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Abstract

The work aims to investigate an effect of spray configuration and
adsorbent material on performance of wet scrubber in removing
tar gravimetric in producer gas. The scrubber is installed at small
scale downdraft gasifier-engine system and the tests are
conducted in two sections. Firstly, the scrubber is tested using water
adsorbent at various spray flow configurations fo the producer gas
flow (cross flow, counter flow, mixed flow). Secondly, the scrubber
is fested using adsorbent of cooking oil and waste of engine
lubricant at cross flow spray configuration. The performance of the
scrubber investigated are temperature profile, log mean
temperature difference, heat fransfer rate, and tar removal
effectiveness. For spray configuration test, the result shows that
cross spray configuration (CrS) has the optimum performance. The
CsS scrubber has the highest LMTD, heat transfer rate, and tar
removal efficiency among others. The values are 29.8°C, 7.84 kW,
and 0.43, accordingly. Meanwhile, the test using different
adsorbent indicates adsorption property of the adsorbent plays an
important rules in tar removal effectiveness of the scrubber. The
removal effectiveness of the scrubber for using adsorbent of water,
cooking oil, and engine lubricant are 0.43, 0.12, and 0.60,
respectively.
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1.0 INTRODUCTION

Biomass gasification is very promising technology in
converting dry biomass waste into gaseous fuel
“producer gas”. The technology is considered to be
one of the most effective methods for upgrading the

biomass fuel [1]. Various biomass wastes have been
used as a feedstock in gasification system, such as
rice husk [2, 3, 4], wood chip [5, 6, 7], corn stalk [8], oil
palm fronds [?], and many others. Combustion of a
producer gas from gasification is cleaner than direct
combustion of the biomass [10]. Producer gas can
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be used as fuel of a burner or as fuel of internal
combustion (IC) engine.

Common problem in utilization of producer gas
from biomass gasification as a fuel of IC engine is tar
content. Tar is a mixture of condensable
hydrocarbons, including aromatic compounds with
up fo five rings (which can be oxygenated) as well as
Polycyclic Aromatic Hydrocarbons (PAHs) [11, 12].
The tar has corrosive property, thus it is prohibited to
direct use of the producer gas as fuel of IC engine
[13]. In order to utilize a producer gas as a fuel of IC
engine, far content in a producer gas must be less
than 100 mg/Nm3 [14]. High tar content in the
producer gas may block and contaminate the fuel
line and damage the engine for long term use [15]. It
is very important task to remove or at least reduce tar
content in the producer gas till tar content below 100
mg/Nms3.

Many tar removal methods have been reported
and successfully used to remove tar content in the
producer gas. Tar removal can be performed inside
the gasifier or at downdstream of the gasifier. The first
method is called a primary method and the second
one is named a secondary method [11, 16]. The
secondary method can be performed by hot and
cold gas treatment, such as spray and wash towers,
venturi scrubbers, wet electrostatic precipitators or
cyclones. Due to simplicity in construction and
operation, low pressure drop, and low cost
investment, the scrubber is widely used in gasifier-
engine system. Depending on scrubbing material
used, scrubber can be categorized as wet and dry
scrubber. In wet scrubber, liquid is used as scrubbing
material. On the other hand, solid is used as
scrubbing material in dry scrubber. Further, wet
scrubber can be approached with impingement,
spray, and venturi scrubber as shown in Figure 1. A
producer gas is impinged fo the adsorbent in the
vessel of impingement scrubber. Tar condenses when
contact with the adsorbent and dissolves to the
adsorbent. In spray scrubber, a producer gas flows
upward and an adsorbent is spread in opposite
direction. Meanwhile, a producer gas is injected into
the adsorbent flow in venturi scrubber. Various
adsorbents, such as water [17, 18], waste palm oil
[19]. vegetable oil [18, 20], diesel fuel, biodiesel fuel,
and engine oil [20] have been used.

