: Your complimentary
— use period has ended.
Thank you for using
t CO m p I ete PDF Complete. . o . .
Click Here Ol 1 draft biomass gasification using CFD
Unlimited Pages ¢
Abstract

Biomass gasifier is a device that converts solid biomass (ex. Wood,
agro residues like wheat straw, mustered straw etc) into a combustible gas
called as producer gas. The composition of product gas determines its quality
as a fuel. High concentrations of combustible gasses such as carbon
monoxide, hydrogen and methane increase the combustion energy of the
product gas. India being agriculture based country that produces tonnes and
tonnes of agriculture residue that can be utilized for to meet the rural energy
demand which also contributes to environment protection. This study focuses
in understanding the processes taking place in the biomass reactor also to
investigate and model these reactions by considering a 100 kg/hr down draft

biomass (wood) gasifier.

The aim of the present work is to predict the performance of the down draft
biomass gasifier through computer simulation with computational fluid
dynamics (CFD) software. The computation is then extended to study the
variation in gas composition and calorific value of the producer gas while

Increase the equivalence ration from 0.2 to 0.35 in steps of .05.

The results indicate that the calorific value of the producer gas increases as
the equivalence ratio is increased from 0.20 to 0.30 and it attains maximum
value at ER 0.3. Further it is noticeable that when the equivalence ratio

increased beyond 0.3 there is a sharp decline in the calorific value of the gas.


http://www.pdfcomplete.com/cms/hppl/tabid/108/Default.aspx?r=q8b3uige22

,(

PDE

om

Click Here to u

p | ete Thank you for using

Your complimentary
use period has ended.

PDF Complete.
[0 CHAPTER 1

1.1 Introduction
Energy is one of the major inputs for the economic development of any

country. In the case of the developing countries, the energy sector assumes a
critical importance in view of the ever increasing energy needs requiring huge
investments to meet them. Energy can be classified into several types based
on the following criteria:

e Primary and Secondary energy

e Commercial and Non commercial energy

¢ Renewable and Non-Renewable energy

1.2 Primary and Secondary Energy
Primary energy sources are those that are either found or stored in nature.

Common primary energy sources are coal, oil, natural gas, and biomass
(such as wood). Other primary energy sources available include nuclear
energy from radioactive substances, thermal energy stored in earth's interior,
and potential energy due to earth's gravity. The major primary and secondary
energy sources are shown in Figure 1.1 Primary energy sources are mostly
converted in industrial utilities into secondary energy sources; for example
coal, oil or gas converted into steam and electricity. Primary energy can
also be used directly. Some energy sources have non energy uses, for
example coal or natural gas can be used as a feedstock in fertiliser plants.

Figure 1.1 Major Primary and Secondary Sources
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fand Non Commercial Energy

The energy sources that are available in the market for a definite price are
known as commercial energy. By far the most important forms of commercial
energy are electricity, coal and refined petroleum products. Commercial
energy forms the basis of industrial, agricultural, transport and commercial
development in the modern world. In the industrialized countries,
commercialized fuels are predominant source not only for economic
production, but also for many household tasks of general population.
Examples: Electricity, lignite, coal, oil, natural gas etc.

Non-Commercial Energy
The energy sources that are not available in the commercial market for a price

are classified as non-commercial energy. Non-commercial energy sources
include fuels such as firewood, cattle dung and agricultural wastes, which are
traditionally gathered, and not bought at a price used especially in rural
households. These are also called traditional fuels. Non-commercial energy is
often ignored in energy accounting.

Example: Firewood, agro waste in rural areas; solar energy for water heating,
electricity generation, for drying grain, fish and fruits; animal power for
transport, threshing, lifting water for irrigation, crushing sugarcane; wind

energy for lifting water and electricity generation.

14 Renewable and Non-Renewable Energy

Renewable energy is energy obtained from sources that are essentially
inexhaustible. Examples of renewable resources include wind power, solar
power, geothermal energy, tidal power and hydroelectric power (See Figure
1.2). The most important feature of renewable energy is that it can be
harnessed without the release of harmful pollutants.Non-renewable energy is
the conventional fossil fuels such as coal, oil and gas, which are likely to

deplete with time.
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Figure 1.2 Renewable and non renewable sources of energy

1.5 Global Primary Energy Consumption

The global primary energy consumption at the end of 2003 was equivalent to
9741 million tonnes of oil equivalent (Mtoe). The Figure 1.3 shows in what
proportions the sources mentioned above contributed to this global figure.
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Warld primary energy consumption grew by 2 9% in 2003, well above the 10-year trend growth rate af 1.7% per annum
Asin 2002, the global figure was heavily influenced by China, where reported energy use increased by almost 14%.

Figure 1.3 Global Primary Energy Consumption
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imption for few of the developed and developing

countries are shown in Table 1.1. It may be seen that India's absolute primary
energy consumption is only 1/29th of the world, 1/7th of USA, 1/1.6th time of
Japan but 1.1, 1.3, 1.5 times that of Canada, France and U.K respectively.

TABLE 1.1 PRIMARY ENERGY CONSUMPTION BY FUEL, 2003

In Million tonnes oil equivalent

Country | Qil Natural | Coal Nuclear | Hydro Total
gas energy
electric
USA 914.3 566.8 573.9 181.9 60.9 2297.8
Canada 96.4 78.7 31.0 16.8 68.6 291.4
France 94.2 39.4 12.4 99.8 14.8 260.6
Russian 124.7 365.2 111.3 34.0 35.6 670.8
Federation
United 76.8 85.7 39.1 20.1 1.3 223.2
Kingdom
China 275.2 29.5 799.7 9.8 64.0 1178.3
India 113.3 27.1 185.3 4.1 15.6 345.3
Japan 248.7 68.9 112.2 52.2 22.8 504.8
Malaysia | 23.9 25.6 3.2 - 1.7 54.4
Pakistan 17.0 19.0 2.7 04 5.6 44.8
Singapore | 34.1 4.8 - - - 38.9
TOTAL 3636.6 2331.9 2578.4 | 598.8 595.4 9741.1
WORLD

1.6 Energy Distribution Between Developed and Developing Countries
Although 80 percent of the world's population lies in the developing countries

(a four fold population increase in the past 25 years), their energy
consumption amounts to only 40 percent of the world total energy
consumption. The high standards of living in the developed countries are
attributable to high energy consumption levels. Also, the rapid population
growth in the developing countries has kept the per capita energy
consumption low compared with that of highly industrialized developed
countries. The world average energy consumption per person is equivalent to
2.2 tonnes of coal. In industrialized countries, people use four to five times
more than the world average, and nine times more than the average for the

developing countries. An American uses 32 times more commercial energy
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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. By 1945 the gas
was being used to power trucks, buses and agricultural and industrial
machines. It is estimated that there were close to 9000,000 Vehicles running
on producer gas all over the world.

After World War |l the lack of strategic impetus and the availability of
cheap fossil fuels led to general decline in the producer gas industry. However
Sweden continued to work on producer gas technology and the work was
accelerated after 1956 Suez Canal crisis. A decision was then made to
include gasifiers in Swedish strategic emergency plans. Research into
suitable designs of wood gasifiers, essentially for transport use, was carried
out at the National Swedish Institute for Agricultural Machinery Testing and is
still in progress. The contemporary interest in small scale gasifier R&D, for
most part dates from 1973 oil crisis. The U.S. research in this area is
reviewed by Goss11. The manufacturing also took off with increased interest
shown in gasification technology. At present there are about 64 gasification
equipment manufacturers all over the world.

