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Abstract 

A new 100 kW test plant with a novel dual fluidised bed steam gasification concept was built at the 

Vienna University of Technology. The new concept is designed for the gasification of a broad range of 

solid fuels even with difficult physical and chemical properties. Before the novel test plant will be 

operated with fuel, cold flow investigations were carried out to prove the fluid dynamics in the 

reactors. Therefore, the fluidisation flows of the reactors and the bed material mass were varied. The 

pressure profiles were used to analyse the proper function of the reactors. An optimum operation 

range for the fluidisation flows was found. The results are in accordance with previous investigations 

on a smaller acrylic glass cold flow model. The results achieved confirm the successful scale up of the 

dual fluid gasification concept from cold flow model scale to test plant scale. 

Kurzfassung 

An der Technischen Universität Wien wurde zur Untersuchung eines neuen Konzepts zur 

„Zweibettwirbelschicht-Dampfvergasung“ eine 100 kW Versuchsanlage errichtet. Das neue 

Reaktordesign ist für den Einsatz einer breiten Palette von Brennstoffen mit schwierigen 

physikalischen und chemischen Eigenschaften konzipiert. Im Vorfeld der ersten Vergasungsversuche 

wurde die Fluiddynamik des Zweibettwirbelschichtsystems anhand von Kaltversuchen überprüft. 

Dafür wurden die Fluidisierungen der beiden Reaktoren bei unterschiedlichen Bettmaterialmassen 

variiert. Anhand des Druckprofils wurden die Fluidisierungsregime überprüft und ein Betriebsfenster 

für die Zweibettwirbelschicht bestimmt. Die Versuchsergebnisse decken sich mit den Resultaten von 

vorhergehenden Kaltmodellversuchen an einem Acrylglas Modell. Somit konnte ein erfolgreiches 

„Upscaling“ bestätigt werden. Die erzielten Ergebnisse zeigen die Funktionstüchtigkeit des 

Wirbelschichtsystems der Versuchsanlage. 

  



 

IV 
 

Acknowledgements 

The results presented in this thesis are part of the project ERBA funded by the Austrian Climate and 

Energy Fund supported by the Austrian Research Promotion Agency (FFG). The work has been 

accomplished in cooperation with voestalpine Stahl GmbH and voestalpine Stahl Donawitz GmbH. 

Further thanks are given to the members of the research platform, “Future Energy Technology” at 

the Institute of Chemical Engineering at the Vienna University of Technology. 

 

 

 

  

 

 

 

 

 

  
  



 

V 
 

Table of contents 

1 INTRODUCTION........................................................................................................................................ 1 

1.1 MOTIVATION ............................................................................................................................................. 1 

1.2 AIM & METHODOLOGY ............................................................................................................................... 3 

2 FUNDAMENTALS OF DUAL FLUID GASIFICATION ...................................................................................... 4 

2.1 FUEL PROPERTIES OF WOODEN BIOMASS ......................................................................................................... 4 

2.2 STEAM GASIFICATION .................................................................................................................................. 6 

2.3 DUAL FLUIDISED BED TECHNOLOGY ................................................................................................................. 8 

2.3.1 Basics of fluidised beds ...................................................................................................................... 8 

2.3.2 Dual fluidised bed system ................................................................................................................ 14 

2.4 DUAL FLUID GASIFICATION .......................................................................................................................... 17 

2.4.1 Process description .......................................................................................................................... 17 

2.4.2 Previous test plant ........................................................................................................................... 19 

2.4.3 Results of previous investigations for the novel dual fluid gasifier concept .................................... 20 

3 NEXT GENERATION DUAL FLUID GASIFICATION TEST PLANT .................................................................. 23 

3.1 NOVEL DUAL FLUIDISED BED STEAM GASIFICATION TEST PLANT ........................................................................... 23 

3.2 MEASUREMENT SYSTEM............................................................................................................................. 28 

4 EXPERIMENTAL SETUP AND PROCEDURE OF COLD FLOW INVESTIGATIONS........................................... 33 

4.1 METHODOLOGY ....................................................................................................................................... 33 

4.2 EXPERIMENTAL SETUP ................................................................................................................................ 34 

4.3 TESTING PROCEDURE ................................................................................................................................. 38 

5 RESULTS ................................................................................................................................................. 43 

5.1 PRESSURE PROFILES ................................................................................................................................... 43 

5.2 OPERATION RANGE OF THE DUAL FLUIDISED BED SYSTEM .................................................................................. 51 

5.3 DETERMINATION OF THE GAS-SOLID SEPARATION SYSTEM EFFICIENCY .................................................................. 54 

6 DISCUSSION ........................................................................................................................................... 62 

7 CONCLUSION AND OUTLOOK ................................................................................................................. 65 

8 NOTATION ............................................................................................................................................. 67 

8.1 SYMBOLS ................................................................................................................................................ 67 

8.2 ABBREVIATIONS........................................................................................................................................ 71 

9 LIST OF TABLES ....................................................................................................................................... 73 

10 LIST OF FIGURES ..................................................................................................................................... 74 

11 REFERENCES ........................................................................................................................................... 76 

12 PUBLICATION ......................................................................................................................................... 80 

13 ATTACHMENTS ...................................................................................................................................... 82 



1 

 

1 Introduction 

1.1 Motivation 

Climate change represents one of the most relevant topics of the 21st century. Global warming 

causes extreme weather events. The consequences are high sea level, extreme hot and cold 

temperatures in a number of regions followed by problems of water and food supply. The rising 

hazards are unevenly distributed. Countries that are less developed are more affected. Therefore, 

climate change becomes a social aspect as well. The key drivers of global warming are increased 

anthropogenic greenhouse gas emissions like carbon dioxide. They have mainly determined the 

world’s mean surface temperature since the late 20st century. The emission of greenhouse gases is 

driven by increased utilisation of fossil energy sources combined with economic and population 

growth. Today the concentration of greenhouse gases in our atmosphere is at an unprecedented 

high in comparison to the last 800,000 years. A reduction of global warming due to less emission of 

greenhouse gases seems possible. The development of technologies, which enable the energy supply 

with reduced carbon dioxide emissions, is necessary to take actions against global warming1. 

The polygeneration concept in Figure 1 is a possible technology development path to fulfil the 

criteria mentioned above. It enables the production of energy carriers and basic chemicals from 

renewable raw materials. 

 

Figure 1: Polygeneration Concept2 

The gasification process in Figure 1 is an important process step for the realisation of the described 

 
1 IPCC: Climate Change 2014: Synthesis Report. Contribution of Working Groups I, II and III to the Fifth 

Assessment Report of the Intergovernmental Panel on Climate Change, 2014  
2 Koppatz et al., 2011, p. 470 
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polygeneration concept. It converts solid fuels into a product gas. The product gas can be used for 

electricity and heat production as well as for further synthesis of liquid fuels or other energy carriers. 

Cheap alternative fuels like biogenic waste increase the economic competitiveness of the 

technology1. For the utilisation of alternative fuels with challenging physical and chemical properties 

an advanced gasification technology is necessary. 

The fluidised bed technology is suitable for difficult and varying fuel properties and well known from 

the power generation sector. Its application for gasification with steam has been the subject of 

several investigations at the Vienna University of Technology in the past. Dual fluidised bed 

technology was developed for steam gasification and applied in several commercial plants in Austria, 

Germany and Sweden. Within the present work the previous classical dual fluidised bed steam 

gasification concept is presented (classical dual fluid gasification). It was designed for wood chips as 

fuel. Further investigations focused on a new concept for increased fuel flexibility. 

Therefore, a novel dual fluidised bed steam gasification concept (dual fluid gasification) has been 

developed. The novel concept has been designed for high conversion efficiency, the utilisation of 

alternative fuels and improved product gas quality. Furthermore, the described concept should 

improve the preconditions for the utilisation of bed material with less abrasion resistance, but high 

catalytic effect on gasification reactions2. 

To prove the function of the novel dual fluid gasification concept a cold flow model was built to 

investigate the fluid dynamics of the new reactor design. Based on the cold flow model investigations 

and simulations with the process simulation software IPSEpro, a novel test plant with 100kW fuel 

power has been constructed. The novel test plant has been built at the Institute of Chemical 

Engineering, at the Vienna University of Technology2. 

  

 
1 Müller, 2013, p. 123 
2 Schmid, 2014a  
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1.2 Aim & Methodology 

Before the novel test plant is operated with fuel, cold flow test runs should first be conducted to 

prove the function of the fluid dynamics of the novel dual fluidised bed system. Therefore, the 

present work should find an answer with respect to the following research questions: 

What is the operation range of the main process parameters for the novel dual fluidised bed test 

plant at cold flow conditions? What conclusions can be drawn from the cold flow investigations 

concerning the efficiency of the gas-solid separation system at gasification test runs? 

The presented thesis documents the cold flow investigations that were conducted in order to find an 

answer to the research questions. The common thread that runs through the presented work starts 

with an overview about the fundamentals of dual fluid gasification in Chapter 2. It gives an 

introduction to steam gasification and the dual fluidised bed technology. Furthermore, the results of 

previous investigations leading to the novel dual fluid gasification concept are presented. In 

Chapter 3 the novel test plant is presented more in detail. It provides an overview about the test 

plant and its components as well as the extensive measurement system. The procedure of the cold 

flow test runs and the measured data processing is described in Chapter 4. The achieved results of 

the cold flow test runs and the size distribution of the analysed bed material samples are presented 

and discussed in Chapters 5 and 6. Chapter 7 gives an answer to the research questions and provides 

a proposal for future experimental gasification test runs. 
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2 Fundamentals of dual fluid gasification 
To interpret the results of the experiments and to answer the research question, a basic knowledge 

of the applied technology is recommended. Therefore, steam gasification and the dual fluidised bed 

technology are explained in the following subsections. 

2.1 Fuel properties of wooden biomass 

A desired characteristic of the new dual fluid gasification concept is increased fuel flexibility 

compared to the classical dual fluid gasification concept1. This ensures a better economic 

competitiveness as well as higher safety in terms of fuel supply2. The fuel used for gasification has a 

significant influence on the product gas composition. Wood chips are widely used for gasification in 

commercial plants. Wood pellets and wood chips have also been used in several investigations at the 

classical dual fluid gasifier as reference fuel3,4. Therefore, the same fuel is likely to be used for the 

first trials with the new dual fluid gasifier in order to investigate the influence of the new design on 

the product gas composition. Table 1 presents the most important fuel properties of softwood 

pellets and hardwood chips. 

    

Fuel properties Unit Softwood pellets Hardwood chips 

Water content wt-% 6.1 5.7 
Residual char wt-%db 13.5 16.0 
Volatile matter wt-%db 86.5 84.0 
Lower heating value (dry) kJ/kgdb 18,750 18,180 
Lower heating value (moist) kJ/kg 17,460 17,010 
Elementary composition    

Ash content wt-%db 0.3 1.0 
C, carbon wt-%db 50.2 48.8 
H, hydrogen wt-%db 6.0 5.9 
O, oxygen a wt-%db 43.4 44.1 
N, nitrogen wt-%db 0.05 0.15 
S, sulfur wt-%db 0.005 0.02 
Cl, chlorine wt-%db 0.003 0.003 
Ash melting behaviour    

Deformation temperature °C 1,400 1,420 
a) Values for oxygen calculated based on fuel analysis  

Table 1: Fuel properties and elementary composition of wooden biomass5 

 
1 Schmid, 2014a  
2 Müller, 2013, p. 123  
3 Schmid et al., 2012c  
4 Hofbauer et al., 1997  
5 Schmid et al., 2012c, pp. 208-209  
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According to Table 1, carbon, oxygen and hydrogen are the main constituents of softwood pellets 

and hardwood chips. The lower heating value (LHV) on dry basis of softwood pellets and hardwood 

chips is influenced by the ash content. The ash content of different types of wooden biomass, which 

is not contaminated, varies in a small range. Therefore, the variation of the lower heating value due 

to changing ash content also varies in a narrow range1. The volatile matter is a characteristic for the 

decomposition of the fuel due to devolatilisation. It describes the reduction of dry mass at a certain 

temperature, time and further determined circumstances. Volatile matter is an important fuel 

characteristic for the design of a gasification reactor. The gaseous components released during this 

stage are discussed in the following chapter.2 The water content w is defined as the mass of water in 

the biomass referring to the total mass: 

  Eq. 2.1 

The water content depends on the kind of biomass, storing conditions and other parameters. The ash 

is the inorganic residue after combustion. Wooden biomass has a low ash content compared to other 

types of solid biomass. This makes it favourable for the utilisation in small scale combustion facilities. 

For combustion and gasification in fluidised beds the ash melting behaviour of the fuel is important. 

The ash melting behaviour depends on the ash composition. At a certain temperature, the corners of 

a cube out of ash start to deform. This deformation determines the critical temperature level 

(deformation temperature) at which agglomeration of ash and the fine bed material can occur, which 

disturbs the fluid dynamics of a fluidised bed. The deformation temperature depends on the 

chemical composition of the ash and can be determined by an ash analysis3. The attrition behaviour 

of wood pellets and chips under inert, combustion and gasification conditions was the subject of 

previous investigations. During devolatilisation, the structure of wood pellets was more resistant 

against fragmentation than wood chips, but the attrition behaviour of the remaining char was quite 

similar4.  

 
1 Kaltschmitt et al., 2009, pp. 352-353  
2 Kaltschmitt et al., 2009, pp. 355-356  
3 Kaltschmitt et al., 2009, pp. 356-362  
4 Ammendola et al., 2012  
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2.2 Steam gasification1 

Gasification is the thermo-chemical conversion of carbonaceous solids into a product gas by reaction 

with gasification agents. Steam, air, oxygen and carbon dioxide can be used as gasification agents. Air 

is the most common agent, but the product gas of air gasification has high nitrogen content, which 

reduces the lower heating value. Several investigations with previous test plants at the Vienna 

University of Technology focused on the increase of the lower heating value as well as the hydrogen 

content of the product gas. Therefore, steam is used as a gasification agent in a dual fluid gasifier. 

