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Abstract: Concern over the depletion of fossil fuels in the near future, increasing awareness about environmental pollution and need 
for energy conservation have proved that biomass is one of the most promising renewable sources of energy. However, efficient 
processes are required to convert this sources into useful one. So, gasification technology enables the conversion of these sources into a 
combustible gases, mechanical power and electrical energy. The quantity and quality of biomass differs from place to place. Therefore, 
designing a gasification technology for a remote areas needs more theoretical and experimental studies.  The goal of this article is to 
develop a comprehensive and predictive kinetic model for the pyrolysis process in a downdraft gasifier, which is predominantly used in 
many places for biomass gasification. The volatiles and gases released during the pyrolysis process were assumed to crack down further 
into equivalent amounts of secondary products. In addition to this, a 30kWth downdraft biomass gasifier was modeled and analyzed 
using the CFX package. Experimental study were carried out on the same gasifier for further validation. The predicted results shows 
the temperature and mass fraction of combustible products at the outlet of the gasifier for various equivalence ratios. 
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1. Introduction 

Increasing environmental issues and stepping energy cost of 
many conventional energy sources lead this biomass 
gasification as one of promising alternative energy 
technology. Biomass gasification involves the thermal 
destruction of biomass in a reducing atmosphere of steam or 
air (or both) or oxygen to produce a medium or low calorific 
value gas [1]. The composition of various constituents in the 
biomass, equivalence ratio and gasification temperature play 
a major role the quality and quantity of gas produced [2] [3] 
[4] [5] [6].   Analytical and numerical methods were used to 
simulate the performance of gasifiers operating at various 
working conditions.  The thermodynamic equilibrium model 
has been used to predict the composition and calorific value 
of the producer gas [7] [8] [9]. The final reaction temperature 
and the producer gas composition in equilibrium are 
calculated through the energy balance of the process. Rate of 
pyrolysis reaction is defined based on unit surface area of 
solid biomass in the kinetic model and the kinetic constants 
found is applied to any size and shape of the particle [10]. 
The various kinetic models like one step global models, 
parallel reaction models with secondary tar cracking and 
semi-global reaction models. Among the reaction 
mechanisms, the secondary tar cracking schemes is most 
widely used schemes which cover most of the possible 
aspects of pyrolysis reactions [11]. The drying and pyrolysis 
of a single wood log is investigated and particularly focuses 
on the associated phenomena, phase change and species 
transport [12]. Whereas, the combined the pyrolysis and 
reduction zone models to simulate the global process of 
biomass gasification and followed a two-step pyrolysis, 
where the model equations for description of the kinetic rates 
of the pyrolysis of the biomass were derived using Runge-
Kutta method [13]. Artificial intelligence based techniques 
were also adopted by neural network approach for simulation 
of the gasification process. A neurological identifier for 
concentrations of C, H2, CO, H2O, CO2 and CH4 was 
developed in a residual biomass process [14]. A very few 

works have been carried out in numerical studies on 
gasification process using CFD technique. CFD simulations 
for an entrained flow biomass gasifier was simulated 
assuming isothermal flow to determine the particle behaviour 
[15]. CFD model of an entrained flow biomass gasifier 
wherein, models of finite rate chemistry in the gas phase and 
char reactions have been added to the standard model. This 
simulation also stressed on the fact that gasification reactions 
are not sensitive to the detailed velocity field around particles 
but more on the residence time [16]. A two-step pyrolysis 
reaction scheme is used to model the conversion from wood 
to tar, gas and char [11]. A 2D axisymmetric CFD model of 
the oxidation zone in a two-stage downdraft gasifier and 
investigated in detail about the various zone, which is crucial 
for tar cracking [17]. Numerous experimental studies are 
done on biomass gasification. The experimental investigation 
done on downdraft gasifier details that the cold gas 
efficiency, mole fractions of CO and H2 increase with ф till a 
value of 0.25 and then decrease [1]. An experiment 
conducted on a 75kW downdraft gasifier and reported that 
the increase in gas flow flow rate improves the bed 
temperature profile and leading to higher conversion of non-
combustible components (CO2 and H2O) into combustible 
components (CO and H2) and thus higher pressure drop [18]. 
Downdraft gasifier of about 20 kW capacity is 
experimentally run to compare gasification data for pellets of 
wood and bagasse [19].  From the literature review done on 
pyrolysis kinetics and simulation of the same in CFD, it is 
found that many researchers have analyzed on particle 
behaviour, combustion of char or on the destruction of 
tertiary tar. It is seen that not much analysis is done on the 
temperature distribution along the pyrolysis zone in 
gasification. Hence, an analysis is done for finding out the 
temperature distribution along the pyrolysis zone. Also, 
looking in to the experimental set up size, most of the 
literatures have a miniature size gasifier. Compared to them, 
the one located in the campus is considered unique with the 
larger dimensional differences and capacity. This work deals 
with the modeling of pyrolysis zone, which is one among the 
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the temperature and mass fraction of combustible products at the outlet of the gasifier for various equivalence ratios. 
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air (or both) or oxygen to produce a medium or low calorific 
value gas [1]. The composition of various constituents in the 
biomass, equivalence ratio and gasification temperature play 
a major role the quality and quantity of gas produced [2] [3] 
[4] [5] [6].   Analytical and numerical methods were used to 
simulate the performance of gasifiers operating at various 
working conditions.  The thermodynamic equilibrium model 
has been used to predict the composition and calorific value 
of the producer gas [7] [8] [9]. The final reaction temperature 
and the producer gas composition in equilibrium are 
calculated through the energy balance of the process. Rate of 
pyrolysis reaction is defined based on unit surface area of 
solid biomass in the kinetic model and the kinetic constants 
found is applied to any size and shape of the particle [10]. 
The various kinetic models like one step global models, 