Biomass gasification offers several potential advantages over alternative
approaches. First, conversion of the solid feedstock to a gaseous fuel
significantly increases the opportunities for using biomass as an energy
source. Since the gasification product is a fuel or synthesis gas rather than
simply a stream of hot combustion products, the fuel can be used for different
purposes. When sufficiently cleaned, the product gas can be used for
applications such as:

e Powering higher-efficiency (~40%) conversion devices such as gas

turbines
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oil- or natural gas-fired equipment to operate on

e Providing fuel for fuel cells or other distributed generation technologies

e Synthesizing liquid fuels, or chemicals

Gasification also offers potential environmental advantages when
compared to combustion systems. The fuel gas produced by gasifiers is lower
in both volume and temperature than the fully combusted product from a
combustor. These characteristics provide an opportunity to clean and
condition the fuel gas prior to use. Combustion of the resulting gaseous fuel
can be more accurately controlled than combustion of the solid biomass. As a
result, the overall emissions from gasification based power systems,
particularly those of NOx, can be reduced. The ability to produce clean energy
potentially allows gasification to be used in other situations where combustion
is unsuitable including:

e Facilities where stringent emission standards are enforced

e Locations where public perception of combustors is negative

These combined advantages of flexibility and environmental compatibility
make gasification a significant option for new, high-efficiency electricity
generation applications and for the synthesis of liquid fuels from biomass.
Biomass gasification has been a subject of interest for many decades.
Historically, emphasis has been placed on small-scale gasifiers, and
numerous designs have been built and tested.

The products from these gasifiers have been used in a variety of
applications ranging from fuel for emergency vehicles during World War Il to
fuel for stationary heat and power generation today (National Research
Council, 1983; Reed and Das, 1998; Klass, 1998; Quaak, et al, 1999; IEA
Bioenergy, 1997; Barker, 1998; Costello and Chum, 1998; Stevens, 1999;
BTG,2000). Over the past two decades, there has been increasing interest in
the use of larger-scale gasifiers to provide fuels for advanced power
generation concepts such as gas turbines, or for use where strict
environmental emission regulations exist. In these cases, the raw product gas

must be cleaned and conditioned prior to use. The characteristics of the raw
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endent on the type of gasification process used

er. The basics of gasification

2.2 Basics of Biomass Gasification
At temperatures of approximately 600-1000 °C, solid biomass undergoes

thermal decomposition to form gas-phase products that typically include
carbon monoxide, hydrogen, methane, carbon dioxide, and water. In most
cases, solid char plus tars that 4 would be liquids under ambient conditions
are also formed. The product distribution and gas composition depends on
many factors including the gasification temperature and the reactor type. The
kinetics and mechanisms of biomass gasification have been studied
extensively, and more extensive reviews of gasification can be found
elsewhere (Karlschmitt and Bridgwater, 1997; Klass, 1998; Quaak, et al,
1998). As a result of many years of effort, numerous gasifiers have been
designed and tested, mostly at small scale with capacities ranging from a few
kilograms to a few tons of biomass feedstock per day. The selection of a
particular design has a major influence on the primary characteristics of the
product gas including its energy content, the concentrations of tars and
particulates in the gas, and the relative amounts of various gaseous products

such as hydrogen, carbon monoxide, and carbon dioxide.

23 Gasification Approaches
While the characteristics of the product gases from different concepts varies

significantly, gasification approaches can be grouped into two general types
based on the energy content of the product. The energy content of the gas
depends on the approach used to supply heat to drive the gasification
reactions. Most designs use oxygen, either in air or in its separated form, as
an oxidizing agent to generate heat by partially combusting the biomass
feedstock. When heat is supplied by partial oxidation with air (air-blown
gasification), nitrogen in the air dilutes the product. The resulting gas is
classified as a low-energy gas and has a heating value of approximately 2.5-
8.0 MJ/Nm3. Low-energy gasifiers are best used in situations where the heat
content of the gas is not a critical issue such as cofiring applications, district
heating systems, and many electric generation systems. Medium-energy

gases can be produced using pure oxygen instead of air as the oxidizing


http://www.pdfcomplete.com/cms/hppl/tabid/108/Default.aspx?r=q8b3uige22

Click Here to

Unlimited Pag

: Your complimentary

- use period has ended.
Thank you for using

t CO m p | ete PDF Complete.

the gasification. The use of separated oxygen

uent, and a medium-energy gas (10-20 MJ/Nm3)

can be produced. In the absence of oxygen, medium-energy gases can also
be produced by pyrolytic gasification by using a reactor where heat for the
gasification is provided from an external source (indirectly-fired gasification).
In these gasifiers, heat is provided using methods such as heat exchangers
and circulating the hot bed material. Medium-energy gasifiers are appropriate
for situations where a higher energy-content gas is desired. The synthesis of
liquid fuels requires the use of medium-energy gasifiers since these systems
cannot effectively deal with the dilution of the product by nitrogen that occurs

in air-blown systems.

2.4 Biomass energy conversion processes
Biomass is the solar energy stored in chemical form in plant and animal

materials and is among the most precious and versatile resources on earth. It
provides not only food but also energy, building materials, paper, fabrics,
medicines and chemicals. Today, biomass fuels can be utilized for tasks
ranging from heating to fuelling automobiles. In this respect, biomass is
considered the renewable energy source with the highest potential to
contribute to the energy needs of modern society for both the developed and
developing economies world-wide because the prospects for production at
competitive costs are vast. It is therefore important that the setbacks in the
technologies for conversion of biomass into energy are improved upon. In
considering the methods for extracting the energy, it is possible to order them

by the processes that are discussed in the following:

2.4.1 Biological processing
This includes processes such as anaerobic digestion and fermentation

which, lead to a useful gaseous or liquid fuel. Anaerobic digestion, like
pyrolysis, occurs in the absence of air; but in this case the decomposition is
caused by bacterial action rather than high temperatures. It is a process which
takes place in almost any biological material that is decomposing and is
favored by warm, wet and of course, airless conditions. In this case the
resulting gas is a mixture consisting mainly of methane and carbon dioxide

usually referred to as biogas.

10
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pcessing to upgrade the bio-fuel
Unlimited Pages and include pyrolysis, gasification and liquefaction. In

Thermo-chemical processing, the equivalence ratio ® is an important
parameter and is given by

m fuel

(I) m oxygen

m fuel

OXYEEN J Stoichiomatric

Where my,e is the mass of fuel and meyygen is the mass of oxygen.

The stoichiometric oxygen to fuel ratio is the theoretical amount of oxygen
needed to completely combust the fuel. Based on the equivalence ratio,
different types of thermal processes of biomass fuels are characterized as
follows.

[) Pyrolysis: 0< @ < 0.2

II) Combustion: ® = 0.4

[l) Gasification: 0.2<®d< 0.40

2.4.3 Chemistry

The substance of a solid fuel is usually composed of the elements carbon,
hydrogen and oxygen. In the gasifiers considered, the biomass is heated

by combustion. Four different processes can be distinguished in

gasification: drying, pyrolysis, oxidation and reduction.

11
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Fig 2.1 Chemistry of bio-mass gasification

The water gas shift reaction determines to a large extent the final gas composition. The
equilibrium constant (Kw) can be written as. Kw =/ [CO>] x [H2] / [CO] x [ [H20] In practice, the
equilibrium composition of the gas will only be reached in cases where the reaction rate and the time for
reaction are sufficient. Below 700 ° the water-gas shift becomes so slow -without a catalyst- that the
equilibrium is said to be ‘frozen'. The gas composition then remains unchanged. Methane equilibrium
will only be reached at very high temperatures ( > 1200 °C).

2.5 Direct Gasification:
In direct gasification, Oxygen or Air is used as blast. Gasification can be

accomplished by using the principal of partial oxidation. In this case
exothermic gasification occurs by supplying sub-stoichiometric blast to the
process. The equivalence ratio (ER) is the amount of oxidant supplied relative
to the stoichiometric requirement. Optimum gasification efficiency occurs near
an equivalence ratio of 0.26 in purely direct biomass gasification. In practical
reality, incomplete conversion will occur due to kinetic limitations of volatile
matter conversion and heat and mass transfer limitations of fixed carbon
conversion. These affects relate to reactor design constraints and system
configuration effects. The amount of tar in the generated gas often depends
on reactor design. Minimizing tar with creative equipment design is a principal

goal for gasification engineers.

