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Kurzfassung 
 

Angesichts der negativen Auswirkungen durch die Nutzung fossiler Brennstoffe auf die 

Umwelt und der steigenden Preise fossiler Brennstoffe gewinnt die Suche nach erneuerbaren 

Energiequellen weltweit zunehmend an Interesse. Biomasse ist eine solch erneuerbare 

Energiequelle, die zur Erzeugung grüner Energie genutzt werden kann. In seiner natürlichen 

Form ist Biomasse allerdings für die meisten industriellen Anwendungen nicht geeignet, was 

vor allem auf den geringeren Energiegehalt zurückzuführen ist. Daher kommen Technologien 

zur Erhöhung der Energiedichte von Biomasse zum Einsatz. Die Flugstromvergasung ist ein 

weit verbreiteter thermochemischer Umwandlungsprozess, der Biomasse in ein Gemisch 

brennbarer Gase, das sogenannte Synthesegas (auch Syngas genannt), umwandelt, das 

anschließend weiter in konventionelle Brennstoffe umgewandelt werden kann. 

Bei der Flugstromvergasung wird der Brennstoff von der Oberseite des Vergasers in eine 

Umgebung mit hoher Temperatur eingespritzt. Die Wechselwirkung des Brennstoffs mit der 

Hochtemperaturumgebung führt zu dessen thermischer Zersetzung, wobei letztendlich 

Synthesegas entsteht. Das vom Karlsruher Institut für Technologie (KIT) entwickelte  

bioliq®-Verfahren konzentriert sich zum Beispiel auf die Herstellung von individuell 

angepassten Brennstoffen aus Biomasse. Der Flugstromvergaser des bioliq®-Verfahrens 

verwendet als Brennstoff für die Vergasung ein Bio-Öl, das in einer Biomasse-Pyrolyse 

gewonnen wird. 

Die Untersuchung und die Optimierung von Flugstromvergasungsprozessen können durch die 

Anwendung eines experimentellen und/oder eines Modellierungsansatzes erfolgen. Aufgrund 

des Kosten- und Zeitaufwandes für experimentelle Studien gewinnen numerische Modelle als 

möglicher Ansatz für die Durchführung von Optimierungsstudien zunehmend an Bedeutung. 

Für die Einbindung der chemischen Kinetik der Brennstoffvergasung in numerische Modelle 

ist ein geeigneter chemisch-kinetischer Reaktionsmechanismus erforderlich. Die zuvor 

genannten Bio-Öle sind komplexe Mischungen und bestehen aus vielen verschiedenen 

chemischen Komponenten. Diese komplexe Zusammensetzung erschwert die Entwicklung 

von Reaktionsmechanismen für Vergasungsprozesse. Für die Lösung dieses Problems wird 

auf das Konzept von Ersatzbrennstoffen zurückgegriffen. Ein Ersatzbrennstoff ist ein 

Modellkraftstoff, der die physikalischen und chemischen Eigenschaften von             
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Biomasse-Pyrolyseöl annähert und gleichzeitig eine einfache chemische Zusammensetzung 

aufweist.  

In der vorliegenden Arbeit wird Ethylenglykol als ein Einkomponenten-Ersatzkraftstoff 

verwendet, um das Bio-Öl im Flugstromvergasungsprozess abzubilden. Dadurch wird die  

Kinetik der Bio-Öl-Vergasung durch die Kinetik der Ethylenglykol-Vergasung angenähert. 

Reaktionsmechanismen für die Beschreibung der Kinetik zur Brennstoffoxidation und 

pyrolyse können in detaillierte, reduzierte und globale Mechanismen eingeteilt werden. 

Detaillierte Mechanismen beschreiben den Prozess der Brennstoffoxidation über einen weiten 

Bereich von Betriebsbedingungen, reduzierte Mechanismen hingegen nur über einen relativ 

kleinen Bereich, während globale Mechanismen einen äußerst eingeengten 

Anwendungsbereich aufweisen. Aufgrund der hohen Rechenzeiten, die für detaillierte 

Mechanismen erforderlich sind, finden diese keine praktische Anwendung in raumaufgelösten 

numerischen Modellen für Vergasungsprozesse. Deshalb müssen reduzierte Mechanismen 

entwickelt werden, die den relevanten Parameterbereich für den Vergasungsprozess gut 

abbilden.  

In der vorliegenden Arbeit erfolgt daher die Entwicklung und Validierung eines reduzierten 

Reaktionsmechanismus für die Ethylenglykol-Vergasung, der auf einem an dem Deutschen 

Zentrum für Luft- und Raumfahrt (DLR) in Stuttgart entwickelten detaillierten  

Ethylenglykol-Mechanismus basiert. Für die Mechanismus-Reduktion werden drei 

unterschiedliche Methoden angewandt: Sensitivitätsanalyse, die sogenannte gerichtete 

Relationsgraphen-Methode und die kürzlich am DLR entwickelte lineare 

Transformationsmethode. Die so erzeugten reduzierten Mechanismen werden dann über die 

Berechnung von Zündverzugszeiten und laminaren Flammengeschwindigkeiten des 

Brennstoffes selbst sowie wichtiger Zwischenprodukte validiert, für Drücke zwischen 1 und 

16 bar, für Temperaturen zwischen 800 und 1800 K und für Äquivalenz-Verhältnisse 

zwischen 0,5 und 2. Es zeigte sich, dass die reduzierten Modelle eine gute Übereinstimmung 

sowohl mit dem detaillierten Modell als auch mit den experimentellen Daten im untersuchten 

Parameterbereich aufweisen. 

Der reduzierte Mechanismus mit den besten Ergebnissen wird mittels CFD Simulationen des 

am KIT betriebenen Forschungs-Flugstromvergasers (REGA) weiter validiert. Bei REGA 

handelt sich es um einen Versuchsaufbau, der für die Untersuchung des 

Flugstromvergasungsprozesses im Zusammenhang mit dem bioliq®-Verfahren entwickelt 

wurde. Die CFD-Simulationen werden mit dem Open-Source-CFD-Tool OpenFOAM 
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durchgeführt, wobei die Ergebnisse mithilfe der veröffentlichten experimentellen Daten aus 

dem REGA validiert werden. Anschließend erfolgt unter Verwendung des reduzierten 

Mechanismus eine Parameterstudie des REGA. Eine Reihe von CFD-Simulationen mit 

verschiedenen Brennstoffvorwärmtemperaturen, Äquivalenzverhältnissen und 

Betriebsdrücken wird durchgeführt, und der Einfluss dieser Betriebsbedingungen auf die 

Synthesegaserzeugung wird untersucht. 
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Abstract 

With the adverse environmental impacts of fossil fuel use and the increasing prices of fossil 

fuels, search for renewable energy sources is gaining increased attention of researchers 

worldwide. Biomass is one such renewable energy source which can be used to produce green 

energy. However, biomass in its natural form is not suitable for most industrial applications. 

This is primarily due to the low energy content of biomass. Conversion technologies are 

therefore applied to increase the energy density of biomass. Entrained flow gasification is a 

widely applied thermo-chemical conversion process which converts the biomass into a 

mixture of combustible gases called the synthesis gas (syngas) which can further be converted 

into conventional fuels. 

In the entrained flow gasification process, fuel is injected from the top of a gasifier to a high 

temperature environment. The interaction of the fuel with the high temperature environment 

leads to the thermal decomposition of the fuel, ultimately producing syngas. For example, the 

bioliq® process developed by the Karlsruhe Institute of Technology focuses on producing 

customized fuels starting from biomass. The entrained flow gasifier of the bioliq® process 

uses bio-oil obtained from biomass pyrolysis as the fuel for gasification. 

In order to investigate and optimize entrained flow gasification processes, two main 

approaches are used. These are the experimental approach and the modeling approach. Due to 

the costs and time requirements of experimental studies over numerical models, numerical 

modeling is gaining popularity as a possible approach to conduct optimization studies. 

In order to implement the chemical kinetics of fuel gasification into numerical models, a 

suitable chemical kinetic reaction mechanism is required. Bio-oils mentioned above are a 

complex mixture consisting of many different chemical components. This complex 

composition makes it difficult to develop reaction mechanisms to describe their gasification 

process. As a solution to this problem, the concept of a surrogate fuel is used. A surrogate fuel 

is a model fuel that approximates the physical and chemical characteristics of biomass 

pyrolysis oil while at the same time having a simple chemical composition. 

In the present work, ethylene glycol is used as a single component surrogate fuel to represent 

the bio-oil in the entrained flow gasification process. The kinetics of the bio-oil gasification is 

therefore approximated by the kinetics of ethylene glycol gasification. The reaction 

mechanisms that describe the kinetics of fuel oxidation can be classified as detailed 
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mechanisms, reduced mechanisms and global mechanisms. Detailed mechanisms describe the 

fuel oxidation process over a wide range of operating conditions, reduced mechanism describe 

the fuel oxidation process over a relatively narrow region while global mechanisms have a 

very narrow range of applicability. With the high CPU time demands required by detailed 

mechanisms, they do not find practical applications in space-resolved numerical models for 

gasification processes. Therefore, reduced mechanisms which perform well in the interested 

parameter range of the gasification process need to be developed.  

Therefore, in the present work, a reduced reaction mechanism for ethylene glycol gasification 

is developed and validated. This reduced reaction mechanism is based on a detailed ethylene 

glycol mechanism developed earlier at the German Aerospace Center (DLR) Stuttgart. Three 

different reduction methods, namely: sensitivity analysis, directed relation graph method and 

a linear transformation method recently developed at DLR are applied to obtain three variants 

of reduced mechanisms. These reduced mechanisms are then validated using ignition delay 

time calculations and laminar flame speed calculations with respect to the fuel and other 

major intermediates. Validation is performed for pressures between 1 and 16 bar, 

temperatures between 800 and 1800 K and equivalence ratios between 0.5 and 2. It has been 

found that the reduced mechanisms show good agreement with both the detailed mechanism 

and the experimental data over the parameter range investigated. 

The best reduced mechanism is further validated using CFD simulations of the research 

entrained flow gasifier (REGA) operated at the Karlsruhe Institute of Technology. The REGA 

is an experimental setup developed to study the entrained flow gasification process related to 

the bioliq® process. The CFD simulations are performed using the open source CFD tool 

OpenFOAM. The results of the CFD simulations are validated by using the published 

experimental data from the REGA. Then, the reduced mechanism is used to conduct a 

parameter study of the REGA. A series of CFD simulations are performed using different fuel 

preheat temperatures, equivalence ratios and operating pressures and the effect of these 

operating conditions on the syngas production is studied. 
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1. Introduction and Background 

1.1 Biomass as a renewable energy source 

With adverse effects on the environment and with increasing and volatile prices of fossil 

fuels, alternative and environmentally friendly renewable fuels are gaining increasing 

attention as a possible option to meet the world’s energy demand [1].  

Biomass is, amongst others, a promising feedstock for providing renewable energy [2 – 5]. 

Presently, a large quantity of biomass exploitable for energy production is existing as 

byproducts and waste in the agricultural industry and food processing industries [6]. In 2017, 

bioenergy accounted for nearly 9% of world’s energy supply [1]. 

A main disadvantage of biomass is its low energy density [2]. Untreated biomass is inefficient 

to transport over long distances. Therefore, conversion technologies are utilized to convert 

biomass into gaseous and liquid fuels with a higher energy density.   

The technologies available for energy densification of biomass can be classified into three 

main groups. They are bio-chemical, thermo-chemical, and extraction processes [7, 8]. In the 

bio-chemical conversion, biomass is subjected to digestion or fermentation processes. In these 

processes, biomass is decomposed by microorganisms, releasing combustible product gases. 

For example, biogas, which consists mostly of methane and carbon dioxide besides small 

amounts of nitrogen, hydrogen and hydrogen sulphide is a typical product of bio-chemical 

conversion of biomass [9]. In the thermo-chemical conversion, biomass is decomposed into 

combustible chemical components by the use of heat [7]. The result is a liquid or gaseous fuel 

(mixture) with a higher energy density depending on the conversion process applied. Two 

widely applied thermo-chemical conversion technologies are pyrolysis and gasification. In the 

pyrolysis process, biomass is thermally decomposed by the use of heat in the absence of 

oxygen [10]. Depending on the operating conditions, the result of pyrolysis process is bio char 

or pyrolysis oil [10]. Gasification of biomass is considered as a very promising technique for 

supplying energy with important and significant benefits in terms of reduced GHG emissions, 

in particular CO2. 

1.2 Biomass gasification 

Biomass gasification is the process of partial oxidation of biomass under fuel rich conditions 

to produce synthesis gas (syngas), a mixture of carbon monoxide (CO) and                 
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hydrogen (H2) [11]. Syngas can be used in a variety of ways. These include electricity 

generation, heat generation, and hydrogen production [12]. Syngas can also serve as a source 

for producing synthetic chemicals including conventional liquid fuels such as kerosene, 

petrol, and diesel through conversion processes such as the Fischer-Tropsch process [13].  

The typical composition of a synthetic gas is given in Table 1.1. 

The reactor in which the gasification process is carried out is called a gasifier. The 

gasification process can be started directly from raw biomass [14] or by using the fuel 

produced by a pyrolysis process. For example, in the bioliq
®
 process, the pyrolysis oil 

produced by flash pyrolysis of biomass is used in an entrained flow gasification process to 

produce syngas [15].  

In a typical gasification process, the biomass fuel is brought into contact with a gasifying 

medium (oxidizer) which is in the gas phase (Fig. 1.1). The gas phase is maintained at a high 

temperature (typically 1500 K) by the oxidation reactions of the fuel and, if needed, 

optionally through external heating of the reactor. The high temperatures of the gas phase 

initiate the thermal decomposition of the fuel [16].  

First, the heat absorbed by the biomass from the gas phase is used for moisture evaporation. 

This process is called drying. When the temperature of the biomass reaches about 500 K, 

thermal degradation starts resulting in the release of volatile gases; these gases include 

hydrogen, carbon monoxide, carbon dioxide, and methane. During this process, a fraction of 

the raw biomass is converted into biochar, via pyrolysis [10].  

In the next stage of the gasification process, two sets of reactions take place: First, 

heterogeneous reactions of the biochar with the gas phase; and second, homogenous reactions 

of the volatiles released during pyrolysis with the gas phase. The biochar react with the 

oxygen supplied in the gasification agent, as well as with carbon dioxide, hydrogen, and water 

vapor in the gas phase producing carbon dioxide, carbon monoxide, hydrogen, and      

methane [11, 17]. This process step is named gasification of biochar. 

In the gas phase, volatiles released during the pyrolysis stage reacts with oxygen, producing 

water vapor, carbon dioxide, and carbon monoxide. Further, carbon monoxide and water 

vapor react to form carbon dioxide and hydrogen through the so called water gas shift reaction 

(              ). These processes take place along the height of the gasifier. At the 

exit, syngas is obtained. A schematic of the fuel conversion taking place within the 

gasification process is presented in Fig. 1.1.  
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Figure 1.1: Gasification process. 

 

Table 1.1: Typical composition of syngas as obtained from biomass gasification [18, 19]. 

Species Composition (vol %) 

H2 5 – 17 

CO 10 – 22 

CH4 1 – 7 

CO2 8 – 20 

N2 40 – 60 

 

1.2.1 Types of gasifiers  

Gasifiers can be classified into three main designs [11]: (i) Packed bed gasifiers; (ii) Fluidized 

bed gasifiers, and (iii) Entrained flow gasifiers. 

The following sections discuss the operating principles, advantages, and disadvantages of 

these designs. 

