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ABSTRACT

Many efforts have been performed by researchers worldwide to find out alternative technologies for
renewable energy conversion to encounter the shortage of fossil fuel. Biomass gasification, one of many
promising energy conversion technologies, has become more attractive in recent years. The present work
aims to investigate the effect of air tuyere-grate distance (i.c., 260, 330, and 400 mm) and equivalence
ratio (i.e. 0.15, 0.20, and 0.25) on the thermal behaviour of the small-scale downdraft gasifier fed by
sawdust. The reactor has an internal diameter of 300 mm and a height of 725 mm (from the grate to the
top). The axial temperature profile of the reactor, the volume fraction of carbon monoxide, hydrogen, and
methane, the higher heating value of the producer gas, and cold gas efficiency are observed and analysed.
The results indicate that the tuyere position above the grate affects the performance of the gasifier. The
maximum higher heating value of the producer gas (HHV;) and the maximum cold gas efficiency (CGE)
are found at an optimum tuyere-grate distance of 330 mm and an equivalence ratio of 2.0. The maximum
values of HHVg and CGE are 2.84 MJ/Nm® and 66.36%, respectively.
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INTRODUCTION

Biomass gasification is a thermochemical process that converts solid biomass fuel into
producer gas fuel in a gasifier reactor. Unlike combustion, gasification requires much less air
than stoichiometric air for combustion. The effective equivalence ratio for biomass gasification
lies between 0.20 and 0.40 [1]. It is a ratio between the actual air-fuel ratio for gasification and
the stoichiometric air-fuel ratio for combustion. When air is used as a gasification agent, the
producer gas contains CO, CO,, Ha, CHa, and N». The presence of CO, H», and CH4 leads to
combustible producer gas. Cleaner combustion of producer gas to replace direct combustion of
solid biomass [2] has driven increasing attention on biomass gasification in recent years

In a downdraft gasifier, the biomass feedstock and air enter the gasifier from the top of the
reactor. Biomass processing includes drying, pyrolysis, oxidation (combustion), and reduction
(gasification). Producer gas exits the gasifier at the lower part of the reactor, as shown by a
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schematic diagram of the downdraft gasifier in Figure 1a. A typical axial temperature profile
of a downdraft gasifier for wood gasification [3] is shown in Figure 1b. During reduction,
combustible gases CO, H, and CH4 are formed through exothermic reactions of Boudouard,
eg. (1) and Water-Gas, eq. (2), as well as endothermic reactions of Water-Gas Shift, eq. (3) and
Methane Formation, eq. (4) [3].

C 4 CO, & 2CO + 172 kJ/mol (1)
C +H,0 © CO + H, + 131 kJ/mol @)

CO + H,0 © CO, + H, — 41.2 k/mol ©)
C + 2H, & CH, — 74.8 kJ/mol (4)
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Figure 1. Downdraft gasifier: scheme of gasification (a) and axial temperature profile (b)

The performance of the gasifier can be affected by many factors, such as equivalence ratio
(o) and gasification temperature. Increasing the equivalence ratio improves the oxidation
process and releases more heat, increasing gasification temperature [4]. The tar cracking
process occurs better at higher gasification temperatures [5] which increases producer gas
yields and higher heating value of the producer gas (HHVy). Increasing HHV,; with increasing
gasification temperature is a result of improving the volume fraction of H> and CO in the
producer gas [6].

Research on biomass gasification has been reported by many researchers worldwide.
Different biomasses, especially agricultural and forestry waste, have been explored as
gasification feedstock. Balu & Chung [7] and Perez et al. |8] used pine wood as the feedstock
in a downdraft gasifier. The operating conditions and design parameters affected gasifier
performance significantly. Sheth & Babu [9] utilised waste of sesame wood from the furniture
industry and found that the optimum equivalence ratio for gasification of sesame wood was
0.205. Yin et al. [10] performed gasification of peach prunings. They stated that prunings with
a particle size of 1-2 cm were favourable for gasification in the 25 kg/h fixed-bed downdraft
gasifier used in their work. Other researchers have also conducted works on the gasification of
wood feedstock. The lower heating value of the producer gas from the gasification of the wood
chips was 1100—1200 kcal/Nm? (4.60—5.02 MJ/Nm?) with a tar content of 3.9-4.4 g/Nm? for
an air ratio of 0.3—0.35 [11]. Tar content in producer gas can be reduced by the method of two-



stage air supply into the gasifier. The tar content of producer gas from eucalyptus wood
gasification was reduced by 87% using this method [12].

