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A B S T R A C T   

The rising demand for renewable energy around the world has sparked interest in biomass gasification. However, 
the technology greatly suffers because of tar species produced during the gasification process, which limits direct 
use of the produced gas. To address this issue, the paper presents a novel piece of work that focuses on the 
formation and evolution of tar species consisting of benzene, naphthalene, toluene, and phenol. A two- 
dimensional numerical model for a downdraft biomass gasifier is developed with a total of 20 thermochem-
ical kinetic reactions to investigate the formation of tar species in the gasifier with the effect of residence time. 
The model’s predictions are validated with the experimental and kinetic data and found to be in good agreement. 
Besides, the model’s ability to simulate the producer gas production from a downdraft gasifier is examined. 
Reaction rates for volatiles decomposition, combustion, and gasification reactions under different working 
conditions are investigated. Overall, benzene has the highest concentration of the selected tar species, followed 
by naphthalene, and with relatively modest amounts of phenol and toluene.   

1. Introduction 

The increase trend of the world’s population, along with rising en-
ergy demand and continuous depletion of fossil fuels, encourages the 
development of renewable energy technologies. Biomass, as a renewable 
energy source, is considered to be clean, sustainable, and does not 
contribute to the generation of greenhouse gases. Besides, biomass can 
be converted to energy through different techniques including pyrolysis, 
gasification, and combustion [1,2], and [3]. 

Biomass gasification, as the topic of this paper, is a promising 
approach for producing syngas and power [4]. However, a gasifier’s 
design and operation involve a complex process that requires an inten-
sive time-consuming experiment to study the technology and obtain the 
optimum working parameters. On the other hand, modelling is a com-
plementary technique that can be used to design and control the process 
of gasification using a wide set of validation and test data [5], and [6]. 

To date, different equilibrium ([7]), and kinetic models ([8–10], and 
[11]) have been used to model biomass gasification. However, these 
models have certain limitations when it comes to analysing the gasifi-
cation process since the interaction between solid and gas phases re-
actions during the gasification process requires an in-depth 

understanding, which cannot be achieved with an equilibrium/kinetic 
modelling. Gasifier design also has a strong effect on the syngas 
composition and quality. These limitations were overcome using a 
Computational Fluid Dynamics (CFD) model, which involves a com-
bined solution of the transports of mass, momentum, energy, turbulence, 
and hydrodynamics [12]. Different CFD models ([6,13,14]) were pre-
sented to simulate the process of gasification in biomass gasifiers with 
various gasifier types and feedstocks. Babu and Sheth [11] developed a 
1D steady-state model using a finite difference method to predict the gas 
composition and temperature along the reduction zone of a downdraft 
gasifier. They used four main gasification reactions in their model be-
sides a correlation to describe velocity, pressure, and temperature dis-
tribution along the reduction zone. Their results were compared to 
experimental data and found to be in good agreement. 

Fletcher et al. [15] employed a Lagrangian approach to the biomass 
gasification process in an entrained flow gasifier. Transport equations 
consisting of a set of heterogeneous reactions were solved to determine 
the concentration of different gas species. The model was able to predict 
the temperature and syngas composition at the gasifier outlet under 
various working conditions. While Yu et al. [16] presented a numerical 
simulation model for a bubbling fluidized bed coal gasifier using the 
kinetic theory of granular flow. The model was used to study the 
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relationship between the gasifier height and gas composition, temper-
ature, and velocity along the gasifier bed. 

With regard to the CFD modelling of a downdraft gasifier, Gupta 
et al. [17] presented a 2D model of a 10 kW downdraft biomass gasifier 
using ANSYS software. Wu et al. [18] also developed a 2D Euler-Euler 
CFD model for simulating the gas and solid phase interactions in a 
downdraft biomass gasifier with highly preheated air and steam. While 
Murugan and Sekhar [19] conducted a 2D numerical simulation of an 
Imbert biomass gasifier to study selected biomass feedstocks (e.g., co-
conut shell, cow dung, rice husk, rubber seed kernel shell, and rubber 
wood) which were available at a remote area. The study showed the 
effect of changing the equivalence ratio (ER) on the producer gas 
quality, composition, and heating value. The results demonstrated that 
ER within the range of 0.24–0.26 resulted in the optimum performance 
of the gasifier and particularly, the rubber seed kernel shell was the most 
suitable feedstock for producing syngas with a higher heating value. 

Most recently, Kumar and Paul [6] presented a 2D model of a 20-kW 
downdraft gasifier in which a Eulerian-Lagrangian approach was used, 
and the model included the four main zones of gasifier such as drying, 
pyrolysis, oxidation, and reduction. They provided a set of chemical 
reaction data, and the model was validated against experimental and 
kinetic results from literature. A detailed result of the gas species for-
mation along the gasifier as well as temperature profile was also pre-
sented under different ERs, however, they only showed the results for 
ER > 0.35, which appears to be slightly high in the context of gasifica-
tion. The model was later extended to 3D [13] to investigate the rubber 
wood gasification inside the entire reactor. Again, the 
Eulerian-Lagrangian approach with the discrete phase model was used 
to account the solid/gas phase interactions. 

Experimental studies have particularly focused on investigating the 
nature of the formation and destruction of tar compounds because tar 
limits the use of producer gas. However, experimental studies regarding 
tar formation and destruction are a costly and time-consuming process. 
On the other hand, tar involves complex compounds and could form in 
hundreds of different chemical compounds [20]. Equilibrium and ki-
netic models were built to simulate gasifier operation including tar 
formation e.g. see Refs. [20–22], and [23]. Kinetic models depend on a 
detailed chemical reaction that does not depend on reactor geometry. 
These limitations in kinetic models are addressed through a Computa-
tional Fluid Dynamics (CFD) model, which involves a combined solution 
of the transports of mass, momentum, energy, turbulence and hydro-
dynamics of flow. It can give a better understanding of the interactions 
between different phases and reactions inside the gasifier. The results 
can then be used to optimise the work of downdraft gasifiers that lead to 
the production of higher value syngas. 

