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Biomass gasification is a possible alternative to utilized biomass resources to compliment the
depleting fossil fuel. Producer gas, a product of biomass gasification process can be used to
generate power and electricity via internal combustion engine. However, the 20% carbon dioxide
(COy) gas content in the producer gas reduces its heating values as CO, acts as a diluent. The used
of limestone consisting mainly of the mineral calcite (calcium oxide, CaO) as calcium based
sorbent to absorb CO, in the producer gas can make biomass technology more viable.

The reactor was developed and the behavior of CaO-sand mixtures in a cold model experiment
was studied. The effect of the CaO-sand mixtures, the CaO particle sizes, the volume flow rate and
the pressure of air intake were investigated experimentally. The hot model experimental was then
conducted to investigate CO, absorption at the optimum condition obtained from the cold model
experiment. The simulated gas consisting of 20% CO, and 80% N; was introduced in the reactor
within temperatures of 650-750°C. The CaO percentages of 50 and 40 in sand were found to have
a good fluidization at all air pressures (2 - 6 bar). In addition to that, the 1000 mlcron particle size
of the CaO-sand mixture and the volume flow rate of air between 15 — 55 Lmin™' were also found
to give best fluidization. In the hot model experiment, the best CO, absorption occurred at 50%
CaO mixture with simulated gas pressure of 3 bar and the volume flow rate of 45 Lmin™ at 650-
750°C in a small bubbling fluidized bed reactor (SBFBR).
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SUMMARY OF RESEARCH FINDINGS
Ringkasan dapatan Projek Penyelidikan

This project concerns with experimental and simulation studies to investigate the absorption
mechanism for CO2 using CaO-sand mixture in a fluidized bed reactor. The reactor was able to
absorb the CO2 and results in increasing the quality of the producer gas.

The CO, absorption experimental in the reactor for the simulated producer gas and compressed
producer gas showed good results. After 15-20 min operation, the CO, concentration in the
simulated producer gas decreased approximately by 53%, Hydrogen and Carbon Monoxide
increased approximately by 24% and 12%, respectively. For the compressed producer gas, the
Carbon Dioxide concentration decreased approximately by 69%, Hydrogen and Carbon Monoxide
increased approximately by 13% and 19%, respectively. The heating values of the compressed
producer gas increased from 4.51 to 5.9 MIN'm™ (before and after reactor).

COMPREHENSIVE TECHNICAL REPORT

Laporan Teknikal Lengkap

Applicants are required to prepare a comprehensive technical report explaining the project.
(This report must be attached separately)

Sila sediakan laporan teknikal lengkap yang menerangkan keseluruhan proiek ini.

[Laporan ini mesti dikepilkan]
LAMPIRAN A

List the key words that reflect your research:
Senaraikan kata kunci yang mencerminkan penyelidikan anda:

English Bahasa Malaysia
Biomass gasification Penggasan biojisim
CO2 removal Pembuangan CO2
Fluidized bed reactor Reaktor lapisan terbendalir
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CARBON DIOXIDE REMOVAL MECHANISM
USING CALCIUM OXIDE IN A FLUIDIZED BED
REACTOR



CHAPTER 1: INTRODUCTION

1.1 FUEL SCENARIO IN MALAYSIA

Fuel is the most important subject in our life. Fuels have been used predominantly in
power plants and to generate work in internal combustion engines. Today, fossil fuels
dwindle, too expensive cause adverse effect on the environment due to emissions from
combustion devices and increase greenhouse gas emissions. Malaysia is one of the
countries in the world facing these problems.

Malaysia is currently known as a significant producer of oil and the second largest
exporter of liquefied natural gas (LNG) in the world behind Qatar in 2009 (Energy
Information Administration Report, (2010). In 2008, Malaysia had proven oil reserves of
4.0 billion barrels. Although the oil reserves is large, it is decreasing from a peak of 4.3
billion barrels in 1996. Total oil and crude oil productions in Malaysia show is reducing
but increasing in consumption. These unparallel situations will cause the countries oil
reserves to be exhausted in the next 15 years unless new explorations show positive
results. Figure 1.1 shows oil production, crude oil production and petroleum consumption
in Malaysia.

Growing demand. for fossil fuels and petroleum in Malaysia to become a developed
nation by 2020 will result in higher energy costs and greater dependence on imported oil
given the current crude oil capacity. This can have a potentially negative impact on the
nation’s economic growth as rising commodity prices are closely tied to inflation rates.
That is why in the modern world, especially Malaysia has tried to utilize alternative and
renewable sources of energy.
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Figure 1.1- Malaysia oil production, crude oil production and petroleum consumption
from 1980-2008. (EIA, 2010)

Renewable energy offers the opportunity to lower fossil fuel consumption. Energy
derived from solar, wind, wave, tidal, hydroelectric, geothermal, and biomass sources are
considered renewable. Because most forms of renewable energy are derived either



directly or indirectly from the sun, there is an abundant supply of renewable energy
available, unlike fossil fuels. The use of renewable energy also provides environmental,
economic, political benefits and they are also not depleted in time. One of the fuels from
renewable energy is biomass sources.

1.2 BIOMASS

Biomass is the most abundant resources and available in almost all parts of the world. It
has the potential to be one of the best options for providing on demand renewable fuel
that can be utilized in various energy conversion technologies and also has the advantage
of being carbon sink without contribution to the net production of CO,. Biomass is
defined as an organic material existing in all plants and animals such as forest and mill
residues, wood wastes, agricultural crops and wastes, animal wastes and municipal solid
wastes.

Malaysia has abundant biomass waste from its oil palm, wood and agro-industries.
According to Malaysia Energy Centre (2008), Malaysia produced more than 70 million
tones per year of biomass wastes worth RM 23 million annually. Over the next 20 years,
the palm oil industry is expected to expand by 40%, hence the value of residues from oil
palm and wood is estimated to be about RM 500 million by 2020. Of these residues the
fibres, shells, empty fruit bunch and wood waste provide the greatest potential for
commercial operations. At present, biomass fuels account for about 16% of the energy
consumption in the country and biomass-based power generation capacity in the country
stands at 138 MW, of which 100 MW is used in palm oil industries.

There are two main processes of biomass technologies for converting biomass sources
into useful forms of energy: thermo-chemical and bio-chemical/biological (McKendry,
2002b). In thermo-chemical conversion, there are four processes: combustion, pyrolysis,
gasification and liquefaction. In this research study only the thermo-chemical in
particular gasification process will be focused. Figure 2.2 shows the thermo-chemical
process, intermediate energy carriers and the final energy products resulting from thermo-
chemical conversion.
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Figure 1.2: The thermo-chemical processes and products. (McKendry, 2002b)



Biomass gasification is a technology to produce low to medium energy fuel gas (Klass,
1998) for internal combustion engines or coupled to turbines to generate power.
Gasification is defined as the thermal conversion of carbonaceous feedstocks such as
biomass and coal into producer gas or synthesis gas (syngas - composed primarily of
Hydrogen and Carbon Monoxide) using air, oxygen and steam to react with the solid fuel
at high temperature, typically in the range of 800-900°C. Only inert ashes by products are
produced at the end of the process. According to Rezaiyan (2005) and McKendry
(2002b), the producer gas produced has low calorific value (LCV) or heating value
around 4-6 MJ/Nm®.

1.3 PROBLEMS STATEMENT

The need of doing research on the biomass sources is due to the escalating price and
depleting of fossil fuels in the future. This is the first problem why the renewable sources
of energy must be studied. Takuyuki Yoshioka et al. (2005) reported that around 2050,
the depletion of fossil fuels is expected to worsen and alternative fuels have to be
discovered. According to International Energy Agency (2004), about 80% of the primary
energy production of the world comes from combustion of oil, coal and natural gas.
Mukherjee (2004) also wrote that the search for alternative energy sources for sustaining
the energy requirement by human being must be done because the depletion of fossil
fuels is occurring at a faster rate due in increasing gap between the demand and
production of fossil fuels.

The second problem is because of the burning of the fossil fuels in the IC engines. When
burnt, all fossil fuels will emit carbon dioxide (CO,) which contributes to the greenhouse
gas effect into the atmosphere. According to Magnus et al. (2006), the CO, concentration
in the atmosphere is 30% higher than it was before the industrialization era and the
annual emissions are still increasing. To overcome this problem, the renewable energy
sources such as biomass can be used as a fuel. Burning biomass contributes no net carbon
dioxide (CO,) to the atmosphere because replanting harvested biomass ensures that CO,
is absorbed and returned for a cycle of new growth.

The third problem why the biomass must be studied as a fuel is because the unused
wastes are a lot and managing them is difficult and expensive without added value.
Hydrogen in producer gas produced from biomass can be used as a clean fuel in the
internal combustion engines to produce power and energy. However, according to Munoz
et al. (2000), Sridhar et al. (2001), Zainal et al. (2002), Dogru et al. (2002), Adnan et al.
(2002) and Uma et al. (2004) the percentage of hydrogen gas found in the producer gas
is small approximately 6-20% by volume when using a downdraft biomass gasifier. So to
increase the percentage of the hydrogen gas, the new technology has to be studied and
developed. For instance the producer gas from biomass gasification system contain high
amount of carbon dioxide 15-20% (Sridhar et al. 2001 and Dogru et al. 2002) there by
reduces its heating values as CO, acts as diluents. Removing the carbon dioxide from the
producer gas will improved its heating value. The heating value or the calorific value of
the producer gas will be expected to increase from 4 MJ/Nm® to about 6 MJ/Nm’. This
will not just improved its heating value but inadvertently improve the amount of the
combustible gas such as hydrogen, carbon monoxide and methane. This is the fourth
problem identified in the research.



1.4 RESEARCH OBJECTIVES

The goal of the work presented in this thesis is to develop a bubbling fluidized bed
reactor to absorb CO; in the producer gas using Calcium Oxide (CaO) mixed with sand
as absorbent reagent for improving the quality of the producer gas. The sub-objectives
are:

To simulate the hydrodynamic characteristic of a bubbling fluidized bed CO, absorption
reactor.

To design and develop a bubbling fluidized bed CO, absorption reactor.

To conduct cold study to characterize the hydrodynamic behavior of the system using
CaO — sand mixtures material.

To characterize the bubbling fluidized bed CO, absorption reactor using carbonation —
calcinations process with the ceramic heater band.

To test and analyze the bubbling fluidized bed CO, absorption reactor with the synthesis
gas and actual compressed producer gas using ceramic heater band.

1.5 RESEARCH SCOPES

The scopes of the research can be divided into four stages. Figure 1.3 shows the flow
diagram designed to achieve the objectives within the scopes.

Study on calcium oxide as absorbent of carbon dioxide gas, focusing on calcination and
carbonation processes.

Study on the computational fluid dynamics software such as Fluent to simulate the
hydrodynamic phenomena of CaO in the bubbling fluidized bed CO, absorption reactor.
Study on the development of the bubbling fluidized bed CO; absorption reactor based on
the principles of bubbling fluidization.

Study on the biomass material such as furniture wood and the process of gasification,
focusing on the small downdraft gasifier.



CHAPTER 2: LITERATURE REVIEWS

INTRODUCTION

In this chapter, literature reviews have been done on types of gasifies and chemical
conversion of biomass material via the gasification process into gaseous fuel.
Furthermore, the combustible components of the gas are elaborated. The processes of
increasing the percentages of hydrogen gas from other researchers are presented. The
absorption process of carbon dioxide (CO;) and simulation method done by other
researchers are also discussed.

BIOMASS GASIFICATION

Biomass is non-fossil, energy-containing forms of carbon and includes all land and water
based vegetation. It is the only indigenous renewable energy resource that is capable of
displacing large amounts of solids, liquid and gaseous fossil fuels. Biomass can be used
for generating electric power and industrial processing. One of the methods used to
convert biomass into useful form of energy is called gasification producing the
combustible gas, which can be used in internal combustion engines. The combustible
gases typically consist of Hydrogen (H), Carbon Monoxide (CO) and Methane (CHy) is
commonly name as “Producer gas”. Beside the combustible components, there are also
incombustible components in the producer gas such as Carbon Dioxide (CO,) and
Nitrogen (N2). According to Zhang et al. (2004), biomass when burnt or gasified will
produces dirty raw gas mixture or producer gas composed of Hydrogen (H;), Carbon
Monoxide (CO), Carbon Dioxide (CO,), Water (H,0), Methane (CH4) and various light
hydrocarbons along with undesirable dust (ash and char), tar, Ammonia (NH3), alkali
(mostly potassium) and some other trace contaminants.

2.2.1 Types of gasifier

The gasification process occurs in a reactor called gasifier. There are basically two types
of gasifiers, fixed bed and fluidized bed. The fixed bed gasifier has been the traditional
process used for gasification and operated at high temperature around 1000°C. It can be
classified as downdraft, updraft and cross flow, depending on the direction of the flow
[McKendry, 2002c].

2.2.2 Fixed bed gasifier

2.2.2.1 Downdraft Gasifier

In a downdraft gasifier, biomass feed and air move in the same direction or co-current.
The product gases leave the gasifier after passing through the hot zone, enabling partial
cracking of the tars form during gasification and leave a producer gas with low tar
content. The overall energy efficiency of the downdraft gasifier is low because the gases
leave the gasifier unit at a high temperature of 900-1000°C and due to the high heat
content carried over by the hot gas. Figure 2.1 shows a diagram of downdraft gasifier.



2.2.2.2 Updraft Gasifier

In a updraft gasifier, biomass feed is introduced at the top and the air flow from the
bottom of the unit via a grate in a counter current flow. The solid char formed higher up
the gasifier above the combustion zone. Updraft gasifier is simple in design and can
handle biomass with high moisture content. Figure 2.2 shows a diagram of an updraft
gasifier.

Gas

Figure 2.2: Diagram of updraft gasification (Skov, 1974)

2.2.2.3 Cross flow

In this gasifier the feed moves downwards while the air is introduced from the side. The
gas is drawn from the opposite side of the unit at the same level. A hot gasification zone
forms around the entrance of the air, with the pyrolysis and drying zones being formed
higher up in the vessel. Ash is removed at the bottom and the temperature of the gas
leaving the unit is 800-900°C. This gives low overall energy efficiency for the process
and a gas with high tar content. Figure 2.3 shows the diagram of cross flow gasifier.

Ash pit

Figure 2.3: Diagram of Cross flow gasification (Skov, 1974)



2.2.3 Fluidized bed gasifier

The fluidized bed gasification has been used extensively for coal gasification for many
years. It is favored by many designers for gasifier using smaller feedstock sizes. In the
gasification zone of the fluidized bed, the uniform temperature distribution achieved.
There are two main types of fluidized bed gasifier can be classified: bubbling fluidized
bed and circulating fluidized bed.

2.2.3.1 Bubbling Fluidized Bed Gasifier (BFB)

The gasifier consists of a vessel with a grate at the bottom through which air is
introduced. Above the grate is the fluidized bed of fine grained materials into which the
prepared biomass feed is introduced. The BFB utilizes minimum fluidization velocity of
sand and fine grained bed material to achieve fluidization state. The sand acts as a heat
transfer medium. The ash entrained out the gasifier collected in a cyclone separator. For
biomass material with high moisture content and low heating value, BFB is
recommended. The detail concept of the BFB will be discussed in chapter 3.2 and the
diagram of the bubbling fluidized bed is shown in Figure 2.4 (a).

2.2.3.2 Circulating Fluidized Bed Gasifier (CFB)

Circulating fluidized bed is suitable for waste fuels with a high percentage of non-
combustibles (heating value 5 - 35 MJ/kg). It operates at a temperature around 800-
900°C. Crushed coal along with sorbent (limestone) is fed to the lower furnace where it is
kept suspended and burnt in an upward flow of combustion air. The sorbent is fed to
facilitate capture of sulfur from the coal in the bed itself resulting in consequent low
sulfur emission. Due to high gas velocities, the fuel ash and un-burnt fuel are carried out
of the combustor with the flue gases. These are then collected by a recycling cyclone
separator and returned to the lower part of the gasifier. Figure 2.4 (b) shows a diagram of
a circulating fluidized bed.

Figure 2.4: Diagram of a) bubbling bed. b) circulating bed

2.2.4 Biomass Gasification

Wood is one example of the biomass source. It is composed of cellulose, hemicellulose,
and lignins (Lee S.,1996). It is defined as lignocellulosic material. The structures of
hemicellulose and lignins are very complicated, which contributes to the complexity of
the thermo-chemical conversion reactions. Consider wood with a chemistry formula
CH, 44 Og 6. Ideal gasification reaction with oxygen can be written as follow:



CHj 44 Oggs + 0.170,— CO + 0.72H, (2.1)

This ideal gasification reaction is an endothermic process, which means the reaction in
the system absorbs energy from the surroundings in the form of heat. Oxygen is partially
supplied to gasify the wood and produce carbon monoxide and hydrogen gases.
According to Reed (1985), the surplus oxygen reacts with about a third of the CO and H,
ideally produced. The equation 2.2 is the theoretical global gasification reaction with CO,
and H,O as additional products.

CH, 44 Og g6 + 0.450, > 0.7CO + 0.3CO, + 0.55H, + 0.2H,0O 2.2)

Biomass materials will undergo three stages of mass loss in the gasification process. The
stages are drying, pyrolysis and gasification. Inherent moisture in the biomass is removed
in the drying stage. The temperature rises and the biomass particle begin to decompose
and release volatiles. When this happen it is call pyrolysis stage. In the last stage, where
there is insufficient oxygen supplied, partial oxidation takes place. Under this condition,
partial oxidation of the residues and volatiles occur. This results in generation of partially
oxidized products and combustible gases such as hydrogen, carbon monoxide and
methane. These stages occur rapidly.

The amount of water depends on wood species and most species can absorb about 30%
water (U.S. Departments of Agriculture, 2007). According to McKendry (2001), moisture
content of wood more then 30% makes ignition difficult and will reduced heating value
of the producer gas due to the need to evaporate additional moisture before combustion
occur. So to improve heating value of the producer gas, moisture contents in the wood
must be kept below 30%.

2.2.5 Producer Gas Compositions from Downdraft Gasifier

The producer gas consists of combustible and incombustible gases. Theoretically, the
compositions of producer gas-air mixture are 15-20% Hj, 10-15% CO, 9-15% CO,, 3-5%
CH,and 40-50% N, by volume (Reed and Das, 1988).

Gunderson and Darren (2000) reported that hydrogen gas could be obtained from
biomass and many compounds such as water and fossil fuels. To obtain hydrogen from
biomass, pyrolysis or gasification must be applied, which typically produces a gas
containing 20% hydrogen by volume, which can be further steam reformed to make
higher quality gas.

Munoz et al. (2000) stated that producer gas contained 14% hydrogen (H,), 22% carbon
oxide (CO), 13% carbon dioxide (CO;), 3% methane (CHy4) and rest, nitrogen (N2) have
been determined from wood residues using a downdraft fixed bed gasifier. In their
research, they used two fuels, producer gas and gasoline to measure the performance of a
spark ignition engine. The results obtained show that not so much loss of power in using
producer gas compared with gasoline. The hydrocarbon and CO also reduced but CO,
increased when using producer gas.

Sridhar et al. (2001) also stated that the producer gas can be fuelled into a spark ignition
engine converted from diesel engine. They used open top downdraft gasifier system to
convert biomass, causurina species wood into producer gas. The composition of the
product gas was 19% Ha, 19% CO, 12% CO,, 2% CHa, 2% H,O and rest, N. They found
that the performance of the engine at higher compression engine has been smooth and the



cylinder pressure-crank angle trace has shown smooth pressure variations during the
entire combustion process without any sign of abnormal pressure raise.

Zainal et al. (2002) reported that the gas composition found in their experiment of a
downdraft biomass gasifier using furniture wood and wood chips was 14.05% H,,
24.04% CO, 14.66% CO», 2.02% CH,, 1.69% O and 43.62% N,.

Dogru et al. (2002) also investigated gasification potential of hazelnut shells using
downdraft gasifier. They obtained gas composition 11.11%-14.77% H,, 8.56%-18.56%
CO, 9.52%-16.33% CO, 1.4%-2.47% CHa, 53.33-59.67% N,.

Adnan et al. (2002) investigated hydrogen production from sewage sludge by applying
downdraft gasification technique. They conducted the experiment using a pilot scale
throated downdraft gasifier and concluded that the combustible gases from sewage sludge
have a high percentage from 8.98% to 11.4% of hydrogen gas within 20.09% — 23.83%
of combustible gases. This amount of gases is enough to derive internal combustion
engine.

Uma et al. (2004) reported biomass gasification is one such process where producer gas
could be obtained and used for power generation purposes. Biomass gasifier-based
systems capable of producing power from few kilowatts up to several hundred kilowatts
have been successfully developed. They investigated emission characteristics of a diesel
engine in diesel alone and producer gas at different load conditions. The producer gas
was produced by a downdraft gasifier system. The gas composition was 14% H,, 19%
CO, 10% CO,, 1.9% CH,, and remaining is N, have been used to run a diesel engine. CO
emissions from producer gas were higher than the diesel alone at all operated load
conditions, but NO, and SO, emissions were decreased.

Combustible gas compositions obtained from producer gas produced from biomass
gasification stated by researchers has only approximately 24% by volume maximum.
Table 1 shows summary of gas composition of the producer gas from other researchers.

Table 1: Gas compositions in producer gas reported by other researchers.

~% Vol.

