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ABSTRACT

Sawdust is one of alternative energy sources to substitute the fossil fuels. The utilization of sawdust to produce 
energy can be done through different types of technologies. Gasification is one of techonology that can be used to 
convert sawdust into energy. Sawdust has the characteristics of small bulk density and bind to one another. The 
gasifier type corresponding to these properties is an open top throatless downdraft gasifier. The prediction of 
producer gas composition can be done through a simulation. This study was conducted to obtain the distribution of 
combustible gas, tar concentration and temperature at the inside of gasifier on different variations of equivalence 
ratio by using 2D of computational fluid dynamic. Simulation was performed on the variation of equivalence ratio of 
0.2, 0.3 and 0.4. The simulation results showed that the increase of equivalence ratio tend to decrease of CO, H2, CH4 
and tar followed by increasing of temperature at the inside of the gasifier.  

 KEYWORDS 

Open top, Throatless, downdraft gasifier, Gasifications, Sawdust, Computational Fluid Dynamic.

1. INTRODUCTION 

Biomass energy has considerable potential in Indonesia. One of the 
sources of biomass available is sawdust. The sawdust is more accessible in 
Indonesia with production of 1.4 million m3/year [1].  Gasification is one 
method to convert sawdust to energy. The gasification process always take 
place on equivalence ratio of 0.2 to 0.4 for producing combustible gas (CO, 
H2, CH4), Sawdust have characteristics small bulk density and binding one 
another, due to its characterics so the open top throtless of downdraft 
gasifier is very suitable for sawdust gasification [2]. The prediction of 
combustible gas distribution, temperature distribution and tar  
distribution at the inside of gasifier is important before the construction 
and the fabrication of the gasifier. Numerical simulation using CFD is one 
of popular methods to the prediction it. Many researchers have done the 
prediction of combustible gas composition using CFD inside downdraft 
gasifier. CFD simulation on the imbert downdraft gasifier  using wood chip 
as fuel has been done  by author, the results showed that the combustible 
gas in mole fraction were about 38.23% of CO, 23.24% of H2, and 0.11% of 
CH4 at equivalence ratio of 0.24 [3]. Furthermore, the simulation on 
throatless downdraft gasifier using wood chip as fuel has been done, the 
results showed that the maximum CO in mole fraction was 20.8% at 
equivalence ratio about 0.35 and would decrease with increasing of air 
flow rate (equivalence ratio) [4]. Lignite coal as fuel on imbert downdraft 
gasifier has been simulated the result showed that the mass fraction of CO 
about 20 % in pyrolysis zone [5]. Another result CFD simulation on 
downdraft gasifier was reported with combustible gas composition in 
mass fraction were about 18.7% of CO, 11.8% of H2 and 2.58% of CH4 [6]. 
The small bulk of density for biomass of risk husk was simulated in imbert 
downdraft gasifier, the results of combustible gas in mole fraction were 
about 22% of CO, 13% of H2 and 1.7% of CH4 at equivalence ratio of 0.3 [7]. 
The closed top throatless downdraft gasifier has been simulated using 
steam air ratio of 0.89 as agent, the results of the simulation were about 
40% of CO, 25% of H2 and 4%  of CH4 [8]. According to the results of CFD  

simulation before, the results of combustible gas depends on the 
construction of downdraft gasifier, the used fuel and the equivalence ratio.  
In this research was done CFD Simulation on gasification process at open 
top throatless downdraft gasifier using sawdust as fuel. The simulation 
was done on the variation of equivalence ratio to investigate the 
distribution of combustible gas composition, the distribution of 
temperature and the distribution of tar concentration at the inside of 
gasifier.   