According to the literature review provided above, none of the CFD 
modelling work to-date has reported the formation and distribution of 
tar species within a downdraft gasifier in both steady and unsteady 
states. The current research work presents a 2D CFD modelling of an air- 
blown downdraft gasifier, and it addresses a major knowledge gap in the 
literature on the fundamental understanding of the evolution and for-
mation of detailed tar species such as benzene, naphthalene, toluene and 
phenol. The selected tar species are always found in large amounts of 
approximately 70–95% ([23–25]) besides they represent primary 
(phenol), secondary (toluene), and tertiary (benzene, and naphthalene) 
tars. The concentration of remaining tar species (such as xylene, indene, 
pyrene, cresol and xylenol) can be ignored because of their small amount 
or a lack of chemical data and kinetic rate reactions that can help 

Nomenclature 

Upper case letters 
A Pre-exponential factor (units vary) 
D Diameter (m) 
Di,m Mass diffusion coefficient for species i in the mixture 
DT,i Thermal diffusion coefficient for species i 
Dt Turbulent diffusivity 
E Energy (kJ/mol) 
Fi External body forces (N) 
Gb Turbulence kinetic energy due to buoyancy 
Gk Turbulence kinetic energy due to the mean velocity 

gradients 
H Enthalpy (kJ/mol) 
I Unit tensor 
Ji Diffusion flux of species i 
K Kinetic constant (s− 1) 
M Molecular mass (kg/mol) 
P Pressure (Pa) 
R Net rate of formation (mol m− 3s− 1) 
Re Reynolds number 
Ri Net rate of production of species i by chemical reaction 
Si Mass added to the continuous phase from the dispersed 

phase 
Sk Source terms for the kinetic energy 
Sε Source terms for rate of dissipation 
Sct Schmidt number for turbulent flow 
T Temperature (K) 
TR Temperature of radiation (K) 
V Volume (m3) 
Yi Mass fraction of species i 
YM Contribution of the fluctuating dilatation in compressible 

turbulence to the overall dissipation rate 

Lower case letters 
gi Gravitational acceleration 
h Convective heat transfer coefficient (W/m2.K) 
hfg Latent heat (J/kg) 
mp Mass of particle (kg) 
xi Number of mole species 

Greek letters 
ρ Density 
∑

Summation 
Δ Change in state 
τi,j Stress tensor 
μ Molecular viscosity 
σk Turbulent Prandtl numbers for k 
σε Turbulent Prandtl numbers for ε 
μt Turbulent viscosity 
ρp Density of particle 
εp Particle emissivity 

σ Stefan Boltzmann constant, (5.67 × 10− 8 kg
s− 3K− 4

)

List of Acronyms 
VOF Volume of fluid 
MC Moisture content (%) 
A/F Air to fuel ratio 
ER Air equivalence ratio 
HHV Higher heating value (MJ/Nm3) 
Nm3 Normal cubic meter 
CFD Computational Fluid Dynamics 
DPM Discrete phase model 
PRESTO PREssure STaggering Option 
RANS Reynolds Averaged Navier-Stokes  
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develop a stable kinetic code ([21], and [26]). 
To the best of our knowledge, the selected tar species to be modelled 

in gasifier has not been computationally investigated in earlier works. 
Both the steady and unsteady CFD approaches will help further to clarify 
the tar formation and destruction throughout the gasification process, 
resulting in a high purity syngas product. 

2. Model description 

A 20-kW downdraft biomass gasifier’s model is developed based on 
the design presented earlier in the kinetic modelling work of the authors 
[5]. The gasifier design is composed of the four main zones: drying, 
pyrolysis, oxidation, and gasification/reduction. The gasification pro-
cess is governed by a set of integrated kinetics, which begin with drying, 
followed by volatile break-up in the pyrolysis zone, then oxidation and 
reduction. A total of 20 thermochemical kinetic rate reactions are 
implemented in the ANSYS version 19.0 software to accommodate the 
volatiles break-up and other reactions involved in the process. 

A schematic diagram of the gasifier model is shown in Fig. 1. The 
gasifier uses air as a gasifying agent to be fed through the air inlets 
placed around the combustion zone. Biomass is fed from the top of the 
gasifier, while any residual ash and char to be collected from the bottom 
where the model assumes that all the char to be fully consumed within 
the reduction zone. Producer gas is discharged through the outlet pipes 
fitted at the bottom of the gasifier. The gasifier is an Imbert type 
downdraft gasifier with a throat ratio (throat to gasifier diameter) of 
0.284 (Fig. 1). Throat diameter is 6.2 cm, where air is injected through 
the air-inlet nozzle having the diameter of D = 18 cm located at the 
combustion zone of the gasifier. The full design of the gasifier is verified 
numerically and experimentally through the kinetic model of the current 
authors [5]. 

2.1. Governing equations 

The governing equations include the conservation of energy, mass, 
momentum, and species transport which are built-in in the ANSYS [27] 
as presented below: 

Energy conservation: 

∂
∂t
(ρE)+∇. (v→(ρE+ p))= − ∇.

[
∑

j
hj Jj

]

+ Sh (1) 

Mass conservation: 

∂ρ
∂t

+
∂(ρui)

∂xi
= Si (2) 

Momentum conservation: 

∂(ρui)

∂t
+

∂
(
ρuiuj

)

∂xj
= −

∂p
∂xi

+
∂τij

∂xj
+ ρgi + Fi (3)  

where the stress tensor τij is defined as 

τij = μ
[(

∂ui

∂xj
+

∂uj

∂xi

)

−
2
3
∇.uijI

]

(4)  

and Si is the mass added to the continuous phase from the dispersed 
second phase, ρgi is the gravitational body forces, Fi is the external body 
forces, I is the unit tensor, E is energy, and h is enthalpy. 

The Reynolds Averaged Navier-Stokes (RANS) [27] equations are 
derived by time averaging of equations (2)–(4). The Reynolds stresses 
employed in the equations are modelled through the Boussinesq hy-
pothesis that depends on turbulence model. Turbulence kinetic energy, 
k, and its dissipation rate, ε, are calculated through the following 
equations, representing the standard k- ε viscosity model. 