 

Figure 2: Process during gasification of a single particle 

The process steps of a single particle during steam gasification are presented in Figure 2. The overall 

gasification process of biomass is endothermic. Therefore, the particle has to be heated up and goes 

through the following process steps: 

 Drying: The water evaporates and steam is released from the particle structure. Due to the 

high vaporisation enthalpy of water, the average temperature increase is low. 

 Devolatilisation: As a consequence of further temperature increases, the macromolecules of 

the solid feedstock break up irreversibly and release as gas and vapour. Due to the escaping 

gas, the gasification agent does not react with the residual particle. In the end, a particle 

consisting of char and ash remains. 

 Gasification: The remaining char reacts at higher temperatures with steam to product gas. 

The process step gasification in Figure 2 comprises heterogeneous and homogeneous reactions. 

Gases originating from the heterogeneous gasification reactions further react with gases from the 

 
1 Kaltschmitt et al., 2009, pp. 381-396  
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process steps drying and devolatilisation in homogenous reactions. Table 2 presents the most 

relevant heterogeneous and homogeneous gasification reactions. 

   

Heterogeneous gasification reactions (gas-solid) Reaction 
enthalpy  

Oxidation of carbon   Highly 
exothermic 

Eq. 2.2 

Partial oxidation of carbon   Exothermic Eq. 2.3 

Heterogeneous water-gas 
reaction   Endothermic Eq. 2.4 

Boudouard reaction   Endothermic Eq. 2.5 

Hydrogenation of carbon   Slightly 
exothermic 

Eq. 2.6 

Generalised steam gasification of 
solid fuel (bulk reaction)   Endothermic Eq. 2.7 

Homogeneous gasification reactions (gas-gas)   

Oxidation of hydrogen   Highly 
exothermic 

Eq. 2.8 

Water-gas shift reaction   Slightly 
exothermic 

Eq. 2.9 

Methanation   Exothermic Eq. 2.10 

Generalised steam reforming of 
hydrocarbons   Endothermic Eq. 2.11 

Generalised dry reforming of 
hydrocarbons 

  Endothermic Eq. 2.12 

Table 2: Gasification reactions1 

The total (Eq. 2.2) or partial (Eq. 2.3) oxidation of carbon is exothermic and provides heat in contrast 

to the reduction of H2O (Eq. 2.4) and CO2 (Eq. 2.5). The hydrogenation of carbon (Eq. 2.6) is slightly 

exothermic. This results in a methane production at higher temperatures. Homogeneous gasification 

reactions (Eq. 2.8 — Eq. 2.12) influence the product gas composition depending on temperature and 

pressure. The water-gas shift reaction (Eq. 2.9) is one of the most important reactions for steam 

gasification because the equilibrium shifts towards CO production with increasing temperature. 

During devolatilisation, vapour of condensable hydrocarbons (tar) release the fuel particle. The tar 

content of the product gas can be analysed gravimetrically and by gas chromatography coupled with 

mass spectrometry (GCMS). Tar causes problems in downstream equipment due to the deposition at 

lower temperatures. Therefore, the reduction of tar in the product gas due to steam (Eq. 2.11) and 

dry reforming (Eq. 2.12) is a central goal of the novel dual fluid gasifier concept. Further information 

concerning reaction kinetics can be further found in literature2,3. 

 
1 Schmid, 2014a, p. 60  
2 Kaltschmitt et al., 2009  
3 Kitzler, 2013  
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2.3 Dual fluidised bed technology 

A bed of solid particles, which is fluidised with gas, changes its properties significantly. An intensive 

gas-solid and solid-solid contact as well as high heat transfer rates in the consequence. Therefore, 

the fluidised bed technology is used for many technical applications. The following chapters give an 

overview about the basics of fluidised beds and explain the applied dual fluidised bed technology for 

the cold flow model of the novel test plant. 

2.3.1 Basics of fluidised beds 

For the dimensioning of fluidised beds the particle characteristics of the bed material are essential. 

The following chapter presents the most important key figures to describe the bed material. For the 

calculation of fluidised beds usually the particle diameter dp is used in the correlations. The problem 

is that particles have no spherical shape. Therefore, the concept of the equivalent spherical diameter 

was introduced. This concept uses a physical property of the particle to calculate the diameter of a 

sphere with the same property. The physical property can be, for example, the volume of the particle 

Vp. The equivalent diameter is the diameter of a sphere with the same volume as the particle Vp. The 

equivalent diameter is named according to the used physical property. In the presented case the 

volume is the physical property, therefore, the equivalent diameter is called particle volume 

diameter dv. 

Particle volume diameter1  Eq. 2.13 

In contrast to the particle volume diameter is the particle surface diameter calculated based on the 

surface of the concerning particle. The particle surface diameter represents the diameter of a sphere 

with a similar surface as the particle. 

Particle surface diameter1  Eq. 2.14 

The shape of a particle is an important characteristic that influences its behaviour in fluidised bed 

systems. One way to describe the shape of a particle is the sphericity φ: 

Sphericity of a particle2   Eq. 2.15 

 

 
1 Stieß, 2008, p. 14 
2 Hofbauer, 2013, p. 9 
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The particle Sauter diameter is the diameter of a sphere with the same relation between the volume 

and the surface as the particle. 

Particle Sauter diameter1   Eq. 2.16 

The Sauter mean diameter of a particle matter is calculated as follows: 

Sauter mean diameter2   Eq. 2.17 

Small particle diameters have a higher influence on the Sauter mean diameter as large particle 

diameters. Smaller particles have also a higher impact on the behaviour of fluidised beds than large 

ones. Therefore, the Sauter mean diameter is typically used as particle diameter dp for the 

calculations of fluidised beds2. To describe the fluid dynamics of fluidised beds, the Reynolds and 

Archimedes number are used. 

Reynolds number of a particle2  Eq. 2.18 

Archimedes number of a particle2  Eq. 2.19 

The void fraction and the particle volume fraction indicate the expansion of a particle matter. 

Void fraction1   Eq. 2.20 

Particle volume fraction1 ϕ   Eq. 2.21 

The behaviour of solids in a gas-solid regime was also investigated and published by Geldart in 1972. 

Geldart defined four groups of particles (A-D) with different behaviour in fluidised beds. More 

information can be found in the corresponding literature3. 

In a column filled with solid particles and an introduced gas stream through a distribution plate on 

the ground, different fluidisation regimes occur. With increasing superficial gas velocity the following 

fluidisation regimes can be identified: 

 Uniform fluidisation 

 Bubbling fluidisation 

 Slugging / slug flow 

 
1 Schmid, 2014a, pp. 61-62 
2 Hofbauer, 2013, p. 12-20 
3 Geldart, 1972 
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 Turbulent fluidisation 

 Fast fluidisation 

 Pneumatic conveying 

The superficial gas velocity U0 is calculated by the fluidisation volume flow and the cross sectional 

area of the column: 

Superficial gas velocity  Eq. 2.22 

 

Figure 3: Common flow regimes of fluidised particles for industrial applications originating from 
Grace1 and Levenspiel2, redrawn by Schmid3 

Figure 3 presents the most common fluidisation regimes for industrial applications and the 

corresponding particle volume fractions. Bubbling fluidisation is designated by a dense bed and a 

particle free area above. The surface of the bed is clear and evident. With further increased 

superficial gas velocity the bubbling fluidisation changes to turbulent fluidisation. Turbulent 

fluidisation is characterized by no clear surface of the bed and a low entrainment of solids. The 

entrained solids have to be returned in order to ensure stationary operation. Furthermore, the 

height of the dense region increases compared to bubbling fluidisation. Fast fluidisation occurs at the 

 
1 Grace, 1986, p. 356 
2 Levenspiel, 1999, p. 449  
3 Schmid, 2014a, p. 27  
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highest superficial gas velocity, as shown in Figure 3. The significant entrainment of solids efforts a 

recirculation of the bed material to realize stationary operation. 

The transition between the previous described fluidisation regimes occurs at certain superficial gas 

velocities. Depending on the groups of particles1, bubbling fluidisation occurs if the superficial gas 

velocity U0 exceeds the minimum fluidisation velocity Umf or the minimum bubbling velocity Umb. The 

correlation for Umf was the focus of several investigations and can be calculated according to Eq. 2.23 

and Eq. 2.24: 

Minimum fluidisation velocity  Eq. 2.23 

Reynolds number for minimum 
fluidisation velocity2  Eq. 2.24 

The transition from a fixed bed to a bubbling regime for group A particles is delineated by the 

minimum bubbling velocity Umb. If U0 exceeds Umb, first bubbles appear in the bed. Umb depends 

strongly on the particle properties. Therefore, the correlations for Umb are assigned to the particle 

groups1, which are further defined in literature. 

Minimum bubbling velocity for 
group A particles3   Eq. 2.25 

Minimum bubbling velocity for 
group B and D particles4 

 Eq. 2.26 

When the superficial gas velocity exceeds the critical fluidisation velocity Uc, the bubbling regime is 

changing to a turbulent regime. Uc has been extensively investigated and several correlations were 

found. An overview of the current state of correlations is presented in literature5. The numerous 

correlations represent the transition area between the two regimes. For practical reasons the 

average critical fluidisation velocity Uc_av was introduced to describe the transition area between the 

two regimes: 

Average critical fluidisation velocity6  Eq. 2.27 

Reynolds number of average critical 
fluidisation velocity6   Eq. 2.28 

The transition from a turbulent regime to the fast fluidisation is delineated by the fluidisation velocity 

 
1 Geldart, 1972  
2 Grace, 1982  
3 Bi et al., 1995, p. 1230  
4 Grace et al., 1997, p. 7  
5 Schmid, 2014a, p. 66  
6 Schmid, 2014a, p. 65  
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with significant entrainment of solids Use. When the superficial gas velocity U0 exceeds Use, the 

entrained solids of the fluidised bed have to be returned in order to ensure stationary operation. The 

following correlation is presented in the literature to estimate Use: 

Fluidisation velocity with significant 
entrainment of solids1 

 Eq. 2.29 

Reynolds number for Use
2   Eq. 2.30 

The pressure drop ∆p over a fluidised bed is a characteristic for the fluidisation regime. For a fixed 

bed the pressure drop increases linearly with the superficial gas velocity U0. With the onset of 

bubbling fluidisation, a change in the correlation between the pressure drop ∆p and the superficial 

gas velocity U0 occurs. The pressure drop across the bed is constant, despite the rising superficial gas 

velocity U0. The constant pressure drop ∆pb across a fluidised bed is calculated based on the balance 

of forces according to Eq. 2.31. It is independent of U0 and valid for a superficial gas velocity between 

the Minimum fluidisation velocity Umf and the terminal velocity of a single particle Ut: 

Pressure drop across a fluidised 
bed3 

 Eq. 2.31 

The above described fluidisation regimes can be displayed in a flow regime map. A flow regime map 

presents the flow regimes of a gas-solid two phase system based on dimensionless numbers. Grace 

presented a modified flow regime map of Reh (1971) in 1986. The flow regime map of Grace used 

the dimensionless superficial gas velocity U* and the dimensionless particle diameter dp*. The flow 

regime map of Grace was further modified by Schmid in 2014. Schmid implemented correlations 

based on an extensive literature research for the transition areas between the flow regimes and a 

reinterpretation of Geldart’s particle classification. The modified flow regime map of Schmid is 

presented in Figure 4. 

 
1 Schmid, 2014a, p. 63 
2 Bi et al., 1995, p. 1230 
3 Hofbauer, 2013, p. 17 
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Figure 4: Flow regime map of a gas-particle fluidised bed1 

The state of a fluidised bed in Figure 4 is described by the following dimensionless numbers: 

Dimensionless particle diameter   Eq. 2.32 

Dimensionless superficial gas 
velocity   Eq. 2.33 

  

 
1 Schmid, 2014a, p. 28  
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2.3.2 Dual fluidised bed system 

This chapter explains the basic principle of a dual fluidised bed (DFB) based on the illustrated cold 

flow model (CFM) in Figure 5. The cold flow model in Figure 5 was used to investigate the fluid 

dynamics of the dual fluidised bed system for the novel dual fluid gasification test plant, presented in 

the next chapter. 

A dual fluidised bed system comprises two reactors each containing a fluidised bed. The reactors are 

named respective their function in the gasification process: 

 Gasification reactor (GR) 

 Combustion reactor (CR) 

  

  

Figure 5: CFM1 of the novel dual fluid gasification test plant (left) and simplified sketch of the dual 
fluidised bed CFM (right)2 

The fluidised bed in the combustion reactor is operated as a fast fluidisation regime. The bed 

 
1 Fuchs, 2013, p. 50 
2 Martinovic, 2013, p. 51 
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material entrains significantly on the top of the combustion reactor and is separated from the gas 

stream by the CR gravity separator. The entrained bed material is compensated by the bed material 

stream from the lower loop seal (LLS) to the ground of the combustion reactor. The gasification 

reactor can be described in two different parts—the lower GR and the upper GR. The lower GR is 

operated as a bubbling bed and is connected to the lower loop seal. The upper GR is designed as a 

column of connected chambers. The constrictions between the chambers and the free section of the 

chambers have a rectangular cross section except the lowest constriction. The bed material is fed 

into the upper GR by two inlets. One of the inlets is connected to the internal loop seal (ILS) and the 

other inlet to the upper loop seal (ULS). The introduced bed material is split into two streams. One 

stream is moving downwards the upper GR forming an overall countercurrent flow with the rising 

fluidisation gas. The other stream is moving upwards the upper GR and streams into the gravity 

separator. 

