) for 0/1/5%wt KHCO3 
additive mix. Calculations based on complete fuel composition, except for phosphorus. Adapted 
from Paper IV. 

These findings demonstrate that efficient gas-solid reactions with silicon-rich 

fuels can be achieved even with dry mixing of potassium additives. However, the 

formation of partial and/or heterogeneous melts, or melts with very high 

viscosity, pose operational challenges where both potassium content in the slag 

and slag temperature needs to be carefully controlled. 

The experiments performed on calcium-rich bark with and without additive 

exhibited clear differences to that using silicon-rich fuel. Initial calculations 

based on fuel composition are presented in Figure 21, indicating the formation 
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of significant amounts of carbonates in the 800–900 °C temperature span, 

especially with the addition of 5 %wt KHCO3 additive. Above approximately 

1,200 °C, oxide melt was expected to form, although the addition of additive did 

not appear to affect the oxide melt formation in a significant way, probably due 

to the lack of anions for the formation of stable potassium compounds. 

 
Figure 21. Calculated melt amount (carbonates/slag) and viscosity using 0/5 %wt KHCO3. 
Viscosity of carbonate melt is omitted due to lack of data. Adapted from Paper V. 

 
Experiments were performed between 850 °C and 1,300 °C. At the lower 

temperature range the formation of carbonates was expected, a dry ash was 

expected at medium temperatures, and the formation of an oxide melt was 

expected at the higher range. Additive was used at 900 °C because of the 

predicted large effect on carbonate formation seen in Figure 21, and at 1300 °C 

because the same calculations indicated it would only have a minor effect on the 

oxide melt. The impact angle was also varied between 30° and 90°, and details 

can be found in Paper IV. Based on PIV performed above the impact probe plate 

placed to give a 30° impact angle, an increase in temperature led to a decrease 

in particle size and to an increase in velocity, see Figure 22(a). Deposit buildup 

over a 30 minute interval is presented in Figure 22(b). The deposit buildup rate 

was influenced by a number of overlapping phenomena. At 850 °C the deposits 

were relatively dry, forming a weak deposit structure, which collapsed after 20 

minutes as seen in Figure 22(b). At 900 °C a minimum deposit thickness 

buildup was observed. This could be due to the absence of carbonates (Figure 

21), increasing the influence of abrasive effects from new particles impacting old 

particles and knocking them off the plate. This was supported by observation, 
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but further quantification of the phenomena was not attempted. At 900 °C 

particle entanglement on the probe plate appeared to be much reduced, and 

from Figure 22(d) approximately half the potassium was lost to the gas phase 

from the fuel. At 1,000 °C a sharp increase in deposit buildup was observed, 

yielding the maximum buildup rate. This increase in buildup was likely due to 

partial melting of ash-forming elements. At 1,200 °C the buildup rate was 

almost as high, although PIV indicated that the particles impacting on the plate 

were much smaller and travelled somewhat faster. Potassium was no longer 

retained in the ash as shown in Figure 22(c), which is normally expected to lead 

to less melt formation, though the equilibrium calculations in Figure 21 instead 

indicated a large amount of melt formation could be expected.  

  

  
Figure 22. (a) Average particle velocity and diameter as a function of temperature. 0 % or 5 % 
indicate amount of additive used.  (b) Deposit layer thickness buildup over time at a 30° impact 
angle.  (c) Average atomic composition of deposits without additive. (d) Average atomic 
composition of untreated bark and deposits with and without additive. Adapted from Paper V. 

0

0.2

0.4

0.6

0.8

1

0

50

100

150

200

250

300

8
0

0

9
0

0

1
0

0
0

1
1

0
0

1
2

0
0

1
3

0
0

A
v
er

ag
e 

v
el

o
ci

ty
 (

m
/s

)

D
eq

(µ
m

)

Temperature (°C)

0 % diameter 5 % diameter

0 % velocity 5 % velocity

a

0 10 20 30

0

0.5

1

1.5

2

2.5

Time (min)

D
ep

o
si

t 
th

ic
k
n
es

s 
(m

m
)

850 1200
900 1300
900_5 % 1300_5 %
1000

b

0

10

20

30

40

50

60

70

80

90

Ca K P Si

A
to

m
ic

(%
)

850 900 1000 1200 1300

c

0

10

20

30

40

50

60

70

80

90

Ca K P Si

A
to

m
ic

 (
%

)