∂
∂xi

(ρkui)=
∂

∂xj

[(

μ+
μt

σk

)
∂k
∂xj

]

+Gk +Gb − ρε − YM + Sk (5)  

∂
∂xi

(ρεui)=
∂

∂xj

[(

μ+
μt

σε

)
∂ε
∂xj

]

+C1ε
ε
k
(Gk +C3εGb) − C2ερ

ε2

k
+ Sε (6)  

where σk and σε are the turbulent Prandtl numbers for k, and ε respec-
tively, Gb is the turbulence kinetic energy due to buoyancy, Gk is the 
turbulence kinetic energy due to mean velocity gradients, YM is the 
contribution of the fluctuating dilatation in compressible turbulence to 
the overall dissipation rate, Sk, and Sε are the source terms for the kinetic 
energy, and the rate of dissipation respectively. The values of constants 
used are C1ε = 1.44; C2ε = 1.92; σk = 1.0; σε = 1.3 [22]. 

The species transport equation [27] is described as 

∂
∂t
(ρYi)+∇.(ρ u→Yi)= − ∇. J→i +Ri + Si (7)  

where Yi is the mass fraction of species, Ri is the net rate of production of 
species i by chemical reaction, Si is the rate addition by the dispersed 
phase plus any UDF source, and Ji is the diffusion flux of species i. While 
the diffusion flux for turbulent flow is represented by 

Ji
→

= −

(

ρDi,m +
μt

Sct

)

∇Yi − DT,i
∇T
T

(8)  

Sct =
μt

ρDt
(9)  

where Di,m is the mass diffusion coefficient for species i in the mixture, 
DT,i is the thermal diffusion coefficient for species i in the mixture, Dt is 
the turbulent diffusivity, and Sct is the Schmidt number for turbulent 
flow. 

Biomass particles are modelled by discrete phase model (DPM) [27] 
– a Lagrangian approach. The model considers particles trajectory by a 
continuous phase of fluid. The interaction between particles is taken into 
account considering the heat and mass transfer as the main term in the 
governing equations. Particle trajectory is written and calculated by 
integrating the force balance on a particle where this balance equates 
the particle inertia force with the other forces acting on the particle as 
described in equations 10–14. 

Fig. 1. Gasifier schematic showing the design and various zones.  
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Force balance: 

∂up
→

∂t
=FD

(

u→− u→p

)

+
g→
(
ρp − ρ

)

ρp
(10)  

where FD( u→− up
→
) is the drag force per unit particle mass and 

FD =
18μ CDRe
24ρpdp

2 (11)  

where CD is the drag coefficient, Re is the Reynolds number, and μ is the 
viscosity. The temperature of particle Tp, convective heat transfer, and 
the absorption/emission of radiation of the particle surface are related 
by the following equation. 

mpcp
dTp

dt
= hAp

(
T − Tp

)
+ εpApσ

(
TR

4 − Tp
4) (12)  

where h is the heat transfer coefficient, Ap is the particle surface area, 
and TR is the radiation temperature which is used for estimating the 
radiative heat flux (black body temperature). 

2.2. Drying model 

The current simulation is based on the ANSYS fluent [27] theory in 
the drying process which takes place at the early stages of the gasifier 
when biomass is fed from the top. For the drying process, ANSYS em-
ploys two models, the Lee model [28], and Phase-Change model. 
However, in the current simulation, the Lee model is more relevant 
because it is used for mixtures, multi-phase VOF, and Euler-Lagrangian 
models. The liquid vapour mass transfer in such system is governed by 
the vapour transport equation (13): 

∂
∂t
(αvρv)+∇

(
αvρv Vv

̅→
)
= ṁlv − ṁvl (13)  

Where v denotes the vapour phase, αv is the volume fraction of vapour, 
ṁlv, and ṁvl are the mass transfer rates due to drying (evaporation) and 
condensation respectively (kg/s/m3). 

2.3. Volatiles break-up approach and biomass decomposition 

Due to the temperature rise in the oxidation zone, biomass goes 
through the drying process first, which allows all moisture to vaporize 
[29]. Biomass after drying decomposes into volatiles and char, and then 
these components further react with each other to form char and vola-
tiles again, as discussed earlier ([5,30], and [31]). Volatiles break up 
approach in this work depends on an equilibrium model as shown in 
equation (14), and (15). 

Biomass → Volatiles+moisture+Tar +Char + ASH (14)  

Volatiles → x1 CO+ x2CO2 + x3CH4 + x4H2 (15) 

Volatiles contain gases (CO, CO2, CH4, H2, and H2O), besides other 
hydrocarbons and tar. The devolatilization process however depends on 
the biomass composition (as determined by the ultimate and proximate 
analysis data) which also shows the volatiles and ash content. 

Based on the volatiles’ ultimate analysis data which are calculated 
from Refs. [1,27], an elemental mass balance is carried out to calculate 
the mole fraction of every species. The model, proposed by Ref. [32], 
calculates the mass fraction of every species produced during biomass 
pyrolysis based on temperature and the CO concentrations. Other gas 
species are calculated form the mass balance between the volatiles and 
pyrolysis products. The biomass break-up reaction (14) along with the 
volatile decomposition (15) are included in ANSYS code to start the 
simulation process. 

As the tar evolution and formation kinetics during the pyrolysis zone 
is not previously studied, the current model will depend on a reported 

correlations from previous studies. Tar formation begins at the pyrolysis 
zone, and the tar species formation depends on the mass empirical 
relation developed by Ref. [25] based on the experimental results of 
[21]. They report the mass yield of tar species in g/kg of biomass. More 
details about the model can be found in Ref. [23]. 

Tar species different mass yields (g/kg of biomass) is reported by the 
following equation. 

Y = aT2 + b T + c (16) 

While the a, b, and c values are presented in Table 1. 
After pyrolysis, the gas composition of volatiles and tar species are 

fed automatically to the next stages (oxidation and reduction) depend-
ing on their reactions (Tables 1 and 2). 