2. SIMULATION METHODOLOGY

2.1 Governing Equation  

In this simulation Euler – Lagrange approaching were  used to treat fluid 
flow as continuum and particle tract as discrete phase.  Several equations 
have been developed to solve interaction continuum phase and discrete 
phase in term of gasification process. The fluid flow and reaction were 
solved using equation of mass, energy, standard k-ε of turbulent and spices 
transport.  The solid movement and its reaction were solved using discrete 
phase equation, heating equation, devolatisation equation and heat 
transfer equation; The equations are used as follows: 

2.1.1 Mass conservation equation 

𝜕𝜌

𝜕𝑡
+ ∇. (𝜌𝑣) = 𝑆𝑚   (1) 

2.1.2 Momentum conservation equation 

𝜕

𝜕𝑡
(𝜌𝑣) + ∇(𝜌𝑣𝑣) = −∇𝑝 + ∇𝜏̅̅ + 𝜌�̅� + �̅�   (2) 

2.1.3 Energy conservation equation. 
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𝜕

𝜕𝑡
(𝜌𝐸) + ∇(�⃗�(𝜌𝐸 + 𝑝)) = ∇(𝑘𝑒𝑓𝑓∇𝑇 − ∑ ℎ𝑗𝐽𝑗 + (𝜏̅𝑒𝑓𝑓�⃗�)𝑗 ) + 𝑆ℎ   (3) 

2.1.3 Turbulence standard k-ε equation  

𝜕

𝜕𝑡
(𝜌𝑘) +

𝜕

𝜕𝑥𝑖

(𝜌𝑘𝑢𝑖) =
𝜕

𝜕𝑥𝑗
[(𝜇 +

𝜇𝑡

𝜎𝑘
)

𝜕𝑘

𝜕𝑥𝑗
] + 𝐺𝑏 + 𝐺𝑘 − 𝜌𝜀 − 𝑌𝑀 + 𝑆𝑘    (4)  

𝜕

𝜕𝑡
(𝜌𝜀) +

𝜕

𝜕𝑥𝑖

(𝜌𝜀𝑢𝑖) =
𝜕

𝜕𝑥𝑗
[(𝜇 +

𝜇𝑡

𝜎𝜀
)

𝜕𝜀

𝜕𝑥𝑗
] + 𝐶1𝜀

𝜀

𝑘
(𝐺𝑘 + 𝐶3𝜀𝐺𝑏) − 𝐶2𝜀𝜌

𝜀2

𝑘
+ 𝑆𝜀    (5)  

2.1.4 Radiative transfer equation  

𝑑𝐼(𝑟,⃗⃗⃗ ⃗𝑠)

𝑑𝑠
+ (𝑎 + 𝜎𝑠)𝐼(𝑟,⃗⃗⃗ 𝑠) = 𝑎𝑛2 𝜎𝑇4

𝜋
+

𝜎𝑠

4𝜋
∫ 𝐼(𝑟,⃗⃗⃗ 𝑠′)Ф(𝑟,⃗⃗⃗ 𝑠′)𝑑𝛺′

4𝜋

0
             (6) 

2.1.5 Species transport equation 

𝜕

𝜕𝑡
(𝜌𝑌𝑖) + ∇(𝜌𝑣𝑌𝑖) = −∇. 𝐽�̅� + 𝑅𝑖 + 𝑆𝑖    (7) 

𝑅𝑖 = 𝑀𝑤,𝑖 ∑ �̂�𝑖,𝑟
𝑁𝑅
𝑟=1   (8) 

2.1.6 Finite rate 

�̂�𝑖.𝑟 = 𝛤(𝑣"𝑖,𝑟 − 𝑣′𝑖,𝑟) (𝑘𝑓,𝑟 ∏ [𝐶𝑗,𝑟]
ŋ′𝑗,𝑟

−𝑁
𝑗=1 𝑘𝑏,𝑟 ∏ [𝐶𝑗,𝑟]

ŋ"𝑗,𝑟𝑁
𝑗=1 )     (9) 

𝑘𝑓,𝑟 = 𝐴𝑟𝑇𝛽𝑟𝑒−𝐸𝑟/𝑅𝑇   (10)  