12
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omplished using steam as an oxidant. However,

steam reforming of biomass is endothermic and often heat transfer limited.
Endothermic gasification generates more methane than direct gasification per
volume of gas, so the energy density may be higher.

The thermal input required for steam reforming of biomass means that some
clever method of high rate heat transfer must be devised. Steam gasification
is thermodynamically more efficient than direct gasification, but practical heat
transfer limitations and thermodynamic availability requirements for high

temperature heat exchange often makes reality a bit different.

2.7 Applications of Gasification:

e Producer gas
It can be obtained from gasification and employed in thermal

application or for mechanical / electrical power generation. Like any
other gaseous fuel, producer gas affords much better control over
power levels when compared to solid fuel. This also paves the way for

more efficient and cleaner operation.

e Thermal Applications
For thermal applications, gasifiers are a good option as they can be

retrofitted with existing devices such as ovens, furnaces, boilers, etc.
Thermal energy of the order of 4.5 to 5.0 MJ is released by burning 1
cubic meter of producer gas in the burner. Flame temperatures in the
range of 1200° C can be obtained by optimal air preheating and pre-
mixing of air with gas. A few of the devices which could be retrofitted
with gasifiers are furnaces for melting non-ferrous metals and for heat
treatment, tea dryers, ceramic kilns, boilers for process steam and

thermal fluid heaters.

e Power Generation
A diesel engine can be operated on dual fuel mode using producer

gas. Diesel substitution of over 80% at high loads and 70 - 80% under

normal load variations can be achieved. The mechanical energy thus

13
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I either for driving water pumps for irrigation or for

alternator for electrical power generation.

Alternatively, a gas engine can be operated with producer gas on
100% gas mode with suitably modified air / fuel mixing and control
system. This application places constraints on the tar content in the
producer as high levels of tar content can damage and reduce the
efficiency of the engine.

Theoretically, almost all kinds of biomass with moisture content of 5-
30% can be gasified. However, not every biomass fuel can lead to the
successful gasification. Most of the development work is carried out
with common fuels such as coal, charcoal and wood. It was recognized
that fuel properties such as surface, size, shape as well as moisture

content, volatile matter and carbon content influence gasification.

2.8 TYPES OF REACTORS
Based on the design of gasifiers and type of fuels used, there exists different

kinds of gasifiers. Portable gasifiers are mostly used for running vehicles.
Stationary gasifiers combined with engines are widely used in rural areas of
developing countries for many purposes including generation of electricity and
running irrigation pumps. Technologies such biomass gasification that allows
utilization of biomass fuel is of great importance. Hence for various fuels and
output gas applications, different types of gasifiers are used. Some of the

commonly used gasifiers are:

2.8.1 Updraft or Counter-current gasifier
It is one of the oldest and most simplified types of gasifier. In an updraft

gasifier, the flow of the biomass particles and the gasification agent (i.e.
air/oxygen/steam) is in opposite directions. The air intake is at the bottom and
the gas leaves at the top. The combustion reactions occur at the grate that is
near the bottom of the gasifier, which are followed by reduction reactions
somewhat higher up in the gasifier. As shown in Figure 3.1; in the upper part

of the gasifier, heating and pyrolysis of the feedstock occur as a result of heat

14
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fion and radiation from the lower zones. The tars

Ashes are removed from the bottom of the gasifier.

Dreying zone

Dixtillation zone

ion zone

Hearth zane

Grate

Ash zone

Figure 2.2: Updraft Gasifier
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jes of this type of gasifier are its simplicity, high

ternal heat exchange leading to low gas exit

temperatures and high equipment efficiency. The drawback of an updraft
gasifier is the high amount of tar content that is produced in the gasifier, which

makes the producer gas unsuitable for engine applications.

2.8.2 Downdraft or Co-current gasifier
In a downdraft gasifier, the biomass material enters the gasifier through a

hopper. In this type of gasifier, there is a co-current flow that gives discrete
zones of pyrolysis and char gasification. On their way down the acid and tarry
pyrolysis products from the fuel pass through a glowing bed of charcoal and
therefore are converted into permanent gas i.e. a mixture of hydrogen, carbon
dioxide, carbon monoxide and methane. Depending on the temperature of the
hot zone and the residence time of the tar vapors, a near complete

breakdown of the tars is achieved.

AT

Drying 20na

Distillation zone

Hearth zone

Reduction zone
Grate

Ash pit

Figure 2.3: Downdraft Gasifier
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e of downdraft gasifiers lies in the possibility of

litable for engine applications. However, practically

it is highly improbable to achieve a tar-free gas. Also since the levels of
organic compounds in condensate are lower for downdraft gasifier and hence
it poses less threat to the environment. The major drawback of downdraft
equipment lies in its inability to operate on a number of unprocessed fuels. In
particular, fluffy and low-density materials give rise to flow problems and
excessive pressure drop, and the solid fuel must be pelletized or briquetted
before use. Minor drawbacks of the this type of system, as compared to
updraft system, are somewhat lower efficiency resulting from the lack of
internal heat exchange as well as the lower heating value of the gas.

2.8.3 Cross-draft gasifier
Cross-draft gasifiers are an adaptation for the use of charcoal. Charcoal

gasification results in very high temperatures (1500 °C and higher) in the
oxidation zone which places constraints on the material used for the structure
of the gasifier. In cross draft gasifiers the fuel (charcoal) itself provides
insulation against these high temperatures. Advantages of the 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 engines. A disadvantage of cross-draught gasifiers is their minimal tar-
converting capabilities and the consequent need for high quality (low volatile

content) charcoal.

2.8.4 Fluidized bed gasifier
The operation, of both up and downdraft gasifiers, is influenced by the

morphological, physical and chemical properties of the fuel. Problems
commonly encountered are: lack of bunkerflow, slagging and extreme
pressure drop over the gasifier. As shown in Figure 3.3, 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

17
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ilmost  instantaneously heated up to the bed

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.

(vAS

CYCIONE

-
[ IRP A
Te O o (g

FLUIDIZED BED ﬂ

DISTRIBUTOR
PLATE 02

ATR, OXYGEN
OR STEAM

Figure 2.4: Fluidized Bed Gasifier

The major advantages of fluidized bed gasifiers come from their
feedstock flexibility resulting from easy control of temperature, which can be
kept below the melting or fusion point of the ash (rice husks), and their ability
to deal with fluffy and fine grained materials (sawdust etc.) without the need of

pre-processing. Problems with feeding, instability of the bed and fly-ash

18


http://www.pdfcomplete.com/cms/hppl/tabid/108/Default.aspx?r=q8b3uige22

Cllck Here to

: Your complimentary

— use period has ended.
Thank you for using

t CO m p | ete PDF Complete.

nels can occur with some biomass fuels. Other

bed gasifier lie in the rather high tar content of the

product gas (up to 500 mg/m?3 gas), the incomplete carbon burn-out, and poor

response to load changes.

2.8.5 Rotary Kiln
In this type of gasifier, the charge is slowly tumbling which results in limited

contact between the charge and the gas phase. Hence, Rotary Kiln gasifier
has incomplete gasification unless conditions are favorable for long residence

times of the charge in the gasifier.

2.8.6 Spouted bed
Spouted bed gasifier is a variant of the fluidized bed gasifier. There are

multiple spouts present in the gasifier through which coarse material can be
introduced in the bed. This kind of gasifier is capable of handling mixed

biomass materials of different densities and sizes.