Gas

Gas Gas
T Gas
a) | b) — )
Liquid
Liquid Gas
—p

Figure 1 Schematic diagram of different type of wet
scrubber: (a) Impingement, b) Spray, and c) Venturi

Differ from impingement scrubber, spray scrubber is
less common being used in gasification system.
Typically, the spray scrubber has counter flow
configuration, i.e. the producer gas flows upward
and the adsorbent spreads in opposite direction. This
type of scrubber requires a pump to circulate the
adsorbent from a reservoir to a scrubber vessel. In
principle, the spray scrubber is a cooling tower where
heat fransfer between producer gas and adsorbent
occurs. Cooling fower is widely used due fo its
characteristics, i.e. high efficiency of heat exchange,
small size and less energy consumpfion [21]. It was
observed that spray cooling efficiency was affected
by spray coverage area, gas stream velocity, and
droplet size. At the same droplet size, the lower the
air velocity is, the more cooling is achieved. Lower air
velocity means larger coverage area because the
fime for droplets to lose momentum and follow the
air stream is longer, which results in a better
coverage area [22]. The radial spray pattern of
individual nozzle of counter flow cooling tfower
generated the best possible thermal performance
[23]. The effective cooling tower requires the careful
arrangement of the spray nozzle, since the
performance of the cooling fower highly depends on
the direction injection of the nozzle [24].

In order to analyze heat transfer between the
producer gas and the adsorbent, the scrubber is
assumed as counter flow double pipe heat
exchanger. According to Cengel & Turner [25], cold
fluid (adsorbent) adsorbs heat from hot fluid
(producer gas), thus the temperature of cold fluid
increases and vice versa. Heat adsorbs by cold fluid
can be calculated using Eq. (1). Meanwhile, the
temperature different between hot fluid and cold
fluid entering and leaving the heat exchanger is
defined as log mean temperature different (LMTD)
and calculated using Eq. (2).

Q =mxXc, X (h,—h,) (1)

AT, —AT,

LMTD = (2)

in ﬁ}
where i is the mass flow rate of the adsorbent (m3/s),
Cp is the specific heat of the adsorbent (J/kg.°K), ho
and hi are the exit and inlet temperature of the cold

fluid, ATi = Th,i = Te,o and AT2 = Th,o =Tcii.

Meanwhile, effectiveness of the scrubber is defined
as an ability of the scrubber in reducing ftar content
of producer gas. Higher the effectiveness of the
scrubber, better the performance of the scrubber.
Tar removal effectiveness of the scrubber is obtained
using Eq. (3).

_ TCin—TChue
s =7 rc,
where ns is the tar removal effectiveness of the
scrubber, TCin and TCout are the tar content at inlet
and outlet of the scrubber, respectively.

(3)
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In biomass gasification, the use of spray scrubber is
sfill limited and only the counter flow spray scrubber
has been applied so far. Neither cross flow nor mixed
flow spray scrubber have been used as tar removal
component in gasifier system so far. Thus, the present
work aims fo investigate an effect of spray
configuration (cross spray, counter spray, and mixed
spray) and adsorbent material on  thermal
characteristics and tar removal effectiveness of the
spray scrubber installed at the small-scale air-stage
downdraft gasifier system.

2.0 METHODOLOGY

Figure 2 shows a photograph and schematic
diagram of an experimental setup in the present
work. The setup consisted of an air-stage downdraft
gasifier, blower, water spray scrubber, suction fan,
flare, and measurement  devices (K-Type
Thermocouples, Data Logger Graphtec GL 240,
Rotameter, and Impinging Bottle).

Ricehuskl | |
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TW,]_—Fl'r Tg,2
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Tg,1 l AL
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—=]
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downdraft gasifier bottle bottle

Figure 2 Photograph and schematic diagram of the
experimental setup

In the present work, the adsorbent flow rate was
maintained at 5 lpm. The gasifier was run on the
feedstock of rice husk at equivalence ratio of 0.30.
Firstly, the scrubber was tested under three different
spray configurations, i.e. cross spray, counter spray,

and mixed spray using adsorbent of tap water. The
schematic diagrams of spray direction relative to the
producer gas flow were presented in Figure 3. The
adsorbent sprays perpendicular o producer gas flow
in cross spray configuration, parallel but in opposite
direction to producer gas flow in counter spray
configuration, and combination of cross and counter
spray in mixed spray configuration. Secondly, the
scrubber was evaluated by changing the water with
waste of cooking oil follows by waste of engine
lubricant. The selection of water, waste of cooling oil
and engine lubricant was based on the availability
and accessibility. Those adsorbents can be obtained
freely. The selection was also based on the density
and specific heat of those adsorbents as shown in
Table 1. The density and specific heat of water,
cooking oil, and engine lubricant were not very
much differ. In this second part, the tests were
performed under cross spray configuration with
adsorbent flow rate of 5 lpm.