works have been carried out in numerical studies on 
gasification process using CFD technique. CFD simulations 
for an entrained flow biomass gasifier was simulated 
assuming isothermal flow to determine the particle behaviour 
[15]. CFD model of an entrained flow biomass gasifier 
wherein, models of finite rate chemistry in the gas phase and 
char reactions have been added to the standard model. This 
simulation also stressed on the fact that gasification reactions 
are not sensitive to the detailed velocity field around particles 
but more on the residence time [16]. A two-step pyrolysis 
reaction scheme is used to model the conversion from wood 
to tar, gas and char [11]. A 2D axisymmetric CFD model of 
the oxidation zone in a two-stage downdraft gasifier and 
investigated in detail about the various zone, which is crucial 
for tar cracking [17]. Numerous experimental studies are 
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done on downdraft gasifier details that the cold gas 
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four zones in the gasifier. Experimental studies were done on 
a 30 kW gasifier setup in the campus were used to compare 
the numerical results. The gasifier is of single throat, imbert 
type downdraft gasifier. Modeling and simulation of this 
zone is done using the software ANSYS CFX 13.0.   

2. Model Description 

To carry out any CFD analysis, definition of various physical 
phenomena on mathematical terms is very essential. The 
boundary conditions and other parameters required for 
establishing the gasification phenomenon have been 
explained in the forthcoming sections. The schematic 
diagram of the imbert type biomass gasifier used in this study 
is shown in Fig.1. The total height of the gasifier is 2040 mm. 
The diameters of the biomass inlet and gas outlet are 480 mm 
and 430 mm respectively. The combustion, pyrolysis and 
drying, and reduction zones have heights of 450 mm, 950 
mm and 640 mm respectively. The 435 mm long air nozzle is 
inclined at an angle of 45°. Since, this study is a 2D analysis, 
and in order to reduce the complexity, only the outlet portion 
of the air nozzle is shown inside the gasifier. The air enters 
through the air nozzle and producer gas leaves through the 
gas outlet. The feedstock is charged through the biomass 
inlet.   

3. Numerical Modelling 

Materials added for analysis are carbon (C), oxygen (O2), 
hydrogen (H2), carbon dioxide (CO2), water (H2O), carbon 
monoxide (CO), methane (CH4), nitrogen (N2), wood, char 
and tar. Materials like O2, H2, CO2, CO, H2O, CH4, N2 were 
already been defined in the library of materials. Rest of the 
materials C, char, tar and wood were fed to CFX-
preprocessor by customizing it. Same as creation of  

Figure 1: Schematic diagram of downdraft biomass gasifier 

materials, reactions were also created using CFX Command 
Language (CCL). Each zone was given a set of reactions, 
along with their reaction rates. The specified reactions and 
their reaction rates are given in Table 1. The reaction rates 
considered for reactions 8-11 [9]. Rate of a reaction is 
determined using the Arrhenius equation, where a large 
number of rate constants are found to some level of 
approximation. The Arrhenius equation is given by; 
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The Arrhenius equation predicts that for positive activation 
energy, the rate constant increases with temperature. The 
rates of conversion due to pyrolysis process based on the 
model explained are considered as given below in Table 1 
[11]. 

