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ABSTRACT

AN EXPERIMENTAL INVESTIGATION ON DESIGN AND
PERFORMANCE OF PLASMA GASIFICATION SYSTEMS

SANLISOY, Ayta¢
Ph. D. in Mechanical Engineering
Supervisor: Prof. Dr. Melda Ozding CARPINLIOGLU
September 2018

261 pages

Syngas is produced through gasification of solid fuels. It includes carbonmonoxide
(CO), carbondioxide (CO), hydrogen (Hz), methane (CH4) and low amount of
hydrocarbon depending on the system operation conditions. In this study, gasification
of solid fuels at various flow rate and plasma power by microwave plasma gasification
is investigated. All the parameters; temperature, mass and content of syngas, fuel and
ash, are measured and the comprehensive thermodynamic analysis of the process are
carried out. The MCw gasifier consists of plasma generation system, gasification
reactor, fuel-fluid supply system, process output (ash) collection system and
measurement/data acquisition chain. The gasification of solid fuels; Russian, South
African and Sirnak (Turkey) coals, pine tree and hornbeam sawdust and polyethylene
1s processed by MCw gasifier. The plasma gasification medium is formed of air and
the air flow rate varies between 50 and 100 sL/min, the plasma power varies between
3 kW and 6 kW. According to the experimental results, the syngas temperature alters
between 621 °C and 1276 °C. The syngas production varies between 0.66 kg and 1.2
kg. The process energy efficiency (ngp) ranges from 30.8 % to 86.04 %. The system
energy efficiency (ngs) changes from 20.6 % to 61.37 %.

Key words: microwave plasma, plasma gasification, coal gasification, waste disposal,

syngas, thermodynamic analysis
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OZET

PLAZMA GAZLASTIRMA SISTEMLERININ TASARIM VE
PERFORMANSI UZERINE DENEYSEL ARASTIRMA

SANLISOY, Aytac
Doktora Tezi, Makine Miihendisligi
Tez Yoneticisi: Prof. Dr. Melda Ozdin¢ CARPINLIOGLU
Eyliil 2018
261 sayfa

Kat1 yakitlarin gazlastirilmasi ile sentez gaz iiretilmektedir. Sentez gazi sistem ¢aligma
sartlarina bagl olarak karbonmonoksit (CO), karbondioksit (CO2), hidrojen (H),
metan (CHs) ve diisiik miktarda hidrokarbonlar igermektedir. Bu c¢alismada,
mikrodalga plazma gazlastirma ile kat1 yakitlarin farkli hava debisi ve plazma giiciinde
ele alarak gazlastirilmasi incelenmektedir. Proses parametreleri; sicaklik, sentez gazi,
yakit ve kiil kiitlesi, sentez gazi icerigi, yakit igerigi, kiil icerigi olclilmektedir ve
prosesin kapsamli termodinamik analizi gerceklestirilmektedir. Kat1 yakitlarin enerji
doniisiimiinii esas alan MCw gazlastirict; plazma iiretim sistemi, gazlastirma reaktorti,
yakit-akiskan besleme sistemi, proses ¢iktilart (kiil) toplama sistemi ve dlglimleme-
veri toplama sistemlerinden olusmaktadir. MCw gazlastirici ile giirgen ve ¢cam talast,
Sirnak-Tiirkiye, Rus ve Giiney Afrika komiirii ve polietilen kati yakitlarinin
gazlastirilmasi gerceklestirilmistir. Plazma gazlagma ortami hava ile olusturulmakta
olup hava debisi 50 ile 100 sL/dak araliginda, plazma giicii ise 3 ile 6 kW araliginda
degistirilmistir. Deney sonuglarina gore, sentez gazi sicakligi 621 °C ile 1276 °C
araliginda degismektedir. Sentez gazi tretimi 0.66 kg ile 1.2 kg araliginda
degismektedir. Proses enerji verimliligi 30.8 % ile 86.04 % araliginda degismektedir.
Sistem enerji verimliligi 20.6 % ile 61.37 % araliginda degismektedir.

Anahtar kelimeler: mikrodalga plazma, plazma gazlastirma, komiir gazlastirma ve

atik imhasi, sentez gazi, termodinamik analiz
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CHAPTER1
INTRODUCTION

A variety of materials in the world are processed and used for human needs since the
start of industrialization. Despite some of the mass converted into the desired form,
the rest is released to the environment as waste. In recent years the recovery from the
waste has become significant because of the limited materials in nature and increasing
amounts of waste due to increase in the population of the world. Furthermore the
available energy demand increased rapidly by the technological developments and the
improvements in human comfort. As a result, the necessity of efficient consumption
of both the desired forms of mass and energy and high performance recovery make an
interest to the scientific community and forced them to investigate and develop new
processes for waste management. An unconventional method which is found in plasma
gasification systems can be used to convert the waste into an efficient energy form. It
utilizes the conversion of a variety of so-called fuels such as industrial, medical or
municipal waste types, low grade coals, type of biomasses into syngas which includes
mainly CO, H> and COz. The produced syngas can be used as fuel in combustion

systems, for the generation of electricity and for the production of hydrogen.

MCw Gasifier- atmospheric microwave plasma gasifier design, operation and
performance characteristics are experimentally investigated in this study. MCw
Gasifier is designed and built in Gaziantep University Mechanical Engineering- Fluid
Mechanics Laboratory. The operational and proses performance parameters are
examined in the lab scaled MCw gasifier. The study is supported by TUBITAK under
project number 115 M389. The author of the thesis is the project scholar and the thesis
study is performed under the frame of TUBITAK 115 M 389 project (Interim reports
(Carpinlioglu and Sanlisoy, 2017; Carpinlioglu and Sanlisoy, 2017; Carpinlioglu and
Sanlisoy, 2018)).

MCw GASIFIER is a lab scaled facility which was used to gasify sample fuels such
as sawdust, varied graded coals and polyethylene by microwave plasma. As a result of

gasification, syngas was produced. Based on syngas temperature, syngas composition

1



and remainder of ash, the waste to energy conversion characteristics are examined at

varied power and air flow conditions.

The thesis consists of 7 main chapters which are the introduction, literature review,
design construction and calibration of MCw gasifier, fuel characterization, gasification
process evaluation, thermodynamic analysis and conclusions. In literature review
chapter, recent studies on microwave plasma gasification are given. The definition of
thermochemical process, the types of thermochemical processes, gasification process
and types of gasification processes, plasma and types of plasma are given. The
operation and performance parameters are introduced. The gasification fuel
characteristics are also examined. In the design, construction and calibration of MCw
gasifier chapter, design and construction details are given and the fundamentals of
experimentation are explained. Operating conditions are presented. In the fuel
characterization chapter, physical and chemical properties of gasified fuels are
examined by proximate and ultimate analysis. The heating value of the fuels are
determined. Scanning electron microscope (SEM) and energy dispersive X-ray
analyses of the fuels are also performed. In the gasification process evaluation chapter,
the amount of produced syngas and ash outputs are presented. The temperature
distribution in the reactor, the syngas temperature and the change of temperature are
presented at varied plasma powers and air flow rates. The produced syngas content at
varied plasma powers, air flow rate and fuels are given. The content of ash is examined
by EDX analysis and the content of ash is presented. In the thermodynamic analysis
chapter, the performance evaluation parameters; content conversion performance of
syngas, ash and hydrogen are defined. Also the hydrogen quality term is introduced.
The process, system energy efficiency and hot gas efficiency terms are described for
the plasma gasification systems. According to the defined terms, the plasma
gasification system is evaluated for the varied fuels, plasma power and air flow rate.
In the conclusion chapter, the general conclusions obtained from the experimental

study are given.



CHAPTER 11
LITERATURE REVIEW

In this chapter, the definition of thermochemical processes and the classification of
gasification systems are given. Operation and performance parameters are introduced.
Gasification process sequences are defined. In the following section, the plasma is
defined, plasma types are classified depending on temperature and thermal
equilibrium. In addition, plasma production methods are explained. Thermal plasma
gasification systems which are used for the gasification are given as literature survey.
In the last subsection, the solid fuel properties and the literature about the fuels are

given.

2.1  Definition and classification of gasification process

Gasification is defined as partial oxidization of the material into its elements in case
of less than stoichiometric amount of oxidant medium and high temperatures. As a
result of the process, syngas is produced which mainly consists of CO, H> and CHa
(Gray, 2014). Syngas content can vary depending on various parameters such as the
particle size, supply gas type and flow rate, residence time, type of gasification fuel
(material), type of method and etc. Gasification is a thermochemical process.
Thermochemical process can be classified as combustion, gasification and pyrolysis
as shown in Figure 2.1. The schematic presentation of the thermochemical processes

is given in Figure 2.2. (Knoef, 2005).

Thermochemical processes
v v v

Incineration Gasification Pyrolysis

Figure 2.1 Classification of thermochemical processes

2.1.1 Incineration

In incineration process, the materials decompose into their elements in medium where

there is stoichiometric or excess amount of oxidant and at high temperature. The



process occurs in a temperature range of 850 to 1250°C and generally at atmospheric

pressures. Reactant gas is generally air. The main products are CO; and H>O.

2.1.2 Pyrolysis

In this process, the materials decompose into their elements in the absence of oxidant
at high temperature. It takes place in the temperature range of 500 to 800°C at
atmospheric pressures or over-atmospheric pressures. The products mainly consist of

CO, H; and CHa.