1.2.1.1. Packed bed gasifiers 

Packed bed gasifiers consist of a packed bed of biomass inside a vertical reactor. Feed 

biomass is typically wood which is grinded into small pieces. The gasification agent (usually 

air) is driven through the packed bed. Three configurations of packed bed gasifiers exist: 

Updraft, downdraft, and cross flow [11]. These configurations are illustrated in Fig. 1.2. In 

each configuration, the operating principle is the same: Part of the biomass packed bed is 

ignited, in case of an updraft gasifier the packed bed is ignited at the bottom. This results in 

the development of a combustion zone in the lower part of the packed bed. The combustion 

zone consumes the oxygen present in the gasifying agent and increases its temperature. The 

oxygen free hot gas mixture leaving the combustion zone causes pyrolysis and gasification 
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reactions in the next layers of the packed bed. The resulting syngas is recovered from the end 

of the packed bed at the exit of the reactor [11]. Packed bed gasifiers have the advantages of a 

simple design and operation as well as lower cost compared to other gasifier configurations 

[19]. Disadvantages are scale up limitations, flow problems within the packed bed, and a 

variable syngas composition over time due to the difficulty in maintaining a uniform 

temperature inside the packed bed [11, 19]. 

 

 

 

 

  

 

(a) Updraft gasifier                              (b) Downdraft gasifier                 (c) Cross flow gasifier 

Figure 1.2: Configurations of packed bed gasifiers. 

 

1.2.1.2 Fluidized bed gasifiers 

In a fluidized bed gasifier, a bed of solid fuel particles is maintained in a suspension of the 

gasifying agent by introducing the gasifying agent from the bottom of the reactor. The mixing 

in the fluidized bed results in a uniform temperature over the bed [19]. A downstream cyclone 

separator is required to separate particles that are carried away in the exit gas and to re-

introduce them to the gasifier [20]. Advantages of fluidized bed gasifiers include ability to 

operate it with fuels with high ash content, fuel flexibility, and the ability to operate at high 

pressures [11]. Disadvantages include complexity in operation due to maintenance of a 

fluidized bed and requirement of extensive downstream gas treatment due to the need of 

unconverted particle recovery and dust separation from the outlet gas [21]. A schematic 

diagram of a fluidized bed gasifier is shown in Fig. 1.3. 
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Figure 1.3: Schematic of a fluidized bed gasifier.    

                          

1.2.1.3 Entrained flow gasifiers 

In an entrained flow gasifier, the fuel in droplet or powder form is injected together with an 

oxidizer at the top of the gasifier into a high temperature environment [22]. The schematic 

diagram of an entrained flow gasifier is shown in Fig. 1.4. 

 

 

 

 

 

 

 

 

Figure 1.4: Schematic of an entrained flow gasifier. 
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rates in an entrained flow gasification process are high, with a typical residence time of fuel in 

the reactor in the order of a few seconds [22]. Tars and other liquid products as produced 

during the fuel conversion become further converted to hydrogen and carbon monoxide [22], 

yielding a tar free syngas. Due to the high operating temperatures (typically around 1500 K) 

of the entrained flow gasification process, the exit gas is at a high temperature, making the 

thermal efficiency of the process low. To improve the thermal efficiency of the overall 

process, recovered heat from the exit gas can be applied to the pre-treatment of the fuel (e.g. 

drying). Major advantages of the entrained flow gasification process include the production of 

syngas with very low tar content and the fuel flexibility. Disadvantages include the complex 

operation and the requirement of a fine-sized feedstock [11].  

1.3 The bioliq® process  

The bioliq® process [15] is a recent example of the use of a centralized entrained flow 

gasifier to produce renewable fuels. It is initiated by the Karlsruhe Institute of Technology 

(KIT), Germany, with the goal to produce liquid fuels starting from low grade biomass 

feedstock [15]. This process can be divided into four stages: (1) Pyrolysis of the biomass feed 

stock using flash pyrolysis reactors in decentralized facilities, (2) Preparation of a bio slurry 

by mixing the bio char and bio oil produced in the pyrolysis stage, (3) Subjecting the bio 

slurry to a high pressure entrained flow gasification process in a centralized plant to produce 

syngas, and (4) cleaning and processing of syngas into synthetic fuels. 

The starting raw material of the process can be almost any type of biomass, with a main focus 

on the residues from the agricultural industry, forestry, and landscaping [15]. In the first stage, 

raw biomass is pre-treated by drying and pulverizing.  Then, the conditioned biomass is 

mixed with hot sand in a twin screw mixing reactor and subjected to a flash pyrolysis process 

under the absence of oxygen. The pyrolysis process takes place at around 800 K and produces 

pyrolysis oil and pyrolysis char as the output from the reactor. The relative quantities of oil 

and char depend on the type of biomass subjected to pyrolysis. The bio chars are mixed with 

the pyrolysis oil to produce a so-called slurry named as biosyncrude® [15].  

In the next stage, biosyncrude® is subjected to entrained flow gasification in order to produce 

syngas in a centralized plant. The gasifier is operated in a pressure range of 40-80 bar and at a 

temperature exceeding 1500 K [15].  

The third stage of the process comprises gas purification and fuel synthesis steps. After 

purification, syngas is to be processed, e.g., into dimethyl ether and, further on, into gasoline 
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[15]. A variety of pathways are open for processing syngas into gaseous and liquid fuels. For 

example, through the Fischer-Tropsch process [13], syngas can be processed to obtain fuels 

like LPG (liquefied petroleum gas), kerosene, and diesel. A schematic diagram of the bioliq® 

process is presented in Fig. 1.5. 

 

 

 

 

 

 

 

 

 

 

Figure 1.5: Schematic of the bioliq® process. 

 

1.4 Approaches for the design and optimization of gasification processes 

The composition and the heating value of the syngas leaving a gasifier depend on several 

global factors. These include the specific gasification technology [19] (fixed bed, fluidized 

bed, and entrained flow) and gasification agent, the composition and physical nature of the 

fuel, as well as the operating pressure, temperature, and equivalence ratio [23]. This 

dependence makes it difficult to find common principles for optimizing the performance of 

gasifiers. Therefore, the optimization of the gasifier performance is highly case dependent. 

Only rough values or tendencies can be identified from literature to be used as a guideline for 

process optimization or to select a suitable design point. Hence, a case dependent optimization 

is necessary. Two major approaches are used for the optimization studies of gasifiers: 

Experimental approach and modeling approach.   

The experimental approach consists of conducting a series of experiments using the gasifier of 

interest under different operating parameters [24 – 27]. For example, to study the effect of 

equivalence ratio on the composition of syngas, a series of test runs are performed for 
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different equivalence ratios [27]. However, the experimental approach has the disadvantage of 

cost, time consumption, and difficulties in the measurements (in industrial operational units).  

Due to these disadvantages and challenges related to the experimental approach, numerical 

modeling is gaining more attraction as a technique for designing and optimizing gasifiers. The 

models vary from simple zero dimensional equilibrium models to predict the final gas 

composition of the gasifier, to three dimensional, turbulent CFD simulations [28 – 31].  In the 

following section, a brief overview of different numerical models used for the modeling of 

biomass gasification processes is presented, including applications, advantages, and 

disadvantages of each model. 

1.5 Numerical models of biomass gasification processes 

The numerical models used to study gasification process can be divided into two main 

categories; single particle models (e.g.[16, 32, 33]) and reactor models (e.g. [34 – 36]). Single 

particle models focus on the conversion of a single biomass particle in a surrounding gas 

phase. The purpose of these models is to improve the understanding of the particle conversion 

kinetics and relevant transport phenomena such as heat and mass transfer processes associated 

with the particle. 

Reactor models focus on studying the behavior of the entire reactor (gasifier) involved in the 

gasification process with the aim of reactor design and reactor optimization. Because 

hundreds and even thousands of biomass particles can be present in a gasifier, reactor models 

usually introduce simplifying assumptions in modeling the gasification process. The simplest 

type of such reactor models is called the equilibrium model (e.g. [29, 37]). In these models, 

only the equilibrium relationship between the inlet flow stream and the outlet flow stream is 

derived using the mass balances and equilibrium assumptions. But information related to 

spatial and temporal variation of the flow fields (species concentrations, temperature, 

velocity) inside the reactor cannot be extracted using these equilibrium models. Therefore, 

such models are usually applied to get a rough estimate of the composition of the outlet 

syngas for a given inlet composition.  

One-dimensional reactor models calculate the flow field along the axis of the reactor. They 

are useful to determine the axial variation of quantities such as temperature and species 

concentrations. However, one-dimensional models have the following limitations: they cannot 

predict the radial variation of flow fields and they cannot take into consideration the radial 

effects on gasification process such as flow recirculation.   
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Two- and three-dimensional models overcome most of the shortcomings of one-dimensional 

models, at the expense of increased CPU time. In most situations, gasifiers can be considered 

as axisymmetric, which allows the reduction of a three-dimensional model to two dimensions 

by using suitable boundary conditions. These higher dimensional models are usually built 

using the tools of CFD and solved using the finite volume method. Two main approaches for 

CFD modeling can be identified: (i) The Euler-Lagrange approach and the (ii) Euler-Euler 

approach [38, 39].  

In the Euler-Lagrange approach, calculations on individual fuel particles are performed to 

some extent, by dividing the initial particle cloud into a finite number of packets. The motion 

of each packet through the computational domain is then resolved using forces acting on the 

particle packet. In the Euler-Euler approach, both the fuel and the gas phase are treated as 

continua. The motion of each phase is calculated by solving the Navier-Stokes equations. The 

present work uses the Euler-Euler approach to model the two phase gasification process. 

Even though mathematical modeling is widely applied to study and optimize gasification 

processes, a significant amount of research still needs to be done in order to improve the 

accuracy of these models [40], in particular two and three dimensional ones. The main 

difficulties in model design result from insufficient understanding of the various sub-

processes involved in biomass gasification. These include biomass combustion, pyrolysis, 

gasification, evaporation process, as well as the formation of ash and tar. To develop reliable 

mathematical tools to simulate biomass gasification processes, a detailed understanding of 

physics and chemistry of these processes is necessary, especially in terms of chemical 

kinetics. The current approach to this problem is a combination of experimental and modeling 

framework, where experiments provide the insights required and needed to develop different 

mathematical models, then, these models are, in turn, compared against experimental data for 

validation. 

In the next section, an experimental set up is described which is designed to provide important 

validation data for entrained flow gasifier models and which is used in the present work as the 

basis for modeling the entrained flow gasification process. 

1.6 The Research Entrained Flow Gasifier (REGA) 

The Research Entrained Flow Gasifier (REGA) developed at the Karlsruhe Institute of 

technology (KIT) is a laboratory scale experimental test facility to study the entrained flow 

gasification process at atmospheric pressure [41].  The REGA consists of a vertically 
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positioned ceramic tube of internal diameter 0.28 m and a length of 3.00 m. Sampling probes 

and optical access are provided along the reactor to allow the measurement of gas 

compositions and temperature [42]. A schematic of the REGA is shown in Fig. 1.6. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.6: Schematic of the REGA [41, 42]. 

 

Due to the complexity of bio slurry used in industry (e.g.  biosyncrude®), the experiments 

using the REGA reported so far in literature have used two different model fuels so far. These 

are ethylene glycol and ethylene glycol – biochar suspensions [41, 42]. The use of ethylene 

glycol as a model fuel and its chemistry will be discussed in detail in Chapter 2. These 

simplifications in the REGA experiments as compared to the high pressure bio slurry 

gasification in the bioliq® process are essential in terms of developing mathematical models, 

for several reasons. First, it is important to have a fuel with a well-defined composition for 

mathematical calculations. In this sense, the use of ethylene glycol in the REGA experiments 

provides useful validation data for developing and validating mathematical models. Second, 

the scientific principles of entrained flow gasification are still not well understood. Therefore 

it is preferable to start developing models at atmospheric conditions, which will be free from 
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any high pressure complications. Atmospheric experiments at REGA provide validation data 

for these atmospheric pressure mathematical models.  

1.7 Goals and methodology of the present work 

The present work focuses on the numerical modeling of the entrained flow gasification 

process with respect to the REGA geometry by using a comprehensive chemical kinetic 

reaction scheme to describe the fuel gasification process. Because of the complex chemical 

composition of real pyrolysis oil, ethylene glycol is selected as the model fuel for the biomass 

pyrolysis oil. This selection is based on the similarity of chemical and physical properties of 

ethylene glycol and of the pyrolysis oil.  

In Chapter 2, the detailed combustion chemistry of ethylene glycol is discussed. Chapter 2 

also presents the tools and the methodology used in the present work for the validation of the 

reaction mechanisms. Then, with the aim of using ethylene glycol chemistry in the CFD 

simulations of the REGA, a reduced reaction mechanism describing ethylene glycol 

gasification is developed based on the detailed reaction mechanism. Such a reduced reaction 

model is required because the very high CPU time demand of the detailed mechanism makes 

its use inefficient for CFD based parameter studies of the REGA. The reduced mechanism 

requires much less CPU time due to the considerably lower number of species and reactions. 

The detailed chemical-kinetic reaction mechanism is reduced in such a way that the 

performance of the generated reduced reaction model is in agreement with the one of the 

detailed reaction mechanism in the parameter range of interest for the selected target 

quantities. Chapter 2 presents the reduction procedure of the detailed mechanism and the 

reduction algorithms used. Three different reduced mechanisms are obtained using three 

different reduction algorithms. Validation of the reduced mechanisms is performed using 

ignition delay time calculations and laminar flame speed calculations of ethylene glycol and 

stable sub-species in the mechanism and comparing them with published experimental data. 

Chapter 3 describes the governing equations as well as the physical and chemical sub models 

used by the Euler-Euler solver.  

Chapter 4 presents the numerical solution of the CFD model. A description of the finite 

volume method, which is used to discretize the equations presented in Chapter 3 is given. 

Chapter 4 also describes the geometry of the REGA, the CFD mesh as well as initial and 

boundary conditions corresponding to the operating conditions of the gasifier.  
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Chapter 5 consists of results and discussion.  First, the performance of the reduced 

mechanisms is presented with respect to ignition delay times and laminar flame speed 

computations of the specific fuels of interest. Next, the performance of the best reduced 

mechanism is presented in terms of two-dimensional Euler-Euler CFD simulations. Finally, 

the results of a parameter study performed using the validated reduced reaction mechanism 

are presented. Based on these results of the parameter study, the operating behavior of the 

gasifier under different temperature, pressure, and equivalence ratios is discussed. 
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2. Reaction mechanisms for ethylene glycol  

This chapter describes the reaction mechanisms of ethylene glycol (EG) used in the present 

work and the methodology of validation of these mechanisms. First, reasons will be given 

why ethylene glycol was chosen as a model fuel for the pyrolysis oil. Then, the detailed 

chemical kinetic reaction mechanism for EG as developed at DLR Stuttgart [43] will be 

discussed. Next, the algorithms used for the reduction of the detailed EG reaction model will 

be presented. Finally, the methodology of validation of the reaction mechanisms is presented.  

2.1 Ethylene glycol as a model fuel for biomass pyrolysis oil 

In general, biomass feedstock comes from various sources. Examples are, wood, agricultural 

and animal residues, forestry residues, and wastes [44]. Biomass is composed of three main 

hetero-polymers: cellulose, hemicellulose, and lignin [45]. Depending on the specific source, 

the composition of biomass can vary significantly [45]. Table 2.1 presents the typical ranges 

of variation of these main components, in dry and ash free weight percentages (wt. % daf) 

[45].  

Table 2.1: Typical composition of biomass. 