2.4. Gas phase and char surface reactions 

The set of reactions used to represent the oxidation and reduction 
processes are based on the recommendations of [6], (Table 2, and 
Table 3). The current model is further enhanced by implementing the 
detailed chemical reactions of tar species formation and evolution 
starting with devolatilization, oxidation and reduction, Table 4. All of 
the reactions, including the tar kinetic reactions, have been imple-
mented in the ANSYS code in both the oxidation and reduction zones. 
Tar was initially assumed as one compound, but it was later classified 
into four main species (benzene, naphthalene, toluene, and phenol). 
Nine additional reactions have been added to the CFD code to incor-
porate the tar evolution, formation, and cracking along the gasifier. 

2.5. Boundary and operating conditions 

Two different feedstocks are used for model validation (Table 5) 
aiming to investigate the effect of gasifier operating conditions on the 
producer gas quality. Rubber wood and neem with their ultimate and 
proximate analysis data used for the initial model validation are illus-
trated in Table 5, while the boundary conditions used in the model are 
illustrated in Table 6. Both feedstocks were used previously in the ki-
netic model and in experiments, so it is a logical choice to use the same 
feedstocks for validation of CFD results. 

Biomass is fed from the top of the gasifier as a mass flow rate input 
boundary condition, while the total number of particles are tracked 
through the Lagrangian approach (Discrete phase). Discrete phase 
model (DPM) follows the Euler-Lagrange approach where one phase 
representing fluid is solved by the Navier-Stokes equations, while the 
second phase representing dispersed particles is solved by tracking the 
specific number of particles through the flow field. Both the phases 
exchange mass, momentum, and energy with each other. The number of 
particles dispersed due to turbulence, is predicted by using stochastic 
tracking model (i.e., random walk model). At every time step, 1450 
particles with a diameter of 0.355 mm are tracked. The model considers 
the effect of turbulence on the particles’ trajectories (i.e., tries) which 
are injected into each cell of the computational mesh of the gasifier inlet 
[27]. The DPM proved to have good stability and better prediction for 
biomass gasification as demonstrated in the previous studies, e.g. see 
Refs. [42–45], and [46]. 

Table 1 
Correlations for pyrolysis products [25].   

a b c 

C6H6 − 0.0003 0.7017 − 387.6 
C10H8 − 0.0001 0.218 − 115.32 
C7H8 -6E-5 0.10701 − 48 
C6H6O 2E-5 − 0.068 46.42  

A.M. Salem and M.C. Paul                                                                                                                                                                                                                   



Biomass and Bioenergy 168 (2023) 106656

5

2.6. Numerical simulation and convergence testing 

The governing equations of two phases are numerically solved by 
using an implicit finite volume method. A pressure velocity coupled 

algorithm is used where it encompasses a coupled solution for the mo-
mentum and pressure-based equations. This solving criterion gives 
higher rate of solution convergence [27]. The spatially discretised 
pressure equation is solved by PRESTO (PREssure STaggering Option) 
method, which is a default option for multiphase simulations or volume 
of fluid (VOF) models with mixtures or having more than one fluid in the 
system. The PRESTO scheme is more applicable for the models as it gives 
better solution convergence. Energy, momentum, gas species, and 
discrete ordinates under the spatial discretization uses a second order 
upwind scheme for more accurate and stable solution. Convergence 
criteria for residuals is set as default, where all the relaxation factors are 
set to 10− 3 while for the energy and discrete ordinate radiation are set to 
10− 6 to again ensure the stable accurate solutions. The particles are 
tracked cell by cell through the control volume, where the devolatili-
zation, combustion and gasification take place according to the specified 
rate reactions. The overall solution methods and residuals control are 
concluded in Table 7. 

3. Results and discussion 

3.1. Mesh dependency and model validation 

Mesh independency test is performed first by using five different 
mesh sizes with the cell numbers of 22,320, 39,744, 90,770, 203,980, 
and 319,780 respectively. Producer gas composition along with the 
higher heating value of rubber wood gasification is shown in Fig. 2. The 
results show a slight variation in the gas compositions for all the grids 
employed. For example, the CO concentration varies between 20.9 and 
20.4 in vol% when the grid size is changed from 203,980 to 22,320 – a 
variation of only less than 2%. Also, the variation in both CO2 (9.11–9.5) 
mol% and CH4 (1.8–2.17) mol.% for the same grids is insignificant. 
Additionally, the higher heating value (HHV (MJ/Nm3)) does not differ 
much (5.8 and 5.74 MJ/Nm3) for the grid numbers 90770 and 203,980. 
However, starting with the 90,770 cells, the overall gas composition 
appears to be stable with negligible variations, and the heating value 
also almost remains the same. As a result, the mesh size of 90,770 is 
selected for the further simulations presented in the current work, as 
higher mesh density is time consuming and will require higher 
computational costs. 

Fig. 3 depicts the results of CFD modelling for the two feedstocks as 
well as a comparison with the experimental, and kinetic modelling re-
sults [5]. Rubber wood was gasified at an ER of 0.326 and an MC of 
18.5% [40], while neem gasification was at an ER of 0.3 with an MC of 
10% [41]. The results show the volume (%) of dry gas composition at the 
gasifier outlet for the three data sets. Based on the comparison, the CFD 
results of both feedstocks show good agreement for all the gas compo-
sitions with those of the kinetic code and the experiments. A negligible 
variation in all the gas species formation is found and the results for the 
CFD, experiment and kinetic code results vary between 8 and 13 vol%, 
and 6 and 14 vol% for rubber wood and neem respectively, demon-
strating the model’s suitability to simulate the process of downdraft 
biomass gasifiers. 

Tar species produced during the gasification of a wood sample at an 

Table 2 
Oxidation reactions.   

Reactions A E (kJ/mol) T. exponent Ref. 

1 2C + O2→2CO 147,000 112.99 1 [33] 
2 CO+0.5O2→CO2 1.0e+10 126 0 [34] 
3 2H2+O2→2H2O 2.2e+09 109 0 [34] 
4 CH4+2O2→CO2+2H2O 4.4e+11 126 0 [35]  

Table 3 
Reduction reactions.   

