






























































































































































downcomer by a screw feeder. Then, sawdust is injected into the cyclone tangentially
with air driven injector into the cyclone chamber. Gasification air will be supplied to the
cyclone together with the sawdust using air compressor. The injector directs the
fuel/air mixture entering the cyclone chamber in a tangential direction, which generates
swirl flow in the cyclone. The swirl will force the incoming sawdust particles to follow
the trajectory close to the cyclone wall. Producer gas exits the cyclone via a vortex
finder, while the char fall downwards toward the bottom outlet into ash collector.

A cyclone is a mechanism that used to separate solid materials from gases or
liquids. All cyclone separators are based on centrifugal separation of particles in an
induced vortex within the gas flow. When the fluid, with the dispersed particles in
suspension injected tangentially through the inlet pipe into the cyclone, then due to the
specially designed geometrical feature of the cyclone, the fluid acquires a spiraling
motion, which first descends along an outer spiral and then ascends through an inner
spiral. When the vertical motion, spiraling reached the conical section, the centrifugal
forces can be several times greater than gravity contributing to particle separation. The
dispersed particles, which have a different density to their carrying fluid, are driven by
the centrifugal acceleration to move perpendicular to the fluid motion. The relatively
larger particles possess a larger inertia and therefore acquire a stronger centrifugal
acceleration. When the centrifugal acceleration is sufficiently large, then the particles
drift towards the sidewall and finally they are separated at the bottom of the cyclone.

The cyclone gasifier is the common returned flow type cyclone with tangential
inlet. The design was based on a combination of dust separator and cyclone combustor
principles. Dust separator used angular momentum fluxes to separate dust while,
cyclone combustor use an internally generated high centrifugal force fields, secondary
flows and well stirred reactor conditions to mix fuel and air which support good
gasification characteristics. The geometric swirl number for the present designed
cyclone gasifier was Syr=12 as suggested by Fredriksson, 1999. The cyclone gasifier
was designed to gasify sawdust at the required rate and at the lowest possible wall
temperature, 400 - 600°C. The operation of the cyclone should be stable and the gas
produced must be combustible.

The cyclone gasifier unit consists of conical and cylindrical parts which together
form the body of the cyclone. The gasifier body is made of Mild Steel plate with 6mm
thickness. The cylindrical body has a 472 mm internal diameter and 1262 mm height
and the conical part connected with a char collector at the bottom. The inlet of the
cyclone is mounted tangentially on to the sidewall of the cylindrical part of the cyclone
body, 170 mm from the top of the cyclone. The exit tube usually called the vortex finder
or the vortex tube is fixed on the top of the cyclone and it protrudes 160 mm in to the
body of the cyclone. Part of the internal diameter is insulated with 75 mm refractory
cement and 50 mm calcium silicate to minimize heat loss. Gasification air was supplied
to the cyclone together with the sawdust via Injector. The Injector directed the air/fuel
mixture to enter the cyclone in a tangential direction, which generate a swirl flow in the
cyclone. The swirl will force the incoming sawdust particles to follow the trajectory close
to the cyclone wall. The product gas leaves through the top outlet of the cyclone.
Figure 2 shows a schematic diagram of cyclone gasifier unit.
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Figure 2: Cyclone Gasifier Unit

The feeding system consists of hopper and screw feeder. Hopper is used to
store sawdust before being fed by screw feeder. The diameter of helical screw and
tubular shaft is 147mm and 50 mm, while the size of pitch is 120 mm. The fully
specification of screw feeder can be seen in Appendix A. Sawdust will flow towards the
screw feeder by gravity. The hopper designed applies funnel flow where the fuel flows
through the core. The degree of inclination of the tapered side is 45° from vertical wall
to make sure the hopper provide mass flow effect properly. The hopper can store
maximum 30 kg of sawdust and sawdust stored in hopper manually. Screw feeder is
used to feed sawdust from hopper to downcomer. The rotation of screw feeder was
controlled by motor while the rotation of the motor is controlled by Micro Inverter which
is shown in Plate 2.

Plate 2: TECO SPEECON 7200MA Micro Inverter



The feeding rate of sawdust can be determined by calibrating the screw feeder
with different speeds of the motor. Figure 3 is the chart showing the relationship of the
biomass fuel feed rate and frequency of the micro inverter.

140 -
120 4

100 -

o
o
L

Fuel feed rate (kg/h)
[o2]
o

40 |

2 3 4 5 6 7 8 9 10
Frequency of Micro Inverter (Hz)

Figure 3: Relationship of Fuel Feed Rate and Frequency of Micro Inverter

The trend shows that the fuel feed rate increases with the increase in frequency
of the micro inverter. From the result, the minimum fuel feed rate that can be fed by
screw feeder is about 10 kg/h. Therefore, in this study the minimum amount of sawdust
that will be fed to the hopper is limited to 10 kg. The amount will be increased with
increasing the frequency of micro inverter. However, the maximum amount of sawdust
that can be injected by the injector through tangential inlet is about 40 kg/h. Therefore,
the frequency of Inverter should be varying from 2 Hz to 6 Hz.

The injector system consists of a downcomer and a fuel injector. The fuel
injector is used to supply air and inject sawdust in to the cyclone chamber, while the
downcomer connects the fuel injector and the screw feeder. The fuel injector consists
of air ejector and air supply nozzle. The air nozzle will force the sawdust, whilst air
ejector will induce the air/fuel mixture into the cyclone chamber. Figure 4 shows the
schematic drawing of an injector system. Plate 3 shows the air supply nozzle, while
Plate 4 shows the air ejector.

10



DOWNCOMER

AIR EJECTOR

CYCLONE

- '

M

INLET ' —

NOZZLE

T

PRESSURIZE
AIR

Figure 4: Schematic Drawing of Injector System

Plate 3: Air Nozzle Located at Injector System
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The air nozzle is made of brass with diameter of the nozzle 1 mm while the air
ejector has a diameter 3 cm. The injector system is located at the cyclone inlet,
tangentially to the cyclone chamber. The air is supplied to the gasifier through the
injector system by an air compressor. Plate 5 shows the air compressor used in this
system.

The cyclone chamber needs to be heated up before the injection process.
Diesel burner or LPG burner were used for heating process. Bumner inlet is located
tangentially to ensure good heat distribution inside the chamber. Plate 6 shows the
commercialize diesel burner.

Plate 5. Air Compressor to Supply Air through the Injector

The commercialize diesel burner is capable to act as a heat back up for
immediate heat up to the cyclone chamber in case any problem occur in the feeding
system or during reloading the biomass fuel in the hopper. However, the maintenance
of the diesel burner is quite high because of the tar produced from the process
deposited in moving part and spray nozzle of the burner and thus creating problems.

Plate 6: Commercialize Diesel Burner Located Tangentially with Cyclone
Chamber
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Following the problems with the diesel burner an LPG burner was designed and
fabricated at USM. To ignite the burner, the LPG gas and air supply should be adjusted
to acquire proper flame. The system is free maintenance and easy to operate.
However, the time required to heat up is longer than commercialize diesel burner.

Plate 7: LPG Burner

The main measurement apparatus are used to measure temperature, air flow
rate, pressure, weight of fuel and gas composition. Type K thermocouple, rotameter,
anemometer, differential pressure meter and gas chromatography (GC) are the main
measurement apparatus. Type K thermocouples were used to measure the
temperature inside the gasifier chamber. There were 4 type-K thermocouples located
at different location to investigate the thermal effect and temperature distribution inside
the cyclone chamber. One thermocouple was placed at cyclone outlet, the other two
placed at the cylindrical body (top and middle) and last thermocouple located at the
body of the conical section. Plate 8 shows the thermocouples located at different
locations of cyclone chamber while Figure 5 shows schematic drawing of
thermocouples position for temperature monitoring.

