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ABSTRACT

High-moisture refuse incineration has recently presented several problems, such as consuming a great deal of
petroleum fuel and releasing pollution after the process if the incinerator has a low efficiency. This research, therefore,
purposes to study biomass-producing gas derived from the gasification process to incinerate high-moisture materials
by conducting a laboratory scale experiment. Then, a Computational Fluid Dynamics analysis was carried out by
referring to the experimental results in order to investigate the combustion and flow characteristics inside the actual
scale of the incinerator.

In Chapter 1, overviews of recent problems regarding high-moisture refuse incineration, advantages of biomass
energy resource and significant objectives of this research are introduced.

In Chapter 2, details about literature are reviewed for both biomass gasification and incineration technologies. In
addition, the principal calculations used for an experimental apparatus (gasifier and incinerator) design are described.

Chapter 3 explains the methodology to calculate and design a biomass gasifier and incinerator prototype used for
experimental conduction. The existing capacity of the gasifier is equal to 30 kilowatts-thermal. The designed
incinerator contains a double chamber, in which the volume for the primary and secondary chamber is 0.104 and 0.03
m’, respectively.

Chapter 4 describes the details about setting up the experimental apparatus with the biomass property and
sampled material. Four kinds of biomasses were examined for proper fuel to produce biomass fuel gas. Five
kilograms with a 60% moisture content of fresh meat were selected as a high moisture sample. During the
experimental conduction, necessary data were measured and recorded, such as the temperature, electricity
consumption, gas and air volumetric flow rate, and the opacity of the combustion exhaust gas. In addition, some
biomass producer gas was sampled and analyzed by Gas Chromatography.

In Chapter 5, the experimental conduction procedures are presented with the experimental results. It was found
that the biomass gas quality became best when the temperature of the gasifier’s reduction zone achieved more than
900 deg-C with a rich constituent of CO and the highest calorific value. The temperature of the incinerator’s primary
and secondary combustion chambers achieved the highest temperature at approximately 750 deg-C if the combustion
equivalent ratio in the gas burner was set to 0.9, and the temperature decreased gradually if the equivalent ratio was
lower than 0.9. In addition, the best result for high moisture material combustion inside the primary chamber occurred
when the amount of excess air was 100% of the meat’s stoichiometric air. By this condition, the temperature of both
primary and secondary combustion chambers was 500 and 750 deg-C, respectively, and the pollution release was
10% of the opacity exhaust gas. In contrast, the overall temperature decreased if there was a large amount of air in the
combustion chamber, which was 150% and 230% excess air, and there was a tendency towards the instability of the
combustion chamber’s temperature. Moreover, an evaluation system energy balance was also carried out. It was
found that the efficiency of the incinerator was 15% when both primary and secondary combustion chambers were

operated.



In Chapter 6, the CFD analysis was implemented in the standard model of a high-moisture refuse incinerator in
order to investigate the temperature profile and combustion characteristics. A standard k-epsilon model, SIMPLE
algorithm, and the first-order upwind method were used to solve the fluid flow numerical problem. The simulation
results showed that the maximum temperature occurring from fuel gas-air combustion became highest at 1,700 K,
which is close to the theoretical flame temperature of biomass producer gas. The modified model simulation resulted
in a more efficient heat distribution and turbulent intensity compared with the traditional model. In addition, it was
discovered that the rate of NO formation became highest if there was only primary burner in operation and the rate
decreased when both primary and secondary chambers were in operation. These simulation results also support the
advantages of the double-chambered incinerator for pollution reduction.

Chapter 7 explains the conclusion of this research, summarizing how the biomass producer gas derived from the
gasification process can be applied to high-moisture refuse incineration using the double-chambered incinerator,
because significant combustion properties, such as maximum temperature and emission preventing availability, are
similar to those using petroleum as a fuel source. Accordingly, the benefit of biomass utilization for high-moisture
refuse incineration is not only able to replace petroleum fuel, but it is also able to reduce the environmental impact
from petroleum fuel combustion.

In conclusion, the results obtained from this research will be available for other combustion applications
concerning biomass producer gas use as a fuel, as well as for the possibility of research and development of

gasification and incineration technology in order to gain a higher effectiveness in the future.
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Chapter 1

Introduction

1.1 Backgrounds

High-moisture refused elimination is still a serious problem in many countries such as Thailand, Japan and India,
especially, a cremation, or municipal waste incineration. However, the traditional incineration process has mainly
used charcoal and fuel wood as fuels, whereas the original incinerator was a simple type and has no pollution
treatment. Consequently, there were many environmental impacts to the nearest people. In order to prevent the
pollution emission, the Pollution Control Department has established for the standard of emission released from
incineration process. In fact, the modern type of incinerator usually uses commercial fuels such as diesel and liquefied
petroleum gas (LPG) to make completely combustion, and the operation cost for 60 kg of high moisture waste per one
time is about 2,000-3,000 baht (67-100 USD) ". However, if the global petroleum price is increased in future, the
operation cost for cremation will be increased and people will unavoidably pay the expensive. Thus, it is necessary to
research and develop for alternative energy utilization in the incineration process which contains low operation cost
and emitting low pollution.

Biomass gasification is an incomplete combustion of biomass resulting in production of combustible gases
consisting of Carbon monoxide (CO), Hydrogen (H,) and traces of Methane (CH,). This mixture is called producer
gas @. Producer gas can be used to run internal combustion engines (both compression and spark ignition). Otherwise,
it also can be used as substitute for furnace oil in direct heat applications. Hence, it is necessary to study and research
for the application of biomass producer gas-derived from gasification utilization as a fuel in double-chambers
incinerator, including studying for the parameters to achieve possibly highest efficiency, are significant issue to

introduce a new biomass application, and also reduce petroleum utilization.

1.2 Recent situation of high-moisture refused incineration and common problems

In the past, high-moisture refused was eliminated by outdoor method, or using of traditional incinerator, which
contained low efficiency and neglecting the pollution control. In case of complete combustion, product occurred after
combustion process usually theoretically are water and carbon dioxide. However, in actual process, some combustion
products are generated such as carbon monoxide, sulfur dioxide, dioxin furan, hydrogen sulfide and etc., which are
harmful pollutant and may cause of nuisance to the nearest people . According to the studying of waste incineration,
it was found that the pollution usually occurred when the flame directly contacts with the waste, moisture content is
evaporated and makes the combustion temperature decrease rapidly. Moreover, the disintegration of organic
composition mainly cause of smell and pollutant, especially when there is inefficient pollution control system .

Accordingly, a double-chambered incinerator has been introduced and become popular instead of the old type
incinerator. The commercial double-chambered incinerator mainly composes of two main combustion chambers. The
primary chamber is used to combusted high-moisture waste. After the primary combustion process, dust particle and

decomposed gaseous substance is drafted into the secondary chamber and combusted again at high temperature



before releasing to the atmosphere. Figure 1-1 shows the simply diagram of the commercial double-chambered

incinerator.

Secondary

burner \

Primary burner

Material loading gate

Fig. 1-1 Schematic diagram of the commercial double-chambered incinerator

1.3 Research’s objectives

1) To study and research for availability of biomass producer gas-derived from gasification process which
proper for using in high moisture materials incineration.

2) To study for the significant combustion behaviors of gasification system and high moisture materials
incineration.

3) To evaluate for the efficiency of biomass gas-derived utilization in prototype incinerator, compare to the
traditional incinerator.

4) To simulate for combustion characteristics of high moisture materials incineration inside the actual double-

chambered incinerator by applying Computational Fluid Dynamics analysis.

1.4 Thesis’s organizations

In chapter 1, overviews on recent problem of high moisture materials incineration, advantage of biomass energy
resource and significant objectives of this research are introduced.

In chapter 2, this chapter contains of detail about literature reviewing for both of biomass gasification and
incineration technologies. In addition, the principal calculations used for experimental apparatus (gasifier and

incinerator) design are described.



In chapter 3, this chapter explains for the methodology to calculate and design for biomass gasifier and
incinerator prototype used for experimental conduction.

In chapter 4, this chapter describes the details about experimental apparatus setting up, with the property of
biomass and sampled material.

In chapter 5, this chapter describes for the detail of experiment conduction procedure. Then, the experimental
results and evaluations such as temperature, emission and system energy balance, are reported.

In chapter 6, this chapter explains for the methodology of CFD analysis implemented to the actual model of high
moisture material incinerator, in order to investigate temperature distribution, combustion characteristics, including
simulation of chamber’s residence time in order to examine an adequate time to eliminate combustible toxic gas
released from high moisture material combustion.

In chapter 7, this chapter explains for the conclusion of this research.



Chapter 2

Theory of Gasification and Incineration

2.1 Philosophy of gasification

Biomass gasification means incomplete combustion of biomass resulting in production of combustible gases
consisting of Carbon monoxide (CO), Hydrogen (H,) and Methane (CH,) . This mixture is called producer gas.
Producer gas can be used to run internal combustion engines (both compression and spark ignition), can be used as
substitute for furnace oil in direct heat applications. The process of gasification to produce combustible from organic
feeds was used in blast furnaces over 180 years ago. The possibility of using this gas for heating and power
generation was soon realized and there emerged in Europe producer gas systems, which used charcoal and peat as
feed material. At the turn of the century petroleum gained wider use as a fuel, but during both world wars and
particularly World War II, shortage in petroleum supplies led to widespread re-introduction of gasification.

The production of generator gas (producer gas) called gasification, is partial combustion of solid fuel (biomass)
and takes place at temperatures of about 1,000°C. The reactor is called a gasifier ©. The combustion products from
complete combustion of biomass generally contain nitrogen, water vapor, carbon dioxide and surplus of oxygen.
However in gasification where there is a surplus of solid fuel (incomplete combustion) the products of combustion are
combustible gases like Carbon monoxide (CO), Hydrogen (H,) and traces of Methane and non-useful products like
tar and dust. The production of these gases is by reaction of water vapor and carbon dioxide through a glowing layer
of charcoal. Thus, the key to gasifier design is to create conditions such that a) biomass is reduced to charcoal and, b)
charcoal is converted at suitable temperature to produce CO and H,.

In any gasification system, there are four important reactions that take place.

1) Combustion zone

The combustible substance of a solid fuel is usually composed of elements carbon, hydrogen and oxygen. In
complete combustion carbon dioxide is obtained from carbon in fuel and water is obtained from the hydrogen, usually

as steam. The combustion reaction is exothermic and yields a theoretical oxidation temperature of 1,450°C.

C + 0, — co, (+ 393 MJ/kg mole) 2.1)
2H, + 0, ~ 2H,0 (- 242 MJ/kg mole) 2.2)

2) Reduction zone
The products of partial combustion (water, carbon dioxide and uncombusted partially cracked pyrolysis products)

now pass through a red-hot charcoal bed where the following reduction reactions take place.

+ co, — 2CO (- 164.9 MJ/kg mole) (2.3)
+ HO — CO + H, (- 122.6 MJ/kg mole) (2.4)



CcO + H, - CO + H,O (+ 42 MJ/kg mole) (2.5)
C + 2H, - CH, (+ 75 MJ/kg mole) (2.6)
CO, + H, - CO +H,0 (- 42.3 MJ/kg mole) 2.7

3) Pyrolysis zone

Wood pyrolysis is an intricate process that is still not completely understood. The products depend upon
temperature, pressure, residence time and heat losses. However following general remarks can be made about them.
Up to the temperature of 200°C only water is driven off. Between 200 to 280°C carbon dioxide, acetic acid and water
are given off. The real pyrolysis, which takes place between 280 to 500°C, produces large quantities of tar and gases
containing carbon dioxide. Besides light tars, some methyl alcohol is also formed. Between 500 to 700°C the gas

production is small and contains hydrogen.

Dry biomass (DB) — My Char + Volatiles (CO, H,, CO,, H,0, CH~equivalent, tar) (2.8)
4) Drying zone

The main process is drying of biomass. Fuel entering the gasifier has moisture content of 10-30%. Various
experiments on different gasifiers in different conditions have shown that on an average the condensate formed is 6-
10% of the weight of gasified biomass. Some organic acids also come out during the drying process. These acids give

rise to corrosion of gasifiers.

2.2 Types of gasifiers

Since there is an interaction of air or oxygen and biomass in the gasification reactor (gasifier), they are classified
according to the way air or oxygen is introduced in it. There are three types of gasifiers ; Downdraft, Updraft and
Crossdraft. And as the classification implies updraft gasifier has air passing through the biomass from bottom and the
combustible gases come out from the top of the gasifier. Similarly in the downdraft gasifier the air is passed from the
tuyers in the downdraft direction ©.

1) Updraft Gasifier

An updraft gasifier is widely used for making producer gas from a coal and nonvolatiles fuel such as charcoal.
This gasifier type has been the principle used for coal for 150 years.

During operation, biomass is fed into the top while air and steam are fed through a grate, which often is covered
with ash. The grated is at the base of the gasifier, and the air and steam react there with charcoal from the biomass to
produce very hot carbon dioxide (CO,) and water (H,O). In turn, the CO, and H,O react endothermically with the
char to form carbon monoxide (CO) and hydrogen (H,). The temperatures at the grate must be limited by adding
either steam or recycled exhaust gas to prevent damage to the grate and slagging from the high temperatures

generated when carbon reacts with the air.



The ascending, hot, reducing gases pyrolyze the incoming biomass and cool down in the process. Usually, 5% to
20% of the tars and oils are produced at temperatures too low for significant cracking and air carried out in the gas
stream. The remaining heat dries the incoming wet biomass, so that almost none of the energy is lost as sensible heat
in the gas.

The updraft gasifier throughput is limited to about 10 GJ/h-m? either by bed stability or by incipient fluidization,
slagging, and overheating. Large updraft gasifiers are sometimes operated in the slagging mode, in which all the ash

is melted on a hearth. This is particularly useful for high-ash fuels such as municipal solid waste (MSW).
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Fig. 2-1 Diagram for Updraft Gasifier

2) Downdraft Gasifier

A downdraft gasifier (or co-current gasifier) was developed to convert high volatile fuels (wood, biomass) to low
tar gas, and therefore has proven to be the most successful design for power generation. The producer gas is removed
at the bottom of the apparatus, so that fuel and gas move in the same direction. On their way down the acid and tarry
distillation products from the fuel must pass through a glowing bed of charcoal and therefore are converted into

permanent gases hydrogen, carbon monoxide and methane.

Material

Drying Zone

Producer Gas

—

Gasification Zone_

A 4
Unreacted carbon
drop down with ash

Fig. 2-2 Diagram for Downdraft Gasifier



3) Crossdraft Gasifier

For crossdraft gasifier, it is a simplest and lightest gasifier. Air enters the system at high velovity through a single
nozzle, induces substantial circulation, and flows across the bed of fuel and char. Thid produces very high
temperatures in a very small volume and results in production of a low-tar gas, permitting rapid adjustment to engine
load changes. The fuel and ash serve as insulation for the walls of the gasifier, permitting mild-steel construction for
all parts except the nozzles and grates, which may require refractory alloys or some cooling. Air-cooled or water
cooled nozzles are often required. The high temperatures reached require a low-ash fuel to prevent slagging.

The crossdraft gasifier is generally considered suitable only for low-tar fuels. Some success has been observed
with unpyrolyzed biomass, but the nozzle-to-grate spacing is critical. Unscreened fuels that do not feed into the
gasifier freely are prone to bridging and channelling, and the collapse of bridges fills the hearth zone with
unpyrolyzed biomass, leading to momentarily high rates of tar production. The fuel size also is very important for
proper operation. Crossdraft gasifiers have the fastest response time and the smallest thermal mass of any gas
producers because there is a minimum inventory of hot charcoal. In one design, a downdraft gasifier could be
operated in a crossdraft scheme during start up in order to minimize the startup time.

Furthermore, the crossdraft gasifier has adopt for the use of charcoal, so it results in very high temperatures
(1,500°C and higher) in the oxidation zone which can lead to materials problems.

Advantages of this system lie in the very small scale at which it can be operated. Installations below 10 kW (shaft
power) can under certain conditions be economically feasible. The reason is the very simple gas-cleaning train (only a
cyclone and a hot filter) which can be employed when using this type of gasifier in conjunction with small gas
engines. Nonetheless, there is a disadvantage that the minimal tar-converting capabilities and the consequent need for
high quality (low volatile content) charcoal.
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Fig. 2-3 Diagram for Crossdraft Gasifier

4) Fluidized Bed Gasifier

Air is blown through a bed of solid particles at a sufficient velocity to keep these in a state of suspension. The
bed is originally externally heated and the feedstock is introduced as soon as a sufficiently high temperature is
reached. The fuel particles are introduced at the bottom of the reactor, very quickly mixed with the bed material and
almost instantaneously heated up to the bed temperature. As a result of this treatment, the fuel is pyrolyzed very fast

resulting in a component mix with a relatively large amount of gaseous materials. Further gasification and tar-



conversion reactions occur in the gas phase. Most systems are equipped with an internal cyclone in order to minimize
char-blow out as much as possible. Ash particles are also carried over the top of the reactor and have to be removed
from the gas stream if the gas is used in engine applications.

The major advantages of fluidized bed gasifiers, as reported by Van der Aarsen et.al. (1982) . stem from their
feedstock flexibility resulting from easy control of temperature, which can be kept below the melting or fusion point
of the ash (rice husk), and their ability to deal with fluffy and fine grained materials (sawdust and etc.) without the
need of pre-processing. Problems with feeding, instability of the bed and fly-ash sintering in the gas channels can
occur with some biomass fuel.

Other drawback of the fluidized bed gasifier lies in the rather high tar content of the product gas (up to 500
mg/m’ gas), the incomplete carbon burn-out, and poor response to load changes.

Particular because of the control equipment needed to cater for the latter difficulty, very small fluidized bed
gasifiers are not foreseen and the application range must be tentatively set at about 500 kW (shaft power).

At present, fluidized bed gasifiers are currently available on a semi-commercial basis from several manufacturers

in Europe and USA.
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Fig. 2-4 Fluidized-bed Gasifier

2.3 Prediction of the producer gas composition

Tobler and Schelaepfer ® have introduced the water-gas equilibrium concept, in order to provide the opportunity
to calculate the gas composition theoretically from a gasifier which has reached equilibrium at a given temperature.

The procedure is to derive from mass balances of the four main ingoing elements (carbon, hydrogen, oxygen and
nitrogen), an energy balance over the system and the relation given by the water-gas equilibrium. By further assuming
that the amounts of methane in the producer gas per kilogram of dry fuel are constant (as is more or less the case of
gasifiers under normal operating conditions) a set of relations becomes available permitting the calculation of gas
compositions for a wide range of input parameters (fuel moisture content) and system characteristics (heat losses

through convection, radiation and sensible heat in the gas).



2.4 Type of the conventional gasifiers
2.4.1 The Imbert Downdraft Gasifier

The nozzle (tuyere) and constricted hearth downdraft gasifier is sometimes called the “Imbert” gasifier (after its
entrepreneurial inventor, Jacques Imbert) ®. An air gasifiers can be operated either by forcing air through the fuel
(pressurized) or by drawing the air through the fuel (suction). The upper cylindrical part of the inner chamber is
simply a magazine for the wood chips or other biomass fuel. During operation, this chamber is filled every few hours
as required. The spring-loaded cover is opened to charge the gasifier, and then it is closed during system operation.
The spring permits the cover to pop open to relieve pressure in the case of gas explosion.

About one-third of the way from the bottom, there is a set of radially directed air nozzles that permit air to be
drawn into the fuel as it moves down to be gasified. Typically, there are an odd number of nozzles so that the hot
gases from one nozzle do not impinge on the opposite nozzle. The nozzles are attached to a distribution manifold that
in turn is attached to the outer surface of the inner can. This manifold is connected through the outer can to a large air-
entry port. One air nozzle is in line with this port, allowing the operator to ignite the charcoal base through this nozzle.

During operation, the incoming air burns and pyrolyzes some of biomass, most of tars and oils and some of the
charcoal that fills the gasifier below the nozzles. Most of the mass of biomass is converted to gas within this flaming
combustion zone since biomass contains more than 80% volatile matter.

The gasifier is in many ways self-adjusting. If there is insufficient charcoal at the air nozzles, more biomass
burned and pyrolyzed to make more charcoal. If too much char forms during high-load conditions, then the char level
rises above the nozzles so that incoming air burns the char to reduce the char level. Thus, the reaction zone is
maintained at the nozzles.

Below the air nozzle zone lies the gas-reduction zone, usually consisting of a classical Imbert hearth or in later
years, of the “V” hearth. Most recently, the flat plate hearth constriction has been introduced. The latter two hearth
designs accumulate a layer of retained ash to form a high-quality, self repairing insulation.

In addition, improved insulation in the hearth results in lower tar production and a higher efficiency over a wider
range of operating conditions.

After the combustion/pyrolysis of biomass and hot char at the nozzle level, the resulting hot combustion gas
(CO, and H,0) pass into the hot char where they are partially reduced to the fuel gas CO and H, according to Eq. 2.3
and 2.4. This procedure results in a marked cooling of the gas, and sensible-gas is converted into chemical energy.
This removes most of charcoal and improves the quality of the gas. Eventually, the charcoal is dissolved by these
gases and disintegrated to smaller chunks and a fine powder that either is swept out with the gases to the cyclone
separator of falls through the grate. Tars that have escaped combustion at the nozzle may crack further in the hot char
although tar cracking is now thought to occur only above 850°C.

The space between the nozzles allows some unpyrolyzed biomass to pass through. The hearth constriction then
causes all gases to pass through the hot zone at the constriction, thus giving maximum mixing and minimum heat loss.

The fine char-ash dust can eventually clog the charcoal bed and will reduce the gas flow unless the dust is
removed. The charcoal is supported by a movable grate that can be shaken at intervals. Ash builds up below the grate

and can be removed during cleaning operations. However, as the charcoal is consumed, it eventually collapses to



form a powdered char-ash that may represent 2% to 10% of the total biomass, in turn containing 10% to 50% ash.
Ash contents depend on the char content of the biomass and the degree of agitation, the greater the degree of char
reduction, the smaller the resulting particles and the higher the ash.

The Imbert type gasifier requires a low moisture (<20% moisture) and uniformly blocky fuel in order to allow
easy gravity feeding through the constriction hearth. The reduction in area at the hearth and the protruding nozzles
present hazards at which the passage of the fuel can be restricted, thus causing bridging and channelling followed by

high tar output, as unpyrolyzed biomass falls into the reaction zone.

Superficial velocity, hearth load and gasifier sizing

A superficial velocity, Vs is the important factor for any gasifier dimension choosing. This factor is the gas
calculation where it passes through the narrowest part of the gasification zone. The unit of the superficial velocity is
usually length/time (e.g. m/s), or gas volume/cross section area-time (m’*/m’-s), a specific gas production rate. It is
called a superficial velocity since actual velocities will be three to six times higher due to the present of the charcoal
and the high temperatures existing at the throat. A closely related term is the maximum hearth load, B),, expressed in
gas volume / hearth area-h, expressed in practical units.