2.1.3 Gasification

In gasification process, the materials decompose into their elements in the medium
where there is less than stoichiometric amount of oxidant at high temperature. The
oxidant can be air, steam, oxygen, nitrogen and etc. The reaction occurs in a
temperature range of 550 to 1600°C at varied pressures. As a result of the process, the

syngas is produced. The products are mainly consisted of CO, H> and CH4 in syngas.

b LT LT PR -
/ )

Combustion \

L i

Gasification ;

Fe . \\‘ .
Pyrolysis . : | > Ash

1
Biomass Light gases’ » :

o — — — — —

Figure 2.2 Schematic representation of thermochemical processes. (Adopted from
Knoef, 2005)

2.1.4 Gasification process

According to the extensive review study of Arena, 2012, gasification process includes
a sequence of several exothermic and endothermic reaction steps. In the first step, the
materials heat up to 160°C and the water in liquid and vapor phase is separated from
the material. The next step is the devolatilization (thermal decomposition) which
occurs at temperatures up to 700 °C that includes thermal cracking, heat and mass

transfers, releases of light gases such as H,, CO, CO,, CH4 and H>O, tar and char. Tar



is composed of condensable hydrocarbon vapors released as gas and liquid. The char
is the remaining of devolatilized material residues. Later the part of the tar is subjected

to thermal cracking for conversion to gas and char.

Many reactions occur in the gasification process and these reactions can be classified
as the oxidization, steam reaction, hydrogen reaction, carbon monoxide reaction and
dehydrogenation (Lin et al., 2014; Lee et al., 2014; Arena, 2012). In tars reaction,
heavier hydrocarbons are converted to the simple structured hydrocarbons. The

reactions which occur in gasification process are given below.
Oxidization reactions;
Carbon partial oxidization (Equation 2.1)

C+0, - CO, (2.1)

Carbon oxidization (Equation 2.2)

C+20, - CO (2.2)
Hydrogen oxidization (Equation 2.3)

H, +20; - H,0 (2.3)
Partial oxidization (Equation 2.4)

CyHy + %0, — xCO + S yH, — CxHy (2.4)
Reactions involving steam;

Water-gas reaction (Equation 2.5)

C+ H,0 > CO + H, (2.5)

Water-gas shift reaction (Equation 2.6)

CO + H,0 - CO, + H, (2.6)

Steam reforming (Equation 2.7)

CyHy + XH,0 > xCO + (x + %) H,0 2.7)



Water Decomposition (Equation 2.8)
1

H,0 - H, + EOZ

Reactions involving hydrogen;

Hydrogasification (Equation 2.9)

C+ 2H, —» CH,

Methanation (Equation 2.10)

CO + 3H,0 — CH, + H,0 +20,
Reactions involving carbon monoxide;
Boudouard reaction (Equation 2.11)

C+ CO, - 2CO

Dry reforming (Equation 2.12)
CxHy + xCO, — 2xCO + gHZ
Tars and hydrocarbons reactions

Carbonization (Equation 2.13)

CxHy = xC + 2 H,

2.1.5 Operation and Performance parameters

(2.8)

(2.9)

(2.10)

(2.11)

(2.12)

(2.13)

The parameters which affect the gasification performance and the performance

evaluation parameters can be summarized as below. (Arena, 2012)

Operation parameters;

Equivalence ratio (ER): it shows the ratio between oxygen content in the oxidant

supply to the required of stoichiometric combustion.

Reactor temperature (Tgy,): Both the magnitude of temperature and temperature

profile along the reactor have an importance for both allo-thermal and auto-thermal

gasification.



Gasification time (tg): Depending on the reactor type and design, changing the gas

velocity varies gasification time.

Composition of solid fuel: The elemental content, heating value, ash content, volatile
matters, moisture content, bulk density and size of the materials crucially affect the

performance of the process.

Composition and inlet temperature of oxidant: the type of oxidant and the initial
temperature (T;,) of oxidant have significant affect in thermodynamic properties of

the products.
Performance parameters;

Cold gas efficiency (n¢): The cold gas efficiency (n¢g) is the efficiency of the
gasification process which denotes the ratio of the output chemical energy of syngas
to input chemical energy of fuel. The gases and fuel are assumed to be at the ambient
temperature. So, the sensible heat of the materials is neglected. In the thermodynamic
analysis section, the cold gas efficiency is evaluated as process efficiency (nep) and

system efficiency (nes) according to taking account the plasma power.

Hot gas efficiency (nuc): The hot gas efficiency (nuc) is defined as the ratio of sum
of chemical and physical energy of syngas to the total energy of the supplied fuel. In

this case, the sensible energy of the materials is considered.

Carbon conversion efficiency (CcE): Carbon conversion efficiency (CcE) is defined

as the ratio of carbon content of syngas to carbon in fuel supply.

Exergy efficiency (nex): Exergy efficiency is defined as the ratio of the exergy of
syngas to the exergy of the supplied fuel.

Tar content: Tar content is also an important parameter cause of the problems what

creates for the process equipment and the use of syngas for applications.

2.1.6 Classification of gasifiers

Gasification process can be classified depending on the heating of reactor, reactor
design, reactor pressure, reactor temperature, oxidant type and energy recovery.

(Arena, 2012).



In auto-thermal (direct) heating, the reactor is heated up and kept at high temperature
by burning a portion of the biomass. However, if the reactor is heated up by an external
heat source, the process is called as allo-thermal (indirect) gasification. The
gasification process can occur in atmospheric pressures while it can also be pressurized
reactors. Generally, the pressurized reactors are more expensive because of the
strength requirement of the materials although it operates with higher performance.
The conversion can be enhanced and the ash quantity can vary based on reactor

temperature.

Reactor design is crucial in conversion and performance of the gasifier. The reactor
technologies developed and utilized can be summarized as shown in Figure 2.3.

(Arena, 2012).

In fixed bed reactor the biomass is filled to almost all reactor volume and different
zones occur depending on the biomass feeding location and the gasification medium.
By the sequences, the biomass undergoes drying, pyrolysis, reduction and oxidation
reactions. Depending on the feeding place of the biomass and oxidant the fixed bed
reactor is classified as updraft or downdraft reactor. In updraft reactor, the materials
are fed from the top of the reactor while the oxidant intake is placed at the bottom. The
material moves to the oxidants countercurrently. In downdraft reactor, the oxidant and

the biomass flow co-currently from top to bottom.

In fluidized bed reactor, the oxidant is blown to the distributor where the biomass is
located and it is dispersed in reactor by the blow of air. It can be classified as bubbling
fluidized bed and circulating fluidized bed. In bubbling fluidized bed reactor, the
superficial velocity is adjusted to a few m/s to overcome the weight and buoyancy
force by drag forces. When the superficial velocity is equal to the terminal velocity of
the particle, the particles will exhibit fluid-like behavior. It causes a better mixing of
the gases and particles which result enhanced heat and mass transfer. In circulating
fluidized bed reactor, the superficial velocity is kept higher than the terminal velocity.
So, the particles are carried out of the bed by gases. The solid particles are then
collected by cyclone and are returned to bed by a downcomer. The regime of the flow
varies depending on the superficial velocity and the mass flux. Fluidized bed reactors

operate at low temperatures to avoid the melting of ash.



Gasification

—>

Auto-thermal gasification

—> Heating of the reactor

>

Allo-thermal gasification

—> Reactor pressure

—> Reactor temperature
—>

Reactor design

—

>

Atmospheric gasifier

Pressurized gasifier

Low temperature gasifier

-temperature is below the 900°C

High temperature gasifier

-temperature is above the 1200°C

Fixed bed gasifier

-Updraft bed reactor

-Downdraft bed reactor

Fluidized bed gasifier

-Bubbling fluidized bed reactor

-Circulating fluidized bed

reactor

Entrained flow gasifier

Rotary kiln gasifier

Plasma gasifier

Figure 2.3 Classification of gasification technologies (Arena, 2012).

In entrained flow gasifiers, the fine solid particles are mixed with water to obtain slurry

which contains more than 60 % of solid. It is fed into gasifier by pressurized oxygen

or air. The turbulent flame at the top of the gasifier burns some of the fuel which

provides large amount of heat and converts the rest of fuel into the syngas.

In rotary kiln gasifiers, the solid particles move along a kiln and they are gasified

before combustion. It is used in waste incineration reactor.




In plasma gasifiers, the biomass is fed into the gasifier and goes through the plasma
medium which has extremely high temperature. As a result of the process, the organic

matters are converted into syngas while the inorganic components vitrified into slug.

2.2 Plasma

Plasma, which consists of free electrons, ions, and neutral particles is defined as the
fourth state of the matter. Even the plasma includes electrons and charged particles,
the plasma is considered as neutral entirely. It is thermally and electrically conductive
because of charged particles in plasma. It can be partially ionized as well as fully
ionized. While English scientist Sir. William Crookes brought up the fourth state of
matter in 1879, American chemist and physicist Irving Langmuir defined ionized gases
as plasma first time in 1929 (Roth, 1994). Plasma can occur at different temperatures
and densities. While stars are examples for high temperature and dense plasma, the
aurora can be example for low temperature and dense plasma. There should be
sufficient energy in medium to form plasma from the gas. In addition, energy in
medium should be continuous to sustain the plasma. If there is not enough energy to
form plasma, the particles will turn to neutral gases. The energy to form the plasma
can be electrical, thermal, ultraviolet light and etc. Plasma can form with artificial ways
too. Nowadays, plasma in industry is used in many applications such as coating, thin

film, gasification, flow control, sterilization, and etc. (Sanlisoy, 2013).

2.2.1 Types of Plasma

Plasma can be classified depending on temperature, thermal equilibrium, discharge
methods and etc. In this section, the classification of plasma is given based on the

extensive review study of Ruj and Ghosh, 2014 and Bogaerts et al 2002.