Bark 900 1300

Bark_5 % 900_5 % 1300_5 %

d



46 
 

 
At 1,300 °C the particles impacting the plate had a significantly reduced size and 

retained no potassium, and a slow buildup of deposit was observed. No 

experiment except at 900 °C seemed to reach a steady state, as all continued to 

grow throughout the experiment.  As expected based on the calculations (Figure 

21), the use of additive had a minimal impact on deposit buildup at 1,300°C, but 

led to an increased buildup at 900 °C. At 900 °C the composition of the deposit 

was dominated by melted potassium carbonates (Figure 22(d)), giving a 

composition containing more potassium than full retention of the potassium in 

the untreated fuel with additive would suggest (i.e. potassium enrichment on 

the probe plate may have occurred). 

Without additive, the collected deposits were heterogeneous, with four distinct 

classes of particles. Spherical particles rich in calcium and phosphorous (Figure 

23(a)) were scattered among the main bulk of ash grains (Figure 23(b)). The 

grains had a similar composition as the untreated fuel, though with 

progressively less potassium as the temperature increased. Some large melts 

were also observed (Figure 23(c)). These were potassium silicate melts, likely 

originating from mineral contaminants in the bark powder. Using 5 %wt additive 

led to extensive formation of carbonate melt (Figure 23(d)).  

The different categories of particles were analyzed by SEM-EDS, and the 

carbonate was also analyzed by XRD. Figure 24 shows the ash composition of 

the collected samples on a ternary diagram. The main bulk of the fuel, the 

grains, were characterized by a reduction in potassium if compared to the 

untreated fuel, and the depletion of potassium became more severe with 

increasing temperature. Using additive at 900 °C gave rise to a carbonate melt 

that deviated strongly from the untreated fuel, with the potassium in the 

additive having a large impact on the composition of the deposits and giving rise 

to a corresponding potassium rich melt, and no clear categories of particles were 

observed.  

The spherical particles were characterized by a relatively high phosphorous 

content, which was reduced with higher temperature, followed by a loss of 

potassium above 1000 °C. Omitting carbon and oxygen, the spherical particles 

were dominated by calcium, and at 850 °C they had an average phosphorous 

content of 28 %at, which decreased to 21 %at at 900 °C and reached a minimum 

of 10 % at 1,200–1,300 °C. Spherical particles rich in phosphorous have been 

previously reported in fly ash from coal and biomass [79], although those were 

often characterized by a so-called “pomegranate” inner structure and thus their 

origin is probably different from the ones found in this study. The high 

phosphorous content made accurate estimations of melting point and melt 

fraction difficult because detailed thermodynamic data are missing in that 



47 
 

region [80]. The formation of spherical particles rich in phosphorous was 

further examined. 

  

 

 

 

Figure 23. (a) The 1,000 °C experiment showing spherical particles dominated by Ca and P. (b) 
The 1,200 °C experiment showing ash deposits consisting mainly of grains and spheres. (c) The 
1,000 °C experiment showing a large melt to the left of the frame, rich in Si and K, likely 
origination from mineral contamination. (d) The 900 °C experiment with 5 %wt KHCO3 showing a 
carbonate melt rich in K. Note differences in scale. Adapted from Paper V.  

As shown in Figure 13, fines collected from miscanthus, the presence of 

potassium and phosphorous indicated that these could interact in the gas phase 

and form potassium phosphates, ending up as very fine PM. Carbonates were 

also predicted to form in a narrow temperature range even when not using 

additive (Figure 21), and SEM-EDS analysis indicated that phosphorous might 

be evenly distributed in the carbonates that were collected at 900 °C when using 

additive.  

This gave rise to two different formation hypotheses. The first was that 

potassium and phosphorous in the gas phase formed oxide melts with calcium 

rich solids in the deposits, followed by a substitution of potassium with calcium, 

thus ejecting potassium from the melts and causing solidification and leading to 
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c d 
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the formation of the spherical particles. The second hypothesis was instead that 

the spheres were the remnants of rapidly forming carbonate droplets, that when 

decomposed left a solid spherical particle of phosphorous-rich compounds. 

Details can be found in Paper V. 