Water in Water in
— — >
Cleaned — Cleaned ., Cleaned
Gas Water in Gas Water in l l l Gas
Water spray
— Water spray .
Water spray
— —>
—> >
— —
Raw Gas Raw Gas Raw Gas Raw Gas Raw Gas Raw Gas
— —> —
Water + Tar Water + Tar Water + Tar

(a) Cross spray (CrS) (b) Counter spray (CcS) (c) Mixed spray (MxS)

Figure 3 Spray configuration of the scrubber

Table 1 Density and specific heat of the adsorbent [26, 27]

Specific heat

Adsorbent (kJ/kg.K) Density (kg/m3)
Water 4.18 1000
Cooking oil 1.67 840
Engine lubricant 2.05 872.5

The scrubber is evaluated its thermal performance
and tar removal efficiency. Thermal performances
evaluated are temperature profile of producer gas
and adsorbent, log mean temperature different
(LMTD), and heat fransfer rate (Q) from the producer
gas to the adsorbent. Meanwhile, gravimetric tar is
sampled before and after the scrubber by impinging
bottle method. Producer gas is by-passed to the
impinging bofttles containing an isopropanol. The
producer gas condenses in the bottles and mixes
with the isopropanol. The gravimetric tar (mass of the
tar in producer gas) is obfained by condensing the
isopropanol collected from the impinging bottle in
electric oven at a temperature of 50°C for 2 hours.
The isopropanol evaporates but the tar remains. This
remaining tar is weighted to obtain its mass. Once
the mass of tar before and after the scrubber are
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obtained, tar removal effectiveness is calculated
using Equation (3).

3.0 RESULTS AND DISCUSSION

3.1. An Effect of Spray Configuration on Performance
of the Spray Scrubber

Figure 4 shows temperature profiles of the producer
gas and the water af the inlet and outlet of the
scrubber during the test. The temperafure of the
producer gas at inlet and outlet are indicated by Tg;,
and Tgo, respectively. Meanwhile, temperature of
water at inlet and outlet are indicated using Twi and
Two, accordingly. Hot fluid, producer gas, is cooled
by the cold fluid, the water. Generally for all flow
configurations, temperatures of the producer gas at
inlet and outlet of the scrubber rise as increasing
time. This is because the temperature at the exit of
the gasifier steps up as gasification proceeds. In the
scrubber, the gas is cooled and scrubbed by the
spray of the water. Heat of the producer gas is
absorbed by the water, causes temperature of the
gas deceases when leaving the scrubber. Since
water absorbs heat from producer gas, the exit
temperature of the water is higher than its inlet
temperature. Because temperature of the producer
gas decreases during the scrubbing, tar in the
producer gas condenses and dilutes in the water.
Thus, the process leads to remove tar in the producer
gas.
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Figure 4 Temperature profile of producer gas and water

Average inlet and outlet temperatures of the
producer gas and the water are given in Figure 5.
Label 1 in horizontal axis indicates inlet of the
producer gas and outlet of the water and vice versa
for label 2 (counter flow). For all flow configurations,
average temperatures of producer gas reduce after
scrubbing and in contrast average temperatures of
the water step up after scrubbing. Heat of the
producer gas is absorbed by the water during the
scrubbing. The different between inlet gas
temperature and outlet water temperature and the
different between gas exit temperature and water
inlet femperature is defined as log mean
temperature different (LMTD).
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Figure 5 Average temperature of producer gas and water
temperature

The LMTDs of the scrubber, heat absorbed by the
water, and overall heat fransfer coefficient are
displayed in Figure 6. The LMTD of the scrubber are
29.8°C, 28.1°C, and 26.2°C for «cross flow
configuration (CrS), counter flow configuration (CcS),
and mixed flow configuration (MxS), correspondingly.
The CrS scrubber has the highest LMTD. This is due to
the reduction in average gas temperature is the
highest in Crs scrubber as can be seen in Figure 5.
The LMTD of the water scrubber is the highest among
others. The highest LMTD of the CrS scrubber give the
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highest heat transfer from the producer gas fo the
water. Heat transferred from the producer gas to the
water for the CrS is 7.84 kW. Meanwhile for CcS and
MxS, the values are 6.86 kW and 6.19 kW,
respectively. Increasing heat fransferred causes
faster cooling process of the producer gas. This
means that the producer gas temperature reaches
condensation temperature of the tar faster, thus
increasing effectiveness of the scrubbing process.

