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ABSTRACT 
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 In this study, a Multi-phase CFD model based on comprehensive pyrolysis 
chemical reaction model was developed to simulate the gasification process of 
biomass. Gasification temperature and steam to biomass ratio were the main 
parameters studied in this work. The present study filled the gap was left by the 
previous studies since it was able to analyze the effect of gasification temperature 
and steam to biomass ratio on the gasification products of almond shells. The effect 
of those parameters on produced gas composition, lower heating value of the 
produced gas, char yield, tar content, and tar components were studied. The obtained 
results of the base case agree to a good extent with the results of the experiment. 
Besides, the obtained results of the base case were compared with another CFD study 
to prove the accuracy of the present model. 

Keywords: biomass, gasification, fluidized bed, syngas, CFD, SBR, char, LHV 

  

Supervisor : Asst. Prof. Dr. Gokturk Memduh Ozkan 
                     Year: 2019, Pages: 56 
Jury            : Asst. Prof. Dr. Gokturk Memduh Ozkan 
                    : Prof. Dr. Huseyin Akilli 
                    : Assoc. Prof. Dr. Cihan Yildirim 



II 

ÖZ 

YÜKSEK LİSANS TEZİ 

AKIŞKAN YATAKLI GAZ DÖMÜŞTÜRÜCÜDE BUHARLI BİYOKÜTLE 
GAZLAŞTIRMA PROSESİNİN HAD ANALİZİ 

Husam Abdulkarem Abdulrazzaq AL-QADASI 

ÇUKUROVA ÜNİVERSİTESİ 
FEN BİLİMLERİ ENSTİTÜSÜ 

MAKİNE MÜHENDİSLİĞİ ANABİLİM DALI        

 

        

 

 

Bu çalışmada, biyokütlenin gazlaştırma işlemini simüle etmek için kapsamlı 
piroliz kimyasal reaksiyon modeline dayanan Çok-Fazlı bir CFD modeli 
geliştirilmiştir. Gazlaştırma sıcaklığı ve buharın biyokütle oranı bu çalışmada 
çalışılan ana parametrelerdir. Bu çalışma boşluğu doldurdu deneysel çalışma 
tarafından bırakıldı, çünkü gazlaştırma sıcaklığı ve buharın biyokütle oranının 
gazlaştırma ürünleri üzerindeki etkisini analiz edebildi. Bu parametrelerin üretilen 
gaz bileşimi üzerindeki etkisi, üretilen gazın düşük ısıtma değeri, kömür verimi, 
katran içeriği ve katran bileşenleri incelenmiştir. Temel davadan elde edilen 
sonuçlar, deney sonuçlarına büyük ölçüde katılıyor. Ayrıca, temel durumdan elde 
edilen sonuçlar mevcut modelin doğruluğunu kanıtlamak için başka bir CFD 
çalışmasıyla karşılaştırılmıştır. 
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EXTENDED SUMMARY 
 

Recently, the planet faces a critical problem of global warming, which negatively 

and dangerously affects all organisms on earth. The use of fossil fuels is one of the main 

reasons for the exacerbation of this dangerous phenomenon, and therefore the need to 

use renewable and clean energy resources has emerged. 

The use of renewable energy resources may solve many environmental and 

economic problems because these resources are available worldwide. Encouraging 

scientific research in these areas contributes to the protection of the climate of the earth. 

Biomass energy is one of the most promising renewable energy sources in the world. 

The use of biomass energy can help to reduce environmental pollution by using 

unwanted residuals from industrial activities. The availability of biomass residuals in 

various countries has attracted the attention of many researchers around the world. The 

biomass gasification process is one of the most effective ways to utilize biomass energy. 

The advantage of the gasification process is increasing the produced syngas through 

the reaction between the gasification agent and produced char. Gasification agent can be 

steam, oxygen or air. Some of the most important parameters in the gasification process 

are the gasification temperature and steam to biomass ratio (���).  

A good estimation of optimum gasification temperature could help increase the 

efficiency of the gasification process by increasing produced syngas, hence the potential 

energy to be extracted from the biomass. 

There are different types of gasifier reactor such as updraft gasifiers, downdraft 

gasifiers, circulating fluidized bed gasifiers, entrained flow gasifiers, and fluidized bed 

gasifiers. Fluidized bed gasifiers offer good mixing characters due to the movement of 

the bed material, thus the heat transfer rate increases. 
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In this study, the effect of gasification temperature on fluidized bed gasification 

process in terms of produced gas components, lower heating value of the produced gas, 

char yields, tar content, and tar components was studied using Computational Fluid 

Dynamics model. The effect of temperature on gasification was investigated at T = 950 

K, 1043 K, and 1100 K. 

The minimum fluidization velocity and the ratio of terminal velocity to minimum 

fluidization velocity were taken as ��� = 0.075 �/� and ������/��� = 2.44, 

respectively. 

In addition, the effect of steam to biomass ratio (���) on the previously mentioned 

parameters, which are produced gas components, lower heating value of the produced 

gas, char yields, tar content, and tar components, was also studied. The values of steam 

to biomass ratio was used in this study (���=0.8, ���=1, and ���=1.2). 

The model was able to solve 36 equations simultaneously including continuity 

equations, momentum equations, energy equations and species equations for both solid 

and gas phase. In addition k-epsilon turbulence model and Eulerian-Eulerian, multi-

phase model were adopted in this model. 

The gasification modeling process was based on a comprehensive pyrolysis 

chemical reaction model ,which consist of two main stages. The first stage is the primary 

pyrolysis stage, which consist of sixteen chemical reactions. The second stage is the 

secondary pyrolysis stage or secondary tar cracking stage, which consist of ten chemical 

reactions. Crushed almond shells were used as a biomass feedstock, sand was used as 

bed material and steam was used as a gasification agent. 

The results were validated with an experimental work of (Rapagna et al., 2000) and 

analyzed using a comparison of dry produced gas components, lower heating value of 

the produced gas, char yield and tar content between experimental work and the results 

obtained from numerical model, furthermore, the gained results were compared with the 

previous study done by (Eri et al., 2018).  
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The model was proved to obtain results which agree to a very good extent with the 

experimental work of (Rapagna et al., 2000), however, the obtained results were found 

to be more accurate than the model proposed by (Eri et al., 2018). 

The effect of gasification temperature on the mole fraction of dry syngas, which is 

free of condensable gases and tar content. With the increase of the temperature above 

1043 �, the rate of production of �� is higher than ��. For this reason, it is more 

practical to increase the gasification temperature when the aim is producing ��. Besides, 

the gasification temperature has a negative effect on the mole fraction of both ��� and ��� in which their mole fractions are decreasing with increasing gasification 

temperature. In addition, the value of lower heating value (���), char yield, and tar 

content are decreasing with increasing gasification temperature. 