Plate 8: Four Thermocouples Located at Different Locations
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All thermocouples were connected to the data logger which is then connected
to a computer. Scan link software recorded the temperatures for every 4 seconds. The
data obtained then graphically plotted to illustrate temperature profiles over the period
of time during the test. Thermocouple one measured the temperature level of producer
gas located at 50 mm from the top gasifier unit. Thermocouple two, measured the
temperature at the top of cylinder part located at about 100 mm from the inlet.
Thermocouple three, measured the temperature at the bottom of cylinder part located
at about 300 mm from the inlet while the thermocouple four, measured the temperature
at cone part located at about 500 mm from the inlet. The thermocouple probe tips
should be clean and polish regularly with tar remover to remove any layer of tar to
avoid measurement error.
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Figure 5: Schematic Drawing of Thermocouples Locations

DIGI-SENSE scanning Thermometer with 12 channel thermocouple scanner
Model 69202-30 was used to log the temperatures during the tests. The data logger is
capable of logging the temperatures for every 4 second. Plate 9 shows the data logger.

Plate 9: Thermocouple Data Logger
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The gasification air was supplied through an injector by an air compressor. The

flow rate of air was measured by

Plate 10: Rotameter

Plate 11: Mini Thermo Anemometer

Plate 12: Differential Pressure Meter
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Gas chromatograph was used to analyze the composition of producer gas
which is expected to consist of hydrogen, carbon monoxide, carbon dioxide, methane,
nitrogen and oxygen. The producer gas was collected by gas sampling bags. The
brass tube with 5 mm diameter and 2 m length is used as a simple tubing system is
installed at the cyclone outlet to reduce the temperature and to transfer the producer
gas through gas sampling train into the gas sampling bag. A gas sampling train was
used to clean a producer gas because the gas from the cyclone is dirty and wet and
could cause damage the gas chromatograph. The gas samples were analyzed as soon
as possible in gas chromatograph in order to avoid any contamination or diffusion of
gases into or out of the bags. Plate 13 shows the gas chromatograph (GC) used to
analyze the producer gas.

Plate 13: Gas Chromatograph (Hewlett Packard Module 4890)

In this analysis, helium was used as a carrier gas. Generally gas
chromatograph consists of an injection port and separation part contain of column,
detector and recorder. Two columns (Propack-Q and Molecular Sieve) were used in
order to identify the gases. The Propack-Q column was used to detect CO, and the
Molecular Sieve was used to detect the other gases (CO, CH,, H,, O, and N,) using
thermal conductivity detector (TCD). The results are explained in term of retention
times and areas of the peaks.

The test and analysis have been performed on the sawdust in order to study its
characteristics (moisture content, bulk density, particle size, calorific value and
chemical composition via proximate and ultimate analysis) to cater for the design
requirement of the cyclone gasifier. This biomass waste was collected from Zilanza
Furniture Sdn. Bhd. at the Furniture Industry Area, Jawi Nibong Tebal, Pulau Pinang.
The raw sawdust was produced by cutter, sawing, sieve and sanding. The types of
species of wood sawn timber used by the factory were Meranti (Dark Red, Light Red
and Red).

The size distribution of the fuel particles is very important because it determines
the particle flow in the downcomer, the injector and the cyclone chamber. The size
distribution also influences the time required for gasification and the carry-over particles
with the product gas. The raw sawdust was characterized using sieve shaker and pre-
treated using a grinder. Plate 14 shows the disk mill used for grinding the raw sawdust.
The disk mill is capable of grinding and sieve with three different mesh sizes (3.5 mm,
1.2 mm and 0.6 mm). The size distribution was determined by automatic sieve shaker.
Plate 15 shows the automatic sieve shaker located at School of Material and Mineral
Resources.
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Plate 14: Disk Mill for Grinding the Raw Sawdust from Furniture Industry

Plate 15; AutomaticSieve Shaker

Bomb calorimeter was used to determine the heating value of the sawdust. The
test was done at Thermodynamic Lab, School of Mechanical Engineering. The sample
was wrapped and tied by nickel wire before placing it in the crucible. Then, the crucible
with the sample was placed in the bomb filled with oxygen. Then, the bomb was
immersed in water. The outer jacket was kept at a constant temperature while the
calorimeter water in the inner vessel changed. The changes were measured until it

stops. The experiment was done in almost 15 minutes. Plate 16 shows the bomb
calorimeter.

. i
Plate 16: Bomb Calorimeter for Measuring Calorific Value of Sawdust
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The ultimate analysis was conducted on the sample ground sawdust in order to
determine its chemical composition using PE 2400 Elemental Analyzer located at
School of Chemical Engineering. Proximate analysis was carried out using TGA7
together with TG controller. The TGA system interfaced to a microcomputer for data
acquisition and control task. Plate 17 shows the PE 2400 Elemental Analyzer and Plate
18 shows TGA7 system with TG controller.

Plate 18: TGA7 with TG Controller

To test the performance of the cyclone, a number of experiments were
conducted in which the cyclone was operated at different conditions. Different
operating conditions were achieved mainly by changing the equivalence ratio in the
cyclone. Fuels with slightly different size distributions have also been tested. The
experimental procedures of cyclone gasifier using sawdust as a fuel are as follows:

1. Prepared the sawdust and weigh about 10 kg for batch feeding. Place the sawdust
manually into the hopper. The raw sawdust should be ground and sieved to the
desired size distribution of the biomass fuel.

2. Connect and switch on the data logger before heating the cyclone chamber.

3. Heat up the cyclone chamber with diesel burner or LPG burner until the wall
temperature reached 400°C — 600°C.

4. Turn on the air compressor and open the air compressor valve for supplying air
inside the chamber through the injector.

5. Set with appropriate frequency at the Micro Inverter and then switch on the screw
feeder. The sawdust is transferred to the injector via screw feeder and downcomer.

6. As long as the sawdust is injected to the cyclone chamber, the combustion occurs.
Allow the combustion process steadily about 1 to 2 minutes then switch off the
burner.

7. When the process is running smoothly, the producer gases are collected using gas
sampling bag and then quickly tested in the gas chromatograph.

8. During the process the flow rate of producer gas and pressure is measured by
anemometer and pressure gauge.

9. Fuel feed rate and air flow rate should be varied to get optimum process.

10. The process should reach stable conditions and running smoothly.
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11. Once the experiment was completed, switch off the air compressor and screw
feeder.

12. Open the char collector and weigh the collected char and determine the energy
content in the char. '

Problems Encountered During the Test

There were many problems encountered during the running process that can be
solved and some could not. Generally the gasifier worked successfully. The most
significant problem was the fuel feeding system. The sawdust from the hopper falls
down to the screw feeder by gravity effect. Because of bulky nature of the fuel, certain
sawdust jammed at the throat of the hopper. As a result, an air ejector was installed at
the throat to gurgle the sawdust. This works and the sawdust will continuously flow. In
early stages of the test, the sawdust also stuck at the downcomer and injector when
the fuel feed increased but the problems was fixed by changing the designed of
downcomer and installing the air ejector to induce the mixture of fuel and air. Much
work also has been done to overcome the fluctuation of the fuel feeding system using
different kind of injector systems.

At first, the heat up process cannot be done using available gas LPG torch. The
gas blew in the gasifier several times during the heat up process forcing the
modification to be made on the heating port and quest for another type of burner to be
used instead of the current one. Diesel burner is considered and the heating port
modified. However, diesel burner needed high maintenance. After several tests, the
diesel burner must be serviced and repaired due to particles and tar clogging the spray
nozzle. As a result, newly developed LPG burner was designed and installed for
heating process. The LPG burner is free maintenance and easy to handle but the time
for heat up process increased because the LPG burner operated at minimum condition
due to the limitation of the air compressor. The LPG burner was ignited manually by
adjusting the LPG and air compressor valves to obtain good mixture and produce blue
flame.

A disk mill was operated with minimum load (25 kg/h) of raw materials due to
the limitation of the motor. Therefore, the preparation of sawdust for the test required
spending much time. In the test, a large amount of sawdust was needed, thus the disk
mill must be carefully maintained. The sieve must be cleaned continuously to prevent
clogging and could cause damage to the motor.
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VII.