During the operation, the bed material follows the global and internal particle loop as presented in 

Figure 5. The bed material circulates between the combustion reactor and the gasification reactor 

following the global particle loop. Due to fast fluidisation in the combustion reactor the particles 

stream into the CR gravity separator. The separated bed material in the gravity separator is fed into 

the top of the upper GR through the upper loop seal. The particles move down the upper GR passing 

several chambers. The bed material in the lower GR flows back into the combustion reactor passing 

the lower loop seal. The internal particle loop feeds the particles, which entrain the upper GR at the 

top back into the gasification reactor. Therefore, the solids are separated from the fluidisation gas by 

the gravity separator, and flow back into the upper GR through the internal loop seal (ILS). The 

combustion reactor and the gasification reactor are connected by loop seals (LS). The loop seals are 

fluidised in order to enable a bed material flow without an exchange of the gas flows of the reactors. 

As discussed in Chapter 2.4.3, an improved gas-solid interaction is required for the gasification 

process. Previous cold flow model investigations focused on the design of the upper GR in order to 

enhance the gas solid interaction1,2,3. Figure 6 presents the new design of the upper GR based on the 

cold flow model investigations. The bed material is more evenly distributed along the upper GR due 

to constrictions. The particles move down the chambers, passing the rising gas. Because of the 

obtained overall countercurrent flow, this part is called countercurrent upper GR. The 

countercurrent flow regime improves the contact between gas and solids. The pressure drop and 

pressure gradient can be used to estimate the particle volume fraction of the bed material inside the 

chambers. The pressure gradient at the height of a constriction is related to the bed material mass in 

 
1 Schmid et al., 2012b  
2 Schmid et al., 2012a  
3 Schmid, 2014a  
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the chamber above the concerning constriction. Therefore, equal pressure gradients at the 

constrictions of the upper GR are an indication for an equal bed material distribution along the upper 

GR. 

 

Figure 6: Typical qualitative pressure drop, pressure gradient, and particle volume fraction in the 
upper GR with chambers for improved gas-solid interaction1 

As presented in Figure 6, the countercurrent upper GR is operated by the downwards moving bed 

material and the rising fluidisation gas flow. An increasing fluidisation gas flow decreases the bed 

material flow down the chambers. At a certain fluidisation gas flow, the bed material stops moving 

downward and starts to accumulate in the chambers. The bed material in the chambers increases 

with time, although the fluidisation gas flow is constant. Because of the time dependency, this effect 

is called “non-stationary operation” or “flooding”. 

  

 
1 Schmid et al., 2012b, p. 233  
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2.4 Dual fluid gasification 

Investigations on dual fluid gasification of biomass have been conducted more intensively over the 

last 20 years1. Commercial plants like in Güssing (Austria), Oberwart (Austria), Ulm (Germany) and 

Gothenburg (Sweden) are currently in operation. These plants are based on the classical dual 

fluidised bed gasification reactor concept. On the same principle, a previous test plant was operated 

at the Vienna University of Technology in the past, and a novel dual fluid gasifier concept was 

developed. A more detailed description of the previous test plant is presented in Chapter 2.4.2. The 

following chapters give an overview of the most important facts and the current state of knowledge 

about dual fluid gasification. 

2.4.1 Process description 

The basic principle of dual fluid gasification is presented in Figure 7. 

 

Figure 7: Basic principle of dual fluid gasification2 

The system consists of a gasification reactor and a combustion reactor, and is based on the dual 

fluidized bed (DFB) technology. The overall gasification reactions are endothermic. Therefore, heat 

from exothermic combustion reactions is transferred from the combustion reactor to the gasification 

reactor by the circulating bed material. The gasification reactor is fluidised with steam and operated 

in a temperature range between 800 and 850 °C. The fuel is fed into the gasification reactor and 

heated up by intensive contact with bed material. The fuel particles start to dry, devolatilise and 

partially gasify with steam, as previously described in Figure 2. Secondary gasification reactions of the 

product gas components change the product gas composition, according to Table 2. The dual 

 
1 Koppatz, 2012b, p. 41  
2 Schmid, 2014a, p. 3  
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fluidized bed system is designed to transport the remaining char with the circulating bed material 

from the gasification reactor into the combustion reactor. The combustion reactor is fluidised with 

air and used to oxidise the char of the gasification reactor. The reaction heat increases the 

temperature of the bed material. The bed material is separated from the flue gas and fed back to the 

gasification reactor. The temperature in the gasification reactor is stabilised by the overall system. A 

lower temperature in the gasification reactor results in an increased char flow to the combustion 

reactor because of the overall endothermic gasification reactions. This increases the temperature in 

the combustion reactor and heats up the circulating bed material. This raises the chemical 

conversion of fuel in the gasification reactor and reduces the amount of char that is transported to 

the combustion reactor. This stabilising effect results in a relatively constant gasification 

temperature. The temperature difference between the gasification reactor and the combustion 

reactor can be controlled by the circulation rate of the bed material. The gasification process is 

influenced in a significant way by the following process parameters: 

 gasification temperature1,2,3, 

 steam to fuel/carbon ratio1,2,3, 

 fuel water content4, 

 bed material1,5,6, 

 fuel particle size4,7, 

 fluid dynamics of the fluidised bed8. 

Olivine ((Mg, Fe)2 SiO4) is used as bed material because of its catalytic effect on gasification reactions. 

Compared to silica sand as reference material, Olivine has the following influences: 

 the product gas composition is more close to the water-gas shift equilibrium9, 

 the hydrogen content in the product gas increases9, 

 the tar content of the product gas is reduced9, 

 a coating of the Olivine particles occurs5. 

The disposal of carbon on the catalytic active Olivine particle surface is avoided due to the oxidising 

atmosphere in the combustion reactor.  

 
1 Pfeiffer et al., 2011  
2 Hofbauer et al., 2001  
3 Koppatz et al., 2011  
4 Kreuzeder et al., 2007 
5 Kirnbauer et al., 2012 
6 Koppatz, 2012b  
7 Wilk et al., 2013a  
8 Koppatz et al., 2012c  
9 Koppatz et al., 2011, p. 482  
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2.4.2 Previous test plant 

As a basis for the novel dual fluid gasifier, several investigations were carried out at the previous test 

plant. The previous test plant was designed according to the classical dual fluid gasification concept. 

Based on the gasification process explained in the previous chapter, the classical dual fluid 

gasification concept is now presented more in detail. 

Figure 8 illustrates a simplified sketch of the previous test 

plant. The gasifier is designed as a dual fluidised bed 

system. The gasification reactor is operated with a bubbling 

bed regime using steam as a fluidisation media and 

gasification agent. The fuel is fed into the bubbling bed in 

order to achieve a long residence time in the gasification 

reactor. A separation of bed material from the product gas 

is not necessary because of the freeboard above the 

bubbling bed. Therefore, an internal particle loop is not 

required. The combustion reactor is operated as a fast 

fluidised bed using air as fluidisation medium. The 

remaining char of the gasification reactor is used as fuel in 

the combustion reactor. The separation of the flue gas and 

the bed material is achieved by a gas-solid separator at the 

outlet of the combustion reactor. The global particle loop 

follows the same path as previously explained in 

Chapter 2.3.2, according to the cold flow model. The lower 

loop seal and the upper loop seal are fluidised with steam. 

They ensure that no exchange of product and flue gas 

occurs during operation. 

  

 
1 Koppatz et al., 2012a, p. 6  

 

 

Figure 8: Simplified sketch of previous 
test plant1 
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Table 3 shows a product gas composition of the previous test plant as a result of experiments with 

the reference fuel wood pellets by the use of olivine as bed material. 

   

Parameter Unit Value 

Temperature °C 850 
Fuel - Wood pellets 
Steam to fuel ratio kg/kgdb,af 0.8 
Bed material - Olivine 
H2, hydrogen vol-%db 39-41 
CO, carbon monoxide vol-%db 25-26 
CO2, carbon dioxide vol-%db 18-19 
CH4, methane vol-%db 9-10 
C2/C3 hydrocarbons vol-%db 2.0-2.5 
N2, nitrogen vol-%db < 1 
H2O, water vol-% 40-55 

Tar (in raw product gas, db) g/Nm³ 5-8 (GCMS) 
2-5 (gravimetric) 

LHV (db) MJ/Nm³ 12.5-13.5 

Table 3: Product gas composition achieved by an experiment with the previous test plant1 

2.4.3 Results of previous investigations for the novel dual fluid gasifier concept 

Following aspects have been the main goals during the design phase for a new dual fluid gasification 

test plant: 

 high fuel flexibility, 

 low tar content in product gas, 

 less effort for product gas cleaning, 

 high efficiency, 

 possibility to operate different processes (CLC/CLR, SER, gasification). 

The present chapter gives an overview of the results of previous investigations aimed at an improved 

dual fluid gasification process concept in order to reach the described targets. Based on these results, 

the novel dual fluid gasifier concept was developed and a new test plant was built in the laboratory 

of the Vienna University of Technology (see Chapter 3). 

Investigations with the focus on gasification of alternative fuels were executed with the previous test 

plant. Straw/wood blends and sewage sludge were used as alternative fuels and compared with 

softwood pellets and hardwood chips, which were defined as standard fuel. Catalytic active bed 

material (Olivine) was used to enhance the gasification reactions. The gasification of alternative fuels 

 
1 Koppatz, 2012b, p. 42  
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with high ash content resulted in an increased content of ungasified char and fine ash in the product 

gas. It is obvious that the combination of a dense bed and a free board were the reason for the 

entrainment of those particles. Furthermore, the tar content of the product gas decreased by the 

gasification of alternative fuels compared to the standard fuel. It is expected that the fine ash has a 

catalytic effect on gasification reactions and promotes the coating of Olivine particles, which 

enhances their catalytic effect as well1. Therefore, intensive contact between the product gas, fine 

ash and the catalytic active bed material is recommended in order to use various fuels and increase 

the product gas quality 2. 

The influence of the bed material particle size on the gasification process was the focus of 

investigations at the previous test plant as well. An experimental study was conducted to analyse the 

influence of different mean particle sizes of the bed material on the product gas composition. 

Therefore, wood pellets were used as standard fuel, Olivine as bed material and steam as the 

gasification agent. The results showed that due to fine bed material, the main product gas 

composition was only slightly influenced, but the tar content detected by GCMS was reduced 

significantly. Increased turbulence in the bubbling bed, which led to a more intensive gas solid 

contact as well as the higher specific particle surface (surface/bed material mass) of the fine bed 

material, reduced the GCMS detectable tar content3. 

Further investigations have been made to examine the impact of the fuel feeding position and the 

gas-solid contact on the gasification process. Therefore, experiments with the previous test plant 

were conducted with in-bed and on-bed feeding of fuel. During these experiments, fresh and used 

Olivine (coated, higher catalytic active1,4) was used as bed material, and wood pellets and shredder 

light fraction plastics (SLF-plastics) were used as fuel. The change between in-bed and on-bed feeding 

of SLF-plastics had no remarkable influence on the product gas composition and tar content. Due to 

the rapid devolatilisation behaviour and instable structure in contrast to wood pellets, most of the 

reactions occurred in the gas phase without contact with the catalytic active bed material. Wood 

pellets have a more stable structure during devolatilisation in comparison to SLF-plastics. In-bed 

feeding led to a longer residence time of fuel particles during the devolatilisation and gasification 

phase in the dense bed. As a consequence, an increased contact between volatiles and the bed 

material occurred. A product gas with lower tar concentration and product gas composition closer to 

the equilibrium of the water-gas shift reaction was produced. The use of used Olivine with higher 

catalytic activity is capable of compensating the difference between in-bed and on-bed feeding. This 

 
1 Kirnbauer et al., 2012 
2 Schmid et al., 2012c 
3 Koppatz et al., 2012c 
4 Kirnbauer et al., 2011 
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underlines the importance of catalytic active bed material for the gasification process. Based on 

these results, it was evident that the novel dual fluid gasifier concept should enhance the contact 

between volatiles, fuel and catalytic active bed material particles. In-bed feeding is more favourable 

in order to increase the product gas quality 1. 

Another investigation focused on the influence of the gas-solid interaction on the gasification 

process. The focus was to investigate the influence of the fluidization velocity, fluidization regime 

and the mean particle size of the bed material on the tar content in product gas. Therefore, an 

experimental series was conducted with the dual circulating fluidised bed (DCFB) pilot unit to prove 

the influence of the fluidization regime on hydrocarbon conversion in the gas phase. Synthetic gas 

with a model tar substance (1-methylnaphtalene) was used as fuel. The time related conversion rates 

of tar and methane (CH4) in the product gas increased with higher fuel flow rate at constant 

temperature in the gasification reactor. It was evident that an enhanced fluidisation velocity 

promoted the hydrocarbon conversion rates due to an increased gas-solid contact. Therefore, a new 

design of the gasification reactor was proposed and proved by further cold flow model investigations. 

The new design enhances the intermixing of gas and solids by a countercurrent flow of downwards 

moving bed material and an upwards streaming gas phase. Additionally, constrictions along the 

gasification reactor increase the bed material concentration as well2. 

In conclusion, a novel dual fluid gasification concept was developed based on the results of the 

described investigations. To prove the fluid dynamic of the new dual fluidised bed system the cold 

flow model, presented in Chapter 2.3.2, was constructed. Cold flow model investigations confirmed 

the functionality of the new dual fluidised bed system which was the basis for the novel test plant 

presented in the following chapter. 