Reactions A E (kJ/mol) T. exponent Ref. 

5 C + CO2→2CO 8.268 188.2 1 [33] 
6 C + H2O→CO + H2 42.5 142 1 [33] 
7 0.5C + H2→0.5CH4 8.8894e-06 67.16 1 [33] 
8 CH4+H2O→CO+3H2 3e+08 125 0 [34] 
9 CO + H2O→CO2+H2 2.35e+10 288 0 [36] 
10 CO2+H2→CO + H2O 1.785e+12 326 0 [36]  

Table 4 
Reactions of tar species implemented in the model.   

Reactions and rate expression A (s− 1) E (kJ/ 
mol) 

Ref. 

11 C7H8→0.17C10H8 + 0.89C6H6 + 0.67H2 r1 =

k1 [C7H8]

2.23E13 315 [37] 

12 C10H8→10 C + 4H2 r2 = k2 [C10H8]
2
[H2]

− 0.7 5.56E15 360 [38] 
13 C10H8 + 4H2O→C6H6 + 4CO + 5H2 r3 =

k3 [C10H8] [H2]
0.4 

1.58E12 324 [38] 

14 C7H8 + H2→C6H6 + CH4 r4 =

k4 [C7H8] [H2 ]
0.5 

1.04E12 247 [38] 

15 C6H6 + 5H2O→5CO + CH4 + 6H2 r5 =

k5 [C6H6]

4.4E8 220 [38] 

16 C6H6 + 7.5 O2→6CO2 + 4H2O r6 =

k6 [C6H6]
− 0.1

[O2]
1.25 

17.83 125.5 [38] 

17 C6H6 + 3O2→6CO + 3H2 r7 = k7 [C6H6] [O2] 1.58E15 202.6 [38] 
18 C7H8 + 9 O2→7CO2 + 4H2O r8 =

k8 [C7H8]
− 0.1

[O2]
1.25 

14.26 125.5 [38] 

19 C6H6O→CO + 0.4C10H8 + 0.15 C6H6 

+0.1CH4 + 0.75H2 r9 = k9 [C6H6O]

1.0E7 100 [25, 

39]  

Table 5 
Feedstocks’ data used in validation.   

Ultimate analysis db. (%) Proximate analysis db. (%) 

C H O N Vol. FC Ash MC 

Rubber wood 
[40] 

50.6 6.5 42 0.2 80.1 19.2 0.7 18.5 

Neem [41] 45.1 6.0 41.5 1.7 81.75 12.65 5.6 10 

Db – on dry basis. 

Table 6 
Boundary conditions used in validation.   

Rubber wood Neem 

Equivalence ratio 0.326 0.3 
ṁfuel, kg/hr 0.316 0.694 
ṁair, kg/hr 0.631 1.142 
Air T (K) 600 600 
Biomass T (K) 300 300 
Gauge P, producer gas outlet 0 0  

Table 7 
Solution methods followed in the CFD modelling.  

Phases Euler-Lagrangian 

Models included Turbulence model: k-epsilon 2 equations 
Radiation: Discrete ordinates 
Species Transport for Finite rate/Eddy transport kinetic model 
Intensity and Hydraulic Diameter specification 

Solution 
methods 

Pressure-velocity coupling, Coupled 
Momentum and Energy: 2nd order upwind discretization 
scheme 
Pressure discretization scheme, PRESTO 

Residuals’ level 10− 3 for all variables, for Energy and radiation 10− 6  
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ER of 0.35 and an MC of 10% are presented in Fig. 4. Comparisons are 
shown between the results of the CFD model, kinetic model and the 
corresponding experiment [23]. Note that all the tar results have been 
converted from μg/100 ml of the produced gas to the unit of g/Nm3 for 
easy tracking and comparison with the experimental or numerical data, 
as this unit is widely used in the literature in quantifying and estimating 
tar produced in gasification. The results in Fig. 4 show that all the major 
tar species produced, and the total tar amount are in fairly good 
agreement. A negligible decrease in the CFD model prediction for the 
total tar amount is found because of a very slight amount of benzene 
prediction. The kinetic model slightly outperforms when comparing 
with the CFD predictions for tar production. However, the CFD results 
are still matching with the experimental data with a small deviation for 
the different species and total tar amount produced. Furthermore, one of 
the main research aims is to study the hydrodynamics of tar and gas 
species within the gasifier which is not applicable for the kinetic models. 
The following discussions (Figs. 5–12) will present the distribution of 
velocity, temperature, reaction rates, volatiles decomposition across the 
gasifier height. As a result, the CFD is a strong numerical procedure that 
overcomes the limitations of such kinetic models. Phenol concentrations 
are too low and can be considered as negligible compared to the other 
species because, and it is a primary tar compound that tends to be fully 
cracked and converted to the other tar species at higher temperatures. 
Based on the kinetic and CFD models, the phenol concentration is zero, 
while from the experiments it is reported as <0.02 g/Nm3 (thus 
negligible). 

Furthermore, benzene and naphthalene show fairly well agreement 
with both the experimental and kinetic code results. Both compounds 
have the highest portion of tar produced during the biomass gasification, 
accounting more than 60% of the tar produced in most cases ([22,47], 
and [1]). Toluene concentration from the CFD model shows slightly 
lower than that of the experiment or kinetic model. However, it meets a 
strong agreement with the other data. 

3.2. Rates of reactions with an effect of ER 

Fig. 5 illustrates the reaction rate of volatiles and the mass fraction of 
volatiles along gasifier centreline for rubber wood gasification at ER =
0.326, and MC of 18%. After drying, the decomposition of biomass to 
volatiles takes place at the pyrolysis zone and the very early stages of the 

Fig. 2. Producer gas composition vol. %, and HHV (MJ/Nm3) at different 
mesh sizes. 

Fig. 3. Rubber wood and neem comparison (Producer gas compositions in vol %).  

Fig. 4. Detailed tar species validation.  