The first hypothesis was based on studies by Skoglund [76] and describes the a 

reaction path through primary, secondary and tertiary compounds for the gas-

phase potassium phosphates that react with calcium-rich solids. Spherical 

particles were fixed in epoxy, cut in two, and analyzed by SEM-EDS. No radial 

gradients of elements were observed (see Paper V for details), nor were the 

cores of the spherical particles richer in calcium, which would have indicated 

surface gas-solid interaction being the driving mechanism behind their 

formation. However, the homogeneous composition does not disprove the 

hypothesis. 

The second hypothesis was primarily assed from carbonates that formed at 900 

°C using additive. Based on XRD analysis, the only crystalline compound 

containing phosphors identified in the carbonates was in the form of carbonate 

apatite (Ca9.9[(PO4)6(CO3)0.9]), a compound not previously reported in ash, 

showing no interaction with potassium despite an extremely high potassium 

content in the carbonate melt.  

In Figure 24 the two formation hypotheses for the spheres are indicated by the 

carbonate apatite and the CaKPO4 to Ca3(PO4)2 reaction pathway. Both give 

positions in the ternary diagram that are reasonable origin points for the 

spherical particles, and further studies are needed to determine the correct 

mechanism.   
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Figure 24. Ternary diagram of (K2O+Na2O)-(CaO+MgO)-(P2O5). Symbols indicate the average 
value of SEM-EDS analysis of spherical particles, grains, carbonate deposits and the untreated 
fuel composition (given by ICPMS analysis). Symbols with a black right side indicate experiments 
using 5 %wt KHCO3 additive. Adapted from Paper V. 

 
The silicon-rich mineral contaminants and their interaction with the bark fuel 

was analysed further, and from observations it is clear that such melts work as 

an efficient sponge for potassium released from the main bulk of calcium-rich 

fuel (see Figure 25), even in the presence of high amounts of phosphorous. 

Using bark by itself in slagging ERG reactors is likely not possible in practice, as 

the temperatures required for a flowing slag are prohibitively high. On the other 

hand, a gasifier constructed on the premise of dry slag could work well, where 

established techniques of ash blowers could be employed. The addition of 

potassium rich additive gave clear indications that a molten carbonate slag was 

formed, which could produce a melt with very low viscosity. Careful 

temperature control would however be required, and the temperature operating 

window might not be high enough to efficiently crack tars. Other options are to 

use silicon rich additives such as quartz and kaolinite to improve the slagging 

properties of the formed ash, and have been suggested previously [81, 82]. This 

would also efficiently condense potassium into the slag, and prevent it from 

causing problems for downstream equipment.  
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Figure 25. SEM-EDS image of Si-rich contaminant in bark ash. Sample collected as part of Paper V, 

1000 °C. Potassium prefertially interacts with silcion, followed by phosphorous.  
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4 Conclusions 

Designing advanced entrained flow reactors with optical and physical access 

allows for the collection of useful data such as particle size, shape, and velocity 

and provides a deeper understanding of the conversion process. The system 

described in the present thesis, which combined back-light-based optical 

techniques with laser-based methods, provides the possibility of modeling fast 

chemical reaction steps for volatile ash-forming elements, which is an important 

part of understanding the initial steps of ash and aerosol formation. Extractive 

particle sampling also allowed for a more complete understanding of ash 

reactions and ash element separation. Significant deviations from equilibrium 

was observed for elemental gas phase potassium half-way through the reactor, 

while observations matched expected chemical equilibrium at the final port of 

the reactor. These measurements were possible due to measuring K(g), H2O and 

gas temperature simultaneously by TDLAS. Connecting and calibrating 

computational fluid dynamics to data collected in situ enabled improved 

interpretations of experimental results, because flow field phenomena within 

the reactor become accessible. Combining laser-based diagnostics, particle 

image velocimetry and chemical equilibrium modeling approaches has the 

potential to provide unique insights into fuel conversion and ash-related 

chemistry, as demonstrated in the work presented here.  

It was shown that biomass fuel powder mass loss during thermochemical 

conversion could be successfully described by optical parameters. However, an 

initial density calibration model was needed for the specific fuel if accurate mass 

loss modeling by optical means was to be achieved, because density during 

conversion was found to be neither constant nor linear. Ash content and ash 

composition affect the aerodynamic properties of entrained particles during 

thermal conversion, while surrounding conditions such as reactor geometry and 

resulting gas flow fields, oxygen availability and temperature have a major 

impact on deposit composition and on ash element fractionation. 