It was found that as steam to biomass ratio (���) increases, both �� and �� mole 

fraction increase, which is agree with the results obtained by (Franco et al., 2003, 

Gungorl et al., 2011). On the other hand, as ��� ratio increases both ��� and ��� mole 

fraction decrease. ��� of the producer gas is reduced by increasing the ���. In addition, 

with increasing ���, char yeild increases and tar content decreases. 

The effect of both gasification temperature and steam to biomass ratio (���) on the 

tar components was also studied. In this study ������, ������, �����, ����, ������, and �������� was considered as the tar component. The effect of secondary 

tar cracking reactions was obvious and noted. 

In this study, the commercial ��� solver ����� ������ 17 was used to develop 

a biomass gasification model based on a comprehensive model of pyrolysis. Results 

obtained from the numerical model were compared with the experimental results and 

some previous studies in terms of gas yield, lower heating value (���), char and tar 

yield. 
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 The present study filled the gap was left by the previous studies since it was able to 

analyze the effect of gasification temperature and steam to biomass ratio on the 

gasification products of almond shells. Besides, the obtained results of the base case 

were compared with other computational fluid dynamics (���) study to prove the 

accuracy of the present model. 

 Studying the effect of equivalence ratio, the height of the bed, the material of the bed 

and geometry of the gasifier reactor is recommended of future studies. In addition, 

studying the hydrodynamic behavior of fluidized bed gasifier is recommended to 

improve and optimize the efficiency of the process. 
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1. INTRODUCTION 
 

Due to the low stocks of fossil fuels such as coal and oil, as well as the limited 

resources and environmental and climatic problems resulting from its use, which directly 

affect the lives of different organisms on the planet, the need to use renewable, unlimited 

and environmentally friendly sources of energy has emerged. 

Biomass is one of the most promising renewable sources of energy used since 

ancient times as an energy source used in cooking, heating, and lighting. Among the 

many technologies to exploit biomass energy, gasification technology has emerged as 

one of the most effective and efficient techniques (Littlewood, 1977, Shadle et al., 2000, 

Phillips, 2006).  

Gasification can be defined as a thermo-chemical process through which flammable 

gases such as ��, ��, and ��� can be extracted from biomass in the presence of a 

gasification agent such as steam, air or oxygen. Gasification purposes are not limited 

only to syngas production which can be used as a source of energy, but it can also be 

used to produce many chemical feedstocks (Ku et al., 2015). 

Interest in gasification began for the first time scientifically in 1659 by Thomas 

Shirley, who conducted the first investigation to produce the ��� using gasification 

technology (Sikarwar and Zhao, 2017). Attention to this technology continues to be 

developed to the present. Gasification products can replace conventional fuel sources 

since they can be used as fuel for heating, internal combustion engines or for generating 

electricity by gas turbines. Produced char can also be utilized as an alternative to coal. 

In addition, the produced gases can be used as raw materials for liquid fuels and some 

chemicals production (Kirkels and Verbong, 2011, Ferreira et al., 2009, Kırtay, 2011).  
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There are many types of gasification reactor such as upward draft, downward draft, 

cross draft, and fluidized bed gasifiers (Baruah and Baruah, 2014). Fluidized bed reactor 

is one of the most efficient types of gasification reactors, as it improves the rate of heat 

transfer and mass significantly, provides a better temperature control within the reactor 

and has good mixing characteristics (Kern et al., 2013, Li et al., 2004, Shen et al., 2008). 

Bed material can be either inert such as sand or catalytic such as olivine (Rapagna 

et al., 2000). Bed material and its fluidized movement help increase the heat transfer rate 

to biomass and maintain a uniform temperature distribution inside the reactor. Many 

physical and chemical processes occur inside the gasification reactor such as drying, 

pyrolysis, combustion, gasification, tar cracking, as well as an infinite number of 

complex chemical reactions (Baruah and Baruah, 2014, Boroson et al., 1989). 

During the drying stage, the moisture content of the biomass is eliminated. The 

higher the moisture content in the feedstock, the less efficient the process of gasification. 

This is due to the waste of part of the thermal energy in the evaporation process of 

moisture (Kaushal et al., 2011, Gungor, 2011). 

The pyrolysis stage is one of the most important stages of the gasification process, 

during which long and complex hydrocarbon chains are cracked into smaller and less 

complex chains (Basu, 2010). Some researches have divided the process of pyrolysis 

into two stages(Blondeau and Jeanmart, 2012, Mellin et al., 2014). The first stage is the 

primary pyrolysis stage, during which char, syngas, and tar are produced. The second 

stage is secondary pyrolysis stage, during which the tar is cracked into non-condensable 

gases and char. In this study, a comprehensive two-stage pyrolysis chemical reaction 

model has been used to develop the numerical model. However, the chemical reactions 

of pyrolysis are still complex and not fully understood (Calonaci et al., 2010). 

During the gasification stage, the char reacts with the gasification agent and gases 

produced at the pyrolysis stage to increase the production syngas which is a combination 
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of ��, �� and ���. There are two types of chemical reaction in the gasification stage, 

which are homogenous and heterogonous reactions. 

Recently, computational fluid dynamic models have become widely popular and 

used to model complex systems with a capability to obtain more accurate results, as they 

are constantly under development and improvement (Papadikis et al., 2010, Ku et al., 

2013). What helps to make it more practical is the rapid development of computer 

capabilities which in turn contributes to reducing the computational costs. 

Computational fluid dynamic models have demonstrated their ability to save effort 

and money in comparison to laboratory experiments. In numerical models, an infinite 

number of modifications can be made to the various parameters of the system and their 

impact can be studied on the obtained results using only a computing machine. Unlike 

laboratory experiments that require a lot of equipment, devices, and materials that may 

be unavailable or difficult to obtain. 

In general, the approaches used for modeling fluidized bed gasification systems can 

be classified into Eulerian-Eulerian approach and Eulerian-Lagrangian approach. For the 

Eulerian-Lagrangian approach, the characteristics of the gas phase are studied through a 

control volume, while the solid phase characteristics are studied by tracking each particle 

individually as it moves through space and time (Snider et al., 2011, Xie et al., 2012, Ku 

et al., 2015). On the other hand, the Eulerian-Eulerian approach deals with both gas 

phase and solid phase as interpenetrating continuum (Gerber et al., 2010, Wang et al., 

2009, Xie et al., 2014). 

Using Eulerian-Lagrangian approach, the results obtained could be more accurate, 

but due to limited computing capabilities available, it is difficult to adopt the Lagrangian 

approach. This is because the tracking process of each particle individually requires very 

high specifications for the computing machine. For example, in a study conducted by 

(Zhou et al., 2005), which investigates the coal combustion, they were able to make a 
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simulation of only two seconds using 20 particles of coal and 2,000 particles of sand by 

adopting the Lagrangian approach. 