2.2.2 Classification of plasma depending on temperature

In general, plasma can be classified as high temperature or low temperature plasma
depend on the temperature of the species. Let’s denote the electron temperature, ion
temperature and gas temperature as Tejectrons Tion @0d Tgys. If the electron temperature
is much higher than ion and neutral gas species temperature, the plasma is called low
temperature plasma. In case of low temperature plasma, the electron temperature is

much higher than the gas and ion spaces as given in equation 2.14.
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Telectron > Tion > Tgas (2-14)

If the all species are at high temperatures, such as between 4000K (for easy ionized
element) and 20000K (for difficult ionized element), the plasma is called high
temperature plasma (Bogaerts et al 2002).

2.2.3 Classification of plasma depending on thermal equilibrium

Plasma can be classified depending on the thermal equilibrium of species such as ions,
electrons and neutral species. If the species are in thermal equilibrium, all the species
should be at the same temperature. Generally, thermal plasma is in thermal equilibrium
because the species are at the same temperature. The thermal equilibrium condition
can be provided for cold plasma when the plasma space has high pressure. As a result
of high pressure, the heat transfer between species can be enhanced and equilibrium
can be provided. On the other hand, in the case of non-thermal plasma, the temperature
of the species varies. For example, the electrons have high temperature because of the
low density and the ions are still at ambient temperature. Generally, this is the
characteristics of cold plasma. Pressure, the discharge length or distance between

electrodes affect the thermal equilibrium condition.

2.2.4 Classification of plasma depending on discharge method

In this section, the plasma discharge methods are introduced with working principles

(Bogaerts et al., 2002).

Direct current discharge: high voltage applied to electrodes and arc is generated in
plasma medium. By interaction of plasma gases and generated arc plasma, it breaks

down into ions and electrons which cause formation of plasma in medium.

Radio Frequency discharge: In this case, the alternative current is applied between
the electrodes, so the electrodes will act as anode for half cycle and cathode for another
half cycle. If the electrodes are isolated, the electrodes are gradually charged in half

cycle, and partially neutralized in sequence by using RF discharge.

Pulsed glow discharge: In this method, the voltage is applied to electrodes in form of
discrete pulses with lengths in order of microseconds. By using microsecond pulses,
high peak voltages and currents are applied to the electrodes even the average power

consumption is the same with DC or RF discharge.
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Dielectric barrier discharge: The dielectric material is located between electrodes or
the electrodes are embedded to dielectric material and plasma is formed at desired
location. The gap between electrodes varies from a few mm to few cm. In this

discharge, many current pulses (filaments) appear.

Corona discharge: At corona discharge, the cathode electrode consists of wire (sharp)
geometry. When the voltage is applied to the electrodes, the gases in medium break
down into electrons and ions. It is actuated by pulsed signal. The transition from glow

to arc occurs if the voltage has long time pulses.

Magnetron discharge: In this discharge, magnetic field and electric field are together
are applied to the gases in plasma medium. In this method, the cathode (filament) is
located at center of tube surrounded by the anode body which have cavities. The anode
body which includes the cathode at the center is packed in a body and evacuated to
vacuum pressure. Then the cathode is heated up to approximately 2400 °C to emit free
electrons. The cathode is connected to negative pole while the anode is connected to
positive pole of DC supplier which causes the acceleration of the electrons towards to
anode by electrical field. Because of the magnetic field perpendicular to the path of
accelerated electrons, they are forced to make a spiral path leading from cathode to
anode body. Anode body includes resonance chambers which bunch the electrons due
to resonant effects. One of the resonance chamber is coupled to the antenna located
outside the magnetron which converts a portion of kinetic energy into microwave
energy which is connected from antenna to waveguide by launcher (Industrial

Microwave, 2015).

2.3 Thermal Plasma Gasification

Plasma gasification; powered by an external energy source, operates at very high
temperatures in an oxygen starved environment to decompose input waste material
down to elemental molecules. Products are syngas and inert vitreous (glass-like)
materials. The final products can be used to generate electricity or liquid fuel
production. Plasma technology breaks down nearly all the materials excluding the
radioactive materials to their elemental form (Gray, 2014). This is the advantage of
plasma technology. As a result of high temperature, toxic compounds decompose to
harmless chemical elements. In conventional technologies the remaining ash and char

should be handled as the final product. Plasma gasification system consists of
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gasification furnace; feeding system; equipment to handle the slug, ash, tar and char;
syngas treatment system; and a monitoring and control system. The temperature of

plasma reaches up to 6000 K.

Thermal plasma gasification can be classified depending on the plasma generation,
plasma medium and reactor structure. Thermal plasma can be generated by direct
current (DC), radio frequency (RF) or microwave signal. Plasma medium can consist
of steam, air, oxygen or mixture of these fluids. The MCw reactor structure can be
classified depending on the supply of gasification materials such as plasma
fixed/moving reactor, plasma entrained-flow reactor, plasma spout-fluid bed reactor
(Tang et al., 2013; Ruj and Ghosh, 2014). In plasma fixed bed reactor, the solid fuel is
fed into the reactor. It is gasified and the syngas is produced by actuating the plasma
generator. In the moving bed reactor, the solid fuels are fed from the top or side of the
reactor continuously. When the solid fuel flows through the plasma medium, the
organic compounds gasify while the inorganic compounds collected at the bottom of
the reactor. In plasma entrained fluid bed reactor, the solid fuel is fed in the tail of the
plasma jet. As a result of short residence of solid particles in plasma medium, the rapid
heating and quenching obtain. In addition, relatively better mixing and uniform flow
structure are obtained in it. In plasma spouting (circulating) fluidized bed, the plasma
flow and auxiliary fluid flow are sent into the reactor by a central distributor plate. In
this reactor, the superficial velocity is higher than the terminal velocity which causes

perfect mixing of gases and particles.

Thermal plasma gasification performance can change depending on the plasma power,
reactor temperature, plasma gases flow rate, type of plasma gases and residence time
of material in reactor, size of material and moisture content of fuel. The type of the
plasma generator, power range of plasma former, oxidants and plasma medium gases,
gasification materials, outputs of the reactions are given in Table 2.1. Also, the
measurement methods, the major topics of the studies and the results are summarized
in tabular form. The results can be briefly explained as; Hrycak et al., 2014; Yoon et
al., 2013; Tu et al., 2009 showed the conversion ratio of material into syngas depend
on the power consumption of plasma system. If the power level is high, the conversion
reaches up to 99 %. Lin et al., 2014 investigated the production of hydrogen by

spirulina algae and the production of hydrogen was enhanced by increasing the
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consumption of microwave power. Hlina et al., 2014 studied the gasification of woody
biomass, plastics and oils by 110 kW power plasma system. The gasification of wood
performed the best efficiency while the gasification performance of plastic was close
to wood gasification. However, the gasification of oil performance was lower. Huang
and Tang, 2009 studied the gasification of the tire at particle sizes from 200 pm to 600
um. The size of the tire was critical on the performance. Increasing the tire size was
decreased the gasification performance and the syngas. The conversion of material was
between 40 % and 78 %. Lee et al., 2014 investigated two different grades of coal.
Low grade coal performed better conversion because of moisture content. Indeed, the
conversion performance was decreased by increasing the feeding rate of coal. Uhm et
al., 2014 studied low grade Indonesian coal at 1640 °C reactor temperature. The cold
gas efficiency reached 84 % in this study. Shin et al., 2013 studied the effect of steam
flow to coal flow rate ratio. Increasing the ratio caused the increment in syngas
production. Hong et al., 2012 studied the effect of air and steam as supply gases. In
the case of steam usage as supply gases, the H> production increased while the CO
decreased. Yoon and Lee, 2012 studied the location of material supply to the reactor.
Supplying fuel close to plasma flame causes to increase holding time of material in the
reactor and resulted to increase in hydrogen and syngas production. Using steam as
supply gas causes an increase in hydrogen production. However, it reduced the cold
gas efficiency and carbon conversion. Rutberg et al., 2011 studied the gasification of
the wood includes 20 % moisture by different plasma gases. The air was the simplest
and suitable for gasification of wood. Shie et al., 2014 found that the moisture content
of rice straw was increasing the CO and H» content. Also, the 90 % of syngas content
forms in 3 minute operation of the system. Sekiguchi and Orimo, 2004 studied the
gasification of polyethylene and supplying steam to the reactor increases the syngas
production. The recent developments in thermal plasma gasification systems are
presented as conference paper and a journal article later. (Sanlisoy and Carpinlioglu,

2017; Sanlisoy and Carpinlioglu, 2016).
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Table 2.1 General review of plasma gasification referring previous experimental

studies

Plasma gasification technologies

Research team | Type of Range of Type of Type of supplied | Measured Major topic Measurement  [Solid Result
plasma plasma | supplied gases materials Outputs parameters
gasification power
(Jamroz et al., | Microwave | 1200W- Nitrogen |benzene, toluene, and Influence of gas flow| optical emission [The conversion efficiency)
2018) plasma 1800W (30-50L/min) |1-methylnaphthalene, rate, tar spectroscopy,  |decreased with increasing
concentration, model|quantitative analysis|tar concentration and gas|
tar compound and |of the main gaseous [flow rate while steam
SC ratio by gas addition significantly|
chromatography, [enhanced it.
Surov et al,, | ACPlasma | 5-500 kW | Air(21.16- |wood, coal and refuse CO, 43-55 % of Proximate-Ultimate | 43-55 % of H2+ CO
2017 43.33g/s) derived fuel (RDF) H,, H2 + CO production analysis, production by using wood,|
Steam 1.7(g/s) CO, by using wood, coal Voltage drop,  [coal and RDF.
CcO2 CHa, and RDF. Reactor Conversion is 99 %,
CH4 H,O, Temperature,  [selectivity is 98 %, during]
N», Oz Gas analysis and gasjsteam-CO2 plasma
flow rate reforming of CH4.
(Uhm et al., | microwave 2 kW CcOo2 low-grade coal C, O, The temperature temperature Efficient conversion of]
2016) plasma 10-15 L/min co, C2, measurement of measurement of [carbon  dioxide into
02 and torch flame by torch flame carbon monoxide.
CO2. |optical spectroscopy.| light emission
Conversion of CO2 spectrum
into CO in the  |gas chromatography
plasma torch.
Czylkowski et | microwave | 2-5.5 kW CO, Ethanol dry and steam|H», N2, CO,| Ethanol dry and Gas Hydrogen production by
al., 2015 plasma 2700- reforming COy, O, | steamreforming, | Chromatographs, [conversion of ethanol
3900 NL/h CHa, C,Hs, [Hydrogen production| Fourier transform (751 NL/hof  hydrogen|
N> C,H4, CoHy| by conversion of infrared production rate
2700- ethanol spectrophotometer 257 NL(H,)/ kWh energy|
3900 NL/h lyield
C,HsOH