In generator gas, a maximum hearth load (Bj,...) value for an Imbert gasifier type is about 0.9 Nm’/h-cm’. In
other words, 0.9 m® of gas is produced for each square centimetre of cross-sectional area at the constriction. This
corresponds to a superficial gas velocity V; of 2.5 m/s calculated at NTP from the throat diameter and ignoring the
presence fuel. This corresponds to a specific gas production rate of 9,000 m® of gas per square meter of cross-
sectional area per hour.

The maximum hearth load is limited by many factors, such as the mechanical integrity of the char bed structure
within the gasifier, degree of agitation, and the time available for conversion. High velocity can disturb the char and
fuel bed, causing instability. If char fragments become dislodged and airborne, they may plug the bed or form

channels. Therefore, a little agitation can effectively increase the maximum specific hearth load.

Turndown ratio

Turndown ratio is a ratio of the highest practical gas generation rate to the lowest practical rate. For an example,
the turndown ratio of World War II gasifiers varied between 3 for Imbert-style gasifiers with uninsulated V-hearthy
gasifiers and 18 for highly insulated V-hearth gasifiers. Furthermore, vehicle operation requires turndown ratio of at

least 8:1.

Disadvantages of the Imbert design

The Imbert type gasifier has a number of disadvantages. The hearth constriction seriously limits the range of
biomass fuel shapes which can be successfully gasified without expensive cubing or pelletizing pretreatment. This
gasifier type requires a high-grade, usually hardwood, fuel, generally at least 2 cm along the smallest dimension with

no more than 20% moisture.
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In addition, the Imbert gasifier cannot be scaled-up to larger sizes because the air enters at the sides and it
incapable of penetrating a large-diameter fuel bed unless the fuel size is increased proportionally. The tar level, while

low (usually 5,000 ppm), is still high enough to require extensive scrubbing and disposal procedures.

2.4.2 The Stratified Downdraft Gasifier

Stratified downdraft gasifier (or “open-top” or “topless” gasifier) has been developed through cooperative efforts
among researchers at Solar Energy Research Institute (SERI) of USA, the University of California in Davis, the Open
University in London, the Buck Rogers Co. in Kansas, and in Florida '". The stratified downdraft gasifier overcomes
many of the difficulties of the Imbert gasifier and may ultimately be the basis for improved gasifier designs.

System description

The stratified downdraft gasifier consists of a cylindrical vessel with a hearth on the bottom. During the operation
of this gasifier, air and biomass pass uniformly downward through four zones. The open top ensures uniform access
of air or oxygen to the flaming pyrolysis zone, as opposed to the Imbert gasifier. The uppermost layer is composed of
unreacted biomass fuel through which air enters. In the second layer, biomass reacts with air in flaming pyrolysis.
The third layer, which is made up of char from the second layer, reduces the pyrolysis gas. Inert char, which
constitutes the fourth layer, normally is too cool to cause further reactions. However, since the fourth layer is
available to absorb heat or oxygen if conditions change, it serves both as buffer as a charcoal storage zone.

The top zone of this gasifier may be adjusted to any depth during air operation and serves the same function as
the fuel magazine in the Imbert gasifier. Fuel is added through the open top of the gasifier and should be replenished
before the advancing pyrolysis front consumes all of the available fuel.

During oxygen operation, the advancing pyrolysis front moves much faster and it stabilized at the top of the
second zone so there is no first zone of fuel storage. Biomass must then be fed regularly onto the top of the flaming
pyrolysis zone, and the second zone must be closed and insulated above, forming a burner section.

Air reacts with pyrolyzing biomass in the second zone, and most of the volatile wood oil is burned to supply heat
for this pyrolysis which is called “flaming pyrolysis” process, and distinguish it from “flaming combustion”, which
occurs in the absence of solids with excess air or oxygen. At the bottom of the second zone, the biomass has been
converted to charcoal, and all of the oxygen from the air has reacted. The final gas leaving the second zone contains
CO and H,, as well as the CO, and H,O produced in the earlier stages of combustion. The CO and H, mixture already
is sufficiently concentrated to be a combustible gas at this point.

The hot gas produced in the flaming pyrolysis zone react with the charcoal in the third, or char gasification zone
to convert more of the CO, and H,O to CO and H,, through the Boudouard and water-gas reactions, which is called
“adiabatic char gasification” process (no heat flows into or out of this section). During the reaction, sensible heat of
the gas is converted into chemical energy of the fuel gas. This results in cooling the gas to about 800°C, a temperature
at which no further reaction is possible.

Finally, there sometimes may be a zone of unreacted charcoal below the char gasification zone through which
the gas must pass before it reaches the grate. This last zone has the disadvantage that char and ash from the char

gasification zone also must pass through it to reach the grate.
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Compare to the Imbert gasifier, the stratified gasifier has a number of advantages that the open top permits fuel to
be fed more easily and allows easy access for instruments to measure conditions within the bed. The uniform passage
of sir and fuel down the gasifier keeps local temperatures from becoming too high or too low while the average
temperature is high. The cylindrical construction is easy to fabricate and permits continuous flow for otherwise
troublesome fuels without causing bridging or channelling. The various strata are more accessible for measuring
compositions and temperatures within the bed. Moreover, the stratified downdraft gasifier is both conceptually and

mathematically easier to comprehend.
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Fig. 2-5 Schematic diagram for stratified downdraft gasifier with
a) system schematic diagram
b) temperature profiles and

¢) composition

Although the stratified downdraft gasifier has more advantages compare to the Imbert gasifier, nevertheless,
there is some unanswered questions for this gasifier type which expressly on char and ash removal. As the charcoal
reacts with the gases in the char gasification zone, it eventually reaches a very low density and breaks up into a dust
containing all of the ash as well as a percentage of the original carbon. This dust may be carried away partially by the

gas. However, it will begin to plug the gasifier so it must be removed by shaking or stirring.
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2.4.3 Tar-Cracking Gasifiers

Due to the fact that the ordinary biomass gasifier usually produces a lot of unpleasant tar in producer gas content
which takes effect for utilizing as fuel in an internal combustion engine. Consequently, the tar-cracking gasifiers have
been researched and developed in order to convert the maximum quantity of tar to gas during gasification.

Combustion of tars

The downdraft gasifiers produce tar in amounts at least an order of magnitude lower than the updraft gasifiers,
and new developments in present are reducing tars less than 100 ppm (1 mg/m?) level.

The DeLaCotte tar-recycling gasifier (Fig. 2-6) was the first tar-burning gasifier. It has two solid-fuel chambers
and a gas-combustion chamber on the side. Fuel is pyrolyzed in the upper part of the fuel chamber. Pyrolysis products
are aspirated out the top to the side combustion chamber using the flow of combustion air in an ejector, where they
burn completely at high temperature in the absence of solids. The hot combustion products (1,000-1,100°C) are
reinjected at the center of the gasifier. One-fourth of the gas rises through the upper chamber to assure pyrolysis of
the biomass fuel, whereas the remaining three-fourths travels down through the lower chamber containing the char
produced from the biomass in the upper chamber. The char is gasified by reacting with the CO, and H,O produced by
combustion as in other gasifiers. The high-temperature combustion chamber may permit more thorough destruction of

the tars.
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Fig. 2-6 Schematic diagram for the DeLaCotte tar-recycling gasifier (Source: Kaupp A. and Gross J.R., 1981)

Thermal tar cracking

Temperature above 800°C rapidly cracks the primary pyrolysis oils to olefins and aromatic compounds. These
compounds continue to react in the absence of oxygen to make polynuclear aromatic compounds (PNAs) and
eventually soot. While high temperatures (above 800°C) can destroy tars rapidly, these same high temperatures also

promote reaction with char, which in turn rapidly quenches the gas to 800°C. Therefore, the time available for tar
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cracking in a bed of hot charcoal is very short. For this reason, a bed of hot char may not be very effective in tar

cracking.

2.4.4 Susanto and Beenackers' gasifier

Herri Susanto and Antonie A.C.M. Beenackers ' have developed a moving-bed gasifier with internal recycle of
pyrolysis gas in year 1994 which had similar manner as DeLaCotte tar-recycling Gasifier. For the system process in
principle, the feedstock enters at the top of the gasifier, while the producer gas and the solid residue leave at the
bottom. The gasifying air is introduced in the centre of the bed, and the recycle gas containing pyrolysis products is
sucked from the top of the bed by an internal venturi-type injector and mixed with the gasifying air. This mixture is
burnt in a special combustor in the middle of the bed. Figure 2-7 shows the principle of the gasification process in this

modified co-current moving bed gasifier.
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Fig. 2-7 Principle process of Susanto and Beenackers' gasifier with internal recycle and separate

combustion of pyrolysis gas (Source: H. Susanto and A.A.C.M. Beenacker, 1996)

The feedstock m,, first undergoes drying and decomposition in the pyrolysis zone to produce char m, and
volatiles m, (see Fig. 2-7). The volatiles are sucked off upwards together with some gas m; from the countercurrent
reduction zone. In the venturi injector, the recycle gas my consisting of m, and m; is mixed with the gasifying air m,

and injected into the combustor.
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The flue gas my from the combustor is split into two streams: the downdraft blast m,; into the co-current
reduction zone and the updraft blast m,, into the counter-current reduction zone. The ratio m and m,; depends on the
recycle ratio applied, i.e. the ratio of the recycle gas to the gasifying air (v/v at s.t.p.). The updraft blast mjp,reacts
with char m.to produce the injected gas m;.

Part of the char from the pyrolysis zone, mc2, is consumed in the counter-current reduction zone, whereas the
remaining char, m,., moves further down into the co-current reduction zone. This remaining char m,, then reacts with

the downdraft blast mp; to produce a clean producer gas.

2.4.5 Three Stages Fluidized-Bed Gasifier
The three stages fluidized-bed gasifier has been developed by the Department of Alternative Energy

13 which focused on the proper method to

Development and Efficiency of Thailand and Kasetsart University
eliminate tar in producer gas from high ash content biomass (e.g.rice husk). The system consists of 3 mains section:
drying, pyrolysis and gasification, respectively.

The pyrolysis section has been simulated from bubbling fluidized-bed furnace, in order to make the extraction of
organic matters in the biomass as well as possible, including tar content. After drying process, rice husk from drying
zone will be conveyed by screw feeder to the cylindrical room which contains hot sand (700°C). High speed hot gas
(at 200—400°C) will be injected at the bottom of the room and makes hot sand fluidized. Heat from hot sand will be

transferred to rice husk and organic matter. Tar, volatile and pyroligneous acid will be extracted. Rice husk organic

structure will be transformed into carbon and move into the next zone with extracted organic matter.

Drying Gasification Zone

|
iyl

=
d Heat
[ exchanger

= Exhaust gas from engine T::)

Producer gas

Fresh air

Fig. 2-8 Schematic layout of the three stages gasifier (Source: DEDE, 2011)

In gasification section, 25-30% of a stoichiometric air will be injected into this zone and reacts with carbon and
organic matter from pyrolysis zone at the throat of the reactor. In this zone, organic matters from pyrolysis zone and
some part of carbon are combusted and transform into carbon dioxide and steam. Extracted tar from pyrolysis zone

will be combusted absolutely in this zone before it will be evaporated into gaseous phase. In addition, carbon dioxide
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will react with steam in a short time (within 2-3 seconds), and become combustible gas (CO,H, and CH,). As a result,

the producer gas contains less than 25 mg/m” of tar which can be used for gas engine properly.

Table 2-1 Comparison for each type of conventional downdraft gasifiers

Tar-cracking gasifiers

. . . DeLaCotte tar- Susanto and Three Stages
Imbert Gasifiers | Stratified Gasifier recycling Beenackers' Fluidized-Bed
gasifier gasifier Gasifier
System merits - Contain of - System top - Contain of - System - Each main
nozzle and damper is neglect | two solid-fuel operation reaction zone is
constriction (open-top) chambers and familiar to absolutely
hearth - Air and fuel will | one gas DeLaCotte type | separated
- Air gasifiers be fed into the combustion - Combustor is - Biomass is
can be operated | gasifier on the top | chamber contained dried in drying
by forcing side - Using flow of | centrally in the | zone by using
(pressurized) or combustion air | lower section heat from engine
drawing in an ejector for exhaust gas
(suction) pass pyrolysis - Pyrolysis zone
through nozzles products was simulated
(tuyeres) movement into from bubbling
- Decrease tar by gasification fluidized-bed
insulation zone furnace for more
improving efficient in
- Using top organic matter
damper to extraction
control reacted
air and
explosion
Available - Low moisture | - Low moisture - Low moisture | - Using wood - Small biomass
biomass content fuel (less | content fuel (less content fuel chips with a 7-9 | (rice husk,
properties than 20%) than 20%) (less than 20%) | wt% (db) sawdust) with
- Uniformly - Uniformly - Uniformly moisture 15% or lower
blocky fuel blocky fuel (wood, | blocky fuel content moisture content
(wood, corncob, | corncob, charcoal) | (wood,
charcoal) corncob,
charcoal)
Producer gas H, 7.24% (Not Applicable) (Not Heating value: CH, 2.71%
properties CH, 5.65% Applicable) 4.50 MJ/m’ H, 8.10%
CcO 19.53% CO 15.23%
Tar 21.00
mg/m’
Heating value:
4.04
MJ/m’
System existing | 10-400 kWeermat | (Not Applicable) (Not 50 kg/h of fuel 80-400
capacity Applicable) input KWejectricity
System - Easy in - Fuel can be fed - Producer gas - Little number | - Generate low
advantages construction, more easily achieves in low | in heat loss tar content
operation and through open top tar content. - Very low tar producer gas (21
maintenance - Uniform passage content in the mg/m’)
- System air and fuel keep producer gas - Prevent ash
presents self- local temperature (48 mg/m’) melting
adjustment char | in proper. - Particularly efficiently

16




Tar-cracking gasifiers

Imbert Gasifiers | Stratified Gasifier DeLaCot_te tar- Susanto and Thre? Stages
recycling Beenackers' Fluidized-Bed
gasifier gasifier Gasifier

bed maintaining. | - Easier for effective for
- High turndown | conceptually and gasifying
ratio mathematically biomass having

comprehend a low ash

- System can be melting point

scaled-up such as rice

- Cylindrical husk and

construction municipal

permits continuous waste-derived

flow without fuel

bridging and

channeling

System - Hearth - Inert char and - Producer gas | - Complication | - Complication in
disadvantages constriction ring | ash from the char | consists lower in system system

has the limit in gasification zone heating value construction and | construction and
biomass fuel at the bottom compares with | operation operation
shape increase high the ordinary - Biomass
- System pressure drop of gasifier. feedstock is only
scaling-up producer gas homogeneous
(existing - Complicate in and uniform
capacity excess air - System is under
increasing) is permission demonstration.
unavailable - Not be widely

commercialized

From the summarized information of each gasification technology, it can be found that the ordinary type of

gasifier (i.e. Imbert’s gasifier) is given the merits in easy construction and operation, however, some of organic

substance such as tar and dust is attached with the gas and causes of problem in system adhering, especially, if the

fuel gas will be used for internal combustion engine. Accordingly, modified gasification systems have been

developed. Modern gasifier can efficiently generate fuel gas with low tar content. Nonetheless, it can be investigated

that the heating value of fuel gas produced from the modified gasifiers usually present lower heating value compare

with the traditional type of gasifier. When extracted tar passes through the combustion zone, energy content in tar is

combusted and converted into heat energy for other zones inside gasifier. Hence, it can be concluded that the

modified gasifier can be given in cleaner producer gas that is proper for using in an internal combustion engine.

However, it requires much amount of fuel gas due to calorific value of producer gas obtained from modified gasifier

that lower than fuel gas generated from traditional gasifier.
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2.5 Literature reviewing on biomass gasification researches

T.H. Jayah et.al. " have conducted for computer simulation of a 70 kW, downdraft wood gasifier for tea drying.
The simulation program consists of two sub-models of pyrolysis and gasification model zones, respectively. The
pyrolysis sub-model has been used to determine the maximum temperature and the composition of the gas entering
the gasification zone (reduction zone), and the gasification sub-model has been calibrated using data gathered from
the experiments. In addition, it was found that a wood chip size 3-5 cm with a moisture content below 15% (d.b.)
should be used in the gasifier. Feed material with a fixed carbon content of higher than 30% and heat losses of more
than 15% should be avoided.

Due to the results, the significant parameters were concluded as;

1) The 15% moisture content woodchip can be led for 56% of producer gas conversion efficiency at the 22 cm
gasification zone length, whereas the conversion efficiency is decreased to 53% if using 30% of moisture
content woodchip.

2) Inlet air temperature: it was found that if increase the ambient air temperature (by preheating) to 400 and 600
K, the producer gas conversion efficiency are 56 and 56.5% at 50 kg/h air flow rate, respectively.

3) System heat loss: an average heat loss in experiment was 12.8% approximately which resulted in the
producer gas conversion efficiency 56%. Moreover, it can be also found that heat loss has the greatest effect
on the conversion efficiency, which decreases by approximately 11% for every 5% increase in heat loss.

4) Throat angle: the conversion efficiency will decrease whereas throat angle increase. The experimental result
was shown that at throat angle 61°, the conversion efficiency will be 56% at the gasification zone length 22
cm.

Venselaar '® has compared the design characteristics of a number of gasifiers that were commercially available
during the Second World War. A distinction is made between “no throat” “single throat” and “double throat” (Imbert
type) designs. Venselaar concluded that the three types differ mainly in maximum allowable hearth load, giving
values of the maximum surface area of the narrowest constriction (B,,,) of 0.03, 0.11 and 0.4, respectively for “no
throat” “single throat” and “double throat” (Imbert type) gasifiers. Further conclusions from this comparison are that:

- Nozzle air inlet velocities should be around 30-35 m/s

- Throat inclination (throat angle) should be around 45°-60°

- Hearth diameter at air inlet height should be 10 cm larger than “throat” diameter in case of a “single throat”
design, an about 20 cm larger than the diameter of the narrowest constriction in case of “double throat”
design.

- Height of the reduction zone should be more than 20 cm (the average height of reduction zone for the
gasifiers reviewed was 32 cm).

- Height of the air inlet nozzle plane should be 10 cm above the narrowest constriction.

Gunther Stahl "® has explained that a suitable producer gas for internal combustion engines should consist of

about 20-28 vol. % CO, 12-18 vol. % H, and 1-5 vol. % gaseous C,H, while the rest is nitrogen. The hydrogen
content accelerates the combustion process in the internal combustion engine while CO and CH, contribute to a high

knock resistance.
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A. Cuoci et.al. "7 have studied for the mathematical modelling of gasification and combustion of solid fuel and
wastes. The result of model shown that if 1 cm of cellulose particle with air at stoichiometry ratio 0.33 were taken
place, when air and solid flow rates increase the gasification process is incomplete, fuel particles leave the unit at high
temperature and ashes still contain unconverted material. The model characterizes the solid and gaseous streams
including a large detail of unconverted tar components and becomes a useful toll for the design of gasifier units.

Jieheng Guo ¥ has studied for the pyrolysis of wood powder and gasification of wood-derived char, which had
an objective to provide practical data and a theoretical perspective about the chemical kinetics and the transport
phenomena in pyrolysis and gasification of biomass from both an experimental and a modeling perspective of
Lignocel wood-derived char.

J.J. RAMIREZ, J.D. MARTINEZ and S.L. PETRO ° have conducted for the pilot scale of a fluidized-bed
gasifier for rice husk. The experimental apparatus made up of a reaction chamber of 0.3 m of internal diameter and 3
m of overall height, was designed from researchers' theoretical and experimental information. Finally, the prototype
generated approximately 70 kW of useful energetic power.

M.J.Prins et.al. ® have studied for the wood-based gasification via torrefaction process. One kilogram of wood
was used, which the torrefaction reactor’s conditions were conducted by 250°C at 30 minutes and 300°C at 10
minutes. The schemes of gasification process used for the experiment consisted of 1) Circulating Fluidized-bed (CFB)
wood gasification 2) CFB gasification with torrefied wood and 3) Entrained flow (EF) gasification with torrefied
wood. The results were shown that the using CFB gasification with torrefied wood presented for lower system’s
overall efficiency compared with using normal fuelwood as a fuel source. Especially, high torrefaction temperature
causes of a large amount of energy contained in the volatiles and, which were not used in the process. In addition, the
evaluated overall efficiency by using the EF gasification with the 250°C torrified wood presented as 75%
approximately, while using the 300°C torrified wood with the same reactor resulted a little bit higher efficiency (78%).
Furthermore, a system exergy was also evaluated in this research. It was found that more exergy was conserved in as
chemical exergy in the product gas (68.6%).

W. Arjharn et.al.(2012) ®" have studied for ten different types of biomass served as fuel to generate electricity
using a pilot-scale downdraft biomass gasification power plant. It was found that temperature profiles depended on
syngas flow rate and type of biomass feedstock and can be divided into three groups. An increase in syngas flow rate
from 105 to 211 m’/h (across all biomass types) was found to have little effect on gas composition, causing calorific
values peaking between 4.2 and 5.6 MJ/Nm®. Maximum electrical power output of each tested biomass feedstocks
was observed at the highest syngas flow rate, ranging from 47 to 63 kW with specific biomass consumption below 2.0
kg/ kWh. Among them, gasification efficiency exceeding 70% was achieved from Eucalyptus and corncob, and Giant
Leucaena. Engine-generator set efficiency and electrical efficiency ranged from 11.0 to 25.8% and from 6.3 to 18.6%,
respectively. Overall, biomasses varying widely in their properties showed a strong potential for electricity generation
using downdraft gasification technology.

J. Chuchottaworn (2012) ®® has studied for the heat production from Pennisetum Purpureum cv. Pakchongl
Grass through gasification process. The produced Napier Pakchongl Grass pellet samples are analyzed for physical

properties of moisture content, ash, volatile matter, fixed carbon and heating value. The results show that Napier
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Pakchongl grass pellets yield a gross calorific value (HHV) of 18.31 MJ/kg. The produced grass pellets are then fed
into a downdraft gasification reactor at variable air/biomass equivalent ratio (ER) of 0.2, 0.3 and 0.4. At steady-state
operation, the producer gas from each case of ER is collected and analyzed for their composition from gasification by
gas chromatography. As a result, the equivalent ratio 0.4 issued height heating value of gas per fuel weight is 4.91
MIJ/kg pellet.

K. Pianthong (2012) ** studied for biomass gasification using in ceramic furnace and found that venturi type of
producer gas burner presented in most proper for ceramic production process. At the operation pressure 0.5 MPa,

biomass producer gas profile played the same result as LPG using in ceramic production.

2.6 Calculation of the significant parameters of gasification

2.6.1 Mass balance in gasifier

In order to compute for the mass balance in the gasifier system, main combustible contents in producer gas as
carbon monoxide (CO), hydrogen (H,) and methane (CH,) can be used. The CO,, H,O and N, proportions in the fuel

gas will depend on the fuel chemical composition and the amount of air in the reaction. According to this, the

following global reaction of the gasification process is raised **.