Fig. 5. Volatiles’ reaction rate (right), and decomposition (left) along the 
gasifier height. 
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combustion zone. Biomass devolatilization rate reaches its peak in the 
middle of the pyrolysis zone, and then gradually decreases as biomass is 
fed into the combustion zone, until it reaches zero just above the 
oxidation zone (i.e., at about 60 cm height of gasifier) where the other 
reactions occur. Biomass decomposition into char, tar, and gases takes 
place in the pyrolysis zone as also clearly shown in the figure. The mass 
fraction of biomass decomposition starts at 1 until it approaches 0 at the 
onset of combustion, as demonstrated by the drop in the decomposition 
rate towards the end of the pyrolysis zone. It is also found that changing 
ER has no effect on decomposition because no air is driven within the 
pyrolysis zone. As a result, ER has no effect on the behaviour of pyrolysis 
products. The findings meet strong agreement with previous experi-
mental and numerical results e.g., ([6,44]). 

The oxidation zone is where the combustion reactions take place, as 
seen in Fig. 6. The reaction rates of CO, CH4, and H2 combustion are 
examined for rubber wood gasification at ERs of 0.2, 0.3, and 0.4. The 
oxidation reactions are exothermic, generating the heat required for all 
the other reaction processes of gasification such as biomass decompo-
sition in pyrolysis and reduction reactions in the gasification zone. All of 
the combustion reactions, as also shown in this figure, take place in the 

Fig. 6. Combustion reactions rates along the gasifier centreline at different ERs.  

Fig. 7. Gasification reaction rates along the gasifier for different ERs.  

Fig. 8. Temperature contours along the gasifier with different ERs.  
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oxidation zone between the gasifier heights of 35 and 50 cm. A higher 
combustion rate is found for CO followed by H2 and CH4 as clearly 
illustrated in the figure. This is due to the increased amounts of CO 
produced during pyrolysis followed by H2, and CH4 respectively. 
Additionally, the smaller activation energy for H2 combustion compared 
to CO combustion leads to decrease its combustion rate (Table 1). 

In the same figure, the effect of changing ER on the reaction rates and 
the formation of different species is also presented. As the ER increases 
from 0.2 to 0.4, the reaction rates increase, and the corresponding peak 
is shifted towards the middle of the combustion zone. Higher ERs tend to 
increase the amount of air (O2) inside the oxidation zone, and conse-
quently, increase the rate of reactions based on the combustion reaction 
rates (Table 1). Furthermore, increased air inside the gasifier favours 
flow turbulence leading to increase in the temperature and corre-
sponding rates of oxidation reactions. The highest reaction rate is usu-
ally formed at the middle of combustion zone (~0.42 m height). It was 
found that the highest reaction rate for CO combustion (R2- Table 1) is 
3.7*10− 6 kgmol/m3s at ER 0.4, while the lowest value is 4.7*10− 8 

kgmol/m3s at ER 0.2 for CH4 combustion (R4- Table 1). Such findings 
strongly align with those reported in Ref. [6]. 

The set of results in Fig. 7 further illustrate the reaction rates taking 
place in the reduction zone are the boudouard, water-gas, and methane 
formation reactions, respectively (R5,6,7- Table 2). Rubber wood is used 
as a feedstock at a fixed MC of 18.5% with varying ER. As seen from the 
figure, all the specified reactions take place in the reduction zone where 
it starts at around 35 cm from the gasifier height and proceeds towards 
the end of the gasification zone. The methane formation reaction has the 
highest reaction rate, followed by the water-gas and boudouard re-
actions – the findings also strongly agree with those reported in Ref. [6]. 
It is also worth further noting that all the reactions initiate near the end 
of the combustion zone, with only a very small rate possibly occurring in 
the combustion zone. The boudouard reaction has the lowest reaction 
rate due to the consumption of CO2 to CO. This is mainly because CO2 is 
a very stable compound and requires heat to be converted to other 
species ([21], and [1]) because it is strongly endothermic and requires 
heat to be initiated. These results are, again, consistent with the previ-
ously published work, which states that the reduction reactions are 
mostly endothermic thus require heat to occur [48]. 

Furthermore, while the methane formation reaction shows high re-
action rates, it is mainly dependent on the amount of CH4 which is 
mostly found in small amounts during the gasification process. Reaction 
7, on the other hand, which show lower amounts of CH4 because of its 
low activation energy and also its dependency on C, and H2 formation 
along the reduction zone. Yet, it is effective in predicting the accurate 
amount of CH4 formation during the process of gasification. Lower ER 
(0.2) tends to produce higher reaction rates for the boudouard, and 
methane formation reactions as illustrated in the figure. This is because 

lower ER in the combustion zone tends to produce higher concentrations 
of CO, and CH4 and as a result, the formation rate is increased. Unlike 
the water gas reaction, which depends on the amount of steam present 
inside the gasifier. For higher ER, H2 combustion reaction takes place 
(Fig. 6), leading to more steam formation, and consequently, increasing 
the rate of formation of water-gas reaction. 

The combustion (gas-phase) reactions rates are defined based on a 
volumetric basis in which the creation/destruction rates of the different 
species are a source term in the species transport equation (eqn. (7)). 
While this is the case in most combustion reactions, the gasification 
reactions mostly depend on the char amounts, and are defined as a 
particle surface reaction in which, the rate of formation of different 
species is governed by the diffusion and chemical kinetics within the 
surface [27]. As a result, the surface reactions create sinks and sources of 
the different species within the gas phase, and on the reacting species 
surface [49]. 

3.3. Temperature distribution inside the gasifier 

The equivalence ratio and air amount injected into the gasifier play a 
critical role in the producer gas production, chemical reactions, tem-
perature and in fact, the whole gasification process. Hence, studying the 
effects of changing ER on the gasification temperature and other pa-
rameters will lead to the further understanding of its effect on gasifi-
cation, resulting in higher producer gas production and gasification 
process efficiency. 