21/h

H>O

2 1/h
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Table 2.1 (Continued) General review of plasma gasification referring previous

experimental studies

Hlina et al., | DC plasma [100-110 kW | H>0 (0.3g/s) Sawdust, H, CO CO,| -Gasification of -Temperature  [High temperature, low
2014 200 MJ/kg | Ar (0.2g/s) Wood pallets CH4 different biomass measurement of [mass flow rate and
For ox. CO;, Plastics, Oil materials reactor lhydrogen —oxygen plasma
H»0 -Calorimetric ~ fresulted high  quality|
measurements  [synthetic gases. However,
-Gas analysis system|in the case of extreme
properties of plasma the
[power consumption is

high.
Hrycak et al.,, | Microwave 0-6 kW N, CO; Ar Ethanol H, CO CO,| -Effects of working |-Gas analysis system[Energy efficiency of the
2014 plasma (1500-3900 (C2Hs0OH) CH» gases and supplied | -Optical emission |hydrogen production|
NL/h) (acetylene) rates are spectroscopy  [should be improved to|
CH4 investigated. imake the system self-|

-Decrease of sufficient.
working flow rate up [Ethanol conversion rate in|
to 1500NL/h did not all cases was more than 99
change the %.
performance

Lee et al., 2014 | DC plasma | 118.8 kW |Steam (23kg/h)| Coal (12.5-34.1kg/h) | H,, CO, | Moisture content of -Gas Coal which includes more
Argon to CO, coal to plasma Chromatography [moisture enhances the
protect gasification process reaction at high feeding

electrode in examined. rate.
(1.5m3/h) Better conversion of CO,
H, and cold gas efficiency|
obtained at low feeding

rates of coal.
Lin et al., 2014 | Microwave | 800-1 kW Nitrogen Spirulina H,, CO, |Effect of microwave| -Scanning electron [Range of microwave
plasma 121/min algae COs, Ny, | power is examined microscope [power level can|
CH4 -Elemental analyzer manipulate the hydrogen
-Gas gas productivity from|
chromatography |algae.

with TCD and RGA [Heat insulation|
detector performance should be]

improved.
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Table 2.1 (Continued) General review of plasma gasification referring previous

experimental studies

Shie et al., 2014 10 kW N2(10L/min) |Municipal solid waste| H», CO, -Effect of reactor |-Output gas analysis|Syngas is increased with|
Steam of water|  with raw wood CO,, CH4 temperature -Flow measurement fincreasing ~ temperature
(MSW/RW) -Effect of steam flow| of supplied gases [without steam.
rate to syngas -Temperature  [Maximum concentration
production measurement of the of H, increased by
reactor increasing the  steam|
-Output gas analysis [supply.

-Calorific value [Inorganic components|
analysis converted into  non-
leachable and  non-

lhazardous vitrified lava.
Uhm et al., 2014| Microwave 75 kW Steam Indonesian brown H,, CO, Gas Cold gas efficiency of the
plasma coal (Low grade) CO2, Ny, Chromatography |hydrogen rich synthetic
H,O, CH4 gas from low grade coal
reach up to 84 % at

1640 °C .
The moderate sized power]
plan due to its compact]
and lightweight design
can be useful in rural
opulated areas.
'Yoon et al., 2013| Microwave 2 kW Nitrogen Glycerol (3g/min) H,, CO, Affect of Oy/fuel Mass flow O,/fuel ratio should be
plasma (151/min) CO3, Ny, | ratio, steam fuel controllers controlled between 0-0.4
Oxygen (0- CH4 ratio, microwave Temperature  [for higher conversion and
2.61/min) power, nozzle spray | measurement in [cold gas efficiency.
Steam (0- of glycerol and flow | reactor (k-type and [Increasing H»O/fuel ratio|
7.2ml/min) rate to syngas R type enhances the H,
composition thermocouple)  production but it
investigated. Gas chromatograph |decreases the heating
with value of syngas.

Thermal conductive Microwave power
detectors increase the performance.
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Table 2.1 (Continued) General review of plasma gasification referring previous

experimental studies

Shin et al., 2013 Microwave | 0-5 kW Steam Shenhua Coal H,, CO, | Effect of steam to High temperature  off
plasma (ratio of steam | Carried by oxygen | CO,, CHs. |syngas production is Iplasma torch creates rapid
to coal 0.55) investigated gasification reaction of|
Microwave power coal, thereby ensuring a|
and gas temperature compact plasma system.
effect on molecule
fraction is examined.
Hong et al., | Microwave 4 kW Oxygen/Air Brown Coal from H,, CO, | Steam plasma torch |Gas analysis system |Coal gasification system
2012 plasma Steam/Air Indonesia CO,, CHy, compared with using microwave plasma
0, Oxygen plasma torch torch can exist at moderate
and steam plasma size due to its compact and|
torch exhibits lightweight design.
excellent It showed  excellent
performance to gasification performance
syngas generation. in a compact operating
system.
Yoon and Lee, | Microwave 5kW Steam Coal and Charcoal | H», CO, |Effect of coal supply| Thermocouples R |-Coal gas supplied near
2012 plasma (1.1kg/h) and CO», CH4 |location and types offand K type is used tojplasma flame increases
air fuel measure the the residence time and
(20L/min) temperature at  |contact which causes an|
Effect of O2/fuel reactor. increase in  hydrogen|
ratio on syngas Gas content and heating value
production and chromatographer |of syngas.
gasification with thermal ~ |When pure steam plasma
efficiency conductive detector. jgenerated,  the  high|
lheating and content of Hj
obtained. However,
carbon conversion and

cold gas efficiency were
lower.
-When  pure  oxygen
plasma generated, higher
CO and CO; content in

syngas obtained.
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Table 2.1 (Continued) General review of plasma gasification referring previous

experimental studies

Rutberg et al., | ACplasma | O0MJ/kg- | Air, Oz, CO,, Wood Residues Hy, CO, | Effects of oxidants |-Output gas analysis|Gasification by air plasma
2011 13.3MJ/kg H,0 (20 % moisture) CO,, N, | and supplied rates -Temperature [is most simple and
Up to 100 are investigated. measurement at [promising method for|
kW Gasification duration|  various stage  [developing technology of]
is investigated and | -Pressure at reactor |generating syngas from
the regimes were |-Flow measurement wood and wood residuals|
explained. of supplied gases |for its further application|
-Plasma torch  [to energy production.
electric
characteristics
Shie et al., 2010 RF Plasma 10 kW N» Rice Straw H,, CO, |Effect of moisture of] -Gas Increasing moisture, the
(5L/min) CO,, CHy | rice straw and the | chromatographer |mass yields of H, and CO|
temperature of with TCD also increased.
reactor to gaseous -Temperature  |Almost 90 % of gaseous
product is studied measurement of |products appeared in 3
reactor min.

Inorganic components
converted into  non-
leachable vitrified lava

which is not hazardous.
Tu et al., 2009 | RF plasma | 357-664W Nitrogen Rice straw H,, CO, Effect of loading | -Vacuum pressure [Energy recovery from|
(200ml/min) CHa4, C»-Cs |power to decompose| control in reactor |pyrolysis of rice straw via|

the combustible
solids to syngas.

-Temperature
measurement at inlet
and exit of reactor
-Brunauer-Emmett-
Teller (BET) surface
area measurement
-Gas analysis system
-Calorimetric
measurement system

RF plasma system
increases with increasing]
the load power.
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Table 2.1 (Continued) General review of plasma gasification referring previous

experimental studies

Huang and RF plasma | 1.6-2 kW Nitrogen Tire powder Ha, CO, Effect of reactor -The gas pressure  [Solid conversion ranges
Tang, 2009 (800mL/min) CO,, CHy | pressure, supplied measurement from 40 % to 78.4 %.
power, size of | -The gas temperature ISo]id conversion and H,
supplied powder tire| __measurement o, entration is enhanced
. . -Gas chromatography . .
is examined system by increasing the power
-Transmission electron and rea(.:tor pressure
microscopy Pyrolytic char contains
_Photoelectron  [about 85 % carbon.
spectroscopy
Tang and RF plasma 0-2 kW Nitrogen Polyethylene H,, CO, | Effect of RF power Pressure Different plasma medial
Huang, 2007 Steam CO,, CH4 |and reactor pressure| measurement of |can  create  different
to gas temperature, reactor product gases.
and product gases. Temperature
Effect of electrode | measurement of
structure reactor
Effect of working |Gas analysis system
gases
\Vaidyanathan etf DC plasma 100 kW Air Carpet waste H,, CO, O,,| Characterization of |Gas chromatography[Energy recovery from the
al., 2007 Helium USAF BEAR waste | Ny, CH4, | fuel gas products | system with TCD |waste is one half of the
base CO,, H,0, |from the treatment off ~ Temperature  [input energy.
benzene | carpet and USAF measurement in
BEAR waste reactor
Sekiguchi and | Microwave 600W Ar (3.51/min) Polyethylene H,, CO, Additional steam |Gas analysis system |Additional steam|
Orimo, 2004 plasma H,0 (0- CO,, CH4 | enhance the syngas. enhances the syngas.
0.71g/min) Gasification process

depending on
reaction time.
Steam plasma was
effective for the
conversion of waste

plastics.