H, CO CO0, CH,4 N,
Munoz et al. (2000) 14 22 13 3 48
Sridhar et al. (2001) 19 19 12 2 48
Zainal et al. (2002), 15 24 15 2 44
Dogru et al.(2002) 15 19 16 2 48
Uma et al. (2004) 14 19 10 2 55

To increase the combustible compositions percentages in the producer gas, some methods
have to be studied. The applications done by other researchers to increase the
combustible gas in the producer gas is elaborated in section 2.3.

2.2.6 Producer Gas Energy Content



Producer gas must have energy content greater than 4 MJ/Nm? for most application to run
diesel engine. The energy content can be calculated from the energy content of the
components using low and high heating values for each gas as show in equation 2.4.

HV ,, = ) (%vol.), (HV ), {2.3)

Where HV: heating value (MJ/Nm?>)
pg : producer gas

g :gas

According to McKendry (2001) the energy of producer gas can be classified into three
types, low (4-6 MIJ/Nm®), medium (10-16 MJ/Nm®) and high heating values (40
MJ/Nm?). The low heating value used air as agent for gasifying, the medium heating
value used steam or oxygen and the high heating value used hydrogen as a gasifying
agent. In table 2 shown the comparisons of the heating value of the producer gas obtained
from other researchers.

Table 2: Comparisons of heating value of producer gas with other researchers.

Researchers Heating Value (MJ/NM”)
Graham et. al (1981) 6.39

Walawender et. al (1985) 5.51

Xu et. al (1988) S5

Hoi (1992) 4.97

Jorapur et. al (1995) 5.04

Zainal (1996) 5.34

Sridhar et. al (2001) 4.67

Dogru et. al (2002) 5.15

Uma et. al (2004) 4.60

2.3 METHODS TO INCREASE PRODUCER GAS QUALITY

There are few applications that have been done to enrich quality of the producer gas
especially hydrogen gas composition. Chang et al. (2004) reported that oxygen-rich air
gasification methods in a bubbling fluidized bed can be used to increase the hydrogen
content. The results showed higher reactor temperature favored hydrogen production to
38% vol. but too high temperature lowered gas heating value. Introduction of steam to
biomass gasification is favorable for improving gas quality however excessive steam
would lower gasification temperature and so the grade product gas quality.

Other researchers such as Delgado et al. (1996), Aznar et al. (1998), Gil et al. (1999),
Rapagna et al. (2000), Courson et al. (2000), Schuster et al. (2001) and Mathieu et al.
(2002) also wrote that using fluidized-bed, steam-gasification processes (with or without
oxygen added) is capable of producing a medium heating value gas with a 30-60 %
hydrogen content.

Hofbauer et al. (2000) reported that they have succeeded design a gasifier to produce a
high grade synthesis gas from solid fuels. A bubbling fluidized bed gasifier was
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developed and used steam as gasification agent, produced little heat loss and nearly
nitrogen free product gas with high calorific value of 13 MJ/Nm®. The experimental result
showed that it is possible to produce a product gas with 40-60% hydrogen content.
Markus et al. (2004) demonstrated two difference types of gasifier plants in Austria. The
first plant used fast internal circulating fluidized bed and the second used twin fire
downdraft fixed bed gasifier. Results showed that composition of hydrogen gas in
producer gas is high in the first plant about 35-45% vol. compared with the second plant
only 16-18% by vol.

Hydrogen content in the product gas also can be increased by using a catalytic active bed
material and was tested in a 100kW dual fluidized bed biomass steam gasifier (Pfeifer,
2004 and Rauch, 2004). The catalyst has been modified from olivine enriched with nickel
using nickel nitrate. The result showed that Ni-olivine catalyst was very effective in
reducing of tars above temperature 750°C and leads to increase the hydrogen gas content
to 45%.

Zhang (2005), stated that the air blown gasification of biomass in fluidized bed reactors
produces relatively low concentration of hydrogen about 8% only. To increase the
hydrogen content in the producer gas, steam reforming of tars and light hydrocarbons and
reacting steam with carbon monoxide via the water gas shift reaction must be used. In
their experiment, they found that the hydrogen content in producer gas from the air blown
gasification of biomass in fluidized bed reactors upgraded from 5.8-8.8% to as high 27-
29%.

Another possibility to enhance combustible gas composition in producer gas is to remove
carbon dioxide (CO;) from the gas directly in the gasification reactor by chemical
absorption process. Carbon dioxide (CO;) content in the producer gas reduces its heating
values as CO; acts as diluents. Removing carbon dioxide from the gas will inadvertently
increase its heating value. Heating value or calorific value of the producer gas will be
expected to increase from 4-5 MJ/Nm® to about 8-10 MJ/Nm®. By removing carbon
dioxide from the producer gas, will also improve hydrogen % content. The most well
known sorbent is calcium oxide (CaO) with forms calcium carbonate (CaCO3) when react
with carbon dioxide.

Lin et al. (2002) wrote that the key for reaction to succeed in their new innovative
hydrogen production method was water reduction by hydrocarbons and CO, absorption
reaction. They developed an innovative method called HyPr-PING (hydrogen production
by reaction-integrated novel gasification) to produce hydrogen from hydrocarbon sources
such as coal, heavy oil, biomass, plastic and organic waste. Calcium hydroxide
(Ca(OH),) was used as CO, sorbent and sodium carbonate (Na;CO3) with sodium
hydroxide (NaOH) were used as catalysts. In their experiment, the Japanese bituminous
Taiheiyo coal was mixed with 0.6g CO, sorbent, water and 0.05g catalyst to form slurry.
The slurry was introduced into a 10 cm® micro-autoclave and heated at a rate of
100K/min. Then it was kept at 200°C temperature for approximately 10 min. Results
showed that hydrogen content from the Japanese bituminous Taiheiyo coal was 80% of
the product gas.

Hanaoka et al. (2005) also used CO; sorbent in their research to produce hydrogen gas
from woody biomass by steam gasification. They investigated the effect of reaction
parameters such as the molar ratio of CaO as CO, sorbent to carbon (Ca/C), reaction
pressure and temperature on hydrogen yield. The Ca(OH), powder (average particle size

11



0.01mm) was used as a CO; sorbent. During heating up to a reaction temperatures above
600°C the Ca(OH), powder will change into CaO because of dehydration from Ca(OH),
that occurs at about 400°C. The Japanese oak (0.106-0.25mm) without bark was used as a
woody biomass, Ca(OH); and distilled water were charged in Tammann tube and placed
in autoclave. It was then heated up to the desired temperature. Results showed that in the
absence of CaO, the product gas contained CO; but when in presence of CaO (Ca/C =1,
2, 4) no CO, was detected in the produced gas. The maximum yield of H, was obtained at
Ca/C = 2 and low pressure as 0.6MPa. The H; yield also increased with increasing
reaction temperature at 600°C, 650°C and 700°C.

Weil et al. (2006) conducted a study on simulation of hydrogen production from waste
gasification coupled with cement manufacturing. They wrote that CO,, which is formed
in the gasification stage, can be removed by adding a solid sorbent such as CaO into the
gasifier. Temperature in the gasifier for CO, absorption should be lower than 700°C.
Simulation result showed that hydrogen content in the product gas reaches nearly 78%
when the temperature was below 600°C due to CO, capture, but with increasing
temperature above 600°C the H, content decreased to 62% because CO; increased. This
effect can be explained by the temperature dependent carbonation reaction which
decomposes CaCOj3 to CaO and CO; at high temperatures.

Mabhishi and Goswami (2007) wrote of the development of a novel technique to enhance
hydrogen yield of conventional biomass steam gasification by integrating gasification and
absorption reactions. Pine bark has been used as biomass resource in the presence of
calcium oxide at different temperatures in the range 500-700 °C. Results showed that
that at 600 °C, hydrogen yield increased by 48.6% for the sorbent enhanced case. It was
also observed that hydrogen yield at 500 °C and 600 °C was more than conventional
hydrogen yield at 700 °C. They also stated that absorption of CO, by calcium oxide
depends on equilibrium temperature corresponding to partial pressure of COs.

According to Florin and Harris (2008) on steam gasification of biomass without CO,
capture, H, concentrations in the product gas achieved are only 40-50%. To increase the
H, concentration, an in situ CO, sorbent was used. Results showed that when steam
gasification is coupled with CO, capture, H, content increased to approximately 80%.
Guoxin and Hao (2009), have proposed hydrogen rich fuel gas production by gasification
of wet biomass accompanied by CO, absorption. They have conducted experiment to
investigate the effect of moisture content on hydrogen production and CO, absorption by
CaO. For experiment with wet biomass, hydrogen yield was increased by 51.5% while
CO; content was decreased by 28.4% compared to dry biomass.

With all these applications mention above, composition of the producer gas especially
hydrogen from biomass gasification can be increased. In this thesis, the author will focus
on the used of calcium oxide to absorb CO; content in the producer gas. In the last few
years, the numbers of CO, sorbents have been intensively investigated in biomass
technology fields (Guoxin and Hao, 2009; Florin and Harrin, 2008; Mahishi and
Goswami, 2007; Hanoaka et al., 2005) because of their low cost, abundance and
availability. Although researches on the CO, absorption have been widely studied,
however the focused is only the used of calcium oxide, CaO in a reactor or combustor
(Nikulshina et al., 2009; Manovic et al., 2009; Grase et al., 2008; Chen, 2007; Abanades
et al., 2005; Grase and Abanades, 2007; Salvador et al., 2003 and Abanedes, 2002). Work
done by the researchers so far have not used CaO-sand mixture as bed material for
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carbonation-calcinations process to absorb and release CO, of the compressed producer
gas from downdraft biomass gasifier. So this is the areas that will be covered in this
study.

2.4 CARBON DIOXIDE (CO,;) ABSORBER

In producer gas concentration of carbon dioxide is about 16% volume. To
enhance the producer gas quality, one possibility is to remove carbon dioxide by
chemical absorption process and calcium oxide (CaO) is the most well known sorbent
that can do it.
The background of CO; absorbent goes back to 1867, when DuMotay and Marechal first
patented used of lime to aid the gasification of carbon by steam (Squires, 1967). A
century later, the CO, acceptor gasification process reached a demonstration phase using
the carbonation and calcination of CaO from limestone to separate CO, from coal
gasification gases (Curran et al., 1967).

2.4.1 Calcium Oxide (CaO)

Calcium oxide or quicklime is a white crystalline solid with a melting point of
2572°C. It does not occur in nature and has to be produced from calcium carbonate
(CaCO;) by energy intensive conversion. This is accomplished by heating the CaCOs to
above 825°C where a process called calcination or lime-burning, to liberate molecules of
carbon dioxide (CO,) and leaving CaO. This process is reversible, since once the CaO
has cooled, it immediately begins to absorb carbon dioxide from the air until it is
completely converted back to calcium carbonate. This process is called carbonation.
Equation 2.4 shows the reaction of CaCO3 to CaO.

CaCO,(s) << CaO(s) + CO,(g) (2.4)

2.4.2 Calcination

Calcination reaction is endothermic

CaCO, - CaO+CO, AH =+182.1 kJ mol” (2.5)

which means that the forward reaction is favoured by higher temperatures. The reaction
will proceed only if partial pressure of CO, in the gas is above the solid surface and is
less than the decomposition pressure of CaCOj;. The latter pressure is determined by
equilibrium thermodynamic considerations. A typical expression for equilibrium
decomposition pressure Peq quoted by Kramlich et al. (1989) is:

20474)
atm

7
P, =4.137x10 exp(-——T— (2.6)

Figure 2.5 shows the decomposition pressure of carbon dioxide over calcium carbonate
by three researchers.
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Figure 2.5: Decomposition pressure of carbon dioxide over calcium carbonate by three
researchers (Stanmore and Gilot, 2005)

2.4.3 Carbonation
Carbonation is the reverse of calcination process, and is therefore exothermic.
Ca0+CO, — CaCO,  AH =-182.1 kJ mol" 2.7)

Conditions for carbonation process must balance between high temperature which favour
the speed of reaction and low temperature which favour equilibrium conversion.

Earlier study of carbonation reaction was carried out by Bhatia and Perlmutter (1983).
Using a thermo-balance, they calcined a limestone under atmospheric pressure containing
0, 10 and 20% CO,. As concentration of CO; increased, the pore sizes became larger and
their size distribution less spread. The crystallinity of the lime was greater for the sample
prepared in pure nitrogen. At temperatures between 550 and 725 °C, they identified an
initiation period, followed by a growth period in carbonation, and finally a leveling off.
Carbonation levels of over 70% could be obtained in a period of about 1 min for 81 and
137 pm particles. The rate of reaction was sensitive to temperature and increased as the
temperature reduced.

Abanades and Alvarez (2003) examined the work on carbonation carried out by Bhatia
and Perlmutter, and concluded that the findings were consistent with their own. The
carbonation was carried out for 20 min at 650 °C under different partial pressures of CO,.
They claim that for all conditions, complete carbonation was achieved in a matter of
minutes.
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2.5 CFD MODELING ON BUBBLING FLUIDIZED BED
Numerical modeling techniques or computer fluid dynamics (CFD) offers a powerful tool
to simulate fluid flow in bubbling fluidized bed. Fluid flow in bubbling fluidized bed are
complicated, so with CFD, hydrodynamics characteristics can be studied. According to
Anderson et al. (1995), the mass conservation equation, the momentum equation and the
energy conservation equation are numerically solved in CFD.
Numerical studies for bubbling fluidized bed reactors have been intensively done for lab-
scale or pilot-scale plants in the industries (Barea and Leckner, 2010; Park et al. 2008;
Zheng, 2008 and Velden et al. 2008). However there are few numerical studies for
Calcium Oxide as bed materials in bubbling fluidized bed reactor.
Vuthalurua et al. (2009) studied fluidization behaviour of solid-liquid flow in a conical
reactor occupied with limestone particles. Three dimensional, unsteady state simulations
using the Granular Eulerian multiphase approach were performed. Six different
geometries of conical fluidized limestone reactor (FLR) have been created using Gambit
and exported to Fluent in order to study the bed expansion behaviour in liquid/solid flow.
The fluidization dynamics with changed variables in vessel dimensions, particle loading
(limestone) and fluid flow (water flow rate) were done. They also validated the model
with lab-scale FLR (Cone 1) experimental. Results showed that fluidized bed height
increases with increase in inflow rates of water through the bed for the simulation as well
as the experimental cases. They concluded that CFD is a powerful tool to investigate the
behaviour of fluidization of limestone within the conical FLRs.
Behjat et al (2009) had developed and validated CFD models to investigate
hydrodynamic phenomena of their reactor. The results were compared to experimental
data obtained from the literature. It shows that with two solid phases used, particles with
smaller diameters have lower volume fraction at the bottom of the bed and higher volume
fraction at the top of the bed. The bed expansion was larger when a bimodal particle
mixture was applied compared with the case of mono-dispersed particles.
Commercial simulation software FLUENT was also been used by Cooper and Coronella
(2005) to investigate relative effects on bubbling of particle mixing and segregation in a
bubbling fluidized bed reactor. They reproduce important hydrodynamic aspects of a
binary fluidized bed, by modeling three phases using the Eulerian interpenetrating fluids
model. The simulations predict realistic bubbles, bubbling rates, bubble wakes and bed
expansion. For all operating conditions investigated, the simulated bed was well mixed
axially. Gas velocity, maximum packing fraction, and solids composition did not affect
the extent of mixing. However, small pockets of transient localized segregation were
predicted throughout the bed.

Many researchers have done numerical study using CFD software such as Fluent.
It is known as state of the art in modeling fluid flow. However, CFD simulation to
investigate hydrodynamic characteristics based on Calcium Oxide is less. In this thesis
CFD software Fluent will be used to study hydrodynamic characteristics of various
materials in the bubbling fluidized be to reduce limestone lost and maximize efficiency.
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CHAPTER 3: DESIGN AND DEVELOPMENT OF BUBBLING FLUIDIZED BED
CO, ABSORPTION REACTOR

INTRODUCTION

The carbon dioxide, CO, absorption reactor or bubbling fluidized bed CO, absorption
reactor (BFBR) is the main device of this research study. The function of the reactor is to
absorb CO; gas composition in the producer gas from biomass product. The reactor
provides a very high heating rate with closely controlled moderate temperature to enable
the rapid thermal decomposition of the producer gas. The design of the reactor is carried
out based on the amount of calcium oxide will be used, the fluidization and heat transfer
consideration. The finalized reactor design is then fabricated and tested in the present of
heat. This is because the temperature operation of the reactor has to be around 500°C to
1000°C, so the heating performance must be verified.

3.2 BUBBLING FLUIDIZED BED CONCEPT

Bubbling fluidized bed is a preferable configuration that well fit to the development
criteria of the CO, absorption reactor. Geldart [1984] has described the fluid like
behavior of the fluidized bed,

Lighter objects float on top of the bed (objects less dense than the bulk density of the
bed),

The surface stays horizontal even in tilted beds,

The solids can flow through an opening in the vessel just like a liquid,

The beds have a “static” pressure head due to gravity, given by pgh,

Levels between two similar fluidized beds equalize their static pressure heads.

The bubbling fluidized bed is dominated by rising of gas voids called bubbles. In dense
phase, the upward gas enters the fluidized bed as a small bubble through the holes on gas
distributor when above the minimum fluidizing velocity (#mf). A complex and
heterogeneous fluidisation structure is thus formed by the traversed of gas voids or
bubbles. The rising bubbles cause the motion of the particulate phase. This is the main
solids mixing in bubbling fluidized beds.

The gas bubbles coalesce and grow as they rise along the bed. Small gas bubbles coalesce
with other and then leave the bed as larger bubbles. A condition called slugging will
occur if a deep fluidized bed with small reactor diameter and sufficiently high velocity
were used. In this condition , the particles rain down from the piston-like gas void when it
reaches the bed surface and finally disintegrates while another slug forms and progress to
the bed surface. According to Zhang and Yu [2002], the condition of slugging is usually
undesirable because it will increase the problems of entrainment and lowers the
performance potential of the reactor.

3.3 PARTICLES CONCERN

The selections of the solid particles that will be used in the reactor are important for the
absorption reaction to occur. The different size of solid particles may behave similarly or
differently in the bubbling fluidized bed.
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There are four groups of solid particles according to Geldart [1973]. Group C is the finest
particles, followed by group A and B, then group D is the coarsest particles. Figure 3.1
shown the detail of groups for each solid particle.

Group Particle sizes Examples

(& ~20-30 pm Flour or cement Finest
(0.02-0.03 mm)

A =~ 30-100 pm Fine biomass powder
(0.03-0.10 mm)

B =~ 100-600 pm Sand
(0.04-0.50 mm) J

D > 600 pm Crushed limestones or coffee beams Coarsest
(> 0.60 mm)

Figure 3.1: The detail of Geldart groups for each solid particle

In this research study, only three sizes of particle such as group A, B and D have been
determined to be used in the CO, absorption reactor. The Geldart group C is too
extremely fine particle and fluidize under very difficult conditions.

3.4 ESTIMATION OF DESIGN PARAMETERS

As mention early, the finalized design is carried out based on the amount
of calcium oxide will be used, the fluidization and heat transfer consideration. Another
consideration of the design is based on the 90 mm inner diameter of the existing ceramic
heater band has in the bio-energy lab.
The design initially started based on the power requirement of 4.5 kW small diesel
engines. This diesel engine is located at the bio energy lab. By taking the normal
efficiency of the diesel engine as 30%, the thermal input required to run the diesel engine
was 15 kW from equation (3.1).

P

) — oul 3 . 1
ﬂdlesel P ( )

in

p = o

y 77diesel
_ 4.5x10°
0.3

=15kwW
Where,
Naesa - Efficiency of diesel engine (%)

£

in

i

out

: Thermal power input of diesel engine (kW)
: Thermal power output of diesel engine (kW)

The diesel engine can be operated with two fuels called dual fuel mode. According to
Uma et al [2004] the replacement fuel in dual fuel mode can be done with producer gas in
range of 70% to 90%. Assuming 70% of producer gas was fueled into diesel engine, the
thermal input from producer gas was 10.5 kW. (equation (3.2))
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Brne = B, %0.7 (3.2)
=15x10°x0.7
=10.5kWw
Where,
P, :Thermal power input from producer gas (kW)

Using the low calorific value for producer gas as 4.6 MJ per Nm® mentioned by Rezaiyan
and Cheremisinoff [2005], then the volume flow rate of the producer gas needed can be
calculated as shown in the equation (3.3).

Pope= 0, XLCV, (3.3)
o
O =Tcy
rg
_10.5x10°
4.6x10°
3
= 2.283x102 2 @136.96#
S min

Where,
0, Volume flow rate of the producer gas (Nm” per sec)

LCV ,, : Low calorific value for producer gas (MJ per Nm”)

Rezaiyan and Cheremisinoff [2005] also wrote the efficiency of gasifier for the cold
producer gas named the cold efficiency is around 60 to 70%. If the cold efficiency for
downdraft gasifier assuming as 60% and the low calorific value of furniture wood was 18
MJ per kg, the amount of furniture wood needed in term of mass flow rate can be
calculated. As shown in equation (3.4), the mass flow rate of furniture wood needed was
3.5 kg per hour.