  

 
1 Wilk et al., 2013b  
2 Schmid et al., 2011  
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3 Next generation dual fluid gasification test plant 

Based on previous investigations a novel dual fluid gasification concept was developed applying the 

dual fluidised bed technology. To validate if the novel dual fluid gasification concept meets the 

expectations, a new test plant was constructed. This chapter explains the design of the novel test 

plant more detailed. 

3.1 Novel dual fluidised bed steam gasification test plant1 

Figure 9 gives an overview about different sections of the novel test plant. 

 

Figure 9: Overview of the novel test plant2 

The novel test plant contains the dual fluid gasification system consisting of a gasification reactor and 

a combustion reactor. Two fuel hoppers and a feed system enable the supply of two different solid 

fuels. The product and flue gas stream are cooled by radiation coolers in order to ensure a moderate 

temperature level for the downstream gas analysis. A combustion chamber operated with an 

additional natural gas burner is used to oxidize combustible components in the product gas and flue 

gas streams of the reactors. The natural-circulation water boiler cools the flue gas after the 

 
1 Schmid, 2014a  
2 Schmalzl, 2014, p. 39  
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combustion chamber by the production of saturated steam. A bag filter reduces the amount of fines 

in the flue gas before it is disposed into the atmosphere through the chimney. A natural water-steam 

cycle ensures the water supply of the boiler and radiation coolers even in case of an electrical 

blackout. Sensors and control units, which are located in the whole test plant enable an online 

observation and control of the process in order to ensure safe operation and reliable measurements. 

 

 

Figure 10: Basic concept of dual fluid gasification (left) and simplified sketch of the new dual fluid 
gasification test plant (right)1,2 

 
1 Schmid, 2014a, p. 45  
2 Pasteiner et al., 2015, p. 111  
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Figure 10 presents the dual fluid gasification system, which is the central component of the novel 

test plant. The focus of the novel test plant is to investigate the new dual fluid gasification reactor 

concept as presented in Figure 10 (right). The presented basic concept of the dual fluid gasification in 

Figure 10 (left) corresponds to the presented dual fluid gasification test plant in Figure 10 (right). The 

gasification reactor (blue) and the combustion reactor (red) are connected by the LLS and ULS. Two 

stage separation systems are used for the separation of fines and bed material from the product gas 

and the flue gas stream. Screw conveyors can be used to transport the separated fines back into the 

reactors. The new dual fluid gasification test plant as presented in Figure 10 (right) will be used for 

experiments to enhance the range of possible fuels for gasification. Therefore, different physical and 

chemical properties have to be considered. Two different fuel feeding positions enable an 

investigation of the influence of different feeding positions on the gasification process. For the first 

gasification test runs, only the fuel feeding system into the lower GR is installed. The lower fuel 

feeding position is foreseen for fuels with high content of volatile matter like wood and plastics. This 

position is more favourable for fuels with a small particle size like saw dust as well. The upper fuel 

feeding position is foreseen for fuel with low content of volatiles. The two different fuel feeding 

positions can be used to ensure long residence time of fuel particles in the gasification reactor as well 

as intensive contact of the volatiles with the catalytic active bed material. 

Adjustable constrictions along the upper GR make it possible to adapt the geometry of the 

gasification reactor during its operation. The constrictions influence the fluid dynamics in order to 

intensify the contact of gas and solids, as explained in the previous chapter. An overall 

countercurrent flow of gas and solids is achieved by the bed material feed in the upper GR and the 

bed material drain in the lower GR back to the combustion reactor. Due to the overall countercurrent 

flow of gas and solids in the upper GR size classification of bed material particles occur. Therefore, a 

higher concentration of fine particles is expected in the upper part of the gasification reactor. High 

gas flow rates in combination with a smaller mean diameter of bed material are applied to increase 

the specific surface of catalytic active bed material and intensify the mixing of gas and solids. It is 

expected that these modifications reduce the tar content of the product gas significantly and 

promote a product gas composition close to the equilibrium of the water-gas shift reaction (Eq. 2.9). 

Two separation units for coarse and fine particles are foreseen for each gas stream. The aim is a 

gentle separation of the bed material from the gas streams and recirculation in order to avoid 

abrasion. The gravity separators enable this gentle separation of the coarse bed material particles. 

Fine particles can originate from bed material attrition and the ash. They are separated from the gas 

streams by the cyclones and returned to the combustion reactor. The removal of coarse ash is 

possible by a discharge screw conveyer at the lower loop seal. 
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The inner particle loop of the dual fluid gasification test plant has been modified compared to the 

cold flow model of the novel test plant. At the novel test plant the separated bed material of the 

gravity separator at the end of the gasification reactor is fed into the lower GR. It is expected that 

this modification results in a wider operation range. Due to the novel reactor concept, three patents 

were assigned for the novel design of the reactor system and two approved. This confirms the 

innovative character of the new test plant compared to the previous test plant1,2,3. 

 

Figure 11: Combustion reactor4 

 

Figure 12: Upper parts of the novel reactor system5 

 

Figure 13: Lower parts of the novel reactor system5 

Figure 11, Figure 12 and Figure 13 provide an impression of the size of the novel test plant. They 

present the novel test plant during the installation phase. Figure 11 shows a side view of the novel 

test plant with its combustion reactor. Figure 12 shows the upper part of the combustion reactor on 

the left side, the gasification reactor on the right side as well as parts of the separator system.   

 
1 Pröll et al., 2011  
2 Schmid et al., 2012d  
3 Schmid et al., 2014b  
4 Kolbitsch et al., 2014  
5 Diem et al., 2014  
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Figure 13 shows the lower end of both reactors connected by the lower loop seal. The dimensioning 

of the novel test plant during the basic engineering phase was supported by the process simulation 

software IPSEpro. A model was developed to calculate the mass and energy balances for the planned 

gasification test runs. Figure 14 gives an overview of the most important results that were the basis 

for the detail engineering of the novel test plant. 

 

Figure 14: Overview of results based on mass and energy balance of the novel test plant1 

  

 
1 Schmid, 2014a, p. 46  
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3.2 Measurement system 

The novel test plant is equipped with an extensive measurement system in order to collect data 

about the gasification process. Furthermore, the process control system (PCS) is used to ensure a 

precise execution of experimental test runs. In the following subsections, the measurement methods 

and the measurement equipment are explained in more detail. 

Information about the product gas stream and flue gas stream is essential to investigate the 

gasification process. Therefore, extensive measurement equipment is installed to measure the 

composition, volume flow, temperature and pressure. Figure 15 provides an overview of the included 

equipment to measure the composition of the product gas stream and flue gas stream. 

 

Figure 15: Measurement of gas composition1 

The product gas composition is important for the evaluation of the effectiveness of the gasification 

process. Therefore, the product gas composition is measured online by the Rosemount NGA2000 (H2, 

CO, CO2, CH4, O2) and the Bartec Hygrophil H4230-10 (H2O). A gas chromatograph of Perkin Elmer 

detects non condensable hydrocarbons in the product gas in an interval of 15 minutes. The product 

gas sample is extracted after the radiation cooler. The Rosemount NGA2000 and the gas 

chromatograph require a tar free product gas. Therefore, the measured gas has to be cleaned before 

the measurement device, as presented in Figure 16. The product gas flow passes six impinger bottles 

cooled by a freezing bath. The first two bottles are empty and separate the condensed water. The 

 
1 Schmalzl, 2014, p. 56  
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following three bottles are filled with rapeseed methyl ester in order to remove tar. An empty bottle 

at the last position protects the measurement equipment of passing liquids. 

 

Figure 16: Simplified scheme of product gas sampling line1 

According to the previous chapter, the new dual fluid gasifier concept was developed to produce 

product gas with low tar content. Therefore, the tar content is analysed gravimetrically and by GCMS 

according to an internal guideline2 used at the Vienna University of Technology. The guideline is 

based on the tar guideline3 and a technical report that can be found in literature4. 

 

Figure 17: Simplified scheme of tar measurement equipment5 

Tar in the product gas stream is measured discontinuously according to the scheme shown in Figure 

17. An isokinetic sample is taken from the product gas stream after the radiation cooler. Particles are 

removed by a cyclone and a glass wool stuffed filter cartridge. The equipment between the sampling 

 
1 Aigner et al., 2011, p. 2407  
2 Hofbauer et al., 2003  
3 ÖNORM CEN/TS 15439: Biomassevergasung - Teer und Staub in Produktgasen, 2006  
4 Good et al., 2005  
5 Drawn by Schmid, published by Koppatz et al., 2011, p. 474  
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point and the impinger bottles is heated to avoid condensation of water and tars. Afterwards the gas 

sample is fed through six cooled impinger bottles. Five bottles are filled with different solvent levels 

and the last one is empty in order to avoid the flow of liquids to downstream equipment. In contrast 

to the standards for tar measuring, toluene is used as solvent for tars because of the high water 

content in the product gas and the possibility of measuring the water content more easily. Due to 

low temperatures inside the impinger bottles, the tar condenses. Furthermore, the condensed tars 

are dissolved in the solvent. The volume flow of the product gas sample is regulated by a diaphragm 

pump at the end of the sampling line. After the measuring sequence, tar adsorbed in the particles of 

the cyclone and the glass wool is removed by soxhlet extraction with isopropanol and measured by 

GCMS. The solid residue is analysed by weighing, drying and incineration. The content of all impinger 

bottles is mixed and water separated from the organic phase. A sample of the organic phase is 

analysed by GCMS. The rest is used to analyse the tar content by a gravimetric method. Therefore, 

toluene is removed due to atmospheric evaporation and drying in an oven at 105 °C. The residues are 

defined as gravimetric tar1. 

The flue gas composition contains important information with respect to the combustion processes 

inside the novel test plant. Therefore, the flue gas composition is measured by a Rosemount 

NGA2000 (O2, CO, CO2, NO, SO2, NO2, N2O) and after the combustion chamber with an Oxynos 100 

(O2) as well as the Binos 1004 (CO, CO2). Before Rosemount NGA2000, the flue gas has to be dried by 

cooling and condensation of the vaporised water2. 

The measurement of the product and flue gas volume flow is difficult because of the high gas 

temperatures and the contamination with particles and tar. Therefore, measuring orifices have been 

included in the test plant to gain practical experience with product and flue gas volume flow 

measurement at high temperatures. Further information about the measuring equipment and the 

implementation in the process control system can be found elsewhere3. 

The novel test plant is equipped with numerous sensors for the measurement of temperatures, 

pressures and volume flows. Table 4 gives an overview of the total amount of sensors and their 

locations. Furthermore, Table 4 shows that the main focus of the measurement system is on the dual 

fluid gasification reactor system in the centre of the novel test plant. 

  

 
1 Koppatz, 2012b, pp. 54-55  
2 Schmalzl, 2014, p. 56  
3 Schmalzl, 2014  
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Number of sensors Temperature Pressure Flow rate 

Supply system 31 4 11 

Gasification system 50 48 0 

Product gas cooling, cleaning, utilisation 24 18 2 

Total 105 70 13 

Table 4: Sensors for temperature, pressure and volume flow measurement at the novel test plant1 

The sampling lines of the pressure and temperature transmitters are flushed continuously with 

nitrogen or air to avoid any solid deposits. The measured pressure profile is an important tool to 

control the fluidisation regime in the novel test plant2. 

 

Figure 18: Measurement ranges of pressure measurement sensors 

 
1 Schmalzl, 2014, p. 57  
2 Schmalzl, 2014, p. 15  
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Figure 18 presents the measurement ranges of the implemented pressure sensors in the dual fluid 

gasification system. The fluidisation regime has a high influence on the pressure level. Therefore, 

pressure sensors with different measuring ranges were installed. A detailed description can be found 

in literature1. 

Samples of solids can be taken at all three loop seals, two at the lower area of the gasification 

reactor, one at the upper gasification reactor and two at the screw conveyers of the cyclones. It is 

expected that the solid samples have different compositions depending on their sampling position. 

The contact of the solid sample with ambient air at high temperatures can cause reactions changing 

the composition of the sample. Therefore, Argon2 is used to take the sample within an inert 

atmosphere. 

  

 
1 Schmalzl, 2014, pp. 147 - 148  
2 Koppatz, 2012b, pp. 55-56  
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4 Experimental setup and procedure of cold flow investigations 

4.1 Methodology 

Experimental trials with the novel test plant are an appropriate method to gain operational data 

about the overall process. Beforehand, it is necessary to define a specific research target and execute 

trials according to following procedure as presented in Figure 19. 

 

Figure 19: Procedure for experimental investigations for cold flow test runs 

 Define research target: Defines the aim of an experimental trial and is based on the research 

question. 

 Bed material analysis: The properties of the bed material are evaluated by producer data 

sheets as well as further laboratory analysis. 

 Define operation conditions: The process parameters like volume flows, pressures and 

temperatures are defined beforehand to reach defined operation points. 

 Prepare test plant: The test plant is set up for the maintained trial, and the measuring 

equipment is prepared. 

 Execute trials: The trials are executed with the defined operation conditions and the 

measured data recorded by the implemented PCS in high resolution. 

 Analyse process data: The data of the PCS is analysed with the aid of a Microsoft Excel tool in 

order to calculate key data for certain operation points. 

 Experimental report and discussion: The trial procedure as well as the results are 

documented with a report and discussed with respect to the research question. If the report 

does not match the research target in a sufficient way, further trials are necessary or the 

used methodology might have to be changed. 

Define research 
target 

Bed material 
analysis 

Define operation 
conditions 

Prepare test 
plant Execute trials 

Analyse process 
data 

Experimental 
report and 
discussion 

Methodology 
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4.2 Experimental setup 

Before the new test plant is operated with fuel, cold flow test runs were carried out to prove the 

fluid dynamic behaviour of the fluidised bed system inside. In this chapter the configuration of the 

novel test plant for the cold flow test runs is described. Figure 20 shows the test plant configuration 

for cold flow test runs and the designation of the constrictions along the upper gasification reactor. 