20



Table 2.1 (Continued) General review of plasma gasification referring previous

experimental studies

Sekiguchi and Microwave [2.8 kW IArgon n-Hexane Ho, CO,[Effect of O/C rationGas chromatographyProduction of hydrogen|
Mori, 2003 plasma 'Water steam CO2, H;0,to product gases system achieved but the
Solid Effect of power toEmission spectrajconversion is not
carbon conversion system sufficient.
Effect of steam flow| Fuel cell system with
rate to conversion plasma reformer
evaluated.
The efficiency  were
insufficient.
The  performance  of]
plasma reformer need
improvements.
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2.4  Analysis and Modelling of Plasma Gasification Systems

The performance of plasma gasification systems which includes thermochemical
processes can be evaluated in terms of thermodynamic analysis. For the modelling of
the process, the reactor is chosen as control volume and the conversion efficiencies
can be determined regarding to mass conservation. Then the cold gas and hot gas
efficiencies and the exergetic efficiency of the process can be described and evaluated
for the process. The available information is presented for plasma gasification process
modelling in terms of preferred parameters, utilized definitions and comment of the
present study in Table 2.2. In the recent studies related to the modelling of plasma
gasification process, the following parameters are used for the evaluation of the

thermochemical process.

Carbon conversion efficiency (CCE . pon): Carbon conversion efficiency
(CcEcarpon) 1s described as the percentage of carbon in syngas to carbon in feedstock
as given in equation 2.15. There are different descriptions for the efficiency. The
variation occurs because of the mass based (Yoon and Lee, 2012) and mole based

definitions (Sekiguchi and Orimo, 2004; Lee et al., 2014).

r.IC syn(kg/s)
CcE[%] = —22-°""7 & 100 2.15a
o= el (</5) (2:152)
m ke /s
CcE[%] = Mesyn®8/9) 100 (2.15b)

r.nC fuel(kg/s)

Hydrogen conversion efficiency (HcE): Hydrogen conversion efficiency (HCE) is
described as the ratio of mole of hydrogen in syngas to mole of hydrogen in feedstock

as shown in equation 2.16a. It can be described also in mass rate form as described in

equation 2.16b. (Sekiguchi and Orimo, 2004; Lee et al., 2014).

r:lH syn(mOI/S)
HCE[%] = —22—— 2 % 100 2.16a
= R e mol/s) @10
m kg/s
HCE[%)] = M syn(K8/5) 109 (2.16b)

My fyel (kg/S)

Cold gas efficiency (n¢): The cold gas efficiency (ncg) is the efficiency of the
gasification process that denotes the ratio of the output energy of syngas which

excludes the sensible energy to input energy of feedstock. There are variations in
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definition of the terms. In certain studies, the lower heating value is used (Lee et al.,
2014; Zhang et al., 2013) while higher heating value is used in other studies (Yoon et
al., 2013) as given in equation 2.17. While the higher heating value should be used if
the phase of the water is in liquid form, the lower heating value should be considered

if the water is in vapor form from the definitions (Cengel and Boles, 2007).

tingyn (8/s) X (HHVSyn)(kj/kg)

. k Kkj . kj
mfuel( g/S) X HHVfuel( ]/kg) + mplasma gases X Eplasma gases ( ]/kg) + Wplasma
x 100 (2.17)

Negl%] =
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Table 2.2 Process parameters utilized definitions for plasma gasification
systems

Research Parameter Definition
group
Yoon and Lee, | Carbon conversion Mg in syn (kg/S)
2012 efficiency CcEcarbon| %] = M infeedstock (KE/S) x 100
Cold gas efficiency gy (kg/s) X (HHVsyn)(k] /kg)
Neal%] = X 100
r.nfeedstock(kg/s) X HHeredstock( /kg)
Sekiguchi and | Conversion for H HoC on[%] = 2Py, (molar amount of H, produced) 100
Orimo, 2004 zronversiontyol = 4Fpg (inital molar amount of C,H,)
C ion for C Pc(molar amount of C produced
OVEISIOn 1ot C Conversion[%] = at P ) x 100

~ 2Fpg (inital molar amount of C,H,)

Conversion for

H,0 Conversion[%]

H>0 based on O Pco(molar amount of CO produced) + 2P¢q, (molar amount of CO, produced) 100
= X
element 2Fy, o (inital molar amount of C,H,)
Lin et al., 2014 | Higher heating

value of biomass

HHV(kj/kg) — 33.5[C] + 142.3[H] — 15.4[0] — 14.5[N]

The mass flow rate

ROP(kg/min) = (Vippyut(L/min)) x (1mole/24.5L) X xg, X molecule Weight(kg/mol)

of hydrogen g .
production ROP indicates the rate of production of hydrogen
i (B/oxan (V)
an (E—;) = cp(hoyut — hin) Specific thermal energy rate consumed inside the reactor zone
during pyrolysis.
Carbon conversion CCEarpon[%] = Ncin syn(mOI) % 100

N¢in feedstock(mOI)
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Table 2.2 (Continued) Process parameters utilized definitions for plasma

gasification systems

Lee et al., 2014

Hydrogen 2 X ny i mol

yi g. HCE[%] _ Hmsyn( ) % 100
conversion NH in feedstock (mOD
Cold gas efficiency

tayn (€/5) X (LHVeyn (V)

K K X 100
rhfeedstock( g/S) X LHeredstock( /kg) + Pplasma( kW) X Nplasma—torch

Negl%] =

Thermal efficiency
of plasma torch

nplasma—torch [%]
. k kj
Wplasma( kW) - [mcooling( g/S) X Cp( J/kg_ K) X (Tout - Tin)(K)]

= x 100
Wplasma( kW)
Conversion of Conversion(H,0)[%]
CeHi4 Fcon,, (molar flow rate of C¢Hy, in feed) — R¢,u,, (molar flow rate of CgH,4in product gases) 100
= X
) ] Feen,, (molar flow rate of C¢Hy,4 in feed)
Sekiguchi and i :
Mori. 2003 | Conversion of H2O | Conversion(H;0)[%]

Fy,o(molar flow rate of H,0 in feed) — Ry, o (molar flow rate of H,0 in product gases)

Fy,o(molar flow rate of H,0 in feed)

X 100

Performance
evaluation of fuel
cell

WFuel cell( kW) - Wplasma( kW)

x 100
WPlasma( kW)

n[%] =

Cold gas efficiency

rhsyn (kg/s) X (LHVsyn) (kj/kg)

K G X 100
thagsw (/) X LHVasw (" /icg) + Wptasma( KW) + Wateam (kW)

Negl%] =
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Table 2.2 (Continued) Process parameters utilized definitions for plasma

gasification systems

Zhang et al.,
2013

, k Kj . k Kj
E?fgaclifrie;gy [(y] msyn( g/S) X LHVsyn( ]/kg) + mtar( g/S) X LHVtar( ]/kg) 100
Nel7] = - X
rhMSW(kg/S) X LHVMSW(kJ/kg) + Wplasma( kW) + Wsteam( kW)

Cold gas exergy Nex-ca[%] _
efficiency Mgy (kg/ s) X EXchsyn (k]/ kg)

y K Kj : K kj

rrlMSW( g/S) X EXch,MSW( ]/kg) + msteam( g/S) X E:Xch,steam( J/kg) + Wplasma( kW)

x 100
Total exergy Nex[%]
efficiency

. k Kj . k Kj
msyn( g/S) X EXch,syngas( ]/kg) + mtar( g/S) X EXch,tar( ]/kg)

. k kj . k kj
ysw ( g/s) X ExXchmsw( ]/kg) + Mgteam ( g/S) X EXph steam ( ]/kg) + Whlasma ( KW)
X 100

Chemical exergy of
the municipal solid
waste

I
Excnmsw( /] ke)

1.044 + 0.016(H/C) — 0.3493(0/C)[1 + 0.0531(H/C)] + 0.0493(N/C)>

_ kj
= LHVpsw( /kg)-< 1—0.4124(0/C)

Chemical exergy of
the tars

EXcnmsw (kj/ kg)
- LHVtar(kj/kg). (1.0401 + 0.1728(H/C) + 0.0432(0/C)
+0.2196(S/C)[1 — 2.0628(H/C)])

Chemical exergy of
syngas

EXcp, (kj/ kg) = Z Xi€o(i) (kj/kg) +R (kj/kg_ K) To (K) Z x;1nx;

1

Physical exergy of
syngas

EXph (kj/kg) = (h —hy) (kj/kg) — To(K) (s = s0) (kj/kg. K)
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Table 2.2 (Continued) Process parameters utilized definitions for plasma gasification

systems

Kalinci et al.,
2011

Total exergy of a
material stream

1
Exeor (kW) = Exph( kW) + Ex., ( KW)

Physical exergy

Expn (W) = (/) [0 = 1) (V) = To (O G = 50) (Vg )]
fixon (kW) = 2 % Exoncy (KW)

Chemical exergy

Excp (KW) = rh(kg/s) (ZiXieo(i) (kj/kg) + RT, i xilnx; (kj/kg))

e0('Y/eg) = B LHVruer (/)
_ 1.0412 4+ 0.2160(H/C) — 0.2499(0/C)[1 + 0.7884(H/C)] + 0.045(N/C)
B 1 —0.3035(0/C)

Higher heating
value and Lowe
heating value

HHV(Mj/kg) = 0.3491C + 1.1783H + 0.1005S — 0.10340 — 0.0151N
— 0.0211ash (Mj/kg)

Janajreh et al.,
2013

calculations Luv(M/, ) = HHV(1 - H,0) — 2440(H,0 + 9H)
kg
Exergetic (Ex) (kW)
efficiency Nex| %] = output x 100
(Ex)mput(kW)
Cold gas efficiency

tgyn (kg/s) X (LHvsyn)(kj/kg)

. Kj W, kW
mfeedstock(kg/s) X LHeredstock( J/kg) + plasma( )/rlelec.