On the other hand, downdraft gasifiers can also use non-woody biomasses as feedstock.
These include oil palm frond, corn straw, groundnut and cashew nut shell, hazelnut shell, rice
husk, and sawdust. Bhoi and Singh [13] found that the gasification of groundnut shell has lower
efficiency than the gasification of babul wood. Gasifier selection and design criteria for oil
palm frond were studied by Guangul et al. [14]. Gasification of oil palm frond using preheated
air made it possible to increase the performance of a single throat downdraft gasifier [15]. Corn
straw gasification in a downdraft gasifier was reported by Gai and Dong [16]. They revealed
that over the ranges of the equivalence ratio examined, higher or lower equivalence ratios both
degraded the quality of gas and gasification efficiency of corn straw. The potential of cashew
nut shell [17] and hazelnut shell [18] as gasifier feedstock were also investigated. Based on the
investigation results, both shells have a good potential as a gasifier feedstock. Rice husk and
sawdust are other non-woody biomasses that received increasing attention as gasifier
feedstock. Susastriawan et al. [19] investigated the effect of tuyere grate distance above the
grate on the performance of a downdraft gasifier fed by rice husk. The results indicated that
the tuyere distance above the grate impacts the gasifier performance. A lower heating value of
4.44 MJ/Nm? and tar content of 1.34 g/Nm? of rice husk producer gas at an equivalence ratio
of 0.211 was reported by Ma et al. [20]. Yoon et al. |21] reported producer gas from rice husk
gasification has been used successfully as a fuel for a 10 kW reciprocating engine. Meanwhile,
Wander et al. [22] developed an open-top downdraft gasifier with a processing capacity of
around 12 kg/h. The gasifier was operated successfully using sawdust as a feedstock.

In the present work, sawdust waste is gasified in a small-scale downdraft gasifier at an
equivalence ratio of 0.15, 0.20, and 0.25, and air tuyere position at 260, 330, and 300 mm above
the grate. No research on the effect of air tuyere position above a grate and equivalence ratio
on the thermal performance of the small-scale downdraft gasifier fed by sawdust has been
reported so far. The present work aims to investigate the axial temperature profile of the reactor,
the volume percentage of CO, H», and CH4, the higher heating value of the producer gas
(HHVy), and the cold gas efficiency (CGE) of the gasifier.

MATERIALS AND METHODS

The present work investigates teak sawdust waste collected from the wood furniture industry
at Bantul Regency in Yogyakarta Province. Before being used as feedstock for the experimental
downdraft gasifier, the sawdust is analysed for its proximate and ultimate properties.

Feedstock characterisation

Proximate and ultimate analyses are performed at Tekmira, Bandung. Table 1 shows a
photo of the sawdust and the results of the analyses. The results are presented in weight
percentage (% wt) on air dried basis (adb). The sawdust is most likely to contain nitrogen.
However, the nitrogen content is undedicated during the ultimate test, possibly due to the
sample's very small nitrogen content.

Table 1. Proximate and ultimate analysis of the sawdust

Teak sa.wglust_‘ Proximate [% wt]adb  Ultimate  [% wt] adb

] Fixed Carbon 13.29 C 44.99

il

Volatile matter 71.48 H 6.68

Ash 1.97 0] 45.62
Moisture 13.26 N -

S 0.74

HHV; [MJ/kg] 17.577




Experimental work

Figure 2 displays a photo and a schematic diagram of the experimental setup used in the
present work. The reactor, made of steel, has an internal diameter of 300 mm and a height of
725 mm (from the grate to the top). The reactor is insulated with glass wool with a thickness
of 50 mm. The sawdust feedstock is fed into the gasifier at the top of the reactor. Gasification
air is supplied using a blower through three series of tuyeres located at 260, 330, and 400 mm
above the grate. Each tuyere series has three tuyeres 1 inch in diameter. The air flow rate is
controlled using a valve and is measured using a rotameter. Meanwhile, six K-type
thermocouples are inserted into the reactor at 50, 120, 190, 260, 330, and 400 mm above the
grate. Temperature measurement data are logged using data logger OMRON ZR-RX45. The
producer gas is sucked from the lower part of the reactor using a suction fan and transferred to
the flare. Gasification is initiated by torching the reactor feedstock through an ignition port
located 120 mm above the grate.
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Figure 2. Photo and schematic diagram of the experimental setup

In the present work, the performance of the gasifier fed by teak sawdust is investigated for
an equivalence ratio of 0.15, 0.20, 0.25 and tuyere location above grate of 260, 330, and 400
mm. For ¢ of 0.15, 0.20, and 0.20, 5 kg of teak sawdust requires air flow rates of 3.51, 4.65,
and 5.82 m>/h, respectively. Thus, the air flowrates of 1.17, 1.55, and 1.94 m>/h are supplied
via each tuyere for an equivalence ratio of 0.15, 0.20, and 0.25, respectively. After 20 minutes
of gasification, a producer gas sample is collected from the sampling port near the flare using
a vacutainer. The samples are analyzed using Gas Chromatograph SHIMADZU GC-8A to
obtain the volume percentages of CO, Hz, and CHs in the combustible gas. Once the gas
composition is known, the HHV,; and CGE are calculated through the calculation procedure

using eq. (5) to eq. (11).