2.8.7 Entrained flow gasifiers
They are commonly used for coal because they can be slurry fed in direct

gasification mode, which makes solid fuel feeding at high-pressures
delightfully inexpensive. There are several commercial designs available for
coal but these will not work with more than 10 to 15% biomass in a coal blend.
This principal slurry feeding benefit can not be afforded to biomass because
of its high porosity (lower energy density) and moisture holding capacity in a
slurry phase. An entrained flow gasifier could be conceived that is
pneumatically fed, for example for use with sawdust or other finely divided
biomass. However, the pneumatically fed EFG does not compare to the high
pressure feeding benefits achieved by slurry feeding. There is one company
that has hinted at using an entrained flow concept for biomass, namely Emery
Energy, but details are not publicly available. ETF’s can operate in slagging
and non-slagging modes, referring to either molten ash or dry ash production.
Slagging gasification is not practical for biomass due to its lower go/no-go ash

fusion limits.

19


http://www.pdfcomplete.com/cms/hppl/tabid/108/Default.aspx?r=q8b3uige22

Click Here to

Unlimited Pages

: Your complimentary

— use period has ended.
Thank you for using

t CO m p I ete PDF Complete.

29 CHEMICAL KINETICS OF GASIFICATION
During the process of biomass gasification, various chemical and physical

processes occur simultaneously. It is necessary to model the kinetics of these
systems to conduct an accurate simulation of a biomass gasifier. The

following processes are the major phenomena which occur:

2.9.1 Pre Heating
This involves pre-heating of the fuel and air for better gasification.

2.9.2 Drying
Drying is first major process occurring inside the gasifier. It takes place at

nearly 50-150 C where all the moisture in the wood is converted into steam.
The steam helps in reduction further down the system. The rate of drying is
affected by numerous factors such as Temperature, velocity of the feed,

moisture content, external surface area and diffusivity.

2.9.3 Devolatilization
In the devolatilization (pyrolysis) zone, the volatile components which are

present in the wood, including various aromatic and tarry compounds, get
vaporized and the remaining wood gets converted into char. Typically,
pyrolysis occurs at 200-800 C and produces char, carbon monoxide, carbon
dioxide, water vapor, methane, other higher hydrocarbons, pyroligneous acids
and tars. Pyrolysis is affected by various factors such as pyrolysis
temperature, rate of heating, physical & chemical characteristics of feed and

presence of catalytic compounds.

294 Gasification
In the gasification process, primarily the char and other solid/liquid organic

compounds gets reduced and oxidized to form various gases which make up
the output gas. This is one of the key processes in the process of Biomass

gasification and optimization of this process can help in increasing the calorific
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e same time reducing the amount of tar content in

2.9.5 Miscellaneous processes
In addition to the above processes, various other processes occur in the

gasifier like consecutive gas phase reaction involving water shift reaction,
steam reforming reaction and also other various other ash-catalyzed

reactions.

2.10 Chemical Reactions
In a biomass gasifier, various chemical reactions take place inside the

system. These reactions can be broadly divided into 2 categories i.e.
homogenous reaction and non-homogenous (heterogeneous) reactions:

o Heterogeneous reactions:
These reactions involve reactions occurring in multiple phases. In a

gasifier, many solid-gas reactions occur in the gasification zone that

comes under this category. Some of these reactions include:

C+C02=2CO2 (1)
C+H20=CO +H2 )
C+H2 =CO + H20 (3)
C + 2H2 = CH4 (4)
C + 3H2 = CH4 + H20 (5)

e Homogenous reactions:
The homogenous reactions occur in a single phase and mainly

constitute of gas phase reactions including:
H, + O, - H,O (6)
CO,+Hs; - CO +H),O (7)
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Figure 2.5 shows the how the various physical and chemical reaction occur in a
gasifier in a series and parallel system.

A typical composition of the gas obtained from wood gasification on
volumetric basis is as follows:

Carbon monoxide :18% - 22%
Hydrogen :13% - 19%
Methane 11% - 5%
Heavier hydrocarbons :0.2% - 0.4%
Carbon dioxide :9% -12%
Nitrogen 1 45% - 55% and
Water vapour 1 4%

The calorific value of the producer gas is about 1 000 — 1 200 kcal /Nm3.
Approximately 2.5 Nm3 of producer gas is obtained from the gasification of
one kilogram of biomass. The sequence of these reactions in a downdraft
gasifier is shown in Figure 3.5. The drying and pyrolysis reactions occur at the
top of the gasifier. In the central zones of the gasifier, which attain a peak
temperature in the gasifier, air (which might be pre-heated or not) enters the
system through tuyeres (i.e. nozzles). This is the oxidation zone in the gasifier
and this is followed by primary and secondary reduction zones.

With the help of the above reaction scheme, and with knowledge of the
equilibrium constants, it is possible to predict the equilibrium composition of

the gaseous products. The equilibrium composition of a given solid fuel
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y per unit weight of the biomass. A dimensionless

R (equivalence ratio), is applied to characterize the

air supply conditions, and is usually defined as follows:

(Weight of oxygen/ Weight of dry fuel)

(Weight of oxygen/ Weight of dry fuel) stiochiometric

The denominator in the above equation is the oxygen required for
complete combustion of the fuel and it varies from fuel to fuel. It is generally
observed that for effective gasification, the ER should be in the range of 0.2 -
0.4. Below an ER value of 0.2, pyrolysis pre-dominates the process and
above an ER value of 0.4, combustion predominates.

Based on the discussion in this chapter, comprehensive gasifier
models will be developed and tested in the following chapters. The main
emphasis of the simulation would be on analyzing the effect of various
operational parameters on the system characteristics and the gas quality in a
fixed bed reactor (prominent focus on downdraft gasification).

2.11 Factors affecting gasification
Studies have shown that there are several factors influencing the gasification

of wood. These include the following:

2.11.1 Energy content of Fuel
Fuel with high energy content provides easier combustion to sustain the

endothermic gasification reactions because they can burn at higher
temperatures. Beech wood chips have an energy content of approximately 20
MJ/kg. This is typical for most biomass sources and has been proved to be

easy to gasify.

2.11.2 Fuel Moisture content
Since moisture is in effect water, a non-burnable component in the biomass, it

is important that the water content be kept to a minimum. All water in the feed
stock must be vaporized in the drying phase before combustion otherwise
there will be difficulty in sustaining combustion because the heat released will

be used to evaporate moisture. Wood with low moisture content can therefore
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an that with high moisture. Wood with high

dried first before it can be used as fuel for the

gasifier. The beech wood chips used in the experiments have been factory
dried to a moisture content of 10% prior to packaging. This makes it suitable
as a fuel for the gasifier .Updraft gasifiers are also capable of operating with
fuels that have moisture contents of up to 50%.

Moisture content Vs mass fraction

28 10
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Fig 2.6 Fuel moisture content Vs calorific value

2.11.3 Size Distribution of the Fuel
Fuel should be of a form that will not lead to bridging within the reactor.

Bridging occurs when unscreened fuels do not flow freely axially downwards
in the gasifier. Therefore particle size is an important parameter in biomass
gasification because it determines the bed porosity and thus the fluid-dynamic
characteristics of the bed. On the other hand, fine grained fuels lead to
substantial pressure drops in fixed bed reactors. The experimental wood chips
are approximately 10 x 10 x 2 mm and regular in shape. This size is not fine
grained when compared to the micron scale and thus no substantial pressure
drops occur in the reactor.
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Reactor

reduced. If heat losses are higher than the heat requirement of the
endothermic reactions, the gasification reactions will not occur. The reactor in
the laboratory has been insulated with 50 mm of alkaline earth silicate to keep

heat losses minimal.