50

T
B LMTD (°C)

ol 7 QW |

30 + E

20 +

LMTD (°C); Q (kW)

10 +

CrS CcS MxS
Spray configuration

Figure 6 LMTD and heat transfer (Q)

Figure 7 displays tar content before and after
scrubber and tar removal efficiency of the scrubber.
After scrubbing, tar content of producer gas reduces
as the objective of the present work, such that
reducing tar content in the producer gas. Cooling
and scrubbing of the producer gas by water causes
tar in the producer gas condenses and form tar
condensate and dilutes in the water. The most
effective tar removal is observed for CsS
configuration. The effectiveness of the CsS
configuration is 0.43. The highest LMTD and heat
transfer in the CsS scrubber results in better cooling
and scrubbing process in CsS than in CcS as well as
MxS.
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o o o o
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Figure 7 Gravimetric tar and effectiveness of the scrubber

3.2, An Effect of Adsorbent Material on
Performance of the Spray Scrubber

Figure 8 presents temperafure profiles of the
producer gas and the adsorbent at the inlet and
outlet of the scrubber within 20 minute. Producer gas
as hot fluid is cooled by the adsorbent as the cold
fluid. In general, producer gas temperatures at inlet
and ouflet of the scrubber increase as increasing
fime for all adsorbents. This is because the producer
gas temperatfure at the exit of the gasifier steps up as
gasification proceeds. In the scrubber, the gas is
cooled and scrubbed by the spray of the adsorbent.
Heat of the producer gas is absorbed by the
adsorbent, this causes temperature of the gas
decreases when leaving the scrubber. Since
adsorbent absorbs heat from producer gas, the exit
temperature of the adsorbent is higher than its inlet
temperature. Due to temperature decreasing in the
scrubber, tar in the producer gas condenses and
dilutes in the adsorbent. Thus, the process leads to
the removal tar in the producer gaos.
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Figure 8 Temperature of producer gas and adsorbent

Meanwhile, average inlet and outlet
temperatures of the producer gas and the adsorbent
are given in Figure 9. For all adsorbent, average
temperatures of producer gas reduce after
scrubbing and in contrast average temperatures of
the adsorbent increase after scrubbing. Heat of the
producer gas is absorbed by the adsorbent during
the scrubbing.

The LMTDs of the scrubber and heat absorbed by
the adsorbent using adsorbent of water, cooking oil,
and engine lubricant at flow rate of 5 Ipm are
displayed in Figure 10. The LMTD of the scrubber are
25.7°C, 14.0°C, and 9.8°C for water, cooking oil, and
engine lubricant, respectively. The LMTD of the water
scrubber is the highest among others. The graph in
Figure 5 also shows the trend of heat transfer to the
adsorbent is similar with the LMTD. Heat transfer rate
to the adsorbent decreases as LMTD reduces. The
heat transfer rate to the water is the highest among
other. This indicates that cooling process of the
producer gas is more effective in water scrubber. The
reduction in temperature of producer gas is the
highest when using water scrubber as can be seen in
Figure 9. The heat transfer rates to the adsorbent are
1750 W, 1022 W, and 261 W, correspondingly.
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Figure 9 Average temperature of producer gas and
adsorbent
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Figure 11 displays tar content before and after
scrubber and tar removal effectiveness of the
scrubber using adsorbent of water, cooking oil, and
engine lubricant at flow rate 5 lpom. After scrubbing,
tar content of producer gas reduces at all adsorbent
observed. This is due fo cooling and scrubbing of the
producer gas by adsorbent causes tar in the
producer gas condenses and form tar condensate
and dilutes in the adsorbent. The most effective tar
removal is observed during the use of engine
lubricant. The scrubber effectiveness are 0.43, 0.12,
and 0.60 for water, cooking oil, and engine lubricant,
respectively. Besides cooling effect, the tar removal
process is affected by adsorption property of the
adsorbent. Although cooling is more effective in
water scrubber, hence condensing process also
more  effective, but the highest scrubber
effectiveness is observed in engine oil scrubber. This
seems to be due to better adsorption property of
engine lubricant than that of water and cooking oil.
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Figure 11 Gravimetric tar and effectiveness of the scrubber

4.0 CONCLUSION

Performance of spray scrubber for removing
gravimetric tar in producer gas from rice husk
gasification is evaluated under three different spray
configuration of the adsorbent and by using
adsorbent water, waste of cooking oil, and waste of
engine lubricant. It can be concluded that the cross
spray scrubber (CrS) is the optimum scrubber for tar
removal of the producer gas. The CsS scrubber has
the highest LMTD, heat fransfer, and tar removal
efficiency among others. The values are 29.8°C, 7.84
kW, and 0.60, accordingly. Adsorpfion property of
the adsorbent plays an important rules in tar removal
effectiveness of the scrubber. The removal
effectiveness of the scrubber for using adsorbent of
water, cooking oil, and engine lubricant are 0.43,
0.12, and 0.60, respectively.
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