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1 Description of the topic, objectives 

Environmental and sustainability considerations are now the main drivers for the 

development of the energy industry. There is a high level of social rejection of carbon 

emissions from the energy sector, and the economic impact of the carbon quota system 

is significant. For these reasons, industry players are under unprecedented pressure to 

reduce the carbon footprint of their production and move towards near-zero carbon 

emissions [1]. An integral part of the circular economy is the use of waste for energy 

purposes that cannot otherwise be recovered. The energy recovery rate of domestic 

household waste has increased in recent years, but the share of waste going to landfill 

still hovers around 50% ( 

Figure 1). 

 

Figure 1. Evolution of municipal solid waste disposal methods [2] 

In my PhD research, I investigated the feasibility of utilizing carbon neutral, renewable 

and waste fuels using fluidization technology. From both a combustion and a 

gasification point of view, a number of new challenges have emerged with the use of 

biomass and waste fuels. Conventional coal-based fuel particles have a nearly 

spherical geometry, whereas novel biomass and waste-based fuels have a diverse 

geometry and are far from the well-known coal dust particles. A further difficulty is 

the diverse composition and inhomogeneity of the fuels, a problem that has not been 

encountered to such an extent in the past, as the quality of the mined coals (compared 

to biomass) has remained within a narrow range. In the context of carbon neutral 

power generation, I also investigated a carbon capture method based on fluidization 

technology, namely, chemical looping combustion. In chemical looping combustion, 
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the oxygen required for combustion is not directly provided by air but by solid 

oxygen-carrying particles. Since the oxygen carrier in this case consists of solid 

particles, the fuel can only be gaseous. Consequently, the coals with the highest fossil 

carbon intensity can only be recovered indirectly by gasification. However, the 

advantage of this technology is that it does not require high power air separators, as is 

the case with oxy-fuel firing. Chemical looping combustion can thus be more 

competitive than conventional oxy-fuel firing. In case the fuel is carbon neutral 

biomass, even negative carbon dioxide emissions can be achieved. 

One promising way to address these challenges is the use of fluidization technology, 

which shows relative flexibility to changes in fuel composition and quality. However, 

there are a number of phenomena that can make continuous operation impossible.  

Given the high investment cost of the technology, high availability must be ensured in 

order to reduce unit production costs. For this reason, my PhD research aims to 

investigate the implementation of carbon neutral power generation using fluidization 

technology. The focus of my investigations was to determine the vertical distribution 

of fluidization active particles. The experimental results are essential for industrial 

applications, since if the fluidized bed distribution of the fuel mixture is not known, 

significant excess emissions (CO, NOx), boiler efficiency degradation and the 

probability of failure will be increased. 

1.2 Objectives 

My work focuses on the implementation of carbon neutral energy production using 

fluidization technology. The aim of my research is firstly to develop a new 

experimental method to investigate the distribution of inhomogeneous active particles 

with different compositions in a fluidized bed. Subsequently, I wanted to perform a 

wide range of tests on different waste and biomass fuel samples using a developed 

measurement procedure. A further aim was to investigate the spatially continuous 

distribution of active particles in the fluidized bed as opposed to previous 

measurements at discrete points. Finally, I wanted to develop further measurement 

procedures for the determination of the surface area of active particles and the 

entrainment of particles outside the fluidized bed. 
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2 Materials and methods 

For the research, I made several measuring devices of my own design. In designing 

the experimental devices, I have used previously well-established measurement 

methods, which I have improved to suit novel active particle fluidization studies.  

In the first part of my research, I investigated a waste-based secondary fuel, SRF (solid 

recovered fuel). I found the experimental investigation of the arrangement of SRF 

particles in a bubbling fluidization bed to be of industrial and scientific value. I also 

conducted further distribution studies on biomass samples intended for power plant 

use. I divided the three biomass samples studied into two groups according to their 

source. Biomass samples from agriculture, such as sunflower hulls and wheat hulls, 

and wood chips from wood by-products. For the tests, I designed and built a 

proprietary cold fluidization apparatus (Figure 2 and Figure 3) with a new design not 

used before, specifically for testing highly inhomogeneous fuels.  

 
Figure 2. Schematic of the measuring setup and method of the particle mixing investigations. 

I used a bed frozen experimental procedure for the distribution measurements. In this 

procedure, the active particles to be tested are fluidized together with bed material. 