QO xLCV
ncoldgasi = ) = = (3 '4)

M wood ‘xLCVwood
0, xLCV
77(:!)/a'gas‘xL(j’I/

i wood

_2.283x107 x4.6x10°
18x10°x0.6

=9.72x107* k_g @3.5k—g
Ky hr

Mwood =

Where,

Mvood : Volume flow rate of the producer gas (N m’ per sec)
LCV. : Low calorific value of furniture wood (MJ per Nm?)

wood
: Cold efficiency of gasifier (%)

ncoldgasi
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The amount kg required for the calcium oxide in the reactor can be calculated based on
the mass flow rate of the furniture wood. Considered in 1 hour of operation, about 3.5 kg
of furniture wood needed as calculated before. Using chemical equation of stoichiometric
gasification with oxygen and air for the furniture wood as shown in equation (3.7)
respectively, the amount of carbon dioxide, CO, produced for 3.5 kg of furniture wood
can be calculated.

For stoichiometric gasification with air,

CH, 4,04 +0.1830, + 0.183(%-91-)N2 — 0.026H, +0.333C0 +0.333C0,+0.026 H,0
79
+0.333CH, +0.1 83(§JN2 (3.7)

per kg of furniture wood,
12 +1.44(1) + 0.66(16)kgCH, ,,0, ¢ +0.183[2(16) kg0, +0.688[2(14)|kgN, —

0.026[2(1)JkgH, +0.333[2 +16kgCO +0.333[12 + 2(16) [kgCO, +0.026[2(1) + 16 JkgH,0
+0.333[12 + 4(1)JkgCH,, +0.688[2(14)]keN,

1kgCH, ;40,5 +0.2440, +0.803N, — 0.002H, +0.25CO +0.61C0O,+0.019H,0
+0.222CH, +0.803N, (3.8)

From equation (3.8), 1 kg of furniture wood, CH,, 0. Will

produce 0.61kgCO,, for 3.5 kg of furniture wood used, will produced 2.14 kg CO; gas.

With the amount of CO, gas produced, the calcium oxide needed can be determined by
solving equation (3.9),

CO, +Ca0 < CaCo, (3.9)
per kg of CO»,
[12 +2(16)JkgCO, +[40 +16]kgCa0 > [40+12 + 3(16)JkgCaCO,
1kgCO, +1.27kgCa0 <> 2.27kgCaCO, (3.10)

From equation (3.10), 1 kg of carbon dioxide, CO, produced, required 1.27 kg calcium
oxide, CaO. Therefore 3.5 kg of furniture wood used, and 2.14 kg CO, gas produced will
need about 2.7 kg of calcium oxide, CaO.

Therefore to operate the 4.5 kW small diesel engines with downdraft gasifier and CO,
absorption reactor for about 1 hour experiment duration times, the design parameters are
as shows in Table 3.1.
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Table 3.1: Design parameters for 1 hour duration times experiment

Paramaters Values
Diesel Engine 4.5 kW
0, 2.283 x 10°NM’ per sec @

136.96 L per min
3.5 kg per hour

2.7kg

M wood

Mca0

The amount of calcium oxide used to run for 1 hour operation was too expensive, so the
design has to be scaled down to the laboratory scale. The finalized design of CO,
absorption reactor is based on the existing ceramic heater band 90 mm inner diameters
that have been used.

3.5 DIMENSION OF BUBBLING FLUIDIZED BED CO, ABSORPTION REACTOR

The bubbling fluidized bed CO, absorption reactor was designed by
Universiti Sains Malaysia and fabricated by local manufacturing firm. It was placed at the
bio-energy lab. The main construction features of bubbling fluidized bed CO; absorption
reactor consist of main furnace, stand and nozzle distributor plate. The reactor was
developed for the laboratory scale purpose. The overall height of the reactor is 877.5 mm.
The inner diameter of the reactor is 74 mm and the outer diameter is 88 mm. The main
furnace and nozzle distributor plate are made from stainless steel 304 to detain high
temperature operation around 1200°C while the stand made from mild steel. The height
of the furnace is 600 mm and has 6 holes for the thermocouples. The nozzle distributor
plate has five small nozzles that protrude up from the surface of the plate. Each nozzle
has four holes of 1.6 mm diameter to allow gas to flow. Figure 3.2 shows the drawing of
bubbling fluidized bed CO, absorption reactor in mm and in appendix 1 was a full detail
drawing of the CO, absorption reactor.

£06

87175

S i it

Figure 3.2: The drawing of bubbling fluidized bed CO, absorption reactor in mm
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3.6 CO, ABSORPTION REACTOR OPERATING PARAMETERS

The operation parameters of bubbling fluidized bed CO, absorption reactor are important
because its help to estimate the values obtained from the design proposed. These values
gave the range of the operating condition, whether the design proposed acceptable or not.
There are several calculations that have been calculated and shown below.

3.6.1 Aspect Ratio, A,

Aspect ratio, 4, is the ratio of static bed height, 4 divided by the reactor inner diameter,
d;. It shows the relation between the static bed height and inner diameter of the reactor. In
this research study, the static bed height of the calcium oxide, CaO and sand will be
determined first. It is desirable to have a high amount of bed material because to increase
the residence time of the producer gas to react with calcium oxide. However the static
bed height is limited by the pressure drop across the CO, absorption reactor. Using
equation (3.11), the static bed height can be determined. According to Cao et al. [2006],
an aspect ratio of 1 is suitable to be used for the reactor in their experiment. So in this
research, the aspect ratio, 4, was operated around 1.

A === 3.11
= (3.11)
d = hy
Ar
_0.074
1
=0.074m

3.6.2 Pressure drop, AP

According to Geldart [1984], the pressure drop across the fluidized bed is only parameter
that can be accurately predicted. Consider the cylinder unrestrained at its upper surface
occupied with CaO at certain static bed height, = when the upward superficial fluid
velocity is gradually increased, the pressure drop gradually increased. Then the pressure
drop levels off and no longer increases as the superficial velocity is increased. This is
when the upward force exerted by the fluid on the particles is sufficient to balance the net
weight of the bed and the particles begin to separate from each other and float in the
fluid. As the velocity is increased further, the bed continues to expand in height, but the
pressure drop stays constant. It is possible to reach large superficial velocities without
having the particles carried out with the fluid at the exit. This is because the settling
velocities of the particles are typically much larger than the largest superficial velocities
used. Figure 3.3 shows this phenomenon.
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Figure 3.3: Relation between pressure drop, bed height and superficial velocity, Geldart
[1984]

The pressure drop across the fluidized bed can be determined using equation (3.12).

AP = '”*T(g) (3.12)

_ 0.526(9.81)
7(0.074)?

4
=1199.78Pa

Where,
m : Mass of CaO-Sand particle 100 micron, (kg)

S

A : Cross sectional area of CO? absorption reactor (m?)
g : Gravitational acceleration (m per s°)

3.6.3 Minimum Fluidization Velocity, u,,

The minimum fluidization velocity, u,,is important to know because it is
used as a basic to determine the fluidized bed gasifier. If the velocity is too small the bed
stays fixed and operates as a packed bed. The solid particles in the cylinder will begin to
fluidize when minimum fluidization is achieved [Botterill, 1975]. To determine the
minimum fluidization velocity, u,, the equation (3.13) as rewritten from the modified
Ergun Equation can be used.

|
Uy 2 K [(33.72 +0.0408Arm,,,,b)2 -33.7J (3.13)
Pgd,

Where,
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e : Dynamic viscosity of the carrier gas (kg per m.s)
Fes : Density of the carrier gas (kg per m®)
d : Solid particles size (m)

S

Ar

numb

. Archimedes number

Archimedes number is a dimensionless number in which to determine
the motion of fluids due to density differences. It is represented as

_pd. glp, - p,)

Arnumb - 2 (3.14)
Hg
Where,
g : Gravitational acceleration (m per s°)

Ps : Density of solid particle (kg per m?)

Table 3.3 shows the design parameters of CO, absorption reactor. These
parameters have been used to determine the minimum fluidization velocity.

Table 3.3: Design parameters of CO, absorption reactor
CO, absorption reactor dimensions

Geometrical shape Cylindrical
Height, h (m) 0.6

Inner diameter, d; (m) 0.074
Cross section area, A (m?) 4301 x 107

Bed material properties

Type

Calcium oxide, CaO and Sand

Bulk Density, pcao-sana (kg per m’) 5649
Particle size d; (um) 100
Fluidizing gas properties

Type Air
Temperature, T (°C) 35

Density, p, (kg per m®) 1.145
Dynamic Viscosity, £ (kg per m.s) 1.895x 10”

Refer back to equations (3.14) and (3.13), the archimedes number and the

minimum fluidization velocity are,

_ 1.145(0.0001)°(9.81)(3340 - 1.145)

Arnum '
' (1.895x107°
—176.44
1.895x107° s .
= 0% 1(33.72 +.0.0408(176.44)) —33.7
Se e 1.145(0.0001){( ! (176.44) }
=0.01762




3.6.4 Terminal Velocity, u,

When superficial velocity operated above the terminal velocity of the bed particles, the
fast fluidization will occurred and lift a single particle and then carry it out of the reactor.
Therefore in bubbling fluidized bed, the superficial velocity must be controlled in

between the minimum fluidizing velocity, u,rand terminal velocity, u,.

Kunni and Levenspiel [1991] have wrote the estimation of the terminal velocity can be
calculated by evaluating the dimensionless particle size, d,” and dimensionless terminal

velocity, u,” . These two dimensionless equations were presented in equation (3.15) and

(3.16) respectively.

2

e {pg(ps —pg)gJ
s § /1

= [Arnumb ]%

A 18 o 2.335—-1.1744¢s . 0.5<4 < (3.16)
(ds') (ds')E
Where,
Y7 : Dynamic viscosity of the carrier gas (kg per m.s)
Pq : Density of the carrier gas (kg per m®)
d, : Solid particles size (m)
Ar : Archimedes number

numb

P, : Density of the solid particle (kg per m’)
g : Gravitational acceleration (m per s®)
P, : sphericity of solid particle = 0.78 for CaO particles

(3.15)

Refer back to equations (3.15) and (3.16), the dimensionless particle sizes,

d_" and dimensionless terminal velocity, u,” are,
1

d = [Arnumb ]5

= [104.44]s
=5.68
-1
._|_18 2335 ~1.744(0.78)
g = 2 1
(5.68) (5.68):
=0.43
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Finally the terminal velocity can be determined using equation (3.17).

" =u,'{”(ps—_pd‘5]3 (3.17)

t 2

Py

1
1.895x107* (5649 1. 145)9.81}3

=0.43 )
1.145

=042
S

3.6.5 Volume Flow Rate, O

The volume flow rate of minimum fluidizing velocity and terminal velocity were
determined. The operation range in between these two volume flow rate are considered as
bubbling fluidization regime. The volume flow rate is calculated by solving equation
(3.18) and (3.19) for the minimum fluidizing velocity and terminal velocity, respectively.

0, =Au (3.18)
Uy mf
2
= i’ﬂ;ﬂ(o.om)

3
=4.473x10"° 2 @ 2.68 L per min
S

0, = 4u, (3.19)

= M(@ﬁz)

3
=2.666x10° 2 @ 160 L per min
S

The estimate operation parameters for the CO, absorption reactor of the carbonation
process with air, simulate gas and producer gas are performed on various temperature
ranges. These parameters are listed in the Table 3.5, 3.6 and 3.7 respectively.

In Table 3.4 shown also the estimate operation parameters of the CO, absorption reactor
but on the process of calcination. Air is only used as the fluidizing gas for the calcination
process due to small percentage of CO, gas. The estimate operation parameters are
performed on various temperature ranges of 700°C, 750°C, 800°C and 850°C.

Table 3.4: Estimate operation parameters of CO, absorption reactor for calcination
process using air (CaCO3; — CaO+CO,)

Paramaters Values

Temperature (°C) 700 750 800 850

Density, p, (kg per m°) 0.362 0.345 0.328 0.314

Dynamic Viscosity, £/ (kg per m.s) 4.111¢” 4.236¢” 4.362¢” 4.481¢”

Archimedes number, A7,,,., 5.68 5.10 4.58 4.15

minimum fluidizing velocity, Upp (m per s) 0.0039 0.0038 0.0037 0.0036
0.32 0.31 0.30 0.29

terminal velocity, #, (m per s)
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volume flow rate of minimum fluidizing | 1.677¢” 1.634¢> 1.591¢” 1.548¢”
velocity, Qu , (m3 pers)/ L per min /1.0 /0.98 /0.95 /0.93
volume flow rate of terminal velocity, O, (m’ 1.376¢” 1.333¢” 1.290¢™ 1.247¢”

. ! / 82.56 /79.98 /77.40 /74.82
per s) / L per min

Table 3.5: Estimate operation parameters of CO, absorption reactor for carbonation
process using air (CaO+CO, —> CaCO5)

Paramaters Values
Temperature (°C) 35

Density, p, (kg per m’) 1.145
Dynamic Viscosity, £ (kg per m.s) 1.895¢”
Archimedes number, A7, 104.44
minimum fluidizing velocity, u,,, (m per s) 0.0104
terminal velocity, %, (m per s) 0.62

volume flow rate of minimum fluidizing velocity, O, , (m® per s) / L per min 4.473¢>/2.68
volume flow rate of terminal velocity, Qu‘ (m3 per s)/ L per min 2.666e”/ 160

Table 3.6: Estimate operation parameters of CO, absorption reactor for carbonation
process using simulate gas (CaO+CO, —> CaCO3)

Paramaters Values

Temperature (°C) 500 550 600 650

Density, p, (kg per m°) 0.492 0.473 0.453 0.434

Dynamic Viscosity, £ (kg per m.s) 3.444¢” 3.565¢” 3.686¢” 3.807¢”

Archimedes number, Arnumb 13.59 12.19 10.92 9.81

minimum fluidizing velocity, U, (m per s) 0.0057 0.0055 0.0053 0.0052
0.44 0.43 0.42 0.41

terminal velocity, %, (m per s)

volume flow rate of minimum fluidizing velocity, | 2.451e” / | 2.365¢” / | 2.280e> /| 2.236¢> /

0, (i’ per )/ L per min 1.47 1.42 1.37 1.34

1.892¢” /| 1.850e” /| 1.806e” /| 1.764e” /

volume flow rate of terminal velocity, O, (m® per
! 113.00 110.96 108.40 105.80

s)/ L per min

Table 3.7: Estimate operation parameters of CO, absorption reactor for carbonation
process using producer gas (Ca0+C0O, —> CaCO;)

Paramaters Values

Temperature (°C) 500 550 600 650

Density, p, (kg per m’) 0.435 0.418 0.401 0.384

Dynamic Viscosity, £¢ (kg per m.s) 3.187¢” 3.302¢” 3.418¢” 3.533¢”

Archimedes number, A7, 14.03 12.56 11.25 10.08

minimum fluidizing velocity, Uy (m per s) 0.0062 0.0060 0.0058 0.0056
0.47 0.46 0.45 0.44

terminal velocity, #, (m per s)
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volume flow rate of minimum fluidizing velocity,
Qum/ (m® per s) / L per min

2.666e> /

1.60

1.55

2.580e” /

2.490e”
1.49

/] 2.410e° /
1.44

volume flow rate of terminal velocity, Qu‘ (m”® per
s)/ L per min

2.040e” /

122.50

119.30

1.990e> /

1.938¢>
116.30

/] 1.892¢ /
113.50
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CHAPTER 4: METHODOLOGY

4.0 INTRODUCTION

In this chapter, the experimental setup and procedure of the experimental works were
shown. The block of furniture woods from the factory nearby were selected as a primary
feedstock for producing the producer gas in downdraft gasifier. To enhance the quality of
the producer gas, the calcium oxide powders (range 100 -1000 micron) was selected as a
sorbent to absorb the carbon dioxide gas in the producer gas.

The CO, absorption reactor experimental study is carried out at the biomass energy lab,
Universiti Sains Malaysia, Transkrian Pulau Pinang. The experiments are designed to
examine the absorption process of CO; in the reactor and the performance of diesel
engine. Three main experiments have been identified to achieve the objectives of the
research. Figure 4.1 shows the types of the experimental work.

Experimental works

Y

Characteristics of Furniture Computitional Characteristics of Bubbling Fluidized Bed
Wood 1. Hydrodynamic CO, Absorption Reactor (lab scale)
1. Moisture Content Test simulation 1. Cold Model Experiment
2. Bomb Calorimeter Test 2. Statistical 2. CO, Absorption Experiment (hot model)
analysis - with simulate gas

- with simulate producer gas
- with compressed producer gas

Figure 4.1: Types of the experimental work.

4.1 CHARACTERISTICS OF FURNITURE WOOD

The characteristics of furniture wood have a significant effect to the performance of
gasifier system. The calorific value of the producer gas produced from downdraft gasifier
is depended from the furniture wood characteristics. At present study, two tests are
selected for characterize the furniture wood such as moisture content test and bomb
calorimeter test. Figure 4.2 shows the flow process to characterize the furniture wood.

4.1.1 Moisture Content Test

The Infrared Moisture Balance Machine as shown in Plat 4.1 is used to determine the
percentage of moisture content in furniture wood. The test was operated at Heat Transfer
Laboratory, School of Mechanical Engineering. The moisture content is a weight of
moisture contained in a piece of wood as a percentage of its oven dry weight.
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Figure 4.2: The flow process to characterize the furniture wood

Plate 4.1: The Infrared Moisture Balance Machine
A small block of wood 7.6 (L) x 3.3 (H) x 3.2 (W) cm dimension size has been cut,

weighted and recorded. The wood then has been placed on the plate of the Infrared
Moisture Balance Machine. The temperature was set started from 120°C for 180 minutes.
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The button has been pushed after the cover of Infrared Moisture Balance Machine closed.
Three parameters such as percentage of moisture content, percentage of solid weight and
current weight in gram have been recorded for every 5 minutes until reached the constant
wood weight.

4.1.2 Bomb Calorimeter Test

Bomb Calorimeter as show in the Plate 4.2 was used to determine the heating value of the
furniture wood. The test was done at Heat Transfer Laboratory, School of Mechanical
Engineering. The block of furniture wood was crushed to be woodchips. A sample of 1
gram of woodchips was wrapped and tied by nickel wired before placing it in the
crucible. The crucible was placed in the bomb filled with the oxygen and immersed in
water. The Beckman’s thermometer was placed into inner cylinder and outer tank. Then,
the water temperature of the outer tank was controlled to obtain approximate water
temperature of inner cylinder within the range of 0.1°C. The initial temperature was
recorded every minute until ignition was started after 5 minutes. The calorimeter water in
the inner cylinder was changed because of the ignition. Then the changes were recorded
every thirty second until its reached maximum temperature. The test was done almost 15
minutes.

Mv“..; gww;..k ki

Plate 4.2: Bomb Calor

4.2 CFD SIMULATION

The present study is to know the hydrodynamic characteristics of the Calcium oxide-sand
mixture using software called Fluent version 6.2.16. The 2-D model of the bubbling
fluidized bed CO, absorption reactor (BFBR) was generated in Gambit version 2.3.16
pre-processor. A multiphase flow consist of a gas-solid phases flow is used inside the
bubbling fluidized bed CO, absorption reactor model. A structured face mesh of
quadrilateral is used to generate grid due to less complexity and time required to grid
over such geometry when imported to Fluent. The gas enters into the BFRB from bottom
side. Figure 4.3 shows the 2-D model.
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Figure 4.3: 2-D model of the bubbling fluidized bed CO, absorption reactor

The 2-D model was export to Fluent in “.msh” file type after meshing and zone
specifying completed. The Eulerian multiphase model was used to model multiphase
flow. This model allows the multiple separate and interacting phases. The material
properties for the bed material (calcium oxide and sand) were set to a density of 3340
kg/m’® and to a particle size of 100 micron. It was set as a phase 2 or secondary phase.
Phase 1 or primary phase is air, having the density of 1.16 kg/m’, a specific heat of 0.994
kJ/kg.K and a viscosity of 1.7894x10™ kg/ms. The air distribution plate was modeled as a
uniform surface velocity inlet. The inter-particle forces were able to be modeled by
enabling the interaction forces. Then the boundary conditions are set up closed to the
experiment condition needed.

The contours of the volume fraction of the bed material were monitored with respect to
the flow time. The change in the volume fraction with flow time was checked to know
the bed material motion. To reconfirm the air and calcium oxide—sand mixture motion,
the velocity vectors were also plotted. Instead of volume fraction, the bed expansion
height was also monitored. Three different of particle sizes, 100, 500 and 1000 micron
were tested at various volume flow rate. Figure 4.4 shows the flow process of the
simulation.

4.2 STATISTICAL ANALYSIS

Statistical analysis using a cold model experiments were conducted to analyze the data.
Calcium oxide 100 microns in size was used and it was performed 8 times in a row to
determine the error analysis. The commercial software “SPSS Statistics version 17 for
windows” was used to perform the analysis. The statistical tools used in this study was
descriptive analysis.

The descriptive analysis is used to explore the data and then described the observations.
In case of observations, the frequency distribution can be performed in tabular form or
graphical form. According to Sheridan and Lyndall (2003), the bar charts are appropriate
for the categorical variables. In this study the frequency distribution was the display of
the occurrence of the items. The demographic data of the fluidization bed height was
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collected and analyzed using description analysis. Then the frequencies and the data of
the information were gathered.