In this study, the commercial ��� solver ����� ������ 17 was used to develop 

a biomass gasification model based on a comprehensive model of pyrolysis. Results 

obtained from the numerical model were compared with the experimental results 

available within the literature (Rapagna et al., 2000) and some previous studies in terms 

of gas yield, lower heating value (���), char and tar yield. The effects of some 

parameters on the results of the numerical model were also studied and analyzed. 
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2. LITERATURE REVIEW 
 

Thermodynamic equilibrium model has been developed by (Schuster et al., 2001) to 

simulate a heat and power plant based on a fluidized bed gasifier. The effect of many 

parameters on the products of the gasification process and the lower heating value of the 

produced gas was studied. The results of the model show that with high temperature the 

concentration of both �� and �� increases while the concentration of both ��� and ��� 

decreases. The study did not show a clear effect of temperature on ���. 

Using ASPEN PLUS simulator, a comprehensive process model was developed by 

(Nikoo and Mahinpey, 2008) for gasification biomass. Through the model, the effect of 

both temperature and ��� on the components of the producer gas and carbon conversion 

efficiency was studied. As the temperature increases, �� production increases and 

carbon conversion becomes more efficient. However, �� production decreases. Also 

with the increasing ���, the production of both �� and ��� is increasing while both ��� concentration and carbon conversion efficiency is decreasing. In general, the results 

obtained from the model lack accuracy as they failed to predict some trends. 

(Kumar et al., 2009) study focused on the effect of both temperature and ��� on the 

concentration of ��, ���  and char experimentally. This study showed that with an 

increase in temperature, the concentration of �� increases significantly, while there is 

no effect of ��� on �� concentration. On the other hand, the increase in temperature 

reduces the concentration of ��� and carbon conversion efficiency, while the 

concentration of ��� increased with increasing ���. The study failed to determine any 

behavior of �� concentration under both parameters. In addition, the study showed that 

as ��� increases, the amount of char increases, but it wasn’t able to determine any 

pattern of the effect of temperature on the amount of char. 
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To predict the products of the gasification process a thermodynamic equilibrium 

model has been developed by (Karmakar and Datta, 2011). The results of the model were 

compared with the results of the laboratory experiments. Laboratory results and model 

results showed that as the temperature increases, the concentration of both �� and �� 

increases, while ��� and ��� concentrations appeared in the opposite direction. The 

effect of ��� on the resulting gas components was also studied. The result of �� 

concentration was well consistent with the laboratory results but the accuracy of the 

results of both �� and ��� concentrations were poor. In addition, the model failed to 

determine the true trend of ��� concentration. The results of the model show that as the ��� increases, ��� concentration increases and this is contrary to the laboratory results. 

An experimental study conducted by (Chang et al., 2011) to investigate the 

gasification of the biomass to produce the syngas. The experiment results showed that 

as the temperature increases the concentration of the syngas and its ��� are increasing. 

However, this study failed to determine the obvious effect of ��� on both the 

concentration of the syngas and its ���.  

(Xue and Fox, 2014) study demonstrates the ��� model of gasification using 

fluidized bed gasifier. The kinetic theory of granular flow was used for modeling the 

physical and chemical processes of the solid phase and its interaction with the gas phase. 

The gasification agent was the air instead of steam in this study. The results of the 

simulation showed that with higher temperatures, the production of both �� and ��� 

increases whereas the production of ��, ���  tar, and char decreases. The effect of the 

air to biomass ratio on �� production was positive. In contrast, the ��, ���, ���  and 

tar decreased with increasing ���. 

Lagrangian-Eulerian method has been used by (Ku et al., 2015), to model the solid-

gas phases. The gasification agent was steam and several parameters have been studied 

such as reactor temperature, steam to biomass ratio and biomass injection position. The 
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results showed that a higher temperature is preferable to produce �� and ��. Increasing 

of steam to biomass ratio increases both of �� and ��� concentration while decreases �� concentration.  

Two diminsional, ��� model has been developed by (Ismail et al., 2016) using 

Eulerian-Eulerian method to model gas-solid phases. The model can predict the effect 

of equivalence ratio in the gasification temperature and provide sensitive analysis of the 

model of produced syngas composition in addition to higher heating value and cold gas 

efficiency. The high moisture content of the feedstock has a bad effect on cold gas 

efficiency and HHV. The effect can be decreased by increasing the equivalence ratio. 

Higher �� increases ��� and ���  concentration and decreases ��, ��, and ���. 

Increasing moisture content increases the �� due to the water-gas shift reaction. 

A comprehensive model was developed by (Liu et al., 2016) using the multi-phase 

approach to apply a parametric study to know the effect of some parameters on the 

producer gas components. The results of the study showed that as the temperature 

increases, the production of both �� and �� improves while the concentration of both ��� and ��� decreases. The results also showed that as ��� increases both �� and ��� 

concentrations increase. However, the study could not clearly determine the effect of ��� on both �� and ���. The study showed that the effect of ��� on the producer gas 

components is much lower compared to the effect of temperature.  

The effect of both temperature and steam biomass ratio have been studied by (Eri et 

al., 2018). The simulation proceeds with a temperature of (950 K, 1000 K, 1045 K, and 

1100 K) and steam to biomass ratio of (.8, .9, 1, 1.1 and 1.2). As the temperature 

increases the mole friction of �� increase, while ��� and ��� decrease. The tar content 

decrease while the char yield increase with increasing the temperature. The effect of 

steam to biomass ratio was not obvious on syngas, tar content, char yield, and tar 

composition. 
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Gasification tests were performed in a pilot-scale fluidized bed gasifier by (Ismail et 

al., 2018), in order to and investigate the effect of gasification temperatures at 750 ⁰C, 

800 ⁰C, and 850 ⁰C at a constant biomass flow rate of 45 kg/h. Both phases, solid and 

gaseous, were described using Eulerian-Eulerian approach. The produced results show 

the impact of the increased temperature in the lower heating value of the syngas. The 

tests carried out at 750 ⁰C shown an increase in ��� and N2 and a decrease of �� in the 

range of 5% compared to the tests carried out at 850 ⁰C. In addition, increased 

temperature favors a decrease in tar production in the thermal gasification process. 

Elevated temperatures tend to favor the thermal cracking reactions and increased �� 

concentration, which increase the calorific value of the synthesis gas. 

A comprehensive ��� model was developed by (Qi et al., 2019) for the simulation 

of biomass gasification in a fluidized bed reactor. The results showed that as the 

temperature increases, the production of �� improves, while the concentration of ��� 

decreases. This is consistent with the laboratory results, but the model fails to predict the 

correct trend of �� concentrations. The laboratory and numerical results also showed no 

significant effect of temperature on the concentration of ���  On the other hand, both �� and ��� are increased with increased ���, while the concentration of �� decreases. 

 



3. MATERIAL and METHOD     Husam Abdulkarem Abdulrazzaq AL-QADASI 

9 
 

3. MATERIAL and METHOD 
 

3.1.  Parameters and Material Characterization 
The model developed in this study is based on the experimental work done by 

(Rapagna et al., 2000), which used steam as a gasifier agent. Table 3.1 summaries the 

main properties of bed material used.  