Negl%] = x 100

Chemical exergy

= !
eo(V/ig) = B-LHViuer (/)
B = 1.0438 + 0.0158(H/C) + 0.0813 For 0/ <05
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Table 2.2 (Continued) Process parameters utilized definitions for plasma gasification

systems

1.0414 400177 () - 0.3328 (2) (1 + 0.0537 (2))
B= 5 For 0.5 <0/ <2
1-0.402 (%)
Exergetic Nex[%] _ . '
Gasification _ Mgyp X (EXch,s.yn + Exph,syn) — Mygygen X EXch,oxygen — Mgteam X (EXch,ste.am)
efﬁCienCy ri'1fue1—in (kg/s) X EXch,fuel—in (kl/kg) + rillfuel—out (kg/s) X (Exch,fuel—out + EXph,fuel—out) (k]/kg) + Wplasma (kW)

X 100

Minutillo et al.,
2009

Plasma gasification
efficiency (cold gas
efficiency)

Ncal%] .
r.nsyn(kg/s) X (LHVsyn)( ]/kg)
kj W asma( kW) + Wair uni ( kW)
( ]/kg) + ( : ' )/T]elec.

Meeedstock (K8/S) X LHVfeeqstock
x 100
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Hot gas efficiency (myg): The hot gas efficiency (nuc) is the efficiency of the
gasification process that denotes the ratio of the output energy of syngas which
includes sensible energy to input energy of feedstock as described in equation 2.18

(Loha et al., 2011).

r.nsyn X (HHVsyngas + Cp(syn) (Tsyn - To))
NHG = =

Meyep X I_IHVfuel + r.nplasma gases X Eplasma gases + Wplasma

(2.18)

The higher heating value can be calculated as in given empirical relation 2.19

(Channiwala and Parikh, 2002).

HHV = 0.3491C + 1.1783H + 0.1005S — 0.10340 — 0.0151N — 0.0211ash (f—g]) (2.19)

Here, the C, H, S, O, N and ash are the weight fractions of carbon, hydrogen, sulphur,
oxygen, and nitrogen and ash in the solid fuel respectively. This values are obtained

from the ultimate and proximate analyses of the solid fuel.

The lower heating value of the substance can be found by using the equation 2.20.

(Finet, 1987).

M
LHV = HHV(1 — H,0) — 2440(H,0 + 9H) (k—é) (2.20)

In equation 2.20, H, O is the weight fraction of moisture in fuel.
If syngas is at ambient condition, the higher heating value, HHV is used. On the other
hand, if the syngas is at operation condition that is usually higher than evaporation

temperature of the water, the lower heating value, LHV should be taken as mentioned

in handbook of Cengel and Boles, 2007.

Exergy Efficiency (Mex): The exergy of the stream may have chemical or physical

exergy (Kalinci et al., 2011). The exergy of stream can be defined as in equation 2.21.

EXor = Exph + Exqp, (KW) (2.21)

Physical exergy occurs as a result of pressure and temperature difference between the
operation and reference conditions. The physical exergy of the elements of the fuel can

be calculated as equation 2.22.
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Expn = m[(h — hy) — To(s — s0)] (kW) (2.22)

In equation 2.22, m denotes the mass flow rate, h enthalpy of the material at operation
condition, h, enthalpy of the material at reference state, s entropy at working condition

and s, entropy at reference state.

The physical exergy of each components of gases spaces can be defined as equation

2.23.

Exph = Z XiEXph(i) (kw) (2.23)

1

As a result of chemical reactions, the chemical bonds which bind the atoms together
are broken and new ones are formed. The chemical energy formed as a result of the
fission or fusion of the chemical bonds. Kotas, 1985, defines the chemical exergy such
that “Chemical exergy is equal to the maximum amount of work obtainable when the
substance under consideration is brought from the environmental state to the dead state
by processes involving heat transfer and exchange of substances only with the
environment.” Chemical exergy expresses the exergy of a substance at ambient
temperature and pressure. The chemical exergy of the gas mixture can be defined as

in equation 2.24.

EXCh = fli [Z Xi€o(i) + ﬁTO z XilnXi] (kW) (224)
i

1

Here x; denotes mole fraction of the compound in gas mixture and e, denotes standard
chemical exergy. The standard exergy of the product gases can be found in the study
of Kotas, 1985. There are uncertainties about the composition of the fuel. Therefore,
empirical relations (equation 2.25 and Table 2.3) should be used to calculate the

standard chemical exergy.

K
ey = B. LHVge * 1000 (k—;) (2.25)

B can be determined from the equations given in Table 2.3 that the fuel satisfies

restriction.

As a result, the fuel exergy and the product gases exergy can be calculated and the

exergetic efficiency can be given as equation 2.26. (Kalinci et al., 2011)
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(EXph + EXCh)Syn

= — - - 2.26
Nex (EXch + EXCh)fuel + E:Xplasma ( )
Table 2.3 (3 coefficient equations
Chemical exergy calculations
Research group B coefficient Constrains
Kalinci et al., For
2011 (referred 1.0412+0.2160(H/C)—0.2499(0/C)[1+0.7884(H/C)]+0.045(N/C) — < 2 67
to Szargut and | B= 1-03035(0/0) =&
Styrylska, 1964)
Janajreh et al., f =1.0438 + 0.0158(H/C) + 0.0813 for o <05
2013; Prins et ¢
al., 2007
(referred to For 0.5 <
Szargut and B = 1.0414+0.0177(5)-03328()(1+0.0537(%)) o 2
Styrylska, 1964) 1-0402(3) -
Zhang et al, For solid
2013  (referred fuels
1.044+0.016(H/C)—0.3493(0/C)[1+0.0531(H/C)]+0.0493(N/C)
to Szargut and | B= 20.4154(0/C)
Styrylska, 1964)
Zhang et al, B = (1.0401 + 0.1728(H/C) + 0.0432(0/C) + For liquid
2013 (referred 0.2196(S/C)[1 — 2.0628(H/C)]) fuels
to Stepanov,
1995

2.5 Biomass and Coal Description and Properties

The coal and biomass fuel sources are gasified in microwave plasma gasification
system in this research. That is why, the coal and biomass characteristics are defined

and the properties of them are explained in this section.

2.5.1 Coal

Coal is defined as a combustible fossil fuel that composed of carbon, hydrogen and
oxygen. It is a sedimentary rock that its formation begins for 290-360 million years
ago in carbon age. Its quality can change depending on the exposed pressure,
temperature and formation time which means the organic maturity of it (WCI, 2009).
The source of coal energy come from the photosynthesis of died plants which formed
the coal in carbon age. Plants in their lifetime capture energy from the sun by
photosynthesis. The dead plants decay and form peats in oxygen starved medium such
as peat bog. Then the peats get burry by other sediments. Meanwhile, the captured
energy from the sun have been stored in chemical form. The peat expose to pressure

and temperature which forms the lignite at the beginning of the maturity. By the
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continuous physical and chemical interaction in many years, the lignite metamorphose

to brown coal then to bituminous coal and anthracite.

2.5.2 Classification of Coal

The coal in each metamorphose period from lignite to anthracite has altered physical
and chemical properties. Coal quality can be classified as the maturity of coal as shown

in Figure 2.4.

Coal Classification

v

Low grade coal

|—> Lignite
—> Low bituminous coal

v

High grade coal

—> Bituminous coal

—» | Antracite

Figure 2.4 Classification of coal resources

2.5.3 Coal reserves, production and consumption

According to BP statistical review of world energy (BP, 2015), there exists 891 billion
tons economically feasible coal reserve in the world in 2014 as given in Table 2.4. The
coal is evaluated as economically feasible if the mining is possible and production cost
of coal is feasible. For this reason, the amount of feasible coal can change depending
on the technological developments and the commodity price. The coal reserves
decreased 1039 billion tons in 1994 to 909 billion tons in 2004 and 891 billion tons in

2014. The coal reserves in Turkey were 8.7 billion tons in 2014.

Table 2.4 Coal reserves in Turkey and in the world in 2014.

Coal reserves in 2014 (million ton)
Low grade coal 403199
World High grade coal 488332
Total 891531
Low grade coal 322
Turkey High grade coal 8380
Total 8702
The data were taken from the BP statistical review of world energy (BP, 2015)

While the production of coal gradually increases, the Chine, USA, India, Australia and
South African perform the largest production of coal. The high portion of the produced
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coal consumes in the countries where it is produced as given in Table 2.5. In 2014, the

coal production reached up to 3.9 billion tons, while it was 17.8 million tons in Turkey.

Table 2.5 The Coal production and consumption

Coal Production (million tons) | Coal Consumption (million tons)

Years 2004 2009 2014 2004 2009 2014
World 2835.9 |3412.7 |3933.5 2914.5 3451.9 3881.8
Chine 1106.6 | 1538.0 | 1844.6 1125.0 1679.0 1962.4
USA 572.4 540.8 507.8 566.1 496.2 453.4
Russia 132.2 142.3 170.9 99.9 92.2 85.2
India 155.7 210.8 243.5 172.3 250.3 360.2
Australia 197.1 232.6 280.8 50.7 53.4 43.8
South African | 137.1 139.7 147.7 86.9 93.8 89.4
Turkey 10.5 17.4 17.8 223 30.9 35.9
The data were taken from the BP statistical review of world energy (BP, 2015)

Coal is used in many sectors such as power plants, iron or steel production, cement
factories or as a liquid fuel. Coal is still the biggest source of fuel in power plants and
39 % of electricity is produced by coal powered plants. It is expected to stay in similar
level in the following years (WCI, 2009). In addition, the usage of coke coal increases
in years in cement factories. While the consumption of coal was 3.9 billion tons in the

world, it was 36 million tons in Turkey in 2014.

