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A fuel gas from rice husk gasification “a producer gas” has a good potential as a
compressed producer gas (CPG) fuel. However, cleaning of the producer gas has to be
performed to reduce tar content before compressing into cylinder. The present work aims
to investigate performance of spray scrubber on tar removal and energy density of CPG
from rice husk gasification. The performance of the scrubber is evaluated at different
adsorbent and spray pressure. The adsorbents used are water and waste of cooking oil under
spray pressure of 2, 4, 6, and 8 bar. The data taken during the experimental work are
producer gas and adsorbent temperatures, gas composition, and gravimetric tar. The data
are used to analyze performance of the scrubber in terms of tar removal and cooling
effectiveness, and energy density of CPG. The results show that water spray scrubber has
higher effectiveness than waste of palm oil scrubber. Pressure of the spray also impacts
scrubber’s performance in reducing tar content. Scrubber’s effectiveness improves as
stepping up spray pressure. At spray pressure of 6 bar for water scrubber and 8 bar for
waste of cooking oil scrubber, the gravimetric tar was 83.33 mg/Nm? and 83 mg/Nm?
which are suitable for vehicular fuel. The highest tar removal effectiveness of the scrubber
is found at spray pressure of 8 bar which are 0.94 and 0.75 for water spray scrubber and
waste palm oil scrubber. The highest energy density of the CPG of 2.57 MJ/Nm?3 is obtained
at water spray pressure of 6 bar.

1. INTRODUCTION

Biomass waste has huge potential for renewable energy
sources. Jain and Sheth [1] stated that biomass energy supplied
about 1/7 world energy needed. Various biomass wastes, such
as waste from agricultural, forestry, and industry as well as
solid municipal wastes have been used. Waste to energy
conversion is feasible method in handing solid waste and its
utilization [2]. Gasification of biomass waste into producer gas
is a promising renewable energy conversion technique since
combustion of the producer gas is cleaner than direct
combustion of the waste [3]. Considered as one of the most
effective methods in upgrading biomass fuel [4], biomass
gasification has been widely performed. The producer gas
obtained by gasification suitable for burner fuel and stationary
IC engines.

During gasification, biomass feedstock experiences
sequences thermo-chemical process (drying, pyrolysis,
oxidation, and reduction) in reactor called gasifier.

Combustible gas, i.e. CO, H», and CH4 form during reduction
through exothermic and endothermic reactions (Eq. (1) to Eq.
(4)). Bouduard (Eq. (1)) and Water-Gas (Eq. (2)) reactions are
exothermic, meanwhile Water-Gas Shift (Eq. (3)) and
Methane Formation (Eq. (4)) reactions are endothermic [5].
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C + CO, & 2CO + 172 kJ/mol (1)

C + H,0 & CO + H, + 131 kJ/mol )
CO + H,0 & CO, + H, — 41.2 kJ/mol 3)
C + 2H, © CH, — 74.8kJ/mol 4)

Tar presents in the producer gas is a serious problem has to
be encountered when the gas is used as IC engine fuel. Tar is
a blend of condensable HC, counting aromatic compounds
with up to 5 rings as well as PAHs [6, 7]. Since tar has
corrosive property, producer gas with high tar content is
prohibited for direct use as fuel of IC engines [8]. Tar presents
in the producer gas condenses when entering fuel intake
manifold, Tar condensate may block and contaminate the
engine, thus causes severe damage of the engine for long term
use [9]. The producer gas for IC engine application should
contain a tar not exceed than 100 mg/Nm? [10].