Hemicellulose 

 (wt. % daf) 

Cellulose  

(wt. % daf) 

Lignin 

(wt. % daf) 

Other matter 

 (wt. % daf) 

20 – 40 24 – 51 15 – 53 0 – 10 

 

When producing a pyrolysis oil through the pyrolysis process, the complex and varying 

composition of feed biomass results in a pyrolysis oil with a complex and varying 

composition, containing many different chemical components including aldehydes, ketones, 

phenols, acids, and oxygenates [46, 47]. For the modeling approach, the complex and varying 

composition of pyrolysis oil presents several problems. First, the presence of a large number 

of varying components makes it impossible to properly characterize the fuel in terms of 

component mass fractions, which is a necessary initial condition for mathematical models 

treating the fuel chemistry. Second, modeling of a fuel mixture with a large number of 

chemical components would require a complex reaction mechanism to describe the oxidation 

of the fuel.  The implementation of such reaction mechanisms in CFD codes will result in 

very high CPU time demands making efficient CFD calculations impossible. 

Therefore, as an alternative, previous studies have used ethylene glycol as a one-component 

surrogate fuel to represent pyrolysis oil [48, 49]. The use of a neat fuel (EG) makes the 
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development of a reaction model much simpler compared to the one of a multi-component 

fuel. The selection of ethylene glycol as a surrogate fuel for pyrolysis oil is based on the 

similar physical and chemical properties of ethylene glycol and pyrolysis oil. Table 2.2 

presents a comparison of major chemical and physical properties of ethylene glycol to those 

of pyrolysis oil [50, 51]. Further, ethylene glycol is a low cost and non-toxic chemical, which 

is advantageous for its use in experiments. Due to these advantages, the oxidation chemistry 

of pyrolysis oil is modeled in the present work by the oxidation chemistry of ethylene glycol.  

Table 2.2: Comparison of chemical and physical properties of ethylene glycol and bio-oil. 

Property Ethylene glycol [50] Bio-oil [51] 

Density (20 C, kg m
-3

) 1132 1100-1300 

Dynamic Viscosity (cP) 18-56 40-100 

Heat of combustion (MJ/kg) 16.96 16-19 

C (wt %) 38.7 32-49 

H (wt %) 9.7 6-8 

O (wt %) 51.6 44-60 

 

2.2 Detailed chemical kinetic reaction mechanism for ethylene glycol 

Once the surrogate fuel is selected, the way it oxidizes in the gasification environment, 

through chemical reactions of the fuel with reactants in the surrounding gas phase, needs to be 

specified. There are three methods to specify the chemistry of the fuel oxidation in a 

mathematical model for gasification process: Global reaction mechanisms, reduced reaction 

mechanisms, and detailed reaction mechanisms.  

Global reaction mechanisms are the simplest representations of the fuel oxidation. The 

oxidation of ethylene glycol can be expressed as a one-step global reaction as expressed in 

reaction R2.1. 

        
 

 
                                                                                                                     

However, in a real combustion environment, the conversion of the fuel to products follows a 

complex pathway including many intermediate steps and elementary reactions [52]. Apart 

from the products indicated by the global reaction, several different stable products can be 

formed depending on the combustion environment. Therefore, an adequate description of the 

chemistry of the fuel gasification cannot be represented by the too simple global reaction 

model, which has only a narrow range of applicability [53]. Instead, a more detailed reaction 
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mechanism which describes the fuel conversion in the molecular level through a collection of 

elementary reactions is required. 

In general, the oxidation of any fuel in the gas phase can be represented by a series of 

elementary reactions in the form as given for example in reaction R2.2 [52]. 

∑   
   

 

   

    ∑    
     

 

   

                                                                                                                 

   represents species s; S is the total number of species in the reaction mechanism.    
    and 

   
   , respectively are the stoichiometric coefficient of species    of the reactants (e) and of 

the products (p), respectively in reaction r.  

The main difference between the reactions R2.1 and R2.2 is that the reactions presented in 

R2.2 are a set of elementary reactions, i.e. the reaction occurs in the gas phase through 

molecular collisions the way it is described by the equation. The global reactions have 

complicated rate laws with a very limited range of applicability in terms of pressure, 

temperature, and fuel equivalence ratio. In contrast, elementary reactions obey simple rate 

laws in a wide range of operating conditions. The rate law for the production of species i 

through an elementary reaction r is given by [52]: 
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with the rate constant    given by the modified Arrhenius law [52]. 

         ( 
    

  
)                                                                                                                         

kr is commonly referred to as rate coefficient; T is the temperature and R is the universal gas 

constant. The Arrhenius parameters, a, n and Eact are called: Pre-exponential factor, 

temperature exponent, and activation energy.  

The reaction coefficients (reaction rates) of some reactions in the mechanism can be 

dependent on both the temperature and pressure, due to the participation of third bodies in 

elementary reactions [52]. The rate constant of a pressure dependent reaction is evaluated by 

using two limits of rate constant, the low pressure limit and the high pressure limit. The rate 

constant between these two limits is given by the fall-off expression (Eq. 2.3). The rate 

constant for pressure dependent reactions in the fall-off region are calculated using the F-
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Center treatment according to Troe [52]. The Troe approach uses two different sets of rate 

constants; one set for high pressure limit (  ) and one set for low pressure limit (  ) along 

with four additional parameters ( ,   ,    ,     ) [52]. 

The pressure dependent rate constant is given by, 

     (
  

    
)                                                                                                                                   

   and F are given by 
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}

  

                                                                             

where: 

          ( 
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)          ( 

 

    
)                                                      

and                     ,                     ,        

 

The catalog of all the reactions of the form R2.2 which completely describes the oxidation of 

the fuel to products is called the detailed reaction mechanism for the oxidation of the fuel in 

question.  

The first detailed reaction mechanism for EG oxidation has been developed by Hafner et al. 

[48]. By the time this model was developed, experimental data for EG oxidation to validate 

the mechanism was lacking. Therefore, the mechanism has been validated using experimental 

data for various stable species as produced as major intermediates within the mechanism [48]. 

The detailed reaction mechanism for EG which has been recently developed at DLR Stuttgart 

(hereafter referred to as the DLR-EG mechanism) [43] is an enhancement of the Hafner 

model. Main features are attributed to better thermodynamic data of species as well as of rate 

coefficients of EG decomposition reactions based on new experimental data on EG oxidation. 

The DLR-EG mechanism which is the first EG mechanism validated with experiments 

performed on EG [43] consists of 78 species and 574 reactions [43]. 
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2.3 The reduction of the detailed reaction mechanism for ethylene glycol 

The detailed DLR-EG mechanism presented in section 2.2 provides a suitable model for the 

implementation of EG chemistry in a CFD code to be able to simulate the entrained flow 

gasification process of a pyrolysis oil. However, the large number of species and reactions 

present in this reaction model (78 species and 574 reactions) require extensive CPU time for 

CFD simulations. Also, the detailed mechanism has a wide range of applicability in terms of 

temperature, pressure, and equivalence ratios, while the operating conditions of a gasifier are 

much narrower, fortunately. For example, the gasification processes are usually performed 

only under fuel rich equivalence ratios. For these reasons, the detailed DLR-EG model can be 

reduced further to a more compact reaction mechanism with a fewer number of species and 

reactions [54]. The reduction is performed in such a way that the performance of the reduced 

mechanism is similar to the detailed mechanism in the parameter range of interest. This 

reduced mechanism can be implemented in CFD simulations, reducing drastically the CPU 

time demand required for the calculations.  

Therefore, in the present work, reduced reaction mechanisms for describing ethylene glycol 

oxidation are produced by using three different reduction algorithms based on the detailed 

DLR-EG mechanism. The algorithms used are: Sensitivity analysis [55, 56] the directed 

relation graph method (DRG) [57], and a novel linear transformation reduction tool, lin-TM, 

recently developed at DLR Stuttgart by Methling et al. [58]. In the following sections, the 

reduction algorithms and tools used to produce the reduced mechanisms are presented. 

2.3.1 Sensitivity analysis and the RedMaster approach  

The RedMaster tool [55, 56, 59] as developed at DLR Stuttgart utilizes sensitivity analysis to 

produce reduced reaction mechanisms. In the present work, the RedMaster tool has been 

exploited to produce a first version of the EG reduced mechanism. 

The variation of the concentration of a certain species ci can be obtained by the summation of 

the rate equation according to Eq. 2.1 over all reactions according to Eq. 2.7 [52]. 

   

  
 ∑  (   

        
   )∏  

   
   

 

   

 

   

                                                                                          

It is evident from Eq. 2.7 that the concentration ci is dependent on the rate constants kj and the 

concentrations cs of the other species in the mechanism. Sensitivity coefficients S are used as 

a way to quantify this dependence.  
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The absolute sensitivity coefficient Si,,j of concentration ci to rate constant kj is defined [52] 

by: 

      
   

   
                                                                                                                                                 

The higher the value of this sensitivity coefficient, the more sensitive the concentration ci is to 

the value of the rate constant kj. Therefore, a higher sensitivity coefficient means that the 

specific reaction with the rate constant kj is important for the prediction of the concentration 

of the specific species ci. 

Because specific rate constants in a mechanism may have different units due to the different 

molecularities of the specific reactions, absolute sensitivity coefficients cannot be directly 

compared against each other. Therefore, a relative sensitivity coefficient [52] is introduced: 

     
    

  

  
 
   

   
                                                                                                                                           

It is important to note that the dependent variable of a sensitivity analysis can not only be 

concentrations; it can also be an overall variable such as the laminar flame speed. For time 

dependent systems, sensitivity coefficients can be calculated at each time point; also, the 

coefficients can be integrated in the whole time domain to obtain a single coefficient.  

In the present work, the RedMaster approach has been exploited by utilizing sensitivity 

analysis to produce a first version of the EG reduced mechanism. According to this method, 

first, a group of initial important species (designated by Ω) is identified which include 

reactants and products. Then, the importance of other species within the mechanism to the 

production rate of species in Ω is evaluated by the following normalized sensitivity 

coefficient    [56]. 

   ∑(
     

     
)

  

   

                                                                                                                                

Here, i represents the i
th

 species in Ω. n is the number of species in Ω and    is the rate of 

production of the i
th

 species in Ω.    is the concentration of the j
th

 species within the 

mechanism.  
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The normalized sensitivity coefficient    represents the importance of species j in the 

mechanism to the production rate of important species. Higher    values indicate a higher 

importance [56]. 

Species to be included in the final reduced mechanism are identified in an iterative way. First, 

   values corresponding to all the species in the mechanism other than the species in Ω are 

evaluated. Then, those species with the highest    value are added to the species given in the 

list Ω; and the procedure is repeated until a predefined agreement with reduction targets are 

obtained. [56]. Fig. 2.1 presents an overview of the RedMaster reduction procedure. 

              

Figure 2.1: Schematic diagram of the RedMaster reduction procedure. 

 

In the present work, the RedMaster tool is applied iteratively to produce the reduced 

mechanism. First, an initial version of the reduced mechanism is obtained using the procedure 

described above. Then, this initial version is validated against laminar flame speed data and 

ignition delay time data calculated using the detailed mechanism. Finally, this first version is 
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provided as the input mechanism to RedMaster for a further reduction step. This procedure is 

repeated until validation results showed significant deviation from the detailed mechanism, 

much higher than the selected deviation. The smallest mechanism that agrees well with the 

detailed mechanism, as well as experimental data, within the targets selected and the selected 

grade of agreement, is defined as the final reduced mechanism.  

The reduced EG reaction mechanism obtained in the present work using the RedMaster tool is 

named Reduced Mechanism I (RM I) and consists of 49 species and 328 reactions. This is a 

reduction degree of approximately 40 % with respect to the number of species and 40% with 

respect to the number of reactions. 

2.3.2 Directed Relation Graph (DRG) method 

As a second method of reduction, the Directed Relation Graph method [57], as implemented 

in the software Chemical Work Bench [60], is applied.  

The Directed relation graph method focuses on identifying and removing unimportant species 

in the detailed mechanism and their reactions [57]. In identifying the unimportant species, 

indirect dependence of species on each other are considered. For example, species A can be 

directly influenced by species B by both of them being present in the same reaction, and also 

A can be indirectly influenced by species C, which has a significant influence on B. 

Therefore, in order to predict the concentration of A sufficiently accurately, not only the 

species B should be kept in the mechanism but also species C. In the directed relation graph 

method, identification of such dependencies of species on each other is done through an 

iterative algorithm [57]. 

First, an importance index of species B to the production rate of species A is defined [57], 

     
∑ |     |    

 
   

∑ |     |
 
   

                                                                                                                           

Here     is the stoichiometric coefficient of species A in reaction i.    is the reaction rate of i
th

 

reaction.      is equal to unity if reaction i contains species B and zero otherwise. 

If this index is greater than a user given threshold, then it is considered that species B is 

important to the production rate of species A.  

To identify the important species in the mechanism, first a user given set of important species 

(Ω) is considered. Then for each species B in the detailed mechanism, important index is 
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evaluated with respect to the species in Ω. Their maximum value indicates how important the 

species B is to the mechanism. If this value is greater than the user given threshold value, 

species B is added to Ω and the whole procedure is repeated again. This task is performed 

until no further species are added to Ω. The final reduced mechanism consists of the species 

in Ω after the final iteration and their reactions [57]. Figure 2.2 presents a summary of the 

DRG reduction procedure. 

                      

Figure 2.2: Schematic diagram of the DRG reduction procedure. 

Similar to the reduction with sensitivity analysis, the DRG method is also repeatedly applied 

in the present work to gradually reduce the detailed mechanism. A first version of the reduced 

mechanism is obtained by applying the DRG method, which is then validated using ignition 

delay time and laminar flame speed calculations. This validated first version is then used 

again for another reduction step with the DRG method. This procedure is repeated until 

results obtained from reduced mechanism show deviations from the detailed mechanism and 

the experimental data. The smallest mechanism that predicts well the ignition delay times and 

laminar flame speeds is selected as the final version of the reduced mechanism. The reduced 

mechanism obtained using the DRG method is named Reduced Mechanism II (RM II) and 
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consists of 48 species and 297 reactions. This is a reduction degree of 40% with respect to the 

number of species and approximately 50% with respect to the number of reactions. 

2.3.3 The Linear transformation method (lin-TM) 

The lin-TM approach is a novel mechanism reduction tool developed recently at DLR 

Stuttgart by Methling et al. [58]. In this tool, a linear relationship is developed between input 

parameters (rate constants) and output parameters (e.g. ignition delay times, laminar flame 

speeds). This linearization allows a fast computation of sensitivity coefficients resulting in a 

fast mechanism reduction based on sensitivity analysis. In addition to mechanism reduction, 

the lin-TM tool allows for post-reduction optimization of the rate constants of the reduced 

reaction model. This means that the rate constants of the reduced mechanism can be 

optimized within a certain range to obtain an even higher agreement with the detailed 

mechanism and the experimental data. Figure 2.3 presents an overview of the lin-TM 

reduction procedure. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3 Schematic diagram of the lin-TM reduction procedure [58]. 
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In the lin-TM reduction procedure, first, the ignition delay times and laminar flame speeds are 

calculated using the detailed mechanism for user given conditions. Then, the sensitivity 

coefficients of the reactions in the mechanism are calculated with respect to calculated 

ignition delay times and laminar flame speeds. Next, the mechanism is reduced by eliminating 

those reactions with sensitivities lower than a user given threshold. Optionally, the reduced 

mechanism can be optimized for user given conditions, by fine-tuning the rate constants 

within a certain tolerance limit as described in more details in Ref. [58].  

The reduced mechanism developed in the present work using the lin-TM tool is named as 

Reduced Mechanism III (RMIII) and it consists of 38 species and 226 reactions. The 

reduction degree achieved is a reduction of 50% with respect to the number of species and a 

reduction of approximately 60% with respect to the number of reactions. 