3.1 Boundary Conditions 

 Boundary conditions used in this simulation are inlets, 
outlets, wall, symmetry planes and openings. The gas outlet 
is assigned with a pressure outlet boundary and the wall of 
the gasifier is defined as wall boundary with no-slip 
condition. According to literatures, the optimum value for 
equivalence ratio is taken as 0.205 [2] Keeping the biomass 
consumption rate as 50 kg/hr (0.0138 kg/s) and taking the 
value for stoichiometric ratio as 6.7338 kg of air/kg of wood 
(5.22 m3 of air/kg of wood) [2], air flow rate was found out 
for five different equivalence ratio. Table 2 below shows the 
air flow rates found out for various equivalence ratios. 
Simulation was done considering all the five equivalence 
ratios. The feedstock used in this simulation is considered as 
rubber seed kernel shell. The proximate and ultimate analysis 
of the feedstock is given in Table 3 [20] [21].  

Table: 1 Rates of conversion during gasification process 

Reactions

Pre-
exponentia

l factor
 1s

Activation 
energy

 kmolkJ /

22 COOC  0.005974 302.2174

OHOH 222 2 0.008902 2802.44

GasWood k
 1 1.52E7 -139.2

TarWood k
 2 5.85E6 -119.2

CharWood k
 3 2.98E3 -73.1

GasTar k
 4 2.6E6 -108

CharTar k
 5 1.0E6 -108

COCOC 22  3.616E1 77.39

22 HCOOHC  1.517E4 121.62

224 3HCOOHCH  7.301E-2 36.15

OHCOHCO 222  4.189E-3 19.21
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(5.22 m3 of air/kg of wood) [2], air flow rate was found out 
for five different equivalence ratio. Table 2 below shows the 
air flow rates found out for various equivalence ratios. 
Simulation was done considering all the five equivalence 
ratios. The feedstock used in this simulation is considered as 
rubber seed kernel shell. The proximate and ultimate analysis 
of the feedstock is given in Table 3 [20] [21].  

Table: 1 Rates of conversion during gasification process 

Reactions

22 COO2O2C 

OHOH 22O2O2 2

GasWood k
1

TarWood k
2
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Table 2: Mass flow rate of air for different equivalence 
ratios 

Equivalence 
ratio (Φ)

Biomass consumption 
rate (kg/s)

Stoichiometric 
ratio

Air flow 
rate (kg/s)

0.18 0.0138 6.7338 0.01673
0.2 0.0138 6.7338 0.01859

0.24 0.0138 6.7338 0.02230
0.26 0.0138 6.7338 0.02416
028 0.0138 6.7338 0.02602

Table 3: Proximate and Ultimate analysis of Rubber seed 
Kernel Shell 

Proximate Analysis (% w.b.)
Volatile Matter Fixed Carbon Moisture Content Ash

89.4 6.1 4.3 0.2
Ultimate Analysis (%)

C H O N S
43.2 6.0 0.55 50.25 0.0

3.2 Convergence of the Simulation 

Since the simulation consists of combustion and eddy 
dissipation models, it is very difficult to obtain a converged 
solution. Therefore, false time stepping is followed for the  
turbulence – chemistry interaction, with an under relaxation 
factor of 0.01 for mass fractions. With this arrangement, the 
calculation is carried out with 100 iterations. 

4. Experimental Description 

Figure: 2 Experimental setup of downdraft biomass gasifier 

The schematic diagram of the experimental setup is shown in 
Fig. 2. The producer gas leaving from the gasifier contains 
impurities like tar, unburnt carbon and moisture. The primary 
cooling and cleaning of producer gas is carried out through 
the water tray kept below the reactor. The secondary cooling 
and cleaning system consists of a cyclone separator, cooling 
tower and a scrubber. The quality and the composition of the 
producer gas are measured by the gas analyser and gas 
chromatograph (NUCON-5765). Air nozzle is inclined at an 
angle of 45° and the flow rate is measured by U-tube 
manometer. Calibrated K-type (Chromel-Alumel) 
thermocouples are placed at different locations inside the 
gasifier and a data logger is used to record the temperature. 
The bottom region of the gasifier is filled with water to 
prevent leakage of producer gas. The gasifier is initially filled
with charcoal in the reduction zone and the fire is ignited 
filled with charcoal in the reduction zone and the fire is 
ignited through the air nozzle [21].