%{(3.05C + 5.83H +2.290 +0.24N) N x7(aCO + BHy + yCH 4 + x3H 0 (2.9)
+X2(02 +376N2)+£lH20+bH20 +,X'4C02 +x5N2)+x6C

where X5 Xy ey X7 = biomass and gasification air reaction coefficients
a,B,y = 9% volumetric of the concentrations of the energetic compounds

in the producer gas
a,b = water mole in biomass and air, respectively

2.6.2 Equivalence ratio
The equivalence ratio of the gasification process is one of the most important parameters for the adjustment of

the operating conditions. The value can be defined as **:

= (RA/C)r (2.10)
(Ry/c )S
where é = equivalence ratio
(Ryc )r = air-fuel real relation
(Ry/c )S = air-fuel stoichiometric relation

2.6.3 Energy balance in gasifier

The energy balance of the gasification process can be simply established by following equation **:

Ebiomass + Ea = Eg + Eloss (21 1)
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In which: Eiomass

a

Eg
E

loss

= energy in the input biomass
= energy in the reaction air

= energy in the producer gas

= energy loss from the system

Energy in the input biomass can be calculated by:

LH Vbiomass

_ Mpiomass

Ebiomass - 3,600 (212)
Where: Myjomass = mass flow rate of input biomass (kg/h)
LHV} nass = low heating value of input biomass (kJ/kg)
2.6.4 Gasifier efficiency
If the gas is used for direct burning, the gasification efficiency is sometimes defined as 7
H, x + xp,xC, xAT
= a2 Qe) ¥ Qg X Py X Cp X AT) 2.13)
H xM,
In which:
M = gasification efficiency (%) (thermal)
o = density of the gas (kg/m®)
G, = specific heat of the gas (kJ/kg-K)
AT = temperature difference between the gas at the burner inlet and fuel entering the gasifier (K)

2.6.5 Significant equations of thermochemical processes inside the downdraft gasifier

1) Biomass drying

The mechanism of moisture transfer to biomass includes diffusion through the fluid film around the solid

particles and diffusion through the pores to internal adsorption sites. The actual process of the physical adsorption is

practically instantaneous,

and equilibrium can be assumed to exist between the surface and the fluid envelope

(A.K.Sharma, 2010) ®”. As moist biomass particles came into contact with air having low humidity level, the

particles tends to lose moisture to the surrounding air until equilibrium is attained.

The local thermal equilibrium between the gaseous and solid media is assumed in each control volume, which

makes it implicit that heat transfer between the solid and gases is much faster than the mass transfer. Thus, mass

transfer determines the rate of moisture removal from the biomass particles to the gases/air flowing around them. The

analytical solution for one-dimension mass diffusion in a sphere particle of biomass is used.

Diffusion Equation ®®
Xin B Xeqb
Xout - Xeqb

2
T

= i(e‘(”/z)zﬂ +$e‘9(”/2)zﬂ +j (2.14)
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where B

Simpson relationship

res

_ 4Dd1);tres nd r = M/.),CV

m
P b

)

272
X, _ 1800 ( Kh _KKh+2K KK h2 : 2.15)
w 1-Kh 1+ K Kh+2K,K,K*h
where W =349 +1.29(T —273)+0.0135(7 — 273 )’ (2.15a)
K =0.805+0.000736(T —273)—0.00000273(" — 273)* (2.15b)
K, =6.27 +0.00938(T —273) - 0.000303(7 — 273)* (2.15¢)
K, =1.91+0.0407(T —273)-0.000293(7 — 273) (2.15d)
Relative humidity ratio
hoo= Par o _ Dair (2.16)
wair,sat pv,satmww / pamwa
Antoine eguation(m)
B
lOg]O(pv,sat) = A_(T+Cj (217)
Table 2-2 Coefficients for Antoine equation for saturation vapour pressure
Temperature range (K) A B C
255.8-373 4.6543 | 1435.264 | -64.848
379-573 3.55959 | 643.748 | -198.043

2) Pyrolysis
In downdraft gasifier, the pyrolysis process can be modelled at slow heating rate to predict pyrolytic yields (viz.,

volatile composition and char) and devolatilization rate as a function of temperature and residence time “”. The

biomass particles shrink on pyrolysis giving char and ash. Following assumptions are invoked:

Rate of devolatilization

Char and biomass particles are non porous.

Char yields from cellulose, hemicellulose and lignin considered to be pure carbon.

Char yield in the gasifier in insensitive to pyrolysis temperatures encountered in the pyrolysis zone.

The complex constituents of volatiles are assumed to be decomposed into CO, H,, CO,, H,O, tar (heavy

hydrocarbons) and light hydrocarbons (mixture of methane and ethylene).

(32)

‘”Z;U’ =~k .M oy ==7.0x107 exp(=1560/T )M 1, Y,,, (2.18)
am dm
Atinyg ;= —22L | = (At,,, )| —22L 2.19
vol i ( dt l ( res )1( dt l ( )
Char yield
Ychar,ash—free = Ycchhar + thfchar + Ylgychar (220)
Yvol =1- Ychar,ash—free (221)
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Empirical mass ratios

Ycosco2 = exp{— 1.8447896 +

YHZO/COZ =1

Yvigrcor =5%10

Heat of pyrolysis
Ahgyr = (hj)’ )DB ~Yehar (hjg )char - Yvolz:fyk (hjg )k

3) Oxidation (combustion)

7730.317 5019898}
+
i

-16 T5.06

(2.22)

(2.23)
(2.24)

(2.25)

The pyrolysis products get oxidized in short supply of oxygen in the oxidation zone (near air tuyers) of a gasifier.

Owing to the widely varying reaction equilibrium constants and the reaction time scales, some of the reactions might

not be attaining equilibrium in the oxidation zone, and hence the solution of full equilibrium equations to compute

oxidation process in the gasifier would both be erroneous and numerically difficult. Therefore, a heuristic approach is

adopted.
Table 2-3 Chemical reactions in oxidation zone ¥
Reac. Oxidation reactions Rate expressions 4; Ej/Ru
No.
9
Rl H2 +0‘502 RN H20 kHz _ AH2T1.5 exp(— EHz/RuTloz][Hz]]'S 1.63x 10 3,420 (2.26)
8
R2 | cO+050, - CO, koo = Aco exp(— Eco /R, TCOJO, ' 13x10 15,106 227)
9
R3 C, 16H, +1.580, kCH4 = Ay exp(— Ecya /RuT)[Oz]O'S[CH4 ]0.7 1.585x 10 24,157 (2.28)
—>1.16CO+2H,0
T
R4 C6H6.2 + 4.4502 kyy = Ataerf(t)'3 exp(— E,, /RuT)[02 ]1 [HC]O.S 2.07x10 41,646 (2.29)
—6CO+3.1H,0
RS C+ 0.502 S CO kchar = A, exp(— E, /RuT)[Oz ]1 0.554 10,824 (2.30)

4) Reduction

Reduction of the oxidation zone products are primarily dominated by heterogeneous reactions of solid-char and

homogeneous reactions of gas-gas in complete absence of oxidants. These reduction reactions are inherently slower

than the oxidation reactions by several orders of magnitude, thus, equilibrium may not be established in the reduction

region. At moderately high temperature (<800°C), the equilibrium products may deviate from reality, thus, kinetic or

non-equilibrium models are suitable and accurate.
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Table 2-4 Chemical reactions in reduction zone

Reac. Oxidation reactions Rate expressions A,-(SS) E].(36)
No.
R6 C+CO, —»2CO P 3.616x 107 77.39 (2.31)
1 = A exp(- B/ R,T) Pey, ——<2
eq,1
R7 [ C+H,0>CO+H, PoPy 1517107 | 121.62 (232)
ry=Ayexp(-E,/R,T) Py o - 2
eq,2
R8 | C+2H,—>CH, Py 4.189 19.21 (2.33)
ry=Ayexp(-Ey/R,T) Py ———
eq,3
R9 CH, + H,0 PCOP1-312 73.01 36.15 (2.34)
— CO+3H, ry = Ayexp(= Ey | R,T) Peyy Py o — I
eq,4

2.6.6 Fluid flow equation of the downdraft biomass gasifier

The concerning equations to the fluid flow inside the downdraft biomass gasifier contain of air inflow from the
open top and through the air tuyers, and the pressure drop through the gasifier bed as a function of flow rate®”. The
pressure drop can be computed from the Darcy-Weisbach equation. The pressure drop through the gasifier bed has
been obtained using Ergun correlation ©” for complete flow regime. Pressure drop through concentric annulus is
modelled from modified Darcy-Weisbach friction factor in terms of effective Reynold number and effective (annulus)

diameter.

1) Gasifier’s tuyer

2 2
_ PV L PV,
APtuy = (Patm - Pin,tuyer)+ (Pin,tuyer _Pexit,tuyer) - Tm+(f5+ Kdevam (235)
L sz
= |1+ f—=+K,, |—*
( fD devj P
2) Pressure drop paramel‘er(3 %
K, =exp| 03-29x107/ Laer | 4351076 /| Lder_ 2 (2.36)
dev Re- D Re-D

_le)ev =0.06 Re ; for Re <2300

de)ev‘ =4.4Re"®; for Re > 4000

3) Porous bed: Ergun equation

_15000- &, P ulm ) (. 1.75(-¢,, ), (.
ey by )f+m(’”f ! (237)

where ¢, means bed’s porosity.
£,=0.5-02(1-d,/d,) (2.37a)
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4) Concentric annulus®”

dLy |1y
AP, =\ Koy + fnpa 5 > (2.38)
off 2ppgAan
R D
Re = ?h’ Deﬁ_?h (2.382)

e -iPh-7?)

(1-7)+ (-7} /1n(7)

where 7 =7, /r; (2.38Db)

2.6.7 Heat transfer

For heat transfer analysis, fuel bed is assumed to be isotropic; solid and gases are considered to be in local
thermal equilibrium. These assumptions are justified for fixed bed gasifiers operating under steady state conditions,
since residence time of solids in the control volume is two or three order magnitude higher than that of gases. The
formulation of energy interaction for the heat inflows and outflows due to advection of fluid and solids, heat loss
through insulated wall, internal thermal interaction between adjacent control volumes and the quantity of heat

. 2
generated or consumed, are described *7.

1) Energy equation
|:zsolid (micp,i )jn + zgases (micp,i)in:|7;'n + Qvap + prr + Qoxid + Qred (239)

+ Qred + zjk def,]k |:zsolid (mz Cp,z )out zgases m; Cp,z out :|fout

2) Effective thermal conductivity™”
2kk Ci(InC, +C) N kd?

k. = +40Qd  T? (2.40)
T k,(InC+G)-kC o d? P

and Q=g,,/l+M (2.41)

2‘9rad 1- gb)
3) Thermal resistance for ith zone™"

: ATy

Ouir ik =—— (2.42)

Rsi
where Rsi = Rt(i,bed) + Rt(i,isn) + Rt(i,o) (242&)

and  jk=up, down, side

2.6.8 Properties of biomass producer gas

Specific properties of biomass producer gas generated from biomass gasification process such as thermal
conductivity, viscosity and specific heat can be determined by the following equations.
1) Thermal conductivity™
ky, = Sg,(0.1941+ 0.4064Y, )+ 0.1864 + 0.002(T - T,)

(2.43)
-6 72 -4

kppar =1.4x107°T° —6.4x107T +0.211 (2.44)
2 3

k=4, +B,T+CJT"+D.T (2.45)
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size as the gas cool

R

Zz N7 (M, )3

mixture ~

2) Specific heat
C, pp =0.1031+0.003867T

Cpp =|Cppp +4.19%, [/(1+ ¥ )+ (0.02355T 1327, — 6.191)Y),

C =1.39+0.00036T

p,char
C,,=a,+bT+c,T* +d,T° +e,T"
pk = G TOL T C k €k

k
Cp,mixture = zk:] Yka,k

3) Viscosity *

w(T)= (TN /T, )"

o =Tx10"2T% +51x107°T - 6.04x10°

Uy =—1.3404x1071 7% +5.1x107°7 - 2.2588x107°

k
Honixture (T) = zk:] fafi
11 Xk Pki

D G ) s v Y
2.828[1+ (Mw, | Mw,)|?

Where O

2.7 Producer gas treatment systems

The objectives of gas cleanup should be based on the degree of contamination, the size, distribution, and nature

(1)

In this research, utilized gas treatment devices contain of:
1) Cyclone separator
2) Tar extraction unit

3) Fabric filter

2.7.1 Cyclone separator

Hot gas cyclone separators are well suited to remove solid particles larger than 10 g m as a prefilter for the gas
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(2.46)

(2.47)
(2.48)

(2.49)

(2.50)

2.51)

(2.52)

(2.53)
(2.54)

(2.55)

(2.56)

of the contaminants, as well as the degree of cleanliness required by the equipment. Both solid and liquid
contaminants are present in producer gas. The solids are char, ash and soot, and they cover a wide range of sizes. The

liquid is initially a fine mist or fog composed of droplets smaller than 1 m, but the droplets agglomerate to increase in

cooler and fine particle removal. The cyclone separator imparts a rotary motion to the gases and thereby enhances the

settling rate to many times that induced by gravity alone. It is essentially a gravitational separator that has been



enhanced by a centrifugal force component. The cyclone separator grade efficiency curve, Fig. 2-9, applies to all
cyclone separators, as well as to inertial and gravitational collectors.

Cyclone performance is rated in terms of particle cut diameter or cut size. The cut size, d,so, is the particle size,

which is captured 50%.
8
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Fig. 2-9 Cyclone cut size versus inlet width (m)

The relationship between particle cut diameters for this type separator is given by Eq. 2.57, where d, is the
particle diameter and the numerical subscript denotes the collection efficiency of that size particle.

The particle size that can be separated with 50% efficiency is predicted for general cyclones and for the high-

efficiency cyclone proportions*?.
9/-le
d, = (2.57)
" \/l2ﬂ~Ne~Vi~(pp—pc)J

The cyclone’s pressure drop is computed by:

(0'065XPG )(Kz Ed (2.58)

Ap Df

2.7.2 Condenser (Tar extraction unit)

Tar content in producer gas is generated by various reasons such as moisture content in the fuel or during the
gasification reaction. Tar occurs mostly as a mist or fog composed of fine droplets. Tar mist continually agglomerates
into larger droplets and tend to saturate and coat solid particles. Therefore, one method is to make tar mist condense
before it flows with producer gas to other devices.

A tar extraction condensing unit is simulated from a shell and tube counter-flow heat exchanger. Cold water
flows through the tubes in the heat exchanger, whereas producer gas flows in the shell outside the water tubes that
makes the producer gas temperature decrease rapidly. At the same time, the tar content in gas is condensed and then

falls down to the lower side, while low-tar content producer gas flows out of the condenser. In order to design the
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extraction condensing unit, the log mean temperature difference (LMTD) is the most appropriate method “", as
described in Eq. (2.59) and (2.60).

Onu. UA, AT, (2.59)

{(Th,in - Tc,in )_ (Th,out - Tc,out )}
ln( Th,in - Tc,in J
Th,out - Tc,out

A fabric filter must be selected to be part of a gas treatment system, in order to eliminate remaining tar and dust

where

AT, (2.60)

2.7.3 Fabric filter

particles after producer gas passes through the cyclone and tar extraction unit.

2.8 Overview of incineration technology

Incineration is a waste treatment process that involves the combustion of organic substances contained in waste
materials“?. Incineration and other high temperature waste treatment systems are described as "thermal treatment".
Incineration of waste materials converts the waste into ash, flue gas, and heat. The ash is mostly formed by the
inorganic constituents of the waste, and may take the form of solid lumps or particulates carried by the flue gas. The
flue gases must be cleaned of gaseous and particulate pollutants before they are dispersed into the atmosphere. In
some cases, the heat generated by incineration can be used to generate electric power.

In fact, incinerators reduce the solid mass of the original waste by 80—85% and the volume by 95-96 %,
depending on composition and degree of recovery of materials such as metals from the ash for recycling.

In this research, high-moisture materials (biomedical waste and cremation) will be directly emphasized which the

main ideas will focus only incinerators and emission treatments (without energy or power generation).

2.9 Classification of incinerators

There are basically three types of incinerators that are available for the incineration of biomedical waste, which
namely*®:

1) Multiple-chamber (retort and in-line)

2) Controlled-air

3) Rotary kiln

In the past, the most prevalent type of incinerator used for the disposal of biomedical waste has been the
multiple-chamber unit. However, since the middle of 1970, preference has shifted to the controlled-air design. In
addition, the rotary kiln type has also been used in recent years to incinerate biomedical waste in some hospitals in the
United State of America.

Regardless of the type of incinerator, it must provide sufficient temperature, turbulence and retention time to

ensure complete destruction of the biomedical waste.
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2.9.1 Multiple-chamber incinerator

The multiple-chamber incinerator has a minimum of three chambers, passes, or zones. The primary chamber is
equipped with a solid hearth (either hot or cold type) complete with a lip (or trough) about 5.0 cm deep to contain
fluids. A hot hearth is constructed of conducting refractory and offers significant heat conductivity and a more
complete burn. Open grate hearths cannot contain fluids and are therefore not suitable for use in biomedical waste
incinerators.

The retort incinerator is characterized by 90-degree directional turns of the gas flow laterally and vertically. The
combustion gases may be directed under the solid hearth on which wastes are disposed of, or to the secondary
chamber. The flow of hot gases under the solid hearth is advantageous and desirable because it allow for heat transfer
to the solid hearth which will aid in combustion in the primary chamber, and helps to ensure sterilization of the
resulting ash.

The in-line incinerator is usually larger and combustion gas flow is directed through 90-degree turns in the
vertical plane only. Unlike the retort unit, the in-line incinerator is usually equipped with a grate, which renders it
unsuitable for wastes with a high fluid content. However, the in-line incinerator can be equipped with a separate hot
hearth to accommodate biomedical waste incineration.

Multiple-chamber incinerators have been widely used for the destruction of pathological waste. The basic unit is
capable of operating at a high combustion temperature and appropriate controls can be provided to contain fats and
other liquids until burnout is achieved. It can also be operated on an intermittent basis, which makes it particularly
amenable to the incineration of anatomical and infectious wastes which are seldom generated in large quantities by a
single facility.

Multiple-chamber incinerators operate in the excess air mode with an overall excess air range of 150-400%.
Combustion air is normally provided by natural draft and admitted through manually-operated ports. Barometric
dampers are used to control the draft and thus the quantity of air induced into the incinerator.

An important consideration in the operation of multiple-chamber incinerators is that the waste should be charged
across the hearth in a single layer to provide for maximum exposure of surface area to the burner flame. This is best
accomplished by the frequent charging of small amounts of waste to the incinerator.

When multiple-chamber incinerators were in widespread use, the composition of pathological waste designated
for incineration was not highly variable. The waste had a higher heating value in the order of 2,320 kJ/kg and required
appreciable quantities of auxiliary fuel to sustain combustion in the incineration process. Under these conditions,
steady heat input of the burners throughout the total duration of the burn cycle was necessary for complete destruction
of the waste.

The physical and thermal characteristics of resent biomedical waste have become much more complex, thereby
placing severe limitations on the use of multiple-chamber incinerators. The design is still suitable for burning
pathological waste (e.g. animal carcasses) that has a slow heat release rate and relatively constant oxygen demand.
However, most biomedical waste generated at present has a much higher heat release rate and greater oxygen demand

fluctuation during incineration, due to its higher plastics content.
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As aresult, the use of a damper to control the air required for the incineration of biomedical waste is not efficient
due to its slow response. This leads to incomplete combustion causing excessive emissions and opacity problems. In
addition, the need for a steady heat input from the burners to maintain the temperature of the large volume of excess
air has, from an energy cost viewpoint, placed the multiple-chamber incinerators in a non-competitive position

compared with other incinerator designs requiring less excess air.
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Fig. 2-10 Retort type multiple-chamber pathological waste incinerator
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Fig. 2-11 In-line type multiple-chamber incinerators (source: Handbook of Environmental Engineering Calculations,

McGraw-Hill, 2007) **

2.9.2 Controlled-air incinerators

The controlled-air incinerators, also referred to as the modular incinerator, makes use a two-stage combustion

process. It usually consists of a primary chamber, followed by a secondary combustion chamber. The mode of
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operation of the primary chamber is used to classify controlled-air incinerators as either excess-air or starved-air (sub-
stoichiometric) units. The differences in these two modes of operation are:
1) Starved-air incinerator
- Provides less than the theoretical (stoichiometric) quantity of air in the primary chamber (typically 30-80%
of stoichiometric requirements).
- Pyrolysis gases are formed in the primary chamber.
- Provides excess air in the secondary or afterburner section to complete combustion (total excess air in the
afterburner section varies between 40-250%)
2) Excess-air incinerator

- Provides air in the primary chamber in excess of that required for combustion (typically 60-200% excess air).

No pyrolysis gases leave the primary chamber.

Promotes almost complete combustion in the primary chamber (in the order of 90-95%)

Gas-phase combustion is completed in the secondary chamber with additional air as required.

Of the two types of controlled-air incinerators, the starved-air unit appears to be more widely used. The success
of the starved-air design has, in larger part, been due to its ability to reduce the entrainment of particulate matter in
the flue gas. This is attributed to the minimum disturbance of the fuel bed and a slower rate of volatilization, which
reduces fly ash formation and generates a lower uplift velocity.

The temperature in the primary chamber is usually maintained in the range of 400-870°C, whereas the secondary
chamber may operate at a temperature as high as 1,100°C. Retention time for the gas phase in the secondary chamber
is in the order of 0.5 to over 1.0 second.

The major difference between the controlled-air and multiple-chamber incinerators relates to the amount of
combustion air supplied and the manner in which this is introduced into the unit. In a controlled-air incinerator, the
rate of combustion air supplied to each chamber is controlled by temperature. Automatic fan damper positioning is
normally used to control the air flow and, therefore, temperature in each chamber. The controlled-air concept is
particularly attractive when incinerating waste materials that exhibit a wide variation in composition, such as non-
anatomical biomedical waste. The controlled-air incinerator is better than the multiple-chamber in that it provides

higher combustion efficiency, faster response to temperature fluctuations, and easier operating control.

2.9.3 Rotary kiln incinerator

The key component of the rotary kiln incinerator is a refractory lined cylindrical shell, mounted at a slight incline
from the horizontal plane and usually followed by an afterburner section to ensure complete combustion.

Feeding system for the rotary kiln include a ram feed mechanism and a charging auger. The ram feed mechanism
for waste charging can be designed to provide manual feed or a hopper and guillotine-door arrangement. The
charging auger is usually arranged to receive the waste from an overhead hopper. The compaction of waste by the
auger at the feed point of the kiln occurs as a result of the reduction in casing diameter and minimizes the potential for
burnback into the waste. For additional burnback protection, a water spray fire-protection system can also be included

in the design.
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The length to diameter (L/D) ratio for rotary kilns ranges from 2:1 to 10:1, and rotational speeds range from 0.3
to 1.5 metres per minute at the kiln periphery. Speed of the rotation can be varied to maintain adequate solids
retention time in the kiln to ensure good burnout of the waste. Residence time vary from a few seconds for gases, to a
few hours for solid. Typical operating temperatures for rotary Kiln incinerators are in the range of 800-1,200°C. Since
the rotary kilns are normally totally refractory-lined and have no exposed metallic parts, they can be operated at high
incineration temperatures with minimal corrosion effects.