Table 2.3 present a comparison of the three reduced reaction mechanisms in terms of number 

of reactions and species as well as the reduction degree. 

Table 2.3: Overview of the reduced mechanisms. 

Mechanism Species Reactions Reduction degree Reduction method 

   Species Reactions  

RM I 49 328 40% 40% Sensitivity analysis 

RM II 48 297 40% 50% Directed relation graph (DRG) 

RM III 38 226 50% 60% Sensitivity analysis using a 

linear transformation method 

 

 

2.4 Effect of recirculation on the gas phase kinetic modeling 

The high velocity of the gas flow in the REGA gasifier results in a recirculation zone [42] 

which brings a part of the syngas from the lower region of the reactor into the upstream 

combustion zone (Fig. 2.8). Therefore, in the combustion zone of the gasifier, in addition to 

the combustion of ethylene glycol, syngas combustion also takes place. Hence, the gas phase 

kinetic mechanism must also be able to describe well the combustion of syngas.  

For these reasons, both the detailed and the reduced reaction mechanisms are tested in the 

present work against syngas combustion data. The composition of the syngas used in these 

computations is taken to be equal to the syngas composition at 680 mm from the injection 

point of the REGA gasifier, according the experimental data from the REGA gasifier as 

available from literature [41].     
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Figure 2.4: Calculated 2D recirculation of syngas in the reactor (present study).  

 

2.5 Methodology of validation of the reaction mechanisms of EG 

2.5.1 Ignition delay times 

When a fuel and an oxidizer mixture are subjected to a certain pressure and temperature, 

spontaneous combustion may occur after a certain amount of time which depends on the 

initial equivalence ratio, temperature, and pressure, besides the fuel itself. This time period is 

called the ignition delay time [52]. Ignition delay time is a characteristic combustion property 

of any fuel in question. Ignition delay times for a particular fuel can be numerically computed 

using a suitable reaction mechanism. In the numerical calculation, ignition delay time is 

estimated by measuring the time for the concentration of a certain species to reach its 

maximum point (or maximum gradient). This is called the ignition delay time criteria and is 

selected based on the criteria used in the corresponding experiments. The reaction mechanism 

is validated by comparing the calculated ignition delay times against the published measured 

data for the fuel in question. 

In the present work, ignition delay times are computed using the software Chemical Work 

Bench [60] under the assumption of no heat loss. Only one experimental data set exists for 

EG ignition delay times [43]. Therefore, in addition to EG, ignition delay time computations 
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are performed for acetaldehyde and methane as major intermediates, and also for syngas due 

to the reasons described in section 2.4. For the species acetaldehyde, methane, and syngas, the 

calculations are performed under constant pressure. In the ignition delay time calculations of 

ethylene glycol, an experimentally measured pressure profile [43] is used. The calculations 

are performed over a temperature range of 800 K to 1800 K, a pressure range of 3.5 bar to 16 

bar, and an equivalence ratio range of 0.5 to 2. The conditions of ignition delay time 

computations are given in Table 2.4.  

The results of the ignition delay time calculations in the present work are given in Chapter 5. 

2.5.2 Laminar flame speeds 

The second characteristic combustion property used to validate the reaction mechanisms in 

the present work is the laminar flame speed. The laminar flame speed is the speed of 

propagation of a laminar flame front into a mixture of unburnt reactants and depends on the 

fuel, mixture equivalence ratio, pressure, and initial temperature. In this work, laminar flame 

speeds are calculated using the software Cantera [61], under the assumption of a premixed flat 

flame. Mesh points in the calculation were refined using the “slope” and “curve” settings of 

the Cantera  flame calculator to obtain a converged solution according to the set tolerances. 

The calculated flame speeds are then compared against the experimentally measured flame 

speed data taken from the literature. In the present work, laminar flame speeds are calculated 

for preheat temperatures between 298 K and 358 K, at pressures ranging between 1 and 3 bar, 

and equivalence ratios φ between 0.6 to 1.8. Unfortunately, until now, experimental data for 

laminar flame speeds of ethylene glycol are not available in literature. Therefore, the flame 

speeds are calculated for major intermediate species of the reaction mechanism. The 

conditions of the laminar flame speed calculations for each species is presented in Table 2.5. 

 

Chapter 5 presents the results of laminar flame speed calculations. 

 

Table 2.4: Validation targets of reaction mechanisms - Part I: Ignition delay times. 

 

Species Pressure (bar)  Temperature (K)   Equivalence 

ratio,   

Acetaldehyde 3.5  –    5.0  1250  – 1800  0.5, 1.0, 2.0 

Methane 3.5  –    5.0   900  – 1700  0.5 

Ethylene glycol 16.0   800  – 1600  1.0 

Syngas (50% CO + 

50 % H2) 

4.0   950  – 1425 1.0 



 

26 
 

 

Table 2.5: Validation targets of reaction mechanisms - Part II: Laminar flame speeds. 

 

Species Pressure (bar) Temperature (K) Equivalence 

ratio,   

Acetaldehyde 1  298  – 358  0.6 – 1.8 

Methane 1  – 3  298  0.6 – 1.5 

Ethylene glycol 1 300 0.5 – 1.7 

 

 

2.5.3 Species profiles in a two-dimensional CFD simulation of the REGA gasifier 

 

Finally, the best reaction mechanism as evaluated by the performance against ignition delay 

times and laminar flame speeds data is further validated using species profiles obtained in an 

entrained flow gasifier. The reaction mechanism is used in a two-dimensional Euler-Euler 

CFD simulation of the REGA. The mechanism is validated by comparing the radial species 

profiles of CO, H2, CH4, and CO2 at two locations on the gasifier axis (at 300 mm and at 680 

mm, respectively from the injection point) and comparing them to published experimental 

data [41], [42].  

 

 In the next chapter, the Euler-Euler CFD model for the REGA will be presented.  
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3. CFD model for the entrained flow gasification process 

This chapter introduces the CFD model used for the numerical simulation of the entrained 

flow gasification process. First, the governing equations of the CFD model are presented. 

Then, the sub models used to model the relevant physical and chemical processes and to 

evaluate the source terms in the governing equations are given. The chapter ends with a 

discussion of the correlations used to evaluate the physical and chemical properties of the 

substances used in the model. 

3.1 Numerical approaches for CFD simulations of the entrained flow gasification process 

The entrained flow gasification process as introduced in Chapter 1 is a multiphase process 

which involves liquid pyrolysis oil droplets (modeled in the present work by ethylene glycol) 

and a gas phase entraining the liquid droplets. The liquid droplets and the gasification agent in 

the gas phase are injected into the entrained flow gasifier at high                                      

velocity (approx. 100 m s
-1

) [42]. Therefore, the numerical solution results in a spray 

simulation with chemical reactions included for describing the fuel conversion. For CFD 

modeling of such multiphase flows, two approaches are available: the Euler-Euler approach 

and the Euler-Lagrange approach [62 – 64]. 

In the Euler-Euler approach, both the gas phase and the liquid droplet phase are treated as a 

ccontinuum [38]. The motion of each phase is described by the Navier Stokes equations. In 

the Euler-Lagrange approach, only the gas phase is treated as a continuum, with its motion 

being described by the Navier Stokes equations [65] as well. The liquid droplets are treated as 

individual particles, whose motion is governed by Newton’s laws, based on forces acting on 

these particles as a result of their interaction with the gas phase [65]. As a result of the large 

number of calculations associated with separate droplets, the Euler-Lagrange method 

demands significantly more CPU time than the Euler-Euler approach [66]. In literature, spray 

simulations are successfully conducted using both the Euler-Euler and Euler-Lagrange 

approaches [66 – 69]. 

The aim of the present work is to develop a reduced reaction mechanism which can be used in 

CFD simulations successfully and efficiently, i.e. at reduced computational cost – only then, 

the CFD approach will be able to act as a valuable engineering optimization tool. The Euler-

Euler approach is much more suited for that purpose because of its considerably lower CPU 

time demand compared to the Euler-Lagrange approach [66]. For this reason, in the present 
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work, the CFD simulations of the REGA gasifier are performed using the Euler-Euler 

approach. 

The CFD simulation is done using the reactingTwoPhaseEulerFoam solver in the open source 

CFD tool OpenFOAM [70]. In the Euler-Euler approach, the solution procedure starts with 

the Navier Stokes equations, which are the conservation equations for momentum, mass and 

energy. For a chemically reacting system such as the entrained flow gasifier, individual mass 

conservation equations exist for each species present in the reaction environment. In the CFD 

model, the number of species conservation equations equals the number of species present in 

the reaction mechanism of the fuel minus one, the inert species (nitrogen). Individual species 

concentrations are obtained by the solution of each species mass conservation equation. The 

concentration of the inert species (e.g. N2) is obtained by the constraint that the sum of mass 

fractions of gas phase species equals one. Models for relevant physical and chemical 

processes, here heat transfer, evaporation, radiation, and chemistry are included as source 

terms in the respective conservation equation. The results of the CFD simulations are 

validated using published experimental data from the REGA gasifier [41, 42], focusing on 

radial temperature profiles and radial species profiles of H2, CO, CO2, and CH4 measured at 

two different axial locations of the gasifier. The simulation results are presented and discussed 

in Chapter 6. 

3.2 The model geometry of the research entrained flow gasifier (REGA) 

The REGA is a cylindrical entrained flow gasifier with a height of 3 m and a diameter of   

0.28 m [42]. Ethylene glycol as the one component model fuel for bio-oil and                                               

the gasification agent are introduced at the top center of the gasifier (Fig. 3.1). For the model 

geometry, it is assumed that the flow fields within the gasifier are axisymmetric with only 

radial and axial variations. Therefore, a two-dimensional wedge geometry is selected for the 

model [71]. The model geometry considers only the first 1000 mm from the injection point. 

This simplification is introduced because after a certain distance from the injection point 

(approx. 600 mm), the gas phase compositions reach equilibrium values and no further 

significant axial variation can be observed in the variables. An overview of the model 

geometry with relevant boundaries is presented in Fig. 3.1.  
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Figure 3.1: Model geometry for the REGA gasifier [42]. 

3.2 The governing conservation equations 

The solutions for the velocity field, pressure field, temperature field, and species 

concentration fields are obtained in the CFD simulation by numerically solving the 

conservation equations for momentum, mass, and energy. For a general variable  , the 

conservation equation takes the form given in Eq. 3.1 [72]. 

     

  
                                                                                                                  

The left-hand side (LHS) of Eq. 3.1 describes the rate of accumulation of the variable within 

an infinitesimal control volume of the solution domain. The first term of the right-hand side 

(RHS) describes the net flow of the variable into the control volume as a result of convection. 

The second term of the RHS accounts for the net flow from the control volume due to 

molecular transport (e.g. thermal conduction in the energy equation). The final term of the 

RHS is the source term, which describes the rate of generation of the variable as a result of 

sources such as chemical reactions in the mass conservation equation. 

3.3 The Euler-Euler model 

The general conservation equation as given by Eq. 3.1 describes the time and the space 

evolution of a flow variable in a single phase system. In the Euler-Euler approach, the 

infinitesimal control volume is shared between two continuum phases. The fraction of volume 

each phase occupies in a given volume element is defined as the phase fraction of the 
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corresponding phase. The sum of the phase fractions equals unity. In the present work, the 

two continuum phases are the liquid phase consisting of ethylene glycol and the gas phase 

consisting of all the species to be represented in the chemical kinetic reaction mechanism 

(Fig. 3.1).   

The motion of each phase is governed by the equations of form given by Eq. 3.1, within the 

volume fraction of each phase. Interactions between the two phases, such as the mass transfer 

due to evaporation, the heat transfer due to the temperature difference between the phases, 

and the drag force on liquid droplets are included as a source term in the corresponding 

conservation equation. The Euler-Euler conservation equations for mass, momentum, and 

energy of the two-phase system are presented in Eqs. 3.2 – 3.5. 

Conservation of momentum 

The momentum conservation equation for each phase is given by [73, 74]: 

       

  
                                                                                        

Here    is the phase fraction of the ith phase,    is the average velocity of the ith phase,    is 

the turbulent and viscous stress tensor,    is the density of the ith phase, p is the pressure, g is 

the gravitational acceleration, and    describes the interphase momentum transfer. 

Continuity equations 

The continuity equation for each phase i is given by [73, 74]: 

     

  
               ̇                                                                                                                    

Species conservation equation 

The mass balance for each species s in the gas phase leads to [75]: 

       

  
   (        )    (             )     ̇                                                              

where    is the mass fraction of the species s in the gas phase. 

The source term  ̇  consists of the generation and the loss of species through chemical 

reactions. The rate of generation of species s is evaluated based on the reduced chemical 

kinetic reaction mechanism described in Chapter 2 using the partially stirred reactor (PaSR) 

turbulence chemistry interaction model [76, 77]. This will be described later in section 3.4.3. 
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The source term also includes the evaporation rate from the liquid phase, consisting of pure 

ethylene glycol, to the gas phase. 

Conservation of energy 

The enthalpy conservation equation for each phase is solved to obtain the corresponding 

temperature fields [72, 75]. 

 
       

  
                (             )    ̇                                                           

The source term  ̇  accounts for heat generation due to chemical reactions, thermal radiation, 

and interphase heat transfer. The sub models used to evaluate these source terms will be 

discussed in section 3.4. 

 

3.4 Models for calculating the source terms in the governing equations 

The various chemical and physical processes in the gasifier are described as source terms in 

the conservation equations. These processes include single phase processes such as the 

generation or consumption of a certain species in a gas phase reaction as well as inter-phase 

processes such as the transfer of mass, heat, and momentum between the liquid and the gas 

phase. A summary of the sub-models used in the CFD simulation is presented in Table 3.1. 

These sub-models are described in detail in the following sections. 

 

Table 3.1: Overview of the sub-models used in the CFD simulation. 

Process Gas phase Liquid phase 

Chemistry EG reaction mechanism 

PaSR model [76, 77] 

- 

Evaporation - Spalding model  [78, 79] 

Interphase heat and mass transfer Clift correlation  [79, 80]  Clift correlation  [79, 80] 

Drag Gidaspow drag model [81]  Gidaspow drag model [81] 

Radiation P1 model [82, 83] - 

Turbulence RANS simulation [72] 

Standard k-  turbulence 

model [72] 

Laminar simulation 
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3.4.1 The radiation sub-model 

Radiation heat transfer plays an important role in combustion simulations [72]. Due to the 

high temperatures in the flame zone (around 1800 K), a significant amount of heat transfer 

from the flame to the surrounding gas phase is attributed to thermal radiation. The gas phase 

within the entrained flow gasifier is rich with respect to carbon dioxide and water vapor, 

which interact with radiation.  

In the present work, thermal radiation is considered in the gas phase heat transfer only while it 

is assumed that the liquid phase does not interact with radiation. This assumption is made 

because the injected liquid in the experiments consists of tiny droplets (of diameters in the 

order of 100  m) which have accordingly small radiation cross sections. Also, in the 

simulations it was noted that the liquid phase almost completely evaporates in the first 100 

mm downstream of the reactor before reaching the flame zone. Therefore it is assumed that 

the main mode of heat transfer to the liquid phase is through convective heat transfer from the 

hot gas phase surrounding the liquid droplets.  

The governing equation for radiative heat transfer is given by the so-called Radiative Transfer 

Equation (RTE) obtained by considering the absorption, emission, and scattering of a ray of 

radiation as it passes through the medium (Fig. 3.2). The RTE is given by Eq. 3.6 [72]. 