Reaction temperature Vs composition of the gas
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Fig 2.7 Temperature Vs composition of the Gas
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MODELLING CHAPTER 3

r used in the simulation is shown in Fig 3.1. The

gasifier is divided into two regions: a combustion region (combustor) in the
second or the upper stage and a reduction region (reductor) in the first or the
lower stage. The gasifier has two levels of air injectors that are positioned
symmetrically. The upper and the lower injectors are aimed directly at the

center of the fire box.

Wood inlet

l

Air inlet-3 Air inlet-1

4_

4—7

Air inlet-4 Air inlet-2

Gas outlet

Fig: 3.1 Schematic of a down draft gasifier
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3.1 Physical Characteristics of the Problem and Assumptions Made
The physical characteristics of the problem are as follow:

1. Two-dimensional

2. Bouyancy force considered

3. Varying fluid properties

4. Impermeable walls

The following are the general assumptions made in this study:
1. The flow is steady.

2. No-slip condition (zero velocity) is imposed on wall surfaces.

3. Chemical reaction is faster than the time scale of the turbulence eddies.

3.2 Governing Equations
The equations for conservation of mass, conservation of momentum, and

energy equation are given as:

<
o
<
S—
Il
%)
v

” (3.1)

v

V.(p;;)=—Vp+V.(‘T)+ pg+F (3:2)

V.(W(pE + p))=V. (x g VT =X hjiJj + (? o .;))+ S—> (33)

Where is ), the effective conductivity (H/t, where [t is the turbulence

off
conductivity) and Jj is the diffusion of species j.

The stress tensor is given by

= N o7 2 -
T=U (Vv+Vv j—gv.vl — (3.4)

where m is the molecular dynamic viscosity, / is the unit tensor, and the
second term on the right-hand side is the effect of volume dilatation. The first
three terms on the right hand side of equation (3.3) represent heat transfer
due to conduction, species diffusion, and viscous dissipation. Sh is a source
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formation from the chemical reaction of the
efined as
P
E=h—;+— — (35)

where h is the sensible enthalpy and for incompressible flow and is given as

h=Zthj+§ —> (36)
J

Yjis the mass fraction of species jand

T
_
h=[c, dr 37)

Tref

where Tref is 298.15 K.
3.3 Turbulence Model
The velocity field in turbulent flows always fluctuates. As a result, the
transported quantities such as momentum, energy, and species concentration
fluctuate as well. The fluctuations can be small scale and high frequency,
which is computationally expensive to be directly simulated. To overcome this,
a modified set of equations that are computationally less expensive to solve
can be obtained by replacing the instantaneous governing equations with their
time-averaged, ensemble-averaged, or otherwise manipulated to remove the
small time scales. However, the modifications of the instantaneous governing
equations introduce new unknown variables. Many turbulence models have
been developed to determine these new unknown variables in terms of
known variables. General turbulence models widely available are:
a. Spalart-Allmaras
b. k-e models:

e Standard k-e model

e RNG k-e model

e Realizable k-e model

e k-w model

e Standard k-w model

e Shear-stress transport (SST) k-w model
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The standard k-e turbulence model, which is the simplest two-equation
turbulence model, is used in this simulation due to its suitability for a wide
range of wall-bound and free shear flows. The standard k-e turbulence is
based on the model transport equations for the turbulence kinetic energy, k,
and its dissipation rate, e. The model transport equation for k is derived from
the exact equation; however, the model transport equation for e is

obtained using physical reasoning and bears little resemblance to its
mathematically exact counterpart.

The standard k-e turbulence model is robust, economic for computation, and
accurate for a wide range of turbulent flows. The turbulence kinetic energy, k,

and its rate of dissipations, e, are calculated from the following equations

i(pku,.)zi ].l-i-i ok +G,+G,—pe =Y, +S,—* (3.8)

ox, ox, G, )ox,

and

0 0 u | de € g? (3.9)
o )= +— |—|+C,. =G, +C,.G,)-C2p —+S,———— \*
5xi(p8u’) %KH staxf] g (Gt Cu)=C2ep 54,

In equations (3.8) and (3.9), Gkrepresents the generation of turbulence kinetic

energy due to the mean velocity gradients and is defined as

— — Ou,
G, =—pu';u'; axj, > (3.10)
J

Gbrepresents the generation of turbulence kinetic energy due to buoyancy

and is calculated as

G, =Pgi———— — > (3.11)

Prtis the turbulent Prandtl number and giis the component of the gravitational
vector in the i-th direction. For standard k-e model the value for Prtis set 0.85

in this study. The coefficient of thermal expansion, b, is given as
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Yum P = _;Lﬁ_TJp represents the (3.12)  jon of the fluctuating

dilatation in compressible turbulence to the overall dissipation rate, and is

defined as
Y, :Zpe:Mt2 - 5 (B

where Mtis the turbulent Mach number which is defined as
Y L CA )
a

where a (\/yRT) is the speed of sound.

The turbulent viscosity, mk, is calculated from equation

2
W =pCo > ——————>  (3.15)

The values of constants C1e, C2e, Cm, Sk, and seused are C1e=1.44, C2e =
1.92, Cm=0.09, sk=1.0, se=1.3.

The turbulence models are valid for the turbulent core flows, i.e. the flow in
the regions somewhat far from walls. The flow very near the walls is affected
by the presence of the walls. Viscous damping reduces the tangential velocity
fluctuations and the kinematic blocking reduces the normal fluctuations. The
solution in the near-wall region can be very important because the solution
variables have large gradients in this region. However, the solution in the
boundary layer is not important in this study. Therefore, the viscous sublayer,
where the solution variables change most rapidly, does not need to be solved.
Instead, wall functions, which are a collection of semi-empirical formulas and
functions, are employed to connect the viscosity-affected region between the
wall and the fully-turbulent region. The wall functions consist of:

¢ laws-of-the-wall for mean velocity and temperature (or other scalars)

e formulas for near-wall turbulent quantities
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function: (a) standard wall function and (b)

N. The former is employed in this study. The wall

function for the momentum is expressed as

U+=%In(Ey+) —— (316

1 1
472
U+=UPCukP — (3.17)
T
p
11
4 1.2
PGk 4 (318)
u

and

k =von Karman constant (= 0.42)

E = empirical constant (= 9.793)

Up = mean velocity of fluid at point P
kp = turbulence kinetic energy at point P
yp = distance from point P to the wall

m = dynamic viscosity of the fluid.

The wall function for the temperature is given as

11
(1, -7, )pe, K
q

T =

={Pry*,y*<y; Pr[%ln(Ey*)+P}y*>yr} —> (3.19)

3
—0.007 Pr

024 [PU) Zt] 110086 ™
P=9.24 Pr -11+0.28¢ — (3.20)

T
and

r = density of the fluid

cp = specific heat of fluid

g = wall heat flux

Tp = temperature at cell adjacent to the wall
Tw = temperature at the wall

Pr = molecular Prandtl number

Prt = turbulent Prandtl number (0.85 at the wall)
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E = 9.793 (wall function constant)

Uc = mean velocity magnitude at y+ = y+1y+

7= non-dimensional thermal sublayer thickness.

The species transport is assumed to behave analogously to the heat transfer.