Rotary kilns have been successfully applied to various industrial operations, including pulp and paper bisulphite
mills and cements plants. The technology is well suited for the incineration of a wide variety of liquids and solids, and
this particularly amenable to the destruction of wastes that are difficult to thermally degrade, since temperature in
excess of 1,400°C can be achieved. In addition, rotary kilns can accommodate the direct charging of bulk containers
without preparation. Although the use of rotary kilns in the destruction of biomedical waste is relatively new, they do

offer potential application in this area.
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Fig. 2-12 Diagram of a Rotary Kiln with a Secondary Combustion Chamber “”

Nonetheless, there are some disadvantages in the use of rotary kiln technology for waste incineration, such as
relatively high particulate loadings in the exhaust gases due to high turbulence, and low thermal efficiency resulting

from air leakage or tramp air via the kiln end seals.

2.10 Combustion process calculations in the incinerator
2.10.1 Heat balance
As the heat of combustion is released, the temperature of the air supplied for combustion combined with the

gaseous products of combustion rises. The temperature achievable when only the stoichiometric or ideal air is
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supplied is above that which the refractory materials used to form combustion chambers can withstand without
slagging and rapid deterioration. From this standpoint alone, at least 50% and up to 150% excess air must be provided
in the combustion process, resulting in “total air” of 150% to 250% of ideal air which must be supplied is determined
by the desired final temperature, usually in the range from 982.22°C (1,800°F) to 1,204.44°C (2,200°F), and can be
calculated by performing a heat balance between the heat released and the quantity of gases generated by the
combustion process, taking into account the specific heats of the gases generated throughout the temperature range
between supply and exhaust of the gases“®.

Heat balance can be computed by following equation:

0= J' WC,dT (2.61)
or 0 =WC,AT (2.61a)
where 0 = heat transferred, Btu/h or calories/h

/4 = mass flow rate of gas, Ib/h or mol/h
G, = specific heat of gas, Btu/Ib-°F or cal/mol-K
AT = temperature difference

2.10.2 Specific heat and enthalpy

Heat balance calculations can be made by using the mean specific heat of each component of the products of
combustion over the range of temperatures; alternatively, the enthalpy of the gases at the temperatures involved may
be used.

The specific heats of the products of combustion vary with temperature. However, the overall specific heat over
the range of temperatures is quite difficult to calculate because the variation with temperature is not linear

relationship. Furthermore, specific heat for some gas can be calculated by following equations*”:

C, of COz; C, =10.34+0.002747 —19,550/ T cal/mol-K

C,of 0, ; C,=827+0.00258T ~187,700/T? cal/mol-K
G, of N> ; €, =6.50+0.00100T cal/mol-K

2.10.3 Temperature calculation

The heat released by combustion (Q) raises the temperature of the flow stream (W) of the products of combustion.
The temperature rise ( AT ) of the products is dependent on the specific heat (C,) of the mixture of gases.

Consequently, Eq. 2.61a can be used to calculate for heat released:

Q=WC,AT (2.62)
where 0 = heat released, Btu/h or calories/h
w = flow rate, 1b/h or mol/h
G, = specific heat, Btu/Ib-°F or cal/mol-K
AT = temperature difference between gas entering and leaving the heat exchanger zone
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2.10.4 Adiabatic flame temperature

An adiabatic flame temperature (or theoretical flame temperature) means the temperature the combustion
products theoretically reach if no energy is lost to the outside environment. It can be defined for two types: one for
constant-pressure combustion and one for constant-volume. If a fuel-air mixture burns adiabatically at constant
pressure, the standardized enthalpy of the reactants at the initial state (298 K, 1 atm) equals the standardized enthalpy
of the products at the final state (7,4, 1 atm).

Hreac (Tlr P) = Hprod (Tadr P) (263)

Equation 2.63 can be also written in term of a standardized enthalpy, which is the sum of enthalpy that takes into
account the energy associated with chemical bonds (or lack thereof), the enthalpy of formation (/4,), and a sensible

enthalpy change (Ah, ).

(1) = h(Ty ) s (7) (2.64)
— — Tad
or I, - R, + L @ dT (2.65)
o P

On the other hand, the constant-volume adiabatic flame temperature, which usually required in an ideal Otto-

cycle analysis. The first law of thermodynamics requires

Ureac Tinitx Pinit) = Uprod (Tadr P/) (266)
where U is the standardized internal energy of the mixture.

2.10.5 Stoichiometry and combustion equivalent ratio

The stoichiometric quantity of oxidizer is just that amount needed to completely burn a quantity of fuel. If more
than a stoichiometric quantity of oxidizer is supplied, the mixture is said to be fuel lean; while supplying less than the
stoichiometric oxidizer results in a fuel-rich, or rich mixture. The stoichiometric oxidizer-(or air-) fuel ratio (mass) is
determined by writing atom balances, assuming that thefuel reacts to form an ideal set of products. For a hydrocarbon

fuel given by C.H,, the stoichiometric relation can be expressed as

CH, + a(O,+3.76N,) - xCO; + (y/2) H,O + 3.76 aN, (2.67)
where a =x+(/A)

Accordingly, the stoichiometric air-fuel ratio can be found as

(A/F) i = MMair_ - 4.76a MW, (2.68)
Mfiel ) 0. 1 M Wﬁ:el

where MW,;. and MW, are the molecular weights of the air and fuel, respectively.

The equivalent ratio ((D) is commonly used to indicate quantitatively whether a fuel-oxidizer mixture is rich,
lean, or stoichiometric ®*. The equivalent ratio is defined as
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o = (A(/A ’;?) _ # (2.69)

stoic

From the definition, it can be seen that for fuel-rich mixtures (® >1), and for fuel-lean mixtures (® <1). For a
stoichiometric mixture, ® equals unity. Other parameters frequently used to define relative stoichiometry are percent

stoichiometric air, which relates to the equivalent ratio as

0
% stoichiometric air = 102)/0 (2.70)
and percent excess air, or
% excess air = (1 ;)q)) x 100% (2.71)

2.11 Concepts of high-moisture material incineration process

Because the constituent of high-moisture material such as human corpse or municipal waste is mainly moisture
(approximately 62% by weight), an auxiliary fuel is necessary to perform high temperature that the moisture can be
evaporated efficiently, and dry combustible substance achieves flash point. According to the actual corpse
combustion process, there is much complicate sub-reaction with a great deal of product occurred. The thermal

destruction of corpse (or other solid fuel) is accomplished in four phases, as shown in Table 2-5 V.

Table 2-5 Combustion mechanisms of solid material

Phase Mechanisms
I Moisture is driven off as the material is heated past the vaporization temperature of
water. Drying is usually complete by the time the material has reached 150°C
I This phase is the volatilization of vapors and gases which occurs as the temperature

of the waste continues to rise. Vapors and gases diffuse out as their respective
volatilization temperatures are attained.

I The third phase in the burn-down of solids is the in-place oxidation of the burnable
solids left after the vapors and gases have been volatilized.

v The fourth phase in the process involves the final burn-down of char and the
consolidation and cooling of the inert residues, known as bottom ash.

2.12 Combustion residence time

An essential criterion in the design of combustion systems, especially the design to burn a difficult-burned waste,
is the time provided for the combustion process to be completed while the gases are maintained, calculated at the
typically mandated at proper combustion temperature. This time is called “retention time” and “residence time”, and
is typically measured from the location where the last overfire air ports are placed™®.

Residence time is determined by the velocity of gases and the distance they travel through the combustion
chamber. By multiplying the velocity and distance by the cross-section of the chamber that the volume flow rate of

the gases and the volume of the chamber are obtained. Residence time is thus determined by the equation:
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(chamber length) / (gas velocity) (2.72)

tres

or Lres (chamber volume) / (gas volume flow rate) (2.73)
2.13 Characteristics of turbulent nonpremixed flame

Turbulent nonpremixed flame have been employed in the majority of practical combustion systems, principally
because of the ease with which such flames can be controlled®”. Because of the many applications of nonpremixed
combustion, there are many types of nonpremixed flame.

Turbulent nonpremixed jet flames visually have brushy of fuzzy edges, similar to premixed flame; however the
nonpremixed hydrocarbon flames generally are more luminous than premixed counterparts, since some soot is usually
present within the flame.

Flame length

Common definition of flame length include visual determinations by a trained observer, averaging a number of
individual instantaneous visible flame lengths from photographic records, measuring the axial location of the average
peak center line temperature, or etc.

About factors affecting flame length, four primary factors determine flame length.

- Relative important of initial jet momentum flux and buoyant forces acting on the flame, Fry.
- Stoichiometry, f;.

- Ratio of nozzle fluid to ambient gas density, p, / p,, .

- Initial jet diameter, d|.

The first of these factors, the relative importance of initial momentum and buoyancy, can be characterized by a
flame Froude number, Fr. A flame Froude number was defined to establish momentum-controlled and buoyancy
controlled regimes for laminar jet flames. For turbulent jet flame, the following definition of the flame Froude

number is useful .

3/2
Fr, = Vel (2.74)

1/4 1/2
gdj
Poo T,

where AT is the characteristic temperature rise resulting from combustion.

The density ratio ( p,/p, ) and initial jet diameter (d;) can be combined as a single parameter, frequently
referred to as the momentum diameter, d; , and defined as
* 1/2
dy=d;(p./p.) (2.75)
The flame Froude number appears as the abscissa, and the remaining three factors are used to define a

dimensionless flame length.

36



L* = _— (2.76)
d;(p,/p.)"
L, f,
or L* = / f (2.77)
dj
Delichatsios developed the following correlation for the dimensionless flame length L* as
13.5Fr}"
L* = — 5 - (2.78)
(1 +0.07Fr} )

2.14 Theory and calculation of gas burner

A burner usually plays an important role for the combustion process inside the incinerator, in order to blend
proportionally air and fuel, and then, the mixture will be ignited and distributing heat to the combustion chamber [2-
58].

The burner’s type can be defined by the characteristic and structure of flame, which consists of 1) non-aerated
flame, 2) partial aerated flame and 3) fully aerated flame.

1) Aerated flame

An aerated flame is that of the Bunsen burner with the air hole open, where primary air is entrained into the gas
stream prior to combustion at the top of the burner tube. All aerated flames are generally considered to consist of
three distinct regions or zones:

a) Preheat zone: In the preheat zone, unburnt gases are taken from ambient temperature to a temperature (about
700 to 1,000 K) where combustion is initiated. Heat for this is supplied by radiation and conduction against the
direction of flow from further downstream. Carbonaceous fuels may pyrolyse in the preheat zone, thereby affecting
the nature of the fuel. The preheat zone thickness is about 1 mm in atmospheric pressure flames.

b) Reaction zone: Combustion actually takes place in the reaction zone or flame, which is a region of intense
chemical activity just 0.1 mm thick at atmospheric pressure. It is clearly visible in hydrocarbon flames as a turquoise-
blue inner cone. In this region, temperature increases to over 2,000 K and the gas expands rapidly such that gas
velocity increases to about seven times that of the unburnt mixture.

c¢) The burnt gases: The reactive chemical fragments formed in the reaction zone give rise to stable combustion
products such as water vapour, carbon monoxide and carbon dioxide; additionally, depending on whether the flame is
partially or fully aerated, excess fuel or oxygen will remain. In a partially aerated hydrocarbon flame, the unused fuel
continues to react with secondary oxygen diffusing into the hot gases, thereby forming a well-defined violet outer
mantle which extends downstream from the reaction zone. In a fully aerated flame, no further oxygen is required, so

no outer mantle exists, although there is usually a visible afterglow extending downstream from the reaction zone.
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2) Non-aerated flame

If a Bunsen burner is operated with the air hole closed, then no primary air can be entrained and neat gas issues
from the burner tube. Combustion takes place as oxygen from the surrounding atmosphere diffuses into the emerging
gas stream. The resultant flame is not as well structured spatially as an aerated flame, there being no easily defined
regions. Unlike aerated flames, chemical reaction is not confined to a well defined reaction zone. However,
mathematical treatments usually find it convenient to locate a reaction zone as an infinitesimally thin region where
the fuel/oxygen ratio is stoichiometric, such that inside the enclosed volume the mixture is fuel-rich, while outside

that volume the mixture is fuel-lean.

2.14.1 Calculation for partially-aerated burner

Due to the disadvantage of the non-aerated burner that causes of poor flame stability when gasfuel is used, a
partially-aerated burner has been modified and taken place for various application, including incinerator’s burner.
Figure 2-13 shows the schematically the basic design of a typical aerated burner. Gas emerges from an injector nozzle
consisting of one or more small holes. On leaving the injector, the gas entrains primary air by a momentum-sharing
process between the emerging gas and ambient air. The gas/air mixture enters a mixing tube, which may be shaped in
the form of a tapered venturi or may have parallel sides. As its name suggests, the mixing tube is designed to ensure
thorough mixing of gas and air, such that a constant air/gas ratio is maintained throughout the burner head.
Accordingly, three of main burner’s components are considered, which are the injector, air entrainment and mixing

tube.

diffuser

Fig. 2-13 General layout of an atmospheric injection aerated burner

1) Injector

The size and shape of an injector orifice control the gas flow rate and hence heat input for a given gas
composition and supply pressure. The siting of the injector with respect to the mixing tube affects air entrainment, so
the injector must be positioned with a high degree of precision during manufacture of a burner or assembly of an
appliance. This section covers various fundamental and practical aspects of injector design.

The injector (or orifice) calculation is based on the Bernoulli’s equation of the incompressible viscous flow.

2

LY f (losses) = constant (2.79)
p 2g
where: p is the gas pressure (N/m?),

p is the gas density (kg/m’),
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v is the gas velocity (m/s),
g is the acceleration due to gravity (9.81 m/s?),
z is head (m). For a gas, head (z) can be ignored.

Using compressible flow theory, flow though a nozzle of area A is:

2 7+%
. Y 7
y—1 Do Do

where: Do 1s the pressure of the gas upstream of the nozzle (N/m?)

Py 1s the density of the gas upstream of the nozzle (kg/m*)
y is the specific heat ratio (cp / cv)

4, is the area of the nozzle (m?)

The actual flow rate through the orifice can be determined as:

0 =Cy0;, =Cy 4y 2g(An)

where: C, is the coefficient of discharge for the orifice
O; is the ideal flow rate
Ah is the head loss (m)

By combining Eq. 2.80 and 2.81 and rearrange, the new compressible flow equation is obtained:

m= CdeAO\/2(LJﬂr%’ (1 _ ,,(7—1)/7)

y=1)po
2
or Q:CdAO\/z(LJﬂr/}’(l_r(}’—l)/}’)
-1)p,

Equation 2.83 can be simplified into the empirical equation as Eq.2.84 and 2.85

1/2
0= 0.0467CdA0(£j
S
1/2
or 0= 0.036Cdd§(£j
S

where O is the gas volume flow rate (m’/hr)
4, is the area of orifice (mm?)
p is a gas pressure before the orifice (mbar)
s is the specific gravity of the gas

2) Air entrainment

The basic air entrainment mechanism may be described by reference to Fig. 2-13. The gas stream emerges as a
free jet from the orifice at a rate dependent on gas pressure, orifice dimensions and gas composition. Momentum

transfer occurs between the jet and the surrounding air, resulting in entrainment and expansion into the entrance of the
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mixing tube. It is normally assumed that, owing to turbulence, mixing is virtually complete at the throat, at which
point, depending on the precise geometry, the static pressure of the gas/air stream maybe reduced to almost that of the
surrounding atmosphere. Further downstream, the static pressure must increase sufficiently to overcome resistances to
flow within the burner and at the flame ports. A pressure increase can only be induced by a decrease in momentum
and velocity, and this can only arise from a gradual expansion within the mixing tube. It is normally achieved by a
suitably shaped diffuser section in the burner. The gas/air mixture then flows into the burner head prior to discharge
from the flame ports.

In deriving equations for air entrainment, a number of simplifying assumptions are made:

a) Flow is turbulent in the mixing tube such that there are no radial components of velocity, temperature or

composition.

b) Air is entrained perpendicular to the axis of the mixing tube, and therefore contributes no axial momentum.

¢) Flow is incompressible, i.e. density is not dependent on pressure.

d) The pressure distribution at the burner head is uniform.

e) The combustion chamber is at atmospheric pressure, i.e. the effects of flue pull or fan pressure are ignored.

f) Buoyancy of the unburnt gas/air mixture is neglected.

Momentum and energy balance

The principle behind the derivation is the application of a momentum balance to the mixing process and energy
balances to the pressure increase behind the burner ports and to the discharges from the injector and from the burner
ports. For the physical properties of the burner assembly, p, 4 and C, representing pressure, area and discharge
coefficient, are used with subscripts o, j, t and p for ambient, injector outlet, throat and diffuser exit respectively. For
gas and air, p and V represent density and volume flow rate, while subscripts g, a and m, are used for gas, air and the
mixture ®*.

Neglecting stream contraction, a force-momentum balance for the mixing process between the injector outlet and

the throat gives:

2 2
ngg pme
(p—p)4, = —£g _Lfon (2.86)
t o t AJ At

An energy balance between the throat and the diffuser outlet (i.e. just upstream of the burner ports) gives:

p2
(p, - ) - Pl (1-c,) 2.87)
24;

where C; is a friction loss coefficient for the throat and diffuser, expressed as a fraction of the kinetic head in the
throat of the mixing tube.
An energy balance discharge from the injector can be represented as:
2
PsVe
2,2
247Cy

(P - o) = (2.88)

40



Injector/throat area ratio

Francis © introduces dimensionless pressure efficiency 7, defined as the ratio of the static pressure behind the

burner ports to the dynamic pressure of the gas jet issuing from the injector, i.e.

n = Pp=Po (2.89)

PVs

247
which, on combining with Eq. 2.88, gives:

pp —Po

n _ _Pr=Po (2.90)
Cipi-p,)

In order to simplify the algebra, two parameters will be defined:

A; 2
0="1 Az(%J(lJfCL)
A 2
t pg g
Therefore, Eq. 2.90 can be written in the form:

n=20-10" (2.91)
Optimum, performance for aerated burners is given by the maximum value of 7, i.e. the greatest static pressure

behind the burner ports for a particular gas rate from a given injector.

an _, 50 (2.92)
do
d2n

and — =21 2.93
0 (2.93)

Therefore, 77 is a maximum when A6 =1, i.e. when
A4; v}
i = ng—g (2.94)
At Pm Vm (1 + CL )

If R is the entrained air to gas volume ratio, then V,=RVgand V,,=Vg(1+R). Substitution into Eq. 2.94 gives:

A.
—L = ng (2.95)
4, pull+R2J1+C,)
From mass balance, a mixture density is obtained
P+ pVy  pelo+R) 5
P = - (2.96)
v, o(l+R)
where o is the relative density of the gas. Substituting this expression into Eq. 2.95 gives:
A
J g (2.97)

7, (0+R)(1+R)(1+CL)
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This equation relates the optimum injector/throat area ratio to properties of the gas and gas/air mixture.

Entrainment (air/gas) ratio

From Eq. 2.97, a quadratic equation is arranged as:

c 4,
= i 2.
(@ +R)1+R) T (2.98)
RP+R(l+0)+o . T 0 (2.99)
4;(1+¢y)
404
-1 + =P+ %%
(+0)+J( cr) +AJ-(1+CL)
R = 3 (2.100)
Since (1—o ) is small compared with ﬂ.
4,1+ Cp)
The solution can be approximated by:
R _ ~(+o) [ o4 (2.101)
2 4,(1+C,)

In addition, the R value can be determined by the stoichiometry volume flow rate of gas and air mixture.
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Chapter 3

Calculation and Design for the Experimental Apparatuses

3.1 Design on downdraft biomass gasification system

Due to the required biomass producer gas that can perform smooth and uniform experimental conduction, tar
content in the producer gas should be eliminated as much as possible, by the most appropriate gasifier type with
optimal operation condition. Accordingly, an Imbert downdraft gasifier type was selected for the experiment.

The Imbert gasifier type mainly contains of nozzle (or tuyere) and constricted hearth. The nozzles are installed
radically that permit air to be drawn into the biomass as they move down to be gasified. Typically, there are an odd
number of nozzles so that the hot gases from one nozzle do not impinge on the opposite tuyere. This gasifier type also
requires a low-moisture (less than 20%) and uniformly blocky fuel in order to allow easy gravity feeding through the
constricted hearth.

In order to choose the proper dimensions of any gasifier, a superficial velocity (v )is an important factor that can

be calculated where the gas passes through the narrowest part of the gasification zone. Furthermore, the related term
to the superficial velocity is the hearth load (B, ), which expresses in gas volume per hearth area. For the Imbert
gasifier type, the maximum hearth load (8,,,, ) is 0.9 Nm*/cm’-h, while this value corresponds to the superficial
velocity at 2.5 m/s.

If the diameter of gasifier and diameter of the narrowest part (hearth zone) are defined as D, and Dy, respectively,
the relation of both parameters can be used to estimate other design parameters such as number of nozzles, height of
reduction zone, height range between tuyere plain and hearth zone.

The volumetric flow rate of producer gas generation can be estimated by conducting of nitrogen neutral between
biomass fuel and producer gas, assuming the highest calorific value of producer gas is given when the injected air

equivalent ratio is equal to 0.2.

The producer gas generated from wood has a composition, as shown in Table 3-1.

Table 3-1 Composition of producer gas generated from wood

No. Gas % of volumetric
compositions concentration
(% v/v)

1 H, 7.24
2 CH, 5.65
3 CO 19.53
4 0, 7.97
5 CO, 9.00
6 N, 50.61
Total 100.00

Source: Department of Alternative Energy Development and Efficiency, Ministry of Energy of Thailand ©®
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Design criterion for prototype gasifier is the maximum fuel input rate equals 15 kg per hour. Then, approximated
volumetric gas generation rate is 18.22 m’ per hour. Consequently, the proper hearth zone diameter that calculated
volumetric gas flow rate (18.22 m® per hour) can be achieved the maximum hearth load (3 o= 09 Nm’/cm?) is 6
cm (60 mm).

The relationship of gasifier diameter and hearth zone diameter ratio (d,/d,) can be employed to determine the
height between tuyere plain and hearth zone (%). It is found that at hearth diameter (d, = 60 mm), the proper gasifier
diameter (d,) is 268 mm. Then, the height between tuyere plane and hearth zone becomes 80 mm. At a same time,

other parameters such as amount of tuyere, tuyere inner diameter, diameter between tuyere and reduction zone height.

Table 3-2 Determined parameters for gasifier design

Gasifier Hearth Zone Diameter Tuyere Inner | Amount of Height Height of
Diameter (d,) | Diameter (d),) Between Diameter Tuyere between Reduction
Tuyere (d,) (dy) Hearth Zone Zone (hy)
and Tuyere
plain (k)
268 51 150 7.5 5 80 100

Unit: millimeter

a) 3-Dimensions drawing b) Dimensions of combustion and reduction zone

Fig. 3-1 Drawing of gasifier prototype

3.2 Calculation and design on double-chambered incinerator prototype

Main criteria to design for proper incinerator in this research are that the incinerator prototype must contain of
two combustion chambers. The main chamber (primary chamber) is used to combust sample high-moisture material
by heat from producer gas combustion, and the secondary chamber (post combustion) is used to eliminate dust
particle and combustion gas product from the primary chamber before release to the atmosphere.