Tar removal can be performed inside the gasifier (primary
method) or outside the gasifier at producer gas downstream
(secondary method). Tar removal using wet scrubber is one
many techniques in the secondary method. Various adsorbents
have been used in wet scrubbing, such as water, vegetable oil
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[11], waste cooking oil [12], diesel fuel, biodiesel fuel, and
engine oil [13, 14]. The performance of adsorbent was ranked
in the order of diesel oil > vegetable oil > biodiesel oil > engine
oil > water [15]. Despite good performance of diesel and
vegetable oils as adsorbent mediums, their relatively higher
cost may not be the best choice to be used commercially.
Water adsorbent has the lowest performance due to its
limitation of the hydrophobic properties of tar but it has
advantage of low-cost investment. The use of waste cooking
oil and water can be a good choice for adsorbent medium to
reduce the cost and hopefully increase tar removal efficiency
from the producer gas.

Unyaphan et al. [14] performed tar removal in producer gas
using venturi scrubber. They obtained that removal efficiency
of micro-bubbles venturi scrubber was higher 18% compared
to the bubbling scrubber. It was found that maximum tar
reduction effectiveness up to 89% [16]. Dafiqurrohman et al.
[17] used water indirect type condenser and rice straw filter to
reduce tar content in a producer gas. The found that the
combined indirect water condenser and rice straw could
achieve a tar reduction efficiency of 84.87%.

Figure 1 shows a counter flow spray scrubber which is a
common configuration used in tar removal. The adsorbent is
sprayed downward and the raw producer gas moves upward.
Basically, the scrubber’s working principle is similar to spray
cooling tower. Cooling of the raw gas and tar removal occurs
when adsorbent contacts with the raw gas. The raw gas is
cooled by the adsorbent, tar condenses and its condensate is
adsorbed by the adsorbent, finally purified producer gas exit
at the upper part of the scrubber. Due to high cooling and tar
removal efficiency, small size, and low energy needed, spray
cooling tower is broadly applied in industry [18]. However, a
pump is required to circulate the adsorbent from a tank to the
scrubber tube.

Adsorbent inlet

Purified Gas

Raw gas -

Adsorbent outlet

Figure 1. Schematic diagram of spray scrubber

Cooling efficiency of the spray scrubber is affected by spray
exposure area, and speed of gas flow. Regarding coverage area,
pressure of the adsorbent entering the adsorbent inlet has to be
considered in order to obtain high performance of the scrubber.
Cooling effect increases when air speed reduces for given
droplet size. Exposure area improves at slower air speed. This
is due to longer time available for droplets to lose their
momentum and follow the air stream when air velocity get
slower, thus provides wider exposure region [19]. The greatest
feasible performance of the counter current spray cooling
tower was obtained using radial spray pattern nozzle [20].
Beside exposure area, injection direction of the spray greatly
impacts cooling tower performance [21], thus it is important
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to arrange the nozzle in optimum configuration. Other
parameters affecting spray scrubber performance is geometry
of venturi section. The square section venturi spray scrubber
has a high efficiency of tar removal due to high turbulent
kinetic energy [22]. Meanwhile, Zhao et al. [23] improved
washing performance of spray tower by using multilayer tray
misalignment.

From literatures have been studied, none of those scrubbers
is spray type scrubber. In the present work, a spray scrubber is
fabricated and its performance is tested. The key objective of
the present-day work is to inspect performance of spray
scrubber on tar removal and energy density of CPG from rice
husk gasification.

2. METHOD

The present work is started by fabricating a scrubber at a
local mechanical workshop followed by experimental work at
Energy Conversion Laboratory of Universitas Gadjah Mada
and Manufacturer Laboratory of Universitas AKPRIND
Indonesia, both are in Indonesia. Once data are collected, the
work is continued by data processing.

2.1 Design and fabrication

Figure 2 presents a technical drawing of the scrubber tube.
The scrubber tube (1) is fabricated using mild steel pipe with
diameter and length of 152.4 mm and 1050 mm, respectively.
The scrubber has two adsorbent inlets (4), one raw gas inlet
(2), one purified gas outlet (3) and one adsorbent outlet (5).
Both inlet and outlet for gas have a diameter of 50.8 mm.
Meanwhile, the diameter of adsorbent inlets and outlet are 30.5
mm and 31.8 mm, respectively.