5. Results and Discussions 

The pyrolysis process in a gasifier was analyzed for various 
operating conditions using CFD software ANSYS CFX 13.0 
and the variation of important parameters like temperature; 
producer gas composition and mass flow rate are plotted as 

contour plots. To prove the suitability of this analysis 
technique, the experimental results were also analyzed and 
compared with the analytical ones. 

5.1 Mass Fraction of Producer Gas 

Among the parameters influencing the performance of a 
biomass gasifier, producer gas composition plays an 
important role. Fig. 3 shows the comparative results of the 
effect of equivalence ratio on the producer gas composition. 
It is observed that mass fraction of nitrogen decreases with an 
increase in ϕ up to a value of 0.2 and for higher values of ϕ, 
mass fraction of nitrogen increases. For higher values of ϕ, 
with increase in air flow rate, combustion takes place. The 
fraction of carbon monoxide and hydrogen shows an 
increasing and decreasing trend just opposite to that of 
nitrogen. From the graph, it is understood that there is no 
much variation with the mass fraction of carbon dioxide. The 
average gas composition of producer gas obtained in the 
experiment were plotted against the equivalence ratio of the 
same experimental run. It is seen that the mass fraction of CO 
and H2 in experimental results reaches highest for  
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Figure: 2 Experimental setup of downdraft biomass gasifier 

The schematic diagram of the experimental setup is shown in 
. 2. The producer gas leaving from the gasifier contains 

impurities like tar, unburnt carbon and moisture. The primary 
cooling and cleaning of producer gas is carried out through 
the water tray kept below the reactor. The secondary cooling 
and cleaning system consists of a cyclone separator, cooling 
tower and a scrubber. The quality and the composition of the 
producer gas are measured by the gas analyser and gas 

contour plots. To prove the suitability of this analysis 
technique, the experimental results were also analyzed and 
compared with the analytical ones. 

5.1 Mass Fraction of Producer Gas 

Among the parameters influencing the performance of a 
biomass gasifier, producer gas composition plays an 

file:///D:/IJSR%20Website/www.ijsr.net
http://creativecommons.org/licenses/by/4.0/


International Journal of Science and Research (IJSR) 
ISSN (Online): 2319-7064

Index Copernicus Value (2015): 78.96 | Impact Factor (2015): 6.391 

Volume 6 Issue 2, February 2017 
www.ijsr.net

Licensed Under Creative Commons Attribution CC BY

Figure 3: Mass fraction of producer gas against various 
equivalence ratio 

equivalence ratio 0.20 to 25% and 11%, respectively. The 
mass fractions of CO and H2 from the numerical study are 
26% and 12%, respectively. Comparing mass fractions of 
nitrogen, from Fig. 3, it can be seen that the experimental 
results gave a value of 50% for equivalence ratio 0.20 but the 
numerical study gives 49% for equivalence ratio 0.20. Both 
the experimental and the numerical results show that mass 
fraction of nitrogen. 

5.2 Calorific Value of the Producer Gas 

The variation of calorific value of the producer gas with 
equivalence ratio is presented in Fig. 4. Calorific value is 
calculated using the composition of the producer gas. Carbon 
monoxide and hydrogen are the main components of the 
producer gas and are responsible for higher calorific value. It 
is found that at an equivalence ratio of 0.16 the calorific 
value is the least at 4.3 MJ/Nm3. 

Figure 4: Variation of calorific value of the producer gas 
with equivalence ratio 

By increasing the equivalence ratio at ϕ = 0.20, the calorific 
value reaches to a maximum of 5.8 MJ/Nm3 and then follows 
the decreasing trend. Further increase in equivalence ratio 
from 0.20, calorific value drops steadily. The optimum 
equivalence ratio preferred for the better producer gas 
composition is 0.20. 

5.3 Temperature Distribution of Producer Gas - 
Numerical Analysis 

Various positions were considered for finding the zone 
temperature as per the positions considered in the 
experimental set up. Table 4 shows the variation of 
temperature at different positions inside the gasifier for 
different equivalence ratio. It is seen from the table that for 
all ϕ values, the temperature at the combustion zone varies 
from 900 K to 1050 K and that of pyrolysis from 650 K to 
850 K. It clearly indicates that the temperature profiles pass 
through a maximum at an equivalence ratio of 0.20. The 
oxidation zone temperature

Table: 4 Zone temperature variation for different 
equivalence ratios – numerical result 

Equivalence
Ratio (ϕ)

Zone Temperatures at various positions (K)
T1 T2 T3 T4 T5 T6

0.18 465 686 799 904 971 687
0.20 471 686 801 966 1009 691
0.24 471 695 800 931 965 679
0.26 466 689 798 950 798 651
0.28 476 688 801 966 691 647

depends upon the heat released due to the biomass 
combustion and air flow rate. As air flow rate increases, it 
provides more oxygen to oxidize but also brings inert N2,
which acts as a heat carrier and reduces the temperature of 
the oxidation and pyrolysis zone. The maximum value of 
temperatures in the pyrolysis and oxidation zones represents 
the optimum amount of equivalence ratio. Hence, in this 
case, equivalence ratio 0.20 can be considered the best. 