 

Table 3.1. Main properties of bed material (Rapagna et al., 2000) 
Property  Bed material 

Size distribution (mm) 

>0:780 

0.780-0.655 

0.655-0.550 

0.550-0.463 

0.463-0.390 

0.390-0.328 

0.328-0.275 

0.275-0.231 

0.231-0.165 

 

0 

0 

5 

20 

29 

24 

14 

7 

1 

Equivalent diameter (��) 348 ��� (�/�) (with steam at 820 �) 0.075 

Particle density (��/��) 2640 

 

Table 3.2 summarizes the proximate analysis and ultimate analysis of almond 

shells in addition to lower heating value, density, and particle size. The biomass feed 

rate was fixed at 0.3 ��/ℎ and the steam to biomass ratio ��� = 1. The experimental 
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test with sand as bed material was performed at temperature of 1043 � (Rapagna et al., 

2000). 

 

Table 3.2. Physical and chemical properties of biomass (Rapagna et al., 2000) � (wt %) 46.65 �� (wt %) 5.55 �� (wt %) 38.74 �� (wt %) 9.06 

Volatile matter (wt %) 72.45 

Moisture (wt %) 7.90 

Ash (wt %) 1.16 

Fixed carbon (wt %) 18.49 ��� (��/��) 18350 

Density (��/��) 1200 

Particle size (��) 1100 

 

3.2.  Mathematical and Numerical Modeling Approach 
First, the pyrolysis and char gasification chemical reaction model will be discussed in 

details then the Eulerian-Eulerian multiple phase model will be discussed. All pyrolysis 

reactions are modeled with first-order Arrhenius kinetics depending on the pre-

exponential factor (�), activation energy (�): 

 � = ��� ���                                                                                                                                                      (1) 

 

Where � is the reaction rate constant. 
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3.2.1. Pyrolysis Chemical Reactions Model 
Pyrolysis is a thermo-chemical process in which the high complex hydrocarbon 

molecules of biomass are decomposed into smaller and more useful molecules in a form 

of gas, liquid, and char. The pyrolysis process usually occurs in the total absence of 

oxygen (Demirbas and Arin, 2002). Pyrolysis process of biomass is usually performed 

at relatively low temperature ( 237 K to 923 K ) compared to gasification temperature ( 

1073 K to 1273 K ) (Basu, 2010). 

 

3.2.2. Primary Pyrolysis Kinetic Scheme 
The primary pyrolysis chemical reactions with the activation energies and reaction 

constants are shown in Table 3.3. (Ranzi et al., 2008, Calonaci et al., 2010). The reaction 

of moisture evaporation was taken from (Blondeau and Jeanmart, 2012). The 

corresponding reaction heat for pyrolysis reactions also summarized in the same table 

(Calonaci et al., 2010). In Table 3.3, cellulose and hemicellulose are indicated as ���� 
and ����� while the various types of lignin indicated as ����� which is rich in carbon, ����� which is rich in �� and ����� which is rich in oxygen. Active Cellulose, which 

is obtained during the primary pyrolysis process as well as the rest of the components 

are considered as intermediate products. In the model, cellulose, hemicellulose, lignin, 

active cellulose, and char were modeled as solid species while the other components 

were modeled as a gaseous species. All of the produced gases from primary pyrolysis 

reactions are condensable gases, which form the tar except ��, ��, ���, ���, ����, 

and ��O, which are non-condensable gases (Susastriawan et al., 2017). In the 

thermogravimetric analysis, the initiation of pyrolysis occurs quickly for both 

hemicellulose ( 220 – 315 C) and cellulose (315 – 400 C). However, lignin needs a higher 

temperature to decompose ( 160 – 900 C) (Yang et al., 2007). 

 

 



3. MATERIAL and METHOD     Husam Abdulkarem Abdulrazzaq AL-QADASI 

12 
 

Table 3.3. Primary pyrolysis chemical reactions (Ranzi et al., 2008, Calonaci et al., 2010) 
NO. Reaction � (1/�) � (��/���) �1 ���� →  5��� + 6� 8 × 10� 125.5 �2 ���� →  ����� 8 × 10�� 192.5 �3 ����� →  ��� 4� 41.8 �4 ����� →  0.16 ���  +  0.23 �� +  0.9�2� +  0.1 ���  +  0.61� +  0.25������  +  0.2��������  +  0.2������ +  0.25������  +  0.95��� 

1 × 10� 133.9 

�5 ����� →  0.4�����1 +  0.6�����2 1 × 10�� 129.7 �6 �����1 → 0.75�� + 0.8 ��� + 1.4�� + 

0.5���� 

3 × 10� 113 

�7 �����1 →  �����  3� 46 �8 �����2 →  ���+0.5 ��� + 0.25���� + 0.8�� 

+ 0.8�� + 0.7����  + 0.25����� + 

0.125������ + 0.125��� + �  

1 × 10�� 138.1 

�9 ����� →  0.35������ +  0.1��������� + 

0.08������ + 0.41���� + ��� +0.495 ��� + 

0.32�� + ��+�� + 5.735�  

4 × 10�� 202.9 

�10 ����� →  ������ +  ��������  2 × 10�� 156.9 �11 ����� →  ������ +  ���  1 × 10� 106.7 �12 ������ → 0.3��������� + 0.2������  + 0.35������� − ���� + 0.7��� + 0.65 ��� + 

0.6���� + 1.8�� + ��+6.4�  

5 × 10� 131.8 
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3.2.3. Secondary Pyrolysis Reactions Scheme 

 

Primary pyrolysis process produces complex, heavy molecular gaseous species 

which can be condensed. During the residence of this species inside the gasifier and 

its flow through the bed material, tar undergoes a cracking process in which the 

heavy, condensable gaseous could be degraded to lighter and non-condensable gases 

(Xue and Fox, 2014).  

According to (Fagbemi et al., 2001), the tar cracking process proceeds at a 

temperature higher than 500 C. The long residence time of chat inside the gasifier 

and its contact with char are important parameters that affect the tar cracking process 

(Fagbemi et al., 2001). Also, the gasification temperature plays an important role in 

tar decomposition as the decomposition increases as temperature increases. The 

mechanism of secondary pyrolysis is not understood yet because of the complexity 

of its reactions (Gómez-Barea and Leckner, 2010). In this study, the secondary 

pyrolysis reaction scheme has been taken from (Blondeau and Jeanmart, 2012) with 

hypothetical values for activation energy and pre-exponential factor from (Park et 

al., 2010) and summarized in Table 3.4. From the reactions listed in Table 3.4, we 

�13 ������ → Lign+H2O +  ����� +0.45 ��� + 

0.2���� + 2CO + 0.7�� + 4.15�   3 × 10� 125.5 

�14 ���� → ������ − �ℎ����  8� 50.2 �15 ���� → ���+2�� + 0.2����  + 0.4 �����  

+ 0.2 ������  + 0.2 �������� + 0.6 ��� + 

0.65���� + 0.5�� + 5.5C  

1.2 × 10� 125.5 

�16 ���(�) → ���(�) 5.3�10�� 88 
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can see that some reactions are contributing to char yield as the tar cracking reactions 

proceed. 