𝑘𝑏,𝑟 =
𝑘𝑓,𝑟

𝐾𝑟
  (11) 

2.1.7 Eddy- dissipation rate  

Ri,r = v′i,rMw,iAρ
є

k
minR (

YR

v′R,rMw,R
)    (12) 

Ri,r = v′i,rMw,iABρ
є

k

∑ YPP

∑ v′′j,rMw,j
N
J

      (13) 

2.1.8 Particle motion equation  

𝑑𝑢𝑝

𝑑𝑡
= 𝐹𝐷(𝑢 − 𝑢𝑝) +

𝑔𝑥(𝑃𝑃−𝑃)

𝑃𝑃
+ 𝐹𝑋   (14) 

𝐹𝐷 =
18𝜇

𝑃𝑃𝑑𝑃
2

𝐶𝐷𝑅𝑒

24
  (15)  

2.1.9 Particle heating equation  

𝑚𝑝𝑐𝑝
𝑑𝑇𝑝

𝑑𝑡
= ℎ𝐴𝑝(𝑇∞− 𝑇𝑝) + 𝜀𝑝𝐴𝑝𝜎(𝜃𝑅

4 − 𝑇𝑝
4)   (16)  

2.1.10 Single rate of particle devolatisation equation  

𝑚𝑝𝑐𝑝
𝑑𝑇𝑝

𝑑𝑡
= ℎ𝐴𝑝(𝑇∞ − 𝑇𝑝) −  

𝑑𝑚𝑝

𝑑𝑡
ℎ𝑓𝑔 + 𝐴𝑝𝜀𝑝𝜎(𝜃𝑅

4 − 𝑇𝑝
4)   (17) 

−
𝑑𝑚𝑝

𝑑𝑡
= 𝑘[𝑚𝑝 − (1 − 𝑓𝑣,0)(1 − 𝑓𝑤,0)𝑚𝑝,0]   (18) 

2.1.11 Multiple surface of particle combustion equation  

𝑚𝑝𝑐𝑝
𝑑𝑇𝑝

𝑑𝑡
−  ℎ𝐴𝑝(𝑇∞ −  𝑇𝑝) −  𝑓ℎ

𝑑𝑚𝑝

𝑑𝑡
𝐻𝑟𝑒𝑎𝑐 +  𝐴𝑝 ∈𝑝 𝜎(𝜃𝑅

4 −  𝑇𝑝
4)    (19) 

Particle species j(s) + gas phase species n → products    (20) 

�̅�𝑗,𝑟  =  𝐴𝑝ƞ𝑟𝑌𝑗𝑅𝑗,𝑟    (21) 

Gasification reaction involved the kinetic reactions of devolatisation, 
reduction and combustion. Devolatisation of volatile equation (R1) has 
been developed base on the main composition product the volatile 
pyrolysis were CO, CO2, H2, CH4, H2O and tar with ignored the composition 
of NH3 and H2S [8]. The tar cracking equation (R8) has been adopted from 
[9]. The gasification reactions are used as shown in Table 1. The kinetic 
controlled gasification reactions are summarized in Table 2. 

Table 1: Gasification Reaction 

Reaction 
R1 Volatile → 0.268 CO + 0.295 CO2 + 0.5 H2 + 0.094 CH4 + 0.255 H2O + 0.2 Tar      (23) 
R2 C(s) + 0.5 02 → CO      (24) 
R3 C(s) + H2O → CO + H2      (25) 
R4 C(s) + CO2 → 2CO      (26) 
R5 C(s) + 2H2 → CH4 (27) 
R6 CO + H2O → CO2 + H2      (28) 
R7 CH4 + H2O  → CO + 3H2 (29) 
R8 Tar  → 0.22 tar inert + 0.563 CO + 0.111 CO2 + 0.017 H2 + 0.088 CH4 + 0.255 H20  (30) 
R9 CO +  0.5 O2 → CO2      (31) 
R10 2H2 +  O2 →2 H2O      (32) 
R11 CH4 + 1.5 O2 → CO + 2H2O      (32) 