2.5.4 Biomass

Biomass is a renewable energy source that includes the aquatic and terrestrial
vegetation, residues of forestry and agriculture, animal waste and municipal wastes.

Biomass is produced from the crops, woods, manure, land fill gases and alcohol fuels.

When the biomass is compared with fossil fuels, both fuels release the carbon
monoxide to the environment in the same amount. However, while the biomass
releases the carbon monoxide which stored by photosynthesis in recent years, the fossil
fuels releases to the environment the carbon monoxide which is captured by plants in
carbon age. In biomass burning, the carbon cycle is proceeding, but the carbon
captured and embedded to land in carbon age is added to atmosphere by burning the

coal (ISRE, 2015).

There are many applications of the biomass utilization in power generation or fuel
production. The biomass can be classified as biofuel production or bioenergy

production.
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2.5.5 Biofuel

In biofuel applications, biomass is converted into liquid fuels which is used as fuel for
transportation. The ethanol and biodiesel are commonly used as fuel transportation.
Ethanol is formed by fermenting the biomass which includes high carbohydrates. It is
produced from starches and sugars. There are also technological developments to
produce ethanol from cellulose and hemicellulose and the fibrous material. Moreover,

it is also produced from the gasification products (NREL, 2014).

In biodiesel production, the alcohol is combined with vegetable oil, animal fat or
recycled oil in the presence of catalyst to form ethyl or methyl ester. The products can

be used as additive to conventional fuels or purely in diesel engines (EERE, 2013).

2.5.6 Biopower

Biopower is obtained by converting biomass into heat or electricity forms. Conversion
takes place by direct combustion, mixing with fossil fuels or anaerobic digestion. In
direct combustion, the biomass is burned and the heat is transferred to fluid via boilers
or combustion chambers. Then the fluid accumulates in power generation system to
drive the turbine-generator. As a result, the biomass energy is converted into heat and
electricity. Another approach is mixing the biomass with fossil fuels and combustion
of the mixture in boiler. By this method, the sulphur emission can be reduced and this
method is the least-cost usage of renewable energy. In anaerobic digestion, the biomass
i1s decomposed by bacteria in absence of oxygen to form methane and naturel gas

(EERE, 2013).

2.5.7 Classification of Biomass

According to Asian Biomass Handbook (Yokoyama and Matsumura, 2008), the
biomass can be classified by existence of biomass in nature or depending on the
application and usage of biomass. In usage and application categorization, the biomass
can be conventional biomass, biomass residues or biomass plantation. While
conventional biomass includes the agriculture, forestry, fishery, livestock faming food
and etc., biomass residues include forestry, agriculture, livestock residues, straws,
municipal wastes and etc. In plantation biomass, biomass is produced by rapid growing
creatures such as forestry of eucalyptus, poplar, willow, oil palm, herbaceous farm of

sugarcane, switch grass, sorghum, corn, and rapeseed or aquatic farm of algae,
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hyacinth and giant kelp. In the case of classification of biomass depending on the
existence in nature, biomass can be woody biomass which is produced in forestry,
herbaceous biomass which produced from grasses and legumes, in farms and fields, or
organic wastes which is formed in municipals and livestock. General classification of

biomass can be given as shown in Table 2.6.

Table 2.6 Classification of Biomass

Biomass classification
Woody biomass By products such as logging process
Main products such as trimming the trees
In logging process of 1m* wood, 0.36m’ blanches and
0,22m? stumps left, and the residue used as biomass energy
source.
Herbaceous biomass | Herbaceous biomass include the grasses and legumes.
Sugar and starch | Sugar and starch products ferment for the production of
crops ethanol.

Oil producing | Oil producing foods such as soybean, sunflower, rape and
biomass palm used for the production of biodiesel.
Animal waste In farms, the animal wastes are piled or composted to

decompose the solid and liquid. The liquid used in farm as
fertilizer while the solid contents composted and sold and
used in other farms.

Municipal wastes Organic portion of the municipal waste is recovered to
energy by biological and thermal processes.

2.6 Conclusion

The gasification of the fuels and the production of the syngas are the known methods
and the industrial application of gasification are in use. The experimental and
numerical investigations go on to increase the conversion efficiency, make the system
more environmental by reducing the ash output, or using the system in special purposes
such as hydrogen production. The plasma gasification is a new way to enhance the
performance of gasification process. Because, plasma has extremely high temperatures
and the conversion of solid fuel into syngas requires high temperatures. The high
conversion performances were achieved by using plasma in gasification applications.
However, the investigations are continuing to reveal the effects of each parameters,
enhance the performance of the gasification process and reduce the negative
environmental impacts. There are many studies on the plasma gasification in literature.
However, the potential of consumed and produced energy content of fuels are not
revealed in detail. The studies mainly focus on the hydrogen conversion, cold gas

efficiency or the conversion performance. However the comparison of the produced
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syngas energy and the consumed energy to produce the syngas for varied conditions
is a gap in the literature. To compare them, the temperature in gasifier, the supplied
amounts of air and fuel, produced syngas and ash amount should be measured for each
case. Therefore, the experimental set up was designed and constructed to study the
thermodynamic assessment of plasma gasification systems. The efficiency parameters
regarding to mass and energy content were defined and performance of the plasma
gasification system for 6 types of fuels, 3 air flow rate levels and plasma powers

between 3 kW and 6 kW are examined.

There are variety of methods to produce the plasma such as DC, RF or microwave
plasma (Sanlisoy and Carpinlioglu, 2017). Because of the no electrode erosion, the
microwave plasma has advantages when it compared with other generation methods.
However, the price of the system is higher when it is compared with others. There are
rare studies on microwave plasma. That’s why the microwave plasma generation

method is used in this study.

In literature survey chapter; the definition of thermochemical processes and the
classification of gasification systems are given in detail. Operation and performance
parameters are introduced. The sequences of gasification process are defined. As the
gasifier heated by microwave plasma, the basic knowledge about plasma is presented.
The plasma is defined, plasma types are classified depending on temperature and
thermal equilibrium. In addition, plasma production methods are explained. Thermal
plasma gasification systems which are used for the gasification are given as literature
survey. The fuels what is used for the gasification are characterized and the literature

about the fuels is given.
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CHAPTER III
DESIGN CONSTRUCTION AND CALIBRATION OF MCW GASIFIER

Microwave plasma gasification system -MCw Gasifier- consists of the following sub-
components; Microwave plasma system, solid waste feeding and fluid supply systems,
gasification reactor, process outputs collection system and the measurement - data
acquisition system. The properties of each component of the system are explained in
detail. Also, the technical details are given in Appendix A.l. The measurement
devices, their characteristics and calibrations are given. The revisions in
synchronization process of the system are explained by sequence. The process of the
experimentation and the data logging procedure are explained in this section. Brief
explanation of the experimental system is also given in the presented conference paper
(Sanlisoy and Carpinlioglu, 2016). The gasification system is constructed by the
support of TUBITAK 115M389 project which is started in October of 2015 and it is
going to be completed in October of 2018.

3.1 Microwave Plasma System

In the microwave plasma system, the generation and the transfer of the microwave

signal to the reactor are carried out.

Power Supplier

¥

Plasma Wavequide |e—| 3-Stubtuner |e Isolator w— Magnetron
Applicator ¥

Power measurement®

: Magnetsan

Figure 3.1 Block diagram of microwave plasma system components and
presentation of microwave system components
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The microwave plasma gasification system consists of a power supplier, a magnetron,
an isolator, a stub-tuner, a waveguide and a plasma applicator for the plasma. The
magnetron coupled with the power supplier generates the microwave power and the

waveguide transfers the signal to the plasma applicator as shown in Figure 3.1.

3.1.1 Microwave Power Supplier

The Muegge MX6000D-110K model 6 kW power supplier is used for the generation
of the high voltage for the magnetron head. Also, it is used to control voltage. The
system operates via MUEGGE ME0220V-003AB model control software as shown in
Figure 3.2. The desired power level can be adjusted by set value. The inputs are given
in percentage of the full power scale. The acted power and reflected power are also
indicated at the interface. By adjusting the 3-stub tuner, the reflected power can be

minimized.
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Figure 3.2 The Control software of the Microwave plasma system

3.1.2 Magnetron Head

The Muegge MH6000S-213BF model magnetron head is used as shown in Figure 3.3.
The output power can be varied between 0 to 6 kW in the frequency of 2450 MHz.
The magnetron is designed for the industrial microwave heating applications. The
magnetron uses the Toshiba E3327 model tubed magnet which is packaged magnet
type and the sub-electromagnet for stabilizing and controlling the output power is also
installed in the tube. The power level is varied by changing the electromagnet current.
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The anode is cooled by water at ambient temperature and the output antenna and the

filter box are cooled by forced air flow.

Figure 3.3 Toshiba E3327 model tubed magnet which is integrated by Muegge
MH6000S-213BF model magnetron

3.1.3 Isolator

The isolator in Figure 3.4 is used in order to transmit the microwave power in one
direction. The part of the output of the magnetron power can be reflected because of
mismatching of signal. The reflected power can cause dummy load on magnetron
which causes a damage. The isolator prevents the transmitting the reflected power to
it in reverse direction. Isolation is a unit of measure (in dB) that states the separation
of signal levels on adjacent ports of a device. The greater isolation value, the less

interference from a signal on one port presents at the other.