Table 5: Dimensions of the gasification 
reactor 

 

Figure 21: Picture of adjustable 
constrictions along upper GR 

According to Figure 14 the novel test plant and its subsystems have been dimensioned for high 

operation temperatures. Cold flow test runs are regularly carried out at ambient temperature. 

Therefore, the fluidisation inlets had to be adapted to ensure sufficient air supply for the novel test 

plant during the cold flow test runs. The connections GR2, CR BA and CR1.1 were adapted for 

 

 

Figure 20: Configuration of the dual fluid gasification 
test plant for cold flow test runs 

  

Area Cross section Ac/A 

 [mm²] [%] 

A 16,380 100 

Ac 3,330 – 5,830 20.3 - 35.6 
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additional air supply of the reactors. A description of the installed measurement system of the novel 

test plant has already been given in Chapter 3.2. Further information about the air supply and its 

volume flow measurement can be found in literature1. For gasification test runs at high temperature, 

the product and flue gas flow is measured by metering orifices and differential pressure transmitters. 

The pressure drop at the orifices is used for the volume flow measuring. The pressure drop also 

increases the pressure in the reactors during cold flow test runs. To avoid the pressure increase by 

the orifices, a bypass was installed. The cold flow test runs were carried out without fuel. Therefore, 

no fine ash particles sealed the screw conveyers. Gas streams through the cylinders of the screw 

conveyors would influence the measured pressure profiles of the reactors. The cylinders of the 

screws were sealed by plugs to avoid these disturbances, as can be seen in Figure 20. During the cold 

flow test runs the screw conveyers were not operated. 

The installed constrictions along the upper gasification reactor can be used to influence the fluid 

dynamics and to compensate manufacturing tolerances. Figure 20 and Figure 21 present the location 

and designation of the constrictions (C1 – C6) in the upper gasification reactor. The cross area of the 

constrictions can be adjusted according to Table 5. As can be seen, the constrictions can be adjusted 

during the operation of the test plant. This enables an additional control parameter to maintain the 

fluid dynamics of the fluidised bed inside the upper gasification reactor beside the gas volume flows. 

  

Figure 22: Air volume flow control (left) and additional air supply, conducted for GR2 and CR1.1 
(right) 

Figure 22 presents the volume flow meters in the control station (left) and the additional installed 

volume flow meters (right). Air was used as fluidisation media. The volume flows were measured 

with float-type flow metres of Krohne Messtechnik. To ensure proper operation of the air volume 

 
1 Schmalzl, 2014, p. 45  
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flow measuring devices, the temperature and pressure of the air has to fulfil predefined conditions. 

The measured volume flows are displayed with respect to standard state (0 °C and 1.013 barabs
1,2). 

The cold flow test runs were carried out at ambient temperature (Tambient ≈ 20 °C) and pressure 

(pambient ≈ 1 barabs) in the reactors. The fluidisation volume flows of the relevant reactor parts are 

calculated according to following equations: 

Combustion reactor  Eq. 4.1 

Upper countercurrent 

gasification reactor 
 Eq. 4.2 

Olivine was used as bed material for the cold flow test runs. To analyse the particle size distribution 

of the bed material inventory, a Master Sizer 20003 of Malvern Instruments Ltd. was used. The 

analysis is based on the laser diffraction method. 

 

Figure 23: Particle size distribution of the bed material used during cold flow test runs 

Figure 23 presents the fractional mass density distribution and cumulative mass undersize 

distribution of the used bed material. A detailed data sheet of the analysis by the Master Sizer 2000 

 
1 www.krohne.com/de/dlc/produktbezogene-downloads/durchflussmessgeraete/schwebekoerper-

durchflussmessgeraete/dlc-h250/ 
   accessed: 17 May 2015 
2 DIN 1343: Reference conditions, normal conditions, normal volume; concepts and values, 1990  
3 www.malvern.com/en/products/product-range/mastersizer-range/mastersizer-2000/ 
   accessed: 26 February 2015 
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can be found as a part of the attachments in Chapter 13. For further calculations the mean Sauter 

diameter (dsv = d32 = 118 μm) was used as representative particle diameter dp according to the bed 

material analysis. The cold flow test runs were carried out with two different bed material masses in 

order to evaluate the influence on the operation of the dual fluidised bed system. During the first 

test run, 80 kg of bed material was used. After the first cold flow test run, the bed material inventory 

was increased to 105 kg. 
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4.3 Testing procedure 

Based on the described configuration of the test plant for cold flow test runs, the following chapter 

focuses on the chosen procedure for the experiments. All necessary steps are described in order to 

reproduce the procedure for further investigations. 

The pressure profiles along the reactors enable the detection of the behaviour of the fluidised bed 

system. A calibration of the pressure sensors is necessary to avoid the influence of disturbances. For 

the calibration, the measurement ranges of the pressure sensors have to be considered (see Figure 

18). The calibration of the pressure sensors compensates the following effects: 

 Pressure drop due to continues air flush of the measuring pipes from the reactor to the 

pressure sensors with approximately 1-2 mbar. 

 Pressure increase due to fluidisation of the bed material by continual air flush of the 

measuring pipes. 

 Induced draft of the ventilated chimney. 

There are two different ways to calibrate the pressure sensors depending on the bed material 

inventory of the novel test plant. The following procedure explains the calibration of pressure 

sensors without bed material inventory: 

1) Check if all valves of the reactors are closed except the pipelines for product and flue gas. 

2) Turn on the ventilation of the chimney. 

3) Activate the air flush of the pressure measuring pipes. 

4) Set all pressure signals along the reactors to zero. 

5) Continue with further start up procedure. 

The calibration of pressure sensors with bed material inventory is executed according to the 

following procedure: 

1) Check if all valves of the reactors are closed except the product and flue gas lines. 

2) Turn on the ventilation of the chimney. 

3) Activate the air flush of the pressure measuring pipes. 

4) Set the signals of all pressure sensors to zero. 

5) Deactivate the air flush of the pressure measuring pipes. 

6) Set the values of the pressure sensors below the bed material level (Figure 18, blue mark) on 

the average value of the pressure sensors above the bed material level 

(Figure 18, green mark). 

7) Continue with further start up procedure. 

The calibration of the pressure sensors before the test runs was executed with bed material 
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inventory. For the further test sequence the definition of the term “operating point” is essential: 

Operating point: An operating point of a dual fluidised bed system defines a certain fluidisation 

volume flow in the combustion reactor (VCR_opera ng point) and in the gasification reactor 

(VGR_opera ng point). 

After the calibration of the pressure sensors, a steady state operation point was set up to enable an 

adjustment of the constrictions of the gasification reactor. Therefore, the cross sections of the 

constrictions were varied until the pressure gradients over the constrictions (C1 – C4) were similar. 

      

Test parameters Symbol Unit Cold flow 
test runs 

Typical operation parameters for 
gasification test runs1 
GR CR 

Average pressure in the 
reactors p bar 1.013 1.013 1.013 

Temperature T °C 20 850 930  (2) 

Gas density  kg/m³ 1.18 0.21 0.30  (2) 

Kinematic viscosity  m²/s 1.5*10-5 17*10-5 16*10-5  (2) 

Particle density (Olivine)  kg/m³ 2900 2900 2900 

Sauter diameter dsv μm 118 250 250 

Sphericity φ - ≈0.85 ≈0.85 ≈0.85 

Archimedes number Ar - 176 72 58 

Dimensionless particle diameter dp* - 5.6 4.2 3.9 

Upper GR geometry Constrictions  Ac/A   

Constriction 1 C6 % 20.3   

Constriction 2 C5 % 20.3   

Constriction 3 C4 % 20.3   

Constriction 4 C3 % 20.9   

Constriction 5 C2 % 22.8   

Constriction 6 C1 % 22.1   

Table 6: Test parameters and GR geometry during cold flow test runs 

Table 6 gives an overview of the most important test parameters that were constant during the test 

runs. The test parameters were chosen in order to gain comparable results with the operation 

parameters of the novel test plant for gasification test runs. Therefore, the dimensionless particle 

diameter dp* was used for the cold flow test runs in the same range as it will be used for the 

scheduled gasification test runs. 

 
1 Calculated based on operation parameters in Schmid, 2014a, p. 46  
2 Martinovic, 2013, p. 60  
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Table 7 presents the varied values of fluidisation flows during the experiment with different bed 

material masses. The fluidisation of the GR was changed by the fluidisation gas inlet GR2. The volume 

flow for the CR fluidisation was regulated by CR1 and CR2. The volume flows of CR1 and CR2 were 

kept equal—therefore, CR1 = CR2. 

    

Varied test parameters Series 1 Series 2 

Bed material inventory 
(Olivine) kg 80 105 

Volume flows    

VGR1 Nm³/h 10 10 

VGR2 Nm³/h 23 – 35 23 – 39 

VCR BA Nm³/h 15 15 

VCR1.1 Nm³/h 10 10 

VCR1 Nm³/h 36 – 49 36 – 49 

VCR2 Nm³/h 36 – 49 36 – 50 

VCR3 Nm³/h 0 0 

VULS Nm³/h 4 4 

VLLS Nm³/h 4 4 

VILS Nm³/h 1.2 1.2 

GR (Eq. 4.2) Nm³/h 35 – 47 35 – 51 

VCR (Eq. 4.1) Nm³/h 99 – 125 99 – 126 

Table 7: Values of varied test parameters during cold flow test runs 

Starting from a stationary operation point, the operating parameters of the reactors were changed 
according to the following sequence: 

1) Stop volume flows to CR1, CR2, GR1; 

2) Adjust new fluidisation volume flow of GR2. 

3) Start with previous fluidisation volume flow of CR1 and CR2. 

4) Start slowly with the fluidisation of GR1, otherwise flooding of the lowest chamber occurs. 

5) Wait if steady state operation conditions occur. 

6) Note time in the test run protocol. 

If steady state operation occurs, the fluidisation flows were kept constant for approximately 

5 minutes in order to gain a representative measured data set concerning each specific operation 

point. This procedure ensured the same fluidisation conditions and bed material distribution in the 

gasification and combustion reactor for the following operation point. At the same time, operation 

conditions had no influence on the next operation point. Another advantage of this procedure is an 
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easily recognisable change in the exported data between different operation conditions due to the 

turned off volume flow, as can be seen in Figure 25. The previously described sequence varied just 

the fluidisation volume flow in the upper gasification reactor at constant combustion reactor 

fluidisation. After a certain amount of operation points the fluidisation of the combustion reactor 

was changed in order to analyse the influence of different combustion reactor fluidisation flows.  

The process control system recorded the measured data of the pressure sensors and volume flows 

during the test runs. The time interval between the recorded data has been set to 1 s because of the 

dynamic behaviour of the fluidised bed. It is also possible to change the time interval to higher 

values. The system enables the export of the measured data for further processing (see Figure 24). 

 

Figure 24: Measured data export from PCS 

The data export of the process control system contains the measured data of the overall test run. 

Further data analysis with the software Microsoft Excel was used to filter the data for the relevant 

steady state operation points. In order to extract the measured data of steady state operation points 

(OP), the time window of steady state operation was determined. Therefore, the measured data of 

certain pressure sensors and volume flows was analysed, as presented in Figure 25. The time frames 

of steady state operation showed no significant change in the measured data and are in accordance 

with the test run protocol. 
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Figure 25: Measured process data during experimental run 

For the further analysis the average values of all recorded pressure sensors and volume flows were 

calculated over the determined time windows. The following chapter presents the results based on 

the analysed steady state operation points more in detail. 
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5 Results 

This chapter presents the results of the cold flow test runs as described in the previous chapter. It 

covers the gained pressure profiles along the reactors and the proposed operation range for the dual 

fluidised bed system. Finally, the efficiency of the gas-solid separation system is analysed based on 

bed material samples taken after the cold flow test runs. 

5.1 Pressure profiles 

The pressure profiles enable the analysis of the fluidisation regimes and the bed material distribution 

in the novel test plant. In the following chapter, the effects of varying fluidisation gas flows in the 

reactors on the fluid dynamic of the dual fluidised bed system are presented. 

Figure 26 shows an overall pressure profile of the novel test plant for an operation point in the 

proposed operation range of the dual fluidised bed system, as presented in Figure 33. The 

fluidisation gas flows for the gasification reactor and combustion reactor are calculated according to 

Eq. 4.1 and Eq. 4.2. The pressure profiles are in accordance with the results of first cold flow tests in 

previous literature1,2. The pressure profiles indicate a bubbling fluidisation regime in the lower GR 

and the fast fluidised bed in the combustion reactor. The stepped pressure profile along the upper 

GR confirms the bed material distribution in the chambers of the gasification reactor. Furthermore, 

Figure 26 shows that the pressure in the loop seals (ULS, ILS and LLS) is significantly higher than in the 

reactors. The high pressure in the loop seals avoids a mixing of the gas streams of the combustion 

reactor and gasification reactor. This confirms their proper function. The pressure difference in the 

lower area of the combustion reactor and the gasification reactor ensures sufficient bed material 

circulation. 

  

 
1 Schmid, 2014a, p. 52  
2 Schmalzl, 2014, pp. 99-100  
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Figure 26: Overall pressure profile of dual fluid gasification test plant at an operation point in the 
proposed operation range  
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The bed material distribution in the gasification reactor is of special interest because of the influence 

on the gasification process. According to Chapter 2.3.2 the pressure gradients over the constrictions 

are an indication for the bed material distribution along the upper gasification reactor. Eq. 5.1 is 

based on the equation Eq. 2.31 and represents the correlation between the pressure gradient ∆p/∆H 

and the solid fraction (1 - ε): 

  Eq. 5.1 

The pressure gradient ∆p/∆H is, according to Eq. 5.1, directly proportional to the solid fraction (1 - ε). 