The equation is expressed as

11
Y —Y)pc,Cik?
Y+E("w ’J)p S0 ={Scy*,y*<yZ<Sc,E1n(Ey+)+R}y*>>yT}_’ (3.21)

iw

where Yiis the local mass fraction of species i, Sc and Sctare the Schmidt
numbers, and Jiwis the diffusion flux of species i at the wall. The turbulent
Schmidt number, Sc, is given as rD m , where m is the viscosity and D is the
diffusivity. The Pcand y+care calculated in a similar way as P and y' 7, with
the difference being that the Prandtl numbers are replaced by the
corresponding Schmidt numbers. In the k-e model, the k equation is solved in
the whole domain, including the wall adjacent cells. The boundary condition
for k imposed at the wall is

ok
—=0——> (322

on
where n is the local coordinate normal to the wall. The production of kinetic

energy, Gk, and its dissipation rate, e, at the wall-adjacent cells, which are the
source terms in k equation, are computed on the basis of equilibrium
hypothesis with the assumption that the production of k and its dissipation rate
assumed to be equal in the wall-adjacent control volume. The production of k

and e is computed asp P w

3 3
C2 k? ———  (3.24)
Ty, 32
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used to calculate the flux of the radiation at the

~The P-1 radiation model is the simplest case of the
more general PN radiation model that is based on the expansion of the
radiation intensity /. The P-1 model requires only a litle CPU demand and can
easily be applied to various complicated geometries. It is suitable for
applications where the optical thickness aL is large where a is the absorption
coefficient and L is the length scale of the domain. The heat sources or sinks

due to radiation is calculated using the equation

~Vq, =aG-4aGoT—— (3.25)

1
- VG
&= 340, )-Co. T (3.26)

and gris the radiation heat flux, a is the absorption coefficient, ssis the
scattering coefficient, G is the incident radiation, C is the linear-anisotropic
phase function coefficient, and s is the Stefan-Boltzmann constant.

The flux of the radiation, grw, at walls caused by incident radiation Gwis given

as
4

Are %—(1— pW)GW
b1

! — (3.27)
20L+p,)

g,=1l-p, ——> (3.28)

and rwis the wall reflectivity.

3.5 Combustion Model
The global reaction mechanism is modeled to involve the following chemical

species: C, O2, N2, CO, COz2, H20 and H2 (see reactions R1.1 through R1.5in
Chapter 2). All of the species are assumed to mix in the molecular level. The
chemical reactions inside the gasifier are modeled by calculating the transport
and mixing of the chemical species by solving the conservation equations
describing convection, diffusion, and reaction of each component species.

The general form of the transport equation for each species is defined as
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Riis the net rate of production of species i by chemical reaction. iJr
is the diffusion fluxof species /, which arises due to concentration gradients.

Mass diffusion for laminar flowsis given as

~ H,
J=-pp, +rtilvy —
[p - J (3.30)

For turbulent flows, mass diffusion flux is given as

J=-pD, VY, ———— (331)

where Sctis the turbulent Schmidt number.

So, the transport equations for each chemical species are
0 — _
PYAUSE c)=TVIeT Re — (3.32a
at(pY )+ V(pvY,)=-VJc+R (3.32)
0 — _
a(pYoz)'i' V(pVYOZ)Z -VJo2+R,, —> (3.32b)

aa(pYNz)+V(pVYN2) VJNZ +RN2 - * (3320
0 W, )=-vJ
E(pYCO)+V(vaCO =-V.Jco+Re, ——* (3320)

g(choz)"' V(p VYCOZ) -V. JCoz +Reg; > (3.32)
ot

%(pYHZOF V(P WY oz)= VT 2o + Rig——— (3320

0
ot (pYH2)+V(pVYHZ) VJH2+RH2 — > (3.329)
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[ need to be solved are given below.
(3.33)
C+H20=CO +H2 (3.34)
C+H2=CO +H20 (3.35)
C+2H2=CH4 (3.36)
C+3H2=CH4 + H20 (3.37)

There are three approaches to solving these reactions.

(a) Eddy-dissipation model: The assumption in this model is that the
chemical reaction is faster than the time scale of the turbulence eddies. Thus,
the reaction rate is determined by the turbulence mixing of the species. The
reaction is assumed to occur instantaneously when the reactants meet.

(b) Equilibrium model: The rate of chemical reaction is governed by the
rate of mixing of gaseous oxidant and reactant. The reactions are fast
compare to the time scale of turbulence. The gaseous properties become
functions of the turbulent mixing rate and can be calculated using equilibrium
considerations [Fletcher, 1983].

(c) Reaction rate model: The rate of chemical reaction is computed using
an expression that takes into account temperature and pressure and ignores
the effects of the turbulent eddies. In this study, the eddy-dissipation model is
used. The sources term Riin equation (2.29) is calculated using the eddy-
dissipation model based on the work of Magnussen and Hjertager
[Magnusses et al., 1976]. The net rate of production or destruction of
species i as the result of reaction r, Rir, is given by the smaller of the two

expressions below.

i,r ir ir k

where,
YpP is the mass fraction of any product species, P
Yr is the mass fraction of a particular reactant, R
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fant equal to 4.0

fant equal to 0.5

Viir is the stoichiometric coefficient of reactant i in reaction r

v’r  is stoichiometric coefficient of product j in reaction r.

In equations (3.12) and (3.13), the chemical reaction rate is governed by large
eddy mixing time scale, k/e. The smaller of the two expressions (3.12) and
(3.13) is used because it is the limiting value that determines the reaction rate.
The procedure to solve the reactions is as follows.

1. The net local production or destruction of species i in each reaction is
calculated by solving equations (3.12) and (3.13).

2. The smaller of these values is substituted into the corresponding species
transport equation (3.10) to calculate the local species mass fraction, Y.

3. Yiis then used in equation (3.11) to calculate the net enthalpy production of
each reaction equation.

4. The net enthalpy production becomes the source term in energy equation
(3.3) that affects the temperature distribution. In an endothermic process, the
net enthalpy production is negative, which becomes a sink term in the energy

equation.
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s: Figure 3.2 shows the boundary conditions for

e down draft biomass gasifier. Boundary conditions

for all the cases simulated in this study are summarized in Table 3.1.

Case 1 Case 2 Case 3 Case 4
Fuel
Mass flow rate (kafs) | 5 513889 | 0.013889 | 0.013889 | 0.013889
Temperature (K)

300 300 300 300
Air
Mass flow rate of 0.0185 0.0231 0.0277 0.0323
(kg/s)
Tier 1(kg/s) 0.0092 0.0115 0.0138 0.0162
Tier 2 (kgls) 0.0092 | 0.0115 0.0138 0.0162
Temperature (K) 600 600 600 600
Equivalence ratio (&) | 0.2 0.25 0.30 0.35
Fuel Mass fraction at | C: 0.53 C:0.53 C:0.53 C:0.53
inlet H: 0.06 H: 0.06 H: 0.06 H: 0.06

0: 041 0:0.41 0:0.41 0: 041

Table 3.1 Flow and Boundary conditions
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Wood Inlet

Mass flow rate = 0.013889 kg/s
Inlet temperature =300 °C
Turbulence intensity = 5%
Mass fraction

o C=0.53

o H=0.06

o 0=041

Air inlet-1
Mass flow rate = 0.0185 kg/s
Inlet temperature = 600°C
Turbulence intensity = 5 %
Mass fraction
o 0,=021
o N;=0.79

Gas outlet
e Outlet temperature = 800°C
e Turbulence intensity = 5 %

Air inlet-2
Mass flow rate = 0.0185 kg/s
Inlet temperature = 600°C
Turbulence intensity = 5 %
Mass fraction
o 0,=021
o N;=0.79

Fig: 3.2 boundary conditions Case 1
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erforming the computational simulation are given

as follows:

4.1. Pre-processing:
The pre-processing phase starts with the geometry generation. This phase

includes geometry generation, mesh generation, fluid properties
specifications, physical model selection, and boundary condition

specifications.

4.2. Processing:
In the processing phase, the equations and models set up in the pre-

processing phase are solved using the CFD code. The progress of the
calculation to achieve a converged result is observed. Sometimes
adjustments on under-relaxation factors need to be made to help reach the

convergence.

4.3. Post processing:
The post processing phase includes the analysis and interpretation of the

results. The results can be presented in the form of x-y plots, contour plots,

velocity vector plots, streamline plots, and animations.