In studies aiming at investigating interactions between fuel ash and potassium 

in the gas phase, it was found that potassium is reactive enough to efficiently 

interact with ash-forming elements in entrained particles as well as with ash 

deposited on wall surfaces, even when the origin of the potassium is external 

from the fuel, in this case from dry mixed additive. How the resulting ash and 

slag interacted with wall surfaces during impacts was found to be highly 

dependent on both melt fraction and viscosity, where many experimental 

settings produced a partial melt with high viscosity leading to substantial 

deposit buildup rates. For silicon-rich reed canary grass fuel, it was found that a 
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flowing slag was created at 1,200 °C when 5 %wt KHCO3 additive, dry-mixed in 

the fuel, was used. This demonstrated a possible operating composition and 

temperature widow for an otherwise difficult-to-use fuel. For the calcium-rich 

bark fuel, the formation of initially phosphorous-rich spheres was observed and 

possible formation paths presented. How phosphorous interacts with potassium 

in calcium rich environments requires additional studies, and understanding 

the role of short-lived carbonates in the same system could provide key insights 

on the apparent stickiness propensity of otherwise dry deposits on reactor 

surfaces. Using 5 %wt KHCO3 additive with bark showed little influence at 

higher temperatures, but at 900 °C large amounts of carbonates were formed as 

expected. The low viscosity of the carbonate melt was not enough to produce a 

flowing ash at the prevailing temperature, likely due to it being in a mixed solid-

liquid area of the dominating K/Ca-CO3 system.  

These results have direct relevance for determining suitable fuels or fuel 

mixtures to be used for successful operation of slagging entrained flow gasifiers, 

and are relevant for future areas of inquiry in regards to ash melting and fuel 

mixing. 
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5 Emerging ideas and future work 

Developing CFD models based on the parameters and findings in Papers II and 

III would allow for much more in-depth and fundamental studies of highly 

reactive ash-chemistry in the gas phase. Combining recent work on alkali 

release [83] with advanced chemical mechanisms [84, 85] and developments in 

TDLAS measurements [86, 87] allowing for the detection of other K-species 

could provide useful information on how potassium is released from the fuel, 

reacted, and is then transported in the gas flow. With these recent developments 

and the measurement of potassium hydroxide, more precise estimations of local 

oxygen availability surrounding a converging fuel particle can be made. This 

would in turn allow for the tuning of chemical reaction and elemental release 

mechanisms suited for CFD modeling, which is somewhat lacking currently and 

their addition to would be highly useful for predicting ash element operational 

issues in EFG reactors. However, as shown in the previous sections, other ash-

forming elements play vital roles in determining which compounds potassium 

will eventually form. This means that the complex mechanisms mentioned 

above will become even more complicated, taking into account ash species 

interactions not only with the organic matrix, but also interactions between the 

ash-forming elements.   

The reactor setup presented in Papers IV and V also lends itself to further 

studies on particle-wall impact parameters, in particular sticking propensity, 

and also the influence of incomplete char transformation on said stickiness. For 

coal powder much work has been done experimentally, and sub-models for CFD 

applications have proposed, while some studies on the influence of incomplete 

carbon conversion of particle stickiness have been published [53, 88, 89]. It has 

also been shown that disregarding condensation and chemical reactions as 

important mechanisms for deposit buildup may not be valid for biomass fuels 

during suspension firing [90]. Studies modeling deposit formation due to KCl, 

K2SO4 and KOH during suspension firing of wood and straw have been 

suggested and implemented into CFD code, where the release of potassium was 

based on the fuel molar (Ca+Mg)/Si and K/Si ratios [90, 91]. Validating for 

gasification atmospheres and expanding the model to accurately predict surface 

viscosity of char/ash particles would bridge a gap between coal/biomass 

particle-wall interaction topics and allow for the influence of gas-phase volatile 

compounds to be taken into account when predicting sticking propensity. 

Further developing reduced CFD mechanisms for biomass fuels including their 

ash components and their release would be highly useful, although calibrating 

and validating such models require substantial complementary experimental 

data. 
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A natural continuation of Papers IV and V would be to mix the biomass fuels 

from both experimental campaigns to produce a melt that allows for easy 

operation during gasification, while not using expensive additives or only using 

minimal amounts of additive. In theory, mixing silica-rich fuels such as reed 

canary grass or miscanthus with a fuel relatively rich in potassium, such as bark, 

might produce a melt that allows for continuous operation. However, issues 

concerning how to tackle the high calcium content of the deposits and 

understanding the full role of phosphorous remains, and other additives might 

need to be considered. Predicting the properties of a slag made from two or 

more different feedstocks faces all the challenges presented thus far, and some 

additional ones, primarily concerning what assumptions can be made regarding 

the solid-solid interaction of ash elements that do not enter the gas phase.  