The correlation between the pressure profile, pressure gradient and the solid fraction has been 

previously explained in more detail according to Figure 6. The pressure gradients are calculated 

based on the pressure profile of the upper GR. For the pressure pi the average pressure 

measurement value of a stationary operation point was used. The pressure is measured at the height 

Hj of the upper GR. The pressure gradients dp/dH were calculated according to Eq. 5.2 and Eq. 5.3. 

Pressure gradient based on 

measured pressure values1 

 
 Eq. 5.2 

Corresponding height of the 

pressure gradient1 

 
 Eq. 5.3 

The distances between the pressure sensors have to be equal to ensure comparable pressure 

gradients. Figure 27 illustrates the location of the pressure sensors. An additional fictitious pressure 

measuring point was introduced in order to meet the requirement of equal distances between the 

pressure sensors. Figure 27 shows the position of the fictitious pressure measuring point. The 

pressure of the fictitious pressure measuring point has been defined to be the same pressure as the 

pressure sensor PR21290. 

 
1 Schmalzl, 2014, p. 99  
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Figure 27: Location of fictitious pressure measurement point and height differences between 
measurement points 

During the cold flow test runs the fluidisation volume flows of the gasification reactor and 

combustion reactor were varied according to the procedure in previous Chapter 4.3. The results in 

Figure 28, Figure 29 and Figure 30 present the effect of varying fluidisation gas flow of the 

gasification reactor at a constant combustion reactor fluidisation gas flow. 

 

Figure 28: Pressure profiles of the upper GR at varying GR fluidisation gas flows and constant CR 
fluidisation gas flow1 

 
1 Pasteiner et al., 2015, p. 112  
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Figure 28 shows the pressure profiles at a constant combustion reactor fluidisation gas flow of 

106 Nm³/h and a varying gasification reactor fluidisation gas flow of 35 to 43 Nm³/h. The rising 

gasification reactor fluidisation gas flow results in a higher pressure difference ∆p: 7  12 mbar. This 

indicates a higher bed material concentration in the upper GR as well as an improved gas-solid 

interaction. 

 

Figure 29: Pressure gradients of the upper GR at varying GR fluidisation gas flows and constant CR 
fluidisation gas flow1 

Figure 29 presents the pressure gradients of the upper GR based on the pressure profile in Figure 28. 

The fluidisation gas flow of the gasification reactor was varied between 35 and 43 Nm³/h at a 

constant combustion reactor fluidisation gas flow of 106 Nm³/h. The pressure gradients were 

calculated according to Eq. 5.2 and Eq. 5.3. The pressure gradients are, according to Figure 29, near 

the constrictions C1 to C6 higher as in the free section of each chamber. This has been observed in 

accordance with Chapter 2.3.2. The pressure gradients near the constrictions C1 to C6 rise with 

increased gasification reactor fluidisation. Near the constrictions C1 to C4 the observed pressure 

gradient was always higher than the pressure gradients near the constrictions C5 to C6. According to 

Chapter 2.3.2, the pressure gradient at the height of a constriction is directly related to the bed 

material mass in the chamber above the constriction. Therefore, the bed material concentration in 

the chambers above the constrictions C1 to C4 was observed as higher than inside the chambers 

above the constrictions C5 to C6. This phenomenon can be explained by the bed material feed into 

 
1 Pasteiner et al., 2015, p. 112  
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the upper GR between constriction C4 and C5. The largest part of the introduced bed material in this 

section is moving downwards. The results are an increased bed material concentration, and a 

countercurrent flow of bed material and rising gas stream below constriction C4. The pressure 

gradients near the constrictions C1 to C4 change by the same value at varying gasification reactor 

fluidisation gas flows. This indicates an equally distributed bed material in the chambers above C1 to 

C4 even if the fluidisation gas flow of the gasification reactor is changed. The same appears in the 

chambers above the constrictions C5 to C6. 

 

Figure 30: Pressure profile of the lower GR at varying GR fluidisation gas flows and constant CR 
fluidisation gas flow 

Figure 30 presents the pressure profile of the lower gasification reactor at varying gasification reactor 

fluidisation gas flows. The fluidisation regime is a bubbling bed that is fluidised by GR1 and LLS. 

According to Table 7 the fluidisation gas flows of GR1 and LLS were constant during the cold flow test 

runs. It is obvious that the pressure profile did not change due to these fluidisation flows. The 

variation of the upper GR fluidisation is realised by the inlet GR2. The pressure in the lower GR is 

increased with rising gasification reactor fluidisation gas flow because of the raised pressure in the 

upper GR, as can be seen in Figure 28. The pressure profile in Figure 30 makes it possible to estimate 

the bed material level at different fluidisation flows of the gasification reactor. The bed material level 

lowers with increasing gasification reactor fluidisation. A lower bed material level indicates that the 

bed material concentration increased in the upper GR. This is in accordance with the results 

presented in Figure 28 and Figure 29. 

The following Figure 31 and Figure 32 present the results of varying combustion reactor fluidisation 

gas flow at a constant gasification reactor fluidisation gas flow. 
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Figure 31: Pressure profiles of the CR at varying CR fluidisation gas flows and constant GR 
fluidisation gas flow1 

Figure 31 shows the pressure profiles along the combustion reactor at a constant gasification reactor 

fluidisation gas flow of 39 Nm³/h and a varying combustion reactor fluidisation gas flow between 99 

and 125 Nm³/h. The dashed lines mark the pressure profile between the combustion reactor and the 

lower loop seal. The presented pressure profiles are typical for a fast fluidised bed. The gradients of 

the pressure profiles along the combustion reactor change significantly in the area marked by a 

circle. A change of the gradient indicates two different particle volume fractions. A fast fluidised bed 

has no clear surface. However, the change of the gradient of the pressure profile can be assumed as 

a fictitious bed material level. Figure 31 shows that the fictitious bed material level decreases with 

increased combustion reactor fluidisation. An increased combustion reactor fluidisation results in a 

higher pressure along the combustion reactor. The rising pressure indicates an increased bed 

material entrance of the combustion reactor into the gravity separator. Therefore, an increased 

combustion reactor fluidisation results in a higher bed material circulation rate between the 

gasification reactor and the combustion reactor. 

 
1 Pasteiner et al., 2015, p. 113  
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Figure 32: Pressure profiles of the upper GR at varying CR fluidisation gas flows and constant GR 
fluidisation gas flow1 

Figure 32 presents the pressure profiles along the upper GR at varying combustion reactor 

fluidisation gas flows between 99 and 125 Nm³/h and constant gasification reactor fluidisation gas 

flow of 39 Nm³/h. The horizontal dashed line marks the height of the bed material feed into the 

upper GR at 3,400 mm. It is located above constriction C4. The largest share of the bed material, fed 

into the upper GR, is moving downwards. The downwards moving bed material and the rising gas 

form a countercurrent flow in the area below the horizontal dashed line. Therefore, this area is called 

countercurrent upper GR. The pressure along the upper GR increases with rising combustion reactor 

fluidisation. The pressure rises more in the countercurrent upper GR than in the area above 

(>3,400 mm). This indicates that the pressure increase in the countercurrent upper GR is caused by 

the rising combustion reactor fluidisation and the bed material circulation. This is in accordance with 

the increased bed material circulation due to rising combustion reactor fluidisation as presented in 

Figure 31. 

  

 
1 Pasteiner et al., 2015, p. 113  
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5.2 Operation range of the dual fluidised bed system 

A relevant part of the research question is the operation range in terms of fluid dynamic of the dual 

fluidised bed system of the novel test plant. The following chapter presents the found operation 

range and its boundaries based on the cold flow test runs. 

 

Figure 33: Scheme of the operation range map of the novel test plant 

Figure 33 presents the trend lines of characteristic operation points, the proposed operation range in 

light green and an optimum operation range in dark green as well. During the cold flow test runs, the 

fluidisation gas flow of the gasification reactor was increased at a constant combustion reactor 

fluidisation gas flow. At a certain gasification reactor fluidisation gas flow the bed material started to 

accumulate in the chambers of the countercurrent upper GR and the pressure increased. This 

operation is also called non-stationary operation or flooding. The red line in Figure 33 is the trend 

line of the evaluated operation points at which flooding occurred. The red trend line is influenced by 

the combustion reactor fluidisation gas flow as well, as can be seen in Figure 32. The blue dotted line 

is the trend line of the steady state operation points once before flooding occurred. The transition 

area to flooding is located between the red line and the blue dotted line and marks the range in 

which flooding is probable. The blue dotted trend line represents the upper boundary of the 

proposed operation range, marked in light green. The lower boundary of the operation range is 

marked by the green line and was defined by the operation points with 50% of the pressure gradient 

of the operation points once before flooding occurred. All three trend lines are valid for the cold flow 

test runs with 80 kg and 105 kg bed material inventory. The proposed operation range marked in 
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light green is limited on the left side by a defined minimum fluidisation gas flow of the combustion 

reactor in order to ensure sufficient bed material circulation between the reactors. The right limit 

was set to provide enough flexibility for the gasification reactor fluidisation gas flow. With a 

corresponding distance to the trend lines and limits, an optimal operation range marked in dark 

green was proposed. 

 

Figure 34: Operation point of the novel test plant in the optimum operating range at cold flow test 
runs in a modified gas-solid regime map1 

Figure 34 presents the fluidization regimes in the novel test plant for the measured operation point 

in the optimal operation range, see Figure 33. The fluidisation regime in the upper gasification 

reactor is changing between a bubbling fluidisation in the free section of the chambers and a fast 

fluidization at the constrictions. This implements a turbulent fluidization in the lower part of each 

 
1 Schmid, 2014a, p. 69 



 

53 
 

chamber. The lower gasification reactor is operated as bubbling bed due to the decreased 

fluidisation volume flow and the larger cross section compared to the upper gasification reactor. To 

guarantee an effective transport of solids, the fluidisation regime of the combustion reactor is set on 

the value of Use. 
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5.3 Determination of the gas-solid separation system efficiency 

The dual fluidised bed system of the novel test plant is equipped with a gas-solid separation system 

for each gas stream. To evaluate the efficiency of the gas-solid separation system is part of the 

presented research question of this thesis. Therefore, the procedure to investigate the efficiency of 

the gas-solid separation system and the results are described in this chapter. 

The separation system consists of a gravity separator followed by a cyclone. The gravity separators 

enable a gentle separation of the coarse bed material. The subsequent cyclones are designed to 

separate fine particles. A detailed description of the separation system is presented in Chapter 3.1. 

Bed material samples were taken after the cold flow test runs to investigate the proper function of 

the gravity separators and the cyclones. Figure 35 shows the available sampling points of the novel 

test plant. Table 8 gives an overview of the used sampling positions for the analysis of the gas-solid 

separation system. The major part of the bed material is located in the lower gasification reactor, the 

lower part of the combustion reactor and the lower loop seal. Therefore, the sample taken at the 

lower loop seal represents the basic bed material size distribution. The samples of the separated bed 

material from the cyclones were taken at the screw conveyers. A further sample was taken at the 

internal loop seal and the bag filter. The bag filter is displayed in Figure 9 as the last unit of the novel 

test plant before the chimney. 

The bed material samples were named according to the location of the sampling points. The bed 

material samples were taken after two cold flow test runs, each with approximately 4 h operation. 

During the experimental run, a non-stationary operation also occurred. Therefore, the bed material 

samples were not representative for a long-term stationary operation of the test plant. They 

represent the average bed material composition in the test plant after an operation in a wide 

operation range. 
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Figure 35: Scheme of sampling points for bed 
material samples from the novel test plant 

   

Number Designation of 
sampling position 

Used 
sampling 
positions 

1 ILS X 

2 ULS  

3 Upper GR  

4 CR cyclone X 

5 GR cyclone X 

6 Lower GR 1  

7 Lower GR 2  

8 LLS X 

Table 8: List of sampling points for bed 
material samples of the novel test plant 

 

The bed material samples were analysed with a Master Sizer 20001 of Malvern Instruments Ltd. For 

each sample the fractional mass density distribution, the cumulative mass undersize distribution and 

the Sauter mean diameter were determined. Table 9 gives an overview of the median particle 

diameter (d3,50) of the mass distribution and the Sauter mean diameter (d32 = dsv) of the 

corresponding bed material samples. The following subsections present the comparison of the 

different samples in order to evaluate the efficiency of the separation system. 

Number Sampling position Sauter mean diameter 
d32 = dsv 

Median particle diameter of 
the mass distribution 

d3,50 

 Unit μm μm 

1 ILS 88 100 

4 CR cyclone 17 50 

5 GR cyclone 17 58 

8 LLS 118 135 

 Filter 2 4 

Table 9: Characteristic diameters of bed material samples of the novel test plant 
 

1 www.malvern.com/en/products/product-range/mastersizer-range/mastersizer-2000/ 
  accessed: 26 February 2015 



 

56 
 

 

Figure 36: Comparison of bed material samples from LLS and ILS 

Figure 36 presents the results of the analysed bed material samples taken from the LLS and the ILS. 

The graphic shows the fractional mass density distributions and the cumulative mass undersize 

distributions of the ILS and LLS sample. According to the mass density distributions both samples 

have a monomodal distribution with each one clear maximum. As shown in Table 9 is the Sauter 

mean diameter of the ILS sample with 88 μm lower than the Sauter mean diameter of the LLS sample 

with 118 μm. The same is valid for the median particle diameters (d3,50) of both samples, as can be 

seen in Figure 36. The significant difference of the Sauter mean diameter and the median particle 
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diameter confirms the accumulation of fine bed material in the upper part of the gasification reactor. 