RESULTS AND DISCUSSION

Experimental work to study the performance and characteristics of the cyclone
gasifier has been conducted at the School of Mechanical Engineering, USM. In this
chapter the results of all experimental work done are presented as follow:

Fuel characterization: size distribution of raw and ground sawdust, ultimate and
proximate analysis and heating value of sawdust

. Temperature profiles: producer gas temperature and wall temperature profiles inside

the cyclone chamber i.e. effect of different size distribution, effect of air flow rate and
effect of equivalence ratio

. Analysis of producer gas: gas composition and calorific value, the flow rate of the

producer gas, thermal output from the gasifier and mass conversion efficiencies
Thermodynamics of gases: enthalpy balance, enthalpy of input, output, combustible
gases, sensible heat of producer gas and enthalpy of char

Mass balance and separation process of the gasifier

Pressure drop in cyclone gasifier

Gasifier efficiency

All the results are then discussed in order to obtain the most practical condition in
gasifying sawdust through a cyclone gasifier.

Fuel Chgracteristics

Experimental studies were carried out on three different types of size
distributions of sawdust. Different types of size distributions of sawdust were tested in
order to study the effect of size distribution on gasification process in cyclone gasifier.
Mean size distributions of the fuels were determined using different size of sieves. The
conditions of the test were stated in Table 3 while the result of the size distributions of
raw sawdust and ground sawdust from the sieving process are as shown in Figure 6.

Table 3: The Conditions of Sieve Test

Type of fuel A B C D
Sources Furniture Fumiture Furniture Furniture
Industries Industries Industries Industries
Grinder Raw Disk Mill Disk Mill Disk Mill
Meshing Size N/A 3.5 mm 1.2 mm 0.6 mm
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Figure 6: Size distributions of Sawdust

From the results, Fuel A and B consist of about 80% for size more than 1 mm
while Fuel C consist of about 50% in the same region. In addition for size ranging from
0.25 — 1.0 mm, Fuel C and D consist of about 40% and 80% respectively. From
previous study, Fredriksson, 1999 using commercialize Swedish wood powder, the
largest percentage of size distribution is in the range of 0.25 — 0.5 mm which is about
38%. Gabra et al., 2001b using different types of sugar cane residue and the largest
percentage of size distributions is in the range of 0.25 — 1 mm which is about 50% to
70%.

Flow Test and Spray Test

The objective of flow test is to determine the continuity of the flow in the feeding
system while spray test is used to prove the workability of the injector system. In spray
test, spray length and spray width were measured to verify the spray system ability to
eject the particles and reach the wall of the cyclone chamber. All the tests were done
outside cyclone chamber in an isothermal and ambient condition. The test was done

using the lowest fuel feed rate and air flow rate which was about 10 kg/h and 120
liter/min respectively.

In the first attempt, Fuel A was used and it was observed that, the flow of Fuel A
stopped instantly after screw feeder was switched on because the incoming sawdust
was block by accumulated fuel at the injector inlet. The blockage was caused by an
inhomogeneous of size and shape of raw sawdust particles. Therefore, Fuel A is
unsuitable to be used directly in the cyclone gasifier.

A flow test was continued for ground sawdust, Fuel B, C and D. The result
showed that, the fuel flowed smoothly and continuously through the feeding system
without any interruption. However for Fuel D, after about 15 minute the amount of
sawdust that has been fed by the screw feeder became slower. It was found that, at the
hopper or fuel storage bin, the flow of fuel was only at the core while at the surrounding
the fuel was stagnant. This is because the flow at the hopper works by gravity effect.
So, to assist a better fuel flow at the hopper, a system such as vibrator, stirrer or air

21



injector should be installed to fix the problem. Thus, a simple and low cost air injector
system was introduced at the exit of the hopper to force the fuel into the screw feeder.

The ground sawdust showed good results in term of eliminating the problems
associated with feeding process compared to the raw sawdust. Options available are to
grind the raw sawdust or by separating the sawdust particles to the intended size
distribution by physical means such as sieving. However the latter process is tedious
and uneconomical for practical usage in the operation of cyclone gasifier. The former
process is a better option.

Table 4 shows the spray length and maximum width for Fuel A, B, C and D. The
result shows that Fuel B, C and D have spray length and width in the range of 60 cm to
100 cm and 10 cm to 20 cm respectively. Therefore, the minimum air flow rate is strong
enough to carry the fuel particles to reach and hit the cyclone wall with considering the
diameter of the cyclone chamber is measured at 210 mm.

Table 4: Spray Size for Different Sawdust Size Distribution

Type of fuel Length (cm) Maximum width (cm)
A N/A N/A
B 60 10
C 80 15
D 100 20

The test was further extended to investigate the effect of the injector to inject
the sawdust with increasing fuel feed rate. Fuel B, C and D were used with maximum
air flow rate which is 360 liter/min. It was found that, the fuel flowed smoothly and
continuously through the feeding system without any interruption as long as the
frequency of Micro Inverter set below 6 Hz. Therefore, the maximum fuel feed rate can
be inject by the injector is about 40kg/h.

Ultimate and Proximate Analysis

The ultimate analysis determines the weight percentage of carbon, hydrogen,
nitrogen, oxygen and sulphur. The raw sawdust from locally furniture industry was
tested where the type of species of wood sawn timber used by the factory was Meranti
(Dark Red, Light Red and Red). The result of the ultimate analysis is as shown in Table
5.

Table 5: Ultimate Analysis of the Sawdust

Element Dry weight, %
C 42.38
H 5.27
N 0.14
0] 42.41
S 0.00

The result shows that the weight percentage of carbon, hydrogen, nitrogen,
oxygen, and sulphur (dry basis) are consistent with typical wood analysis reported in
the literature. However, the percentage of nitrogen and carbon of the sawdust used are
relatively lower compared to processed biomass materials such as plywood which
normally gives higher carbon and nitrogen value at above 48% and 1% respectively
(Reed, 1998). The low nitrogen and carbon value is nevertheless consistent with the
analysis obtained for unprocessed wood. This may reflect the quality of the sawdust
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obtained from the local furniture industry which is comparable to the unprocessed
wood. '

Referring to the data (Appendix B), the proximate analysis for 5 mg sample of
ground sawdust is summarized in Table 6.

Table 6: Proximate Analysis of the Sawdust

Proximate Analysis Dry weight, %
Moisture Content 8.25
Volatile Matter 76.23
Fixed Carbon Content 14.04
Ash Content 1.49

From the result shown above, the fixed carbon content is 14.04%, the volatile
content is 76.23% and the ash content is 1.49%. The amount of ash content is much
lower compared to rice husk, another potential biomass fuel for application in a cyclone
gasifier, which has the typical ash content at 20% (Yusoff, 2006). The selection of
sawdust as the biomass fuel appear to be the right choice since ash content is very
important parameter affecting the composition and calorific value of producer gas. The
lower the amount of ash content the better the fuel.

According to the above proximate analysis, moisture content of sawdust is
around 8.25%, a typical value for sawdust. This moisture content is relatively higher
compared to other types of biomass fuel used by other researchers using cyclone
gasification technique. Other researchers agreed that the moisture content will affect
the performance of the gasifier and thus they adopt a pre-treatment process to reduce
the moisture content of their biomass fuel to give the optimum operating condition. The
typical maximum amount of moisture content of wood acceptable for gasification
process is in the range of 30% to 60% depending on types of gasifier design. However
effect of different moisture content of sawdust and other biomass fuels on the cyclone
gasifier are beyond the scope of this study since assumption has been made that any
extra pre-treatment process on the sawdust will render the cyclone gasifier to be
impractical and uneconomical and direct use of the sawdust with the typical moisture
content is still within acceptable value for smooth operation. Extra caution has been
made for the sawdust used in this study to be in the dry condition as-it-is basis. Table 7
shows the moisture content of various type biomass fuels used in similar cyclone
gasifier.