Table 2: The kinetic of reactions 

A (consisten Unit) E ( J/kmol) References 

R1 5.7e+05 8.1e+07 [10] 

R2 8.91e+03 1.4974e+08 [11] 

R3 1.517e+08 1.2162 e+08 [10],[12] 

R4 36.16 7.739e+07 [10],[12] 

R5 4.189e-03 1.921e+07 [10],[12] 

R6 1.389e+03 1.256e+07 [13],[14] 

R7 1.65e+11 3.29e+08 [13],[15] 

R8 7e+03 8.36e+07 [16],[17] 

R9 4.4e+11  1.2552e+08 [13],[18] 

R10 3.53e+08 3.05e+07 [4],[8] 
R11 9.2e+06 8e+07 [13], [19] 

2.2 Computational Model  

The gasifier was modeled with 60 cm of height and 20 cm of diameter. Fuel 
and air were entered from the top of gasifier with hole diameter each of 

20 cm and 2 cm respectively as shown in Figure 1.  The simulation was 
conducted on 2D using Ansys Fluent 15. The construction of the gasifier 
could be divided into two part with the same size and shape. For simplifing 
process, the simulation was done using axisymmetric condition.  
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Figure 1: The open top throatless downdraft gasifer 

The mass flow of air gasification was calculated base on ultimate analysis 
of fuel. The volatile and combustible fraction of fuel were based on 
proximate analysis as shown in Table 3. The boundary condition of 
simulation is summarized in Table 4 

Table 3: The analysis of ultimate and proximate [20]  

Description  value 

Ultimate 

Carbon  47.45 

Hydrogen  6.46 

Oxigen  45.54 

Nitrogen  0.05 

Sulfur 0.12 

Proximate 

Moisture  6.75 

Ash  0.38 
Volatile  80.11 
Fixed Carbon  12.76 

Table 4: The boundary condition 

Parameter  Value 
Inlet mass flow of fuel  6 kg/h 
Inlet mass flow of air at equivalence ratio (ER) of 0.2 6.9 kg/h 
Inlet mass flow of air at equivalence ratio (ER) of 0.3 10.35 kg/h 
Inlet mass flow of air at equivalence ratio (ER) of 0.4 13.8 kg/h  
Inlet temperature of fuel   499 K 
Inlet temperature of air  300 

3. RESULTS AND DISCUSSION

The Effect of Equivalence Ratio on The distribution of Combustible Gas 
Composition at The inside of Gasifier. Figure 2, 3, and 4 shows the 
increasing of equivalence ratio tended to decrease the distributions of CO, 
H2 and CH4 at the inside of gasifier were presented on decreasing of the 
area of yellow and cyan color. The higher composition of combustible gas 
concentrated in the middle of gasifier caused by the effect of the air inlet 
pushed tracking particle to the center of the gasifier. Therefore,the 
gasification reactions become more dominant in this zone. The 
combustible gas at point of air inlet had lower concentration caused by the 
spices needed time and space for reaction of gasification [21]. The 
combustible concentration was higher at the top of gasifier, indicating the 
reaction combustion of combustible gas (R9, R10, and R11) increased 
from top to down of gasifier. 