       

  
                           

  

  
∫                

  

                                    

Here, s is the path length along a radiation beam.        is the intensity of radiation at 

position r in the direction of s.       is the emitted blackbody intensity at position r.    and 

   are the absorption coefficient and the scattering coefficient, respectively of the medium. 

      is the incident intensity at point r from the direction si.         represents the scattering 

phase function which gives the fraction of radiation incident on position r from the direction 

si which is then scattered in the direction s.    is the solid angle. The integral on RHS 

accounts for the total in-scattered radiation.  

Equation Eq. 3.6 represents contributions to radiation intensity as it travels through a medium 

in the direction s. The terms on the RHS account for emitted intensity, absorbed intensity, as 

well as out-scattered and in-scattered intensity (Fig. 3.2). 
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Figure 3.2: Interaction of radiation with the gas phase. 

 

3.4.1.1 The P1-radiation model  

The RTE equation given by Eq. 3.6 is an integral-differential equation which requires a 

special technique for its numerical solution. Commonly used solution methods include the 

Monte Carlo method, the discrete transfer method, the discrete ordinate method, the finite 

volume method, and the P-N method [72]. The P-N method converts the RTE to a set of 

differential equations to provide an approximate solution to the RTE. The P1 model is the 

lowest order P-N model [83]. The advantages of this P1-model are its low CPU time demand 

and a better suitability to combustion applications as compared to other radiation models [84]. 

In the P1-radiation model, the transport equation for the radiation intensity G, is given by 

[85], 

                                                                                                                          

where 

   
 

            
                                                                                                                          

The radiation heat flux, qr is given by the P1-model according to: 

                                                                                                                                                     

The source term for the energy equation SE is given by: 
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Combining Eq. 3.7, Eq. 3.9, and Eq. 3.10 results in Eq. 3.11, with the following expression 

for the radiation heat transfer source term in the energy equation, 

                                                                                                                                

 

3.4.2 The turbulence model used: The Reynolds Averaged Navier Stokes Simulation (RANS) 

This section presents the techniques used to model the turbulence of the flow field in the 

reactor. Turbulence plays an important role in the mixing of species and therefore affects the 

rates of chemical reactions through the so called turbulence-chemistry interaction [77]. Three 

main approaches of turbulence modeling can be identified; the Reynolds Averaged Navier 

Stokes Simulation (RANS), the Large Eddy Simulation (LES), and the Direct Numerical 

Simulation (DNS) [72]. 

In the RANS method, the instantaneous flow field is divided into a mean component and into 

a fluctuating component, and the Navier stokes equations are solved for the mean flow field 

[72]. In the LES approach, the Navier Stokes equations governing the instantaneous flow field 

are subjected to a spatial filtering [72] resulting in the resolution of turbulent flow structures 

up to a certain scale, usually of the order of the grid size of the computational mesh. The 

effect of turbulence of length scales which is smaller than the resolved scale is treated by 

using a suitable sub-grid scale (SGS) model [72]. The LES approach resolves the turbulent 

eddies which are larger than the SGS length scale. In the DNS method, turbulence is resolved 

into the finest structures using a very fine mesh. In terms of CPU time, DNS method has the 

highest CPU time demand. LES models require considerably larger CPU times than RANS 

models.  

In the present work, the RANS approach is used for turbulence modeling due to its reduced 

computational cost.  

3.4.2.1 The Reynolds Averaged Navier Stokes (RANS) approach 

The RANS method separates the instantaneous flow velocity into two components [72]: 

    ̅                                                                                                                                                

where  ̅ is the mean velocity and    the fluctuating component. 

 ̅ is given by  
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 ̅    
 

  
∫                                                                                                                                         

 

where    is the time scale of turbulent fluctuations. 

Substituting Eq. 3.12 in the Navier Stokes equations for the instantaneous flow field results in 

a Navier Stokes equation for the mean flow velocity  ̅. This equation contains terms that 

involve the fluctuating velocity components, which are called the Reynolds stresses            

(Eq. 3.14) [72, 86].  

        
   

 ̅̅ ̅̅ ̅̅                                                                                                                                             

Since the fluctuating flow field is not known or solved, Reynolds stresses should be modeled 

using the mean flow velocity in order to close the Navier stokes equations using the mean 

flow. For this, the Boussinesq assumption is used [86] which relate the fluctuating 

components to the mean flow by using the turbulent viscosity to account for the energy 

dissipation in small turbulence structures. 

    
   

 ̅̅ ̅̅ ̅̅     (
   

   
 

   

   
)  

 

 
(     

   

   
)                                                                           

Here,    is the turbulent viscosity and k is the turbulent kinetic energy. These quantities are 

calculated using turbulence models. 

3.4.2.2 The standard k-  model 

The so-called standard k-  model introduces two transport equations for the variables k 

(turbulent kinetic energy) and   (the rate of dissipation of the turbulent kinetic energy) [72]. 
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     ]                                                                           
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Where, 

                                            

are empirical constants. 

The turbulent viscosity µt is evaluated by [72] as 
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3.4.3 The turbulence chemistry interaction  

Interaction between turbulence and chemistry plays an important role in combustion 

simulations. Flow turbulence initiates mixing of species in the reaction environment affecting 

the reaction rate of chemical reactions. The heat produced by chemical reactions in turn 

increases the fluid temperature and affects its density, thereby affecting the flow      

turbulence [77].  

The chemical source term in the species conservation equations contains exponential terms 

due to the Arrhenius rate law describing the rate of chemical reactions and the products of 

concentrations (see Eqns. 2.2 and 2.7), making it highly non-linear. This makes is difficult to 

express the source term in terms of mean flow variables [77]. As a result, a suitable model for 

the chemical source term that considers the effect of turbulence on reaction rates is necessary. 

Commonly used approaches are the infinitely fast chemistry model, the Eddy dissipation 

concept (EDC,) and the partially stirred reactor model (PaSR) [76]. The infinitely fast 

chemistry approach does not take into consideration the kinetic rates of the reactions; instead, 

it assumes that reactions proceed with an infinitely fast reaction rate [76].  

The present work uses chemical kinetic reaction mechanisms to describe the decomposition of 

the fuel; therefore, the infinitely fast chemistry approach is not suitable. The EDC and PaSR 

models both allow for finite rate kinetics while modeling the turbulence chemistry 

interactions. Therefore, these two models are discussed below in more detail. 

3.4.3.1 The Eddy dissipation concept (EDC) 

The EDC model assumes that the chemical reactions take place in fine structures within the 

flow where turbulent energy dissipation takes place (Fig. 3.3). These fine structures are of 

Kolmogorov scale, and reactants from surrounding fluid are mixed within these         

structures [77]. The volume fraction of the fine scales and the reaction time scale within the 

fine structures are evaluated based on the turbulence model parameters k and   as given by 

Eqns. 3.19 and 3.21 [76, 77].  
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Figure 3.3: EDC model [76]. 

The volume fraction of the fine structures,   , is calculated by [76]: 

      (
  

  
)

 
 
                                                                                                                                       

Here,    is an experimentally determined emperical model constant.  

The mass transfer rate between the fine structures and the surrounding gas phase is calculated 

using Eq. 3.20 [76]. 

 ̇     (
 

 
)

 
 
                                                                                                                                       

The mass fractions of species in the fine structures,   
 , are evaluated by a perfectly stirred 

reactor model (PSR) by using a specified chemical kinetic reaction mechanism [76]. The 

reaction time scale in the PSR,  ̇  , is calculated using the Eq. 3.21 [76]. 

 ̇   
 

 ̇ 
                                                                                                                                                  

The average species concentration  ̃  is calculated based on the species concentration of the 

fine structures and the species concentration of the surrounding gas phase: 

 ̃       
          

                                                                                                                   

where   
  is the concentration of the species k in the surrounding gas phase. 

The mean reaction rate,  ̅ , is finally calculated as: 

 ̅   
 ̅   ̇ 

       
   

   ̃                                                                                                                    

Fine structures 
𝑌𝑘

  

�̇�  
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3.4.3.2 The partially stirred reactor model (PaSR) 

In the present work, the PaSR model is used to model the turbulence chemistry interaction. 

In the PaSR model it is assumed that the reactions take place in a fraction of volume of each 

computational cell. The mean reaction rate,  ̅ , is calculated by [77]: 

 ̅                                                                                                                                                      

where    is the rate given by the chemical kinetic reaction mechanism. 

The parameter k is evaluated by using two time scales, the chemical kinetic time scale (   ) 

and the turbulent mixing time scale (  ) [76]:  

   
   

      
                                                                                                                                         

The chemical kinetic time scale is calculated based on Eq. 3.24 [76], 

 

   
   

  

   
                                                                                                                                          

The turbulence mixing time scale is calculated based on the k-  model parameters [76]: 

        √
    

  
                                                                                                                                  

3.4.4 Interphase heat and mass transfer models  

The interphase heat and mass transfer models contribute to the temperature distributions of 

liquid and gas phases and also to the evaporation rate of the liquid ethylene glycol to the gas 

phase. Initially, no ethylene glycol is present in the gas phase of the entrained flow gasifier. 

The liquid EG droplets which are injected through the inlet nozzle get heated as a result of the 

heat transfer from the gas phase. The heated droplets evaporate into the gas phase.  

The heat flux q due to the temperature difference between the liquid and gas phase is given by 

                                                                                                                                                       

where    is the heat transfer coefficient between the two phases. 

The heat transfer coefficient Kh is evaluated using the following equation [79]. 
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where    is the thermal conductivity of the gas phase,    the Nusselt number, and R the 

droplet radius. 

The Nusselt number is evaluated using the Clift correlation for the Nusselt number as given in 

Eq. 3.30 [79], [80]. The fractional powers arise because the correlation is obtained using 

dimensional analysis, where experimental data are used to determine the values of the powers 

that give best fit between the correlation and the experimental data. 

             
 
 max                                                                                                   

Interphase mass transfer considers the evaporation rate of ethylene glycol, which is evaluated 

according to the Spalding evaporation rate [78, 79]. 

 ̇                                                                                                                              

where Rd is the droplet radius, D the diffusivity, Sh the Sherwood number, and    the mass 

Spalding number, the latter given by Eq. 3.32 [79]. 

    
           

        
                                                                                                                               

with  

        
        

         (        )  

                                                                                              

and  

          

        

  
                                                                                                                             

where      is the mass fraction of the vapor in the gas phase,        the vapor saturation mole 

fraction,    the molar mass of the vapor,    the molar mass of the gas phase,    the mole 

fraction of the liquid phase,          the saturation pressure at the liquid phase temperature   , 

and    the pressure of the gas phase. 

The Sherwood number in Eq. 3.31 is evaluated using the Clift correlation for Sherwood 

number as given in Eq. 3.35 [79, 80]. 
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3.4.5 The drag model 

The drag model is used to evaluate the interphase momentum transfer source term in Eq. 3.2, 

which is given by Eqns. 3.36 and 3.37. 

       (     )                                                                                                                            

       (     )                                                                                                                             

The coefficient Klg is calculated using the Gidaspow drag model [81].  
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The drag coefficient,   , is calculated by [81]:  

   {
  

  
                  <     

             
                                                                                

3.5 Physical and chemical properties 

The transport properties for the gas phase species are evaluated using the Sutherland transport 

model. The viscosity   is calculated as a function of temperature using Sutherland’s law [71]: 

   
  √ 

  
  

 

                                                                                                                                              

The constants    and    are given for each species s. 

The effective diffusivities of the gas phase species are calculated based on the so-called 

Schmidt number. A Schmidt number equal to one is used making the effective diffusivity 

equal to the effective viscosity of the species [87]. This is justified within the present work 

because in turbulent combustion the turbulent mixing has a larger effect on species mixing 

compared to molecular diffusion. 

For the liquid phase, a constant transport model, which uses a constant viscosity and Prandtl 

number, is used.  
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Molar heat capacities, enthalpy and entropy of gas phase species are calculated using Eqns. 

3.41- 3.43. 

                  
     

     
                                                                               

          ∫        
 

    

                                                                                                          

          ∫
     

 
  

 

    

                                                                                                          

The coefficients a0 – a6 are obtained from databases such as NASA polynomials. Two sets of 

coefficients are used for two temperature ranges; low temperature region and high 

temperature region. Coefficients for low temperature region are given from Tlow to Tmiddle and 

the coefficients for high temperature region are given from Tmiddle to Thigh.  

For the liquid phase, constant values are used for heat capacity and enthalpy. 

  



 

42 
 

4. Numerical solution methods of the governing equations of 

REGA gasification process 

The mathematical model for the numerical simulation of the multiphase flow occurring within 

the REGA consists of coupled partial differential equations and equations describing relevant 

physical and chemical processes as presented in Chapter 3. In order to obtain the solution for 

the velocity, pressure, temperature, and species concentration fields in the reactor under the 

given initial and boundary conditions, the mathematical equations describing the REGA 

gasifier need to be solved numerically. 

In the present work, the numerical solution is obtained by using the finite volume method 

(FVM) as implemented in the open source software OpenFOAM [70]. This chapter begins 

with an overview of the FVM approach. Then, the discretization of the solution domain which 

includes the computational mesh of the REGA gasifier is given. Next, the FVM procedure for 

the discretization and the solution of the governing equations is presented. Finally, the 

structure of the solver and case file used for the simulations of the REGA gasifier is discussed 

along with a summary of initial and boundary conditions and various solver settings. 

4.1 The finite volume method – (FVM) 

4.1.1 The discretization of the solution domain 

The solution of the mathematical model described in Chapter 3 provides the steady state 

spatial variation of flow fields within the geometry of the gasifier. In a numerical solution, the 

solution of the flow fields is only obtained at discrete points within the solution domain [72]. 

In the finite volume method, this is called the discretization of the solution domain. The finite 

volume discretization is done using a computational mesh consisting of non-overlapping three 

dimensional cells covering the solution domain [88]. The solution is obtained at the 

volumetric centers of the individual cells [88]. The two dimensional mesh used in the present 

work consists of approximately 40,000 cells and is refined in the region of flame zone. 

Figure 4.1 presents the computational mesh together with boundaries for the REGA gasifier 

used in the present study. 
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Figure 4.1: The computational mesh of the REGA as used in the present work. 

4.1.2 The discretization of time 

Similar to the spatial discretization, the solution is obtained at discrete time intervals starting 

from an initial time. The time interval is called the time step Δt. The time step Δt, the cell size 

  , and the magnitude of the velocity at the cell center | |, forms the dimensionless so-called 

Courant number, Co [71]. 
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In order to ensure the numerical stability of the solution, the time step Δt is selected so that the 

Courant number is less than one [71]. The smaller the time step, the higher the CPU time 

demand for the numerical calculation. In the present work, instead of a constant time step, the 

runtime modifiable time step feature of OpenFOAM is ultilized [71]. This feature 

automatically determines the time step based on a user specified maximum courant number 

[71]. 

4.1.3 The discretization of the governing equations 

In the finite volume method, the partial differential equations governing the solution of the 

mathematical model are converted into a set of simultaneous algebraic equations using the 

special and temporal discretization procedure introduced earlier [72]. This is achieved by 

requiring that the partial differential equations should be satisfied in integral form over the 

discrete volume elements present in the computational mesh [88]. As introduced in section 

3.2, the general transport equation for a property   can be written as [72], 

     

  
                                                                                                                 

Integrating Eq. 4.2 over the cell volume and the time step results in, 

∫ [
 

  
∫     ∫          ∫        ]  

    

 

 ∫ (∫    )
    

 

                        

 

The integrals of Eq. 4.3 are then approximated by using cell center values and the geometrical 

properties of the cells. A general cell and its properties are schematically illustrated in Fig. 

4.2. 