The adequate volume of primary combustion chamber was determined by the estimation of combustion gas
product (producer gas and sample material) residence time inside incinerator. The proper volume of the primary

chamber was determined by Eq. 3.1 ©7.
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Qnet 3

Vchamber = (Q ) m (3 1)
RV
and Qnet = {(mfuel e HHVfuel )+ (mgas X HHVgas )}_ Qloss MJ (32)

Where ,,, means net heat generation inside the incinerator, (Qp )V is the heat release from the incinerator

(MJ/m*-hr), and Oy, is the total heat loss from incinerator.

Due to the constituent of biomass producer gas, as shown in Table 3-1, it can examine an air fuel ratio (4/F) from
combustion of biomass producer gas at stoichiometric condition. Main combustible gases consist of hydrogen (H,),
carbon monoxide (CO) and methane (CH,). Likewise, some of oxygen constituent in the fuel gas can support the gas
combustion, or this means that it needs less amount of outside air for theoretical combustion.

From the theoretical combustion calculation of biomass gas, it can be found that the amount of oxygen needed to
burn 9 m® of biomass producer gas is equal to 1.50 m’. Thus, an amount of air needed for fuel gas theoretical
combustion becomes 7.16 m’, or it equivalents to 0.80 A/F ratio. At a same time, stoichiometric gas product after
combustion is equal to 15 m”.

A weight of high-moisture material used for the experiment is 5 kg. Moisture content inside the material is
approximately 62% by weight of total weight, and the empirical formula of dry material is CsH;oOs;. Hence, an
amount of air needed for theoretical meat combustion is 7 kg-air per kg of dry material. In addition, an excess air
must be introduced into material combustion process, in order to prevent starve air condition. Floyd (2007) ¥
recommended the amount of excess air should be approximately 150% of theoretical combustion air, thus, the excess
air condition for experiment was equal to 25.38 kg-air.

To calculate the net heat generation inside the primary chamber, heating value of biomass producer gas and high-
moisture material are necessary. The high heating value of biomass producer gas is 5.68 MJ/m’, by referring to the
constituent shown in Table 3-1. For the high heating value of high-moisture material, DuLong formula is used for

calculation ©¥,

— (35.5C+114.81h(f)0+9.5S—14.50)X(LOOOJ/kJ) Ki/ke (3.3)

where C, H, S and O are the percent of each component in the fuel.

From DuLong formula, it can be determined that the meat’s high heating value is 6.65 MJ/kg. Likewise, heat loss
from the primary chamber is assumed by 5% of total heat generation from fuel combustion, and the heat release from
the incinerator,( R )V , is 763 MJ/m’hr ®?. Therefore, an adequate primary chamber’s volume is equal to 0.105 m’.

For the secondary chamber, fluid flow in this chamber contains of combustion gas releasing from primary

chamber, with the combustion gas obtained from the secondary burner. From the calculation of theoretical

45



combustion in primary chamber, total volume flow rate of gas product releasing to the secondary chamber was equal
to 0.03 m’/s.

The significant parameter for the secondary chamber design is a residence time (or retention time), which means
the time provided for the combustion process to be completed while the gases are maintained. The relation of

residence time and volume of secondary chamber is explained in Eq. 3.4.

Lres = V”—'”” (3.4)

ans

C.C.Lee and G.L.Huffman (1986) ®” presented the proper residence time in an incinerator should be 1 second,
thus, the adequate volume of the secondary chamber is equal to 0.03 m’.

Thavornund " has studied for an energy saving crematory and discovered that the shape of crematory’s
secondary chamber must be rectangular with U-shape of gas path, to contribute efficient dust particle precipitation.

The arrangement injected air nozzle arrays has been installed by following study of Bubpamala (2007) “® that
proposed the incline arrangement of two opposite air nozzle arrays which the angle 330 degree and 120 degree of left
and right air-nozzle from front incinerator wall, can achieve more effective in terms of mixing, mass flow and gas

residence time distribution.

Exhaust
gas

A
le—— 356 _.‘ i (using induce draft

Gas Burners
Flue gas hold
—10 0
-------------------- . 400
25 Injected O O 488 |‘£.|‘1_3.| |i

air hold

0.003 m%/s O O l

\ Combustion metal sheet
713 Chamber

A

400

Unit: millimeter \
— 476 —— SK30 refractory brick

A\ 4

ceramic fiber

Fig. 3-2 Drawing of designed double-chambered incinerator prototype
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3.3 Calculation and design on biomass producer gas burner

In this research, two producer gas burners have been designed for mixing producer gas with primary air, then the
fuel mixture will be mixed again with the secondary air at the proper ratio before ignition and distributing heat to the
sample high-moisture material (or flue gas at the secondary chamber). Each gas burner contains 3 main parts: the

orifice, mixing room and throat.

3.3.1 Burner’s orifice

An orifice is used to increase the velocity of producer gas before mixing with primary air, then the potential
energy of a high pressure gas supply is mixed into the kinetic energy of an emerging gas jet. The size of the orifice
related to the mass flow rate of producer gas is expressed by a combination between the compressible equation and

actual volume flow rate at the orifice channel, as described in Eq. 2.84 and 2.85 in Chapter 2.

1/2
0= 0.0467CdA0(£j (2.84)
S

1/2
or 0= 0.036Cdd§(£j (2.85)
S

Following data are substituted into the volumetric flow rate equation to examine the proper orifice’s diameter;

Producer gas flow rate from gasifier 9 m’/h.
Gas supply pressure 0.88 mbar (88.26 Pa)
Specific gravity of biomass gas 1.10

Accordingly, the result of calculated orifice diameter (d) by using above information is equal to 17.22 mm.

H.R.N. Jones has proposed the relationship between the angle of approach and coefficient of discharge (C,) that
should be 33° and 0.93, respectively. Moreover, in order to maximize (Cy), the length of the orifice channel should be

between 1.5 and 2 times the orifice diameter ©¥.

3.3.2 Mixing room

After a producer gas passes through the burner’s orifice, the primary air will blend with the fuel gas. The
momentum transfer occurs between the jet and the surrounding air, resulting in entrainment and expansion into the
entrance of the mixing room. An entrainment ratio, r, is determined by the relation between volume flow rate for air

and biomass producer gas. Therefore:

r = Volume flow rate of producer gas / Volume flow rate of air (3.5

Due to the system’s design criteria, the volume flow rate of biomass gas is approximately 9 m’, whereas the

volume flow rate of air needed for gas combustion is 7.16 m®. The entrainment ratio, therefore, is 1.26.
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The mixture flow rate at the optimum aeration can be calculated by

a ans (1 + I") 3
= —_ / 3.6
O 3,600 e G.6)

At the entrainment ratio 1.26 and 9 m”® of fuel gas volumetric flow rate, it can be found that the calculated mixing

flow rate becomes 5.65x 10 m’/s.

3.3.3 Burner throat
A burner’s throat is a final important part of a gas burner. The diameter of the burner’s throat theoretically relates
to the entrainment ratio and diameter of orifice. Thus, its diameter can be determined by substituting the entrainment

ratio into Prigg’s formula.

d = [ A ljdo mm (3.7)
SG

gas

From Eq. 3.7, the calculation result of the burner’s throat diameter (d;) is 37.90 mm.

The length of the throat can be estimated by the correlation between the throat diameter and air/gas ratio. In case
the air/gas ratio calculated is 91% of the theoretical air/gas ratio, the throat length becomes 2.5 times the size of the
throat diameter. Hence, the length of burner’s throat becomes 160 mm.

All calculated dimensions of gas burner are shown in Fig. 3-3.

34

- o -
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Unit: millimeter

Fig. 3-3 Dimension of designed gas burner

3.4 Design of the producer gas treatment systems
Before using producer gas as a fuel in the incinerator, it is necessary to remove tar and dust content in the
producer gas in order to avoid adherence in the pipeline and gas burner. Therefore, a gas treatment system has been

designed. The system mainly consists of a cyclone and tar extraction unit (condenser).
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3.4.1 Cyclone

The cyclone is the first treatment system that was selected to extract heavy dust particles and flying ash content
in producer gas. From the gasifier calculation, the outlet volumetric flow rate of producer gas is 18 m® per hour. Thus,

the inlet velocity of a cyclone can be computed by Eq. 3.8, assuming the inlet diameter is 5 cm.

_ 1 (40
V. = — | == m/s 3.8
inlet 3,600(7%2 } ( )

inlet

Hence, the inlet velocity is 2.58 m/s.
After obtain the inlet velocity of gas, dimensions of the high efficiency cyclone can be computed. Figure 3-4

shows the relationship between significant cyclone dimensions with the diameter.

= |

Height of gas inlet
Width of gas inlet
Length of gas outlet

b(ab‘&

®

Diameter of gas outlet
Height of the cylinder
Total height of cyclone

w o =

Diameter of dust outlet

Fig. 3-4 Significant dimension for high efficiency cyclone design
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Following relationships are used to find cyclone’s dimensions:

= 0.5D
b = 0.25D
S = 0.625D
De = 0.5D
h = 2D
H = 4D
B = 0.25D

Consequently, the proper cyclone parameters are determined, as shown in Fig. 3-5.

B A’Fﬁi

9200 250]

800
A A

— |
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a5

sh

Unit: millimeter

Fig. 3-5 Designed producer gas’s cyclone

3.4.2 Condenser (Tar extraction unit)

Tar extraction unit becomes one of an important part of gas cleaning system, in order to extract tar and dust
content in biomass gas that cannot be separated by using cyclone. Design criteria of the tar extraction unit in this

research refer to the log mean temperature difference (LMTD) method, by using Eq. 2.59 and 2.60 from Chapter 2.

Our. = UA,AT,, Watt (2.59)

where

ATlm _ {(Th,in - Tc,in )_ (Th,out - Tc,out )} (260)

1 Th,in - Tc,in
n| e
Th,out - Tc,out
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From calculation, the amount of total water tubes are 12 tubes, which has 25 cm diameter and 400 cm length.

Fig. 3-6 Three dimension drawing of tar extraction unit

=

Fig. 3-7 Schematic drawing of the tar extraction unit used in this research
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Chapter 4

Apparatuses Preparation and Experiment Conduction

4.1 Biomass fuels
Four kinds of biomass fuel, which are macadamia shell, coffee bean pulp, rice husk and wood charcoal, has been
selected to be raw feedstock of biomass gasifier. Criteria of fuel selection consisted of the kinds of biomass must be

collected in Thailand, and the fuels must be agricultural wastes.

a) Coffee bean pulp

d) Rice husk

¢) Wood charcoal

Fig. 4-1 Selected biomass fuel

The analysis results (proximate and ultimate analysis) with the heating values of fuels are shown in Table 4-1.

Table 4-1 Proximate and ultimate analysis of selected biomasses

Proximate analysis Ultimate analysis Gr
. (% by weight) (% by weight) cal O?li
Biomass Moisture Ash Volatile | Fixed a‘oritic
Ash ¢ H| N | S 0 Value
matter carbon MlJ/kg)
Coffee bean 11.29 0.38 73.94 14.39 0.43 50.28 | 5.46 | 0.15 | 0.05 | 43.62 17.91
pulp
Macadamia 10.14 0.40 69.86 19.59 0.45 53.11 | 6.15 | 0.35 | 0.05 | 39.89 21.10
shell
Rice husk 7.71 22.98 59.03 15.70 | 15.50 | 38.50 | 5.70 | 0.50 | 0.00 | 39.80 15.30
Wood - 1.04 39.50 59.46 3.40 80.30 | 3.10 | 0.20 | 0.00 | 11.30 31.02
charcoal
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4.2 High-moisture material sampling

Main property of the sampling material is necessary to determine the stoichiometric air for complete combustion

reaction. Therefore, the chemical composition of animal anatomical waste data was taken and referred for the

calculation and incinerator design. The dry combustible empirical formula of the whole dead animal is CsH;(Os.

Table 4-2 describes the ultimate analysis result of the high-moisture material.

Table 4-2 Ultimate analysis

for high-moisture material

Constituent Ultimate Analysis
As charged Ash and moisture free

(% by weight) combustible (% by weight)
Carbon 14.7 50.80
Hydrogen 2.7 9.35
Oxygen 11.5 39.85
Water 62.1 -
Nitrogen Trace -
Mineral (ash) 9.0 -

According to above property, it can be determined that the stoichiometric air needed for meat’s combustion is 7

kg-dry air per kg-meat. Because any meats are classified as solid fuel, excess air condition must be performed to meat

combustion. An amount of excess air should be 100-150%

(46)

For high-moisture material used to be burnt in the designed incinerator, five kilograms of fresh chicken meat was

selected as a sample material. The meat’s weight was measured before starting experiment. Likewise, unburnt

material after combustion (i.e. ash), will be measured again after finish every experiment.

4.3 Experiment measurements

4.3.1 Gas and air volumetric flow rate

The results of volumetric flow rate of biomass producer gas and air play and important role to determine the

amount of these fluids for the important evaluation such as energy and mass balance. Accordingly, Venturi flow

meter was selected to be measured the volume flow rate.

In order to use Venturi flow meter, following equations need to be concerned .

Ql :AlVl
2AP
V= >
A

AP =p, .., 80K

Where: 0 =

=~
Il
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volume flow rate of biomass gas/air(m?/s)

velocity of biomass gas/ air (m/s)

4.1

(4.2)

(4.3)



A, 4, = cross section area of the venture throat (m”)
pressure difference causes changing of flow rate (Pa)

=

o

Fig. 4-2 Photography of Venturi flow meters and manometers used in the experiment

4.3.2 Temperature measurement

K-type of thermocouple is used for temperature measurement in both gasifier and incinerator. There were totally
30 positions installed for temperature measuring. All temperature positions were connected to the data logger (HIOKI

8422-50) for temperature record.

4.3.3 Electricity consumption

An electricity power consumption of electricity devices (gas blower, injected air blower and induced draft fan) is
investigated by using power meters (HIOKI-3169-01). These power consumption values will be used to calculate the

energy balance of all system, respectively.

Arrangements of thermocouples, data loggers and power meters are described in Fig. 4-3.

@ Slelelele

Sanwa supply
220ACV, 50Hz TAP-TR150W

T-phase, 2-pin 110-250ACV => 100ACV, 150W
AC/DC adapter x 3-5 Current meter
HIOKI 3284 x 3-5

Data logger 32ch

HIOKI 8422-50

(with PC card) DCV out x 3-5
[+—| Thermocouples
[*—| DCVin x3-5 |

<—| (Flow meter DCV in. producer gas) |

Fig. 4-3 Schematic diagram of the data loggers and power meters arrangement
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Fig. 4-4 Data loggers and power meters set up

4.3.4 Exhaust gas property

A gas analyzer (TESTO 330) was used to measure the property of combustion exhaust gas such as CO,, CO, O,,

excess air, and temperature. Especially, the amount of excess air released from the stack will be able to determine the

amount of combustion air needed, by using Eq. 4.4 ©.

% excess air = (1 :Dq)) x 100 % (4.4)

4.3.5 Opacity of exhaust gas

The opacity of flue gas measurement using Ringelmann’s chart (BS. 2742: 1969) ©“* was selected for adequate

method to measure the rate of emission releasing from high-moisture material and producer gas combustion.

% 10%  148%  20%  25% 30%  40%  G0%  80% 100%

Fig.4-5 Ringelmann’s chart

In these experiment conductions, an observer has observed the opacity of flue gas released from incinerator’s
stack, and then, compared with value shown in Ringelmann’s chart. The observation was carried out every minute

until finishing experiment.
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4.4 Experimental apparatuses set up

4.4.1 Prototype of high-moisture material incinerator

A prototype of high-moisture material double-chambered incinerator used in this research was constructed. The
material used to build the combustion chamber was a refractory brick (SK30 refractory brick, 25-mm.). Beside the
refractory layer, a ceramic fiber insulator, which has 12.5 mm thickness, was composed. Finally, a 1.5 mm.-thickness

metal sheet was covered the insulator.

Fig.4-6 Prototype of high-moisture material’s double-chambered incinerator

4.4.2 Producer gas tube and flow control

After system design and construct, all experimental apparatuses were composed together. A steel tube was used
to convey the producer gas from gasifier to the incinerator via gas cleaning system. Before obtaining proper producer
gas for ignite at the incinerator, incombustible gas should be exhausted. Consequently, a steel ball valve was also
installed to control producer gas direction, including flow rate of gas during experiment.

To control the amount of air injected to the incinerator, a centrifugal fan with inverter were also set up. Same as
induced draft fan that was installed at the flue gas stack to sustain both of gas flow and residence time in both primary
and secondary chamber. The schematic diagram of system installation is shown in Fig. 4-7.

The experiment were set up and conducted at the Renewable Energy and Energy Conservation, Faculty of

Engineering of Chiang Mai University, Thailand.
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Fig. 4-7 Schematic diagram of experimental apparatuses

4.4.3 Electrical devices
Electrical devices, such as producer gas blower, exhaust fan, injected air controlled blower, were connected to
the power meters, as described earlier. After finishing the experiment, all recorded data were transferred to a personal

computer, and evaluated, respectively.

4.5 Conduction for the experiment

Due to the type of biomass gasifier that presents fixed-bed downdraft type, it is important to conduct for the bed
(reduction zone or char zone), in order to origin the significant reaction for producer gas generation. From the
investigation, the best gas quality will be generated when the temperature of reduction zone is higher than 800°C
because carbon dioxide will decompose into carbon monoxide, and carbon dioxide completely changes into carbon
monoxide if temperature is higher than 900°C ©*),

Accordingly, 4 kg of wood charcoal were ignited until the temperature reaches 400°C, and then, scorched
charcoal will be introduced into the gasifier. By using the draft flow influence from gas blower, air will be drafted
into the gasifier, and increases the combustion rate of charcoal, as shown in Fig. 4-7. When the temperature of the
gasifier’s char bed achieving 850°C, selected biomass fuel was instantaneously fed into the gasifier, and biomass
producer gas can be obtained.

After biomass producer gas will be ready to be used, by ignition testing at the flaring stack, fuel gas was injected
to the gas burner and started combustion. In case both of primary and secondary chamber were conducted
simultaneously, the secondary burner firstly start ignition, and temperature achieved maximum point before igniting

the primary burner, in order to destroy toxic gas released from high-moisture material combustion.
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’s reduction zone

Fig. 4-8 Gasifier

Fig. 4-9 Introduction of biomass fuel into the gasifier
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Fig. 4-10 Ignition of biomass producer gas at the primary burner

4.6 Biomass producer gas sampling

After producer gas was already generated, some of fuel gas sample was imbibed into a sampling bag and
analyzed by using Gas Chromatography (GC). The sampling method referred to API method that using both solid and
liquid trapping, by passing biomass producer gas through unabsorbed solution and adsorbent (silica gel, activated
carbon), in order to separate dust and organic matter from fuel gas. Figure 4-11 shows the photography of gas

sampling method.

Fig. 4-11 Biomass producer gas sampling
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Chapter 5

Evaluations on Experimental Results and Discussions

5.1 Biomass producer gas analysis
After biomass producer gas was generated from the gasifier, some of gas will be sampled and analyzed by using

Gas Chromatography. Following table explains the result of producer gases analysis.

Table 5-1 Biomass producer gas analysis results

Gas content (% by volume)

Biomass H, 0, N, CO | CH, | CO,

Macadamia shells | 11.2 8.1 46.2 17.7 3.0 13.8
Coffee bean pulp 14.9 6.2 39.7 22.5 2.9 13.8
Rice husk 14.7 9.6 39.7 8.9 2.5 24.6
Wood charcoal 7.2 8.0 50.6 19.6 5.7 9.0

From above information, it is found that biomass gas generated from coffee bean pulp contains richest ratio of
CO and H,. Rice husk producer gas, on the other hand, consists for high H, but has low quantity of CO, because
biomass gas generated from rice husk was produces at low gasifier’s reduction zone temperature (char bed) that is
lower than 900°C. Thus, CO, cannot be disintegrated and become CO, which can be investigated from high
constituent of CO, in above table. Likewise, the gas produced by using wood charcoal presents concentration in

methane (CH,4) and CO. However, the constituent of H; results the lowest, compares with H, content in other fuel gas.

Table 5-2 Heating value of biomass producer gas

Biomass Heating Value (MJ/m’)
Macadamia shells 4.60
Coffee bean pulp 5.58
Rice husk 4.04
Wood charcoal 5.68

Table 5-2 describes the heating value of each biomass producer gas. The highest heating value occurs from wood
charcoal gas. Whereas, the gas generated from rice husk presents lowest heating value. These results explain the rich

content of CH,, which release highest heating value compares with CO and H,, in charcoal gas, by the reaction of H,
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with carbon (C) and becomes CH, as described in Eq. 5.1. Furthermore, high constituent of CO also promotes the

heating value of producer gas, which can be found by the decrease of CO, amount from gas analysis.

C + 2H, — CH, (5.1)

About the heating value of rice husk producer gas, it is discovered that it has low constituent of combustible gas
such as CO and CHy. Hence, it results for low energy content in the gas.

In addition, it can be investigated that the fuel that contains high calorific value does not usually result for high
gas heating value. For example, the heating value of macadamia shell is higher than the heating value of coffee bean
pulp. Nevertheless, heating value of gas generated from coffee bean pulp results in higher value compares with
macadamia shell gas. This phenomenon can be excused that carbon content in macadamia shell’s char does not react

and transform to fuel gas, which can be found there is much amount of remaining carbon in the macadamia ash.

5.2 Combustion temperature of biomass producer gas at any equivalence ratio

An adequate amount of air usually plays an important role for fuel gas combustion. Especially, the temperature of
secondary chamber that must be achieved the highest point to prevent the exhausting of toxic gas. Thus, it is
necessary to determine the parameter of air and fuel proportion. An equivalent ratio (E.R., @) is used to judged the
quantity of air needed to blend with fuel gas.

Theoretically, E.R. has a relation with the amount of excess air, as shown in Eq. 5.2. The amount of excess air
can be measured by using gas analyzer, and then, the E.R. will be computed. In addition, when the starve air
condition was set, the amount of CO content in exhaust gas was measured and converted into E.R. value. E.R.

number for the starve air condition is higher than 1.0.

. 1-®
% excess air = ( ) x  100% (5.2)
(O]
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£
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a) Coffee bean pulp b) Macadamia shell

Fig. 5-1 Maximum temperature occurring when adjust any equivalence ratio
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Fig. 5-1 Maximum temperature occurring when adjust any equivalence ratio (continued)

Figure 5-1 shows the maximum temperature occurring from biomass producer gas combustion when adjusting
E.R. from 0.8 to 1.2. It is found that the temperature of all producer gas achieve highest when E.R. is equal to 0.9, or
means 11% of excess air. When increase the equivalent ratio or it means decrease air quantity for combustion, the
highest temperature occurred was decrease. On the other hand, if there is much excess air amount or decreasing in
equivalent ratio, the temperature also decreases. These phenomena explain the essential effect of air fed to burner.
From these temperature tendency graphs, it is found that combustion of coffee bean pulp can achieve highest
temperature, which is approximately 750°C. In contrary, the combustion of producer gas produced by charcoal is not
good. Although, it seems the gas produced from the highest calorific value can achieve highest temperature. Another
reason is that the flame length of charcoal gas is shorter than other fuel, thus, heat distribution from flame throughout

chamber was not good.