Figure 2: The distribution of CO compositions 

Figure 3: The distribution of H2 compositions 

Figure 4: The distribution of CH4 compositions 

The final composition of the combustible gas at the center of outlet gasifier 
as shown in Figure 5. It was found that as the equivalence ratio increased, 
the composition of CO, H2 and CH4 decreased from 24 % to 10% (CO), 21% 
to 14% (H2), 2.2% to 1.2% (CH4), the behaviors of combustible gas 
composition have the same trends as mentioned by [4, 12]. This is due to 
the increase of combustion reaction of combustible gas (R9,R10,R11). 
Furthermore, the increasing of CO combustion (R9) contributed to the 
increase of the concentration of CO2 from 16% to 20%. The N2 

concentration tended to increase from 41% to 55% due to the rise of air 
in which N2 is main component of air.  The composition of CO and H2 in 
every point of equivalence ratio was quite similar. This was due to the fact 
that more H2O from evaporation reacted with CO to increase H2 
concentration, indicating the same trend to the experiment at open top 
throatless downdraft gasifier [22-24]. The comparison of simulation with 
the experimental resulted at equivalence ratio about 0.2 is shown in Figure 
6 [22]. The results showed similar agreement with this experiment. 
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Figure 5: The effect of equivalence ratio on gas composition 

Figure 6: The comparation between of CFD and Experiment 

The Effect of Equivalence Ratio on The distribution of Temperature at The 
inside of Gasifier. Figure 7 shows the increasing of equivalence ratio 
tended to increase the temperature distribution at the inside of gasifier, 
especially in the centre of the gasifier as represented by decreasing of cyan 
color and increasing of yellow color. It was caused by the more of 
combustible gas (CO, H2 and CH4) in this location as shown in Figure 2,3 
and 4 contacted with more of air for the combustion reaction. At the top of 
gasifier, the temperature distribution was lower than the bottom caused 
by evaporation and devolatisation process that absorbed heat more 
dominance. The increasing of the temperature distribution at the inside of 
the gasifier further lead to an increase on the  temperature  at centre  outlet 
of the gasifier from 1251 K to 2241 K.  

Figure 7: The distribution of temperature 

The Effect of Equivalence Ratio on The distribution of Tar Concentration 
at The inside of Gasifier. Figure 8 shows the increasing of equivalence ratio 
tended to decrease the distribution of tar concentration inside of the 
gasifier as represented by decreasing the area of cyan and yellow color at 
inside of the gasifier, due to higher cracking of the tar (R8) was contributed 
by increasing of temperature at the inside of gasifier as shown in Figure 7. 
The tar concentration was higher at the top of gasifier was contributed by 
the lower temperature at this zone. The final concentration of tar 

decreased from 0.37 % to 0.29% for increasing of equivalence ratio from 
0.2 to 0.4 at the centre outlet of gasifier. Decreasing of tar was followed by 
appearing tar inert as shown in Figure 9. The concentration tar inert at the 
inside of gasifier decreased with increasing of equivalence ratio as 
represented by decreasing the area of yellow and red color. The final 
concentration of the tar inert decreased  from 1.11% to 0.82% for 
increasing of equivalence ratio from 0.2 to 0.4 at the centre outlet of 
gasifier, because of the tar inert is a conversion of the tar, as explained by 
equation R8, This result have same trend with reporting [8].  

Figure 8: The distribution of tar compositions  

Figure 9: The distribution of tar-inert compositions. 

4. CONCLUSIONS 

In this research, open top throatless downdraft gasifier has been 
simulated using CFD to investigate effect equivalence ratio each of 0.2, 0.3 
and 0.4 on the distribution of gas composition, temperature and tar 
concentration. The increasing of equivalence ratio tended to decrease 
distribution of combustible gas (CO, H2, CH4) composition and tar 
concentration followed by increasing of temperature distribution at the 
inside of gasifier. In each equivalence ratio, the combustible gas 
composition decreased from the top to the bottom of the gasifier as well 
as the tar concentration, otherwise for the temperature distribution 
increased from the top to the bottom of gasifier.  The maximum of final of 
combustible gas composition at the center of outlet gasifier each of CO 
24%, H2 21% CH4 2.2% were resulted on equivalence ratio of 0.2. The 
minimum of tar concentration of 0.29% and the maximum of temperature 
of 2241 K were existed on equivalence ratio of 0.4 at the center of outlet 
gasifier.   
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