In Fig. 4.2, the solution is sought at the cell center P. The volume of the cell is identified by 

Vp. The value of a general field  , at the cell center of the cell is designated by   . The 

solution consists of    values for all cells in the computational domain. The cell centers of the 

adjacent cells are identified by N. The surface area vector Sf of the cell at whose center the 

solution is sought points outwards from P [88]. 
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Figure 4.2: A general cell in the computational mesh. 

 

The integral terms of the LHS in Eq.4.3 are approximated using the cell properties by using 

Eqns. 4.4 – 4.9 [88]. 

∫                                                                                                                                             

The volume integral of the second term of the LHS of Eq.4.4 is converted into a surface 

integral. 

∫           ∫                                                                                                                    

The surface of the computational cell is composed of a series of flat surfaces. Therefore, the 

surface integral in Eq. 4.5 can be written as a sum of surface integrals over individual cell 

faces [88] according to Eq. 4.6. 

∫          ∑∫        

 

                                                                                                         

where f denotes the cell face. 

Individual face integrals are approximated by cell values: 

∫                                                                                                                                     

where       is the cell face value of the mass flux and    the one of property  . 

The convective term of Eq. 4.3 is therefore discretized as 

∫           ∑          
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In a similar way, the gradient term is approximated by 

∫         ∑           

 

                                                                                                           

The cell face values of the field and the gradient in Eq. 4.9 are evaluated using the cell center 

filed values [72]. The algorithm for computing cell face values based on cell center values of 

the cells is called the discretization scheme.  

The RHS of the transport equation consists of the source term, which can be a general 

function of the field variable. The source terms are written in a linear form prior to 

discretization [88].  

                                                                                                                                             

   and    may also depend on  . 

The volume integral of the source term is calculated by using Eqns. 4.4 and 4.10, 

∫                                                                                                                                  

Combining Eqns. 4.3, 4.4, 4.8, 4.9 and 4.11, the spatially discretized form of the transport 

equation can be written as [88] 

∫ [(
   

  
)

 
   ∑          

 

 ∑          

 

]   
    

 

 ∫ (           )
    

 

                                                                                     

The integrands of Eq. 4.12 can be totally evaluated numerically based on the cell center 

values and the mesh properties together with the appropriate discretization schemes. 

The first term in the integrand of Eq. 4.12 contains the time derivative of the filed value  . 

The time derivative is written in terms of cell center field values using the approximation of 

Eq. 4.13 [88]. 

(
   

  
)

 
  

                           

  
                                                                         

The unknown term is the value of the gradient at time   (LHS of Eq. 4.13). The solution at 

time        is already known from the previous iteration or from the initial condition at the 

start of the solution. The gradient is evaluated using the expression at the RHS of Eq. 4.13. 
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The middle term of the integrand of Eq. 4.12 contains the field values at the cell faces of the 

computational mesh (terms involving subscript  ). These values can be evaluated in two 

ways: By using explicit discretization or by using implicit discretization.   

In the explicit discretization method, face values are evaluated from the known solution of the 

previous time step [88] using an appropriate discretization scheme. For example, in the central 

differencing discretization scheme using explicit method, the unknown face value at time   is 

calculated (for a uniform mesh) by using the known cell center values at time        using 

Eq. 4.14.  

       
                 

 
                                                                                                  

Using the explicit method, Eqns. 4.12 – 4.14 can be combined to directly calculate the current 

value of the field at each cell center. 

In the implicit method, the face values are evaluated based on the unknown field values at 

time t, as in Eq. 4.15.  

       
           

 
                                                                                                                      

Since the face values then depend also on the present field values of the neighboring cells 

(denoted by subscript N), the implicit method results in an algebraic equation for each cell, of 

the form as given in Eq. 4.16 [88].  

        ∑       

 

                                                                                                                

When written for every cell in the computational mesh, Eq. 4.16 yields a system of algebraic 

equations of the form: 

                                                                                                                                                         

where matrix A consists of coefficients    as diagonal entries, and coefficients    as off 

diagonal entries.   is the vector consisting of cell center values of the field for all cells in the 

mesh and S is the source term vector. 

The system of algebraic equations as given by Eq. 4.17 is then numerically solved to obtain 

the unknown fields (species concentrations, temperature, velocity, pressure etc.) for the given 

time step; the solution is proceeded in time until the end time of the simulation is reached.  
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4.2 The pressure-velocity coupling 

The numerical solution of the momentum conservation equation (Eq. 3.2) introduces some 

difficulties due to the nonlinearity of the convective term and the absence of an explicit 

equation for pressure [72].  

The single phase incompressible form of the momentum conservation equations takes the 

form [88]: 

                                                                                                                                                         

  

  
                                                                                                                          

The momentum equation is discretized using the procedure described in the section 4.1.3 to 

obtain Eqns. 4.20 - 4.24 [88]: 

                                                                                                                                              

where 

    ∑    

 

 
  

  
           

Then,    is given by: 

    
 

  
 

 

  
                                                                                                                                    

The interpolated form of Eq. 4.21 gives the velocities on the cell faces:  

    (
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An equation for pressure is obtained by substituting    in the continuity equation (Eq.4.18). 

  (
 

  
  )  ∑  

 

 (
 

  
)
 

                                                                                                                

The face flux F, is given by: 

                                                                                                                                                       

The correct solution of both the pressure and the velocity field should satisfy simultaneously 

both the continuity equation and the momentum equation (Eqns. 4.18 and 4.19). These 
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solutions are found by iteratively solving the discretized Eqns. 4.20 - 4.23. The main 

algorithms used for the iterative solution are the PISO [89] and the SIMPLE algorithm [90]. 

The PISO algorithm is applied to transient simulations while the SIMPLE algorithm is used 

for steady state flows where the nonlinearity of convective term of the momentum equation is 

more important.  The PIMPLE algorithm which is a combination of the PISO and SIMPLE 

algorithms is used in the present work.  

4.2.1 The PISO algorithm 

The PISO algorithm is used to solve the discretized Eqns. 4.20 - 4.23 in transient simulations. 

The algorithm proceeds through the following four steps [88]. 

1. Momentum predictor: Eq. 4.20 is solved using the pressure field from the previous time 

step, giving an approximate solution for the new velocity field.  

2. Pressure solution: Predicted velocities in step 1 are used to evaluate H and solve the 

pressure equation Eq. 4.23 to obtain the new pressure field. 

3. Explicit velocity correction: The velocity field is corrected based on the new pressure field 

using Eq. 4.21. 

4. Based on the corrected velocities, the H field is updated, the new pressure equation is 

solved, and the procedure is repeated from step 3 until a selected set tolerance (difference 

between the present solution and the previous solution) for the convergence is reached. 

4.2.2 The SIMPLE algorithm 

The SIMPLE algorithm is used for the pressure velocity solution in steady state problems 

[88]. It consists of 5 specific steps as follows [91]: 

1. An approximate velocity field is calculated by solving the momentum equation using the 

pressure field of the previous iteration. 

2. Using the approximate velocity field, the mass fluxes at the cell faces are computed. These 

mass fluxes are not conservative because the velocity field is only approximate. 

3. The pressure equation is solved to obtain a new pressure field; pressure under relaxation is 

applied (Eq.4.26). In pressure under relaxation, the pressure solution is modified according to 

Eq. 4.26 to improve the numerical stability of the solution. 
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4. The velocity field and the mass fluxes are corrected based on the new pressure field.  

5. Procedure is repeated from step 1 until finally convergence is reached. 

The pressure under relaxation is performed according to Eq. 4.26 [88]: 

                                                                                                                               

where      is the new pressure field to be used in the momentum predictor step;      is the 

pressure field used in the previous momentum predictor,    is the pressure solution and    is 

the user specified pressure under relaxation factor.    varies between 0 and 1.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3: The PIMPLE solution algorithm – schematic illustration. 
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4.2.3 The PIMPLE algorithm  

The PIMPLE algorithm [92] is a combination of the PISO and SIMPLE algorithms and is 

used in the OpenFOAM solver in the present work to solve the pressure and velocity fields. In 

the PIMPLE algorithm, SIMPLE stages (outer correctors) are applied over a given number of 

PISO stages (inner correctors) until convergence is reached for each time step. Then, the 

procedure is repeated with the next time step. If the number of outer correctors is set to 1, the 

algorithm acts as the PISO algorithm [92]. A schematic of the PIMPLE solution procedure is 

presented in Fig. 4.3 [93]. Same algorithms are applied in the two phase case, where they are 

applied to each phase separately. 

 

4.3 The CFD simulation of the REGA gasifier 

The present work uses the open source CFD tool OpenFOAM [70]  to perform the CFD 

simulations of the REGA gasifier. The CFD solver used is called the 

reactingTwoPhaseEulerFoam. The reactingTwoPhaseEulerFoam solver of the OpenFOAM 

package is a two-phase solver for modeling reacting flows using the Euler-Euler approach. 

The governing mathematical equations of the solver are the ones presented in Chapter 3. The 

numerical solution techniques and algorithms used by the solver are discussed in the present 

chapter.  

The CFD mesh is generated using the mesh generation utility blockMesh of the OpenFOAM 

package. Instructions for the mesh generation as well as the instructions for the solver (e.g. 

selection of sub models, discretization schemes and of time step, simulation times) are 

provided in a case file. The file structure of the OpenFOAM case file to run simulations is 

illustrated in Fig. 4.4.  

Simulations were performed using parallel computing with 20 cores at 2.5 GHz. The 

approximate time for the solution to reach the steady state was 60 days using the detailed 

mechanism and 12 days using the reduced mechanism II. The reduced mechanism II is 

selected for CFD simulations based on the comparison of performances of the three reduced 

mechanisms in terms of accuracy. This is presented in detail in chapter 5 (Tables 5.1 and 5.2). 
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Figure 4.4: The structure of the OpenFOAM case setup. 

 

4.3.1 Initial and boundary conditions 

The initial and boundary conditions of the CFD simulation are set according to the 

experimental conditions of the REGA gasifier [41, 42]. In the experiments, ethylene glycol, 

oxygen, and air are injected from the top center of the REGA gasifier at two different inlet 

fuel/air equivalence ratios, 2.12 and 1.67, respectively. In the experiment, the reactor walls are 

heated using electrical heating. The reactor is operated at atmospheric pressure [41, 42]. The 

thermo – thermodynamic data file 

constant 

REGA Simulation 

0 Consists of initial and boundary 

conditions for solved variables 

Polymesh Consists of instructions for mesh generation 

chemistryProperties – instructions for the chemistry solver  

combustionProperties – combustion model and numerical constants 

phaseProperties – settings for phase sub models (e.g. drag model) 

radiationProperties – numerical constants for radiation model 

thermophysicalProperties – transport model, equations of state, 

         thermodynamics specification. 

turbulenceProperties – settings for RANS k-e turbulence model 

reactions – chemical kinetic reaction mechanism 

system 

controlDict – general solver settings, start time, end time,  

                        write interval etc. 

decomposeParDict – settings for parallel computing 

fvSchemes – Schemes for finite volume discretization 

fvSolution – Algebraic solvers and PIMPLE settings 
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initial conditions of the fields at the start of the simulations and boundary conditions used in 

the present work corresponding to these experimental conditions are listed in Tables 4.1 and 

4.2.  

Table 4.1: Initial and boundary conditions for the experimental setup at ϕ = 2.12. 

 Velocity 

/       

Pressure 

/ atm 

Temperature 

/ K 

Species mass fraction  

Inlet                         O2 = 0.721 

N2 = 0.279 

EGliquid = 1  

Wall No slip 

 condition 

Zero gradient Zero gradient Zero gradient 

Outlet Zero gradient Zero gradient Zero gradient Zero gradient 

Initial 

condition 

(0,0,0) 1           

        

O2 = 0 

N2 = 0.15 

H2 = 0.02  

CO = 0.34 

CO2 = 0.25 

H2O = 0.24 

 

Table 4.2: Initial and boundary conditions for the experimental setup at ϕ = 1.67. 

 Velocity 

 /       

Pressure  

 / atm 

Temperature  

 / K 

Species mass fraction 

Inlet                          O2 = 0.516 

N2 = 0.484 

EGliquid = 1  

Wall No slip 

condition 

Zero gradient Zero gradient Zero gradient 

Outlet Zero gradient Zero gradient Zero gradient Zero gradient 

Initial 

condition 

(0,0,0) 1          

        

O2 = 0 

N2 = 0.25 

H2 = 0.015  

CO = 0.25 

CO2 = 0.245 

H2O = 0.24 

 

4.4 The parameter study of the REGA 

The composition of the syngas produced in a gasification process varies with the operating 

conditions of the gasifier. One of the aims of the present work is to study the effect of the 

operating conditions of the REGA gasifier on the output composition of the syngas using 

numerical simulations. The reduced CPU time of the present CFD model as a result of using a 

reduced chemical kinetic reaction mechanism and the Euler-Euler approach allows 
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conducting a parameter study of the REGA gasifier. In the parameter study, three parameters 

are varied: the pressure, the fuel preheat temperature, and the equivalence ratio. The resulting 

final syngas composition is studied by performing a series of CFD simulations. The summary 

of the calculations of the parameter study and the ranges of the variation of parameters are 

presented in Table 4.3. 

Table 4.3: Summary of the simulations of the parameter study of the REGA gasifier. 

Simulation number Fuel preheat 

temperature (K) 

Operating pressure 

(atm) 

Equivalence ratio 

ϕ 

Temperature  

1 300 1 2.12 

2 325 1 2.12 

3 350 1 2.12 

4 375 1 2.12 

5 400 1 2.12 

6 425 1 2.12 

Pressure 

1 300 1 2.12 

7 300 2 2.12 

8 300 3 2.12 

9 300 4 2.12 

10 300 5 2.12 

Equivalence ratio 

11 300 1 1.50 

12 300 1 1.67 

13 300 1 1.80 

14 300 1 2.00 

1 300 1 2.12 
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5. Results and Discussion 

This chapter presents the results of the validation of the reduced mechanisms by use of 

experimental data taken from literature as well as comparison with calculations using the 

detailed mechanism. Three reduced mechanisms developed by using three different reduction 

methods as presented in Chapter 2 are validated and the most accurate reduced model is 

further validated using CFD simulations. This chapter presents: (i) Computations of two 

fundamental combustion properties, ignition delay times and laminar flame speeds of ethylene 

glycol and of major intermediates within the oxidation of ethylene glycol, (ii) the two-

dimensional CFD simulations of REGA, and (iii) the results of the parameter study of the 

REGA.  

The chapter consists of three main sections. The first section presents the validation results of 

the detailed and reduced reaction mechanisms for ethylene glycol oxidation. As given in 

Chapter 2, the reduced mechanisms in the present work are developed by applying three 

different reduction techniques to the detailed reaction mechanism. A summary of the number 

of species and reactions of the developed reduced mechanisms are given in Table 2.3. The 

reaction mechanisms are validated by calculating ignition delay times and laminar flame 

speeds for the conditions presented in Tables 2.4 and 2.5 in Chapter 2 and by comparing them 

with published experimental data.  

In the next section, results of the CFD simulations are presented. For the two-dimensional 

CFD simulations of the REGA, the best reduced mechanism, in terms of the agreement with 

the detailed mechanism and experimental data, is selected for further validation with respect 

to ethylene glycol entrained flow gasification experiments in the REGA. The results of the 

CFD simulations using the detailed and reduced mechanisms are presented. Simulation results 

are compared against the published experimental data for radial species profiles and 

temperature profiles from the REGA [41, 42].  

Finally, the validated reduced mechanism is used to perform a parameter study of REGA to 

investigate the effect of fuel preheat temperature, operating pressure, and equivalence ratio on 

syngas produced, and the results are presented.  