5.3 Flame shape and theoretical flame length calculation

Shapes of flame at any E.R. adjustment were also investigated during the experiment. The photographs of flame
are shown in Fig. 5-2. If E.R. value is equal to 0.6 or 66% of excess air condition, the flame occurs short length that is
not enough to impinge onto high-moisture material. When increase E.R. to be 0.8, as shown in Fig. 5-2 (b), flame
length became longer, and high temperature contour shows at the center of flame.

If increasing E.R. to be 0.9, which is the most proper condition, the flame shape becomes longer and there is
wider in flame diameter. When setting the equivalent ratio to be 1.2 or perform a starve condition at burner, it is
found that producer gas combustion temperature become low, as shown in Fig. 5-2 (d). Furthermore, it is investigated
that the flame vortex direction will blow away from the material position. Hence, it can be explained that because
when decrease amount of air feeding to burner to hand in starve air combustion, the mixing velocity of fuel will
decrease and cause of reducing in flame speed. Thus, this result also supports the demerit of starve air condition that

will be adjusted for incineration.
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Fig. 5-2 Shape of flame when adjust any equivalence ratio

The theoretical flame length estimation was also carried out, by referring to the Delichatsios correlation. Figure
5-3 shows the estimation results of flame length by adjusting various E.R. number. The theoretical flame length
becomes shortest if E.R. is set as 0.8, which is approximately 18-19 cm. However, the estimated flame length of gas
generated from rice husk presents in longer length compares to other kinds of gas. When changing E.R. to be 0.9, the
flame length increases to be 20 cm, which is close to the actual flame length. Likewise, it is discovered the flame
length does not become longer if E.R. is set as more than 1.0 or starve air providing to the experiments. These
estimation results can be described by according to the theory of premixed turbulent flame length that relates to initial
jet momentum flux and buoyancy force acting on flame. These phenomena are in agreement with the study of
Bahadori et al. ©® if neglecting the flame’s blowout effect, increasing amount of fuel by increase jet velocity of gas

fuel results in constant flame length after achieving any maximum length.

63



25.00
24.00 /a— ———

23.00
22.00 //
21.00 -

20.00
19.00
18.00
17.00

Flame length (cm.)

0.7 0.8 0.9 1.0 1.1 1.2 1.3

Equivalence Ratio

——e— Macadamia shell —ll— Coffee bean pulp
—a— Rice husk —@— Wood charcoal

Fig. 5-3 Estimation results of producer gas flame length at any equivalence ratio
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Besides the jet momentum flux and buoyancy force, the ratio of fuel gas and ambient gas (air) density also affect
to the flame length. This regime supports the accuracy of rice husk’s fuel gas that has longer length than other gases,

because the density of rice husk gas is lower than other gases’ density. Thus, the ratio, p, / p,, , of gas generated from

rice husk become highest and results in longest length of flame.

Although the theoretical estimation of flame length occurring from producer gas combustion present in good
results that appropriate for impingement with high-moisture material. However, the actual flame length obtained from
experiments present in different result. For example, it can be found that the actual flame is shorter than the
estimation. The main possible reason that supports this phenomenon is the continuity and quality of biomass producer
gas. Lean constituent of combustible gas sometimes generates non-uniform combustion and performs worse heat

distribution, as explained in the temperature tendencies in Fig. 5-2.

5.4 Temperature accuracies inside the double-chambered incinerator prototype

After the adequate conditions of fuel-air mixing at the gas burner were determined, experiments with high-
moisture material combustion will be conducted. Then, conductions of experiments with high-moisture material (5 kg
fresh chicken meat) were classified into 3 criteria, up to an amount of excess air fed into the primary chamber, which
were 100%, 150% and 230% excess air, respectively.

Generally, an operation of double-chambered incinerator starts by ignition of secondary chamber and heats up for
temperature until achieving maximum point, and then, the primary chamber, which high-moisture refuse is input, is
operated. These operations are recommended for any incineration concerning to high moisture content with hazardous
waste such as municipal garbage or human cremation, to efficiently prevent toxic substance and unpleasant smell
releasing to ambient .

Accordingly, a procedure of experiment conduction was begun by ignition of secondary burner with the proper
condition (E.R. 0.9). After that, sample meat was contained into the primary chamber, and then, producer gas was
influences to the primary burner and started combustion. At a same time, an auxiliary combustion air was fed into the

primary chamber. The temperature accuracies of both primary and secondary chamber are described in Fig. 5-5.
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Fig. 5-5 Temperature accuracies of primary and secondary chamber when adjust any excess air condition (continued)

When the primary burner was ignited and the primary chamber’s excess air was set at 100%, it was found that the
temperature inside primary chamber was increased within a short time until it reached a maximum of 500°C, which
took approximately 350 seconds until achieved maximum temperature point. During the experimental conduction, the
average temperature did not change drastically, and stayed around 450-500°C. For the temperature of the secondary
chamber, the maximum temperature increased rapidly until it achieved 750°C, and also became steady throughout the
experiment.

If the excess air fed to the primary chamber was changed to 150%, it was observed that it took a little bit of time
for the primary chamber’s temperature to achieve its maximum point, compared to the 100% excess air condition
adjustment. Meanwhile, the temperature of the secondary chamber also presented a lower maximum point compared
to 100% excess air condition, which was 700°C on average.

It was found that the primary chamber’s temperature needed a longer time for it to increase and to achieve its
maximum point if the amount of excess air was 230% of stoichiometric condition. In addition, the maximum
temperature became lower than 500°C, and the temperature fluctuated throughout the experiment conduction time.
Concerning the secondary chamber, the temperature achieved its maximum point at 650°C on average, which
presented the lowest maximum temperature of those excess air conditions. These experimental results describe the

influence of excess air to the temperature of combustion chambers. Much amount of excess air fed for sample meat
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combustion does not exactly present an advantage to maximum temperature maintaining, including combustion
efficiency of high-moisture material.

Besides the influence of excess air, one of significant variable that affects directly to temperature and combustion
efficiency is evaporated water from high-moisture material. M. Saito et al. “” studied for combustion characteristics
of waste material containing high moisture and proposed that the ignition of water containing material occurred
before the water was evaporated completely, and the vaporization of water and combustion of volatile matter were
proceeding simultaneously in the volatile matter combustion regime. Moreover, the mentioned research presented the
retention period of volatile matter combustion increased with increasing of water content. With these informations, it
can be concluded that during combustion of organic matter (volatile) of sample meat, the evaporation of water content
inside sample meat took place. Hence, evaporated water always disturbed the temperature and makes the ignition of

other meat’s part delay.

5.5 Results on pollution investigation

Due to the specific combustion property of biomass gas derived from gasification process that difference from
petroleum fuel, such as heating value and fuel uniform, it is important to investigate emission releasing if the
producer gas is used to incinerate high-moisture refuse. The result of pollution investigation also plays an important
role for system operation that can prevent emission released as much as possible. A measurement of exhaust gas
opacity was carried out to observe for emission releasing in this research, by using Ringelmann opacity chart. The
results of emission investigation are show in Fig. 5-6. If there was only sample meat combustion in the primary
chamber (without secondary chamber operation), it can be found that gas opacity was increase rapidly until achieving
maximum at 60%, and became steady of rate throughout the experiment time. When both of the primary and
secondary chamber were operated, at the excess air condition 100%, the maximum gas opacity was 10% throughout
the experiment. If the excess air was set at 150%, it was found the average opacity of gas became 15% and sometimes
increased to 20%. Finally, if the excess air was increased to 230%, the observed opacity showed 20% on average,

while the maximum was 25%.
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Fig. 5-6 Exhaust gas opacity

There are a few reasons to explain the increasing of gas opacity when increasing the excess air condition. First,
much amount of excess air fed into the chamber is not only disturbing temperature and heat distribution, but it caused
of turbulent flow inside the primary chamber, and then, some of unburnt substance that extract during combustion
process (i.e. dust and soot) was flown by this turbulent flow stream and drafted again into the secondary chamber.
Moreover, low temperature of secondary chamber caused by excess air cannot burn unburnt matter. Then, this matter
was exhausted to ambient and resulted in high number of opacity. Second, there was some of vapor volatile matter
that evaporated during combustion process. When this volatile vapor passed through the stack and exhausted to
ambient, low temperature made this matter condensed, and then, the opacity of gas became higher by this reason.
Consequently, these experimental results also support the advantage of secondary chamber operation for high-

moisture material incineration.

5.6 Energy balance evaluations

An analysis on energy balance of the prototype of double-chambered incinerator refers to the first law of
thermodynamics and energy conservation, which total energy input is theoretically equal to the total energy output.
Energy input consists of chemical energy from producer gas combustion, energy from sample meat combustion and

energy from electricity. For the energy output, it contains of energy losses and energy used.

z Einput = z Eoutput (53)
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where innput = Ei,producergas + Ei,fuel + Ei,elec. (54)

and ZEO””I”’” = Eused + Eo,exhaust + EU,WGU +Eo,unbumz + Eo,unaccounmd (55)

5.6.1 Energy input

a) Chemical energy in biomass producer gas

Chemical energy content in biomass producer gas is total fuel gas used per one experiment time with the calorific

value of fuel.

x LHV (5.6)

Ei,producergas Q producergas

b) Chemical energy in sample high-moisture material

Chemical energy input from the sample high-moisture material was derived from the LHV of the dry

combustible substance of the sample material (raw meat).

Eifia = mge % LHV (5.7

in which LHV = HHV -5.72(9H + M) (5.8)

¢) Electricity power consumption

The electricity used in the experimental rigs consisted of power used in the gas blower, power used for the air

blower, and power used for the draft fan, which were measured by a digital power meter.

5.6.2 Energy output

a) Energy loss in exhaust gas

Energy loss in exhaust gas can be determined from the composition of the measured exhaust gas and the gas
mass flow rate.

Ei,exhaust - m T ) (59)

gast,gas (Tgas “ta

b) Energy loss through the incinerator wall

Energy loss through the incinerator wall presents the conduction heat transfer. Thus, Fourier’s law is used to

calculate the total heat conduction through the incinerator’s wall layers.

anr1dl¢ct = —kA g (5 .1 O)

dx
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¢) Energy loss in unburnt material

Energy loss in unburnt material occurred due to some unburnt material contents lingering in the sample with the

remaining material. Therefore, it was necessary to calculate unused energy in the conduction.

Eo,unburnt = mu,,bum,C

(5.11)

c )unburnt

p,unburnt(Th -7

where T, and T, are hot and cold temperatures of the unburnt material, respectively.

d) Unaccounted losses

Because of the complexity of determining unaccounted losses, such as radiation heat loss and heat contained in
the incinerator after finishing experiment, these losses were computed by the difference between the heat input and
determinable output. Furthermore, if the secondary chamber was ignited, the energy needed to maintain the maximum

temperature for efficient combustion gas elimination was considered an unaccounted loss.

e) Energy used

Energy used in the incinerator consists of energy needed to evaporate moisture content in the sample meat and

energy needed to burn the meat’s dry combustible matter.

Eused = {mwater Cp,waz‘er (Tboil - Tinitial )waz‘er } + {mwaterhfg }+ %’”dry Cp,dry (Tf - T,'nm'g] )dry } (5 1 2)

f) Incinerator efficiency

An efficiency (or the first law efficiency) of the incinerator is the ratio of the incinerator’s energy utilization to

the total energy input, which can be calculated by Eq. 5.13.

Nincinerator = (Energy used / Energy input) x 100 % (5.13)

5.6.3 Results on energy balance evaluation and discussions

1) Energy input

For energy input, it can be found that producer gas generated from coffee bean pulp can achieve highest energy
input value (approximately 27 MJ), due to its calorific value, whereas the energy generated by rice husk gas presents
for poor result.

Energy released from sample meat was computed by referring to the calorific value of dry meat with neglecting
the energy in water (low heating value), which total energy in meat is approximately 8.90 MJ.

About the energy input referred to electricity consumption, from the evaluation, it can be investigated that
electricity consumed when both primary and secondary chamber are operated is lower than operation only primary

chamber condition, because it took a longer time for biomass producer gas to combust sample meat if there was only
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primary chamber operation. Different from the primary and secondary chamber operation, the amount of fuel gas was

consumed for both two chambers, and then, it became finish early.

2) Energy output: heat loss through exhaust gas

Evaluation on energy output results that the majority of energy loss taking place from loss in exhaust gas, which
is approximately 9-12 MJ, or equivalents to 30% of total loss. Figure 5-7 described a relationship between heat loss
through the exhaust gas with the incinerator’s operation time. It can be found that at the same operation time, energy
loss through the exhaust gas of the two chambers operation is higher than only primary chamber operation, because
the exhaust gas consisted of high temperature occurred from secondary burner.

However, the operation of single chamber took a longer time. Total loss through exhaust gas by this condition
finally results in higher value, therefore. The heat loss became increase before finishing the experiment due to heat
content in the combustion chamber. Moreover, moisture content in sample meat was evaporated completely before

finishing experiment, thus, temperature of combustion in the chamber was higher and caused of a great deal heat loss.
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Fig. 5-7 Evaluated energy loss through exhaust gas
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3) Energy output: heat loss through incinerator’s wall layers

Loss of heat through the incinerator’s wall layers shows a similar number compares with loss in exhaust gas. It is
conjectured that heat loss for this loss type is 7 MJ by estimate, or equivalents to 22% of the energy output. The
position of most heat loss is the incinerator’s bottom, in which mainly obtained heat from meat combustion. The
average rate of heat loss is approximately 226 Watts at this position. Whereas the average lowest heat loss is the

secondary chamber’s backside wall under the stack position, which is equal to 15 Watts.

4) Energy output: heat loss in ash and unburnt material

Heat loss in unburnt material was investigated after finishing experiment, according to the total quantity of
generated biomass producer gas that was not enough to completely burn sample meat. Hence, heat loss for this issue
can be determined base on remaining weight and final temperature of sample meat, or ash.

The evaluations show that if there were two chambers operations, heat loss in ash and unburnt material became
higher than that of one chamber operations. This result occurred because sample meat cannot be burnt if producer gas
was used in both chambers simultaneously, and it led to much amount of remaining unburnt material at the end of

experiment.

Table 5-3 Evaluation results of heat loss through incinerator’s wall

Positions Heat loss
Watt %

Primary chamber
Heat loss through left wall 228.25 15.53
Heat loss through right wall 258.12 17.56
Heat loss through backside wall 226.27 15.39
Heat loss through front door 69.12 4.70
Heat loss through bottom side 347.13 23.62
Secondary chamber
Heat loss through left wall 111.62 7.59
Heat loss through front wall 74.55 5.07
Heat loss through right wall 82.67 5.62
Heat loss through back wall 15.23 1.04
Heat loss through top wall 56.93 3.87

Total 1,469.89 100.00

5) Energy output: unaccounted losses

As explained beforehand, it is difficult to evaluate exact unaccounted losses. In fact, there are a lot of
undeterminable losses during the experiment, such as natural convection and radiation. Amount of these losses was
estimated by the difference between the heat input and determinable output. In case of two chambers operations, it is
found that the amount of unaccounted losses result higher than one chamber operation, because it is necessary to

maintain high temperature in the secondary chamber in order to prevent emission. Therefore, heat used for this reason
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was assumed as one of unaccounted loss. It was investigated that the unaccounted loss when two chambers were

operated is approximately 8-10 MJ, while the unaccounted loss of one chamber’s operation was 4 MJ, by estimation.

6) Useful energy and system’s overall efficiency

An energy used in this evaluation is mainly heat used for meat combustion. At first, moisture content in sample
meat was evaporated by some amount of gas combustion heat. Next, the other heat is utilized to heat up meat’s
temperature upon reaching the fire point. Consequently, it can be estimated the heat required for mentioned using. It
can be found that the useful energy was equal to 8-12 MJ if there is only one chamber operation. On the other hand,
the useful energy decreased to be 4-5 MJ when two chambers were operated. These evaluated results are in agreement
with the results of unaccounted losses evaluation. Because some of heat was used in the secondary chamber, sample
meat cannot be burnt in much ratio.

After calculate the useful energy, system efficiency can be evaluated by ratio of energy used and total energy
input. If there was only primary chamber operation, the efficiency of system was equal to 29.28 % for macadamia
shell gas using, and 31.97% for coffee bean pulp gas using. In contrary, the system efficiency when rice husk
producer gas presented for worse result, as well as utilization of charcoal gas. Low calorific value of rice husk gas
influenced to meat combustion, whereas the deficient of charcoal gas scheme came from short flame length that

cannot burn sample meat efficiently, compared with the previous gases.

Table 5-4 Results of energy balance calculation if operate only primary chamber

Producer gases
Parameters - :
Macadamia shell | Coffee bean pulp Rice husk Wood charcoal

Energy input
Producer gas (MJ) 22.63 27.36 19.81 27.83
Sample meat (MJ) 8.90 8.90 8.90 8.90
Power consumption (MJ) 0.78 0.74 0.65 0.74
Total energy input 32.31 37.00 29.36 37.47
Energy output
Exhaust gas (MJ) 9.82 12.65 8.87 11.43
Heat loss through wall (MJ) 7.23 7.45 7.16 7.28
Heat loss in ash and unburnt 1.43 1.06 2.25 1.87
material (MJ)
Unaccounted loss (MJ) 4.37 4.01 3.11 7.58
Useful energy (MJ) 9.46 11.83 7.97 9.31
Incinerator 29.28 % 31.97 % 27.15% 24.85%
efficiency (7, )> (%)
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Table 5-5 Results of energy balance calculation if operate both primary and secondary chambers

Producer gases
Parameters :
Macadamia shell | Coffee bean pulp Rice husk Wood charcoal

Energy input
Producer gas (MJ) 22.08 27.05 19.59 27.55
Sample meat (MJ) 8.90 8.90 8.90 8.90
Power consumption (MJ) 0.38 0.33 0.30 0.34
Total energy input 31.36 36.28 28.79 36.79
Energy output
Exhaust gas (MJ) 8.60 11.43 8.04 9.57
Heat loss through wall (MJ) 7.06 7.31 7.02 7.14
Heat loss in ash and unburnt 2.81 2.63 3.01 2.96
material (MJ)
Unaccounted loss (MJ) 8.29 9.67 9.94 12.09
Useful energy (MJ) 4.60 5.24 3.79 5.03
Incinerator 14.67 % 14.44 % 13.16% 13.67%
efficiency (7, )> (%)

If there were two chambers operation, the efficiency decreased. It is discovered the highest efficiency occurred
from for macadamia shell gas that was equal to 14.67%, and 14.44% efficiency for coffee bean pulp gas utilization.
These evaluations explained that because some of heat from fuel gas combustion must be used in the secondary
chamber and assumed as unaccounted loss. Hence, the amount of heat for meat combustion was separated for this

reason, and then, it drastically concluded for lower efficiency.

5.7 Chapter’s conclusions

In this chapter, the results obtained from experimental conduction were reported, then, the significant parameters
have been evaluated. Due to the comparison between heating value of solid biomass and producer gas calorific value,
it is found that biomass fuel, which contains high heating value, does not present high heating value when it is
converted into fuel gas. The quality of producer gas usually depends on a gasifier’s operation, especially, temperature
and height of reduction (char) zone.

To achieve maximum producer gas and air blending, excess air is needed to be injected at gas burner at the
equivalence ratio 0.9 in order to completely burn fuel gas and prevent escape of unburnt CO. This operation condition
finally concludes for highest temperature, as well as long flame length. Moreover, it can be investigated that the most

significant variable that influences to the combustion behavior inside the incinerator is an amount of auxiliary air fed
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into the primary chamber. According to the literature reviewing, the recommended air for adequate combustion of
high moisture solid waste should be 150% of the stoichiometric combustion air needed. Thus, it impliedly means
some of uncombusted air will be draft into the secondary chamber, and then, temperature of the secondary chamber
will be decreased by this excess air. This phenomenon was found when increasing amount of excess air from 100% to
be 150% and 230%. The temperature was decreased, as well as increasing in exhaust gas opacity or emission
occurred from high moisture material combustion. In addition, a great deal of excess auxiliary air also affected to the
temperature of both combustion chambers. Consequently, additional amount of biomass gas fuel should be introduced
in order to keep high temperature. Nonetheless, this operation will lead the system to be deficient because there is
redundant fuel fed to the system.

An evaluation on energy balance shows the difference between operation conditions. It can be found that when
operate only primary chamber, the overall efficiency achieved maximum at 30% approximately. In contrary, when
operate both of primary and secondary chamber, the incinerator efficiency will decrease to be 15% by estimate
because some of fuel amount is necessary to maintain high temperature inside the secondary chamber, for eliminating
emission occurred from waste combustion. Although it seemingly wastes a lot of energy through this process,
however, it presents for an adequate method to reduce toxic gas released to the atmosphere such as nitrogen oxide or

dioxin.
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Chapter 6
Investigation of actual scale incinerator’s combustion characteristics by using

CFD analysis

After the necessary data has been obtained from the experiments, it is essential to simulate the mentioned
information for high-moisture material combustion characteristics if an actual double-chambered incinerator will be
used, and it will for efficient commercial incinerator design result outcome. Consequently, an analysis by using

Computational fluid dynamics (CFD) was also implemented in this research.

6.1 Philosophy of Computational Fluid Dynamics Analysis

Computational fluid dynamics (CFD) is a process to calculate fluid dynamics by numerical methods Y.
Moreover, it is the art of replacing the governing partial differential equations of fluid flow with numbers, and
advancing these numbers in space and/or time to obtain a final numerical description of the complete flow field of
interest. This is not an all-inclusive definition of CFD; there are some problems which allow the immediate solution
of the flow field without advancing in time or space, and there are some applications which involve integral equations

rather than partial differential equations'®.

6.2 Literature reviewing for CFD analysis in combustion and incineration schemes

Doungsupa N. 7 studied the simulation of combustion in a ceramic fiber kiln using CFD. The ceramic fiber kiln
contains eight LPG burners with a 1 m® effective volume, whereas the CEFD model solves conservation equations for
mass, momentum and energy with the turbulent and non-static running model. The comparison between CFD
simulation and actual experiments were that both results showed good agreement for temperatures below 800°C. In
addition, the results also showed that the model with a slowly increasing pressure from 3 to 10 psi and 50% open
damper the best condition.

Vorayos N. "V studied computational fluid dynamics to determine the hot air (70°C) velocity flow field in a 2-
dimensional model of tobacco curing barn by appointing the velocity of injected hot air as 2.8 m/s with a turbulent
model. The solution showed that the low velocity contour usually took place at the middle of furnace, while the high
velocity contour occurred between the low velocity contour and the furnace’s wall. In addition, it was also found that
if the tobacco furnace has a height and length ratio (H/L) less than 0.3, air distribution cannot reach the back of the
furnace, which especially affects the quality of tobacco contained towards the back.