The pre-processing tool used in this study is GAMBIT, which provides one
interface to build and mesh the geometry. The CFD solver is the commercial
CFD code FLUENT Version 6.1.22. FLUENT is a finite-volume-based CFD
solver written in C language, and has the ability to solve fluid flow, heat
transfer and chemical reactions in complex geometries and supports both
structured and unstructured mesh. Figure 4.1 illustrates the basic program

structure that can be used to support CFD simulation in FLUENT.
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The geometry is generated and meshed in GAMBIT. Two-dimensional
Triangular mesh is used for meshing the gasifier. A total of 23,316 grids are

employed. After the model has been meshed, it is exported to FLUENT.

4.5 Numerical Procedure
The procedure for performing the simulation in FLUENT is outlined below.

. Create and mesh the geometry model using GAMBIT
. Import geometry into FLUENT

. Define the solver model

. Define the turbulence model

. Define the species model

. Define the materials and the chemical reactions

. Define the boundary conditions

. Initialize the calculations

© 00 N OO 0o A W DN P

. Iterate/calculate until convergence is achieved.

10. Post-process the results

FLUENT offers two solution methods: (a) segregated solution and (b) coupled
solution. Segregated solution solves the governing equations of continuity,
momentum, energy, and species transport sequentially (segregated from one
another). On the other hand, coupled solution solves the governing equations
of continuity, momentum, energy, and species transport simultaneously. The
equations for scalars such as turbulence and radiation are solved using the
previously updated values from the momentum equations. Segregated
solution is chosen for this study. The detailed steps of segregated solution are

given below.

(i) Fluid properties are updated based on the current solution or the initialized
solution.
(i) The momentum equations are solved using the current values of pressure

and face mass fluxes to get the updated velocity field.
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re correction is calculated from the continuity

obtained in step (ii) may not satisfy the continuity equation.

(iv) The pressure correction equations obtained from step (iii) are solved to
correct the pressure and velocity fields, and face mass such that the
continuity equation is satisfied.

(v) The equations for scalars such as turbulence, energy, radiation, and
species are solved using the updated values of the other variables.

(vi) The equation is checked for convergence.

These steps are repeated until the convergence criteria are met. Figure 4.2

shows the flow chart of the above steps.

Gecmebry
GAMBIT or Mesh | Cther CADICAE
. T
® gacmetTy e0p Fackages
* 20030 mesh
230 Mez Beundary Scuncary andior
pf.poF —— violume Meznh
* calculations of
- FLUENT
POF lookwp
v
meash ‘mpeet and TGrd
3TN Mesh
FDF fies * 20 vianguly mezh
* phyzizal models
* 3D feyshecral mesh
* poundyry concitons
+ 2D or 3D ryrid
* materisl pcropertes
* calzulstion
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Figure 4.1 Basic program structures

Updass Proparsias
[ Solve momsnum equations l

!

Solvep ( 1
L'_a_m prassurs, Sce mess Jn xm.

4
Salve swergy, species. ncbulszes and |

cthse scaler squatons

4&5

Figure 4.2 Flow chart
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equations can be linearized implicitly or explicitly

flent variables. If linearized implicitly, the unknown

value in each cell is computed using a relation that includes both existing and
unknown values from neighboring cells. If linearized explicitly, the unknown
value in each cell is computed using a relation that includes only existing
values. In the segregated solution, the linearization is implicit. Therefore, each
unknown will appear in more than one equation in the linear system, and
these equations must be solved simultaneously to give the unknown

guantities.

FLUENT uses a control-volume-based technique to convert the governing
equations to algebraic equations, which are then solved mathematically. The
discretization of the governing equations vyields discrete equations that
conserve each quantity on a control-volume basis. There are several
discretization schemes available in FLUENT: (a) First Order, (b) Second
Order, (c) Power Law, and (d) QUICK. The first order discretization scheme is
applied for the momentum, the turbulence kinetic energy, the turbulence

kinetic dissipation, the energy, and all the species.

FLUENT provides three algorithms for pressure-velocity coupling in the
segregated solver: (a) SIMPLE, (b) SIMPLEC, and (c) PISO. The SIMPLE
algorithm [Patankar et. al, 1980] is used in this study.
The built-in standard k-e turbulence model is used, and the model constants
are as follow: Cm=0.09, Cre=1.44, C2e=1.92, sk= 1.0, se = 1.3.
FLUENT offers several species model: Species transport: laminar finite-rate,
eddy-dissipation, or eddy-dissipation concept (EDC)

¢ Non-premixed combustion

e Premixed combustion

e Partially premixed combustion

e Composition PDF combustion
The species model and transport model with volumetric reaction are chosen
to simulate the diffusion and production/destruction of the chemical species.

The eddy dissipation model is utilized to calculate the net production and
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. Eddy-dissipation model assumes that chemical

0 the mixing rate of the reactants by the turbulent

fluctuations. A mixture material that consists of seven chemical species (C,
02, N2, CO, CO2, H20 and H2) is defined. All the species, including C, are
defined as fluid species and are assumed to mix at the molecular level. The
specific heat of the species is temperature dependant and is defined as a
piecewise-polynomial function of temperature. The chemical reactions (R1.1)

through (R1.5) in Chapter 1 are then defined in the reaction window.

The types of boundary conditions on the surface geometry have been
assigned inGAMBIT. There are three types of boundary conditions for the
model.

1. Mass flow rate inlet: All the inlet surfaces are defined as mass flow
rate inlets. The mass flow rate, temperature of the mixture, and the
mass fractions of all species in the mixture are specified according to
the values given in the Table 2.1 in Chapter Two.

2. Pressure outlet: The outlet surface is assigned as a pressure outlet
boundary. The pressure, temperature, and species mass fractions of
the gas mixture outside the computational domain are specified. This
information does not affect the calculations inside the computational
domain but will be used if backflow occurs at the outlet.

3. Walls: The outside surfaces are defined as wall boundary. The walls
are stationary with no-slip condition imposed (zero velocity) on the
surface. For adiabatic case, the heat flux on the wall is set to O (zero).
For constant wall temperature, the wall temperature is set to a certain

constant value.

The complete inlet and boundary conditions for all the cases conducted in this
study are listed in Table 3.1.
Before FLUENT can begin solving governing equations, flow field guessed
initial values, used as the initial values of the solution, have to be provided.
Once the initial values have been provided, the iteration is performed until a
converged result is obtained.
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ND CALCULATIONS CHAPTERS

s to model the Biomass gasification process which

is considered to be a very complicated process. There are many parameters
that affect the efficiency of producer gas production in Biomass gasifiers, such
as fuel type, Moisture content in the fuel, equivalence ratio etc. This study of
gasification/thermal flow interactions and investigate the effects of these
different input parameters on the performance of down draft biomass gasifiers
by modelling the gasification process and employing the Computational Fluid
Dynamics (CFD) technology would contribute to the industry resolving
concerns and improve gasifier efficiency and reliability. The specific goals are:
1. Incorporate the gasification models into a commercial CFD code

2. Simulate a Down draft biomass gasifier

3. Investigate the effects of equivalence ratio over the composition of the
producer gas and the calorific value.

Investigation of down draft biomass gasification processes simulation has
been carried out with the help of FLUENT, a CFD tool to simulate. The
following different operating conditions and parameters on which the study is
focussed:

1. Gas outlet temperature

2. Maximum reaction temperature

3. Species mass fraction at the reactor out

4. Calorific value of the gas produced.

The operating conditions and the model parameters used in the simulations
for various cases are summarized below. The simulation results on the gas
temperature, carbon fuel conversion, and mole fractions of species at the
gasifier outlet are discussed in details in the following article.

Calculations:

5.2 Calorific value:
Equivalence ratio () is defined as

m fuel
m

¢ _ oxygen
{ m fuel J
m
oXVgen J Stoichiomaric
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prage of the species composition for all four

btained from the CFD analysis as an output data.