5.1 Reaction pathway analysis of ethylene glycol decomposition 

Figure 5.1 presents the reaction pathway diagram of ethylene glycol conversion under the 

typical gasification conditions of REGA (T = 1500 K, p = 1 atm, ϕ = 2). The reaction pathway 
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diagram is obtained using the detailed mechanism and is constructed using the software tool 

chemical work bench [60]. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1: Reaction pathway diagram for the pyrolysis of EG at               and 

       . Black arrows: C atom flux, Blue arrows: H atom flux. 

 

According to Fig. 5.1, a major decomposition pathway of EG, to methanol and to 

formaldehyde, can be identified: 

                                                                                                                         

This reaction accounts for about 80% of the decomposition of ethylene glycol under the 

investigated conditions. The remaining 20% converts to acetaldehyde and HOCH2CHO.  

Methane is produced through methyl radical reactions with formaldehyde (R5.2). 

                                                                                                                                  

In the major path, formaldehyde is converted to HCO through reactions R5.3 and R5.4, which 

further reacts to produce CO and subsequently CO2: 
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According to the reaction pathway diagram, acetaldehyde, methane and syngas (mixture of 

hydrogen and carbon monoxide) are formed as stable intermediates within the EG 

decomposition. In addition to ethylene glycol, these species are used for the validation of the 

reduced reaction mechanisms. 

 

5.2 Validation of the reaction mechanisms – Ignition delay times 

The results of the ignition delay time (IDT) computations for three different species, ethylene 

glycol, acetaldehyde, and methane, as well as for syngas (50% CO and 50% H2) are presented 

in Figs. 5.2 - 5.12. 

Ethylene glycol ignition delay times. Figure 5.2 presents the ignition delay times of ethylene 

glycol, calculated using the detailed mechanism and three reduced mechanisms. The results 

are compared against experimental data taken from [43].  

 
Figure 5.2: Calculated (lines; reduced mechanisms, this work) and experimental (symbols; 

Kathrotia et al. [43]) ignition delay times of ethylene glycol/air mixtures: p = 16 bar, ϕ = 1. 
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experimental data for temperatures ranging from 800 K to 1400 K. For temperatures above 

1100 K, the predicted IDTs of three reduced mechanisms almost coincide. This is because the 

reduction procedure is focused on high temperature target conditions which are important in 

REGA simulations. For temperatures below 1100 K, the three reduced mechanisms slightly 

deviate among each other, while still showing a very good performance.  

Acetaldehyde ignition delay times. Figures 5.3 - 5.6 present the comparison between measured 

and calculated ignition delay times of acetaldehyde, a stable decomposition product within the 

conversion of ethylene glycol (see Fig. 5.1), at a pressure of 3.5 bar for fuel lean and fuel rich 

equivalence ratios.  

For the fuel lean regime at ϕ = 0.5 (Figs. 5.3 and 5.4), the ignition delay times of acetaldehyde 

calculated by using the detailed reaction mechanism (Fig. 5.3) and the three reduced     

models (Fig. 5.4) show a good agreement with the experimental data only in the high 

temperature region, for T > 1500 K . In the lower temperature region, i.e. T<1500 K, all 

mechanisms show a similar deviation with respect to the experimentally measured data. The 

simulations overpredict the measured IDT. The maximum over prediction with experimental 

data is about 4 ms.   

Figs. 5.5 and 5.6 present the acetaldehyde IDT in the fuel rich region for ϕ = 2. Considerable 

deviations can be observed in the low temperature region (T < 1600 K) between the computed 

and the experimental values.  Again, the reduced mechanism II shows the best agreement with 

the detailed mechanism. 

These deviations from the experimental data in acetaldehyde computations can be explained 

with respect to the base reaction mechanism. This base mechanism is a high temperature 

ethylene glycol oxidation mechanism, which needs not to have a complete acetaldehyde sub 

mechanism. Therefore, disagreements between experimental and computational data can be 

expected. The reduced mechanisms show good agreement with the detailed mechanism with 

respect to acetaldehyde calculations. Reduced mechanism II, developed using the DRG 

method shows the best agreement with the detailed mechanism. This is because the DRG 

method operates by identifying couplings between species within ethylene glycol mechanism. 

In the rate of production diagram (Fig. 5.1) it can be seen that acetaldehyde is strongly 

coupled to ethylene glycol and hence the DRG method preserves the acetaldehyde 

submechanism, showing better agreement with the detailed mechanism as compared to other 
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two methods. The reduced mechanisms I and III are both based on sensitivity analysis and 

show similar performance with respect to acetaldehyde IDT. 

 
Figure 5.3: Calculated (line; detailed mechanism, Kathrotia et al. [43]) and experimental 

(symbols; Dagaut et al. [95]) ignition delay times of acetaldehyde/air mixtures: p = 3.5 bar,    

ϕ = 0.5. 

 

 
Figure 5.4: Calculated (lines; this work) and experimental (symbols; Dagaut et al. [95]) 

ignition delay times of acetaldehyde/air mixtures: p = 3.5 bar, ϕ = 0.5. 
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Figure 5.5: Calculated (lines; detailed mechanism, Kathrotia et al. [43]) and experimental 

(symbols; Dagaut et al. [95]) ignition delay times of acetaldehyde/air mixtures: p = 3.5 bar,    

ϕ = 2. 

 

 
Figure 5.6: Calculated (lines; this work) and experimental (symbols; Dagaut et al. [95]) 

ignition delay times of acetaldehyde/air mixtures: p = 3.5 bar, ϕ = 2. 
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Methane ignition delay times. In Figs. 5.7 - 5.10, the performances of the mechanisms are 

investigated with respect to methane ignition delay times. The IDTs are computed in the 

temperature range of 1515 K to 1725 K, a pressure of 3.5 bar and for an equivalence ratio of 

0.5. According to the ROP analysis, see Fig. 5.1, methane is a further stable intermediate 

within the decomposition of ethylene glycol. However, in the entrained flow gasification 

experiments and hence also in simulations, methane is observed in very low concentrations 

(less than 1 vol %). In Figs. 5.7 and 5.8, the detailed mechanism and the reduced mechanisms 

I and II show little deviation among each other, these mechanisms over predict the methane 

ignition delay times with a highest deviation about 80 μs, in the investigated temperature 

range. The reduced mechanism III shows good agreement with the experimental data while 

deviating from the detailed mechanism. This is due to the post reduction optimization 

performed with the lin-TM reduction tool, where the reduced mechanism III is optimized with 

respect to atmospheric methane IDTs. The optimization procedure changes the rate constants 

of the reactions of the reduced mechanism III from the corresponding rate constants of the 

detailed mechanism. Also, the reduced mechanism III has a significantly lower number of 

species and reactions as compared to the other two reduced mechanisms (Table 5.1). 

Therefore, deviations between reduced mechanism III and the detailed mechanism can be 

expected.  

 
Figure 5.7: Calculated (lines; detailed mechanism, Kathrotia et al. [43]) and experimental 

(symbols; Zhukov et al. [96]) ignition delay times of acetaldehyde/air mixtures: p = 3.5 bar,   

ϕ = 0.5. 
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Figure 5.8: Calculated (lines; this work) and experimental (symbols; Zhukov et al. [96]) 

ignition delay times of methane/air mixtures: p = 3.5 bar, ϕ = 0.5. 

 

 
Figure 5.9: Calculated (lines; detailed mechanism, Kathrotia et al. [43]) and experimental 

(symbols; Zhukov et al. [96]) ignition delay times of methane/air mixtures: p = 15 bar,           

ϕ = 0.5. 
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mechanism, while the reduced mechanism III deviates from the detailed mechanism due to 

reasons mentioned earlier. 

 
Figure 5.10: Calculated (lines; this work) and experimental (symbols; Zhukov et al. [96]) 

ignition delay times of methane/air mixtures: p = 15 bar, ϕ = 0.5. 

 

Syngas ignition delay times. The investigation of the syngas combustion characteristics of the 

mechanisms is important because of the recirculation of syngas in the gasifier as explained in 
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Table 5.1 presents a summary of the performance of the reduced mechanisms in ignition delay 

time computations with respect to the detailed mechanism. 

  
Figure 5.11: Calculated (lines; detailed mechanism, Kathrotia et al. [43]) and experimental 

(symbols; Herzler and Naumann [97]) ignition delay times of syngas/air mixtures: p = 4 bar, 

ϕ = 1. 

 

 
Figure 5.12: Calculated (lines; this work) and experimental (symbols; Herzler and Naumann 

[97]) ignition delay times of syngas/air mixtures: p = 4 bar, ϕ = 1.0. 
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Table 5.1: Summary of the performance of the reduced mechanisms in ignition delay time 

computations with respect to the detailed mechanism. Green: Very good agreement, Yellow: 

Good agreement, Red: Satisfactory agreement. 

ethylene glycol acetaldehyde methane syngas 

Calc. Overall 

Eval. 

Calc. Overall 

Eval. 

Calc. Overall 

Eval. 

Calc. Overall 

Eval. 

16 bar 

  = 1 

800<T<1400 

RI  3.5 bar 

  = 0.5 

1300<T<1650 

RI 3.5 bar 

  = 0.5 

1500<T<1700 

RI 3.5 bar 

  = 0.5 

950<T<1400 

RI 

RII  RII RII RII 

RIII  RIII RIII RIII 

  3.5 bar 

  = 2 

1300<T<1800 

RI 15 bar 

  = 0.5 

1400<T<1700 

RI   

RII RII 

RIII RIII 

5.3 Validation of the reaction mechanisms – Laminar flame speeds 

As a second step of validating the reaction mechanisms used and developed within the present 

work, calculated laminar flame speeds (LFS) of the EG/air mixture and its major 

intermediates, acetaldehyde and methane are compared against experimental data from 

literature. A summary of LFS calculations are given in Table 2.4. 

Ethylene glycol laminar flame speed data. Figure 5.13 presents the calculation results of 

laminar flame speeds of ethylene glycol over the equivalence ratio range of 0.5 to 1.75, at 

atmospheric pressure and at a preheat temperature of 318 K. Unfortunately, no experimental 

data are available for ethylene glycol flame speeds in the literature. Therefore, the 

performance of the three reduced mechanisms is compared against the detailed mechanism. 

According to Fig. 5.13, in the fuel lean region, for ϕ < 0.9, all three reduced mechanisms 

show almost identical performance with respect to the detailed mechanism. All mechanisms 

predict the peak flame speed at an equivalence ratio of about 1.15 and the predicted value 

deviates only slightly (about 2%) among each other. The deviations between the reduced 

mechanisms increase for ϕ > 1.4, with maximum deviation compared to the detailed 

mechanism, as shown by the reduced mechanism III, reaches about 14%. Overall, all three 

reduced mechanisms capture well the flame speeds predicted by the detailed mechanism. 

 



 

66 
 

 
Figure 5.13: Calculated (curves; this work) laminar flame speeds of ethylene glycol/air 

mixtures: p = 1 atm, Tu = 318 K. 

 

Acetaldehyde laminar flame speed data. Figures 5.14 and 5.15 present the comparison of the 
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atmospheric pressure at two different temperatures (338 K and 348 K) for equivalence rations 

from 0.5 to 1.8. In both cases, the detailed mechanism (solid blue curves) reproduces the 

experimental data with good accuracy. The maximum flame speed and the location of the 

maximum, at around ϕ = 1.1, are well predicted by the computations. All reduced mechanisms 

show good agreement with the detailed mechanism in fuel lean conditions while a deviation 

of approx. 10% can be observed in fuel rich conditions. The slight deviation in fuel rich 

region can be explained by the target conditions used in the reduction procedure. The target 

conditions were selected to have an equivalence ratio of one. Overall, all three reduced 

mechanisms show a good agreement with the experimental data and the detailed mechanism 

in predicting laminar flame speeds of acetaldehyde.  
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Figure 5.14: Calculated (lines; this work) and experimental (symbols; M. Christensen et al. 

[98]) laminar flame speeds of acetaldehyde/air mixtures: p = 1 atm, Tu = 338 K. 

 

 
Figure 5.15: Calculated (lines; this work) and experimental (symbols; M. Christensen et al. 

[98]) laminar flame speeds of acetaldehyde/air mixtures: p = 1 atm, Tu = 348 K. 
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slightly underpredicts the laminar flame speed for 0.77 < ϕ < 1.2. The location of the 

maximum flame speed (at ϕ = 1.1) is well predicted by the detailed mechanism. 

All three reduced mechanisms show little deviation in the fuel lean region, as compared to the 

detailed mechanism. In the fuel rich region, the reduced mechanisms I and III show a 

divergence from the detailed mechanism by about 10 % and 12% respectively.  

 
Figure 5.16: Calculated (lines; this work) and experimental (symbols; Van Maaren et al. [99]) 

laminar flame speeds of methane/air mixtures: p = 1 atm, Tu = 298 K. 

 

Figure 5.17 presents the calculated and experimental methane flame speeds at a pressure of 
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reduced mechanisms show a good agreement with the experimental data, but not the reduced 
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rich regions as well as the maximum flame speed and the location of the maximum flame 

speed.  
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Figure 5.17: Calculated (lines; this work) and experimental (symbols; Egolfopoulos et al. 

[100]) laminar flame speeds of Methane/air mixtures: p = 3 bar, Tu = 300 K. 

 

Table 5.2 presents a summary of the performance of the reduced mechanisms in laminar 

flame speed computations with respect to the detailed mechanism. 

Table 5.2: Summary of the performance of the reduced mechanisms in laminar flame speed 

computations with respect to the detailed mechanism. Green: Very good agreement, Yellow: 

Good agreement, Red: Satisfactory agreement. 
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Calc. Overall 

Eval. 

Calc. Overall 

Eval. 

1 atm  
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Tu = 318 K 

RI 1 atm  
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Tu = 338 K 
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0.6 <   <1.45 

Tu = 298 K 

RI 

RII RII RII 

RIII RIII RIII 
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Tu = 348 K 

RI 3 bar  
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RI 
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Performance of the detailed and the reduced mechanisms with respect to ignition delay time 

and laminar flame speed. Comparing the performances of the mechanisms with respect to 

ignition delay time and laminar flame speed computations, the detailed mechanism shows a 

good agreement with the experimental data for all investigated conditions for all fuels. 
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Among the three reduced mechanisms, the reduced mechanism II shows the best agreement 

with the detailed one (Tables 5.1 and 5.2). The reduced mechanism III has the smallest 

number of species and reactions among the three reduced mechanisms but showed the highest 

deviation from the detailed mechanism.  

In the present work, a reduced mechanism will be used to perform a parameter study of for 

the REGA gasifier using CFD simulations. This makes it important for the reduced 

mechanism to perform similar to the detailed mechanism, i.e. with a similar accuracy, in a 

wide range of operating conditions, with respect to temperature, pressure and equivalence 

ratios. The CFD simulations introduce a harder test for the reduced mechanism compared to 

IDTs and laminar flame speeds. This is because the CFD simulation presents a largely 

varying set of thermochemical states with in a single simulation, as compared to the single 

specified condition in an IDT or laminar flame speed calculation.  

The reduced mechanism II is selected as the most suitable one of the reduced three 

mechanisms for the REGA parameter study. This mechanism, having 48 species and 297 

reactions (Table 2.3), is further validated by CFD simulations of the REGA gasifier and the 

results are presented in section 5.4. 

5.4 Validation - CFD simulation using the detailed reaction mechanism 

In this section, the performance of the detailed mechanism in a two-dimensional CFD 

simulation of the REGA environment will be presented. For the validation of the detailed 

mechanism, the radial profiles of the syngas components, CO, H2, CH4, CO2, and temperature 

will be calculated at two locations along the height of the gasifier (300 mm and 680 mm 

downstream of the injection point) and compared against the experimental data obtained from 

[41]. The operating equivalence ratio of the gasifier is 2.12 in accordance with the 

experimental conditions [41]. 