4.3 INSTRUMENT AND MEASUREMENT
In this section, the description of the instruments and measurements used were
introduced. The instruments used in the experiment are described below:

4.3.1 Ceramic band heater and controller

The ceramic band heater and controller are used to control and transmit heat energy
through both conduction and radiation mechanisms to the bubbling fluidized bed CO,
absorption reactor. The maximum working temperature of the ceramic band heater is
1200 deg Celsius. It is constructed with a stainless steel shroud enclosing high quality
ceramic knuckles through which run coiled high temperature nickel-chromium element
wire. Plate 4.3 shows the the ceramic band heater and it controller.

- sy 7 3

late 4.3: Cramic band heater and otroll

The electrical cable from controller is connected to the screw terminal of ceramic band
heater. The ceramic heater was clamped tight to the CO, absorption reactor to transmit
heat energy. Plate 4.4 shows the heat energy produced inside the ceramic band heater.

Plate 4.3: Ceramx band heater produet energy
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4.3.2 Data acquisition

The data acquisition is capable of logging the temperature for every 4 second during the
tests using thermocouple type-K. The data acquisition used was DIGI-SENSE scanning
Thermometer with 12 channel thermocouple scanner Model 69202-30. Plat 4.4 shows the
data acquisition.

Plate 4.4: DIGI-SENSE scanning Thermometer

4.3.3 Gas Chromatograph

The producer gas composition was analyzed using a Gas Chromatograph Hewlett
Packard Module 4890. It consists an injector port, a separation part contain of column,
detector and recorder. Plate 4.5 shows the gas chromatograph.

Plate 4.5: Gas Chromatograph

In the analysis, helium gas was used as a carrier gas. Propack-Q and molecular sieve,
where the 2 columns were used to identify the gases. The Propack-Q column is used to
detect CO, and the molecular sieve column is used to detect H,, CO, CHy4, O, and N,
using thermal conductivity detector (TCD).
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4.3.4 Gas Analyzer

The gas analyzer was used to determine the emission of diesel engine fuelled with the
producer gas. It measured CO (%), CO; (%), NOy (ppm) and O, (%). Plate 4.6 shows the
gas analyzer drager MSI compact.

S s

Plate 4.5: Gas Analyzer (Drager S mpact)

4.4 CHARACTERISTICS OF BUBBLING FLUIDIZED BED CO, ABSORPTION
REACTOR

4.4.1 Cold Model Experiment

A cold model experiment is conducted to gain the hydrodynamic study of a bubbling
fluidized bed CO2 absorption reactor (BFBR) with pressurized air at ambient
temperature. Plate 4.6 shows photograph of cold model experiment apparatus. The BFBR
is made of transparent perspex with an inner diameter of 74 and 600 mm height. The
distributor plate has five nozzles each having four holes of 1.6 mm diameter. Detail of the
schematic diagram of bubbling fluidized bed CO, absorption reactor (BFBR) is shows in
Figure 4.5.

S

7,

Plate 4.6: Photograph of cold model experiment apparatus
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Figure 4.5: Detail of the schematic diagram of BFBR

The BFBR is connected to a 1.9 kW air compressor model HD47C to provide
compressed air at various pressures and a filter bag to capture any of the bed material
entrained from the bubbling fluidized bed CO2 absorption reactor. A simple U-tube
manometer is connected across the bubbling fluidized bed CO2 absorption reactor to
monitor the pressure drop. Figure 4.6 shows the schematic diagram of cold model
experimental set-up.

v

rotameter

stand

Air compressor , Bag fiter [

Figure 4.6: Schematic diagram of cold model experiment set-up.

The CaO mixed with sand was used as the bed material in the BFBR. Variables affecting
the fluidization height were studied such as CaO-sand mixture percentages (70, 60, 50,
40% Ca0), air volume flow rates (5, 15, 25, 35, 45, 55 Lmin'l), air intake pressures (2, 3,
4, 5, 6 bar) and different CaO particles sizes (100, 500 and 1000 micron). For each run, 4
cm arbitrary chosen constant height of the CaO was measured (Table 4.1) and mixed with
1.7, 2.7, 4 and 6 cm of sand where the particle size used were 100, 500 and 350 micron.
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Table 4.1: CaO weight for 4 cm height

CaO particle size (rnicrom) Ca0 weight (g)

100 17230
500 198.65
1000 240.00

The air flow from the air compressor was set to the desired pressure and volume flow rate
by using manometer. During the experiment, the hydrodynamic behaviors such as the bed
expansion height and the pressure drop across the bubbling fluidized bed CO, absorption
reactor were recorded. Fine particles found in the filter bag was weighed and recorded at
the end of each experiment run. All the data recorded and analyzed are shows in Chapter
-

4.4.2 Carbonation Hot Model Experiment

As mention in the chapter 2, the carbonation or sequestration process is a reaction process
of calcium oxide, CaO with carbon dioxide, CO; to produce final product called calcium
carbonate, CaCOs at certain temperature. To determine the exactly temperature perform
the carbonation process of CaO, the carbonation hot model experiment has been
conducted. The bubbling fluidized bed CO, absorption reactor (BFBR) made from
stainless steel 304 has been coupled to a 3 kW electrical ceramic heater band to heat the
CaO-sand mixture. One connection been connected to the simulated gas tank consisting
0of 30% CO, and 70% N, and other side of BFBR is connected to the filter bag. Five set
of temperature range have been selected as variables (500-549, 550-599, 600-649, 650-
699, 700-749 deg C). A 40% CaO-sand mixture ratio (density ???) is poured inside the
BFBR, at the same time the heater band is switch on and set to the 500-549 deg C. When
the temperature has reached to the selected range, the simulated gas regulator valve is
opened and set to 3 bar. Using the rotameter, the gas volume flow rate is set to 15 Lmin™.

4.4.3 CO; Absorption Experiment (Hot model)

To know the ability of CO, absorption of CaO-sand mixture in the bubbling fluidized bed
CO, absorption reactor, the CO, absorption experiment or hot model experiment has been
conducted. A number of the experiments using three types of gas with different
composition have been done by flow in to the bubbling fluidized bed CO, absorption
reactor. The operational procedures using these gases have been described below:

4.4.3.1 Simulated gas

The hot model experiment with simulated gas consisting of 20% CO, and 80% N, has
been applied to the bubbling fluidized bed CO, absorption reactor (BFBR) at selected
temperatures. In this hot model experiment, the BFBR is made from stainless steel 304.
The same distributor plate was used to allow the simulated gas to flow. Plate 4.7 shows a
photograph of the hot model apparatus and Figure 4.7 described the schematic diagram of
the hot model experimental setup respectively.

36



Pla 4.7: Photograph of hot model experiment apparatus with simulated gas

A 3 kW electrical ceramic heater band was coupled to the bubbling fluidized bed CO,
absorption reactor for heating the bed material (CaO-sand mixture) at various
temperatures. The selected variables were obtained from the cold model experiment after
analyzed (refer to chapter 5) such as CaO-sand mixture percentages (50 and 40% CaO),
volume flow rates (15, 25 and 45 Lmin™"), intake pressures (2, 3 and 4 bar) and the CaO
particle size of 1000 micron. For each run, 4 cm constant height of the 1000 micron CaO
was used and mixed with 4 and 6 cm of the 350 micron sand. These particles sizes were
sieved using an Endecott’s multi-layer test sieve shaker.

simulate
fark fluidized
==y [temperature| | g
! control unit E
" electrical ceramic
= | 74 heater band
“d
......... Y 3 data
¥ H anloz
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Y | B 2
é____ M 1 905
rotameber aU-5an;miy analysis
: i facility
- filler bag ...
stand
—

Figure 4.7: Schematic diagram of hot model experiment set-up.
1-4 refer to thermocouples used

The controller of the ceramic heater band was set to 900°C. When the temperature inside
the fluidized bed reached 650-750°C, the simulated gas was set to 2 bar using a pressure
regulator with a gas flow rate of 15 Lmin™ controlled by a rotameter. The simulated gas
at the exit of the fluidized bed was collected by gas sampling bags at an interval of 5
minutes for 60 minute experiment. The gas samples were analyzed in a gas
chromatograph (Hewlett Packard Module 4890) as soon as possible to avoid any
diffusion of gases into or out the sampling bags. This process was repeated for the other
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variables. Some of the fine particles found in the filter bag was weighed and recorded at
the end of each experiment. At the end of the CO, absorption experiment, the CO, is
released from the CaCOj5 via calcination process at temperature above 850°C for about 90
min.

4.4.3.2 Simulated producer gas

The simulated producer gas was obtained from the MOX manufacture nearby. It was
consisting of 16% CO,, 24% CO, 12% H, and 48% N, gas composition. Using the best
variables obtained from hot model experiment with simulated gas, the experiment was
started again. A 3 kW electrical ceramic heater band was heated to heat the CaO-sand
mixture in the bubbling fluidized bed CO, absorption reactor (BFBR). When the
temperature inside the BFBR reached 650-750°C, the simulated producer gas was set to
craving bar and gas flow rate using a pressure regulator and a rotameter. The simulated
producer gas passed through the BFBR and the exit of new simulated producer gas was
collected in the sampling bag. The gas was collected at an interval of 10 minutes for 60
minute experiment. Then using the gas chromatograph, the collected simulated producer
gas was recorded and analyzed. All the data results and analysis were presented in the
Chapter 5.

4.4.3.3 Compressed producer gas

In this section, the compressed producer gas was used by flow in to the bubbling
fluidized bed CO, absorption reactor (BFBR) of the hot model experiment. To gain the
compressor producer gas, the preparation must be done. A 50 kg of block wood (size:
0.076 (L) x 0.033 (H) x 0.032 (W) m) was prepared and feed to the downdraft gasifier.
The thermocouples were placed at certain places and connected on the data logger. The
block wood in the download gasifier was burn using the LPG gas burner until it can
combust it self. While waiting the block wood to combust and resulted with producer gas,
the CaO-sand mixture was prepared. An optimum values of parameters obtained from the
hot model experiment with simulate producer gas were used. Using 3 kW electric
ceramic heater band, the bubbling fluidized bed CO, absorption reactor (BFBR) was
heated until the temperature inside the BFBR reached 650-750°C. When the blue flare at
point 3 was obtained (Figure 4.8), the gas collecting process was conducted using
sampling bags at point SP 2. The compressed producer gas was analyzed using Gas
Chromatograph and recorded.

Air
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(%) 5% Exchanger sp
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Qil Compressor
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Gasifier
Holding Tank
Notes : mmmmmm Producer Gas (PG) === Compressed PG X valve

Figure 4.8: Compressed producer gas experiment set-up
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After collected gas sample at SP 2, then the compressed producer gas is passed to the
BFBR controlled by the rotameter. The rotameter was set to 45 Lmin™ (0.00075 m® sh.
The outlet compress producer gas was passed to the filter bags and cooling system before
been collected by sampling bags. The gas collecting process was conducted for an
interval of 15 minutes in 60 minutes experiment. Then compressed producer gas before
and after passed through the BFBR was analyzed and recorded. The fine particles found
in the filter bag was weighed and recorded. These data results and analysis were
presented in the Chapter 5. Figure 4.9 shows the schematic diagram BFBR set-up using
compressed producer gas.
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Figure 4.9: BFBR set-up using compressed producer gas
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CHAPTER 5: RESULTS AND DISCUSSIONS

5.0 INTRODUCTION

The results obtained from the experimental have been analyzed and shown in this
chapter. All experimental and simulation done is presented as follow:
Moisture Content Test

Bomb Calorimeter Test

Fluent Simulation

Statistical Analysis

Cold Model Experiment

CO; Absorption Experiment with Simulate Gas

CO; Absorption Experiment with Simulate Producer Gas

CO, Absorption Experiment with Compressed Producer Gas

5.1 CHARACTERISTICS OF FURNITURE WOOD
5.1.1 Moisture Content Test
A small block of wood 0.076 (L) x 0.033 (H) x 0.032 (W) m dimension size has been cut.

As seen in Figure 5.1 after 135 min, the mass of wood became constant. The percentage
of moisture content obtained was 11.1%. This value is below than 30% wood moisture
content and it suitable to be used for the next stage. The moisture content will affect the
performance of the gasifier because of the ignition difficult and reduced the calorific
value of the producer gas. This has been mentioned in section 2.2.2. Some researchers
implement a pre-treatment process to reduce the moisture of the wood and give the
maximum operating condition. The acceptable maximum amount of moisture content of
wood for gasification process is in the range of 30% to 60% and it depends on types of
the gasifier design.

Wood weight and moisture content vs time
i [ R —
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50 - =T e
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” pawes SRtk
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0 20 a0 60 80 100 120 140 160
time (min)

e wood weight “dremoisture content (%)

F:iguré 5.1: A graph shows mass of wood and moisture content versus time

5.1.2 Bomb Calorimeter Test

Using the HHV wood on dry basis given by Zainal, 1996 (Equation 5.2), the low heating
value (LHV) of wood can be determined as:

HHV wo0d(dry basis) =LHV + WA (5.2)
LI_vaood = HH\/wood(dry basis) — WA
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=17.35-0.111 (2.260)
=17.1 MJ/kg

where the latent heat of vaporization, A is 2.260 MJ/kg. The result obtained was in the
range of various types of wood between 15.3 MJ/kg to 21.2 MJ/kg stated by Negi and
Todaria, 1993. The low heating value is used rather than the high heating value (producer
gas is in the gaseous form) in the calculation for gasification.

5.2 FLUENT SIMULATION

The Fluent simulation is done to know the hydrodynamic expansion of the static
bed material. In addition, comparable between the simulations and experiments are also
performed. The fluidization dynamics modeled in isothermal conditions from Fluent are
presented. The simulation is conducted for particle sizes 100, 500 and 1000 Calcium
Oxide. The bulk densities of the 50% CaO-sand mixture are 5649, 7056 and 6695 kgm™
for 100, 500 and 1000 CaO respectively. Using the variables that have been determined,
the bubble, bed material volume fraction and the expansion height were able to be
determined.

6.15¢-01

| 0.178 m

Contours of Yolume fraction (particle) (Time=3.0000¢+03) Jan 23, 2011
FLUENT 6.2 (2d, segregated, culerian, zke, unsteady)

Figures 5.17: Contour of volume fraction of CaO-sand mixture in BFBR
(1000 micron, 0.00092 m’s™)

From the observation, the used of large particle density and size of the solid material will
caused the inter—particle forces or the cohesive forces to be lower and this will allowed
more bubble to be formed. On the other side, the used of the fine and small particles will
have high inter-particle forces and it is resulted in difficult fluidization.

The comparison of bed expansion height of the fluidization achieved by fluent simulation
versus the actual experiment data were listed in Table 5.3. The total relative errors in
percentages for all particle sizes are below than 24%. Simulation model gave the
acceptable resulted match to the experimental cases, although some point has a large
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relative error. Therefore the Fluent is a powerful tool to investigate the behavior of
fluidization. This has been mentioned by Vuthalurua et al. (2009) in Chapter 2.

Table 5.3: Comparison between simulation and experiment of bed expansion height (100,

500, 1000 CaO partlcle snze 50% CaO)

100 micron Ca0 |

expansion bed he

ight x 10 2(m)

at selected volume flow rate

500 micron Ca0O

experimental . simulation relative error (%)_
JAS i A7 8222
8.5 7.6 10589
108 126 | 1674 |
12.5 148 | 1840 |
13.0 19.5 50.00 i
235

expansion bed he

ight x 102(m)

at selected volume flow rate

experimental simulation relative error (%)
7.3 611 16.30
N 78 2394
11.8 12.00 0.14
14.0 14.23 1.64
15.0 18.90 26.00
13.60

1000 micron CaO:

.expansion bed he

ight x 10%(m)
at selected volume flow rate

experimental simulation irelative error (%)
20 2.70 ..35.00

5.0 594 18.8

7.0 7.60 8.6
80 9.40 75 |
9.0 10.30 14.4 :

18.86

COLD MODEL EXPERIMENT

The cold model experiment raw data have been recorded and show in Appendix 5. The
experiment has been run for 10 times according to the difference variables selected.
Based on the raw data recorded, the bed expansion height of the material inside the
bubbling fluidized bed CO, absorption reactor is determined and analyzed. The graphs of
the bed expansion height focus on the effect of the CaO-sand mixture ratio, the CaO
particle size, the air volume flow rate and air pressure are presented. Instead of that, the
CaO mass flow rate is also determined and analyzed. Table 5.6 shows the CaO-sand
mixture data recorded.
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Table 5.6: CaO-sand mixture data

Ca0-sand hass of Ca0-sand Static bed Bulk density of CaO-

mixture (%) mixture (lag) height (n) _ sand mixiure (lgm
70 03300 0.055 4377
60 D 4560 0.065 5114
50 D5810 0.075 5649
40 0.7520 0.090 6094
100 Cao
Ca0-sand Mass of Ca0-sand Static bed Bulk density of Cal-
mixture (%) mixture (k) height (m) ___ sand rrixture (kgmn ")
70 04115 0.055 5465
60 05662 0.065 6893
50 05762 0.070 7056
40 08719 0.085 7492
500 Ca0
Ca0-sand  hiass of Ca0-sand Static bed Bulk d ensity of Ca0-
mixture (%) mmixture (g) height (m)  sand mixture (lkgm )
70 04534 0.050 6625
60 D 5369 D.06D 6537
50 D 5695 0.07D 6987
40 08601 0.090 7411
1000 Ca0

5.4.1 Effect of CaO-Sand Mixture Ratio

The graph of the bed expansion height versus constant superficial velocity at
different CaO-sand mixture ratio is shown in Figures 5.19, 5.20 and 5.21. In the
experiment, the constant variables 100, 500 and 1000 micron particle size and 3 bar air
pressure were used. The selected constant variables have to be done because to determine
and analyze the bed expansion height cause of the effect of the CaO-sand mixture ratio.

17 -8-70%Ca0
g 15 & 60%C20
—o—~ 50%Ca0

—+—40%Ca0

As shown in Figure 5.19, the bed expansion height increased when used different ratio of
CaO-sand mixture. The maximum bed expansion height was achieved for 40% CaO-sand
mixture followed by 60, 50 and 70% CaO. The similar result is also can be observed for
500 and 1000 micron particle size as shown in Figures 5.20 and 5.21, respectively.
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Figure 5.20: Effect of CaO-sand mixture ratio to the bed expansion height (500 micron)
The amount of CaO percentages in the mixture has an effect on the bed expansion height.
With the decrease in CaO percentages from 70, 60, 50 to 40%, it was found that the bed
expansion height increased between 0 to 17 cm for all constant superficial velocity. This
is evidence of adhesive force between CaO particles such as the Van der Waals force, the
electronic force and the liquid bridge that exists in the powder as defined by Hiroaki,
2006. The adhesive force between CaO particles was reduced with the increase of sand %
in the mixture.

1 ~8-70%Ca0

Figure 5.21: Effect of CaO-sand mixture ratio to the bed expansion height (1000 micron)

Although the fluidization of the bed expansion height was observed however at the early
stages of the constant superficial velocity there was no fluidization happened at low
superficial velocity of 0.02 ms™ for all percentages of CaO mixture with 1000 micron
particle size (Figure 5.21). The superficial velocity has not reach the minimum superficial
velocity where the upward force exerted by the fluid on the particles is not sufficient to
force the weight of CaO-sand mixture of the bed. Once increasing the sand % to 50% and
40% CaO-sand mixture, the fluidization occurred at 0.06 ms™. The amount of sand at
first was insufficient to overcome the adhesive forces of the CaO particles which
prevented fluidization at early stages of the constant superficial velocity. The similar
trends can be seen used 70% CaO-sand mixture ratio for 500 micron as shown in Figure
5.20.

5.4.2 Effect of CaO Particle Size

To investigate the effect of particle size on the bed expansion height, three particle sizes
of 100, 500 and 1000 micron CaO were tested. Previous studies stated in Chapter 3,
showed that the particle size in the range of 100-600 micron (Geldart Group B) with
density of 1500-4000 kgm™ has a better fluidization compared to the 30-100 micron
(Geldart Group A) and above 600 micron (Geldart Group D). Relatively in this
experiment, as seen in Figure 5.22 is a bar graph of the bed expansion height versus CaO
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particle size between air pressure 2-6 bar. Its can be observed that the fluidization

happened in every CaO particle size used. The bed expansion height increased between
11-14 cm used 100 and 500 CaO particles size, and only 8 -11 cm using 1000 micron.

16.00 1

T 14.90 1

g 12.00

-
o
o
[=]
L

8.00
6.00 1
4.00 1
2.00 -
0.00 -

Bed expansion heigl

100 500 1000
CaO particle size (micron)

(@2 bar W3 bar m4 bar O5 bar |6 ber |

Figure 5.22: Effect of CaO particle size to the bed expansion height

The CaO particle size of 500 micron has better bed expansion height than 100 and 1000
micron. The 500 micron particle size has negligible inter-particle forces compared to 100
micron, which can fluidize well with vigorous bubbling actions. The 1000 micron particle
size is large and dense, hence the inter-particle forces between particles are negligible,
but the high density of the particle makes it difficult to fluidize and enormous amount of
air is needed to overcome the size and weight.

5.4.3 Effect of Air Volume Flow Rate and Pressure

Air volume flow rate and pressure are important operating parameters in fluidized bed.
The bed expansion height of CaO—sand mixture was tested at 5, 15, 25, 35, 45 and 55
Lmin™ flow rates with different air pressures to determine the hydrodynamic behavior.
As seen in Figure 5.23, the graph bed expansion height versus volume flow rate of air at
different air pressure has been plotted.