It is also important to accurately model where important elements, K in 

particular, will primarily interact, and how to predict the properties of the slag 

that might or might not form [37]. A number of different mixing assumptions 

can be tested, with the most basic one being that all elements will be available 

for interaction, which is essentially an assumption of perfect mixing. A more 

complex assumptions would be that gas phase potassium availability for 

reaction with other ash elements is proportional to the relative volume the 

different ash sources occupy (i.e. K availability is proportionally balanced by ash 

mass from the different sources). Yet another possible assumption is that the 

partial pressure of potassium elements in the gas could instead be approximated 

as constant and be equally available for all converting fuel particles. This can 

have a significant impact on the amount of melt predicted to form as well as on 

the viscosity of the melt.  

In a similar vein, predicting the properties of the melt is also rather complicated 

because the melts that form might contain significant amounts of solid particles. 

If the density of the solids and the density of the melt are widely different, 

various issues can be expected. Heavier grains will move downwards rapidly and 

might accelerate the formation of a plug at the bottom of an EFR. However, they 

are more likely to penetrate a liquid slag and thus become fully submerged in 

the flow [92], increasing element interactions and the likelihood of them being 

dissolved in the melt, depending on the chemical composition of solids and 

melt, while their influence on effective slag viscosity could be substantial [93]. 

In the case of lighter solids, it could be expected that they will adhere on the 

surface of the melt, which would make the contact surface between solid and 

melt minimal, and could cause either plugging problems or constrict the inner 

diameter of the reactor zone. In the case of solids having a similar density as the 

slag, slurries of solid/liquids have been shown to have a higher viscosity than 

that of the pure liquid, and the shape of solids submerged in a melt may also be 

important for successfully predicting effective melt viscosity [94, 95]. This 
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means that suitable models need to be developed for the relevant slurries to 

accurately predict their flow behavior [93]. If the different fuels form parallel 

melts with different properties, they might not mix well.  

In Figure 26, an example using a 4:1 ratio of bark to miscanthus with 5%wt 

KHCO3 additive is used to illustrate the expected viscosity and the amount of 

melt formed. The solid lines assume that K is proportionally available based on 

the mass ratio of the ash in a 4:1 bark/miscanthus mix. The long dashed lines 

are instead calculated on the assumption that all potassium is equally available 

to both fuel particles, while the short dashed lines illustrate the expected 

viscosity of a perfect mix of all ingoing ash-forming elements. The red lines 

show the predicted viscosity of the melt, while the black lines take into account 

the solid grains submerged in the flow [96]. The green lines show the expected 

fraction of melt on a mass basis. 

According to Figure 26 the melt fraction does not differ much depending on the 

assumption that is made, but the impact of solids submerged in the melt can 

often double or even triple the viscosity, especially at temperatures below 

1,150°C, but the most striking difference is between the assumption of 

potassium availability and solid-solid ash element mixing. If perfect mixing is 

achieved, a free-flowing slag is expected even at temperatures as low as 900 °C, 

but in the worst case where the access to potassium is limited, even 1,300 °C is 

only expected to produce something with a viscosity similar to ketchup. 

Determining what assumptions are valid for fuel mixing would be highly useful 

for experiments aimed at improving the viability of low-value feedstocks, by 

giving useful indications on what approximations are appropriate when 

modeling dry-mixed fuels. 
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Figure 26. Viscosity depending on melt amount and assumption of mixing, using an 80/20 mix of 
bark and miscanthus and adding 5% KHCO3  

Full lines – K proportionally available to form melts by ash mass ratio of the two fuels. 

Long dashed lines – K equally and fully available to both fuels. 

Short dashed lines – All ash-forming elements fully mix at equilibrium. 

Black lines – Viscosity corrected for solids submerged in melt. 

Red lines – Viscosity of mixed melt without correction for solids. 

Green lines – Predicted melt fraction of the different mixing assumptions. 
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