Hwang et al. 7 simulated for turbulent model in furnace by using k — & model and nonlinear & — & model. The
results presented that there were not different by using these turbulent model. Lin and Lu (1994)7®, on the other hand,
conducted for 3 dimensions flow simulation by using Reynolds stress model (RSM) and k — ¢ model. It was found

that RSM model can observed some flow characteristic better than the & — ¢ model.
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Donghoon S. et al. "™ used CFD to simulate gas flow inside the furnace chamber that provided 3-dimensional
temperature, concentration and velocity vectors. The CFD results were analyzed further in terms of residence time,
mixing and thermal decomposition of potential pollutants. It was found that the residence time needed to be carefully
determined based on the gas inlet position. The statistical variation requires evaluation of the average and the
minimum (or shortest) residence time. Mixing was quantified by defining a local mixedness parameter o with which

the effects of secondary air jets were interpreted. Thermal decomposition parameter ( S ) integrated the temperature

and oxygen availability over the residence time, which may be directly related to good combustion.

Bubpamala W. ™ studied human crematory design for energy saving, by simulating commercial crematory as
analyzed model and using GAMBIT FLUENT. The results proposed human crematory, which primary combustion
chamber located under secondary chamber, has good performance in term of pressure loss and turbulent intensity. In
addition, the most proper angle of auxiliary injected air nozzles on left and right wall should be 330° and 120°,

respectively.

6.3 Related equations used for CFD analysis

6.3.1 Governing equations

Fundamental governing equations used for simulation are Navier-Stokes Equations, which consist of mass

conservation and momentum conservation.

aa—'[;+v-(pl7) - 0 6.1)

% +V. (PVu) = ol 1;; ) + a;;" + 6(;; +pf (6.2)

%+ V- (o) - a;;y i i;; w), a(;zy of, 63)

@ +V- (pr) = a;;z + 6;; + o g; ) +pof (6.4)
where; o fluid’s density (ke/m’)

¥  flow’s velocity vector (m/s) at any position and time, which the component of each direction
represents as V=ui + vj’ +wk

P fluid’s pressure at any position and time (N/m?)

7; shear stress (N/m?)

t time (s)
u, v, w fluid’s velocity at the x, y and z axis
Jfo f» f- body force at the X, y and z axis

Isaac Newton has proposed that both of normal and shear stress vary to fluid’s velocity gradient (Munson, B.R.
et.al., 1998) 9 which is called “Newtonian fluid”. Thus, the relationships between fluid’s velocity and stress can be

expressed as 77

ou 2

(. =2ya—§y(v-l7) (6.5)
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In which u represents fluid’s dynamic viscosity of first viscosity.

When the stress values are substituted in the momentum conservation equations, the new Navier-Stokes

Equations will be obtained.
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If moving the partial viscous stress term to the momentum source term, the Navier-Stokes Equations can be

simplified as:

—a(g“)+v-(p ) - —g—f+v-(uw)+ of. .14
a(aptv)_+v.(p Av) = —Z—)’j-l—V'(‘UVV)“‘ pfy (615)
—a(gtw) +V - (piw) - —% +V-(uVw)+ of. (6.16)

6.3.2 Partial differential equation for heat transfer analysis

A mathematic model of heat transfer can be solved by using the energy conservation law, which is described as

Eq. 6.1777.
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where hymeans the summary of enthalpy:
h0=i+%(u2+v2+w2) (6.18)

in which i represents an internal energy, and & is a conduction coefficient (W/m-K).

6.3.3 Turbulence equations

The governing equations and heat transfer equation, as described earlier, are usually used to solve general flow
problem. Nevertheless, the flow of combustion gas and auxiliary air, including biomass producer gas, usually become
turbulent, which represents uncertainty direction, which causes of unsteady condition for each parameter.
Consequently, any property of the turbulent flow can be assumed to be 2 parts (Reynolds decomposition), which are
the average value that independent to time, and the oscillation value that dependent with the time 7.

By assuming the characteristics of combustion gas and air flow inside the incinerator as steady incompressible

viscous flow, a time averaging tensor can be conducted as:

an,

- 0 6.19
o (6.19)
", oo, ou',
and uj% - 1 1% du (6.20)
ox; pox; p ox; ox;
where cr_ﬁ is a deviatoric part of the viscous stress tensor, which can be determined by:
oy = 2uS; (6.21)
A parameter S; represents strain tensor that can be calculated by Eq. 6.22.
. Ou;
S; S T (6.22)
2(ax;  ox

6.3.4 Standard k — ¢ model

The remaining non-closed Reynolds-stress tensor has to be modelled. The Favre-averaged standard k — & model

is applied to close the set of equations, where the eddy-viscosity assumption at high Reynolds Number (Eq. 6.23) is

used.

o, - i
i = —v,(%+ﬁ}35..k 25, gﬂ (6.23)
X
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The turbulent viscosity is defined by:

72
v, = C,u kT
€ (6.24)
The modeled turbulent kinetic energy equation and mechanical dissipation equation explain as Eq.6.25 and 6.26.
_ok . ok o f(_v, k) _.., 00 _.
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_0¢ . 0g o (_v og _ & ey OU; _g
and —+ —=—|pLt—|-Cp=uli! —-C.,p= 6.26
P ot P Ox;,  Ox; (p ot aka a1 kY ox; 2P k (6.26)

The mechanical dissipation rate is modelled under the assumption of local isotropy at a high turbulent Reynolds
number. There are extra source terms that may be added to the dissipation rate equation to account for buoyancy and

volume expansion influences,

P LWL nd ¢, p5 Pk (6.27)

c.LP
Pox, p & ox,,

The constants used for standard k — ¢ model are described in Table 6-1.

Table 6-1 Constants used in the standard & — & model

Cu C, C,, oy o

0.09 1.44 1.92 1.00 1.30

6.3.5 Finite volume method

In order to calculate and solve the solution by using computational fluid dynamics, a numerical approach is
applied. The methodology starts by conduct for the domain of fluid flow with a boundary, and then, flow domain will
be divided into small element or mesh (discretisation). Each element will cross together at a grid (or node), which is
used to calculate for fluid flow solution. After that, fluid property and boundary condition will be appointed.
Algebraic equations are created by substituting fluid flow functions into the fluid’s partial differential equation and
combine with the mathematical calculation.

A finite volume method (FVM) means a kind of the numerical approach that becomes popular for fluid flow
solution solving. This method will arrange the partial differential equation into the algebraic equation at any point on
a control volume, and then, boundary conditions will be appointed. Finally, an iteration method is applied to
determine the solution.

A general form of partial differential equation used for FVM can be written as,

@ +  div(pgu) = dilgradg) + 5, (6.28)
Transient Convection Diffusion Source

where I is a diffusion coefficient of the variable ¢ .
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Transport equations for the 2-dimension turbulent flow are shown in Table 6-2,

Table 6-2 Comparison between transport equations of 2-dimension turbulent flow with the ordinary equations

Transport ¢ | T, Sy
Equations
Continuity 1 0 0
X-momentum u U, 6P 6 ou 0 ov
u,— [+—| u,— (6.29)
o 6x ox ) oy oy
Y-momentum n U, 6P 0 ou 0 ov
—t— U, — |+t ——| U, — (6-30)
oy Ox oy ) Oy oy
Turbulent k u
kinetic energy G_Z G-pe 6.31)
Turbulent g u £ £
dissipation U_Z (CslG); - (Csng ); (6.32)

in which u,means an effective Viscosity, (yt +u),
and G=y,|2 ary o | L[ o (6.33)
Ox Oy ax ay

The partial differential equation (Eq. 6.28) can be changed into the algebraic equation by integration throughout

the control volume:
J‘%V+ Idiv(pgéu)dV = jdiv(l"gradq))dV+ IS¢dV (6.34)
v t v v c

(p¢)

For the steady state =0, the above equation can be rewritten as:

j div(pgu)dv = j div rgmdqsym j S,dV (6.35)
crv crv crv

6.3.6 Diffusion and heat transfer solution

The numerical method can be also used to determine the solution of diffusion and heat transfer. Assuming heat

conduction occurring is 2-dimension steady state, conduction heat transfer equation is expressed as:

i(r%j+ 5( 5¢) 5, =0 (6.36)
ox\ ox) oy oy

82



Fig. 6-1 Position of 2-dimension control volume

Integrating an above equation throughout the control volume, the new form of equation becomes:

0¢ 0 0¢
dxdy I'— |dxd S,dV =0
J.ax( 6xj +~’.6(6ny+.’.¢
INACAN ING

Set A, = A, =1xAy and 4, = A; = Ax], the equation becomes:

) o) o), ()

From above equation, the equations of flux that flows through the control volume are expressed as:

Flux flows through CV surface at west side

r4,2

WA, =FWA (P ¢W)
ox

ypp

w

Flux flows through CV surface at east side

=I,4, 6¢
¢ ox

—FA (¢E ¢P)

O pp

e

Flux flows through CV surface at south side

=T, 4, 6¢
¥ ox

_r4 Yo=ts)

Gegp

N

Flux flows through CV surface at north side

=I,4, 6¢
" ox

—FA (N ¢P)
Oxpy

n

where & means cell volume.

Substituting all of above equations into Eq. 6.37, a new equation form is obtained as:

e beztl] [y o)) [ el e el s

O pg Syp Oxpy Oxgp
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(6.37)

(6.38)

(6.38a)

(6.38b)

(6.38¢)

(6.384)

(6.39)



Assuming the diffusion of source term inside the control volume is a linear profile, then SAV = S, +8,9,.

Therefore Eq. 6.39 can be rewritten as:

(FWAW JLd, LA T4, —Sp}pp _ (FWAW}pW +(reAeJ¢E +(FSAS }155 J{FnAn J¢N 45, (640)

Oxyp  Oxpp  Oxgp  Orpy Gxypp M pp; Gxsp O py

Consequently, the ordinary algebraic equation is obtained.

apf, = ay by +aghp + asds +aydy + 8, (6.41)
I, 4
where; ay =2 (6.41a)
yyp
a, = £ (6.41b)
O p
as =545 (6.41¢)
Oxgp
ay =2udy (6.41d)
Sxpy
and ap=ay +ap+ag+ay—Sp (6.41¢)

6.3.7 Convection and diffusion problem

An equation of the variable ¢ of the convection and diffusion problem can be written by:

opug) , olpvg) _ O (p09), @ (109, ¢ ) (6.42)
Ox Oy ox\_ ox) oy\ oy
Integrating Eq.4.42 throughout the control volume, thus, new equation form is obtained:
I olpug) , Aeve)),, [ i(r%j 2O r s, lay (6.43)
Ox Oy N ox\ ox) oy\ oy

Considering for each integral term and set the variable 4, = 4,, = 1xAy and 4, = A, = Axl, the convection term

of x and y axis become:

x-axis: j[a%(pw)}dv = (oud),p.~(oud),9, = Fg-F, (6.44)
AV
y-axis: j {%(m«s)}w = (pva),¢,—(pvd)¢, = F4,-Fo, (6.45)
The diffusion terms are:
j {;(rg—q’j}w - (F%AJQ—(F%AJ; Dby ~4p)- Doy ~d) (6.46)
AIV {%{F%ﬂw = (F%Al—(r%/ljf D, by —p)-Dy(¢p —¢5) (6.47)
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The source term is:
[spav =s,v (6.48)
v

where F and D represent the coefficient of convection and diffusion ( pud and 1:3—14 ), respectively.

The value of ¢ can be estimated by using a several scheme such as Central Differencing Scheme, Upwind
Differencing Scheme, Hybrid Differencing Scheme or Power-Law Scheme. In this research, the Upwind Differencing
Scheme was selected for the most appropriate scheme to solve the mentioned problem.

The Upwind Differencing Scheme 7® has an objective to solve the diffusion and convection problem by

assuming the convection value at the interface ¢, is occurred by the average between ¢, and ¢p, and there is no
change of the diffusion term. In addition, the convection term can be calculated by assuming that the value of ¢ at the

interface is equal to the value ¢ at grid point of the control volume’s upstream surface.

P, =¢p if F,>0 (6.49a)
9. =g if F,<0 (6.49b)
and ., = by if F, >0 (6.49¢)
¢, =¢p if F, <0 (6.49d)

Accordingly, the algebraic equation can be written as:

apPp = ayy +agPp +aydy +ashs +SgV (6.50)
where ay = max [-Fn, 0]
as = max [Fs, 0]
ag = max [-Fe, 0]

aw = max [Fw, 0]

and ap=ag+ay +ay +ag+(F,—F, +F,~F,) (6.51)
where max [4, 8] means the maximum value, which is obtained from the comparing between 4 and B.

6.3.8 Flow field problem

In order to solve for momentum conservation equation, the solution of fluid’s flow field will be not in agreement
with the solution obtained from mass conservation equation. Accordingly, a Semi-Implicit Method for Pressure-
Linked Equation (SIMPLE) method ®” was applied. This algorithm starts the discrete continuity equation and
substitute into this the discrete u and v momentum equations containing the pressure terms resulting in a equation for
discrete pressures. The pressure field is assumed to be known from the previous iteration. Using the u and v

momentum equations are solved for the velocities. At this stage the newly obtained velocities do not satisfy continuity

85



since the pressure field assumed is only a guess. Corrections to velocities and pressure are proposed to satisfy the
discrete continuity equation ®V.

Likewise, a staggered grid method is also applied to arrange the velocity grid to be placed at the connection of
scalar variable, in order to be in agreement with the continuity equation and also prevent a Checker-board effect that
cause of the error in numerical approach ®?. The arrangement of the scalar grid (p), velocity u and v are shown in Fig.

6-2.

Fig. 6-2 Staggered grid arrangement
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Fig. 6-3 Arrangement of the control volume p-cell
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Fig. 6-4 Arrangement of the control volume u-cell
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Fig. 6-5 Arrangement of the control volume v-cell

Momentum conservation equations along x and y axis are taken:

2 () + L (o) = 5_P+i(r5_“j+i(rﬁj (6.52)
Ox Oy ox ox\ oOx) oyl Ox
0 0 OP O .0u) O(.0v
- + = = —+—|I—|+—|T— 6.53
o ) ay(pw) oy 6x( 6y) 6y( 6xj (039

Integrating Eq. 6.52 and 6.53 throughout the control volume (as shown in Fig.6-4 and 6-5), the discretized

equation are obtained:

X-axis: a,u, = Zanbunb +8,V + (P,_]’J - P]’J)A (6.54)
nb
y-axis: a,v, = Zanbvnb +S8,V+ (P,_]’J - P]’J)A (6.55)
nb
where Zanbunb =ayuy +agllg +agy +ayuy (6.56)
nb
Zanbvnb =ayvy +agvg +agvp +ayvy (6.57)

nb

Mass conservation equation is derived to be a pressure different equation, in order to correct the value of pressure

and velocity of fluid flow filed. The procedure starts by assuming the pressure and velocity value.

— k 4
p=p-+p (6.58a)
u=u*+u' (6.58b)
v=vEy (6.58¢)
In which : p,uandv correct pressure and velocity

p*, u* and v* guessed pressure and velocity that is calculated from p*
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p',u'and V' pressure correction and velocity correction

In addition, the velocity u and v can be determined from momentum equation, which has a similar form with Eq.

6.56 and 6.57. The discretized equations of these velocities are presented as:

au, = Zanbu:b +S,V+ (P;, - P;)Aw (6.59)
nb

ayv, = Zanbvzb +S,V+ (PS* o )AS (6.60)
nb

Substituting Eq. 6.58a-6.58c into the discretized equation (Eq. 6.56 and 6.57), and then, minus by Eq. 6.59 and

6.60, the new discretized equation becomes:

a,ul, = a,uty, +(By = PpA, (6.61)
nb

agvl, = D vy + (P = Pp A, (6.62)
nb

Zanbu;b and Zanbv;b can be assumed to be zero ®*, when the flow is in agreement with the mass
nb nb

conservation equation. The velocity correction equation of u,, becomes:

u, =d,(piy - Pp) (6.63)
where d,=—=
aW

Thus, u, =u,+d,(py = pp) (6.64)

At a same time, the velocity of east position (u,.) can be also written as:

u, =u, +d,(py - pjp) (6.65)

Simultaneously, the velocity correction equation of vs is expressed as:

v, =d(ps - Pp) (6.66)
where d, = A
as
Thus, v, =v. +d (ps - pp) (6.67)
and v, =v, +d,(py = p}) (6.68)

Mass conservation equation (Eq. 6.1) can be written as a differential equation as:

(6.69)
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Integrating above equation throughout the control volume, then,

AJ'V {%’?h%’j)}di/ =0 (6.70)
(oud), —(pua),, +(pud), ~(pud), = 0 (6.71)

Consequently, the equation of pressure correction (Eq. 6.72) can be obtained by substituting the velocity value

from Eq. 6.64, 6.65, 6.67 and 6.68.

ApPp =y Py +appr +asps+aypy +b (6.72)
where ay =pd, A,
aS =pdsAS
aE =pdeAe
aW =pdew

b=pu’4), —(pu"4), +ou" 4), —(pu"4)

Accordingly, the overall process of SIMPLE method can be summarized as:

1) Assuming the value of p* u*and v*

2) Calculating for u* and v* by using Eq. 6.54 and 6.55.

3) Substituting calculated u* and v* into Eq. 6.72.

4) Determining for p' from Eq. 6.72, and then, substituting the calculated p'into Eq. 6.58a, and appointing p*
from p.

5) Calculating for u, v from Eq. 6.64, 6.65, 6.67 and 6.68 by using p' from the previous calculation, and then,
using obtained u, v to be new u* and v*.

6) Repeating the procedure (2) to (5) until p* u* and v* become convergence, by observing that the value of

the mass source term (b-term) converges to zero.

The flow chart of SIMPLE method is shown in Fig. 6-6.
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p*’ u*,V*

»)

A 4

apup = zanbunb +SuV +(PI—I,J _PI,J)A
nb

ayvy = zanbvnb +SvV + (PI—I,J - PI,J)A
nb

A 4

! ! ! ! !
appp =ay Py +agpPyp +agps +aypy +b

Print Results

Fig. 6-6 Flow chart of SIMPLE method
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6.4 Three-Dimensions model implementations

A model of double-chambered incinerator for simulation was implemented by referring to the commercial scale
of double-chambered incinerator used at present. Figure 6-7 shows the layout of implemented incinerator’s model.
The primary combustion chamber has 338 c¢cm in depth, 100 cm in width and 60 cm in height. The secondary
combustion chamber’s shape is especially designed as a U-shape for providing maximum efficient of dust
precipitation. At the top of the secondary chamber, an exhaust gas stack is implemented. In addition, ten of total
auxiliary air nozzles are located at the primary combustion chamber. At the combustion chamber backside, gas

burner’s models are placed.

Secondary burner

Primary burner

Air nozzle

Fig. 6-7 Schematic dimension of the double-chambered incinerator model

In order to simulate the heat distribution and other significant combustion characteristics, the models were
classified into 4 types, which named Al to A4, by the incline angle arrangement of air nozzles and burners. A model
Al represents for the commercial incinerator used at present, in which the angle of burners and air nozzles are equal

to zero degree. For the Model A2, the incline angle of air nozzle are modified to be 30 degree along y-axis (a), and

30 degree along z-axis (¢), whereas there is no change in burner’s incline angle (zero degree).

Table 6-3 Dimension of each double-chambered incinerator model

Conditions Al A2 \ A3 \ A4
(Commercial (Modified model)
type)
Chamber’s dimensions (W x H x L)
(mm.) 1,000 x 600 x 3,380
Primary burner incline angle (deg) 0° 0° 25° 25°
Secondary burner incline angle (deg) 0° 0° 0° 0°
Auxiliary air incline angle 0° ¢ = 30° 0° o = 30
a= 30° a= 30°
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A model A3 represents for changing in burner’s angle from 0 degree to be 25 degree downward, however, the
angle of air nozzles are still fixed at zero degree. Finally, model A4, that both of air nozzles and gas burners’ incline

angle are modified.

0 ] ;
o) ‘ o] ‘ ¢
S| ‘ o] Olﬁ
Al A2
bi i
m i i
g %o T ’
0 i &
A3 A4

Fig. 6-8 Double-chambered incinerator’s model with arrangement of air nozzle and angle

Besides the incinerator’s model, the model of high moisture material was also performed, with the dimensions of
50 x 50 x 180 cm, in order for the implemented model to be similar to actual incinerator. All of material models were
located at the middle of the incinerator to achieve the flame impingement onto the material.

After finishing models implementation, all models were conducted for meshing by using ANSYS Workbench

software. A tetrahedral mesh was applied for incinerator models.
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[

Fig. 6-9 Combusted material model implementation in the incinerator

6.5 Grid sensitivity study

In this research, a study on grid sensitivity was carried out before starting CFD analysis in order to observe the
convergence of analysis result. The type of grid was classified into 3 types, which were 1) coarse grid, 2) medium
grid and 3) fine grid. The elements of coarse grid, medium grid and fine grid consist of 36,060 152,278 and 365,130

mesh, respectively.

a) Coarse grid b) Medium grid

¢) Fine grid

Fig. 6-10 Classification of grid type in sensitivity study
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Table 6-4 Grid sensitivity study results

Parameters Coarse grid Medium grid Fine grid
Nodes 7,659 30,389 69,667
Elements 36,060 152,278 365,130
Maximum Total Pressure (Pa) Divergence 359.00 334.22
Maximum Velocity Magnitude (m/s) Divergence 21.71 21.73
Maximum Temperature (K) Divergence 1,765.00 1,787.00
Maximum Turbulence kinetic energy (k) (m”/s°) Divergence 9.38 15.68
Maximum Turbulence dissipation rate (epsilon) Divergence 4,095.48 16,949.62
(m%/s%)

The results of grid sensitivity study show in Table 6-4. It is discovered that all parameters on coarse grid
simulation result in divergence, or the meaning is cannot find the exact solution. Whereas, the result on medium grid
and find grid show that mostly values have similar results, for example, pressure, temperature and velocity, except the
number of turbulences. The values of both turbulence kinetic energy and dissipation rate of the fine grid scheme
result in higher compare to medium grid. These results explain the influence of mesh’s element fining to the turbulent
schemes. For a large-eddy simulation, the solution of turbulence kinetic energy and dissipation rate with grid
dependency show good quality criteria if the intermediate (medium) grid was used, however, the criteria do not depict
full convergence although the expected behavior is observed as the grid resolution is increased ™. Accordingly, the

medium grid was used to conduct for simulation in this research.

6.6 Initial conditions of simulation

Initial conditions used for CFD simulation, such as input gas/air velocity or producer gas properties, were
calculated by referring to the experimental results. For example, a velocity of biomass producer gas used to combust
the high moisture material was estimated as 5 m/s, thus, at the equivalent ratio 0.9, a velocity of air fed to the gas
burner was equal to 5.6 m/s. At a same time, it was found that the volume flow rate of air fed to the primary chamber
was 0.01 m’/s, thus, the velocity of air should be 20 m/s per one nozzle. Table 6-5 shows the values of the simulated

initial conditions.