 

Table 3.4. Secondary pyrolysis chemical reactions (Blondeau and Jeanmart, 2012, Park 

et al., 2010) 

NO. Reaction � � (��/���) �17 ������ → 3 �� + 1.5���� 4.28 × 10� 108 �18 �������� → 0.5 ��� + 0.5�� + 1.25���� 4.28 × 10� 108 �19 ��������� → ��� + 2.5���� + 3� 4.28 × 10� 108 �20 ������ → 0.5 ��� + 1.5���� + 2.5� 4.28 × 10� 108 �21 ����� → 2 ��� + �� + 1.5���� 4.28 × 10� 108 �22 ��� → 2.5 ��� + 1.5�� + 1.75���� 4.28 × 10� 108 �23 ��� → 2 �� + 2�� 4.28 × 10� 108 �24 ������→ 2��  +�� 4.28 × 10� 108 �25 ������ − �ℎ���� → 2 ��� + 3���� + 3� 4.28 × 10� 108 �26 ������� − ���� → ���  +���� 4.28 × 10� 108 

 

3.2.4. Heterogeneous Chemical Reaction Model 
Devolatization of biomass, which occurs during the pyrolysis process, converts 

the biomass particles to a mixture of gases and light char. Produced char consists primly 

of carbon and ash. The oxygen supply to the gasifier should be limited in order to prevent 

combustion. Many studies conclude that the heterogenous reactions between non-

condensable gases inside the gasifier and char are very complex and not fully understood 

yet (Di Blasi, 2009, Ismail et al., 2016). In addition, heterogonous reactions are slower 

than homogenous ones (Xue and Fox, 2014, Gerber et al., 2010). Among the vast range 

of parameters, the particle’s temperature and size, in addition to the gases’ temperature 
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and components, appeared to be the most dominant parameters. Heterogeneous reactions 

and its kinetic parameters were taken from (Basu and Halder, 1989) and summarized in 

Table 3.5. The corresponding reaction rate conistant for heterogeneous reactions is 

 � = ���� ��� 

 

Table 3.5. Heterogeneous chemical reactions (Basu and Halder, 1989) 

NO. Reaction � �(��/���) �27 � +  ��� → 2��  +172.5 ��/��� 3.42 130 �28 � +  ��� → �� + �� +131.3 ��/��� 3.42 130 �29 � +  2�� →  ���  −74.8 ��/��� 3.42 × 10�� 130 

 

3.2.5. Homogeneous Chemical Reaction Model 
The chemical reactions that describe the homogeneous gas-phase chemistry inside 

a gasifier reactor can be reached to hundreds of reactions (Gómez-Barea and Leckner, 

2010, Fletcher et al., 2000), however, it is not possible to model all of those reactions 

due to the difficulty of calculating this huge number of coupled reactions. In order to 

simplify the homogeneous gas-phase reaction, four reactions were used to model the 

conversions in the gasifier reactor. Reactions (�30) and (�31) represent the steam 

reforming reactions while reactions (�32) and (�33) represent the forward and 

backward water-shift reactions. Both reactions and reaction rate expressions are 

summarized in Table 3.6. (Bustamante et al., 2004, Bustamante et al., 2005, Jones and 

Lindstedt, 1988) 
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Table 3.6. Homogeneous chemical reactions (Bustamante et al., 2004, Bustamante et al., 

2005, Jones and Lindstedt, 1988) 

NO. Reaction Reaction rate �30 ���+ ��O→��+3��+206 ��/��� 3 × 10�.exp(− ������ )�������� �31 ����+2��O→2��+4��                   +212 ��/��� 3 × 10�.exp(− ������ )����������  

�32 �� + ��O→ ��� + �� −41 ��/��� 7.68 × 10��.exp(− ������ )����.����� �33 ��� + ��→ �� +��O +41 ��/��� 6.4 × 10��.exp(− ������ )��������.� 

 

3.2.6. Multi-phase ��� Model 
Both the gas phase and solid phase are represented as interpenetrating continuous 

phases using the Eulerian-Eulerian modeling approach (Anderson and Jackson, 1967, 

Drew, 1983, Ishii and Hibiki, 2010). The gas-phase which consists of all gaseous 

components is considered as primary phase, however, the solid phase which consists of 

cellulose, active cellulose, hemicellulose, lignin, and char is considered as a secondary 

phase. In addition, the bed material represented as an independent secondary solid phase. 

For each solid phase, all physical properties (particle diameter, density, etc.) and thermal 

properties (specific heat, thermal conductivity, etc.) are introduced. Tracking the volume 

fraction of the phases is the effective method for linking both primary and secondary 

phases. According to Equation 2, the summation of volume fractions of primary and 

secondary phases in the model must equal to unity: 

 �� + ∑ �� = 1����                                                                                                                                           (2) 
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Where subscripts � and � refers to the gas and solid phase, respectively, � is the number 

of the phases, �� is the gas phase’s volume fraction and �� is the solid phases’ volume 

fractions. The kinetic theory of granular material is used to model the dynamic of solid 

transport, solid-solid, and solid-gas interactions inside the gasifier. 

 

3.2.6.1. Gas-phase Governing Equations 
A set of conservation equations for mass, momentum, and energy are used to 

model the gas phase (Xie et al., 2014, Couto et al., 2015, Chen et al., 2014). The 

continuity equation for the gas phase is  �(����)�� + ∇. (������⃗ �) = ���                                                                                                                   (3) 

 

Where �, ⍴, and ��⃗  is the volume fraction, density and velocity vector respectively, ��� 
are the interphase mass transfer terms from the solid phase due to reactions.  

The momentum equation of the gas phase is  

 ���������⃗ ���� + ∇. �������⃗ ���⃗ �� = −��∇� + �����⃗ − ����⃗ � − ��⃗ �� + �����⃗ � + ∇(���̿)  (4)   

                        

Where ∇�, �, �⃗, and �̿ is the pressure, momentum exchange coefficient, acceleration 

due to gravity and second order stress tensor respectively. 

The energy equation of the gas phase is: 

 ��� �������� + ∇�������⃗ ���� = ∇�λ�∇��� + ℎ����� − ��� + �����                           (5) 

 

Where �, λ and � is specific enthalpy, thermal conductivity and temperature 

respectively, ℎ�� is the heat  transfer coefficient between gas the phase and solid phase. 
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In this study, both the solid phase and the gas phase are consist of many species. 