Fig. 8 depicts the temperature contours inside the gasifier for rubber 
wood gasification at the different equivalence ratios and a fixed MC of 
18.5%. The results clearly illustrate that the higher temperature is pre-
dicted in the oxidation zone, followed by the reduction and pyrolysis 
zones. The peak temperature, or in other word the ignition temperature, 
(1900–2015) K is seen near the air injection points; however, it is not the 
combustion temperature, as the temperature drops to normal levels 
(~1400K) in the middle of the gasifier, Fig. 8. As the ER increases, the 
temperature inside the gasifier also increases. This is due to increased air 
injection and turbulence inside the gasifier, which increases the reaction 
rates for the heterogeneous combustion reactions. 

Further in Fig. 9, the temperature profile along the gasifier centreline 
is compared for the different ERs. As clearly shown in the figure, more 
air addition from a higher ER tends to increase the temperature inside 
the gasifier. The maximum temperature for ER of 0.4 was found to be 
around 1340K. The change of ER shows a negligible difference in the 
pyrolysis temperature. This is because pyrolysis temperature depends on 
the feedstock type, and moisture levels. Since both are fixed, (rubber 
wood. 18.5% MC), it is expected to have fixed pyrolysis temperature 
~700 K. On the other hand, ER affects the amount of air/oxidant in-
jection inside the combustion zone. Higher ERs, with high oxygen, lead 
to an increase in turbulence mixing as well as in the heterogenous 
oxidation reaction rates (Table 2). Thus, resulting in the higher tem-
peratures and heat release in the combustion zone. This has been also 
demonstrated in Fig. 8, where higher temperatures are found for higher 
ERs. The resulting gasification/reduction temperatures also depend on 
ER as illustrated by (Figs. 8, and Fig. 9). 

However, when ER decreases, the temperature decreases as well. The 
temperature rise with ER is also in good agreement with the previous 
works ([31], and [40]) as well as with the results derived from the ki-
netic model [5]. 

3.4. Tar species formation 

Tar evolution in the pyrolysis zone is described using a mass yield 
relation [32]. In the combustion and gasification zones, the tar species 
formation depends on the detailed reaction rate kinetics [37], and [38]. 
The CFD model is used to investigate the formation of the different 
species of tar along the gasifier in both steady and unsteady states, as 
well as the effect of residence time on the formation and destruction of 

Fig. 9. Temperature distribution at different ERs along the gasifier centreline.  
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various species. 

3.4.1. Tar species distribution inside the gasifier 
Phenol concentrations in the producer gas are usually close to zero 

and can be neglected, as evidenced in Fig. 10. In the early stage of py-
rolysis, a large amount of phenol is formed; but as the temperature in-
creases, it reacts more with the other compounds and eventually 
converts to other forms. When the temperature is high enough during 
gasification, it also tends to decrease gradually, and in some cases, it 
tends to be fully consumed and converted to benzene, naphthalene, and 
other gas species (CO, H2, and CH4). 

Toluene formation inside the gasifier has the same trend as phenol, 
with a higher concentration in the pyrolysis zone followed by 

destruction in the oxidation and reduction zones, as also evidenced in 
Fig. 10. However, depending on the reduction reactions and tempera-
ture of the gasification zone, toluene starts reforming again in small 
amounts at the reduction zone. Although it needs further understanding 
and clarifications, this could be because of the reaction rates, backward 
reactions, and the complicated chemistry involved in such reactions. 
However, after reaching the steady state in the simulation, it appears 
that all of the phenol has been consumed (Figs. 10 and 11). Particularly, 
at temperatures above 773 K, the primary tars start to re-form ([48], and 
[47]) and convert to the secondary, and then the tertiary tars. The 
temperatures in the oxidation and reduction zones, that are higher than 
1173 K, are enough to destroy the primary tar species and transform 
them into the other compounds. 

Fig. 10. Various tar species mole fraction contours inside the gasifier.  
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Nevertheless, unlike the other species, naphthalene formation shows 
a different trend. It is formed in considerable amounts in the producer 
gas as illustrated in Fig. 10. Small amounts are produced during pyrol-
ysis because it is a tertiary tar which requires higher temperatures to 
present and form. Higher temperatures in the oxidation zone >1300K 
are favourable for the naphthalene formation and total conversion at 
1600 K [22]. Further, based on the tar kinetic reactions, naphthalene is 
also converted to char, H2, CO and benzene. Those reactions occur in 
both the combustion and reduction zones; however, it is more likely to 
happen in the reduction zone because of the presence of water vapour. 

Benzene has the highest portion of tar species, which is usually 
greater than 37% from the weight of the total tars produced [1]. Benzene 
starts forming in pyrolysis and followed by a slight decrease in oxidation 
but increases again in the reduction zone. Oxidation reactions destroy 
benzene and convert it to CO, CO2, CH4, H2 and H2O. However, benzene 
is still found in larger amounts compared to the other tar species, and 
during oxidation it is slightly cracked. This is because of its higher sta-
bility than the other tar species, and hence it forms as the highest portion 
of tar compounds during the gasification process [1]. Furthermore, 
benzene requires a very high temperature to crack (1400–1700) K [22]. 
On the other hand, these reactions (benzene combustion R16, 17) 
depend on oxygen amount and have slow reaction rates. As a result, it is 
unlikely that they will take place in the oxidation zone or will never 
happen in the reduction zone where no oxygen is present. Whereas the 
other tar species (phenol, naphthalene, and toluene) are converted to 
benzene and other compounds at this temperature range. All the pre-
vious factors, therefore, tend to increase the amount of benzene along 
the gasifier height as the temperature increases, which further agrees 
with the results of [20]. 

Tar species formation along the centreline is illustrated in Fig. 11. 
The results follow the same trend described earlier in Fig. 10. That is, in 
the pyrolysis zone, phenol shows higher concentration; this is because it 
is a primary tar compound and usually formed in higher amounts during 
the devolatilization process and has been further transformed into the 
secondary and tertiary tars during combustion and gasification. At the 
gasifier exit, benzene shows the highest portion of tar species followed 

by toluene and naphthalene, while phenol shows negligible values at the 
exit of the gasifier, as expected. Poly aromatic hydrocarbons (PAH) are 
favourable to be formed during high temperature. However, it was 
stated that benzene, and naphthalene are found in large amounts during 
the process pyrolysis [50], and [51]. Benzene and naphthalene are more 
affected by the temperature rise and therefore show higher conversion 
rates in higher temperature [52]. However, the formation of naphtha-
lene was found in considerable amount (although small) in the pyrolysis 
zone at around 0.7 m height of the gasifier. At this height, the temper-
ature was around 800–900 K (Fig. 7) and at this temperature level, 
naphthalene could be found at considerable amounts as stated in the 
experimental and numerical study of [52]. 