Once the air volume flow rate increases, the bed expansion height also increased at all air
pressures except at the volume flow rate less than 15 Lmin™ at 2 bar and 5 Lmin™ at 3
bar (500 micron and 70% CaO mixture), where no fluidization was found. The similar
trends also occurred for 1000 micron and 70% CaO mixture ratio as shown in Figure
5.24. When the volume flow rate is 5 Lmin™ there is no fluidization at all air pressure.
The bed expansion height only observed when the volume flow rate reached 15 Lmin”
for 6 bar air pressure. This is due to strong interacting force between the molecules of the
70% CaO particles, even though the minimum fluidization velocity has been reached.

10

Bed expansion hei
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Figure 5.23: Effect of air volume flow rate and pressure to bed expansion height
(500 micron and 70% CaO mixture)

Bed expansion height (cm;

o 5 10 15 20 25 30 35 40 45 50 55 60
Volume flow rate, Q (Lmin-1)

[~o—2bar -8~3bar a4 bar -5 bar —s—6Gbar]

Figure 5.24: Effect of air volume flow rate and pressure to bed expansion height

(1000 micron and 70% CaO mixture)

Plat 5.1 shows the picture where the “rat hole” was observed in the CaO-sand mixture
when fluidization not occurred.

Plat 5.1: Rat holes formed during operation
(15 Lmin’l, 500 micron, 70% CaO mixture, 2 bars)

5.4.4 Mass Flow Rate of CaO Entrained

The experiment results of mass flow rate of CaO entrained from the bubbling fluidized
bed CO; absorption reactor (BFBR) are shown in Figures 5.25 -5.29. The graphs of CaO
mass flow rate versus volume flow rate were plotted. Its can be observed that with the
increases of the air volume flow rate, the mass flow rate of the CaO entrained increased.
The minimum and maximum mass flow rates obtained are 0.2 and 1.42 g/min,
respectively. The constant values of mass flow rate CaO entrained obtained around 0-0.6
g/min for 1000 micron particle size at all CaO-sand mixture percentages and pressures,
although the air volume flow rate has been increased.
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Figure 5.25: Amount of CaO entrained from BFBR (2 bar)
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Figure 5.26: Amount of CaO entrained from BFBR (3 bar)
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Figure 5.27: Amount of CaO entrained from BFBR (4 bar)
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Figure 5.28: Amount of CaO entrained from BFBR (5 bar)

e 100we(70%%)
22 —o— 500wa(T0%)
S e 100wR(6099)

“q 18 e 500um(60%4)

&y i o
g4 g | imecers
£ Tz

10 —— 500um(10%%)

Bos —e— 10007099
o6 1 000(60%9

Qo4 ——1000em(5099

“o2 9
00 i

0 5 10 15 20 25 30 35 40 45 50 55 60

Volume flow rate, Q (L)

Figure 5.29: Amount of CaO entrained from BFBR (6 bar)
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It also can be observed that after 35 Lmin™ volume flow rate, the CaO mass flow rate is
increased for 100 and 500 micron compare to 1000 micron particle size. The high density
of the 1000 micron particle is the factor why the mass flow rate of CaO entrained is less
compared to 100 and 500 micron. In addition, the attrition phenomena occurred for 100
and 500 micron is greater than 1000 micron because of the sand existing.

After investigated and analyzed the cold model experiments, some important thing can be
listed:

The CaO percentages ratio of 60, 50 and 40 for 100 and 500 micron sizes were found to
have good fluidization for all air pressures (2, 3, 4, 5 and 6 bars).

The volume flow rates of air between 15 — 55 Lmin" were found to have a good
fluidization for all variables except for 70% CaO — sand mixture at 100 and 500 micron
sizes.

The 500 micron CaO particle size shows better fluidization characteristics behavior
compared to 100 and 1000 micron particles size. However the 1000 micron CaO size is
utilized because it gave good fluidization with less CaO entrained compare to 100 and
500 micron sizes.

The 50 and 40% CaO mixture for 1000 micron were found to have a good fluidization in
the range 15-55 Lmin™' for all air pressures (2, 3, 4, 5 and 6 bars). Only at 5 Lmin", no
fluidization was found.

CO, ABSORPTION EXPERIMENT WITH SIMULATE GAS

The CO; detected by gas chromatograph versus time at constant pressure 2, 3 and 4 bars
for 50% and 40% CaO-sand mixtures of 1000 micron are shown in Figures 5.30 and 5.31.
The low CO; concentration was obviously seen for 50% CaO-sand mixture compared to
40% CaO-sand mixture for all elevated pressure at 15 Lmin" and 45 Lmin™ detected by
gas chromatograph. Appendix 6 shows sample of output from gas chromatograph.

20 4

0 5 10 15 2 2 30 35 40 46 50 55 60 65

tirre (min)

emtn5) % (20 (2brs) emelbemmsd0 % Ca0 (2bars) - -x -50'% G20 @bars) - -a- -40% CaO(3bars)
—¢—50% Ca0(dbars) —e—40% CaO(4bars) ~—s—max 20% C02

Figure 5.30: Amount of CO, detected by gas chromatograph
(15 Lmin™, 650-750°C, 1000 micron)
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Figure 5.31: Amount of CO; detected by gas chromatograph
(45 Lmin™', 650-750°C, 1000 micron)

The 20% CO, absorption only occurred for 15 min at 2 bars then increased to the max
20% vol. CO, in 60 min (Figure 5.30). This similar trend was also been found at the
pressures of 3 and 4 bars. In 40% CaO-sand mixture, the collision between the CaO and
sand particles is higher compared to 50% CaO-sand mixture. This is because large
amount of sand is used in the 40% CaO-sand mixture. The decrease in particle diameter
due to impact attritions increased the particle velocity. Some of the 1000 micron CaO
particle size became smaller and then entrained from the reactor. This is why the ability
of the 40% CaO-sand mixture to absorb 20% CO, becomes less.

CO, ABSORPTION EXPERIMENT WITH SIMULATE PRODUCER GAS

From the analysis of CO, absorption experiment with simulate gas, 3 bar air pressure
with 45 Lmin™ of volume flow rate and 50% CaO-sand mixture ratio (1000 micron) will
be used to test the ability of CO, absorption using the simulate producer gas. Figure 5.32
shows the graph of the CO, detected by gas chromatograph versus time. It can be
observed that the 16 % vol. concentration of CO, in the simulated producer gas before
flow through the bubbling fluidized bed reactor (BFBR) has been absorbed after exit
from the BFBR. Within the first 10 min experiment, the CO, concentration of simulate
producer gas decreased from 16% to 6.8% by vol when it is analyzed by gas
chromatograph. The carbonation process occurred during 60 min run with slower rate at
end of the experiment. As seen in Figure 5.32, only 11.7% by vol. the CO, detected by
gas chromatograph. Although, the maximum CO; % is 11.7% but it still less than 16%
CO; gas supplied from the simulated producer gas tank.
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Figure 5.32: CO, gas detected by gas chromatograph (Simulated producer gas) (45
Lmin™', 650-750°C, 1000 micron)
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In 50% CaO-sand mixture, the collision between the CaO and sand particles is occurred
because of the fluidization phenomena in the bed. During 60 min of experiment run, the

1000 micron particle size became smaller and then
85 ~ 823

2 (215 Lmin ®25Lmin-1 @45 Lmin-1 |

—

2 bar (50%) 3 bar (50%) 4 (50%) 2 bar (40%) 3 bear (40%) 4 bar (40%)
pressure at 50% and 40% of CaO mixture

Figure 5.33: Amount of CaO-sand mixture entrained

entrained from the reactor. The ability of the 50% CaO-sand mixture to absorb 16% CO,
composition of the simulated producer gas becomes less at the end of the experiment.
Figure 5.33 shows the amount of CaO mass entrained from BFBR.

The simulated producer gas compositions before and after reach carbonation process
have been recorded and listed in Table 5.7. It can been seen that the simulated producer
gas content of Hydrogen 12% vol., Carbon Oxide 24% vol. and Nitrogen 48% vol., were
improved during 60 min experiment after carbonation process with CaO-sand mixture.
Figure 5.34 shows the graph amount of gasses detected by gas chromatograph by vol.
versus time for the simulated producer gas experiment.

Table 5.7: Simulated producer gas composition before and after BFBR

Simulated Producer Gas Composition (vol.) detected by GC
time (min)| Hzaft. | Habef. | Npaft. | Npbef. [CO af. | CO bef. |COy aft. | CO, bef.

10.00 | 1507 | 12.00 | 51.07 | 48.00 | 27.07 | 24.00 | 6.80 | 16.00
2000 | 14.83 | 12.00 | 50.83 | 48.00 | 26.83 | 24.00 | 7.50 | 16.00
3000 | 1447 | 12.00 | 5047 | 4800 | 26.47 | 24.00 | 8.60 | 16.00
40.00 | 1413 | 12.00 | 50.13 | 48.00 | 2613 | 24.00 | 9.60 | 16.00
- 5000 | 1390 | 12.00 | 49.90 | 48.00 | 25.90 | 24.00 | 10.30 | 16.00
- 60.00 | 1343 | 12.00 | 4343 | 48.00 | 25.43 | 24.00 | 11.70 | 16.00
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Figure 5.34: Gases detected by gas chromatograph (simulated producer gas)

All the gases compositions content in the simulated producer gas were improved after
flow out from the CaO-sand mixture in BFBR. The amount of CO; been absorbed during
the experiment, resulted in the improvement of the simulated producer gas. The
absorption of CO; used CaO as a sorbent also has been done by Mahishi and Goswami
(2007) in their research. Although, the gases percentage vol. in the producer gas have
been improved, but the improvement rate at the end of the experiment is decreased about
10% by vol. for all gases compared to the first 10 min. The saturated absorption of
carbonation process occurred for the 50% CaO-sand mixture and the attrition as
mentioned previously was the factor why the improvement rate is less at the end of the
experiment. This phenomenon also has been stated and studied by Chen et al. (2008).

The heating value of the simulated producer gas before and after through the carbonation
process in the bubbling fluidized bed CO, absorption reactor (BFBR) is one important
element has to know. It is depends on the relative amount of different combustible gas
components such as Hydrogen and Carbon Oxide used. The low heating value can be
calculated using

LHYV

simulatedproducergas

= (LH VHz XVHZ )"‘ (LH Veo )(Vco ) (3.:3)

Where:
Vi,sVco are the volumetric concentration of the combustible gas composition.

Table 5.8 shows the low heating value of simulated producer gas before and after
through the carbonation process in the BFBR. It is seemed that the LHV of simulated
producer gas after through the carbonation process been improved during the 60 min
experiment. The absorbed of CO, gas by 50% CaO-sand mixture during carbonation
process and the improvement of percentage volumetric for every combustible gas in
simulated producer gas, resulted higher simulated producer gas.

Table 5.8: LHV of simulated producer gas before and after BFBR
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before after
time MJIN M3 MJ/N M3
10.00 4.32 5.04
20.00 4,32 4.99
30.00 4.32 4.90
40.00 4.32 4.82
50.00 4.32 477
60.00 432 4.6b

CO, ABSORPTION EXPERIMENT WITH COMPRESSED PRODUCER GAS

In this stage the compressed producer gas is used to validate the ability of CO,
absorption. The same conditions: 300 kNm™ air pressure with 0.00075 m’s™! volume flow
rate and 50% CaO-sand mixture ratio (1000 micron) were used. Table 5.9 shows the
results analysis of the compressed producer gas compositions before flow through the
carbonation process of CaO-sand mixture and the low heating value calculated based on
the equation 5.3.

Table 5.9: Compressed producer gas composition and LHV before BFBR

Compressed producer gas (% vol.) detected by GC LHY
time (min)|  Ha N; co CO, CHy | (MINm?)
15.00 12.16 54.68 20.12 11.58 1.46 4.37
30.00 13.11 52.98 20.36 12.08 1.47 4.51
45.00 12.34 54.94 20.75 10.60 1.38 4.44
60.00 12.57 51.73 21.89 12,52 1.30 4.58

It can be observed that, the heating value of the compressed producer gas before
passed through to the 50% CaO-sand mixture for carbonation process were
approximately constant during 60 minutes experiment.

In Figure 5.35, the graph of the CO; detected by gas chromatograph versus time
after passed through the 50% CaO-sand mixture is shown. It can be seen that every 15
minutes the CO, concentration of the compressed producer gas supplied was absorbed. In
the first 15 minutes, the CO, concentration content in the compressed producer gas is
decreased from 11.58 to 2.62% vol. when it is analyzed by gas chromatograph. The
carbonation process still occurred during 60 minutes experiment with slower rate at end
of the experiment. Although, the CO, detected by GC is 7.80% vol. but it still showed
the ability to absorb CO,, gas.
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Frgure 5.35: CO, gas detected by gas chromatograph (compressed producer gas) (45
Lmin™, 650-750°C, 1000 micron)

Figure 5.36 shows the graph of the composition of combustible gases in the compressed
producer gas against time after passed through the 50% CaO-sand mixture. It can be
observed, for the three combustible gases Hy, CO and CHy there is an improvement on
the percentage concentration gases by vol. after passed through the carbonation process
in the BFBR. The effective of CO; absorption from the compressed producer gas during
the experiments conducted results in an increase of the gas percentage vol.
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Figure 5.36: Amount of combustible gases detected by gas chromatograph
(compressed producer gas)

Table 5.10 shows the low heating value (LHV) of compressed producer gas after through
the carbonation process in the BFBR. The calculation of the LHV is based on the
equation 5.3. It is seen that the LHV of compressed producer gas after through the
carbonation process has been improved during the 60 minutes experiment. In the early of
15 minute experiment about 38% LHYV has increased and then followed with 16% in 60
minutes experiment run. The turn down of the percentage was due to the saturation state
of the CaO to absorb CO, and due to loss of small particle of CaO from the bubbling
fluidized bed reactor. This has been discussed in the earlier discussion.

Table 5 10 Compressed producer gas composmon and LHV after BFBR

Compressed producer gas (% vol) detected b}r GC LHY
time (min)|  Ha N, o) CO, CHy | (MIINM®)
15.00 14.99 54.20 24.48 2.62 3.71 6.04
30.00 14.85 53.75 24.23 3.70 3.47 5,90

45.00 14.29 53.45 23:59 5.66 3.01 5.60
60.00 13.77 52.62 20: 14 7.680 2.48 5.29
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CHAPTER 6: CONCLUSION

The development of a bubbling fluidized bed reactor to absorb CO, in the producer gas
using Calcium Oxide (CaO) mixed with sand as absorbent reagent for improving the
quality of the producer gas has been successfully built and operated. The conclusion can
be broken down into three parts: the hydrodynamic simulation, design and development
of bubbling fluidized bed CO, absorption reactor (BFBR) and the experiments: cold
model and hot model to determine the absorption of CO, on the simulation of gas,
compressed producer gas generated.

6.1 HYDRODYNAMIC SIMULATION

The computerized simulation software named Fluent has been successfully carried out to
determine the ability of the fluidized calcium oxide (CaO) contained in the bubbling
fluidized bed CO, absorption reactor (BFBR). The comparison between fluent computer
simulation of the cold model experiments show that particular bed height expansion
produced by computer simulation is almost identical to that carried out by experiments
using several parameters setting. The relative error is found to be less than 24 percent. In
addition, the formation of bubbles is occured in the calcium oxide material inside the
BFBR and it has been successfully demonstrated in the simulation.

6.2 DESIGN OF BUBBLING FLUIDIZED BED CO, ABSORPTION
REACTOR

The laboratory scale design of the bubbling fluidized bed CO; absorption reactor (BFBR)
has successfully done and developed according to the size of the ceramic heater band
available. The design has been shown detail in the engineering drawings and fabricated
one by one. The calculation for the estimated parameters showed BFBR operations
should be designed to have a diameter of 0.074 m. Moreover, the pressure drop produced
when using 100 micron particle size in BFBR is 1199 Pa only. The estimation operating
parameters of the CO, absorption reactor for the carbonation process using water,
simulate gas, producer gas have been calculated successfully. These value obtained are
show in chapter 3 of this thesis.

6.3 EXPERIMENTS

In the moisture content test, the percentage obtained was 11.1%. The value is below than
30% wood moisture content, so it is found to be suitable for combustion in the
gasification process to produce the optimum heating value for the producer gas. Based on
the moisture content of the wood, the wood furniture used in the experiment has a low
heating value of 17.1 MJ/kg.

An experiment to characterize the ability of the fluidization of the calcium oxide (CaO) -
sand mixture in the BFBR called cold model experiment was successfully carried out.
The results obtained showed that variables such as the different size of the CaO particles,
percentage ratio of CaO - sand, air volume flow rate and air pressure, mass flow rate of
the CaO out from BFBR are affects the ability of fluidization material. The CaO particle
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size of 1000 micron with air pressure of 2, 3 and 4 bars, and 50% to 40% CaO - sand
have show successful fluidization ability.

In the hot model experiments using ceramic heater band provided heat energy to the
CaO-sand mixture, the carbonation process has been successfully done. The process is to
absorb the CO, concentration in the simulated gas containing 20% CO, and 80% N,. The
results showed the low CO; concentration was obviously seen at 50% CaO-sand mixture
compared to 40% CaO-sand mixture for all elevated pressure at 15 Lmin-1 and 45 Lmin-
| A

To confirm that the 50% CaO-sand mixture is better in terms of acceptance of CO,
absorption, further testing is done using the simulated producer gas. The gas contains of
16% CO,, 24% CO, 12% H; and 48% N> gas composition. The 16% vol. concentration of
CO; in the simulated producer gas has been absorbed after exit from the BFBR. The
carbonation process occurred during 60 min run with slower rate at end of the
experiment. Only 11.7% CO, of gas found in the simulated producer gas at the end of 60
min. The value of the low heating value of producer gas is found to be 5.04 MJ/Nm® after
flow out from the BFBR compared before pass through the BFBR is 4.32 MJ/Nm®. This
shows that the quality of the simulated producer gas has been improved after pass
through the CaO-sand mixture in the BFBR.

Finally, the experiment was carried out to absorb CO, content in the actual compressed
producer gas. It contains 11.58% CO,, 20.12% CO, 12.16% H,, 1.46% CH, and 54.68%
N, gas composition. The concentration of CO, content in the compressed producer gas is
decrease from 11.58 to 2.62% vol. after passed through the BFBR. The carbonation
process is still occurred within 60 minutes with slower rate at end of the experiment.
Although the CO, detected by Gas Chromatograph is 7.80% vol. but it still showed the
ability to absorb CO; gas. Once calculated, the low heating value of compressed producer
gas has changed from 4.37 MJ/Nm® to 6:04 MJ/Nm’. It shows the quality of the
compressed gas producer has been improved by using selected operation parameters.
Thus in general, this research work is considered successful because its objectives have
been achieved. Nevertheless, some suggestions can be forwarded to the next research
such as the experiments can be done using the actual size to obtain the real industrial data
and using on-line gas chromatograph mechanisms to gain accurate gas concentration
data.
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Abstract

Producer gas, from biomass gasification process can be used to generate power
as an alternative to fossil fuel. Carbon dioxide (CO2) content in the producer gas
reduces its heating value as CO2 acts as a diluent. The used of limestone consist-
ing mainly of the mineral calcite (calcium oxide, CaO) as calcium based sorbent
to absorb CO2 in the producer gas can make biomass technology more viable. In
this paper, the behavior of CaO-sand mixtures in a cold model experiment was
studied. The effect of the CaO-sand mixtures, the CaO particle sizes, the volume
flow rate and the pressure of air intake were investigated experimentally. The hot
model experimental was also conducted to investigate CO2 absorption at the op-
timum condition obtained from the cold model experiment. The CaO percentages
of 50 and 40 in sand were found to have a good fluidization at all air pressures (2 -
6 bar). In addition to that, the 1000 micron particle size of the CaO—sand mixture
and the volume flow rate of air between 15 — 55 Lmin-1 were also found to give
good fluidization. In the hot model experiment, the best CO2 absorption occurred
at 50% CaO mixture with simulated gas pressure of 3 bar and the volume flow
rate of 45 Lmin-1 at 650-7500C in a bubbling fluidized bed reactor (BFBR).
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Producer gas, from biomass gasification process can be used to generate power as an alternative to fossil fuel. Carbon dioxide
(CO,) content in the producer gas reduces its heating value as CO, acts as a diluent. The used of limestone consisting mainly of
the mineral calcite (calcium oxide, CaO) as calcium based sorbent to absorb CO, in the producer gas can make biomass
technology more viable. In this paper, the behavior of CaO-sand mixtures in a cold model experiment was studied. The effect of
the CaO-sand mixtures, the CaO particle sizes, the volume flow rate and the pressure of air intake were investigated
experimentally. The hot model experimental was also conducted to investigate CO, absorption at the optimum condition
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1. Introduction

The combustible and non combustible gases in producer gas consist of Carbon monoxide (CO),
Hydrogen (H), Methane (CH,4), Carbon dioxide (CO;) and Nitrogen (N;) (McKendry, 2002b). These
gases are resulted from the incomplete combustion and endothermic reaction of the biomass gasification
process.

Carbon dioxide, CO; in the producer gas reduces its heating value as CO, acts as a diluent. The
content of CO; in the producer gas is about 10-20 % by volume (Munoz et al., 2000, Sridhar et al., 2001,
Zainal et al., 2002, Dogru et al., 2002 and Uma et al., 2004) with a heating value about 4-6 MJ/m?
(Jorapur and Rajvanshi, 1995 and Zainal 1996). Removing the CO, from the producer gas will
inadvertently increase its heating value.