For the gas phase, the species conservation is represented by Equation 6: 

 ��� ��� ������ + ∇. ��� ����⃗ ����� = ���                                                                                           (6) 

 

Where ��� is the mass fraction and ��� is the rate of formation of gas species �. For 

consistency, ∑� = 1 

 

3.2.6.2. Solid-phase Governing Equations 
Conservation equations for mass, momentum, and energy for solid-phase are 

similar to the equations used to model the gas phase (Xie et al., 2014, Couto et al., 2015, 

Chen et al., 2014). The continuity equation for solid-phase is  �(����)�� + ∇. (������⃗ �) = −���                                                                                                                  (7) 

 

The momentum equation of the solid phase is 

 �(�������⃗ �)�� + ∇. (������⃗ ���⃗ �) = −��∇� + �����⃗ − ����⃗ � − ��⃗ ��− �����⃗ � + ∇(����� )      (8) 

 

Many studies (Loha et al., 2012, Sande and Ray, 2014) have concluded that the 

Gidaspow drag model is more convenient for dens bubbling fluidized bed, for this 

reason, the Gidaspow drag model (Gidaspow, 1994, Huilin et al., 2003) was used in this 

study. In addition, the solid-gas exchange coefficient, ���, is given by  

 

When �� > 0.8 ��� = ���� ������|���⃗ �����⃗ �|�� ����.��                                                                                                           (9)   
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When �� ≤ 0.8 ��� = 150 ��������������� + 1.75 ����|���⃗ �����⃗ �|��                                                                                      (10) 

 �� = ������� [1 + 0.15��������.���]                                                                                                   (11) 

Where ��, ��, and ��� is drag coefficient, particle diameter and Reynolds number 

respectively. 

  

 

The energy equation of the solid-phase is 

 ��� (������) + ∇(������⃗ ���) = ∇(λ�∇��) + ℎ����� − ���− �����                             (12) 

 

The heat transfer coefficient between the gas phase and solid phase depends on 

the Nusselt number, the volume fraction of both gas and solid phases, the thermal 

conductivity of the gas λ� and the diameter of solid particles ��. The expression of the 

heat transfer coefficient is given by 

 ℎ�� = ℎ�� = �������������                                                                                                                        (13) 

 

The correlation of Nusselt number proposed by Gunn (Gunn, 1978) is used for 

solid-gas heat transfer coefficient. 
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��� = �7 − 10�� + 5���� �1 + 0.7����.������ + (1.33 − 2.4�� + 1.2���)����.����� 
(14) ��� = ���|���⃗ �����⃗ �|����                                                                                                                                  (15) 

 

Where �� is Prandtl number and � is the void fraction in the bed. 

 

For the solid-solid heat transfer coefficient, the proposed correlation of Nusselt 

number by Tomiyama is used (Tomiyama, 1998). 

 ��� = 2.0 + 0.15 ����.�����                                                                                                           (16) 

 

The species conservation equation for solid-phase has been driven in the same 

way of species conservation of gas phase. Rate of reaction and convection are considered 

in those equations. 

 ��������������� + ∇. �������������⃗ ��� = ����                                                                         (17) 

 

Where ���� is the solid mass fraction and ���� is the rate of formation of solid phase �, species �. 

 

3.2.7. Computational Domain, Initial, and Boundary Conditions 
In this study, two-dimensional geometry is used to represent the computational 

domain. As shown in Figure 3.1, the biomass is introduced to the gasifier through a side-

inlet in the gasifier while the steam is introduced from the bottom of the gasifier. The 

flow domain consists of a rectangular reactor with a width of 60 �� and height of 600 
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�� where the biomass inlet is 20 ��, the steam inlet is 60 ��, and the gas outlet is 

30 ��. Biomass particles and sand particles assumed to be spherical in the simulation. 

Biomass particles’ diameter is fixed to be 348 �� with a density of 1200 ��/��, 

while the sand particles’ diameter is 1100 �� with a density of 2640 ��/��. The 

physical and chemical properties for both sand and biomass have been summarized 

previously in Table 3.1 and Table 3.2, respectively. In addition, the thermal properties 

of sand and biomass are summarized in Table 3.7. (Radmanesh et al., 2006, Ahuja et al., 

1996), where �� is the specific heat. 
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Figure 3.1. The geometry of Fluidized-bed gasifier 

Table 3.7 Thermal properties of the solid phase (Radmanesh et al., 2006, Ahuja et al., 

1996) 

Property Value ��,����� 2380 �/(��.�) ������ 0.158 �/(�.�) ����� 0.2 �/(�.�) 
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��,���� 860 �/(��.�) 

 

In the experimental setup, steam to biomass ratio (���) was 1 and the minimum 

fluidization velocity is ��� = 0.075 m/s while ratio the of terminal velocity to minimum 

fluidization velocity is ������/���  = 2.44 which means that the inlet steam velocity is ������ = 0.183 m/s (Rapagna et al., 2000). The boundary conditions of the base case are 

summarized in Table 3.8. In the simulation, the steam initially filled the gasifier and the 

no-slip wall boundary condition is applied to the walls.  

 

Table 3.8. Boundary condition for the base case 

Property Value ������ 0.183 �/� 

Steam to biomass ratio (���) 1 ����� 1043 � ������ 1043 � ������  600 � ���� 1043 � 

 

In the base case, the initial temperature of the steam, which is the gasification 

agent, walls and sand was set to be 1043K. Meanwhile, the temperature of biomass was 

assumed to be preheated to 600 �. The atmosphere outlet boundary condition is adopted 

for the gas outlet, while the fluidized bed is initially packed at a solid fraction of 0.57 

with a height of 125 ��. 

 

3.2.8. Simulation Strategy 
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ANSYS FLUENT  v17 was used to generate the model run the simulation. The 

time step size was set initially to 10�� s, when the simulation became stable the time 

step size was changed to 10�� s with a maximum 20 iterations per time step. The 

simulation was resolved for 10500 time-step to simulate the gasification for 10.5 

seconds. Many studies have been conducted to study the mesh size effect on the accuracy 

of the obtained results. A coarse mesh, which has a big mesh size, can obtain an over-

prediction of solid expansion height of the bed. On the other hand, the very fine mesh 

can increase the calculation cost and time with no further enhancement in the gained 

results (Chen et al., 2014). The mesh minimum orthogonal quality is 0.99994 , while 

the maximum skewness is 6.4 × 10��, furthermore, the maximum aspect ratio is 1.4. 

According to (Sande and Ray, 2014), the simulation results agree to a good extent with 

the experimental result when the grid size is 10 times bigger than the particle diameter. 

Therefore the total number of mesh was created to be 210000. 
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4. RESULTS and DISCUSSION 
 
4.1. Time-Dependent Analysis 

To prove the stability of the model, the produced gas compositions at the middle of 

the gasifier are monitored. Initially, the steam fills the gasifier reactor while other gas 

compositions do not exist, as seen in Figure 4.1, which represents the instantaneous mole 

fraction of steam as a unity while the other components are zero. As time goes on and 

the chemical reactions proceed, different products are produced and when those products 

reach the mid-line of the reactor, (at 1.5 seconds), the steam mole fraction starts to 

decline while the other components mole fractions start to increase. In addition, the mole 

fractions of both steam and �� are monitored at the gasifier outlet to recognize the point 

at which the model reaches a stable situation.  