The time required to reach a steady-state mixing condition was defined as at least 20 

minutes. This value is considered a conservative estimate based on the literature [3–5], 

in some cases up to 3 min may be sufficient to reach steady state [6]. After this, the bed 

freezes and preserves the mixing pattern for the given working point by abruptly 

withdrawing the fluidizing air. Using separators, I divided the bed into 3 unequal 
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parts and then separated the fuel mass found in the three cells from the bed material 

by sieving. The experimental set-up thus developed did not require any preparation 

of the fuel samples tested and was fully consistent with those found in industrial 

applications. With this procedure, it was possible to record the vertical distribution of 

the active particles under investigation at several different gas velocities. The 

distribution of SRF samples was also investigated in three different bed materials at 

the same gas velocities. The bed materials were sieved into a narrow range of particle 

sizes in order to minimize all other measurement uncertainties besides the 

inhomogeneities introduced by the fuel. 

 
Figure 3. Cold fluidization equipment 
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In addition to the distribution measurements, I also subjected the tested active particles 

to particle size adsorption measurements. The measuring apparatus designed for this 

purpose is shown in Figure 4. The particles entrained at a given gas velocity were 

separated from the gas flow by a separator, so that the entrained particle mass could 

be measured. By repeating the measurement at several different gas velocities, the 

entrainment characteristics for a given active particle, i.e. the cumulated normalized 

mass of entrained particles as a function of gas velocity, can be recorded. This method 

provides a practical picture of the fraction of active particles that actually reach the 

fluidized bed when fed into the fluidization space. This is because in most cases the 

dosing takes place above the bed, where the active particles are fed into an upward 

gas flow and only a fraction of them falls into the bed. 

 
Figure 4. Schematic of the experimental setup of the active particle entrainment tests 

I then turned to another branch of carbon-neutral thermal power generation with 

fluidization implications: chemical looping combustion. In chemical looping 

combustion, the fluidized bed material contains oxygen carriers and can be used to 

ensure that the gas stream leaving the furnace contains predominantly only carbon 

dioxide and water vapor, which can be used for further industrial applications or 

stored instead of being released into the atmosphere. For the tests, a new type of 

Pseudo–2D experimental setup was designed and built-in addition to the existing 

experimental setup (Figure 5). The advantage of the Pseudo–2D experimental setup is 

that it allows continuous distribution images to be taken, unlike the bed–frozen 

method, where only discrete points of the active particles can be determined. In 

addition to the distribution of oxygen carriers, the location of fuel particles was also 
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investigated. One promising way to apply chemical looping combustion to solid fuels 

is in-situ gasification, where gasification and combustion of the product gas take place 

in the same reactor. 

 

Figure 5. Pseudo–2D fluidized bed 

3. Results and theses 

The distribution of SRF and biomass particles in fluidized beds can be very accurately 

traced by measurement procedures using prepared particles, where magnetic [7], 

electromagnetic [8], radioactive tracer [9–10] or UV reagent [11] particles are used to 

replace the active particles. However, these processes cannot be applied to fuels with 

a wide range of compositions and the results obtained would only be of indirect use 

in industrial practice. In contrast, the active particles used in industrial fluidization 

processes [12] can be directly applied in the bed–frozen process. However, previous 

bed allocations found in the literature cannot be applied to inhomogeneous active 

particles of diverse composition (SRF). My objectives were to develop a new 
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measurement procedure that reflects specific industrial problems and best 

approximates the conditions in engineering practice. 

The bed set-up that I use separates the periphery of the bed from the inside of the bed 

in terms of fluidization. The resulting three cells are not equal in size, so mixing and 

segregation phenomena can be clearly detected in them. 

Thesis 1 

To assess the relevance of the vertical arrangement of the active particles in the 

fluidized bed for industrial applications, the bed–frozen equipment should be 

designed to divide the bed into three separable cells. One lower and one upper cell, 

which should represent as small a fraction as possible (maximum 20-20 %) of the 

total bed volume. The middle cell – the body of the bed – should account for at least 

60% of the volume of the bed and should be located between the two smaller cells. 

The equipment thus designed is suitable for the simultaneous analysis of floating and 

sinking active particles. 

 

Related publications: P1-P8 

 

Figure 6. Schematic diagram of the bed 

After the new bed partitioning was established, it became necessary to introduce a 

metric that describes the mixing rate of the bed and the active particles. The mixing 
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numbers known from the literature give reliable results only for particles with 

homogeneous composition. The widely used Nienow mixing number [13] based on 

concentration and the well-known Kramer's rule [14], also known as Lacey index [15] 

based on scattering are similar in that they are only applicable for cells of equal size 

and homogeneous particles. For particles with inhomogeneous composition that have 

not been investigated before, I have designed a new mixing number that is better 

suited to my own measurement setup. 