The bed material is classified due to the countercurrent flow of solids and the gas phase in the upper 

gasification reactor. The lower Sauter mean diameter and median particle diameter of the LLS 

sample confirm the coarse bed material accumulation in the lower GR. 

 

Figure 37: Comparison of bed material samples from ILS and GR cyclone 

Figure 37 compares the ILS sample with the sample taken from the GR cyclone. According to the 

fractional mass distribution density of the GR cyclone sample, two maxima are recognisable. The first 

maximum at 10 μm represents the expected fine fraction that is not separated by the GR gravity 
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separator. It is expected that during the gasification test runs the fine ash fraction will increase the 

fractional mass density distribution in the range from 5 to 40 μm. The second maximum of the 

fractional mass density distribution of the GR cyclone sample can be identified at a particle size of 

100 μm. This maximum is similar to the median particle diameter (d3,50) of the ILS sample at 100 μm. 

This can be explained by non-stationary operation of the dual fluidised bed system. A non-stationary 

operation leads to flooding of the upper GR, according to Chapter 2.3.2. Flooding of the upper GR 

results in an increased solid entrainment into the GR gravity separator as well. Due to the high load 

of the GR gravity separator, some coarse particles flew into the GR cyclone. The GR cyclone is able to 

separate the coarse particle fraction, which results in the second maximum of the fractional mass 

density distribution of the GR cyclone sample. The gasification test runs will be carried out with 

stationary operation conditions. Therefore, the expected fractional mass density distribution of the 

GR cyclone has its second maximum in the same particle size range as the CR cyclone in Figure 38. 
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Figure 38: Comparison of bed material samples from LLS and CR cyclone 

Figure 38 compares the LLS sample with the CR cyclone sample. The particle size distribution of the 

LLS sample is the same as presented before. The fractional mass density distribution of the CR 

cyclone sample has a bimodal particle size distribution with two maxima. The first maximum can be 

identified with a particle size of 10 μm. It occurs due to the same reason as previously explained at 

the GR cyclone sample. The second maximum can be seen at a particle size of 65 μm. Flooding 

occurred only in the upper GR. Hence, the load of the CR gravity separator was in a permitted range. 

Therefore, the second maximum indicates the separation limit of the gravity separator of the 
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combustion reactor, as can be seen in Figure 38. The CR gravity separator is able to separate particles 

above a size of approximately 115 μm. 

 

Figure 39: Comparison of bed material samples from filter, GR and CR cyclone 

Figure 39 presents the fractional mass density distributions of the separated fraction from both 

cyclones and the bag filter. The cyclones and the bag filter have a slight bimodal particle size 

distribution. Both fractional mass density distributions of the cyclones have a maximum at a particle 

size of 10 μm. These maxima represent the separated fine fraction of the bed material. The particle 

size of the other two maxima, 65 μm and 100 μm, differs due to flooding of the upper GR. For 
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gasification test runs with stationary operation it is expected that these two maxima will be the same 

particle size. The separated bed material of the cyclones and the gravity separators is recirculated 

into the reactors. The bag filter is the last solid separation equipment before the chimney. Therefore, 

the fine fraction regularly consisting of ash and dust is separated by the bag filter. Figure 39 shows 

the fractional mass density distribution of the sample taken at the filter. The maximum at a particle 

size of 5 μm represents the fine fraction that was not separated by the cyclones. The minimum 

separated particle size of the bag filter was 0.2 μm. Both are significantly lower than the separated 

particle size from the cyclones. Thus, the installed bag filter separates the ash and fines originating 

from the gasification process in a sufficient way. 
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6 Discussion 

The novel test plant was designed to prove the capability of the new dual fluid gasification concept 

according to Chapter 3. The results presented in the previous chapter cover the gained pressure 

profiles along the reactors, the proposed operation range for the dual fluidised bed system and the 

efficiency of the gas-solid separation system. In the following chapter, the findings of the cold flow 

test runs are discussed with a focus on previous cold flow model investigations1,2
 and future 

gasification test runs. 

The effects of varying fluidisation gas flows in the reactors were the focus of the results presented in 

Chapter 5.1. The variation of the gasification reactor and combustion reactor fluidisation gas flows 

influences the upper gasification reactor in a different way. Therefore, a separate discussion of each 

fluidisation flow variation and their consequences is presented in the following subsections. 

The influence of the varied gasification reactor fluidisation was the focus of previous cold flow model 

investigations and the cold flow test runs at the novel test plant. The resulting pressure profiles and 

gradients along the upper gasification reactor enable a comparison in terms of bed material 

distribution. Figure 28 and Figure 29 present the pressure profiles and the pressure gradients of the 

cold flow test runs at the novel test plant. A rising gasification reactor fluidisation increases the 

pressure and the pressure gradients along the upper gasification reactor. The increased pressure 

gradients at the constrictions confirm a rising bed material concentration in the chambers. As a 

consequence the bed material circulation rate along the internal particle loop increases as well. 

Therefore, the variation of the gasification reactor fluidisation showed a similar behaviour at the 

novel test plant in comparison to the results of previous cold flow model investigations3. 

The influence of the combustion reactor fluidisation was investigated at a constant gasification 

reactor fluidisation. The pressure increased with rising combustion reactor fluidisation. The uniform 

shape of the pressure profiles of the cold flow model test runs4 and Figure 31 confirm that similar 

fluidisation regimes in the combustion reactor of the cold flow model and the novel test plant were 

reached. An increased combustion reactor fluidisation leads to a rising bed material circulation rate 

along the global particle loop, according to Figure 31. The circulating bed material is fed into the 

upper gasification reactor in the chamber above the constriction C4. At steady state operation, the 

larger share of the bed material stream into the gasification reactor moves downwards the upper 

gasification reactor. Therefore, the variation of the bed material circulation influences the bed 

 
1 Fuchs, 2013  
2 Martinovic, 2013  
3 Martinovic, 2013, p. 75  
4 Martinovic, 2013, p. 64  
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material concentration in the chambers below C4, as presented in Figure 32. Previous cold flow 

model investigations measured the bed material circulation rate along the global particle loop at 

changing combustion reactor fluidisation. The increased combustion reactor fluidisation results in a 

rising bed material circulation1, which is in accordance with the results of the cold flow test runs. 

As a result of the cold flow test runs an operation range of the novel test plant was found. 

Chapter 5.2 presented the found operation range that ensures stationary operation and a good 

intermixing of gas and solids in the upper gasification reactor. To ensure a stationary operation 

despite varying gas flows in the reactors, an optimum operation range was proposed with a 

corresponding distance to the boundaries of the operation range. Due to the cold flow conditions the 

proposed operation range requires ambient temperature, pressure and a narrow particle size 

distribution of the bed material. For gasification test runs a higher temperature and a different gas 

composition in the reactors occurs, as can be seen in Figure 14 and Table 6. Therefore, the operation 

range of the cold flow test runs cannot be applied for gasification test runs. The operation range was 

the subject of previous cold flow model investigations as well2,3. The cold flow model and the novel 

test plant differ in scale and the feeding position of the internal particle loop into the gasification 

reactor, as can be seen in Figure 5. Therefore, a quantitative comparison of the operation ranges is 

not possible. However, limiting effects of the operation range such as flooding are the same. 

The efficiency of the gas-solid separation system of the novel test plant was evaluated by bed 

material analysis according to Chapter 5.3. To deduce from the results of the bed material analysis to 

the separation efficiency at gasification test runs, certain limitations have to be considered. The 

geometry of the separation units is the same for cold flow test runs and gasification test runs. In 

contrast to the geometry, the fluid properties change in a significant way. Fluid properties like the 

gas density and the kinematic viscosity change significantly with the temperature. Therefore, the 

parameters of the cold flow test runs were set in order to gain comparable conditions in terms of 

fluid dynamics. This is confirmed by the dimensionless particle diameter dp* in Table 6 which is in a 

similar range. Furthermore, non stationary operation at the cold flow test runs influenced the 

composition of the bed material samples. Considering the mentioned effects, the results in 

Chapter 5.3 are valid for gasification test runs in a limited extent. The efficiency of the gas-solid 

separation system was also subject of cold flow model investigations. The results of the cold flow 

model investigations are based on stationary long term test runs with one operation point. In 

contrast to the cold flow model investigations, the operation point changed at the cold flow test runs 

with the novel test plant. Also non-stationary operation occurred, which influenced the separation 

 
1 Martinovic, 2013, p. 47  
2 Fuchs, 2013  
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efficiency. Furthermore, a different bed material was used for the cold flow model test runs 

compared to the cold flow test runs with the novel test plant. Therefore, the scaling criteria were not 

completely fulfilled which limits the comparability of the cold flow model investigations with the cold 

flow test runs at the novel test plant. 
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7 Conclusion and outlook 

Cold flow test runs at the novel test plant were conducted to prove the fluid dynamic behaviour of 

the novel dual fluidised bed concept. An operation range for the reactor fluidisation flows was found. 

Furthermore, bed material samples were taken and analysed in order to evaluate the efficiency of 

the gas-solid separation system. Based on the results and their discussion the following conclusions 

can be drawn: 

The pressure profiles and gradients along the reactors confirmed the expected fluidisation regimes in 

the reactors. A rising gasification reactor fluidisation increases the bed material concentration along 

the upper gasification reactor and improves the gas-solid interaction. The increased combustion 

reactor fluidisation results in a higher bed material circulation between the reactors and an increased 

intermixture of gas and solids in the countercurrent upper gasification reactor. The observations are 

in accordance with previous cold flow model investigations1,2. An optimal operation range for the 

reactor fluidisation flows at cold flow conditions was determined and presented in Figure 33. It 

ensures a stationary operation of the dual fluidised bed system and sufficient intermixing of gas and 

solids as well. 

The efficiency of the gas-solid separation system was confirmed by the analysed bed material 

samples after the cold flow test runs. The gravity separators separate coarse particles in a size range 

which is similar to the typical particle size of the bed material (80 to 250 μm). Therefore, the gravity 

separators enable the bed material circulation along the internal and global particle loop of the bed 

material. The cyclones separate almost all finer particles which pass the gravity separators in a 

particle size range between 5 and 20 μm and above. The remaining finest particles are separated by 

the bag filter. The typical particle size is between 4 and 9 μm. The mass of the separated particles by 

the bag filter was small in contrast to the separated bed material by the cyclones. This confirms the 

capability of the cyclones to separate finer particles. Therefore, bed material with less abrasion 

resistance can be utilised. It is expected that the separation efficiencies are similar at conditions 

occurring during gasification test runs. 

For future gasification test runs, further influences have to be taken into account. In addition to the 

used bed material Olivine other particles such as fuel, char, fly and coarse ash will have an influence 

on the overall system. The utilisation of bed materials with less abrasion resistance will also increase 

the share of fines in the dual fluidised bed system. High temperature and different gas compositions 

will have an impact on the fluid dynamics. Despite of these influences a stationary operation in order 
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to ensure reliable testing conditions is necessary. Therefore, it is recommended to focus on the fluid 

dynamics of the dual fluidised bed system during the first gasification test runs. Furthermore, the 

determination of an optimum operation range for the reactor volume flows at gasification conditions 

is advised. According to Figure 14 a certain relation of fuel, steam and air is required to ensure 

efficient chemical reactions. Thus, the control of the fluid dynamics in the dual fluidised bed system 

by varying fluidisation flows is not advised. It is recommended to perform a variation of the cross 

sections at the constrictions to influence the bed material distribution along the upper gasification 

reactor independently of its fluidisation. 
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8 Notation 

8.1 Symbols 

A Free cross section m² 

Ac Constricted cross section m² 

Ac/A Aperture ratio - 

Acs  Free cross section of the fluidised bed m² 

Ap Particle surface m² 

Ar Archimedes number - 

C Carbon mol 

CH4 Methane mol 

CxHy Hydrocarbon, general mol 

CxHyOz Carbonic fuel with oxygen-content, general mol 

CO Carbon monoxide mol 

CO2 Carbon dioxide mol 

di Particle mean diameter of fraction i μm 

dp Particle diameter μm 

dp* Dimensionless particle diameter - 

ds Particle surface diameter μm 

dsv, d32 Sauter diameter, Sauter mean diameter μm 

dv Particle volume diameter μm 

d3,50 Median particle diameter of mass distribution μm 

g Gravity constant, g = 9.81 m/s² 

H Height m 

∆H Height difference m 

Hj Height of pressure sensors m 
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Hk Height of pressure gradient m 

H2 Hydrogen mol 

H2O Water mol 

i Number of fraction - 

mf Mass of fuel kg 

mw Mass of water kg 

ni Number of particles in fraction i - 

N2 Nitrogen mol 

O2 Oxygen mol 

p Pressure bar 

pambient Ambient pressure bar 

∆p Pressure drop mbar 

∆pb Pressure drop across a fluidised bed mbar 

dp/dH Pressure gradient mbar/m 

Q3 Cumulative mass undersize distribution - 

q3 Fractional mass density distribution 1/μm 

Re Reynolds number - 

Rec_av Reynolds number of Uc_av - 

Remf Reynolds number of Umf - 

Rese Reynolds number of Use - 

T Temperature °C 

Tambient Ambient temperature °C 

U Velocity m/s 

U* Dimensionless superficial gas velocity - 

U0 Superficial gas velocity m/s 
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Uc Critical fluidisation velocity m/s 