 

 
Figure 4.1. Instantaneous change of syngas mole fraction at the gasifier midline 
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Figure 4.2. Instantaneous change of �� and �� mole fractions at the gasifier outlet 
 

From Figure 4.2., it is clearly evident that the model reaches a stable situation at 

5.5 seconds, for this reason, the averaged values of all results are taking from 5.5 seconds 

to 10.5 seconds. The peaks appeared in Figure 4.2 is due to the reverse flow at the gasifier 

outlet. Figure 4.3. shows the fluidized bed movements involving the generation of 

bubbles. As represented in Figure 4.3, the bubbles at the bottom of the bed have small 

diameters and it became bigger as it go up.  
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Figure 4.3. Bed material volume fraction at different time 



4. RESULTS and DISCUSSION  Husam Abdulkarem Abdulrazzaq AL-QADASI 

 

28 
 

Due to the secondary pyrolysis process, the complex and long-chained 

hydrocarbons from the primary are cracked to less complex products which form tar. In 

this study ������, ������, �����, ����, ������, and �������� was 

considered as the tar component. As ������ and �������� go up in the gasifier, they 

undergo a cracking reaction, for that reason the concentration of that two components 

decreases as they go up in the gasifier. Figure 4.4 illustrates the time-averaged mole 

fraction distribution of different tar components along the height of the gasifier. 
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Figure 4.4. Time-averaged distributions of mole fraction of tar components 
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Due to the characteristics of the bubbles, segregation effects were shown in 

Figure 4.5. Represents the mole fraction of char. Char particles which have a lower 

density of the sand particle tend to float on the top of the bed inventory. It is observed 

that the char particles with low density are concentrated on the top of sand particles 

during the bubbling process. 

 

 
Figure 4.5. Time-averaged distribution of char mole fraction 
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4.2.  Model Validation 
Figure 4.6 represents the comparison between the experimental results (Rapagna et 

al., 2000), and numerical work of (Eri et al., 2018), with the obtained results from the 

base case, by means of the volume fraction of produced gas components at the gasifier 

outlet. The gas components considered here are the dry syngas components, which are 

not a part of tar components. Figure 4.6 shows that the simulation results are agreed to 

a good extent with the experimental results. Moreover, the obtained results are more 

accurate than the numerical results obtained by (Eri et al., 2018). 

 

 
Figure 4.6. Comparison between the experimental results (Rapagna et al., 2000), 
obtained results and (Eri et al., 2018) results of produced gas components 
 

To calculate the lower heating value of the syngas, only combustible 

components where considered which are ��, ��, and ���  Equation 18 is used to 

calculate the lower heating value of the produced gas.  
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��� =  12.64��� + 10.8��� + 35.8����                                                                  (18) 

 

Where � is the mole fraction of the gas while the unit of ��� is ��/���. 

 

Figure 4.7 shows a comparison between the experimental work (Rapagna et al., 

2000), current work and previous work done by (Eri et al., 2018) in terms of lower 

heating value, char yield and tar content. It is shown that the current work obtained more 

accurate results compared to the previous work for both char yield and tar content. The 

char yield was calculated by dividing char mass by the total mass of raw biomass entered 

the gasifier. The tar content was calculated by multiplying the concentration of all tar 

components by their molar weight then sum them together. 

 

 
Figure 4.7. Comparison between the experimental results (Rapagna et al., 2000), 
obtained results and (Eri et al., 2018) results of values of tar content, char yield, and ��� 
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According to the results presented and compared with previous experimental and 

numerical studies, the proposed steam gasification model is proved to be reasonable and 

accurate. The detailed results will be presented in the following sections to understand 

the effect of gasification temperature and ��� on the gasification process. 

 

4.3. Effect of Temperature 
During the study of the effect of gasification temperature, both sand temperature and 

wall temperature were set to be the same as the inlet steam temperature of all the cases. 

The temperature values studied in this work were taken as 950 K, 1043 K, and 1100 K. 

Increasing gasification temperature helps to enforce the endothermic reactions. 

Therefore, the products of all homogenous and heterogeneous reactions (except of the 

forward water-shift reaction (�32) and methanation reaction (�29)) are increased with 

increasing the gasification temperature. Figure 4.8 represents the effect of gasification 

temperature on the mole fraction of dry syngas, which is free of condensable gases and 

tar content. With the increase of the temperature, the mole fraction of �� and �� 

increase, however, the rate of production of �� is higher than ��. For this reason, it is 

more practical to increase the gasification temperature when the aim is producing ��. 

Besides, the gasification temperature has a negative effect on the mole fraction of both ��� and ��� in which their mole fractions are decreasing with increasing gasification 

temperature. The obtained results totally agree with many studies (Schuster et al., 2001, 

Karmakar and Datta, 2011, Liu et al., 2012, Wang et al., 2015). 



4. RESULTS and DISCUSSION  Husam Abdulkarem Abdulrazzaq AL-QADASI 

 

34 
 

 
Figure 4.8. Effect of gasification temperature on produced gas components 

 

The time-averaged distributions of �� and �� mole fraction along the gasifier 

reactor are shown in Figure 4.9 and Figure 4.10, respectively. It is obvious that with 

increasing the temperature, the rate of �� mole fraction production is higher than the the 

rate of �� mole fraction. 
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Figure 4.9. Time-averaged distribution of �� mole fraction at 950 �, 1043 � and 
1100 � 
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Figure 4.10. Time-averaged distribution of �� mole fraction at 950 �, 1043 � and 
1100 � 
 

In Equation 8, the coefficient corresponding to the ��� mole fraction is the highest 

and this means that the effect of mole fraction of ��� on the ��� in the most. As 

previously mentioned, the mole fraction of ��� shows a declined trend with increasing 

the temperature, therefore the value of ��� is decreasing with increasing gasification 

temperature. The effect of gasification temperature on the lower heating value of the 

syn-gas is shown in Figure 4.11. The obtained results show that as the gasification 
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temperature decreases below 1043 K, the effect on ��� is more obvious. On the 

contrary, as the gasification temperature increases above 1043 K, the effect on ��� is 

less. 

 

 
Figure 4.11. Effect of gasification temperature on ��� 

 

The gasification temperature effect on char yield and tar content is presented in 

Figure 4.12. The char yield reduces with increasing gasification temperature, this is due 

to the increase of reaction rates of heterogenous reactions. The obtained result agree with 

many literatures (Nikoo and Mahinpey, 2008, Karmakar and Datta, 2011, Kumar et al., 

2009). In contrary, when the gasification temperature decreases the char yield increases 

due to the decreasing of chemical reaction rates char gasification.  

As mentioned before, with increasing the gasification temperature the secondary 

pyrolysis reactions rate increases which means that the tar cracking process rate will 

increase. Therefore, the tar content shows a declined trend with increasing gasification 
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temperature. Figure 4.12 shows that at 950 K, the tar content has the highest value, while 

at 1100 K, the tar content has the lowest.  