Figure 5.18 presents the comparison of experimental data and calculated radial variation of 

the syngas components CO, H2, and CH4 together with CO2 profiles at a distance of 300 mm 

downstream from the injection point. Away from the flame zone, the calculated species 

profiles show little radial variation. The trend of the distribution of the gas components is well 

predicted by the simulation. Methane (squares) is produced in small percentages according to 

the simulation, which is in agreement with the experimentally measured data. H2 (traingles) 

concentrations are slightly underpredicted by the calculations, by up to about 6% 

(concentration difference), at the center. CO concentrations (circles) are overpredicted in the 
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simulation, with a maximum deviation of about 5% at the axis. The CO2 concentrations 

(rhombs) are underpredicted by around 6%. These deviations can be attributed, at least to 

some extent, to simplifications in the CFD simulation, such as the RANS approach and 

turbulence chemistry interaction model. At the axis, the CO and CO2 profiles have a peak 

value, while the H2-profile depicts a minimum. These radial variations correspond to the 

radial extension of the flame zone, where the production of CO and CO2 as well as the 

consumption of H2 takes place. 

 

 
Figure 5.18: Calculated (curves; detailed mechanism, this work) and experimental (symbols; 

Fleck et al. [41]) radial species profiles of CO, H2, CO2, and CH4 at a distance of 300 mm 

downstream from the injection point. 

 

Figure 5.19 presents the comparison between calculated values and experimental data of CO, 

H2, CH4, and CO2 profiles at a distance of 680 mm from the injection point. At this location, 

the calculated species profiles show a nearly uniform variation along the radial direction, 

which is in agreement with the experimental profiles. The simulation correctly predicts the 

relative distribution of the syngas components. The H2-concentration is well predicted; the 

CO concentration is over predicted by about 3% (concentration difference), while the CO2 

concentration is under predicted by around 4%. The CH4 percentages are less than 1% in both 

the experiment and the calculation, with the calculation slightly over predicting the measured 

values.  
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Figure 5.20 presents the comparison between calculated and experimental radial temperature 

profiles at two distances downstream from the injection point, at 300 mm (red) and 680 mm 

(black), respectively. The radial temperature measured at 680 mm is well predicted by the 

simulation. At 300 mm location, the experimental radial temperature in the wall region (red 

stars) is correctly predicted by the simulation (curve, red dash dotted), while it is over 

predicted by around 300 K in the flame region. This difference can be partly attributed to the 

hydrogen under prediction by the model at the axis mentioned earlier, which implies a high 

hydrogen burn out by the CFD model resulting in a high heat release and in a high 

temperature thus over predicting the experimental value. Experimental uncertainties can also 

contribute to the observed deviation between the experimental and the calculated values.  

 
Figure 5.19: Calculated (curves; detailed mechanism, this work) and experimental (symbols; 

Fleck et al. [41]) radial species profiles of CO, H2, CO2 and CH4 at a distance of 680 mm 

downstream from the injection point. 

 

Based on the validation results presented in Figs. 5.18 – 5.20, it is concluded that the CFD 

simulation using the detailed reaction mechanism for ethylene glycol [43] is in good 

agreement with the experimental data [41] in terms of the prediction of the syngas 

components as well as of the radial temperature profiles in the REGA gasifier.  
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Figure 5.20: Calculated (curves; detailed mechanism, this work) and experimental (symbols; 

Fleck et al. [41]) radial temperature profiles at distances of 300 mm and 680 mm downstream 

from the injection point. 

 

5.5 The flow fields calculated with the detailed EG reaction mechanism within the REGA  

Figure 5.21 presents the two-dimensional flow fields of velocity, temperature, and mole 

fractions of ethylene glycol, O2, as well as CO and H2 which are major syngas components.  

The streamline plot shows the presence of the recirculation zone (Fig. 5.21a), also identified 

in previous studies using the Euler-Lagrange approach [65]. The recirculation zone brings the 

syngas from the bottom of the gasifier to the top where it is burnt together with the bio-slurry 

surrogate, ethylene glycol. Just below the injection point, the temperature field shows the 

maximum value (Fig. 5.21b). This region is rich with recirculated syngas and oxygen supplied 

at the injection (Fig. 5.21d), indicating the combustion of the recirculated syngas and ethylene 

glycol. The comparison of the H2, CO, and O2 fields suggests that (most) CO and H2 are not 

produced within the combustion zone but outside, under fuel rich conditions within the lower 

region of the flame.  
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(a) Velocity field (b) Temperature field (c) ethylene glycol (gas)  

      
(d) O2 (e) CO (f) H2 

 

Figure 5.21: Calculated (detailed mechanism) two dimensional flow fields within the reactor. 

 

5.6 Validation of the reduced mechanism II – CFD simulations 

In this section, the results of the CFD simulations of the REGA gasifier obtained using the 

reduced mechanism are presented. The comparison between calculated and measured radial 

profiles of temperature and species concentrations of CO, H2, CH4, and CO2 will be given. 

The ultimate aim of the present work is to develop a CPU time efficient, well validated 
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reduced reaction mechanism for ethylene glycol which can be used to perform parameter 

studies of REGA gasification process using CFD simulations. In terms of CPU time, the 

developed reduced reaction mechanism II is approximately 5 times faster compared to the 

detailed mechanism.  

The selected reduced mechanism II is validated using two experimental data sets, one at an 

equivalence ratio ϕ of 2.12 [41] and the other one for ϕ = 1.67 [42]. The operating conditions 

of the gasifier under these experimental conditions are summarized in Tables 4.1 and 4.2 in 

chapter 4. 

5.6.1 Species and temperature profiles at an equivalence ratio of 2.12 

Figure 5.22 presents the comparison of calculated radial species profiles using the reduced 

reaction mechanism II with experimental data obtained from [41].  

 
Figure 5.22: Calculated (curves; reduced mechanism II, this work) and experimental 

(symbols; Fleck et al. [41]) radial species profiles of CO, H2, CO2, and CH4 at a distance of 

300 mm downstream from the injection point. 
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small percentages in the calculations, which is confirmed by the experiment. The species 

profiles in the central region of the reactor show strong radial variations. These radial 

variations correspond to the radial extension of the flame zone, where production of CO and 

CO2 as well as H2 consumption takes place. 

In Fig. 5.23, species profiles calculated for a distance of 680 mm downstream of the injection 

point are presented against the experimental data. At this location, the simulation using the 

reduced mechanism correctly predicts the uniform radial variation of species profiles, as well 

as the distribution of syngas components. The H2 concentrations are accurately predicted by 

the simulation. CO concentration is over predicted by around 4 %  and CO2 concentrations are 

under predicted by around 6 %. 

 
Figure 5.23: Calculated (curves; reduced mechanism II, this work) and experimental 

(symbols; Fleck et al. [41]) radial species profiles of CO, H2, CO2 and CH4 at a distance of 

680 mm downstream from the injection point. 

 

Figure 5.24 presents the calculated and experimental temperature profiles at                  

distances of 300 mm and 680 mm from the injection point. The simulation shows an over 

prediction of the temperature by about 300 K inside the flame zone while the temperatures 

outside the flame zone are well predicted. This behavior was also observed with the detailed 

mechanism. The experimentally measured temperatures at a location 680 mm downwards the 

injection are well predicted by the simulation. 
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Figure 5.24: Calculated (curves; reduced mechanism II, this work) and experimental 

(symbols; S. Fleck et al. [41]) radial temperature profiles at distances of 300 mm and 680 mm 

downstream from the injection point. 

 

5.6.2 Species and temperature profiles at an equivalence ratio of 1.67 

Figure 5.25 presents the calculated radial species profiles of CO, H2, CO2 and CH4 using the 

CFD simulation at a distance of 300 mm downstream of the injection point. The simulation is 

performed for an equivalence ratio of 1.67, corresponding to the experimental conditions 

described in [42]. The experimental data are obtained from [42]. The simulations are in good 

agreement with the experiment in the wall region of the reactor, in predicting the 

compositions of CO, H2, and CO2. In the flame region, both the CO and H2 concentrations are 

under predicted in the simulations, while the CO2 concentration is over predicted. 

In Fig. 5.26, species profiles calculated at a distance of 680 mm downstream of the injection 

point is presented against the experimental data. All the major species concentrations show a 

very good agreement with the experimental data while the minor product methane 

concentration is over predicted by the simulation.  
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Figure 5.25: Calculated (curves; reduced mechanism II, this work) and experimental 

(symbols; S. Fleck et al. [42]) radial species profiles of CO, H2, CO2 and CH4 at a distance of 

300 mm downstream from the injection point. 

 

 
Figure 5.26: Calculated (curves; reduced mechanism II, this work) and experimental 

(symbols; S. Fleck et al. [42]) radial species profiles of CO, H2, CO2 and CH4 at a distance of 

680 mm downstream from the injection point. 
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Figure 5.27 presents the calculated temperature profiles of the REGA gasifier, at distances of 

300 mm and 680 mm from the injection point. The calculated profiles are in good agreement 

with the experimental data. 

 

 
Figure 5.27: Calculated (curves; reduced mechanism II, this work) and experimental 

(symbols; S. Fleck et al. [42]) radial temperature profiles at distances of 300 mm and 680 mm 

downstream from the injection point. 

 

In summary, by considering all the validation calculations, it can be concluded that the 

developed reduced mechanism can be used successfully to predict the gasification kinetics of 

ethylene glycol with respect to syngas production.  
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room temperature to 425 K. The maximum investigated temperature was selected to be lower 
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preheat temperature of the liquid ethylene glycol, the amount of evaporated ethylene glycol to 

the gas phase within the flame zone increases, which in turn increases the local equivalence 

ratio to the fuel rich direction, resulting in an increase of CO and H2. The variation cannot be 

observed after the preheat temperature has reached a certain value (about 375 K), indicating 

that further increase in preheat temperature do not change significantly the fraction of 

evaporated liquid ethylene glycol within the flame zone. 

  
(a) (b) 

Figure 5.28: Calculated (reduced mechanism II) exit mole fractions of (a) CO and CO2, (b) H2 

and H2O vs. fuel preheat temperature at p = 1 atm and φ = 2.12. 

5.7.2 Effect of the equivalence ratio 

The equivalence ratio has the strongest effect on the composition of the syngas. Fig. 5.29 

presents the variation of CO, H2, CO2, and H2O mole fractions against the equivalence ratio.  

  
(a) (b) 

Figure 5.29: Calculated (reduced mechanism) exit mole fractions of (a) CO and CO2, (b) H2 

and H2O vs. equivalence ratio at p = 1 atm and fuel preheat temperature of 300 K. 
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Euler-Lagrange simulations in the work of Rashidi et al. [86]. With the increase of 

equivalence ratio, the mole fractions of the combustible components (CO and H2) increase, 

while those of the oxidation products H2O and CO2 decrease. This is because the oxygen 

amount in the inlet gas stream is increasingly insufficient to completely oxidize the fuel. 

5.7.3 Effect of the operating pressure 

Figure 5.30 presents the effect of operating pressure on the syngas composition. The mole 

fractions of CO and H2O decrease with increasing pressure while the CO2 and H2 mole 

fractions increase. These results can be understood in terms of the equilibrium kinetics of the 

exit syngas. The equilibrium relation between the syngas components can be approximated by 

the water gas shift reaction, 

                                                                                                                                        

The equilibrium constant of the water gas shift reaction decreases with increasing temperature 

[101]. In the simulations it has been observed that the temperature of the exit gas slightly 

decreases with the increase of pressure, therefore driving the equilibrium of reaction R5.5 to 

the right; this explains the observed variation of species concentrations of CO, CO2, H2, and 

H2O in Fig. 5.30. The slope of pressure vs. concentration curve decreases as the pressure 

increases. This observed behavior of the syngas composition vs. operating pressure was also 

reported in another study of the REGA, conducted using an ideal jet stirred reactor          

model [86]. 

  
(a) (b) 

Figure 5.30: Calculated (reduced mechanism) exit mole fractions of (a) CO and CO2, (b) H2 

and H2O vs operating pressure at fuel preheat temperature of 300 K and φ = 2.12. 
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6. Summary and Conclusion 

The adverse environmental impacts and increasing prices of fossil fuels indicate the need for 

the research on renewable fuels. Biomass based fuels are a widely used class of renewable 

energy sources. The aim of the present work was first, to develop a reduced and validated 

chemical kinetic reaction mechanism capable to describe the gasification process of a 

pyrolysis oil surrogate; second, to include this reduced reaction model into a CFD tool; and 

finally, to model the entrained flow gasification process of the REGA gasifier using CFD 

simulations.  

A detailed reaction mechanism developed earlier in our group to model the oxidation process 

of ethylene glycol was used as the starting point to develop the reduced mechanism in the 

present work. Three reduced mechanisms were developed using three different reduction 

methods; sensitivity analysis, directed relation graph, and a novel reduction technique 

developed in our group which uses sensitivity analysis and linear transformations.  

The performance of the detailed mechanism and the three reduced mechanisms was then 

investigated by computing ignition delay times and laminar flame speeds of ethylene glycol, 

methane and acetaldehyde over a wide range of conditions (pressure: 1 bar to 16 bar, 

temperature: 298 K to 1800 K, equivalence ratio: 0.5 to 2) and comparing the results with 

published experimental data. It was observed that all mechanisms show good agreement with 

the experimental data at the conditions investigated.  Among the three reduced mechanisms, it 

was observed that the reduced mechanism developed using the directed relation graph method 

had the best performance. This reduced mechanism was selected for further validation using 

CFD simulations. 

The CFD simulation of the REGA gasifier was performed using the open source CFD tool 

OpenFOAM. The Euler-Euler approach was used to model the two phase system. The results 

of the CFD simulations were compared against the published experimental data from the 

REGA. The calculated species profiles of CO, H2, CO2, and CH4 as well as temperature 

profiles at two different locations on the axis of the gasifier; 300 mm and 680 mm 

downstream of the injection point, were compared against the published experimental data 

from REGA.  

The simulation results obtained using the detailed mechanism were used to study the fuel 

conversion in the gasifier using two dimensional species, flow and temperature fields within 
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the reactor. A reaction pathway analysis was performed using the detailed reaction 

mechanism to investigate the pathways to syngas production under the gasification conditions 

of the REGA. 

It was found that both the detailed mechanism and the reduced mechanism show very good 

agreement with the experimental data while the reduced mechanism was found to be 

approximately 5 times faster in terms of CPU time as compared to the detailed mechanism.  

Finally, the validated reduced reaction mechanism was used to perform a parameter study of 

the REGA. The study consisted of conducting a series of CFD simulations under different 

operating conditions of the gasifier. The investigated parameters were the fuel preheat 

temperature, the operating pressure and the equivalence ratio. The results of the simulations 

showed that the equivalence ratio had the strongest impact on the syngas composition 

produced, leading to an increase of the mole fractions of combustible components (CO and 

H2) of the syngas with the equivalence ratio. Fuel preheat temperature had a minor impact on 

the syngas composition. The effect was an increase of combustible components with 

increasing temperature. The composition of the syngas for a given equivalence ratio and a 

preheat temperature only slightly varied with pressure. However, conversion of syngas under 

higher pressures may have other advantages such as reduced sizing of the reactor and the ease 

of downstream fuel processing in situations where syngas is targeted to be subjected to high 

pressure fuel conversion processes. 

In summary, it can be concluded that the tools developed in the present work can be 

successfully used to model the entrained flow gasification process of pyrolysis oil, in REGA 

and other similar entrained flow gasifiers, using ethylene glycol as a single component 

surrogate fuel for pyrolysis oil. 
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