30.5
1 ¥

250.0

30.5

800.0

1050.0
10000
831.8

Figure 2. Technical drawing of the scrubber tube (unit: mm)
2.2 Experimental work

In the present work, a raw producer gas is obtained from
rice husk gasification. 5 kg of rice husk is fed into the gasifier
through the top of the gasifier. The rice husk bed in the gasifier
is ignited using a torch. After 5 minutes, raw producer gas is
generated and the raw gas enters the spray scrubber via gas
inlet. Adsorbent from the adsorbent tank is pumped to the
adsorbent inlet to generate adsorbent spray. The raw producer
gas is purified in the scrubber by means of cooling and
scrubbing process. The purified producer gas exits the
scrubber from gas exit and compressed into a 3 kg CPG tank.
The experimental setup of the present work is shown in Figure
3.
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Figure 3. The experimental setup

Small amount of raw producer gas as well as the purified
gas are by-passed into the impinging bottle filled with
Isopropanol (IB 1 and IB 2) for tar gravimetric analysis. Both
raw and purified producer gases are collected using vacutainer
at gas sampling ports (SP 1 and SP 2) for Gas Chromatograph
analysis. Temperatures of the raw producer gas (T;) and the
purified producer gas (T») are measured using K type

thermocouples and logged to Graphtec 240 temperature logger.

In the present work, the adsorbent investigated are water and
waste cooling oil. Mostly, people in Indonesia use palm
cooking oil for frying their food. The pressure of the spray is
varied at 2, 4, 6, and 8 bar by regulating valve opening to the
scrubber. Table 1 gives an adsorbent’s properties regarding
fluid flow and heat transfer.

Table 1. Adsorbent properties [24]

Adsorbent Density (kg/m®)  Specific Heat (kJ/kg.K)
Water 1000 4.18
Cooking oil waste 840 1.67

2.2.1 Gas chromatograph analysis

Samples of the producer gas in the vacutainer are analyzed
using Gas Chromatograph (GC) Shimadzu 2014 at Energy
Conversion Laboratory of Universitas Gadjah Mada. The GC
has temperature accuracy of +1% with temperature variation
coefficient of 0.01°C/°C. Volume fractions of CO, H,, and CH4
gases obtained from the analysis are used to calculate HHV
(higher heating value) of the producer gas.

2.2.2 Gravimetric tar analysis

Gravimetric tar is analyzed using impinging method [25].
Producer gas is shortcut from the gasifier line and impinged to
the bottle train filled with Isopropanol (IB) as shown by Figure
3. Flow rates of the gas are measured using rotameters during
the test. After the test, Isopropanol is heated in the electric
oven at 50°C for two hours at Manufacturer Laboratory of
Universitas AKPRIND Indonesia. Isopropanol evaporates due
to heating and left only tar. The tar is then weighed using a
digital balance with accuracy of 0.1 g. Tar content is then
obtained by comparing mass of tar and volume of the producer
gas to the impinging bottle.

2.3 Data processing

Gravimetric tar is used to calculate tar deduction efficacy of
the scrubber. Volume fractions of CO, H,, and CHy4 are used
to calculate energy density in term of higher heating value
(HHV) of the CPG. Scrubber’s performance in terms if
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effectiveness is computed with Eq. (5):

Tar; — Tar,

€= 5)

Tary

where, € denotes scrubber’s tar reduction effectiveness, Tar;
and Tar, denote the gravimetric tar before and following
scrubbing, respectively.

Cooling effectiveness of the scrubber is calculated using Eq.

(6):
(6)

where, ¢, indicates scrubber’s cooling effectiveness, Ty and
T, indicate raw producer gas temperatures and purified
producer gas temperature, accordingly.

Whereas, Eq. (7) is used to calculate gross calorific values
of raw and purified producer gas [26].

HHV,
[(x4. HHV) o + (%2. HHV)yy, + (x3. HHV) cpyal
100

(7

where, x; denotes CO volume fraction, x, denotes H, volume
fraction, x3 represents CH4 volume fraction. Following Prasad
et al. [27], gross heating values of CO = 12.71 MJ/Nm?, H, =
12.78 MJ/Nm3, and CHs= 39.76 MJ/Nm?.