Additionally, for all the species, the ER has a strong effect on their 
formation and destruction. Higher ER always shows smaller amounts of 
tar species at the gasifier exit. This is because higher temperature and 
turbulence inside the gasifier favour tar destruction, and therefore, 
lower amounts of tar. It is also noticed that all species amounts tend to 
be similar at the pyrolysis zone, because there is no effect of ER on either 
tar or volatiles at this stage (discussed earlier in Fig. 5). 

3.4.2. Temporal evolution of tar species 
Unsteady simulations are also performed to study the formation of 

different tar species over time, starting with the evolution at pyrolysis 
and transformation through oxidation and gasification, and producer 
gas exits (Fig. 12). The transient state is examined for 24 s with a time 
step of 0.05 s, A well understanding of the tar formation and its nature is 
the primary requirement that would help to decrease the tar amounts 

Fig. 11. Tar species distribution along the gasifier centreline with 
different ERs. 

Fig. 12. Temporal distribution of tar species at the middle point of different 
zones, and gasifier exit. 
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produced with producer gas. Therefore, all the simulation results of tar 
species presented below are processed at the mid-location of every zone, 
while they are face averaged at the gasifier exit. 

The evolution of tar species at the pyrolysis zone over time is shown 
in Fig. 12. All the species, except for phenol, start to increase and reach 
their peaks at different time, and then decrease and eventually stabilise 
after 6 s. Phenol concentrations were found to be very high at the 
beginning, so the phenol was multiplied by 0.04 for an easy illustration 
in the chart area. Phenol concentrations are found to be very high 
because of its nature being a primary tar, which forms at pyrolysis, then 
over the time and when the temperature inside the gasifier increases, it 
starts to crack and convert to other higher tar compounds and conse-
quently, tends to decrease by the end. 

On the other hand, toluene was found to have the highest portion of 
tar species at the pyrolysis end, which is consistent with the previous and 
present research findings. Toluene being the most stable primary tar is 
formed at usual pyrolysis temperatures but cracks and converts to 
benzene and naphthalene at higher temperatures of the oxidation zone. 
Benzene is present in considerable amounts, while naphthalene in lower 
amounts as a PAH that needs higher temperatures to form. At the 
combustion zone, the results start to stabilise after 11 s, which should be 
longer than the pyrolysis duration (6 s). That is due to the fact that 
species begin to form during pyrolysis and then go through the com-
bustion zone which takes time to stabilise. All the species exhibit the 
similar trend as those identified in the pyrolysis zone. However, benzene 
and naphthalene are formed in greater amounts, because of the higher 
combustion temperatures (Fig. 7) that crack the primary tar molecules 
and convert them to the secondary and tertiary tars. Toluene is found in 
small amounts while phenol is fully consumed because of the higher 
temperature at the oxidation zone. 

The results have a logical trend, where the sum of the tar contents (in 
kmol/m3) at the end of pyrolysis (16*10− 5) and combustion (13*10− 5) 
decreases. Additionally, the results show that the primary tars are 
formed during pyrolysis (e.g. toluene ~8.8*10− 5), while at the end of 
oxidation benzene (tertiary tars) has the highest portion (8.5*10− 5) 
followed by naphthalene and toluene, which agrees strongly with the 
previous studies published in the literature ([21,53], and [25]). 

Tar species formation at the reduction zone start to stabilise after a 
longer time than combustion and pyrolysis, around 14 s. Tar species 
formation follows the same trend as in the combustion zone because of 
again the higher temperature. Finally, the average values of tar species 
evolution at the producer gas exits are presented in the same figure. The 
species formation takes longer than the other zones start to stabilise, 
around 18 s. Initially, phenol is found in large amounts, but it decreases 
or fully consumed over time and temperature rise. Benzene and naph-
thalene are formed in large amounts, then they cracked slightly as the 
temperature increases. While toluene, being a stable compound, stabil-
ises early and is found in considerable amounts. Eventually, benzene is 
the highest portion of tar species formed, followed by toluene, naph-
thalene, and phenol in a very small amount. The results are matching 
with the findings illustrated earlier in Fig. 9. 

4. Conclusions 

A CFD model was developed for the investigation of the evolution 
and formation of major tar species in a downdraft gasifier. Tar repre-
sentatives included benzene, naphthalene, toluene, and phenol which 
were classified as primary, secondary, and tertiary tars. The results of 
the producer gas composition as well as tar species formations were 
validated with the kinetic modelling and experimental data. 

Detailed reaction kinetics were investigated at varying ER from 0.2 
to 0.4, revealing the rates of reactions for various producer gas and tar 
species. The highest reaction rate was found for CO combustion at ER 
0.4, while the lowest rate was for CH4 combustion at ER 0.2. On the 
other hand, the boudouard reaction has the lowest reaction rate, while 
the methane formation reaction has the highest reaction rate. 

Furthermore, the unsteady tar distribution at the pyrolysis, com-
bustion, and reduction zones revealed that the primary tars formed in 
their higher concentration during pyrolysis. These were then consumed 
at the oxidation zone, and subsequently reduced at the reduction zone. 
On the other hand, the tertiary tars were formed initially with smaller 
amounts at pyrolysis, consumed at oxidation, but reformed again at 
reduction because of the conversion of the primary tars into the sec-
ondary and tertiary tars. The results further demonstrated that the tar 
species were stabilised after 6, 11, 14, and 18 s in pyrolysis, combustion, 
reduction, and gasifier exit respectively. 

Data availability 

Data will be made available on request. 
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