Table 7: Comparison of Biomass Fuel Moisture Content

Researchers Biomass fuel Type of | Moisture content
gasifier (% dry basis)
Gabra et al. (2001) Ground bagasse Cyclone gasifier 5.9
Gabra et al. (2001) Sugar cane trash Cyclone gasifier 6
Fredriksson (1999) Commercialize wood | Cyclone gasifier 5.6
powder
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Heating Value of Sawdust

The high heating value (HHV) of sawdust was found to be about 18.23 MJ/kg
using a Bomb Calorimeter (see Appendix C) with moisture content 8.25%. The low
heating value (LHV) was about 16.54 MJ/kg. The result determined was in the range of
various type of wood which is between 15.3 MJ/kg and 21.2 MJ/kg on dry fuel basis
(Negi and Todaria, 1993). Low heating value (LHV) is used in the calculation for
gasification rather than high heating value (HHV) because the final product from the
gasifier is in the gaseous form.

Temperature Profiles in the Gasifier

A large number of tests were taken to characterize the cyclone gasifier. The
tests used ground sawdust with three different size distributions (Fuel B, C and D). To
characterize the gasification process in the cyclone gasifier, the tests used a wide
range of fuel feed rates and three different air supply flow rates resulting in different
equivalence ratios. All tests are operated to reach stable steady state condition.

Dynamic temperature profiles are important to assist in the understanding of the
gasification process in terms of the thermochemical phases. But more importantly, it
also can be used as a process control indicator inherently measuring disturbances
occurring in the feed rate and the air flow rate. A process controller scheme may be
devised to control the gasification process utilizing the temperature response in the
temperature profiles. In order to measure the temperature, three thermocouples were
placed at different positions along the cyclone gasifier. One thermocouple was placed
at exit point to record producer gas temperature. The characterization exercise was
extended to cover the temperature profile of exit gas temperatures because the
determination is important for the purpose of examining the economical and potential
application in an external combustion system such as boiler, gas turbine etc. or in an
internal combustion system. Table D.1 summarizes the condition of tests taken (see
Appendix D).

It is difficult to differentiate the thermochemical phases in the cyclone gasifier
through the temperature profiles since the numbers of thermocouples were not
sufficient. Figure 7 shows the typical wall temperature profiles and gas temperature in
the gasifier. Looking at the temperature at T2, it can be concluded that the drying and
devolatilisation zones are minimal and the fuel oxidized almost instantly. The drying
and devolatilisation zones can be said to co-exist theoretically but experimentally it is
difficult to be determined. This is caused by the nature of the fuel used. The sawdust is
in the particle form so when it was injected into the chamber, it reacted almost as
gaseous fuel. Meaning that sawdust can be considered to react and combust with the
same behavior like gaseous fuel and does not undergo drying and devolatilisation
processes. It went straight to combustion. This phenomenon is contrary to other
gasifiers and is an exclusive characteristic of a cyclone gasifier.
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Run 15
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Figure 7: Temperature Profiles in the Gasifier

The temperatures level at T4 almost lower than T3. However at some run (see
Appendix E) appeared to be giving higher temperature compared to the T3. This could
be caused by oxygen presence at the ash collector and thus reacted with the char at
the zone. However it can also be attributed to the difference in the fluid dynamics
properties at the conical and cylindrical section. At the cylinder section the swirling flow
has a bigger diameter while in the conical section the diameter is reduced thus
increasing the swirling velocity. An upward flow forced vortex was formed as the result
and flowed to the vortex finder and exiting the gasifier. In that region, from the fluid
dynamics perspective, the velocity increased with the increasing pressure drop and
then the gas is slightly compressible to create an upwards forced vortex flow and
hence resulted in a slight temperature increase.

It is also interesting to see that the exiting temperatures were higher than T2
temperatures. At T2, some of the fuel was combusted resulting in high temperature
flow. The flow temperatures getting lower at T3 since the oxygen is limited hence the
oxidation process comes to a halt resuiting in a char gasification process which should
give lower temperatures. However, exiting temperature was much higher than
temperature at T2. This could possibly caused by exchange of heat between the
upward vortex flow and the downward swirling flow at T2. The upward vortex flow is in
lower temperature and the downward swirling flow is in higher temperature and the
vortex finder made from mild steel. The high temperature flow heated the low
temperature flow and when exiting the gasifier, the producer gas is considerably in
higher temperature than in the lower region which provides a better condition to react
with the oxygen present at the exit point. This phenomenon may as well serves as the
explanation on the temperature losses between T2 and T3. This is another important
characteristic of a cyclone gasifier. If the quality of the producer gas sought i.e. for
internal combustion, then a cooling system is needed at the exiting point and the
design aspects of the vortex finder should be looked into to prevent the unnecessary
heat exchange. However if the temperature of the producer gas is sought i.e. for
external combustion, then this characteristic will be an added advantage for the
cyclone gasification technique.
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Effect of Using Different Size Distribution of Sawdust on the Temperature
Profiles of the Gasification Process

The size distribution of sawdust particle is one of the important factors to be
considered when running cyclone gasifier. Three types of fuel was used those are Fuel
B, C and D specified in the section 5.1.1. The condition of the run was fixed for all three
run. The air supply was fixed at 120 liter/min and the fuel feed rate was fixed at 15

kg/h. Figure 5.3, 5.4 and 5.5 show the results of the temperature profiles of each types
of fuels used.

Figure 8 shows wall temperature profile of run conducted using Fuel B.

1200 - Bumer switched Run 1
off. Fuel feeding Date: 3.5.2006
start Fuel feeding stop Type : Fuel B
' : Feed rate: 15 kg/h
1000 - ) Air supply: 120 t/min

800 -

600 4

Temperature (°C)

400 -

200 -

0.0 0.7 13 20 27 33 4.0 4.7 53 6.0 6.7 73 8.0 8.7 93

Figure 8: Temperature Profiles for Test Run using Fuel B.

Air was supplied through an injector that was located at the cyclone inlet, 170
mm from the top of cyclone gasifier unit. The test was carried out when the gasifier was
cold. The test starts with heating up the gasifier using diesel burner with maximum
capacity (fully open air valve). The result shows that, when the cyclone chamber was
heated up, the gas temperature rose rapidly to 1000°C. The pattern followed by the
wall temperature at T2 and T3 rose to 300°C in about two minute but the wall
temperature at the T4 is relatively low which is about 130°C.

The result shows that the gasification process initiated as the sawdust was
injected but the gasification process cannot be maintained except for about 6 minute.
When the fuel was first injected, the wall temperature at all thermocouple decreased
rapidly to about 100°C in only less than one minute before later on the temperature
fluctuated for several minute and decreased further because the sawdust particle was
unable in sustaining the gasification process. The reason is believed to be caused by
the size distribution of particle which is relatively larger and cannot be suspended long
enough in the chamber to enable the gasification process to occur. Hence, Fuel B was
found unsuitable for this cyclone gasifier because the gasification process cannot be
maintained in the cyclone chamber.
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Figure 9 shows the wall temperature profile at cyclone chamber using Fuel C.
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Figure 9: Temperature Profiles for Test Run using Fuel C.

The wall temperature profile at all thermocouple showed similar pattern with
Fuel B during the heated up process. However, when fuel was injected the gas and
wall temperatures fluctuated for about 10 minute before stabilizing until the end. The
maximum wall temperature recorded at T2 was about 500°C but along the running
process, the wall temperature recorded was maintaining a mean value of 380°C.
Therefore, the wall temperature at T2 which was about 400°C was high enough to
gasify Fuel C and the gasification process capable to sustain for long period of time.
The wall temperature profile at T3 and T4 fluctuated at early stage but after 30 minute,
the wall temperature at T3 and T4 began to rise at a point where the wall temperature
at T3 and T4 met at the end. This showed that in steady state condition, the wall
temperature at T3 and T4 should be maintained at the same value. Even though, Fuel
C can be gasifying in cyclone gasifier, the gasification process took long time to reach
steady state condition because the effect of particles size distribution. Therefore, for
fuel C the heated process should be prolonged to further increase the wall temperature
before injecting the fuel to enable the gasification process to occur steadily in early
stage of running but the process seems uneconomical in term of fuel burner usage.

Figure 10 shows the wall temperature profile at cyclone chamber using Fuel D.
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Figure 10: Temperature Profiles for Test Run using Fuel D.