5.4 Temperature Distribution – Comparison of 
Numerical and Experimental Analysis 

Figure: 5 Temperature distribution of numerical and 
experimental results 

The experiment conducted for 4.5 hours. The air was 
controlled by the valve to get the expected equivalence ratio, 
0.16 to 0.30. The temperatures at various locations in the 
gasifier measured and plotted for the corresponding 
equivalence ratio. The Fig. 5 shows the graphical comparison 
between experimental and numerical studies. The results 
show that the highest temperature is maintained near the 
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equivalence ratio 0.20 to 25% and 11%, respectively. The 
mass fractions of CO and H2 from the numerical study are 
26% and 12%, respectively. Comparing mass fractions of 
nitrogen, from Fig. 3, it can be seen that the experimental 
results gave a value of 50% for equivalence ratio 0.20 but the 
numerical study gives 49% for equivalence ratio 0.20. Both 
the experimental and the numerical results show that mass 

5.2 Calorific Value of the Producer Gas 

The variation of calorific value of the producer gas with 
equivalence ratio is presented in Fig. 4. Calorific value is 
calculated using the composition of the producer gas. Carbon 
monoxide and hydrogen are the main components of the 
producer gas and are responsible for higher calorific value. It 
is found that at an equivalence ratio of 0.16 the calorific 
value is the least at 4.3 MJ/Nm3. 

0.20 471 686 801
0.24 471 695 800
0.26 466 689 798
0.28 476 688 801

depends upon the heat released due to the biomass 
combustion and air flow rate. As air flow rate increases, it 
provides more oxygen to oxidize but also brings inert N
which acts as a heat carrier and reduces the temperature of 
the oxidation and pyrolysis zone. The maximum value of 
temperatures in the pyrolysis and oxidation zones represents 
the optimum amount of equivalence ratio. Hence, in this 
case, equivalence ratio 0.20 can be considered the best. 

5.4 Temperature Distribution 
Numerical and Experimental Analysis 
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combustion zone. It is also noted that the pyrolysis zone, 
where the temperature variations according to the experiment 
is between 500 and 900 K, This shows that increase in the 
pyrolysis temperature would lead to the conversion of non-
combustible gases like CO2 and H2O to combustible gases 
like CO, H2 and CH4. It is also observed that the zone 
temperatures obtained from the experimental study is on par 
with the analytical results. The thermocouple sensors placed 
at the positions, representing the pyrolysis zone temperature 
shows little difference of 100 K. Hence, it can be said that 
the pyrolysis model considered for simulation is the 
appropriate one.  

6. Conclusion 

The result obtained from numerical simulation for various 
equivalence ratios 0.16 - 0.28, was analyzed and the same 
has been compared with the values obtained from the 
experimental results. Based on this comparative results, the 
following conclusions are drawn. 
 The temperature distribution obtained from both the 

numerical and experimental studies proves that the 
approach used in the study, using commercial software 
CFX, is more appropriate to analyze the pyrolysis of 
downdraft gasification. 

 The study shows that the kinetic modeling approach is a 
good tool for numerical studies on pyrolysis in downdraft 
gasification. 

 In firing mode (during the experimental run), combustion 
zone reaches the highest temperature of 1063 K, which is 
found to be on par with the numerical results. This also 
proves the effectiveness of this numerical analysis. 

The numerical analysis also shows that, 
 The mass fraction of CO is maximum when ϕ reaches 0.20.
 The mass fraction of N2 decreases with an increase in               

ϕ up to 0.20 and for higher values, mass fraction of N2
increases. 

 For the equivalence ratio 0.20, 36.63% of the producer gas 
is combustible. 

 The pyrolysis and the combustion zone temperatures are 
maximum for equivalence ratio 0.20. Therefore, the 
optimum equivalence ratio of biomass downdraft gasifier is 
0.20. 
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