Thesis 2 

In the case of SRF fuel, a relevant characterization of the (vertical) location in the 

fluidized bed for industrial applications is the ratio of the mass of active particles 

accumulated inside the bed – the body of the bed – to the total mass of active 

particles injected, as an indication of the degree of mixing. The body of the bed is at 

least 60% of the volume of the bed, which is located between two smaller cells. 

 𝑀𝐼 =
𝑚Bed body

𝑚sum
 

 

Related publications: P1 

 

 

Figure 7. Values of the proposed measure of mixing and segregation for the measured data of 

highly inhomogeneous active particles. 
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Using the bed layout presented in the first thesis, I made measurements for several 

different fuels. For the SRF sample, I investigated the mixing with fluidized bed 

material in 3 different medium particle diameters at five different relative gas 

velocities. For the relative gas velocity, the minimum fluidization gas velocity for the 

particular bed material was always used as a reference. This allowed comparison, as 

the same absolute gas velocity can produce different fluidization states for different 

bed materials. The distribution measurement results are shown in 3D in Figure 8, 

where the relative mass of fuel found in each cell is proportional to the distance 

between each surface. In previous results in the literature [3,12], the active particles 

investigated all exhibited unidirectional segregation [3,12]. The fuel particles exhibited 

either floating (flotsam) or sinking (jetsam) behaviour. In contrast, a novel 

measurement technique for a previously untested material, SRF, was able to detect 

bidirectional segregation when the upper and lower parts of the bed are 

simultaneously filled with active particles. 

Thesis 3 

In the case of heterogeneous composition and non–spherical active particles, bi–

directional segregation occurs in a well-defined range of the plane spanned by the 

grain size of the bed material and the relative gas velocity. For industrially relevant 

silica sand bed material and SRF fuel, the limits of this range are 650 μm and 1100 μm, 

and 1.2 and 1.4, relative gas velocities. The phenomenon of bi–directional segregation 

implies a rearrangement of the active particles such that active particles otherwise 

located inside the bed move towards the periphery (in the vertical sense) of the bed 

at settings within this range. 

 

Related publications: P1, P2 

 

Figure 8. Relative concentrations of active particles as function of bed material mean diameter 

and relative gas velocity. (The same diagram from two aspects.) 
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The SRF sample found in each cell was also analyzed by particle size using a 

proprietary grain size determination procedure. The results were processed to 

determine the mean grain diameter of the samples, the result of which is shown in 

Figure 9.  

Thesis 4 

The size distribution of SRF particles is also transformed in the range of relative gas 

velocities that constrain bi–directional segregation. While in the relative gas velocity 

range 1.2–1.4 the mean diameter of the active grains is within a band of up to 5 mm 

across the whole bed, in the relative gas velocity range 1.4–2.0 the mean particle 

diameter decreases to about two-thirds in the lower part of the bed and increases to 

about four-thirds in the upper part of the bed. 

 

Related publications: P1, P5 

 

Figure 9.  Mean diameters of the active particle found in the three regions of the fluidized bed 

at different relative gas velocities. 

Another fluidization application for carbon neutral power generation is chemical 

looping combustion, which can capture and sequester carbon dioxide. In this process, 

an oxygen carrier is mixed with the bed material and active particles in a fluidized 

state. A competitive choice of oxygen carrier is the iron-based oxygen carrier, which is 

difficult to ensure proper mixing with the bed material (due to the high-density 

difference). Two different medium particle diameter samples were tested. For the 

evaluation of the results, the well-known Nienow mixing index was used, as the 

sample tested had a homogeneous composition. 

Thesis 5 

The distribution of oxygen carriers in the bed material used for Chemical Looping 

Combustion is fundamentally influenced by particle size. For silica sand bed material 



11 

 

(with a mean particle diameter of 645.5 μm), the direction of segregation of iron–

based oxygen carrier particles changes for mean particle diameters between 400 μm 

and 1000 μm. The 400 μm sample has a floating – flotsam – character, while the 

1000 μm sample has a sinking – jetsam - character. 

 

Related publications: P3 and P4 

 

Figure 10. Measured Nienow mixing indices of the two investigated oxygen carriers. Those of 

OC1 (400 μm) are higher than 1, in contrast to OC2 (1000 μm), in which case they are lower 

than 1 at the whole interval. 