From the figure, there is a significant different in the wall temperature profile
inside the cyclone chamber especially just after fuel was injected. As long as the
sawdust was injected inside the cyclone chamber the gasification process occurred
steadily and the gasifier running smoothly. However after 15 minute the wall
temperature at all zone start fluctuated for about four minute because of the problem of
fuel flow at hopper, but the wall temperature increase further towards the end of the
process when the injector located at hopper was switched on for only about one
minute. The gas temperature profile followed the similar pattern along the test. The
temperature profile at T2 generally increased and maintain steadily at a mean value
430°C. The temperature profiles at T3 and T4 maintained at about 200°C. As a resullt,
the gasification process occurred steadily and the gasifier running smoothly when Fuel
D was used.

These three wall temperature profiles of the gasification process using different
sizes distribution of sawdust is presented in a single graph in which all thermocouples
located are shown to assist in looking into the general trend of the profiles. Figure 11
shows the mean value temperature against fuel type for thermocouple T1, T2, T3 and
T4.
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Figure 11: Mean Value Temperature versus Fuel Type

As discussed earlier Fuel B was not successfully gasified where the gasification
process stopped after 7 minutes. Fuel C gave the higher temperature at all
thermocouple (T1, T2, T3 and T4) compared to Fuel D. The temperature difference of
both Fuels was about 150°C, 60°C, 20°C and 50°C respectively. It appears that the
finest size distribution of sawdust will gave lower temperature profile at all
thermocouple. This is possibly due to the rate of conversion process. The finest
sawdust size distribution means the conversion process from one phase to another
phase occurred very fast thus the main value temperature profile reduced. However
too large a particle will results in instability in the gasifier and found unsuitable such as
in Fuel B.

Effect of Using Different Air Flow Rates on the Temperature Profiles of the
Gasification Process

Only Fuel D is used to examine the effect of using different air flow rates on the
gasification process in cyclone gasifier chamber. This is because the gasification
process reached steady condition fastest than other type of fuel (B and C), thus the
process seems economical in term of fuel burner usage. In addition, Fuel D gave
lowest temperature profile at all thermocouple position. The condition of the run was
fixed for all three run. The fuel feed rate was fixed at 15 kg/h and the air supply flow
rate was varied which were 120, 240 and 360 liter/min. Figure 5.7 and 5.8 show the
results of the wall temperature profiles for air flow rate 240 and 360 liter/min
respectively.

Figure 12 shows temperature profiles for tested using air flow rate equal to 240
liter/min. During thie heating up process, the temperature increased slowly at all
thermocouple positions because the LPG burner used was operated at minimum
capability due to limitation of air compressor. The gas temperature profile at exit shows
continuous increment but fluctuated extremely from start to the end with a mean value
530°C. The wall temperature profile at T2 increased gradually from 300°C to 500°C.
The wall temperature profiles at T3 and T4 fluctuated with mean values 130°C and
150°C respectively. As a result, with increasing the air flow rate to 240 lV/min, the
temperature profile at T2 was higher than run used air flow rate 120 I/min.
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Run 8
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Figure 13 shows temperature proflles at cyclone gasifier chamber using air flow
rate about 360 liter/min.
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Figure 13: Temceraturé Prcfiles for Air Flow Rate 36_0°I/mi'n R

The gas temperature proflle at the exit fluctuated frequently along the process

with a mean value 580°C. This pattern followed by the wall temperature profile at T2
where there was a gradual increase with a mean value 390°C but fluctuated more
compared to lowairflow rate. The wall temperature-at T3 was lower than thermocouple

. at T4 with a mean value 150°C and 220°C respectively.

These three wall temperature profile of the gasification process using different
air flow rate is presented in a single graph in which all thermocouples located are
'shown in Figure 14 to assist in looking into the general trend of the profiles. The wall

temperature profiles at T2 increased with increasing air flow rate. [t appears that the
higher air flow rate will gave higher temperatures at T2. This is due to the amount of
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- available -oxygen. A higher air flow rate means more oxygen-was supplied to the
gasifier and hence more oxidation occurred thus increased the temperature. The
“lowest temperature profiles at T1, T3 and T4 was run with air flow rate 240 l/min. The
wall temperature at T4 was higher than T3, possibly due to turbulence flow at conical
section that was disturbed the swirling flow When forming the upward forced vortex.
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Figure 14; Mean \}alue Temperature versus Air Flow Rate

Effect of Usmq Different Feed Rate on_the TPmpﬁerature Profiles of the
Gasification Process-

Again only type Fuel D was used to examine the effect of using different fuel
feed rates on the gasification process in cyclone gasifier chamber. The condition of the
run was fixed for all run. The air supply flow rate was fixed at 240 liter/min while the fuel
feed rates were varied: 17, 20, 22 and 28 kg/h.

'Figu're 15 shows th_e.'temperature-prbﬁles"of tested u$ing fuel feed rate 17 kg/h.

31



Run 13
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Figure 15: Temperature Profiles using Fuel Feed Rate 17 kg/h

The producer gas temperature profile at T1 fluctuated with a mean value 530°C.
The wall temperature profile at T2 is relatively high with a mean value 500°C and at T3
and T4 the wall temperature mean values were about 200°C,

Figure 16 shows temperature profiles for cyclone gasifier at fuel feed rate 20
kg/h. From the graph, the gas temperature gradually decreased with the increase in
time after the fuel was injected up to about 25 minutes and then increases, thus gave
lower mean value about 470°C. The wall temperature at T2 was slightly increased in
time with a mean value 470°C. Therefore, the mean value gas temperature is equal to
mean value wall temperature for fuel feed rate 20 kg/h. In addition, the wall
temperature at T4 is higher than T3 with a mean value of 240°C and 210°C
respectively.
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Figure 16: Temperature Profiles using Fuel Feed Rate 20 kg/h
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Figure 17 shows temperature profiles for cyclone gasifier at fuel feed rate 22
kg/h.

Run9
Date: 31.5.2006
Fuel: Type D
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Figure 17: Temperature Profiles using Fuel Feed Rate 22 kg/h

From graph, the gas temperature profile, T1 follows the pattern of fuel feed rate
at 20 kg/h which is gradual decrease with mean value 560°C. The wall temperature
profile at T2 increased slightly and steadily maintain at the middie towards the end with
a mean value 460°C. As usual the wall temperature at T4 is higher than T3 with a
mean value 220°C and 160°C respectively.

Figure 18 shows the temperature profiles of cyclone gasifier system running at
28 kg/h. From the graph shown, the system attains steadiness quickly and has less
fluctuation compared to the lower fuel feed rate previously. The gas temperature is high
and maintained at a mean value 690°C. The wall temperature at T2 is relatively lower
compared to the lower fuel feed rate which is at a mean value 210°C. The mean value
of wall temperatures at T3 and T4 are 150°C and 91°C respectively.
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Figure 18: Temperature Profiles using Fuel Feed Rate 28 kg/h

These four temperature profiles of the gasification process using different fuel
feed rate is presented in a single graph in which all thermocouple are shown to assist
in looking into the general trend of the profiles. Figure 19 shows the mean value
temperature versus fuel feed rate. The gas temperature increases with the increase in
fuel feed rate. This is due to the amount of available fuel. A higher feed rate means
more fuel was fed to the gasifier. However, the pattern was different in T2 where the
walll temperature decreases with the increase in fuel feed rate. The lowest fuel feed
rate gave higher wall temperature at T2. The wall temperature at T3 and T4 generally
decrease with the increase in fuel feed rate. The temperature proflle does not vary
much with 2 Kg/h difference.
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Figure 19: Mean Value Temperature versus Fuel Feed Rate
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Effect of Using Different Equivalence Ratio on the Temperature Profiles of
the Gasification Process

The range of equivalence ratio is 0.19 to 0.43. However, the range of
equivalence ratio was extended up to 0.53 to investigate the temperature profiles. Fuel
D was used with the equivalence ratio selected. As a result, the measured mean
values of gas outlet and wall temperature were plotted against equivalence ratio for
gasification with air as injection medium is shown in Figure 20. The temperature of
producer gas decreases with the increase in equivalence ratio up to about 0.31 and
then increases. The highest mean value of producer gas temperature was 700°C with
equivalence ratio of 0.19. The wall temperature at T2 increases with the increase in
equivalence ratio up to about 0.41 and then decreases. The highest mean value
temperature at T2 was 560°C with equivalence ratio 0.41. The wall temperatures at T3
and T4 increase with the increase in equivalence ratio. However, the wall temperature
at T4 is seen slightly higher than T3.
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Figure 20: Temperature Profiles with Equivalence Ratio

Char Separation

The amount of char that is separated and collected at the bottom of the cyclone
for Fuel D is plotted against equivalence ratio and is shown in Figure 21.
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Figure 21: Char Separation versus Equivalence Ratio

Figure 5.16 shows that the char separation decreases with the increase in
equivalence ratio. The amount of separated char decreased from 17% to approximately
7% when equivalence ratio was increased from 0.22 to 0.47. The general trend in
gasification process is that the char formation increased as fuel feed rate increased.
However it should be remembered that the temperature in the cyclone was also
increased by increasing the equivalence ratio in the cyclone. Thus most of the char
has reacted and the reaction rate of the char is seen to be much higher at the higher
temperature compared to the formation of char as equivalence ratio increased.