3. RESULT AND DISCUSSION

Once the data of tar content, scrubbing temperature, tar
removal effectiveness and energy density of the CPG are
obtained, the results are discussed in the following section.

3.1 Tar removal effectiveness

Figure 4(a) and 4(b) show the gravimetric tar of the
producer gas with water and waste of cooking oil adsorbent at
spray pressures of 2, 4, 6, and 8 bar. The use of water spray as
well as waste of frying oil is able to lessen tar presents in the
purified gas. Furthermore, to obtain tar content lower than
acceptable value for IC engine fuel, i.e. 100 mg/Nm?, the spray
pressure should be 6 bar for water scrubber and 8 bar for waste
of frying oil scrubber. The tar content after scrubbing were
83.33 mg/Nm? for water scrubber at spray pressure of 6 bar
and 83 mg/Nm?3 for waste of cooking oil scrubber at spay
pressure of 8 bar. The CPG is suitable for an IC engine fuel.
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Figure 4. Gravimetric tar at various pressures

Eq. (5) is used to figure out the effect of spray pressure and
adsorbent type on tar removal effectiveness. Figure 5 displays
an effect of spray pressure on spray effectiveness. From Figure
5, one can spot that the trend of tar deduction effectiveness of
the spray scrubber improves as spray pressure increases. It
means that more tar is absorbed by the adsorbent when higher
spray pressure is applied. Higher spray pressure produces
higher turbulency that results in enhancing cooling of the raw
gas, and in turns more tar condenses and dissolves into the
adsorbent. Besides, increasing spray pressure causes larger
spray angle generated, which affects larger contact area
between producer gas and the adsorbent which also improve
cooling of the raw gas. The peak tar reduction effectiveness
using water adsorbent and using palm oil adsorbent occur at
spray pressure of 8 bar.

1 T
W Water
W Waste
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o ®

I
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Effectiveness

o
N

4 6
Pressure (Bar)

Figure 5. An effect of pressure on tar reduction effectiveness

Figure 6 presents the photograph of the water and palm oil
sprays at pressure of 2, 4, and 6 bar during cold test. It can be
seen that spread angle (o) of the spray increases as increasing
spray pressure. It means coverage area of the spray increases
as increasing spray pressure. Larger coverage area between
producer gas and the spray leads to enhance heat absorption of
the raw gas and efficiency of cooling process [19], thus tar
absorption rate improves with increasing spray pressure.

»

(a) Water spay
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(b) Cooking oil waste spray
Figure 6. An effect of pressure on spread angle of the spray

Meanwhile, Figure 7 presents an effect of adsorbent type on
scrubber performance in term of tar reduction effectiveness at
spray pressure of 8 bar. The tar purification effectiveness is
found to be 0.94 and 0.75 for scrubber with water adsorbent
and waste of cooking oil adsorbent, respectively. It can be
figured out that the tar ejection effectiveness of the water
scrubber is better than that of the cooking oil waste scrubber,
which means that absorption ability of water is higher than the
oil waste in the present work. This outcome is in contrast with
work described by Phuphuakrat et al. [15] who stated that
absorption efficiency of oily adsorbent was better than water
adsorbent. This contrast may due to the present work uses
spray scrubber whereas their previous work used packed bed
type scrubber. Differ with packed bed scrubber, the
performance of the spray scrubber is affected not only by
adsorbent type but also by spray pressure. The coverage area
of the water spray is larger than that of waste cooking oil spray
at given pressure. Larger coverage area means wider heat
transfer area between the raw gas and the adsorbent, hence
increases cooling rate and finally increases scrubbing
efficiency.