In addition to the study of the distribution within the fluidized bed, another issue of 

scientific and industrial practical interest is the introduction of fuel particles into the 

fluidized bed. In most industrial applications, the feed system is located above the 

fluidized bed, which is where the active particles fall into the bed, provided that the 

upward flow does not entrain the particles. With minor modifications, the cold 

fluidization apparatus (Figure 4) has been adapted to perform particle entrainment 

measurements. The tested biomass and waste fuel samples could be divided into two 

distinct groups. 

Thesis 6 

Solid active particles can be divided into two distinct categories according to particle 

entrainment. The first group is the entrainable, where at least half of the particle mass 

is entrained at low gas velocities of 2 m/s. The second group is dropout, where the 

rate of displacement varies only slightly with increasing gas velocity. The design of 
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the fluidization equipment fuel feeding system must consider this, when designing the 

feeding points. Entrainable type fuels should be fed as close to the bed as possible, 

preferably directly into the bed. 

 

Related publications: P2 and P5 

 

 
Figure 11. Particle entrainment as function of the superficial air velocity 

4 Application of the results 

The practical applicability of the results was a key consideration in the design of the 

experiments. Most of the experiments were directly motivated by problems from my 

industrial partners. There are a number of plant operation problems for which accurate 

knowledge of the fluidized bed location of the active particles provides a solution. In 

the domestic environment, fluidization technology is only used in combustion plants, 

but internationally and for future domestic developments, other applications such as 

gasification or pyrolysis could be considered. The equipment developed for fuel 

partitioning measurements (Figure 2 and Figure 3) provides directly usable results on 

the fluidization behavior of a given fuel or fuel mixture. The equipment can be used to 

experiment under laboratory conditions with the appropriate operating parameters 

(gas velocity range, bed material, etc.) to obtain the benefits of fluidization technology. 

Inappropriate mixing and high floating particle rates in combustion plants can lead to 

high carbon monoxide emissions and poor boiler efficiency, which is both an 

environmental and economic problem. Suspended particles can cause nozzle damage 

(overheating, etc.) and bed material burn-up, which can make continuous operation 
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impossible and thus indirectly reduce the economics of the plant through a high 

number of forced outages. These problems can be solved by the developed cold 

fluidization equipment, the results of which are presented in theses 1-2. 

The spread of waste-based fuels is desirable for a number of reasons: it improves 

security of supply and reduces the amount of waste going to landfill. However, its 

varied composition can only exacerbate the operational difficulties detailed earlier. 

The experiments carried out provide a comprehensive picture of the behavior of 

standardized fuel samples. Specific results related to SRF are presented in theses 3 and 

5. Another typical operating problem is the decrease of the bed temperature. One 

possible explanation for this phenomenon is the inadequate design of the fuel feeding 

system. In order to know the proportion of fuel that can be delivered to the bed by the 

fuel supply system, my results in thesis 6 are helpful.  

The practical application of the results cannot only contribute to the improvement of 

existing units, but also to the successful implementation of units in the design and 

investment phase. Knowledge of the scientific problems that are known and subjected 

to thorough research can also avoid later difficulties and misunderstandings resulting 

from faulty performance. 

5 Bibliography 

[1] Scala F, editor. Copyright. Fluid. Bed Technol. Near-Zero Emiss. Combust. 

Gasif., Woodhead Publishing; 2013, p. iv. 

https://doi.org/https://doi.org/10.1016/B978-0-85709-541-1.50025-X. 

[2] Központi Statisztikai Hivatal. Az egyes hulladékfajták mennyisége a kezelés 

módja szerint n.d. https://www.ksh.hu/stadat_files/kor/hu/kor0029.html 

(accessed April 14, 2022). 

[3] Zhang Y, Jin B, Zhong W. Experimental investigation on mixing and 

segregation behavior of biomass particle in fluidized bed. Chem Eng Process 

Process Intensif 2009;48:745–54. https://doi.org/10.1016/J.CEP.2008.09.004. 

[4] Zhang J, Gao W, Zhao Z, Liu Z, Narukawa M, Suda T, et al. Adaptability 

verification of scaling law to solid mixing and segregation behavior in bubbling 

fluidized bed. Powder Technol 2012;228:206–9. 

https://doi.org/10.1016/J.POWTEC.2012.05.017. 

[5] Wu SY, Baeyens J. Segregation by size difference in gas fluidized beds. Powder 

Technol 1998;98:139–50. https://doi.org/10.1016/S0032-5910(98)00026-6. 

[6] Shen L, Xiao J, Niklasson F, Johnsson F. Biomass mixing in a fluidized bed 

biomass gasifier for hydrogen production. Chem Eng Sci 2007;62:636–43. 

https://doi.org/10.1016/J.CES.2006.09.033. 