Pressure Drop and Flow Rate of Producer Gas

The static pressure drop inside the cyclone chamber has been measured
between the inlet and the outlet of cyclone gasifier. The measured pressure drop was
about 60 to 80 Pa for the entire test. The pressure drop found is lower than those found
by other researchers. Fredriksson, 1999 found that the pressure drop was between 100
and 200 Pa. However, the overall efficiency of the gasifier is not dependent on the
pressure drop alone.

The flow rate of producer gas can be determined from the exhaust gas velocity.
The flow rate of producer gas against the equivalence ratio is shown in Figure 22. From
the results, the flow rate of producer gas decreases with the increase in equivalence
ratio up to about 0.41 and then increases. The equivalence ratio increases with
decrease in the mass of the fuel for a given air supply and duration of the run. As a
result the combustible gas also reduces. This explains the reason for decreasing trend
of producer gas flow rate. The higher producer gas flow rate was 0.01664m®%s with
equivalence ratio is equal to 0.22.
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Figure 22: Flow Rate of Producer Gas versus Equivalence Ratio

Performance of the Cyclone Gasifier

The producer gas produced from the cyclone gasifier can be used as an
indicator to determine the performance of the gasifier. The important parameters are
gas composition, calorific value of the producer gas, the cold gas and the mass
conversion efficiencies. The amount of char collected in the char collector located at
the bottom of cyclone gasifier is also important to be a sign of overall fuel utilization.

The characteristic of biomass fuel (sawdust) such as moisture content, the size
distributions, the cyclone gasifier design, the air flow rate, the injector and the gasifying
agent used (air, oxygen or steam) are some factors that affect the quality of producer
gas. Because the end product from the gasifier is a mixture of combustible gases, the
calorific value of the producer gas is the main important parameter in defining the
gasification process. Therefore, the design focus of any gasifier is to increase the
concentration and quality of the producer gas as much as possible. During the tests
carried out, several samples of producer gas were taken and analyzed using gas
chromatograph (GC).

Characteristics of Gas Composition

An analysis of producer gas was performed to evaluate the quality of the fuel
gas produced. Several samples of producer gas were taken during the run at time
interval around 15 minutes after the gasifier reach stable condition and running
smoothly. The gas samples were stored in gas sampling bag before being analyzed
using a gas chromatograph. The sample gas was taken at a sampling point located at
about 10 cm from the exit of the gasifier. A simple connector made from brass pipe with
length about 2 m is used. A gas sampling train was used to clean a producer gas
because the gas from the cyclone is dirty and wet and could cause damage the gas
chromatograph. The combustible gases, produced from the gasifier are H,, CO, and
CH,, while the noncombustible gases include N,, O, and CO,. Appendix F shows
method of GC used while Appendix G shows sample of output from GC for run 10.
Figure 23 shows the percentage of the components of the producer gas against the
equivalence ratio.

37



70

60

50 1 .

40 "

Vol. %

30 1

20

10

0.24 0.27 0.36 0.41 0.47 0.53
Equivalence ratio

Figure 23: Variation of Gas Concentration with Equivalence Ratio

The percentage of nitrogen, N, decreases with the increase in equivalence ratio
up to about 0.41 and then increases. The highest amount of N; concentration is about
53% at equivalence ratio of 0.27. The percentage of N, is lower to those reported by
other researchers. Gabra et al., 2001 found that the percentage of N, was about 60%
at equivalence ratio 0.25. Syred et al., 2004 found that the percentage of N, was about
68% at equivalence ratio 0.27.

The percentage of carbon dioxide, CO, increases with the increase in
equivalence ratio. The highest amount of CO, concentration is about 31% at
equivalence ratio of 0.47. The ‘concentration of CO; is higher than reported by other
researchers. Gabra et al., 2001 and Syred et al., 2004 found that the highest
concentration of CO, was about 18%. The decrease in the percentage of CO, shows
better conversion into CO in the gasification process.

The percentage of hydrogen, H, decreases with the increase in equivalence
ratio. It was found that, the lowest concentration of H, was 16% whilst the highest
concentration was 21%. The concentration of H. is the most significant contributor to
the calorific value of producer gas because LHV of H, is higher than CO. Thus it is
desirable to increase its concentration in order to increase the calorific value of
producer gas. The concentration of H, is higher than other researchers. Gabra et al.,
2001 found that the concentration of hydrogen was about 8%. The reason is probably
due to the moisture content of sawdust which is higher than bagasse, thus increasing
the reaction of water vapor with char. The methane formed was also unstable, thus
reacting with water vapor to form more concentration of hydrogen.

The percentage of carbon monoxide, CO increases with the increase in
equivalence ratio up to about 0.47 and then decreases. The-highest amount of CO.
concentration is about 11% at equivalence ratio of 0.47. The concentration of CO is
lower than other researchers. Syred et al., 2004 and Gabra et al., 200la found that the
concentration of CO was in the range of 7% to 15%.

The percentage of oxygen, O, decreases with the increase in equivalence ratio

up to about 0.47 and then increases. The highest percentage of O, is about 13% with
equivalence ratio 0.36. The lowest percentage of O, is about 1% at equivalence ratio
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0.47. The percentage of O, is found to be slightly higher to those reported by Syred et

al.,
24,

2004 which is about 1% to 2%. The average gas composition is shown in Figure
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Figure 24: Compositions of Producer Gas.

Calorific Value of Producer Gas

The calorific value of producer gas against the equivalence ratio is shown in

Figure 25.
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Figure 25: Calorific Value of Producer Gas versus Equivalence Ratio
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It was found that, the steadier and consistent calorific values were obtained in
the middle of each run and these are the values used in Figure 5.20. The calorific value
increases with the increase in equivalence ratio. The increase in calorific value is due
to the increase in the percentage of CO and H,. The highest calorific value, LHV of the
producer gas is calculated from the concentration of the combustible components and
had an average of 3.90 MJ/m®. The trend of calorific value is in confirmation with Figure
5.19 for CO and H, respectively. Other researchers have also observed a similar trend.
Gabra et al., 2001 found that the LHV increased from 2 to 4 MJ/m® with the increased
in equivalence ratios. Syred et al., 2004 found the LHV increased from 2.99 to 4.26
with the increased in equivalence ratios. Fredriksson, 1999 found the LHV was about
4.4 MJ/m® with assumption the H, was about 8 vol. % due to failure of a measuring cell
in gas analysis equipment.

Thermal Output of the Gasifier

Figure 26 shows the thermal output of cyclone gasifier against equivalence
ratio.
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Figure 26: Thermal Output of Cyclone Gasifier versus Equivalence Ratio

From the results, the thermal output increases with the increase in equivalence
ratio up to about 0.47 and then decreases. The highest thermal output from the cyclone
gasifier was found to be §7.35 kW at equivalence ratio equal to 0.47.