Recent year, the number of CO; sorbents have been intensively investigated. The used of dolomite
(Felice et al., 2010, Wu and Williams, 2010, Hassanzadeh and Abbasian, 2010), amines (Sjostrom and
Krutka, 2010), lithium LisSiO4 (unpublished work) and potassium carbonate (Zhao et al., 2009, Chen et
al., 2009) have been applied in several fields for the purpose of CO, absorption. In biomass technology,
calcium oxide (CaO) have been intensively studied in the last five years (Guoxin and Hao, 2009, Florin
and Harris, 2008, Mahishi and Goswami, 2007, Hanaoka et al. 2005). The CaO can be used as a sorbent
via absorption process to absorb CO, at about 500-700°C and in a calcination process to release the CO, at
800-900°C (Shimizu et al. 1999 and Stefan et al. 2009). The concept of CO, absorption based on calcium-
based sorbents is usually written as follows

Calcination process

CaCO,(s) — CaO(s)+CO,(g) (D

Absorption process
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CaO(s) +CO,(g) — CaCO,(s) )

CO; absorption have been widely studied in the last few decades with the use of CaO as calcium
based sorbents in a carbonator, thermal gravimetric analysis, small circulating fluidize bed, particle
acceleration tube, carbonator-calciner and pressurize fluidized bed combustor. (Abanades et al. 2005,
Grasa and Abanades, 2007, Grasa et al. 2008, Chen et al. 2007, Abanades, 2002 and Salvador et al. 2003).
However, so far none of the researchers uses CaO-sand mixture as a bed material for the absorption
process in the fluidized bed reactor. The purpose of using the sand is because it has a very good
fluidization characteristic as compared to CaO alone. The behavior of CaO-sand mixture in a cold model
is presented here. The hot model experiment has also been done to determine the CO, absorption using the
optimum condition obtained from the cold model. The purpose of this work is to study the fluidization
characteristics of various ratios of CaO-sand mixtures and to determine the CO, absorption using producer
gas. In order to gain more information about the behavior of CaO-sand mixtures ratio, the effect of CaO
particle sizes, air volume flow rate, and intake air pressure on the hydrodynamic characteristics were

investigated.

2. Experimental set-up
2.1 Cold model

Hydrodynamic study with pressurized air at ambient temperature has been conducted in a bubbling
fluidized bed (BFB). Figure 1 shows the schematic diagram of the experimental setup. The fluidized bed
is made of transparent perspex with an inner diameter of 74 and 600 mm height. The distributor plate has

five nozzles each having four holes of 1.6 mm diameter.

3
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Figure 1: Schematic diagram of a cold model experimental setup.

The BFB is connected to a 1.9 kW air compressor model HD47C to provide compressed air at
various pressures and a filter bag to capture any of the bed material entrained from the fluidized bed. A
simple U-tube manometer is connected across the fluidized bed to monitor the pressure drop with different
bed height and particle size. The CaO mixed with sand was used as the bed material in the fluidized bed.
Variables affecting the fluidization height were studied such as CaO-sand mixture percentages (70, 60, 50,
40% Ca0), air volume flow rates (5, 15, 25, 35, 45, 55 Lmin"), air intake pressures (2, 3, 4, 5, 6 bar) and
different CaO particles sizes (100, 500 and 1000 micron). For each run, 4 cm arbitrary chosen constant
height of the CaO was measured (Table 1) and mixed with 1.7, 2.7, 4 and 6 cm of sand where the particle

size used were 100, 500 and 350 micron.
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Table 1: CaO weight for 4 cm height

CaO particle size (micron) Ca0 weight (g)

100 17230
500 19865
1000 240.00

The air flow from the air compressor was set to the desired pressure and volume flow rate. During
the experiment, the hydrodynamic behaviors such as the bed expansion height and the pressure drop
across the fluidized bed were recorded. Fine particles found in the filter bag was weighed and recorded at
the end of the experiment. The experiment was repeated 8 times to obtain the average value and to
determine the measurement error. The mean value (u), standard deviation (¢) and the standard error of the

mean (g,) samples were calculated using the Equation 3, 4 and 5: (Richard and David, 1998)

.7 o
n
o \/(xl = 1 #03 — 0 bt (2, — 10° -
n

2.2 Hot model

The experiments with simulated gas consisting of 20% CO, and 80% N, at selected temperatures
have been conducted in a bubbling fluidized bed reactor (BFBR). Figure 2 shows the schematic diagram
of the experimental setup. The BFBR is made from stainless steel 304. The same distributor plate was

used to allow the simulated gas to flow. Figure 3 shows a photo of the bubbling fluidized bed reactor.

5
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Figure 2: Schematic diagram of a hot model experimental setup

Figure 3: The photo of the bubbling fluidized bed reactor (BFBR)
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A 3 kW electrical ceramic heater band was coupled to the fluidized bed for heating the CaO-sand
mixture at various temperatures. The selected variables obtained from the cold model experiment were
studied in this work such as CaO-sand mixture percentages (50 and 40% CaO), volume flow rates (15, 25
and 45 Lmin'l), intake pressures (2, 3 and 4 bar) and the CaO particle size of 1000 micron. For each run, 4
cm constant height of the 1000 micron CaO was used and mixed with 4 and 6 cm of the 350 micron sand.
These particles sizes were sieved using an Endecott’s multi-layer test sieve shaker.

The controller of the ceramic heater band was set to 900°C. When the temperature inside the
fluidized bed reached 650-750°C, the simulated gas was set to 2 bar using a pressure regulator with a gas
flow rate of 15 Lmin™ controlled by a rotameter. The simulated gas at the exit of the fluidized bed was
collected by gas sampling bags at an interval of 5 minutes for 60 minute experiment. The gas samples
were analyzed in a gas chromatograph (Hewlett Packard Module 4890). Some of the fine particles found
in the filter bag was weighed and recorded at the end of each experiment. At the end of the absorption

experiment the CO, is released from the CaCOj3 via calcination process at temperature above 850°C.

3. Results and discussion
Table 2 shows the data obtained from the 100 micron cold model experiment. Using these data, the
error analysis has been done. The commercial software “SPSS Statistics 17 was used to perform the

analysis. Table 3 shows the results obtained from the analysis and Figure 4 is a graph representing the

data.

i
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Table 2: Repeated experiment data of the cold model experiment, (time operation: 1 min)

Ca 0 Particle sim (micon) 100
Ca 0 mixbare (%) 70
Pressure , P (bars) 2

Vohurre flow rate , Q (Lmin-1) 25

Bed expansion height (an)

Run 1 6.0
Rum 2 58
Rim 3 6.0
Rum 4 6.0
Rum 5 6.2
Rum. 6 6.0
Rum 7 5.8
Rim 8 6.0

Table 3: Results analysis “SPSS Statistics 17”

Stetistics

cm
N Valid 8

Missing Br
Std. Error of Mean 04632
Std. D eviation 2817
Variance .018{
R ange 40
[Minimum 5.80
M aximum 6.20§
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Figure 4: The data based on “SPSS Statistics 17”

From Table 3, the standard error of mean obtained is 0.04532 and the population of the data is in

the normal distribution curve (Figure 4). The analysis show the data is in a good accepted value.

3.1 Cold model

3.1.1 Effect of the CaO-sand mixture ratio

The bed expansion heights at constant air pressure are shown in Figures 5-9. The amount of CaO
percentages in the mixture has an effect on the bed expansion height at constant pressure and particle size.

With the decrease in CaO percentages from 70, 60, 50 to 40%, it was found that the bed expansion height

9
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increased between 0 to 17 cm for all the cases of pressures 2 to 6 bars. This is evidence of adhesive force
between CaO particles such as the Van der Waals force, the electronic force and the liquid bridge that
exists in the powder as defined by Hiroaki, 2006. The force reduced with the increase of sand % in the
mixture. This can be seen in Figurel0. Although the fluidization was observed at all pressures however at
the early stages of the experiment at 2 and 3 bars for the particle sizes of 100 and 500 micron, there is no
bed expansion indicating that there was no fluidization at 70% CaO mixture (Figures 5 and 6). At that
percentage, the amount of sand was insufficient to overcome the adhesive forces of the CaO particles
which prevented fluidization. The similar trends can be seen where there is no bed expansion for 1000
micron, when the CaO mixture was 70% and 60% at low superficial velocity of 0.02-0.06 m sec™. These
happened at pressures of 2 to 5 bar (Figures 5-8). In Figure 9, no fluidization happened at low superficial
velocity of 0.02 m sec™ for all percentages of CaO mixture with 1000 micron particle size. The superficial
velocity has not reach the minimum superficial velocity where the upward force exerted by the fluid on

the particles is not sufficient to force the weight of CaO-sand mixture of the bed.
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Figure 5: Relation between CaO-sand mixture percentages, air volume flow rate and particles size on the

bed expansion height (2 bars)
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Figure 6: Relation between CaO-sand mixture percentages, air volume flow rate and particles size on the

bed expansion height (3 bars)
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Figure 7: Relation between CaO-sand mixture percentages, air volume flow rate and particles size on the

bed expansion height (4 bars)
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Figure 8: Relation between CaO-sand mixture percentages, air volume flow rate and particles size on the

bed expansion height (5 bars)
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Figure 9: Relation between CaO-sand mixture percentages, air volume flow rate and particles size on the

bed expansion height (6 bars)
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Figure 10: Effect of CaO-sand % mixture on the bed height (constant: 100 micron, 35 Lmin™)

The pressure drop in the chamber increased when the percentage of CaO in the mixture decreased
at 2 bar air pressure (Figure 11). Similar observation was found for air pressures of 3, 4, 5 and 6 bars. The
increase of pressure drop in the reactor was due to the increase in the amount of mass of the solid particles

(CaO-sand) in every mixture.

13
Published by The Berkeley Electronic Press, 20



1800 ~

—o— 2 bar
1600 A —a— 3 bar
< —— 4 bar
£ 1400 + —¢ 5 bar
z
g_ 1200 . ——b bar
-
g 1000
&
[}
& 800
600 -
400 T T T ;
30 40 50 60 70

C a0 mixture (%)

Figure 11: Effect of CaO-sand % mixture on the pressure drop (constant: 100 micron, 35 Lmin™)

3.1.2  Effect of the CaO particle size

To investigate the effect of particle size on the bed expansion height for all air pressures, three
particle sizes of 100, 500 and 1000 micron CaO were tested. Previous studies showed that the particle size
in the range of 150-500 micron (Geldart Group B) with density of 1500-4000 kgm™ has a better
fluidization compared to the 30-150 micron (Geldart Group A) and above 600 micron (Geldart Group D).
Relatively in this experiment, as seen in Figure 12, the CaO particle size of 500 micron has better bed
expansion height than 100 and 1000 micron. The 500 micron particle size has negligible inter-particle
forces compared to 100 micron, which can fluidize well with vigorous bubbling actions. The 1000 micron
particle size is large and dense, hence the inter-particle forces between particles are negligible, but the
high density of the particle makes it difficult to fluidize and enormous amount of air is needed to

overcome the size and weight.
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Figure 12: Effect of CaO particle size on the bed height (constant: 40% CaO mixture, 35 Lmin™)

3.1.3  Effect of the air volume flow rate and air pressure

Air volume flow rate and pressure are important operating parameters in fluidized bed. The CaO-
sand mixture was tested at 5, 15, 25, 35, 45 and 55 Lmin™ flow rates with different air pressures to
determine the hydrodynamic behavior. As seen in Figure 13, when the air volume flow rate increases, the
bed expansion height also increased at all air pressures except at the volume flow rate less than 15 Lmin’
at 2 bar and 5 Lmin™ at 3 bar (500 micron and 70% CaO mixture), where no fluidization was found. Only
one rat hole was observed for low air pressure. This is due to strong interacting force between the
molecules of the 70% CaO particles, even though the minimum fluidization velocity has been reached.

Figure 14 shows the picture of this phenomenon.
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Figure 13: Effect of the air volume flow rate and air pressure on the bed height (constant: 70% CaO

mixture, 500 micron particle size)

Figure 14: Rat holes formed during operation (15 Lmin", 500 micron, 70% CaO mixture, 2 bars)
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3.1.4 Mass flow rate of CaO entrained

The test results of mass flow rate of CaO entrained from the reactor are shown in Figures 15-19. In
Figure 16, its can be observed that with the increase of the air flow rate, the mass flow rate of the CaO
entrained increases The minimum and maximum mass flow rates obtained are 0.2 and 1.42 g/min. For
1000 micron particle size, its can be seen that the mass flow rate of CaO entrained was constant at 0-0.6
g/min for all CaO-sand mixture percentages and pressures, although the air flow rate has been increased.
The high density of the 1000 micron particle is the factor why the mass flow rate of CaO entrained is less

compared to 100 and 500 micron.
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Figure 15: Amount of CaO entrained from reactor (2 bars)
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Figure 18: Amount of CaO entrained from reactor (5 bars)
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Figure 19: Amount of CaO entrained from reactor (6 bars)
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3.2 Hot model

In the hot model experiment, only 1000 micron particle size was used to determine CO,
absorption. The CaO percentages of 50 and 40 were found to have a good fluidization at all air pressure
(2 - 6 bar). In addition to that, the volume flow rate of air between 15 — 55 Lmin™' was also found to give a
good fluidization. Using the simulated gas contents (20% CO, and 80% N,) the CO, absorption by CaO

has been determined experimentally.

3.2.1 Transient effect of CO, absorption using simulated gas

The CO, detected by gas chromatograph versus time at constant pressure 2, 3 and 4 bars for 50%
and 40% CaO-sand mixture are shown in Figures 20-22. The 50% CaO-sand mixture showed low CO,
composition compared to 40% CaO-sand mixture. The 20% CO, absorption only occurred for 15 min at 2
bars then increased to the max 20% vol. CO; in 60 min (Figure 20). This similar trend was also found at
the pressures of 3 and 4 bars. In 40% CaO-sand mixture, the collision between the CaO and sand particles
is higher compared to 50% CaO-sand mixture percentage because of the large amount of sand in the 40%
CaO mixture. Some of the 1000 micron particle size became smaller and then entrained from the reactor.

The ability of the 40% CaO-sand mixture to absorb 20% CO, becomes less.
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Figure 20: CO, absorption of 50% and 40% CaO-sand mixture. (15 Lmin™, 650-750°C, 1000 micron)

The comparison of the CO; composition of the simulated gas for volume flow rate 25 and 45

Lmin™ is shown in Figures 21 and 22. The CO, gas supplied from the simulated gas tank to the reactor is

constantly absorbed for about 60 mins at flow rate 45 Lmin™. It is observed that at 50% and 40% CaO

mixture, the best condition for CO, absorption is at 3 bar. The CO, detected by gas chromatograph shows

that only around 4% vol. CO, was found in the simulated gas. This is

obtained compared to the other conditions.
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Figure 21: CO, absorption of 50% and 40% CaO-sand mixture. (25 Lmin™, 650-750°C, 1000 micron)
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Figure 22: CO, absorption of 50% and 40% CaO-sand mixture. (45 Lmin™, 650-750°C, 1000 micron)

3.2.2  CaO entrained from reactor

The test results of CaO entrained from the reactor is shown in Figure 23. With the increase in
volume flow rate and pressure, the CaO entrained increases from 32.7 — 82.3 gram for 50 and 40% CaO
mixtures. The highest amount of CaO entrained was found at 4 bar and 40% CaO mixture for all volume
flow rates. The collision between the CaO and sand particles is higher at 40% CaO-sand mixture
compared to 50% CaO-sand mixture because of the large amount of sand. Some of the 1000 micron
particle size became smaller and then entrained faster from the reactor because of the high pressure and

volume flow rate.
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Figure 23: CaO entrained from reactor

4. Conclusion

The characteristic behaviors of CaO-sand mixtures in the cold and hot model experiments (650-

750°C) for CO, absorption of producer gas using simulated gas were determined. The investigation result

is listed as follows:

4.1 Cold model

L.

The CaO percentages of 60, 50 and 40 for 100 and 500 micron sizes were found to have good
fluidization for all air pressures (2, 3, 4, 5 and 6 bars).

The volume flow rates of air between 15 — 55 Lmin™ were found to have a good fluidization for all
variables except for 70% CaO — sand mixture at 100 and 500 micron sizes.

The 500 micron CaO particle size shows better fluidization characteristics behavior compared to 100
and 1000 micron particles size. However the 1000 micron CaO size is utilized because it gave good

fluidization with less CaO entrained compare to 100 and 500 micron sizes.
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4. The 50 and 40% CaO mixture for 1000 micron were found to have a good fluidization in the range 15-

55 Lmin™ for all air pressures (2, 3, 4, 5 and 6 bars). Only at 5 Lmin'l, no fluidization was found.

4.2 Hot model

1. The 50% CaO-sand mixture percentage shows good CO, absorption gas compare to 40% CaO-sand
mixture percentage at all pressures (2, 3, 4 bars) and volume flow rates (15, 25, 45 Lmin™).

2. At volume flow rate of 45 Lmin™, the CO, gas is absorbed constantly for 60 min and has the best CO,
absorption for 50% and 40% CaO-sand mixture at 3 bar.

3. The highest amount of CaO entrained was at 4 bar and 40% CaO-sand mixture at volume flow rates

15, 25 and 45 Lmin™".

Appendix A: Nomenclature

My dynamic viscosity of the carrier gas (kg/m.s)
Pg density of the carrier gas (kg/m’)

d, solid particles size (m)

AT Archimedes number

pm micron meter

X data sample

n number of data sample
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Abstract

Biomass gasification is a possible alternative to the direct use of fossil fuel energy.
Producer gas, produced from biomass gasification process can be used to generate power and
electricity. However, the inefficiencies in the technology make the biomass gasification
uneconomical. The power loss called de-rating of the engines fuelled by producer gas-air mixture
is found to be around 20% to 40% in SI engine and 15% to 30% in CI engine and this is the
major problem why this research is studied. The power de-rating is cause due to lower heating
value of the producer gas-air mixture from biomass gasification process. Thus in this paper, a
highlights of several years and current works on the producer gas quality from biomass
gasification activities is carried out. These works have been done by bio-energy research group
in School of Mechanical Engineering, USM. The conclusion has been determined where the new
method has to be design to improve the previous producer gas quality. This method is expected
to increase the heating value of producer gas from low heating value (4-6 MJ/Nm?) to medium
heating value (10-16 MJ/Nm®).

Keywords: Biomass, Gasification, Producer Gas, Power loss, Design

interest in such technology is increasing due to
the increase of fuel prices and the global
warming problem.

Biomass gasification means
incomplete combustion of biomass resulting in
production of combustible gases consisting of
Carbon monoxide (CO), Hydrogen (H,) and

1. Introduction

Biomass is a renewable and carbon
neutral energy resource. Sources such as
wood and other forms including energy
crops, agricultural and forestry wastes are
some of the main renewable energy

resources available. During World War II,
wood or biomass gasification is the biomass
energy which has been proven reliable and
had been extensively used for transportation
and also on the farm systems’’. Although
the biomass gasification is an old
technology, but it still can be used as an
alternative ~ way  to  substitute the
conventional energy source. Currently, the

traces of Methane (CH.). This mixture is
called producer gas. Producer gas, produced
from biomass gasification process can be used
to generate power and electricity. However,
the inefficiencies in the technology make the
biomass gasification uneconomical. The
power loss called de-rating of the engines
fuelled by producer gas-air mixture is found to
be around 15% to 30% in CI engine and 20%



to 40% in SI engine. The power de-rating is
cause due to lower heating value of the
producer gas-air mixture from biomass
gasification process. Thus in this paper, a
highlights of several years and current works
on the producer gas quality from biomass
gasification activities is carried out. These
works have been done by bio-energy
research group in School of Mechanical
Engineering, USM. The conclusion has been
determined where the new method has to be
design to improve the previous producer gas
quality.

2. Producer Gas

Biomass which can be burnt or
gasified will produces a producer gas or
dirty raw gas mixture that composed of
Hydrogen (H;), Carbon Monoxide (CO),
Carbon Dioxide (COz), Water (H>0),
Methane (CHs) and  various  light
hydrocarbons along with undesirable dust
(ash and char), tar, Ammonia (NHj3), alkali
(mostly potassium) and some other trace
contaminants™?, About 40% of the producer
gas is combustible gas and when putting in
the internal combustion engine, it can
generally operate the engine. Theoretically,
the compositions of producer gas-air
mixture were contained 15-20% H,, 10-15%
CO, 9-15% CO,, 3-5% CH,4 and 40-50% N,
by volume. In table 1 shows the gas
composition by percentage volume of the
producer gas-air mixture from other
researches.

Table 1: Gas compositions in producer gas reported by
other researchers.

~% Vol.

H, | CO | Co, [ CHi [ N,
Munoz et al.” 14 22 13 3 48
Sridhar et al.” 19 19 12 2 48
Zainal et al.%, Hoi’, 15 24 15 ) 44
Hollingdale?,
Walawender et al.’.
Dogru et al.” 15 19 16 2 48
Umaetal.” 14 19 10 2 55

Producer gas must have energy content
greater than 4 MJ/Nm® for most application to
run the Diesel engine. The energy content can
be calculated from the energy content of the
components using low and high heating values
for each gas as show in equation 1.