               

 

In addition, to understand the effect of gasification temperature on the tar content, 

the effect on the mass fraction of the tar component was studied. Six tar components, 

which are condensable gases, were considered as the tar elements.  

Four of the tar elements, which are ������, ����, ������, and ����� are 

produced during the primary pyrolysis stage but it does not contribute in the secondary 

tar cracking stage, thus the mass fraction of those four elements increases as the 

gasification temperature increases. The reason for that is, as the temperature increases 

the reaction rates of primary pyrolysis reactions increase, so the rate of production of 

those elements increases. On the other hand, the remaining tar elements, which are ������, and ��������, are exposed to the cracking process through secondary 
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pyrolysis reaction, which results in a decrease in their mass fraction with increasing the 

gasification temperature. ���� and ����� form the highest percentage of tar mass 

fraction which contribute in 36.8% (at 950 K) to 38.1% (at 1100 K) and 39.4% (at 950 

K) to 37.5% (at 1100 K) of tar mass fraction, respectively. Meanwhile, ������ forms 

12.5% (at 950 K) to 13.4% (at 1100 K) of tar mass fraction. Furthermore, ������ and �������� are almost consumed in the tar cracking reactions when they reach the 

gasifier outlet. Figure 4.13 illustrate the temperature effects on the different tar 

components. 

 

 
Figure 4.13. Effect of gasification temperature on tar components 
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4.4. Effect of ��� 
In order to study the effect of steam to biomass ratio on the gasification process, 

different values of ��� were used, which are 0.8, 1, and 1.2, respectively. The 

gasification temperature was fixed to the base case temperature, which is 1043 K in the 

three cases. Unlike the method used in (Eri et al., 2018) to control the ���, the biomass 

mass flow rate was fixed and the steam mass flow rate was modified. The method used 

in (Eri et al., 2018), which is modifying the biomass flow rate, would not provide 

accurate results due to the increase of biomass quantity which for sure will increase the 

char and produced gases in case of increase the ���. 

Nitrogen was used when ��� was set to 0.8 in order to make up the decrease the 

inlet steam velocity and keep the fluidization of the bed in a stable level. Nitrogen was 

selected because of its inert properties, which will not affect the chemical reactions. 

Figure 4.14 demonstrates the effect of ��� on the producer gases at the outlet of the 

gasifier. It is clear that as ��� increases, both �� and �� mole fraction increase, which 

is agree with the results obtained by (Franco et al., 2003, Gungorl et al., 2011). This 

result is reasonable since the increase in ��� means increase to the quantity of steam 

inside the gasifier, and as a result the products of steam gasification reaction (�28), 

steam reforming reactions (�30,�31), and forward water shift reaction (�32) all 

increase consequently (Ku et al., 2015, Liu et al., 2016, Xie et al., 2012).  
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Figure 4.14. Effect of steam to biomass ratio on produced gas components 

 

On the other hand, as ��� ratio increases both ��� and ��� mole fractions decrease 

because they are consumed at a higher rate in methane-steam reforming reaction (�30) 

and reverse water shift reaction (�33). The time averaged-time distributions of ��� and ��� mole fraction along the gasifier reactor are shown in Figure 4.15 and Figure 4.16, 

respectively. It is obvious that with increasing ���, the quantities ��� and ��� inside 

the gasifier reactor is decreased. 
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Figure 4.15. Time-averaged distribution of ��� mole fraction at ��� of 0.8, 1 and 1.2 
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Figure 4.16. Time-averaged distribution of ��� mole fraction at ��� of 0.8, 1 and 1.2 
 

 Since the mole fraction of ��� is the most influential factor on the ��� of the 

producer gas, ��� of the producer gas is reduced by increasing the ��� (Figure 4.17). 

It is observed that the influence of ��� on the producer gases is less compered to the 

influence of temperature (Kumar et al., 2009, Lv et al., 2007, Turn et al., 1998). In 

addition, with increasing ���, char yield increases and tar content decreases. This 
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behavior can be seen through Figure 4.18. Furthermore, those results are in a good 

agreement with the results reported in (Song et al., 2012, Liu et al., 2016, Ku et al., 2015, 

Karmakar and Datta, 2011). 

 

Figure 4.17. Effect of steam to biomass ratio on produced ��� 
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Figure 4.18. Effect of steam to biomass ratio on char yield and tar content 

 

The effect of ��� on the tar components is not understood, however, Figure 4.19 

represents the different trends of tar components with different values of ���. Again, ���� and ����� form the highest percentage of tar mass fraction which contribute by 

39.3% (at ���=0.8) to 38.1% (at ���=1.2) and 36.9% (at ���=0.8) to 37.7% (at ���=1.2) of tar mass fraction, respectively. Meanwhile, ������ forms 12.3% (at ���=0.8) to 13.2% (at ���=1.2) of tar mass fraction. Furthermore, ������ and �������� are almost consumed in the tar cracking reactions when they reach the 

gasifier outlet. 
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Figure 4.19 Effect of steam to biomass ratio on tar components 
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5. CONCLUSION 
 
In this work, a biomass steam gasification model was developed based on 

comprehensive pyrolysis reaction model using ANSYS FLUENT. The multi-phase 

model along with granular flow kinetic theory was used to simulate the process. 

The base case was validated by comparing the results gained from the current study 

with the experimental data (Rapagna et al., 2000) for dry syngas composition, lower 

heating value, and char yield. The results were accurate to a good extent, furthermore, 

the presented model obtained more accurate results than the previous numerical studies 

(Eri et al., 2018). Therefore, the model is suitable to simulate the steam gasification 

processes. The effect of gasification temperature as well as steam to biomass ratio on the 

gasification process products were analyzed in details. 

The temperature of gasification showed a strong effect on syngas composition, tar 

content and char yield but not on the lower heating value of the syngas. By increasing 

the temperature, the mole fraction of �� and �� was increased. Meanwhile, the mole 

fraction of both ��4 and ��� as well as char yield decreased with the increase of 

temperature. The lower heating value showed a declining trend with the increase in 

temperature. On the other hand, steam to biomass ratio was found to has a weak 

influence on the producer gas but a strong influence on char yield, tar content and lower 

heating value. By increasing steam to biomass ratio, the mole fraction of �� and �� 

showed an inclined trend, however, the mole fraction of both ��� and ��� showed a 

declined trend. Char yield found to have a proportional relationship with steam to 

biomass ratio. However, lower heating value and tar content both both found to have a 

reverse relationship with steam to biomass ratio. 

Furthermore, the tar components mass fraction were studied. The obtained results 

have a reasonable explanation which gets along with the mathematical model of tar 

cracking chemical reactions. 
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 The present study filled the gap was left by the previous studies since it was able to 

analyze the effect of gasification temperature and steam to biomass ratio on the 

gasification products of almond shells. Besides, the obtained results of the base case 

were compared with another CFD study to prove the accuracy of the present model. 

 Studying the effect of equivalent ratio, height of the bed, material of the bed and 

geometry of gasifier reactor is recommended of future studies. 
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