The values for all the our

cases as obtained from the cfd analysis is tabled

below:

E 0.20 E 0.25 E 0.30 E 0.35
Mass fraction of H, 16.78 15.52 20.55 11.11
Mass fraction of CO 19.77 34.01 31.47 19.47
Mass fraction of CO, 12.86 4.08 5.97 36.65
Mass fraction of CH4 2.97 0.24 0.18 0.19
Mass fraction of N 47.62 46.16 41.83 32.58

Table 5.1 Mass Fraction of components per m® of gas produced

These values hence obtained from the analysis are further used for the

calorific value of the gas produced. The calculation for the case is as shown in

the table below:

Components | Percentage Calorific value
composition
Individual contribution to over all
component mol wt
H; 16.78 12.78 214.45
CcO 19.77 12.71 251.28
CO;, 12.86 0 0
CH, 2.97 39.76 118.01
N2 47.62 0 0
Total calorific 583.81
of the gas

Table 5.2 Calorific value calculation table per m® of gas produced (Case 1)
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1213/100 = 5.83 Mj/m* = 1394.79 k cal/ m®

jure the calorific value for all the four cases is

calculated and the values are tabulated as below:

Equivalence Calorific value
ratio (kcal/m?® of
gas)
0.20 1395
0.25 1529
0.30 1600
0.35 753

Table 5.3 Shows Calorific value for all the four cases

5.3 Gasification efficiency:
Gasification efficiency defined as:

(Mass of Wood * Calorific value of the

varm AN

Gasification efficiency =

(Mass of gas * Calorific value of the gas)

For case -1 the calculation of gasification efficiency is as given below:

Mass flow rate of wood

Calorific value of the wood

Volume flow rate of gas

=0.013889 Kg/sec
= 4474 Kcall kg
=2.5*%0.013889

= 0.034723 m®/sec

Calorific value of the producer gas = 1388 kcal/m®

There fore gasification efficiency =

0.013889 * 4474

0.04723 * 1388
=7757%
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bn methodology the gasification efficiency is

Equivalence ratio Gasification
efficiency (in %)
0.2 80
0.25 85
0.3 89
0.35 42

Table 5.4 shows the gasification efficiencies for all the four cases
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ICUSSION CHAPTER 6
biomass gasifier has been carried out with help of

FLUENT, a CFD tool to simulate the effect of equivalence ratio on the product

gas composition. The Down draft gasifier considered under this study is a 100

kg/hr wood gasifier with constant wood consumption at varied air flow

conditions. The product gas composition is studied with different equivalence

ratios as 0.2, 0.25, 0.3 and 0.35. It is assumed that the gas hence produced is

exhausted to the atmosphere so the pressure at exit of the gasifier is

assumed to be atmospheric. Analysis gives the effect of equivalence ratio on

producer gas composition, calorific value and maximum reaction temperature.

The following conclusions can be drawn from the results:

6.1.

6.2.

6.3.

6.4.

6.5.

6.6.

Fig 6.1, 6.9, 6.16, 6.23 shows the contours generated by FLUENT.
These figures indicate that the temperature gradient along the height of
the reactor for different equivalence ratios. Further it is noticed that for
all the cases the maximum temperature are at the nozzles and a
temperature gradient exists along the height of the reactor.

Further it is evident from the temperature gradient that formation of
different zones along the height of the reactor with reference to the
temperature at that particular zone.

The top most portion of the reactor i.e. hopper where the temperature
is varying from atmospheric to 100°C is the drying zone. In the drying
zone the moisture present in the wood evaporates.

Further just below the drying where the temperature is in the band of
200 to 600 is the distillation zone where the volatile matter present in
the wood evaporates. Further in this model volatile matters are not
considered for the analysis.

The position where the air is injected is the oxidation where the seven
reactions discussed in the chapter 2 takes place. Further the gasifier
under study being a down draft gasifier hence the concentration of the
Species are higher at the bottom portion of the reactor.

Fig 6.8, 6.15, 6.22, 6.29 (contours) shows the velocity profile of the air

injected into the reactor for gasification for four different equivalence
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S at the air inlet points are maximum for all the four

6.7.

6.8.

6.9.

6.10.

6.11.

6.12.

Fig 6.6, 6.14, 6.21, 6.28 (contours) shows the variation in mass fraction
of C(s) for all the four cases. Further these figures indicate the a clear
trend that as the equivalence ratio is increased the mass fraction of
C(s) decreases to negligible quantity at the bottom portion This is
because of more air availability all the Carbon present in the wood
reacts with O2 in the air to form CO, and CO.,.

Fig 6.2, 6.10, 6.17, 6.24 (contours) shows the variation in mass fraction
of H, for all the four cases. Further it is noticed that the H, Mass
fraction at the outlet of the gasifier for ER 0.3 is maximum value of
20%. Further it also noticed that the beyond ER 0.3 it reduces
drastically to 11% at ER 0.35.

Fig 6.4, 6.11, 6.18, 6.25 (contours) shows the variation in mass fraction
of CH,4 for all the four cases. Further it is noticed that the CH4 Mass
fraction at the outlet of the gasifier for ER 0.2 is maximum value of 3%.
Further it also noticed that the beyond ER 0.2 it reduces drastically to
0.24 at ER 0.25 and remains constant at that value even the ER is
increased.

Fig 6.5, 6.12, 6.19, 6.26 (contours) shows the variation in mass fraction
of CO for all the four cases. Further it is noticed that the CO Mass
fraction at the outlet of the gasifier for ER 0.25 is maximum value of
34%. Further it also noticed that the beyond ER 0.25 CO Mass fraction
reduces.

Fig 6.4, 6.11, 6.18, 6.25(contours) shows the variation in mass fraction
of CO; for all the four cases. Further it is noticed that the CO, Mass
fraction at the outlet of the gasifier for ER 0.35 is maximum value of
37%. Further it also noticed that the minimum value occurs at ER 0.25
of 4%.

It is noticed from the above graph that the maximum calorific value is
obtained at equivalence ratio 0.30 which is1600kCal/m3 of gas. It is
noticeable that the calorific value increases as the equivalence ratio
increases from 0.2 to 0.25 and further increase in the equivalence ratio

the trend reverses and the calorific value reduces with increase in
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lence it is advisable to operate the gasifier at an

f below g = 0.3 or just at g = 0.30 to obtain

maximum calorific value of the producer.

Equivalance ratio Vs Calorific value

1800
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400

200

20 25 30 35

Equivalance ratio

6.13. Similarly the Gasification efficiency at different equivalence ratio is
calculated and presented in the form of the graph shown above.
Further it is evident from the above graph the efficiency is maximum at
equivalence ratio 0.30. Hence equivalence ratio 0.30 is the best
suitable condition for gasification since at this equivalence ratio both

the gasification efficiency and the calorific is maximum.

Gasification efficenency vs Equivalance ratio
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ion temperature reported below is the temperature

maximum reaction temperature increases as the equivalence ration
increases. As the equivalence ratio increase the partial combustion
processes converts into complete combustion and hence it is
noticeable that the temperature shoots up significantly as the

equivalence increases beyond 0.3.

Gasoutlet temperature Vs Equivalance ratio
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NS FOR FUTURE WORK CHAPTER 7

The current project enabled the basic understanding and formulation of 2d
models for study of the gasification using CFD code. However more detailed
models are required for extending these models to achieve results which can
be applied into practical situations. The following list of possibilities is present
for future work on this subject:

» Study of tar and tar modelling in a gasifier

* Construction of steady state models for pyrolysis and gasification zones.

» Comprehensive modeling of a gasifier in which the various models
developed can be combined to obtain realistic results.

» Formulation of a design procedure for construction of a biomass gasifier

and pyrolyzer on the basis of the above models.
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