Analysis
One can evaluate the performance of the gasifier in terms of HHV and CGE. The HHV,
of the producer gas can be calculated using Eq. (5):

[(xq X HHV)¢o + (x3 X HHV)yp + (x4 X HHV) 4l (5)
100

HHV, =



where x1, X3, and x4 are the volume percentages of CO, Hz, and CHs. HHV values of CO, H»
and CHg are 12.71 MJ/Nm?, 12.78 MJ/Nm?, and 39.76 MJ/Nm?, respectively. Meanwhile, the
CGE can be obtained using the calculation procedure outlined below [23], also used in Prasad
et al. [24].

Mass of producer gas yield per kg of feedstock:

2xj X MW, (6)
mg = ————
n
where:
Z _ [&g X MW)co + (x2 X MW) o, + (x3 X MW)gp + (x4 X MW) ey + (X5 X MW) ] (7)
X; X MW; = 100

and n is the number of moles of the feedstock, while m is the number of moles of the air in the
gasification reaction:

n(CxHyO,Ni) + m X @ X (0, +3.76 X N;) = X1 X CO + X, X CO, + x3 X Hp + x4 X CHy + x5 X N (8)

The density of the producer gas:

0, = [(x1 X p)co + (X2 X p)coz + (X3 X PIuz + (X4 X p)cua + (X5 X p)nz] 9)
g~ 100

where the component densities at NTP are: pco = 1.165 kg/Nm?, pi> = 0.089 kg/Nm?, pcna =
0.668 kg/Nm?, pcoz = 1.842 kg/Nm?, and pna2 = 1.165 kg/Nm®.
The energy released by producer gas per kg feedstock is:

g, = DX 1Y (10)
Pg
Finally, the cold gas efficiency is:
Eg
CGE = 1y % 100 (11)
RESULTS AND DISCUSSION

In this section, an effect of air supply location and equivalence ratio on the thermal
performance of the downdraft gasifier fed by sawdust is discussed in terms of the temperature
profile, gas volume percentage, HHV,, and CGE.

Temperature profiles

Figure 3 shows the axial temperature profile in the reactor at the 20" minute gasification
time. Uniform temperature distribution occurs at @ of 0.20 for all T-G. For all @ and T-G values,
maximum gasification temperature occurs at the height of 120 mm from the grate. This result
indicates that the burning front remains where gasification is initiated, 120 mm above the grate.
However, several graphs observed maximum temperatures at the height of 50 mm from the
grate. The maximum temperature at that location may be due to the oxidation heat in the gas
transported directly by the suction fan to the flare.
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Figure 3. Axial temperature profiles of the reactor

Accumulating heat in the drying zone causes high temperatures in that zone, as can be seen
at an equivalence ratio of 0.25. Gasification temperature is related to the equivalence ratio [4].
Increasing the equivalence ratio means more oxygen available during the oxidation process,
resulting in better oxidation processes that release more heat for gasification. However, the
equivalence ratio cannot be set too high since the gasification process will shift to combustion.

The volume percentage of CO, Hz, and CH4

The volume percentage of CO, Hy, and CHy at the 20™ minute of gasification is indicated
in Figure 4. The figure shows that the volume percentage of CO is the highest for all o and T-
G values. The reason is that the Water-Gas reaction is the fastest among other reduction
reactions; thus CO percentage is the highest in the producer gas. On the other hand, methane
formation is the slowest reaction; hence much less CHy is formed during gasification.
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Figure 4. Volume percentage of CO, H, and CH4

Higher heating value of the gas and cold gas efficiency

Meanwhile, Figure 5 presents the HHV, and CGE of the gasifier. The highest volume
percentage of H> causes the maximum values of HHV, and CGE to occur at o of 0.20 and T-
G of 330 mm. The maximum HHV, and CGE are 2.84 MJ/Nm?® and 66.36%, respectively. The
CGE obtained in the present work is nearly similar to CGE obtained by Wander et al. [24],
which is 67.67%.
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Figure 5. Higher heating value of the gas and cold gas efficiency



CONCLUSION

Gasification of teak sawdust waste has been performed successfully. The waste of teak

sawdust is suitable as the feedstock of the small-scale downdraft gasifier with proper selection
of equivalence ratio and tuyere distance above the grate. The maximum higher heating value
of the producer gas is 2.84 MJ/Nm®, and the maximum cold gas efficiency of the gasifier is
66.36%. These results have been obtained at an equivalence ratio of 0.20 and a tuyere distance
of 330 mm above the grate.
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NOMENCLATURE

CGE cold gas efficiency [%]
energy released by producer gas per

Eq 1 kg feedstock [M/ke]
HHV¢ higher heating value of the feedstock [MJ/kg]
HHV, higher heating value of producer gas [MJ/Nm?]
MW molar mass of a gas component [kg/mol]
m number of moles of air
mg mass of producer gas [kg]
n number of moles of feedstock
T-G tuyere-grate distance [mm]
X1 volume percentage of carbon monoxide [%]
X2 volume percentage of carbon dioxide [%]
X3 volume percentage of hydrogen [%]
X4 volume percentage of methane [%]
X5 volume percentage of nitrogen
o equivalence ratio
Greek letters
P density [kg/m’]
Pg density of producer gas [kg/m]
Abbreviations
adb air dried basis
NTP Normal Temperature and Pressure
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