Effectiveness

Water

‘Waste Cooking Oil
Adsorbent

Figure 7. An effect of adsorbent on tar cleaning effectiveness
3.2 Cooling effectiveness

Figure 8 presents raw gas temperature entering the scrubber
and purified gas temperature exits the scrubber and cooling
effectiveness of the scrubber. Purified gas temperature at
scrubber’s exit is lower than raw gas temperature at scrubber’s
entrance which indicates cooling process take place in the
scrubber tube. The trend occurs for either with water adsorbent
or waste of cooking oil. The plots of cooling effectiveness
show that the cooling effectiveness of the scrubber tend to
increase as enhancing pressure of water spray as well as waste
of cooking oil spray. This indicates that cooling process is
better at higher spray pressure. For any given cooling time,
higher heat rate is obtained from the raw gas to the adsorbent
at elevate pressure, i.e. shorter cooling time requires when
higher pressure is applied. A larger spread angle of the



scrubber at higher spray pressure enhances contact area
between the adsorbent ant the gas which leads in improving
cooling rate.
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Figure 8. Temperature of producer gas and cooling
effectiveness

3.3 CPG’s energy density

CPG’s energy density is defined as amount of energy
content per unit volume of CPG and figured out in term of
higher heating value of CPG (HHVg). Figure 9 displays
HHVg after and before scrubbing using water and waste of
cooking oil adsorbents. The figures indicates that scrubbing
process using the spray scrubber is able to increase HHVg. The
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graphs show that HHVg is higher after scrubbing process,
either using water adsorbent or waste of cooking oil waste
scrubber. Regarding spray pressure effect, it can be seen that
HHVg enhances as increasing spray pressure from 2 bar to 6
bar and declines at spray pressure of 8 bar. The highest HHV,
at pressure of 6 bar are 2.57 and 2.43 MJ/Nm® for water
scrubber and the oil waste scrubber. This is due to CO> volume
fraction in the CPG which decreases after scrubbing, resulting
in more combustible gas CO, H,, and CH4 present in the CPG
per unit volume. Thus, HHVg enhances due to increasing
combustible gas fractions.
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Figure 9. HHV of the producer gas
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Meanwhile, Figure 10 presents an effect of water spray
pressure on CO; reduction of the CPG. Volume fraction of
CO; in the producer gas decreases after water scrubbing at all
spray pressure observed. Percentage of CO, removal using
water spray scrubber reaches maximum of 16.47% at water
spray pressure of 8 bar. This value is lower than CO, removal
efficiency of after burning CO; reduction by spray scrubber
pilot-plant CASPAR [28] and using spray scrubber with
amine-based solvents [29]. The CASPAR and the amine-based
solvents spray scrubber are reported having CO, removal
efficiencies of 83% and 90%.

4. CONCLUSIONS

A spray scrubber for tar removal of rice husk producer gas
is developed and tested with water and waste of cooking oil.
The test is conducted at spray pressure of 2, 4, 6, and 8 bar. It
can be concluded that adsorbent material affects the scrubber’s
perfomance in terms tar reduction effectiveness. Water spray
scrubber has a higher effectiveness than waste of palm oil
scrubber in the present work. Pressure of the spray also
impacts scrubber’s performance in reducing tar content.
Scrubber’s effectiveness improves as stepping up spray
pressure. At spray pressure of 6 bar for water scrubber and 8
bar for waste of cooking oil scrubber, the gravimetric tar were
83.33 mg/Nm® and 83 mg/Nm® which are suitable for
vehicular fuel. The highest tar removal effectiveness of the
scrubber is found at spray pressure of 8 bar which are 0.94 and
0.75 for water spray scrubber and waste palm oil scrubber. Tar
removal using spray scrubber is able to improve gross heating
value of the purified gas, thus the CPG’s energy density
increases. The spray scrubber able to maintain tar content of
the producer gas within standard value for IC engine
application (lower than 100 mg/Nm?). The spray scrubber has
good potential to be applied in biomass gasifier-IC engine
system. For the future work, it is suggested to attach insulation
on the scrubber wall and figure out its effect on performance
of the spray scrubber.
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