Mass Conversion Efficiency

Figure 27 shows mass conversion efficiency against equivalence ratio.
Appendix H shows a sample calculation in determining the mass conversion efficiency
for run 15.
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Figure 27: Mass Conversion Efficiency versus Equivalence Ratio

The mass conversion efficiency increases with the increase in equivalence ratio
up to a peak value at an equivalence ratio of 0.27 before it starts to decrease. The
highest mass conversion efficiency was found to be about 60%. The result obtained is
lower than other researchers because the water vapour was not condensed and ash

particle cannot be determined because the cooling and cleaning system was not
installed.

Enthalpy Balance of Cyclone Gasifier

Appendix | shows the sample of a complete calculation in determining the
enthalpy balance for run 15. The law of conservation energy states that enthalpy input
into the system must equal the enthalpy output from the system. Otherwise, the
enthalpy is loss from the system. Enthalpy input into the gasifier includes the enthalpy
from the wood, the moisture in the air and the enthalpy from the air compressor that
supplles the air into the gasmer Enthalpy of wood is given by product of its low heating

10 kg fuel was used Enthalpy of the air is the enthalpy of the moisture in the air due to
the latent heat of vaporization. Often this value is neglected in the calculation but when
compressed air is used in the process than the amount should be considered which is
equal to 2.16 MJ. The enthalpy from the air compressor was calculated from power
specification of the air compressor times the duration time of the experiment, which is
about 34 minutes. Thus the enthalpy of air compressor was found to be 9.13 MJ.
Hence, the total enthalpy input is equal to 176.59 MJ.

Enthalpy output are the enthalpy of the combustible gases, the sensible heat of
the producer gas, the enthalpy of the remaining char in the gasifier, the enthalpy of tar
which has not been cracked in the gasifier and the enthalpy of the water vapor present.
The enthalpy of the producer gas was found to be 117.01 MJ and the sensible heat of
producer gas about 37.52 MJ. The amount of char remained in gasifier is 0.7 kg, thus
enthalpy for char was found to be 13.23 MJ. Hence, total enthalpy output was found to
be 167.76 MJ. Therefore, the enthalpy balance was found to be 94.9 %.
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The enthalpy balance against equivalence ratio is shown in Figure 28. From the

results, the enthalpy balance increases with the increase In equivalence ratio up 10
about 0.47 and then decreases. The highest enthalpy balance was about 98%.
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Figure28: Enthalpy Balance versus Equivalence Ratio

Cvyclone Gasifier Efficiency

Figure 29 shows the variation of cyclone gasifier efficiency against the
equivalence ratio. The detailed calculation of cyclone gasifier efficiency was presented
in Appendix J.
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Figure 29: Cyclone Gasifier Efficiency versus Equivalence Ratio
As a result, the efficiency of cyclone gasifier increases with the increase in

equivalence ratio up to about 0.47 and then decreases. The highest efficiency of
cyclone gasifier obtained was about 73.4%. The cyclone gasifier efficiency obtained is
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comparable with other researchers. Syred et al., 2004 found that the inverted cyclone
gasifier efficiency was about 36% to 76% with respect to different types of fuel and
equivalence ratio from 0.17 to 0.27.

CONCLUSION AND RECOMMENDATION

The experimental work that has been done in this study is to develop the
technique to gasify sawdust and to characterize the performance of a cyclone gasifier
using sawdust as a fuel. Therefore, this chapter will conclude the findings from the
study and suggest some recommendations for future work:

The main objective of this study is to characterize the performance of a cyclone
gasifier which was designed and fabricated at School of Mechanical Engineering, USM
using sawdust as a biomass fuel. Experimental study at atmospheric pressure showed
that it was possible to generate a combustible gas when injecting the ground sawdust
from furniture industries with air as a gasifying agent. Most of the runs were performed
using ground sawdust with particle size distribution in the range from 0.25 - 1 mm
comprising about 80%. The raw sawdust is not possible to be used directly inthe =~~~
——cyclonegasifier because -it—contains—differentsizes—and-shapes—of-particles thus—————
blocking the flow at feeding and injector system.

The low heating value of sawdust was found to be about 16.54 MJ/kg with
moisture content of 8.25%. Sawdust is suitable to be used for gasification process and
from proximate and ultimate analysis the result show that sawdust contained high
volatile matter and low ash content that were about 76.23% and 1.49% respectively
while the percentage of carbon content (dry basis) was about 42.38% and it is
consistent with other biomass wood fuels. '

The temperature profiles of producer gas and inside the cyclone chamber are
significant to understand the phenomena taking place for this cyclone gasifier system.
It_has shown in Chapter 5 that the temperature levels in the gasifier affect the gas
compositions and the calorific value of the producer gas. Consequently, the knowledge
of the temperature profiles is necessary in optimizing the performance of the gasifier.
The producer gas temperature profiles clearly make known that the fuel feeding system
fluctuated thus affect the gas composition of producer gas. Good heating up process in
the initial stage results in the minimum wall temperature for initiating gasification
process found to be about 400°C at T2 region. In addition, the average temperature of
producer gas was about 600°C while at T3 and T4 region was about 200°C.

The highest average low heating value (LHV) of the producer gas was 3.9
MJ/kg with flow rate about 0.01471m%s. The highest thermal output from the cyclone
gasifier was 57.35 kW+. The highest value of mass conversion efficiency was about 60
% while enthalpy balance was found to be 98 %. As a conclusion, the efficiency of
cyclone gasifier increases with increasing equivalence ratios in the range of 0.19 to
0.47 and the maximum efficiency of the gasifier obtained was about 73.4%. The
gasifier efficiency obtained is comparable with other researcher which is 36 — 76%.

The development of cyclone gasifier system was subjected to constant
modifications throughout the research to overcome various problems unforeseen
initially until the experiments were carried out. Unfortunately, the experiences and
problems encountered in design and fabrication by other worker were not mentioned in
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their paper. Finally, it is hope that this work can contribute with a relevant part to the
research and development work on the technical concept of pulverize biomass fuel
gasification with a cyclone gasifier and serve as a basis for future work in this field.

Recommendations for the Future Work

One of the objectives of this study was to identify areas where more research
work is needed in order to realize this technique for power generation. During the
course of the work presented here, several areas have been identified where more
research work is needed.

Temperature measurements inside the cyclone would be of great assistance to
be able to understand the process. Therefore, more thermocouples can be placed
along the gasifier to determine the temperature profiles. The maximum capacity of the
gasifier was 60 kg/h of pulverized biomass fuel; fed through two tangential inlets but for
this experiment only single inlet was used because of the limitation in fuel feeding
system. It is suspected that the performance of the system will increase when the
maximum capacity of the gasifier is used to ensure a longer run and sustain a longer
gasification condition.

There is more work that can be discerned which are accounted for in the
following:

1. Computer simulation on temperature and flow in the cyclone
2. Gas cooling and cleaning system performance
3. Engine performance
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BOMB CALORIMETER TEST

Test result:
Weight of specimen 11 gram
Water quantity of inner cylinder 12100 ml
Length of wire before experiment (Lo) 112.1¢cm
Length of wire after experiment (Lt) :4.60 cm
Diameter of Nickel wire ' :0.125 mm
Temperature of room :21°C
Temperature of water :27.5°C
Time (minutes) Temperature (°C) Time (minutes) Temperature (°C)
0 2.60 8.5 4.06
1 2.50 9 4.09
2 2.50 9.5 4.1
3 2.50 10 4.12
4 2.50 10.5 4.13
5 (Ignited) 2.50 11 4.14
5.5 2.75 115 4.14
6 3.25 12 4.15
6.5 3.65 12.5 4.15
7 3.82 13 4.15
7.5 3.95 13.5 4.15
8 4.01 14 4.15

Base on the table above from the bomb calorimeter test, graph temperature versus
time can be plotted to calculate the high heating value of the sample sawdust.
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Time (minute)
Formula:

Tcorr =Tc + 1, (c-b) — [ T4 + 1y (b-a)]
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.
HHVwoos = (Mecw + Myc )X ;;” X Cpy, X 4.1868
S

Where:

Tcorr = Correction temperature (°C)

Ta = Temperature at igniting (°C)