Uc_av Average critical fluidisation velocity m/s 

Umb Minimum bubbling velocity m/s 

Umf Minimum fluidisation velocity m/s 

Use Fluidisation velocity with significant entrainment of solids m/s 

Ut Terminal velocity of a single particle m/s 

Vb Volume of particle matter/fluidised bed m³ 

Vp Particle volume m³ 

VCR  Fluidisation volume flow of the CR Nm³/h 

VCR1  Fluidisation volume flow of the inlet 1 at the CR Nm³/h 

VCR1.1  Fluidisation volume flow of the inlet 1.1 at the CR Nm³/h 

VCR2  Fluidisation volume flow of the inlet 2 at the CR Nm³/h 

VCR3  Fluidisation volume flow of the inlet 3 at the CR Nm³/h 

VCR_BA  Fluidisation volume flow of the inlet BA at the CR Nm³/h 

VCR_opera ng point  Fluidisation volume flow of the GR at an operating point Nm³/h 

Vg  Fluidisation volume flow m³/s 

VGR  Fluidisation volume flow of the upper GR Nm³/h 

VGR1  Fluidisation volume flow of the inlet 1 at the GR Nm³/h 

VGR2  Fluidisation volume flow of the inlet 2 at the GR Nm³/h 

VGR_opera ng point  Fluidisation volume flow of the GR at an operating point Nm³/h 

VLLS  Fluidisation volume flow of LLS Nm³/h 

VILS  Fluidisation volume flow of ILS Nm³/h 

VULS  Fluidisation volume flow of ULS Nm³/h 

w Water content wt % 

ε Void fraction - 
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ν Kinematic gas viscosity m²/s 

ϕ Particle volume fraction - 

ρg Gas density kg/m³ 

ρp Particle density kg/m³ 

μg Dynamic gas viscosity Pa s 

φ Sphericity of a particle - 
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8.2 Abbreviations 

abs absolute 

af Ash free 

Ci Constriction (1 ≤ i ≤ 6) 

CFM Cold flow model 

CLC Chemical looping combustion 

CLR Chemical looping reforming 

CR Combustion reactor 

CR BA Fluidisation inlet at combustion reactor bottom area 

CR1 Fluidisation inlet number 1 at combustion reactor 

CR1.1 Fluidisation inlet number 1.1 at combustion reactor 

CR2 Fluidisation inlet number 2 at combustion reactor 

CR3 Fluidisation inlet number 3 at combustion reactor 

db Dry base 

DFB Dual fluidised bed 

DME Dimethylether 

Eq Equation 

FFG Austrian Research Promotion Agency 

GCMS Gas chromatography coupled with mass spectrometry 

GR Gasification reactor 

GR1 Fluidisation inlet number 1 at gasification reactor 

GR2 Fluidisation inlet number 2 at gasification reactor 

ILS Internal loop seal 

IPSEpro Process simulation software manufactured by Simtech 

LAN Local area network 
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LHV Lower heating value 

LLS Lower loop seal 

LS Loop seal 

Nm³ Gas cubic meter according to standard conditions (0 °C, 1.013 barabs) 

OP Optimum operating point 

PCS Process control system 

SER Sorption enhanced reforming 

SLF Shredder light fraction 

ULS Upper loop seal 

vol-% Percentage by volume 

vol-%db Percentage by volume on dry basis 

wt-% Percentage by weight 

wt-%db Percentage by weight on dry basis 
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Abstract 

A new test plant with a novel dual fluidized bed steam gasification concept for a broad 
range of solid fuels was built at Vienna University of Technology. Before the first trials with 
fuel, cold flow investigations were carried out to evaluate the operation window of the dual 
fluidized bed system. Pressure profiles have been used to analyze the proper function of 
the reactors at different fluidization flows and bed material masses. An optimal operation 
window for fluidization flows of the reactors was found to ensure stationary operation. The 
results are in accordance with previous investigations with a smaller acrylic glass cold flow 
model. 
 
Introduction 

Facing the growing energy demand and limited 
resources, sustainable energy sources become 
more important. The utilization of cheap alternative 
fuels like residuals and biogenic waste for the 
gasification process increases the economic 
competitiveness and reduces greenhouse gases. A 
novel reactor design for steam gasification of solid 
fuels has been developed to produce a product gas 
from various alternative fuel types. The produced 
gas could be used for the further synthesis of 
gaseous or liquid fuels, or for the production of 
electricity and heat. [1 – 3] 

 

Fig. 1: Basic principle of dual fluidized bed steam 
gasification [1]  

Fig. 2: Novel reactor concept [1] 

Figure 1 presents the basic principle of the dual fluidized bed gasifier with steam as 
gasification agent. A detailed description of the process can be found in literature [2].The 
novel gasification reactor concept is presented in Figure 2. Before the new 100 kW test 
plant will be operated with fuel, cold test runs were necessary to prove the fluid dynamics 
of the novel dual fluidized bed system. For this reasons, the present paper gives 



 a short illustration of the used reactor system and its inner dimensions, 
 an explanation about experimental parameters during the cold flow tests, 
 and an overview of important results achieved from the test runs. 

 
Experimental 

Fine olivine sand was used as bed material for the cold flow experiments. The used bed 
material had a mean sauter diameter of 118 µm and a particle density of 2900 kg/m3. Air 
was used as fluidization agent with a temperature of about 20 °C. The fluidized bed reactor 
system was operated at almost ambient pressure conditions. Two experimental test series 
were carried out with different bed material mass inputs (80 kg & 105 kg). The fluidization 
gas flows of the GR and CR have been varied, in order to analyze the limits of stationary 
operation. Pressure measurements are presented for 38 points along the overall reactor 
system. Pressure profiles can give an indication about the bed material distribution [4 – 6]. 

During the experiments, the used bed material (BM) circulates between the two reactors 
along a global particle loop. It starts in the lower gasification reactor (GR) over the lower 
loop seal (LLS) into the combustion reactor (CR) and back to the GR over the upper loop 
seal (ULS). The internal particle loop follows the particles rising up in the upper turbulent 
fluidized GR and feed back into the lower part of the GR over the internal loop seal (ILS). 
The lower GR is operated as bubbling bed. The CR is operated as fast fluidized bed. 
 
Results and Discussion 

Figure 3 – 6 show experimental results with varying fluidization volume flow inputs (via 
GR 2, CR 1 & CR 2) of different reactor parts of the overall system. These figures present 
pressure measurements with 80 kg BM. The novel dual fluidized bed reactor system 
allows well defined countercurrent gas-particle movements in the upper GR. The pressure 
gradient in a zone or over a constriction is an easy-to-measure parameter. This parameter 
generally reflects the particle inventory in each of the single zones beyond the specific 
constriction. The advantage is that pressure gradients along the reactor height can also be 
easily determined in high-temperature units. In desirable operating modes, the particles 
are evenly distributed over the turbulent fluidized zones [1]. As shown in Figure 3, nearly 
constant peaks of pressure gradients over the internals of the countercurrent GR part 
could be clearly observed. Unconverted tar or fine char particles from the lower GR have 
the possibility to convert into useful gas components during the flow path thru theses well 
mixed hot zones of BM accumulations. Figure 4 present the pressures of the lower GR for 
the cold flow test runs. Typical pressure profiles for bubbling fluidization can be observed. 

 

Fig. 3: Pressure profiles and gradients in upper GR, varying GR flow via GR 2, (BM: 80 kg) 



 

Fig. 4: Pressure profiles in lower GR, varying GR flow via GR 2, (BM: 80 kg) 

Figure 5 discusses the effect of CR fluidization on the pressure profile of a typical fast 
fluidized bed. The profile show a clearly higher BM circulation rate with increasing CR gas 
flow. As consequence, the effect of higher circulation rates also influences the GR 
pressure profiles, even though the GR fluidization was kept constant (Figure 6).  

 
Fig. 5: Pressure profile in the upper GR, varying CR flow, (BM: 80 kg) 

 
Fig. 6: Pressure profile in the upper GR, varying CR flow, (BM: 80 kg) 



In order to find the upper boundary of operation, the GR fluidization has been raised until 
bed material starts to accumulate in the upper GR. The end of the practical operating 
range for the countercurrent GR is reached. The operation is not steady-state anymore 
because the pressures are increasing with time. As presented previously, also the 
fluidization of the CR influences this upper boundary. This effect is similar to that of 
flooding in gas-liquid countercurrent column flows. In Figure 7 the grey area between the 
blue dotted line and the red line marks the transition of stationary operation to flooding. 
The lower limit of operation has been defined as the operation, were the pressure 
gradients are 50% of the last stationary operation before flooding. With a corresponding 
distance an optimal operation window can be drawn into Figure 7. The left limit marks a 
CR fluidization gas flow to ensure sufficient bed material circulation. The right boundary is 
limited by less flexibility in terms of GR fluidization. The presented results are in 
accordance with previous cold flow model investigations described in literature [4 – 6]. 

 
Fig. 7: Operation window of dual fluid gasification test plant 

 
Conclusion and Outlook 

The achieved results showed that the fluidized bed system can be operated according to 
the chosen process concept. Furthermore, the carried out cold flow experiments 
determined relevant parameters for the operation of the fluidized bed system within the 
desired operation window. This allows an accurate preparation of future gasification 
experiments by the use of the described test plant at high temperatures. For future 
gasification experiments, a precise supervision of the pressure profile during the test runs 
is recommended to monitor the proper operation of the fluidized bed gasifier. At the same 
time, the effects of varying process temperatures, decomposing fuel particles, occurring 
chemical reactions and bed material particle abrasion need to be investigated. Additional, 
a removal of fine and coarse ashes will be necessary. 
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A novel reactor design for steam gasification of solid
fuels has been developed. The aim is to produce a
product gas for further synthesis into gaseous or liquid
fuels or electricity and heat production.

The new design enables more fuel flexibility by
utilization of cheap alternative fuels even with difficult
properties.

A countercurrent flow of catalytic active bed material
and product gas occurs in the upper gasification reactor.
The evenly distributed bed material along the upper

Motivation
Check the fluid dynamics of the test plant

Procedure
• Variation of fluidization gas flows in:

 Gasification reactor (GR)
 Combustion reactor (CR)

• Variation of bed material (BM) inventory
 80 kg
 105 kg

Objectives
• Limits of fluidization gas flows fory g pp

gasification reactor and the intensive mixing enhances
the catalytic effect on gasification reactions.

To prove the novel design, a new 100 kW test plant was
built. Cold test runs were carried out to check the fluid
dynamics of the dual fluidized bed system.

The cold flow test runs were executed at
the 100 kW test plant.

An extensive measurement system
detects the pressure profiles along the
reactors (red marks in figure).

Bed material Olivine ‐

Mean sauter diameter 118 µm

P ti l d it 2 900 k / ³

g
stationary operation

• Evenly distributed BM in the upper GR

Results

Basic principle of dual fluid bed gasification

Particle density 2.900 kg/m³

Sphericity ≈0.85 ‐

Fluidization agent Air ‐

Temperature 20 °C

Pressure ≈1 barabsolute

Dimensions of the 100 kW gasification plantNovel reactor concept

Varying gasification reactor fluidization gas flow Varying combustion reactor fluidization gas flow

Increasing CR 
fluidization gas flow

Increasing GR fluidization
gas flow

Varying gasification reactor fluidization gas flow Varying combustion reactor fluidization gas flow

Pressure profiles and gradients in the upper GR, varying GR flow, (BM mass: 80 kg) Pressure profiles in the upper GR, varying CR fluidization, (BM mass: 80 kg)

Increasing the gasification reactor fluidization causes:

→ An increased bed material inventory in the zones between the constrictions in the upper GR.

→ A more intensive contact between the bed material and the upward flow of product gas

The figure above presents a stepped pressure profile with similar step sizes. This results in equal pressure
gradients. Equal pressure gradients indicates an evenly distributed bed material over the upper gasification
reactor.

Equal pressure gradients

→ A more intensive contact between the bed material and the upward flow of product gas.

Operation window of the dual fluidized bed system

Pressure profiles in the CR, varying CR flow, (BM mass: 80 kg) 

Operation window of the dual fluid bed gasification test plant

Increasing the combustion reactor fluidization causes:

→ A higher bed material circulation between combustion and gasification
reactor.

→ An increasing bed material inventory in the zones between the
constrictions in the upper gasification reactor at constant gasification
reactor fluidization gas flow.

→ More intensive contact between the bed material and the upward flow
of product gas.

Minisymposium Verfahrenstechnik Wien 2015, 14th‐ 15th April 2015, Vienna, Austria         * herbert.pasteiner@gmx.at, Getreidemarkt 9/166, 1060 Vienna, Austria 

Conclusion & outlook

The cold flow test runs confirmed the proper function of the novel and
innovative dual fluidized bed system in terms of fluid dynamics. An
optimal operation window for stationary operation was found. The
results allow an accurate preparation of future gasification test runs.

p g
Effects limiting the operation window of the dual fluidized bed system:

• Upper boundary: Accumulation of bed material in the upper gasification reactor (non stationary operation)

• Lower boundary: Operation limit were the pressure gradients are 50% of the last stationary operation points
before flooding occurs.

• Left boundary: Too little bed material circulation because of low combustion reactor fluidization.

• Right boundary: Less flexibility in terms of gasification reactor fluidization.

The operation window presents the limits of the dual fluidized bed system. It ensures stationary operation as well as
evenly distributed bed material in the upper gasification reactor.
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13 Attachments 

This chapter comprises the reports of the bed material analysis for the evaluation of the efficiency of 

the gas-solid separation system at the novel test plant according to Chapter 5.3. 

Sampling position: lower loop seal 
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Sampling position: internal loop seal 
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Sampling position: screw conveyer of the GR cyclone 
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Sampling position: screw conveyer of the CR cyclone 
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Sampling position: filter 

 