HV,, =3 (%vol),(HV) (1)

Where HV: heating value (MJ/m®)
pg : producer gas
g :gas

The energy of producer gas can be
classified into three types, low (4-6 MJ/Nm?),
medium (10-16 MJ/Nm®) and high heating
values (40 MJ/Nm?)’?. The low heating value
used air as agent for gasifying, the medium
heating value used steam or oxygen and the
high heating value used hydrogen as a
gasifying agent. In table 2 shown the
comparisons of the heating value of the
producer gas obtained from other researches.

Table 2: Comparisons of heating value of producer gas with
other researchers.

Researchers Heating Value (MJ/NM’)
Graham et. al 6.39
Walawender et. al ” .51
Xuet. al ™! 5.5
Hoi ’ 4.97
Jorapur et. al 5.04
Zainal ™ 5.34
Sridhar et. al 4.67
Dogru et. al "’ 5.15
Uma et. al // 4.60

3. Research Activities in USM

3.1 Introduction

Works on biomass renewable energy
in USM has been done since 1998, where the
main research is on the combustion
characteristics of the gasifier and the
performance of the IC engine. These works
have been done by local and international
USM researchers and postgraduate students.



The engine mostly used for the research is
diesel engine. It is because diesel engine can
be run with producer gas in a ‘dual fuel’
mode with minor modification.

3.2 Experimental Setup

Overall view of the gasifier and
engine test are shown in Figure 1 and Figure
2. The 5 kW single cylinder direct injection,
Yanmar diesel engine on dual fuel mode of
operation coupled with a 10 kg capacity
downdraft gasifier was used. The small
blocks of furniture wood were used as
biomass fuel. The producer gas flow rate
was set to 80 L/min and 100 L/min, and
engine was set at 2000 and 2400 rpm with
20%, 40% and 60% load. The engine was
coupled to the dynamometer to measure the
performance of the engine.

Air Supply

Feeding
Chamber
Heat Exchanger

To Engine
Gomm>

V-6
Oil Bath Filter

Figure 2: 5 kW Single Cylinder Direct Injection Diesel
Engine System

The second research was done using
50 kg capacity downdraft gasifier and 20 kW
direct injections Perkins diesel generator
engine connected to an electrical load bank in
the dual fuel mode operation. The 50-100 mm
cubes off cut furniture wood were used as
biomass fuel. The various flow rate of
producer gas between 40-80 Nm’/hr was
used, and engine was set at constant 1500 rpm
with loads of 9, 12, 15 and 18 kW. Figure 3
shows the overall view of the system.

fgre )

¥

ource: Ref 18

2 R e

Figure 3: Overall View of 50 kg Capacity Downdraft Gasifier
connected to 20kW Diesel Generator

3.3 Results and Discussions

Table 3 shows the data comparison of
gas composition and heating value of the
producer gas that has been found from
experiment in USM. The gas composition of
the producer gas has been measured and
analyzed wusing Gas Chromatograph HP
module 4890 with helium as a carrier gas.

Table 3: Data comparison of gas composition and heating
value of the producer gas

% Vol.

Gases H, co CO0, CH, Ny 0, Heating
Values
(MI/NM?)

Ref 17 10.25 8.9 19.18 6.68 54.99 0 4.67

Ref 18 8.3 8.9 19.2 6.7 54.9 2 4.42




It shows that the heating value of the
producer gas is in the range of low heating
value about 4-6 MJ/Nm®. The most possible
reason was due to lower percentage volume
of combustible gases such as H,, CO and
CHy in the producer gas.

In dual fuel mode operation of 10 kg
capacity downdraft gasifier, the maximum
diesel replacement was recorded as 60%.
Figure 4 and 5 show the graphs of the
thermal efficiency (BTE) versus the brake
mean effective pressure (BMEP) of dual fuel
mode. It can be seen that the BTE for diesel
fueled producer gas was 36-41% lower than
diesel alone at 2000 rpm and 2400 rpm,
respectively. A similar trend also found for
these two graphs. These phenomenons were
due to higher mass of fuel which results of
rich mixture, thus lead to incomplete
combustion in the engine’s cylinder.

20

—o— Diescl
12 -3+ Digscl+Prod. Gas

Brake Thermal Effeciency (%)
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- el
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0 100 200 300 400
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Figure 4: BTE versus BMEP at 2000 rpm

—o— Diescl _|
~&-- Diescl+Prod Gas

Brake Thermal Effifency (%)

BMEP (kPa)

Figure 5: BTE versus BMEP at 2400 rpm

For 50 kg capacity downdraft gasifier
experiment, the maximum diesel replacement
was recorded as 80% at 12 kW load. Figure 6
shows the graph of the engine efficiency
versus electrical load dual fuel mode. The
efficiency of engine was dropped in dual fuel
mode. It was found that the engine efficiency
for various loads with producer gas dropped
haft compared to the diesel alone. This
phenomenon was due to lower flame speed of
the combustion for diesel fueled producer gas
compared to diesel alone.

) N
=1 w

Engine Efficiency (%)
o

e
10 /
—o— Diesel
1 —&-— Dieselt+Prod Gas
0 - ; . ’ ;
6 9 12 15 18 21

Flectrical Load (kWe)

Figure 6: Engine Efficiency versus Electrical Load Dual Fuel
Mode.

In terms of combustion analysis, it can
be seen the most possible reason why the
power de-rating was observed is due to lower
heating value of the producer gas-air mixture
from biomass gasification process.

4. Design of Reactor
4.1  Introduction

A reactor has been designed by
Universiti Sains Malaysia and fabricated by
local manufacturing firm. The purpose of the
design is to improve the previous producer gas
quality. The concept of the reactor is to
remove the carbon dioxide by chemical
absorption process using calcium oxide



(Ca0). The reactor has been name as CO,
absorption reactor.

4.2 Dimension
Reactor

of CO; Absorption

The construction features of CO;
absorption reactor consist of main furnace,
stand and nozzle distributor plate. The
reactor was developed for the laboratory
scale purpose. The overall height of the
reactor is 877.5 mm. The inner diameter of
the reactor is 74 mm and the outer diameter
is 88 mm. The main furnace and nozzle
distributor plate are made from stainless
steel 304 to detain high temperature
operation around 1200°C while the stand
made from mild steel. The height of the
furnace is 600 mm and has 6 holes for the
thermocouples. The nozzle distributor plate
has five small nozzles that protrude up from
the surface of the plate. Each nozzle has four
holes of 1.6 mm diameter to allow gas to
flow. Figure 7 shows the picture of CO,
absorption reactor.

Figure 7: The CO, Absorption Reactor.

5. Conclusion

A highlight of several years and
current works on the producer gas quality
from biomass gasification activities in USM

have been carried out. The comparison
between other researchers on heating value of
the producer gas has been presented. The
design and fabricate of the CO, absorption
reactor has been done due to lower heating
value of the producer gas from biomass fuel
and the power de-rating of Diesel engine.
Therefore, the medium heating value around
10-16 MJ/Nm’ of producer gas will be
expected and decrease the power de-rating of
the Diesel engine. The experiment will be start
in the next stage of the studies.
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Abstract: Producer gas, from biomass gasification process can be used to generate power
as an alternative to fossil fuel. The producer gas consists of carbon monoxide (CO),
hydrogen (H), methane (CHy), carbon dioxide (CO,) and nitrogen (N;). It has low
calorific value (LCV) around 4-6 MJ/Nm® because of CO, content is about 10-20 % by
volume. The used of calcium oxide, CaO to absorb CO; in the producer gas can make
biomass technology more viable because its low calorific value can be increase. In this
paper, the ability of CaO-sand mixture to absorb CO, composition of the simulated gas
(consisting of 20% CO; and 80% N,) and the simulated producer gas (consisting 16%
CO,, 24% CO, 12% H; and 48% N,) have been shown. The experiment has been
conducted using 1000 micron CaO particle size, 50% CaO mixture with gas pressure of 3
bar and the volume flow rate of 45 Lmin™ at 650-750°C. The result obtained shows the
CO, composition of the simulated gas was decreased from 20% to 2% for 60 min
operated. The same treads of CO, absorption also occurred for the simulated producer gas
where the CO, composition decreased from 16% to 8% average when operated for 60
min.

Keywords: CaO-sand mixture, Simulated Producer Gas, Bubbling Fluidized Bed
Reactor, CO, Absorption.

Introduction

Biomass is one of the sources of renewable energy where it is derived from living or
recently living organism such as wood, waste, and alcohol fuels. Currently, the interest in
biomass technology gets a lot of attention due to the increase in fuel prices and issues of
global warming (Guoxin and Hao, 2009, Florin and Harris, 2008, Mahishi and Goswami,
2007, Hanaoka et al. 2005). Therefore, people are now considering using biomass
gasification to generate electricity and power as an alternative to fossil fuel.

Biomass gasification, means incomplete combustion of biomass resulting in the
production of combustible and non combustible gases consisting of Carbon monoxide
(CO), Hydrogen (H,), Methane (CHg), Carbon dioxide (CO,) and Nitrogen (N-)
(McKendry, 2002) called producer gas. The content of CO, in the producer gas is about
10-20 % by volume (Hollingdale et al., 1983, Walawender et al., 1985, Munoz et al.,
2000, Sridhar et al., 2001, Zainal et al., 2002, Dogru et al., 2002 and Uma et al., 2004)
causes the low calorific value to be about 4-6 MJ/Nm?® (Graham and Huffman, 1981,
Jorapur and Rajvanshi, 1995 and Zainal 1996). To increase the low calorific value of the
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producer gas, the used of the Calcium Oxide, CaO has been studied. The CaO is used to
absorb CO; in the producer gas. In the present paper, the experiment contained CaO-
sand mixture has been conducted in the Bubbling Fluidized Bed Reactor. The purpose of
this work is to determine the ability of CO, absorption with the simulated gas and
producer gas.

Experimental

The experiments with simulated gas consisting of 20% CO, and 80% N, (simulate tank)
at selected temperatures have been conducted in a bubbling fluidized bed reactor
(BFBR). Figure 1 shows the schematic diagram of the experimental setup. The BFBR is
made from stainless steel 304. The distributor plate was used to allow the simulated gas
to flow.

________
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tonk fluidizpd

-—-. |temperature bed
control. unit )

/,./ electrical ceramic
-~ heater bond

|
]
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S filtter bog  |___ 4.

_____
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Figure 1: Schematic diagram of a experimental setup

The experiment has been conducted using 1000 micron CaO particle size, 50% CaO
mixture with gas pressure of 3 bar and the volume flow rate of 45 Lmin™ at 650-750°C.

A 3 kW electrical ceramic heater band was coupled to the fluidized bed for heating the
CaO-sand mixture at various temperatures. First, the controller of the ceramic heater band
was set to 900°C. When the temperature inside the fluidized bed reached 650-750°C, the
simulated gas was set to 3 bar using a pressure regulator with a gas flow rate of 45 Lmin™
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controlled by a rotameter. The simulated gas at the exit of the fluidized bed was collected
by gas sampling bags at an interval of 5 minutes for 60 minute experiment. The gas
samples were analyzed in a gas chromatograph (Hewlett Packard Module 4890). Some of
the fine particles found in the filter bag was weighed and recorded at the end of each
experiment. At the end of the absorption experiment the CO; is released from the CaCO;
via calcination process at temperature above 850°C for about 90 min. Then the steps were
repeated using simulated producer gas contains 16% CO,, 24% CO, 12% H, and 48% N,
for the next experiment.

Results and Discussion

CO, absorption of the simulated gas

The CO; detected by gas chromatograph versus time at constant pressure 3 bar for 50%
CaO-sand mixture, 1000 micron particle size and 45 Lmin™ at 650-750°C are shown in
Figure 2.
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Figure 2: Simulated gas results analysis used gas chromatograph before and after reactor
(BFBR) on parameters 50% CaO-sand mixture, 45 Lmin", 650-750°C and 1000 micron.

The CO, gas supplied from the simulated gas tank to the BFBR is constantly absorbed for
about 60 min at flow rate 45 Lmin™'. It is observed that the 20% CO, composition in the
simulate gas reduces to the average of 2% CO, detected by gas chromatograph and it’s
occurred for 60 min at 3 bars. The fluidization of the bed material contains CaO and sand
help the CO2 gas that passed through the CaO-sand mixture and absorbed the CO2 gas.
The purpose of using the sand because it has a very good fluidization characteristic as
compared to CaO alone was successful.
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CO; absorption of the simulated producer gas
In the Figure 3, the result of the CO2 absorption using CaO- sand mixture to absorb CO2
gas composition in the simulated producer gas is shown.
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Figure 3: CO, composition of the simulated producer gas analysis used gas
chromatograph before and after reactor (BFBR) (50% CaO-sand mixture, 45 Lmin™, 650-
750°C and 1000 micron)

The CO; gas supplied from the simulated producer gas tank contains 16% CO,, 24% CO,
12% H, and 48% N, to the BFBR is absorbed for 60 min at the flow rate 45 Lmin™. It is
observed that during the first 10 min, the 16% CO; composition in the simulate producer
gas reduces to 7% CO, when it is analyzed by gas chromatograph. Then the percentage of
the CO2 composition increase to 11% at end of the experiment for 60 min. Although, the
maximum CO2 % is 11% but it still less than 16% CO2 gas supplied from the simulated
producer gas tank.

In 50% CaO-sand mixture, the collision between the CaO and sand particles is occurred
because of the fluidization phenomena in the bed. Some of the 1000 micron particle size
became smaller and then entrained from the reactor. The ability of the 50% CaO-sand
mixture to absorb 16% CO, composition of the simulated producer gas becomes less at
the end of the experiment.

Conclusion

The research study and experiment contained CaO-sand mixture have been carried out in
the Bubbling Fluidized Bed Reactor. The parameters used of 1000 micron CaO particle
size, 50% CaO mixture with gas pressure of 3 bar and the volume flow rate of 45 Lmin™
at 650-750°C have found the ability to absorb the CO, composition in the simulated gas
and producer gas have been successfully done. The good absorption of CO, composition
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percentage was observed for simulated gas and producer gas, where the CO, percentage
detected by gas chromatograph analysis were less than 5% and 11% CO, after exit from
the Bubbling Fluidized Bed Reactor.
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Characteristics on Fluidization Behaviors of 1000 pm Cao-Sand Mixture by
Varying the Percentage of CaO, Air Flow Rate and Pressure
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Abstract: The interest in biomass technology has got a lot of attention due to the increase in fuel prices and
issues like global warming. Producer gas as a alternative fuel, produced from biomass gasification process can
be used to generate power and electricity. However, in air blown gasification, the producer gas produced has
Low Calorific Value (LCV) about 4-6 MJ Nm ™~ with CO, content around 10-20% by volume. To increase the LCV,
the used of calcium oxide, CaO as sorbent to absorb CO, in the producer gas can make biomass technology
more viable. In the present study, the aim is to study the fluidization of the bed in terms of the bed expansion
and the pressure drop of the 1000 pm CaO-sand mixtures at different percentages, the air volume flow rate and
pressurize air intake in the cold model experiment. The behaviors of 1000 um CaO-sand mixtures have been
conducted in a Small Bubbling Fluidized Bed (SBFB). The results show that the decrease of the CaO
percentages from 70, 60, 50 to 40, will increase the pressure drop (AP) in the SBFB under constant pressure of
2,3, 4, 5 and 6 bars. The bed expansion height also increased under all air pressures except at the low superficial
flow velocity less than 0.06 m sec™ at 2, 3, 4, 5 bars (70, 60% CaO mixture), when the air volume flow rate
increased (in term of superficial flow velocities 0.020 to 0.215 m sec™). The conclusion has been determined
where the CaO percentages of 50 and 40 were found to have a good fluidization in the range of 15-55 L, min™
for all pressurize air compressors supply (2, 3, 4, 5 and 6 bars) when tested in a SBFB.

Key words: Biomass, producer gas, fluidization, CaO, CO, absorption

INTRODUCTION non reactive produce about 10-20% by volume
(Hollingdale et al., 1988, Walawender et al., 1985;

Energy is the most important subject in our life. Munoz et al., 2000, Sridhar et al., 2001 ; Zainal et al., 2002;

Currently, the interest in biomass technology has got a lot
of attention due to the increase in fuel prices and issues
like global warming. Biomass is known as a renewable and
carbon neutral energy resource that includes energy
crops, agricultural wastes, animal wastes, municipal solid
wastes and forestry wastes (McKendry, 2002a). Biomass
gasification is technology to produce low to medium
gaseous fuel gases. It is defined as the thermal
decomposition of biomass in the present of limited oxygen
to produce a gas known as producer gas. The producer
gas consists of Carbon monoxide (CO), Hydrogen (H,),
Methane (CH,), Carbon dioxide (CO,) and Nitrogen (N,)
(McKendry, 2002c). It can be utilized in internal
combustion engines or coupled to turbines to generate
power.

The producer gas has Low Calorific Value (LCV) of
about 4-6 MJ Nm™ (Graham and Huffman, 1981,
Jorapur and Rajvanshi, 1995; McKendry,  2002b;
Rezaiyan and Nichol, 2005) because CO, is diluents as

Dogru et al., 2002; Uma et al., 2004). The LCV of the
producer gas is depend on the particles size distribution
of the biomass material, biomass fuel composition,
moisture content, volatile matter, ash content and
heating value (Yusof et al., 2008; Miskam et al., 2009).
Nowadays, the used of the mineral called calcium oxide,
CaO as calcium based sorbent to absorb CO, in the
producer gas can enhance the quality of the producer gas.
Therefore in the last five years, the numbers of CO,
sorbents have been intensively investigated in the
biomass technology fields (Guoxin and Hao, 2009,
Florin and Harris, 2008; Mahishi and Goswami, 2007;
Hanaoka et al, 2005) because of their low cost,
abundance and availability.

The CaCOj; must first undergo a calcination process
to release the CO, at a temperature of 800-900°C
converting into CaO and than an absorption process to
absorb CO, at reaction temperature around 600-700°C
to reform to CaCO, The concept is based on the
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Universiti Sains Malaysia, Seri Ampangan, 14300 Nibong Tebal, Seberang Perai Selatan,
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carbonation/calcination loop using the reversible reaction

used by Shimizu et al. (1999) and Stefan et al. (2009):

Ca0(s) + CO,(g) «» CaCO,(s) (])

Although, the researches on the CO, absorption have
been widely studied in the last few decades, however the
focused is only the use of calcium based sorbents either
in term of CaCO, or CaO in a reactor (Abanades et al.,
2005; Grasa and Abanades, 2007, Grasa et al., 2008;
Chen et al., 2007, Abanedes, 2002; Salvador et al., 2003).
The study done by the researchers so far none have
used the CaO-sand mixture as a bed material for the
carbonation-calcinations process  to absorb and
release the CO,. In the present study, the behaviors of
1000 pm CaO-sand mixtures in the cold model experiment
have been conducted. The purpose of this work is to
study the fluidization of the bed in terms of the bed
expansion and the pressure drop of the 1000 pm CaO-sand
mixtures at different percentages in the cold model
experiment. The use of sand is due to its good fluidization
characteristics compared to the calcium based sorbents
alone. In order to gain more information about the
behaviors of CaO-sand mixtures, the effect of the air
volume flow rate and pressurize air intake were
investigated experimentally.

MATERIALS AND METHODS

Cold model experiments ina Small Bubbling Fluidized
Bed (SBFB) were conducted using compressed air.

Figure 1 and 2 show the cold model experimental

"setup. The SBFB consists of a nozzle distributor plate

and was supported on a stand. The main bed was made
from transparent perspex. The overall height of the SBFB
is 877.5 mm. The main bed has an inner diameter of 74 and
600 mm height. The nozzle distributor plate has five small
nozzles that protrude up from the surface of the plate.
Each nozzle has four holes of 1.6 mm diameter to allow gas
to flow. The distributor plate was made from stainless
steel. Figure 3 shows the 3-D diagram of the nozzle
distributor plate.

The SBFB is connected to a 2.5 hp air compressor
model HD47C to provide a compressed air flow and a bag
filter to capture any of the bed material leaving the reactor.

bed

»

lanometer

N

Rotameter

Stand

3

Air compressor Bag filter [

Fig. 1: Schematic diagram of the experimental setup

Rotameter g

Manometer §

Fig. 2: Photograph of the cold model experimental setup
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A simple U-tube manometer was used to determine the
pressure drop of the material. Figure 4 shows the 2-D
design of the small bubbling fluidized bed.

The 1000 pm of CaO mixed with 350 pm sand was
used as the bed material. These particles sizes were sieved
using an Endecott’s multi-layer test sieve shaker. The
350 pm sand particles size has been selected in this
experimental because according to Geldart (1973) and
Yates (1983), the particles size of sand in the range of
150-500 pm (the Group B powders) gives well fluidization.
In the experiment, for each run, 240 g constant weight of
CaO was used and mixed with 226, 421, 496 and 808 g of
sand to obtain the CaO-sand mixture percentages. The
experiment started when the mixtures of 240 and 226 g
were put into the SBFB. Then the air compressor was set
to 2 bar using pressure regulator and the air flow in term
of the volume flow rate of 5 L min™ was passed to the
SBEFB controlled by a rotameter. During the experiment the
fluidization behaviors in term of bed expansion height and
the pressure drop inside the SBFB were recorded. Some of
the fine particles found in the bag filter was weighed and
recorded at the end of the experiment. The experiment was

Fig. 3: 3-D diagram of the nozzle distributor plate

Transparent -V

perspex

600

8775

74

Nozzle distributor

Platc\ = » L

140

Fig. 4: The design of the SBFB. All dimensions in mm

repeated at different CaO mixture percentages (70, 60, 50,
40%), air volume flow rate (5, 15, 25, 35, 45, 55 L min™") and
air intake pressure (2, 3, 4, 5, 6 bar).