14 

 

[7] Sette E, Pallarès D, Johnsson F, Ahrentorp F, Ericsson A, Johansson C. 

Magnetic tracer-particle tracking in a fluid dynamically down-scaled bubbling 

fluidized bed. Fuel Process Technol 2015;138:368–77. 

https://doi.org/10.1016/J.FUPROC.2015.06.016. 

[8] Wirsum M, Fett F, Iwanowa N, LGBRjanow G. Particle mixing in bubbling 

fluidized beds of binary particle systems. Powder Technol 2001;120:63–9. 

https://doi.org/10.1016/S0032-5910(01)00348-5. 

[9] Weinell CE, Dam-Johansen K, Johnsson JE. Single-particle behaviour in 

circulating fluidized beds. Powder Technol 1997;92:241–52. 

https://doi.org/10.1016/S0032-5910(97)03245-2. 

[10] Norouzi HR, Mostoufi N, Mansourpour Z, Sotudeh-Gharebagh R, Chaouki J. 

Characterization of solids mixing patterns in bubbling fluidized beds. Chem 

Eng Res Des 2011;89:817–26. https://doi.org/10.1016/J.CHERD.2010.10.014. 

[11] Sette E, Berdugo Vilches T, Pallarès D, Johnsson F. Measuring fuel mixing 

under industrial fluidized-bed conditions - A camera-probe based fuel tracking 

system. Appl Energy 2016;163:304–12. 

https://doi.org/10.1016/J.APENERGY.2015.11.024. 

[12] Park HC, Choi HS. The segregation characteristics of char in a fluidized bed 

with varying column shapes. Powder Technol 2013;246:561–71. 

https://doi.org/10.1016/J.POWTEC.2013.06.019. 

[13] Rowe PN, Nienow AW. Particle Mixing and Segregation in Gas Fluidised Beds. 

A Review. Powder Technol 1976;15:141–7. 

[14] Kramer HA. Effect of grain velocity and flow rate upon the performance of a 

diverter-type sampler. Washington DC: U.S. Dept. of Agriculture, Agricultural 

Research Service; 1968. 

[15] Lacey PM. The mixing of solid particles. Trans Inst Chem Eng 1943;21:53–9. 

6. Publications related to the theses 

[P1]: Pál Szentannai, Botond Szücs: Vertical arrangement of SRF particles in a 

stationary fluidized bed, Powder Technology, vol. 325, pp .209-217 (2018) 

Q1, IF: 5,314 

[P2]: Mohamed Alagha, Botond Szücs, Pál Szentannai: Mixing of Solid Refused Fuel 

Particles in a Bubbling Fluidized Bed: Experimental and Numerical Studies, Journal 

of Thermal Analysis and Calorimetry vol. 142 (2), pp 1087-1096 (2020) 

Q1, IF: 4,626 



15 

 

[P3]: Botond Szücs, Pál Szentannai: Experimental investigation on mixing and 

segregation behavior of oxygen carrier and biomass particle in fluidized bed, Periodica 

Polytechnica Mechanical Engineering, 63(3), pp. 188–194, (2019) 

Q3 

[P4] Botond Szücs, Pál Szentannai: Hordozóhurkos tüzeléshez használt oxigénhordozó 

vizsgálata, Energiagazdálkodás, 59: 3-4 pp. 20-2 (2018)  

[P5] Botond Szücs, Mohmed Alagha, Pál Szentannai: Experimental study of 

entrainment and mixing of renewable active particles in fluidized beds, Applied 

Sciences,  vol. 10, 4268 (2020) 

Q2, IF: 2,679 

[P6] Szücs B., Szentannai P.: Distribution of SRF particles in bubbling fluidized bed. 

International Symposium on Combustion Science, Rhynia, Lengyelország (2017) 

[P7] P. Szentannai. & B. Szücs: How to keep light, nonspherical, inhomogeneous active 

particles in the fluidized bed. 73rd IEA-FBC Meeting, Tokyo, Japán (2016) 

[P8]: Alagha, M.S., Szucs, B. & Szentannai, P.: Mixing of Solid Refused Fuel Particles in 

a Bubbling Fluidized Bed: Experimental and Numerical Studies. JTACC+V4 2nd 

Journal of Thermal Analysis and Calorimetry Conference and 7th V4 (Joint Czech-

Hungarian-Polish-Slovakian) Thermoanalytical Conference / JTACC+V4, Budapest, 

Magyarország (2019) 