94



Table 6-5 Initial conditions values

Velocity of producer gas at 1™ burner S m/s

Velocity of producer gas at 2" burner S m/s

Velocity of air injected to 1* burner 5.6 m/s
Velocity of air injected to 2™ burner 5.6 m/s
Velocity of auxiliary air injected to 20 m/s
primary chamber

Temperature of producer gas 300K
Temperature of combustion air 300K

6.7 Boundary conditions and chemical Kinetics of biomass gas combustion
For the boundary condition of the implemented model’s wall, it was treated by a constant wall temperature, or
this meant there was no loss through the incinerator wall (adiabatic). Hence, the Neumann boundary condition of

incinerator’s wall can be expressed as:

b
|
L
|
:
|
(ID

wall wall wall

In addition, wall was assumed to be stationary with no-slip conditions applied to the wall surface, thus:

V. = 7, = V. = 0

P
and 0 = 0 n: normal vector

on

Chemical kinetic of biomass producer gas combustion

Theoretically, combustion of biomass producer gas occurs from three main flammable gas combustion, which are
carbon monoxide (CO), methane (CH4) and hydrogen (H,). Accordingly, chemical kinetic of each fuel combustion
reaction were performed simultaneously with the standard boundary conditions.

Most of elementary combustion reactions are bimolecular; that is, two molecules collide and react to form two

different molecules. For an arbitrary bimolecular reaction, this is express as ©%;

A +B > C + D (6.73)

The rate at which the reaction proceeds is directly proportional to the concentrations (kmol/m®) of the two

reactant species, i.e.,
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M = 'kbimolec [A][B] (674)
dt

The rate coefficient, kpinoc, 1S @ function of temperature, but unlike the global rate coefficient, this rate has a
theoretical basis. The probability that a collision leads to reaction can be expressed as a product of two factors: an
energy factor, exp[-E£4/R,T], which expresses the fraction of collisions that occur with an energy above the threshold
level necessary for reaction, E 4, or activation energy.

If the temperature range of interest is not too great, the bimolecular rate coefficient can be expressed by the

empirical Arrhenius form,

kKr) = Aexp(-E,/R,T), (6.75)
where A4 is a constant termed the pre-exponential factor or the frequency factor. R, represents the universal gas
constant (8,314 J/kmol-K) and T 'is a temperature in Kelvin.

The constants and factors used in the simulation are described in Table 6-6.

Table 6-6 Pre-exponential factors and activation energy values of biomass gas combustion reactions

Reactions A E,
CH, + 20, =CO, + 2H,0 2.119x 10" 2.027 x 10°
CO +0.50,=CO, 2.239x 10" 1.70 x 10°
H, + 0.50, = H,0 9.87 x 10° 3.1x 107

6.8 Results on CFD analysis and discussions

6.8.1 Temperature profiles

The results of temperature simulation show in Fig. 6-11. It can be found that the maximum temperature from fuel
gas combustion is approximately 1,700 K at the outlet of gas burner. This maximum temperature is close to the
theoretical flame temperature of biomass producer gas combustion.

The simulation of incinerator model Al (commercial model) with high-moisture material model shows the
temperature inside the primary chamber would be become highest at the exit of burner. However, the temperature at
the front side of the incinerator still had the lowest value, equal to that of the ambient temperature. This phenomenon
occurred because some of the combustion heat releasing from the gas burner is drafted into the secondary chamber by
the influence of the exhaust fan, and the direction of the auxiliary air injected from the nozzle is dispersed
perpendicularly onto the material’s surface, causing the air flow to counter the combustion heat. Hence, a majority of

the heat was smoldered in the backside of the combustion chamber.
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When simulating the Model A2 of double-chambered incinerator, where the incline angle of the air holds were
modified, it is found that the temperature between the material and the incinerator wall, including the front side,
became higher compared to the A1 model simulation. When the airflow from the nozzles hits the material’s surface, a
majority of the air is directed toward the incinerator’s front, and also forces combustion heat from the back to the
front.

The simulation of Model A3, in which the burner incline angle is 25° downward, also results in worse heat
distribution, just as in Model Al. The position that has a high temperature is only in the back of the incineration,
while the majority of the incinerator model has an ambient temperature at the beginning. Consequently, this model is

also deficient for the actual incineration in terms of a great deal of fuel consumption.

Temperature (K)
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Fig. 6-11 Temperature contours inside the primary chamber with a material model
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Fig. 6-11 Temperature contours inside the primary chamber with a material model (continued)

The simulation results of Model A4, in which both the burner and air hold incline angle are modified, presented a
good heat distribution. The average temperature beside the material is approximately 1,500 K, while the temperature
towards the incineration’s front is 900 K on average. In addition, because of the little space between material’s top
and the incineration’s upper wall, a main obstacle is created against heat transferring throughout the material’s
topside. From the simulations results, as shown in Fig. 6-11, the distribution’s contour of combustion heat between

the material’s top and the upper wall of models A2 and A4 is more efficient compared to models Al and A3.
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The simulation results on temperature contour inside the secondary chamber are shown in Fig. 6-12. The highest
temperature occurring from combustion takes place in model A4, which the incline angle of burner and air nozzles
are modified. The lowest temperature, on the other hand, occurs in the model Al and A3, because an amount of
excess air in primary chamber is drafted into secondary chamber, different from air flow of A4 that a majority of air is
spread throughout the primary chamber and less of air will be flown into the secondary chamber, as described
beforehand. Hence, influent excess air usually makes the secondary chamber’s maximum temperature decrease and

possibly becomes deficient in emission preventing.

Temperature (K)
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Fig. 6-12 Temperature contours inside the secondary chamber model

According to the temperature’s simulation, it can be concluded that the adjusted air hold’s angle essentially
influenced heat transferring to the front of the incineration. The models in which the burners and air hold angles were
modified performed better heat transfers so that the high-moisture material could reach the firing point and ignited

faster, which can also reduce the overall operation time.

6.8.2 Turbulent intensity

Turbulent intensity is used to investigate the effectiveness of the air flow inside the incinerator, including the
blending between producer gas and auxiliary air. Figure 6-13 shows the contour of turbulent intensity inside the
primary chamber. It is found that the modified models (A2 and A4), in which the air nozzle angle is adjusted, presents
better turbulent intensity compare to the commercial model (Al). This characteristic suggests that the modified

models with adjusted air nozzles result in a more effective air and fuel gas blending.
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Intensity (%)

Al A2 A3 A4

Fig. 6-13 Turbulent intensity (%) contour of the primary chamber

For the simulation of turbulent intensity inside the secondary chamber, which are shown in Fig. 6-14, high
turbulent intensity for this chamber explain an effectiveness circulation of fluid flow. It is discovered that the
modified model A4 results highest turbulent intensity, which is approximately 140%, while the commercial model
(A1) presents in poor intensity. The high quantity of turbulent intensity usually takes place at the burner outlet
because air and gas flow from the primary chamber is blended with the combustion product released from secondary
burner, or it can be implied that combustion reaction is good in the modified model. Likewise, the better circulation of

the secondary chamber also promote the residence time of toxic gas combustion.
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Fig. 6-14 Turbulent intensity (%) contour of the secondary chamber
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6.8.3 Results on prediction of nitrogen oxide (NO) formation

As the beforehand explanation, the main constituent of biomass producer gas is nitrogen (N,). Moreover, there is
a number of nitrogen from injected auxiliary air with some unburnt oxygen content in excess air. Thus, the occurrence
of pollution, such as a formation oxide of Nitrogen (NO), is also necessary to be considered.

Figure 6-15 shows the result contour of NO formation inside the incinerator model when only the primary burner
is operated. It is found that the formation of NO achieved a maximum in the back of the crematory, which is equal to
245,000 mg/m’. Then, the amount of NO formation becomes decrease at the middle position of primary chamber,
which is 123,000 mg/m’ on average. Finally, NO amount presents lowest at the incinerator’s front.

The simulation explains the behavior of NO formation that the highest NO amount occurs at the burner outlet
because this position has highest temperature occurring from fuel gas combustion. Thus, majority of nitrogen content
in producer gas and air will form and become NO. At a same time, NO also happens at the air nozzles position, due to
nitrogen content in excess air.

In addition, it can be found that the rate of NO formation becomes decrease in the secondary chamber at the
connector between both chambers, and equal to zero in the stack. The reduction of NO in the secondary chamber can

be explained by the low temperature in the secondary chamber, which then decreased the rate of NO formation.
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Fig. 6-15 NO prediction if operating only primary chamber

When both of primary and secondary chamber are ignited, the average NO formation inside the primary chamber
is lower than the formation of NO when operate only primary chamber, which is approximately 70,000 mg/m’. In
addition, the NO concentration inside the secondary chamber and in the stack was approximately 20,000 mg/m’, and
then reduces gradually. Finally, the NO formation rate at the crematory’s stack becomes 3,000 mg/m’. This

phenomenon can be described that the NO formation rate becomes decrease by this condition because some of
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auxiliary air in the primary chamber is drafted and used for combustion at the secondary burner, thus, the formation
retention time is not enough for the formation. At a same time, NO occurring in the primary chamber is also
influenced to the secondary burner, and then, it will be decomposed during the combustion of secondary burner.
Figure 6-15 presents the NO formation contour if the primary and secondary chambers are operated.

Although it is found some NO amount at the stack for this case, compare to the operating only primary burner,
due to some of NO formation at the secondary burner position and is not destroyed completely. Nonetheless,
formation of NO found in this case is lower compare to the rate of NO releasing if there is only primary chamber
operation.
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Fig. 6-16 NO prediction if operating both primary and secondary chamber

A relationship between gas burner’s NO amount and fuel-air equivalence ratio (E.R.) is shown in Fig. 6-17. It is
investigated that the formation rate of NO becomes highest when E.R. is appointed as 1.10, or it means starve air
condition, which is approximately 97,500 mg/m’. If decreasing E.R. number or increasing amount of air to the burner,
the amount of occurring maximum NO slightly decreased.

The rate of NO formation concerning to the equivalence ratio, especially at the gas burner, can be found as
presenting in Fig. 6-18. The results describe maximum rate of NO formation was 6.78 x 10~ kmol/m’-s when the E.R.
was set as 0.9, which is the same position where the highest temperature occurred. On the other hand, the average NO
formation rate was decrease when E.R. number became decrease ®*. This phenomena explains the higher amount of
excess air fed to burner make the highest combustion temperature decrease, then, NO does not occur due to this
temperature that lower than the formation point. However, it can find NO formation inside combustion chamber,
because of nitrogen content in excess air. These results are in agreement with study of S. Sukumaran and S. C.
Kong ®¥ that the major NO producing reactions in a biomass syngas burner are the oxidation of NH and N under

slightly rich conditions and temperatures over 1,700 K.
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Consequently, increasing amount of air at gas burner benefits for decreasing rate of thermal NO formation caused
by gas combustion temperature. However, this operation sometimes causes of low combustion efficiency and other

toxic gas, such as dioxin or gas origin of unpleasant smell, will take place.
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Fig. 6-17 NO prediction simulation results at any fuel-gas equivalent ratio
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Fig. 6-18 Rate of NO formation at gas burner when adjusting any fuel-gas equivalent ratio
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6.9 Analysis of combustion chamber’s shape effect to residence time

In this research, study and analysis of the incinerator’s secondary combustion chamber shape was also carried out.
According to the constituents of combustion gas, especially high-moisture refuse incineration, contain dust particles,
soot, toxic gas and an unpleasant odor. The secondary combustion chamber, therefore, is necessary to eliminate this
matter by the proper residence time. The recommended residence time of the incinerator’s secondary chamber must

be at least 1 second to prevent emissions from being released into the atmosphere.

6.9.1 Differential equations

(102)

In order to analyze the residence time of chambers, standard k — @ models were applied, which are

represented in Eq. 6.76-6.77.

0 0 0 u, | ok

o)+ —(pku.) = — +=L |—|+G,-Y, -8 6.76
Ot ('D) 0x; ('D ul) Ox; H# U,J@x]} kTR Tk ( )
0 0 0 U, | 0w
- +— ) o= = +2L | —=\+G, -Y -S 6.77
Py (po) ox, (poou;) ox, Ku %J ax]} 0 Yo, (6.77)

where G; represents the generation of turbulent kinetic energy that arises due to mean velocity gradients, and

G, is the generation of w . Y, and Y, represent the dissipation of £ and w due to the turbulence, whereas S; and
S, are defined source terms.

The turbulent viscosity was defined using a damping coefficient (a *)

u = ok (6.78)
[0}

6.9.2 Chamber’s model implementation

Concerning the secondary combustion chamber’s model, the shapes were classified into two types: rectangular
and cylinder. The rectangular shape (Model A) is the same model as shown in Fig. 6-7. For the cylinder-type
secondary chamber, the total volume was equal to 0.78 m?®, with a diameter of 1.0 m, and a height of 1.0 m. One of
these types of chambers was located above the primary chamber (Model B), in which the gas flow (combustion gas
and particle) released from the primary chamber was injected at the bottom of the secondary chamber, as shown in
Fig. 6-19 (b). The other chamber was located beside the primary chamber (Model C), so that gas flow from the

primary chamber would be injected beside the cylinder secondary chamber, as shown in Fig. 6-19 (¢).
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a) Rectangular chamber type (Model A)

&

b) Secondary chamber located above the primary chamber (Model B)

¢) Secondary chamber located beside the primary chamber (Model C)

Fig. 6-19 Models for residence time analysis
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6.9.3 Residence time analysis results

Simulation of the secondary chamber’s residence time assumed that the dimension of particles released from the

primary chamber has a 1 4 m diameter. The residence time observation occurred from when the particles were

starting to exit the inlet of the secondary chamber until they reached the stack.

Figure 6-20 presents the results of the residence time of the rectangular-shaped secondary chamber. It was found
that the residence time of the gas flow inside the chamber was 2.54 s on average, whereas the average residence time
of the particle was 3.05 s. This chamber’s type was beneficial due to its long length, allowing an increase in the

residence time.
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Fig. 6-20 Simulation results of the residence time of the rectangular chamber type (Model A)
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Fig. 6-21 Simulation results of the residence time of the cylinder type (Model B)
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Fig. 6-22 Simulation results of the residence time of the cylinder type (Model C)

For the cylinder-type chamber, it was investigated that if the secondary chamber was located above the primary
chamber (Model B), the maximum residence time of particles occurred at 2.18 s, and the average particle’s residence
time was 1.20 s, as shown in Fig. 6-21. These residence time phenomena could explain why the majority of the flow
inside the chamber presented a radial flow, and thus, both the released combustion particles and gas flow behavior
were swirled causing a residence time increase.

Concerning the simulation results of Model C (Fig. 6-22), it was found that this chamber’s type resulted in a
shorter residence time compared with the residence time of Model B. For this model, the average residence time of
particles and gas results were 0.70 and 1.02 s, respectively. These results occurred because the position of the
chamber’s inlet was located beside the main combustion chamber, forcing gas and the particle flow to be mixed.
However, most particles and gas revealed only a few swirling flows before exiting the stack, and thus caused a shorter
residence time.

Furthermore, the simulation of the chamber’s dimensions were also carried out in this study in order to
investigate the gas and particle flow behavior, and the changing of the residence time that is effected by several
chamber’s dimensions. Figure 6-23 shows a comparison of the residence times obtained from the simulation when
changing the chamber’s volume by increasing the chamber’s height to 1.1, 1.2 and 1.3 m. The simulation results of
Model B display a high residence time increase rate, particularly the residence time of gas that increased gradually
when the chamber’s height was lengthened, as well as the particle residence time. These phenomena can be explained
by the increasing of the chamber’s volume by extending the height, which allowed gas and particles to be maintained

in the chamber for a longer time.
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Fig. 6-23 Simulation results of the residence time when increasing the chamber’s height
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Concerning Model C, it could be observed that the majority of the residence time became rather constant,
especially the residence time of gas. The particle residence time, on the other hand, resulted in a small increase, which
reached a maximum of 2.5 s when the height was adjusted to 1.3 m. This model’s results can be explained by the
increase in the chamber’s height, which affected the circulation of particles, thus, the simulated residence time of
particles became higher. In contrast, most combustion gas flow behavior did not achieve a circulation flow.

Consequently, the trend of the gas’s residence time when simulated by Model C was fairly constant.

6.10 Chapter’s conclusions

In this chapter, the significant parameters obtained from experiment were implemented for the actual scale of
double-chambered incinerator by using CFD analysis. From the simulation result, it was found that the recent
commercial double-chambered incinerator is rather deficient and not proper for biomass gas to be utilized as main
fuel. Thus, some important parameter, such as position and angle of burner or air nozzle, is needed to be adjusted.
The results of modified model show influences of air nozzle angle to the heat distribution throughout the primary
chamber. At a same time, efficient flow circulation by turbulent intensity observing also promoted effective air and
fuel gas blending.

Predictions of nitrogen oxide formation (NO) show NO formation during combustion process became high
amount due to the nitrogen content in excess air and temperature occurring inside the combustion chamber. However,
some of this NO may be reduced by simultaneously operating secondary chamber, to conduct for the repeat
combustion condition, or reducing air injected to the gas burner. Nevertheless, there may be less amount of NO
formation in the actual situation, because an evaporation of water content in high-moisture material was neglected in
this simulation. In the actual procedure, an average temperature in the chamber will be reduced by this evaporated
moisture, which becomes lower than the NO formation point.

Besides above parameters, one of the most significant values of high-moisture material’s incinerator is the
residence time. The analysis results show the rectangular-shape presents in best residence time occurring due to its
longer length, whereas the cylinder type, in which the combustion gas and particle inlet are located at the chamber’s
base, results a rather efficient residence time.

By conclusion, a distinct advantage of using of CFD for combustion characteristics simulation is that it can
reduce time for actual experiment conduction, as well as the construction cost reduction, because CFD analysis can
simulate the result that similar to the actual situation. In addition, emission happening after combustion can be also
predicted by this application, thus, it can save the budget for an investigation. At a same time, prediction of emission

by this method instead of the actual can prevent the observer to avoid the harmful from toxic gas absorption.
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Chapter 7

Conclusions

7.1 Summary of major conclusions

According to the facts, high-moisture refuse incineration recently uses petroleum fuel, which causes of serious
environmental effects and high operation cost. Consequently, study for alternative and renewable energy sources to
be used as a fuel for high-moisture refuse incineration is necessary. Especially, a double-chambered incinerator that
consists of two main combustion chambers, the primary chamber is used for refuse elimination and the secondary
chamber is used for toxic gas and dust elimination.

The results of biomass fuel and producer gas analysis show that average gross calorific value of fuel gas are
between 4-6 MJ/m’. In can be also investigated that the solid biomass contains higher heating value does not convert
to high calorific value fuel gas. The quality of fuel gas usually depends on reactions inside the gasifier, especially, the
temperature, porosity and height of reduction (char) zone. Moreover, if the temperature of the char bed is higher, rate
of CO content in fuel gas becomes high and the quality of fuel is better. From the experimental results, it was
investigated that combustion of biomass producer gas can achieve the highest temperature if adjusting the combustion
equivalence ratio to be 0.9, or it means 10% of excess air input. The maximum temperature found was achieved
approximately 750°C. In contrast, the highest temperature of gas combustion will decrease if either increasing or
decreasing equivalence ratio from 0.9 were carried out. Furthermore, adjusting of E.R. also relates to the flame length,
which the length becomes longer if increasing E.R. or it means injecting more air to the burner.

The amount of excess air is necessary to be injected to the incinerator in order to combust high moisture waste.
An adequate amount of excess air should be equal to 100% of waste’s stoichiometric air, which results for high
temperature taken place and low emission released. Too much excess air amount shown for worse temperature
maintaining and also causes of more pollution, which was discovered by exhaust gas opacity. Furthermore, an
evaluation on incinerator’s energy balance shows the effectiveness of energy utilized for high-moisture material
combustion. Although an incinerator’s efficiency became low when operated both primary and secondary chamber,
but nevertheless, this operation presents the benefit for preventing harmful toxic gas occurred from waste combustion,
including unpleasant odors.

Using of Computational Fluid Dynamics (CFD) analysis also prefers more advantages in this research, in order to
simulate an actual combustion behavior in the actual scale incinerator such as temperature, performance of fuel-air
mixing. The simulation results show that the commercial model of incinerator used at present still has not good
efficiency if biomass fuel gas will be used. Thus, modifying, such as angle of burner and air nozzle, will conduct for
better outcome. An implementation of CFD supports the reason of double-chambered incinerator using that the
formation rate of NO will decrease when operate both combustion chambers simultaneously. At a same time, the
simulations on secondary chamber with a various shape shown the modified model, such as cylinder chamber shape,
can prefer an acceptable residence time like a standard rectangular shape. However, the cylinder chamber shape has

dominant benefit as a cheaper construction cost, and reducing the space needed for installation.
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Finally, the research results exactly encourage the advantage of biomass energy source to be use for high

moisture refuse incineration instead of petroleum fuel. Biomass energy is implied for a carbon-neutral and extremely

promotes domestic fuel utilization, which fossil fuel cannot be. Accordingly, this research’s output will be able to be

applied for a several thermal application concerning, besides the waste incineration.

7.2 Highlights of study and further works

From the research, there is some recommended idea that must be considered, in order to develop the similarly

further kind of this research.

1.

Due to the experimental results, combustion efficiency inside the incinerator also mainly depends on the
quality and continuity of biomass producer gas. For further research, it, therefore, is necessary to use the
other of biomass fuel gas that has higher calorific value as an alternative fuel for high-moisture materials
combustion.

This research used fresh meat as a sample of high-moisture refused, which is different from an actual
condition. At the same time, the complex chemical reaction during the material combustion and organic
substance decomposition was not emphasized in this research. Consequently, the future research should
be considered for these criteria, then, the obtained results will be close to the actual situation.

By implementation of CFD for actual scale double-chambered incinerator, a standard k-epsilon viscous
model was used, while the flow problem was solve by SIMPLE algorithm and first order upwind method,
because these methods are reasonable for various kind of flow prediction. However, the demerits, such as
poor results in swirling and rotating, may be found as a result. Thus, using of other viscous model, such as
Reynolds stress model, can prefer more exact solution occurring. About the flow field problem, a second
order or third order (QUICK method) are challenge for further research.

Using CFD analysis to predict rate of emission releasing was carried out base on temperature and
elementary chemical combustion reaction. Nevertheless, there is another emission (i.e. prompt NO, dioxin

furan and etc.) that needs complicate chemical reaction to estimate mentioned emission.
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Appendix A

Experimental Apparatuses’ Drawings
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Appendix B

Specific Properties of Materials



Specific Properties of Materials

1. Incinerator’s construction materials

1.1 SK30 refractory brick

Density, p , (kg/m’) 1,920

Thermal Conductivity, k£, (W/m K) 1.18

Specific Heat, c,, (kJ/kg K) 0.79
1.2 Ceramic fiber

Density, p , (kg/m’) 288

Thermal Conductivity, k£, (W/m K) 0.13

Specific Heat, c,, (kJ/kg K) 0.359
1.3 Metal sheet

Density, p , (kg/m’) 7,854

Thermal Conductivity, k£, (W/m K) 45.3

Specific Heat, c,, (kJ/kg K) 0.434

2. Fresh chicken meat

2.1 Thermal conductivity at any temperature, k£, (W/m K)

Temperature (K) k, (W/m K)
198 1.60
233 1.49
253 1.35
273 0.48
293 0.49
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2.2 Specific properties (at 0°C)

Density, p , (kg/m’) 1,050
Thermal Diffusivity, o , (m”/s) 0.13x10°
Specific Heat, c,, (kJ/kg K) 3.56
Latent heat of fusion (kJ/kg) 247
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