RESULT AND DISCUSSION

Table 1 shows the expected minimum fluidization
velocity (u,g obtained for every percentage mixture of
1000 pm CaO and air pressure. All the expected minimum
fluidization velocity was calculated based on the Ergun
Equation (Wen, 2003; McCabe et al., 2004) using;:

Upe = “—;{(33.7’ +0.0408Ar,

mf nuab
pg s

)% -33.7] @)

where, . is dynamic viscosity of the carrier gas
(kg m™" sec), p, is density of the carrier gas (kg m™), d, is
solid particles size (m) and Ar,,,, is Archimedes number.

The u,is needed to separate the particles of CaO and
sand from each other and float in the SBFB. As shown in
Fig. 5, under the constant air pressure of 2 bars, the bed

Table 1: Expected minimum fluidization velocity

CaCO; Air pressure Minimum fluidization Volume flow rate,
(%) (bars) velocity, u,¢ (msec™!) Q (L min~h)
70 2 0.063 16.19
3 0.061 15.85
4 0.060 15.54
5 0.059 15.25
6 0.058 14.97
60 2 0.063 16.31
3 0.062 15.96
4 0.061 15.64
5 0.059 1535
6 0.056 14.51
50 2 0.054 13.93
3 0.053 13.73
4 0.052 13.54
S 0.052 13.36
6 0.051 13.19
40 2 0.049 12.57
3 0.048 1246
4 0.048 1235
5 0.047 12.24
6 0.047 12.14

30009 —g— 1000 pm (70%) —e— 1000 pm (50%)
2500+ —&— 1000 pm (60%) —=— 1000 pm (40%)

o
£ 20004 W
Z e
1500
o
! e
< 1000 B_—_——B—’/B’/B——B—a
a
500
(‘ T T T T % ok T T T T T T T T T T T T T T 1
O AN FTNVONOETDO=CIM FTNONLRD =l
SOQ OO0 O Qirs Ty i e o e ISESES!
COOODCOOODOCOCPOOOOOOCODCOD
Uf (m sec”'

Fig. 5: Effect of 1000 pm CaCO, mixture percentages, air
volume flow rate and air pressure on the pressure
drop (2 bars)
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Fig. 6: Effect of 1000 pm CaCO, mixture percentages, air
volume flow rate and air pressure on the pressure

drop (3 bars)
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Fig. 7: Effect of 1000 pm CaCO, mixture percentages, air
volume flow rate and air pressure on the pressure
drop (4 bars)

pressure drops for different CaO-sand percentages were
not similar. However the constant bed pressure drop was
obtained when the u, reached for every CaO-sand
percentages (between 0.05-0.08 m sec™). In Fig. 6, when
the u, reached 0.04-0.06 m sec™', the constant bed
pressure drop was obtained for all percentage mixture of
1000 pm CaO under 3 bars constant air pressure. The
similar trends can also be seen in Fig 7-9. When the u,;
reached 0.05-0.06 m sec™, the constant bed pressure drop
was obtained for all constant air pressure 4, 5 and 6 bars.
The comparison between the expected minimum
fluidization velocity (Table 1) using Ergun Equation
(Wen, 2003; McCabe et al., 2004) and the experimentally
(Fig. 5-9) were approximately same.

When the superficial fluid velocity was gradually
increased, the bed pressure drop gradually increased for
all percentage mixture of 1000 um CaO and air pressure.
Then the bed pressure drop levels off and no longer
increases as the superficial velocity is increased because
it has reached the u,. This due to the upward force
exerted by the fluid on the particles was sufficient to
balance the net weight of the bed and the particles begin
to separate from each other and float in the fluid. As the
velocity is increased further, the bed continues to expand

748

30001
2500
2000+
1500
1000

500

—8— 1000 pm (70%) —o— 1000 um (50%)
—4— 1000 pm (60%) —e— 1000 pm (40%)

DeltaP (N m ™)

Fig. 8: Effect of 1000 pm CaCO, mixture percentages, air

volume flow rate and air pressure on the pressure
drop (5 bars)
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Fig. 9: Effect of 1000 pm CaCO; mixture percentages, air
volume flow rate and air pressure on the pressure

drop (6 bars)

in height, but the bed pressure drop stays constant. The
similar trends on the bed pressure drops constant level in
the bubbling fluidization bed also can be found from
experimental results reported by Flamant et al. (1991),
Svoboda and Hartman (1981), Guo et al. (2003) and Yates
(1983).

Based on the similar experimental results of the
minimum fluidization velocity and the constant bed
pressure drop were obtained compared to other
researchers, the following variables affecting the
fluidization height were investigated:

»  Percentage mixture of 1000 pm CaO
Volume flow rate of the compressed air and
The air pressure

Effect of the CaO percentages: The amount of CaO
percentage in the mixture has an effect on the bed
pressure drop and bed expansion height under constant
pressure. With the decrease of the CaO percentages from
70, 60, 50 to 40%, the bed pressure drop AP in the SBFB
increased under constant pressure of 2 bars as shown in
Fig. 5. When the air pressure increased to 3 bars (Fig. 6),
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—&— 1000 pm (70%) —o— 1000 pm (50%)
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Fig. 10: Bed expansion height results (2 bars)

the similar trend was obtained where the bed pressure
drop AP increased when the CaO-sand mixtures
percentages decreased. These happened because of the
increasing in the amount of mass of the solid particles
(1000 pm CaO-350 um sand) in every mixture. These similar
trends can also be found in the Fig. 7-9.

InFig. 10, its can be observed that with the decreased
of the CaO percentages by 70, 60, 50 to 40, the bed
expansion height increased between 0-14.5 cm when the
superficial velocity increased from 0.02-0.215 m sec™
under 2 bars constant air pressure. This can be explained
by the adhesive force between CaO particles such as the
Van der Waals force, the electronic force and the liquid
bridge existing in the powder that has been reduced
because of the increased of the 350 um sand particles in
the mixture. Previous studies reported by Geldart (1973)
and Yates (1983) showed that the particle size of sand in
the range of 150-500 um (Group B powders) with low
density is in the range of 1500-4000 kg m™ has a better
fluidization. Similar trends can also be found from the
experimental results of Gao et al. (2009). However at early
stages of the experiments for 70 and 60% CaO mixture, the
bed expansion height is O cm, which means that these is
no fluidization. This is because the superficial flow
velocity has not reach the minimum superficial flow
velocity where the upward force exerted by the fluid on
the particles is not sufficient to force the weight of
CaO-sand mixture of the bed. The adhesive force between
CaO-sand mixture particles is still strong and the amount
of 350 pm of sand is not enough to overcome it.

In Fig. 11-13, the similar trends can also be seen
where the bed expansion height was O cm when the
CaO-sand percentages mixture was 70 and 60% at low
superficial velocity of 0.02-0.06 m sec™". These happened
under the constant air pressure of 3, 4 and 5 bars. The
superficial flow velocity has not reach the minimum
superficial flow velocity where the upward force exerted
by the fluid on the particles is not sufficient to force the
weight of CaO-sand mixture of the bed.
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Fig. 11: Bed expansion height results (3 bars)
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Fig. 13: Bed expansion height results (5 bars)

InFig. 14, its can be observed that the bed expansion
height increased between O to 14.5 cm when the
superficial velocity increased from 0.02-0.215 m sec™
under 6 bars of the constant air pressure. The increased
of the bed expansion height can be seen for all CaO-sand
percentages mixture (70, 60, 50 to 40%). The adhesive
force between CaO particles existing in the powder has
been reduced due to the increased of the air pressure and
the amount of sand particles in the mixture. The results
obtained were similar with the explanation by Yates (1983).

Effect of the air volume flow rate and air pressure: Air
volume flow rate and pressure are important operating
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—&— 1000 pm (70%) —o— 1000 pm (50%)
4= 1000 pm (60%) —— 1000 um (40%)

Fig. 15: No rat holes and fluidization formed during
operation (15 L min™, 1000 pm, 70% CaO, 2 bars)

parameters in fluidized bed. The 1000 pm CaO-sand
mixture was tested with 5, 15, 25, 35, 45 and 55 L min™
flow rates at different air pressures to determine the
fluidization behavior. As shown in Fig. 10-14, when the air
volume flow rate increases (in term of superficial flow
velocities 0.020 to 0.215 m sec™), the bed expansion
height also increased at all air pressures except at the low
superficial flow velocity less than 0.06 m sec™" at 2, 3, 4,
5 bars (70, 60% CaO mixture) and at 5 L min™ (0.02 m
sec™’) at all variables. At these conditions, no
fluidizations were found. The reason is due to the strong
interaction force that acts between two macroscopic
bodies such as particle-particle and particle-wall that exist
in the bed material. Furthermore the amount percentage of
CaO is too much to be overcome by air volume flow rate
and pressure. Figure 15 shows the one example of the
pictures taken for this phenomenon.

CONCLUSIONS

The characteristics on fluidization behaviors of
1000 pm CaO-sand mixtures in the cold model

750

experiment were determined. The investigations of the
fluidization of the bed in term of the bed expansion height
and the pressure drop have been listed as follows:

The CaO percentages of 50 and 40 were found to
have a good fluidization in range 15-55 1/min volume
flow rates of air for all air pressures (2, 3, 4, 5 and 6
bars)

At 70 and 60% CaO, the fluidizations only occurred
after reach 25 L min™ air flow rate for pressure 2, 3, 4
and 5 bars except at 6 bars, the 1000 pm CaO-sand
mixture fluidized in 15-55 L min™" range

No fluidizations were found at 5 L min™ for all
variables
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Investigation of CaCO;- Sand Mixture Fluidization Behaviours in
SBFB
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Abstract: Alternative source of energy such as biomass gasification can be used to generate
power and electricity. Producer gas produced from biomass gasification consists of carbon
monoxide (CO), hydrogen (H;), methane (CHy), carbon dioxide (CO,) and nitrogen (Ny). It
has low calorific value (LCV) around 4-6 MJ/Nm?® because of CO, content is about 10-20 %
by volume. Limestone or specifically calcium carbonate, CaCO; can be heated up to form
calcium oxide, CaO where is used to absorb carbon dioxide (CO,) of the producer gas to
increase its low calorific value. In this paper a cold model experiment in a small bubbling
fluidized bed (SBFB) has been conducted to determine the optimum mixing of CaCOs - sand
at certain pressure and flow rate as a first step to design a CO, absorption reactor in the
School of Mechanical Engineering, University of Science Malaysia. The result obtained
shows the CaCOj3 percentages of 60, 50 and 40 were found to have a good fluidization in all
pressurize air compressors supply (2, 3, 4, 5 and 6 bars). In addition to that, the 500 pum
particle size and 15 — 55 I/min flow rate give a good fluidization when experimented.

Keywords: CaCOj3-sand mixture, Producer Gas, Limestone, Fluidization behaviors.

Introduction

Biomass is one of the sources of renewable energy where it is derived from living or recently
living organism such as wood, waste, and alcohol fuels. It can be converted to other usable
forms of energy like methane gas or transportation fuels like ethanol and bio-diesel
(McKendry, 2002a). Therefore, people are now considering using alternative source of
energy such as biomass gasification due to the increase of fuel prices. Biomass gasification
can be defined as incomplete combustion where it produces combustible and non combustible
gases which consist of carbon monoxide (CO), hydrogen (H,), methane (CHj), carbon
dioxide (CO;) and nitrogen (N;) (McKendry, 2002c). The combination of these gases is
called producer gas. Producer gas can be used to generate electricity and power. It can be
applied to power plant, stove, furnace and in a reciprocating engines.

The producer gas produced has low calorific value (LCV) around 4-6 MJ/Nm?® (Graham and
Huffman, 1981; Xu and Wang, 1988; Jorapur and Rajvanshi, 1995; Zainal 1996; McKendry,
2002b; Rezaiyan and Cheremisinoff, 2005) because of CO, content is about 10-20 % by
volume (Dogru et al. 2002; Uma et al. 2004 and Zainal et al. 2002). Limestone or specifically
calcium carbonate, CaCOj; can be heated up to form calcium oxide, CaO where is used to
absorb carbon dioxide (CO,) of the producer gas to increase its low calorific value (Abanades
et al. 2005; Grasa and Abanades, 2007; Grasa et al. 2008; Chen et al. 2007; Abanades 2002
and Salvador 2003). In the present paper, the cold model experiment has been conducted, to
determine the optimum mixing of CaCOs - sand at certain pressure and flow rate as a first
step to design a CO, absorption reactor in the School of Mechanical Engineering, University
of Science Malaysia. The purpose of this work is to ensure fluidization occurs inside the
chamber. This is a crucial factor because if it does not fluidize then the calcinations-
carbonation process will not take place completely. Besides of that, the suitable flow rate is
required to make sure that it does not effect in the increment of temperature for the
calcinations-carbonation process and at the same time assisting the fluidization in the reactor.



Experimental

Fluidization experiments with pressurized air at room temperature have been conducted as a
cold model experiment in a small bubbling fluidized bed (SBFB). The overall height of the
SBFB is 877.5 mm. The main bed has an inner diameter of 74 mm and 600 mm height. The
nozzle distributor plate has five small nozzles that protrude up from the surface of the plate.
Each nozzle has four holes of 1.6 mm diameter to allow gas to flow. Figure 1 shows the
schematic diagram of the experimental setup. The bed material used are CaCOj3 and sand with
different composition. The experiment will be done by using 70%, 60%, 50% and 40% of
CaCOs and the balance material is sand. The flow rate of air going through the nozzle is from
5, 15, 25, 35, 45 to 55 I/min. While the pressure used to assist the fluidization is 2, 3, 4, 5 and
6 bar. For the particle size of the material, the size of 100 and 500 micrometers are
considered for both CaCOj; and sand.

The mixture of CaCO;3-sand is inserted into the fluidized bed reactor. The pressurize
air from the 2.5 hp air compressor flow through the nozzle distributor plate inside the
transparent perspex chamber. The desired flow of air is controlled by a rotameter whereas the
pressure is controlled from the compressor. Small particles of CaCO; which manage to exit
the chamber will directly go to the filter beg. The fluidization of the mixture will be recorded
to determine the optimum requirement for the mixture to fluidize.

|

manometer_+ reactor

U

Y CaCO3-sand
mixture

rotameter

B
2

compressor

filter stand

Figure 1: Schematic diagram of experimental setup

Results and discussion

The chart shown in Figures 2 — 9 shows the result of the fluidization of the CaCOj3-sand
mixture in term of fluidization condition (1 is yes, 0 is no) in the cold model SBFB. The
effects of certain parameters on the fluidization are investigated such as the effects of the
flow rate, pressure, particle size and also the effects of different composition of bed material.
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Fluidized condition Vs Air Pressure (70% CaCO3, 100 mic)
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Figure 2: Fluidized condition for 70% CaCOj3 (100 micrometer)
Fluidized condition vs air pressure (60% CaCO3, 100 mic)
:
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Figure 3: Fluidized condition for 60% CaCO3 (100 micrometer)
Fluidized condition vs air pressure (50% CaCO3, 100 mic)
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Figure 4: Fluidized condition for 50% CaCOs (100 micrometer)
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Figure 5: Fluidized condition for 40% CaCOs (100 micrometer)

From figures 2 - 5, the results show when using CaCO; with the particle size of 100
micrometers, it can be fluidized at various flow rates, pressures and even with different
composition of the mixture. The CaCO3 with size of 100 micrometers is very light (low
density) and with the assist of sand, fluidization can occur easily inside the SBFB. Even
though it is easily fluidized, the CaCOj; particles will exit the SBFB very fast and this is a
problem whereby it will affect the calcinations-carbonation process to run at a short period
only.

Fluidized condition Vs Air Pressure (70% CaCO3, 500 mic)

7~

g 5 Ipm

ﬁ i =m 15 Ipm

T 0 25 Ipm
0 35 lpm
0 45 lpm

E 55 Ipm

4

Air Pressure (bar)

Figure 6: Fluidized condition for 70% CaCOj3; (500 micrometer)

In figure 6 for CaCOj; with the particle size of 500 micrometers, fluidization does not occur at
low flow rate and low pressure. At the pressure of 2 bars, the CaCO3 can only be fluidized
when supplying air with the flow rate of 25 //m. Even when applying 3 bars of pressure,
fluidization only starts to take place at the flow rate of 15 //m.
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This could be explained by the increase of the particle size and with a high percentage of
CaCOs in the mixture. Increase in the particle size will increase the weight of CaCOs.
Therefore, as air with low flow rate is supplied, it does not have enough force to push the
heavier mixture to cause fluidization. In addition to that, the percentage of CaCOs is higher
than sand in the mixture. Fluidization does not happen when using CaCOj; alone and sand is
used to help fluidization. Despite using sand, using with a small percentage also does not
support fluidization in the SBFB.

Results from figures 7 - 9 shows CaCOj is fluidized at various pressure and flow rate. This is
due to the increase percentage of sand in the mixture which helps the fluidization even when
it is supplied with low flow rate and pressure.

Fluidized condition vs air pressure (60% CaCO3, 500 mic)
@ 5 lpm
®m 15 Ipm
25 Ipm
O 35 Ipm
0 45 lpm
@ 55 lpm
air pressure (bar)
Figure 7: Fluidized condition for 60% CaCOj; (500 micrometer)
Fluidized condition vs air pressure (50% CaCO3, 500 mic)
g e S lpm
g m 15 Ipm
L o 25 Ipm
3 0 35 Ipm
0 45 Ipm
E = 55 lpm
3 4
air pressure (bar)

Figure 8: Fluidized condition for 50% CaCOj3 (500 micrometer)



Fluidized condition vs air pressure (40% CaCO3, 5600 mic)
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Figure 9: Fluidized condition for 40% CaCOj3 (500 micrometer)

Effect of the different percentages of bed material.

As mentioned earlier, the percentage of CaCOj-sand mixture in the SBFB effects the
fluidization. As shown in Figure 6, at low pressure and flow rate for 70% CaCOs3, fluidization
does not occur. This can be explained by the adhesive force between the CaCO3 particles
inside the SBFB (Hiroaki et al. 2006). The adhesive force between the particles is strong
because of the large amount of CaCOj3. By inserting sand, the adhesive force is reduced but it
is not sufficient enough to overcome the bond between the particles as a result fluidization
does not happen. When the percentage of sand is increased from 40%, 50% to 60%, it can be
seen that the fluidization takes place for both particle sizes.

Effect of the particle sizes

From Table 1 and studies according to Geldart (1973) and Yates (1983), they mentioned the
partlcle size which in the range of 150-500 micron meter (Group B powders) which density is
in the range of 1500-4000 kg/m’® has a better fluidization compare to the 30-150 micron meter
which has low densr[y less than 1500 kg/m® (Group A powders). That is why fluidization for
CaCOj3 with the size of 500 um fluidized better than 100 pm.

During the experiment, fluidization for 500 um only starts to take place when higher flow rate
is supplied. Factors such as adhesive force as stated earlier and also increase in particle
weight also play its roll in fluidizing the mixture but as the mixture of 500 um start to
fluidized, its bed expansion height shows a better result comparing to the mixture of 100 ym
while using the same parameter.



Table 1: The detail of groups for each solid particle

Group | Particle sizes Fluidizing Examples
C <30 pm difficult Flour or cement Finest
(<0.03 mm)
A ~30-150 pm easier Fine biomass powder
(0.03-0.15 mm)
B 150-500 pm Fluidize Sand
(0.15-0.50 mm) well
D > 500 pm difficult Crushed limestones or coffee | Coarsest
(> 0.5 mm) beams

Effect of the volume flow rate and pressure.

The air volume flow rate and pressure from the compressor is an important operating
parameter to ensure fluidization in the SBFB. Increase in the flow rate of air through the
distribution plate at constant pressure will definitely enhance the fluidization of CaCOs-sand
mixture. Referring the result from Figure 6, it proves that as the flow rate increased,
fluidization occurred. At a constant pressure of 2 and 3 bars, the result proves that at a low
flow rate of 5 //m, fluidization does not happen. Once the flow rate increases to 15 and 25 //m,
fluidization starts to show in the SBFB.

The pressurized air from the compressor has its effects on the fluidization. As the pressure
increases, it enhances the fluidization of the mixture. The purpose is to overcome the
adhesive force from the powder and so that fluidization will occur as well as increase the bed
height expansion.

Conclusion

The investigation of the fluidization of the CaCO;-sand mixture in a cold model SBFB has
been carried out. From the results, it can be concluded as the following:

a) CaCOj3-sand mixture with particle size of 100 um (70%, 60%, 50% and 40% CaCQO3), can
be fluidized at all flow rates (5, 15, 25, 35, 45 and 55 //m) at constant pressure of 2, 3,4, 5
and 6 bars.

b) The CaCOs-sand mixture with particle size of 500 ym fluidized at all condition except for
70% CaCO; where it does not fluidized at low flow rate.

¢) Fluidization for CaCO;j-sand (500 um) is better compared to 100 ym in terms of bed
height expansion.

d) The increment of the flow rate at constant pressure is directly proportional to the
condition of the fluidization of the mixture.
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