Tb = Temperature at b time (°C)

Tc = Temperature at the maximum (°C)

a = Time at igniting (min)

b = Time at 6/10 from maximum temperature (min)

c = Time to reach the maximum temperature (min)

r = Temperature rate 5 minutes before igniting (° C/min)
ra = Temperature rate 5 minutes after maximum temperature (° C /min)
HHV = Higher heating value (MJ/kg)

Mwec = Mass water in equivalent calorimeter (g)

Myc = Mass water in cylinder (g)

ms = Mass of sample (g)

Cpw = Specific heat of water (cal/g °C)

Where:

Specific heat of water =1 cal/lg°C

1 cal/g =4.,1868 kd/kg

Water in equivalent calorimeter =604 g

Base on the data and graph above can be determined these values:
Ta =25°C

Tb =3.92°C
Tc =4.15°C
a = 5 min

b =7.2 min
c =12 min
r1 =0.02

r2 =0

Calculation of Tcorr as follow:
Teorr =415+0(12-7.2)-[2.5+0.02 (7.2 - 5)]
=1.61
HHVwos  =[604 g+ 2100 g] x (1.61 °C/1 g) x 1 cal/g ° C x 4.1868 (kJ/kg)
= 18.23 MJ/kg (dry wood basis)
With the moisture content 8.25% and the high heating value of the sawdust is 18.23
MJ/kg, hence the high heating value of the wet sawdust basis is:

(100 — 8.25)
HHVywoog = —————x18.23
Wood 100

HHVwood = 16.73 (MJ/kg) (wet wood basis)

With latent heat of vaporization () = 2.260 MJ/kg) and moisture content 8.25%, hence
the low heating value ((LHV) of the sawdust is:
HHVwood = LHV + W A
LHVwood = HHVwoes — W A
= 16.73 (MJ/kg) — (2.260 x 0.0825)
= 16.54 MJ/kg
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MASS BALANCE

Mass Balance for Run 15

Pproducergas = 2(P*X)constituent gas
P producer gas =(p Hy X 16.34% H,) + (p CHs x 2% CH,) + (p CO x 10.43% CO)
+ (p CO, x 30.59% CO,) + (p N2 x 41.22% No)+ (pO2 x 1.42% O)
= (0.0408 kg/m® x 0.1634) + (0.335 kg/m® x 0.02) + (0.5687 kg/m® x
0.1043) + (0.941 kg/m®x 0.3059) + (0.5688 kg/m® x 0.4122) + (0.6498 x
0.0142)
=0.604 kg/m®
Mass of producer gas = Vg x pg X running duration
= 0.014707m%s x 0.604 kg/m®x 2040 s
=18.12 kg
Mass output = Mass of gas + Mass of char and ash
=18.12kg+ 0.5kg
=18.62 kg
Mass of air =V, X ps X running duration
= 0.006 m%s x 2.3 kg/m® x 2040 s
= 28.15 kg
Mass input =Mass of wood + Mass of air
=10kg +28.15kg
= 38.15 kg

Mass output _ 18.62 kg
Mass input  38.15kg

Mass Balance =

=49%
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ENTALPY BALANCE

Enthalpy input into the gasifier

Hinput = Hwood + Holower + Hair

Enthalpy of wood:
Hwood = Muwood X (LHV)wood
=10 kg x 16.54 MJ/kg

Huwoods = 165.4 MJ

Enthalpy of air compressor:
Duration time of the blower is 34 min
Hac = 1492 watt
=1492J/s x 2040 s
=3.044 MJ

Two air compressor used, Hye = 9.13 MJ

Enthalpy of moisture in air:

By using this formula and the table at the bottom:
Rair = Cpa t + X [Cpw t + Nyl

Where:
Cpa =specific heat capacity of air at constant pressure (kJ/kg.°C)

t = air temperature (°C)
Cowv = Specific heat capacity of water vapor at constant pressure (kJ/kg.°C)

hwe = evaporation heat of water at 0°C (kJ/kg)
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Mass flow rate of producer gas can be calculated as follow:

M producergas = V producergas Xp producergas

7 protucergas = 0.014707m%s x 0.604 kg/m®

=31.98 kg/h
The sensible heat of producer gas can be determined from the equation above:
Hsensible heat of producer gas= 31.98 kg/h x 3.345x (500-154) x 2040 s
Hsensioie heat of producer gas= 31.98 kg/h x 3.345x 619 x 2040 s

Hsensible heat of producer gas =~ 37.52 MJ

Enthalpy of Char

The amount of char remained is 0.5kg and assuming LHV of char about 18.9 MJ/kg
(Jorapur, 1994), hence the enthalpy of the char can be calculated using this formula:
Henar = LHV ¢har X Mcpar
Hehar = 18.9 MJ/kg x 0.7 kg

Hehar = 13.23MJ

The total output of the gasifier is:
Houtput = Hpg + Hsn+ Henar
Houtput = 117.01 MJ + 37.52 MJ + 13.23 MJ
Houtput = 167.76 MJ

Therefore the enthalpy balance is found to be 94.9%
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The enthalpy of humid air at 25°C with specific moisture content x = 0.019826 kg/kg,
can be calculated as:

hair = 1.005 (kJ/kg.°C) 25°C + 0.019826 (kg/kg) [1.864 (kJ/kg.°C) 25°C + 2,547 (kJ/kg)]
hair = 25.125 (kJ/kg) + 51.421 (kJ/kg)

har = 76.546 (kJ/kg)

The flow rate of air supplied is 0.006m*/s and density of compressed air is 2.3 kg/m°.

Hence the enthalpy of moisture in air is:

Hair = \./air X pair X gy X duration time
Hair = 0.006m%s x 2.3 kg/m® x 76.546 kJ/kg x 2040 s
Hair = 2.16 MJ
Hence the total enthalpy input into the gasifier was found to be about:

Hinput = Huwood *+ Holower + Hair= 165.3 MJ + 9.13 MJ + 2.16 MJ = 176.59 MJ

Enthalpy Output of the Gasifier

Enthalpy out of producer gas:

Houtput = HPG + HSH + Hchar

Enthalpy of producer gas:

With LHV of the combustible gas was found 3.9 MJ/m°., hence the enthalpy of the

producer gas:

Hpg = Ve X (LHV)pg x Time
Heg = 0.014707m%s x 3.9 MJ/m® x 2040 s

HPG = 11701 MJ
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Sensible Heat of Producer Gas

The actual enthalpy of the wood gas should also take into the account the sensible
heat loss in reducing the temperature of the wood gas from 500°C to 154°C. Sensible

heat of producer gas is given by:

Hsensible heat of praducer gas= m producer gas Cpproducer gas AT X Time
CPproducer gas CAN be calculated as:
Cpproducer gas = Z(Cp*x)constituent gas
Where:
X = gravimetric concentration of the producer gas and the properties of gas was

determined at temperature film T; (Tf = m—zﬂﬁ =327°C) =600K

CP producergas = (CP H2 X 16.34% H,) + (cp CH, x 2% CH,) + (cp CO x 10.43% CO)
+ (cp CO, x 30.59% CO;) + (cp N x 41.22%) +(cp O, x 1.42% 0,)
= (14.537 kJ/kgK x 0.1634) + (3.482 kJ/kgK x 0.02) + (1.0870 kd/kgK x
0.1043) + (1.0761 kJ/kgK x 0.3059) + (1.0751 kJ/kgK x 0.4122) + (1.0032
x 0.0142)
CP producergas = 3.345 kJ/(kg.K)
and:
Pproducer gas = 2.(P*X)constituent gas
P producergas = (p Hz X 16.34% H,) + (p CHy x 2% CH,) + (p CO x 10.43% CO)
* (p CO2 x 30.59% COy) + (p N x 41.22% No)+ (pO2x 1.42% O,)
= (0.0408 kg/m® x 0.1634) + (0.335 kg/m® x 0.02) + (0.5687 kg/m? x
0.1043) + (0.941 kg/m® x 0.3059) + (0.5688 kg/m® x 0.4122) + (0.6498 x
0.0142)

=0.604 kg/m®
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