Figure 3.4 Muegge MW 1006A-210EC model isolator in connection with Muegge
MM1001B-110AB model microwave Detector

The reversed power is controlled by Muegge MM1001B-110AB model microwave
detector which is connected to the control software. The reflected power is minimized
by adjusting the stub-tuner. Muegge MW 1006A-210EC model isolator is used for
isolation of magnetron from dummy load. The properties of the isolator are given in

Table 3.1.
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Table 3.1 Properties of the Isolator

Frequency 2450 MHz
VSWR (Voltage standing wave ratio) Max. 1.25
Isolation 26 dB
Insertion Loss 0.2dB
Forward power 6.5 kW
Reflected power 6.5 kW

3.1.4 Stub-tuner

It is designed for load impedance matching in high power microwave heating systems.
The stubs come with precision multi turn dial mechanism for tuning adjustment
providing a wide range of tuning capability for microwave system of up to 20 kW of
forward power at 2450 MHz as given in Table 3.2. The stub tuner is used in order to
reduce the Voltage Standing Wave Ratio (VSWR) which is a function of the reflection
coefficient. VSWR describes the power reflected from the antenna. The minimum
VSWR is 1 which means no reflection (ideal) from the antenna. When an antenna is
not matched to the receiver, power is reflected and VSWR is maximized. For the
current magnetron the typical VSWR and maximum VSWR are 2.5 and 4. The
mismatches are eliminated by using stub-tuner which reduces VSWR in another sense

and it makes the impedance matching.

Table 3.2 Properties of the Muegge MW2010A-260EF model Stub-tuner

Frequency 2450MHz
Power 20 kW max.
Tuning capacity VSWR 10:1

3.1.5 Plasma Applicator

In this component, the microwave power interacts with the plasma gases (air and
steam). The plasma is formed inside of quartz tube which is located at the center of the
plasma applicator. The microwave signal is transferred from 3 stub tuners to plasma
applicator via WR 340 waveguide. It requires air gas flow as a swirl gas up to 200
liters/min and working gas which should be up to the 15 % of the air gas flow rate.
The system is cooled by water flow which should be minimum 4 liters/min. The igniter
is used in order to start-up the plasma in applicator. The igniter operates by a pneumatic
cylinder which is actuated by compressed air. The position of the piston in pneumatic
cylinder is detected by proximity sensors. The plasma applicator used in the system is

shown in Figure 3.5.
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Figure 3.5 Muegge MA6000A-013BB model plasma applicator
3.2 Fluid (Air, Steam) Supply System

The details of the feeding system for steam and air are explained. The solid materials
such as powder of coal, sawdust, polyethylene and etc. can be fed into the gasification
reactor via a volumetric feeding unit. The KOCH PU-02 model volumetric feeding
unit is used in order to feed the solid waste feeding. The amount of solid waste supply
rate can be varied from 0 to 2 kg /h. For steam supply, the steam generator with
capacity of 6 kg/h steam flow rate at 4 bar gauge pressure and 152 °C temperature is
used. The required air flow rate is obtained by using Lupamat LKV 30/8 model screw
compressor. It generates compressed air which has 8 bar pressure and 4850 I/min flow

rate. The required pressure and flow rate are adjusted by using a pressure regulator.

3.2.1 Volumetric Feeding Unit

The KOCH PU-02 model volumetric feeding unit is used in order to feed the solid

waste feeding as shown in Figure 3.6.

Figure 3.6 KOCH PU-02 model volumetric feeding unit-
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It is designed to dose quantities of powdery components. The dosing is effected via
the chambers of a feed roller. These are always equally filled. They take the material
from the top of the barrel and feed it in metered amounts to the discharge chute. As
each chamber has a given volume and the motor runs synchronously, the metered
amount is set for the duration of the running time. This time is set via a controller. The

amount of solid waste supply rate can be varied from 0 to 2 kg /h.

3.2.2 Compressor

Lupamat LKV 30/8 model single stage screw compressor is used in order to generate
compressed air as shown in Figure 3.7. The system generates 4850 L/min flow rate at
8 bar pressure. The compressed air is stored in air tank which has 1m? volume. The
tank is connected to the compressed air line. The pressure is reduced by using pressure
regulator from 8 bar pressure to 4 bar pressure. Then the line is connected to Mass

Flow Controller to adjust to the desired flow rate.

Figure 3.7 Lupamat LKV 30/8 model screw compressor with 1m? air tank

3.2.3 Steam Generator

Malkan UP100P2E model steam generator with capacity of 6 kg/h steam flow rate at
4.7-5 bar absolute pressure and saturated vapor at 149-152°C temperature as shown in
Figure 3.8 used for steam supply. The water is fed into the boiler by pumping system
automatically. The water is heated in the boiler by 4.5 kW electrical resistance. The
steam generator is connected to the Rotameter to measure the flow rate and adjust to

desired level of flow to the reactor.
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Figure 3.8 Malkan UP100P2E model steam generator

3.3 Gasification Reactor

Gasification reactor is composed of two sections of cylindrical pipes. The first section
is the so-called reduction part comprising the head of the reactor where the diameter

is reproduced for the interaction of the water steam by plasma as shown in Figure 3.9.

Figure 3.9 Reactor head

The outlet of the plasma applicator has the quartz tube which has 1.5 mm thickness,
30 mm diameter and 200 mm height in the center connected to the head of the reactor.
Quartz tube immersion in the head of the reactor is 50 mm. The plasma spout is
downward in plasma flame characterization while it was upward in case of gasification
process. The other section is the main body of the reactor. The main part is formed of
81mm inner diameter stainless steel pipe which has 3 mm thickness and 500 mm height
as shown in Figure 3.10. The reactor includes the holes for thermocouple immersion

points.
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Figure 3.10 Main part of reactor
34 Process Qutput Collection System

As a result of the gasification process, the generated syngas which includes ash and

solid particles requires handling process.

Figure 3.11 Custom-made cyclone filter
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Ash and solid particles in the syngas are removed by means of a custom-made cyclone
filter as shown in Figure 3.11. The flow which pass through the cyclone filter is
estimated to be varying between the 0-15 m*/h. It is produced by using the components
what is available in market. 53mm inner diameter pipe is chosen as a body diameter to
satisfy the required flow rate. 53 mm to 28 mm and 28 mm to 21 mm reductions are
welded. To satisfy the height of the cylinder, 53 mm inner diameter and 35 mm long
pipe weld to one end, nipple which has 21mm diameter are added to another end. At
the bottom, the collection unit for ash is prepared. The 28 mm inner diameter pipe
which has 150 mm length is immersed into the inside of 53 mm inner diameter pipe

by 30 mm.

Table 3.3 Dimensionless parameters for Stairmand model cyclone design (Moore
and McFarland, 1990)

Stairmand by
model '
Body Diameter 1
Inlet height (D) 0.5 a=
Inlet width (&/D) 02
Qutlet length (5/D) 0.5 "
(Gaz cutlet diameter 0.5
{De/D
Cylinder heizht (WD) 1.5 "
Overall height (H/D) 4
Dust cutlet diameter 0373 -
ED)

The gap between 53 mm inner diameter pipe and 28 mm inner diameter pipe is filled
by welded collar. 28mm inner diameter pipe is welded tangentially to the side of the
53 mm inner diameter pipe where the gases will come by this pipe. The dimensions
are nearly the same with the Stairmand model cyclone dimensions (Moore and
McFarland, 1990) as given in Table 3.3. For the inlet, instead of rectangular cross

section, a circular cross section is used.

3.5 Measurement and Data Acquisition Chain

The each measurement systems for the flow/feed rate, temperature, power
consumption, gas analyzing system, proximate and ultimate analysis, SEM/EDX
analysis, heating value measurement and mass/volume analysis of fuel are given this

section as presented in Figure 3.12.
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Figure 3.12 The block diagram of the measurement and data acquisition chain

3.5.1 Air Flow rate measurement

For the air flow rate, ALICAT MCR-250SL/MIN-D model mass flow controller as
shown in Figure 3.13 is used. It measures the flow rate from 1.25 sL/min up to 250
sL/min. Its accuracy is 0.8 % and + 0.2 % for reading and full scale respectively. Its
repeatability is+ 0.2 %. It can be operated between —10 to 50°C temperature and up
to 10 bar pressures. It can measure the mass flow rate, volumetric flow rate, ambient
temperature and pressure. It is also used for the measurement of the ambient

conditions.

Figure 3.13 ALICAT MCR-250SL/MIN-D model mass flow controller
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3.5.2 Steam Flow rate measurement

The steam flow rate is measured by YOKOGAVA RAMCO1-A1SS-53L1-
E90424/A16/SD model rotameter as shown in Figure 3.14 in the range from 4.5 L/min
up to 45 L/min at the 150 °C temperature and 4.75 bar absolute pressure. It is calibrated
for the fixed state of the steam generator. However, the steam generator generates the
steam at 4.7-5 bar pressure and 149-152°C. The variation in temperature and pressure

caused error which was calculated in uncertainty analysis in section 3.9.

Ny~ 3
WY
Figure 3.14 YOKOGAVA RAMCO01-A1SS-53L1-E90424/A16/SD model rotameter

3.5.3 Solid feeding rate measurement

The KOCH PU-02 model volumetric feeding unit is used in order to measure and feed
solid material. The device works by taking the material from the top of the barrel and
feeds it in precisely metered amounts to the discharge chute. As each chamber has a
given volume and the motor runs synchronously, the metered amount is set for the

duration of the running time. This time is adjusted via a controller.

3.5.4 Temperature measurement

The thermocouples which are located at measurement positions along the reactor
length in the flow direction of plasma. The first measurement location from the plasma
applicator’s edge is 175 mm away because of the extreme high temperature of the
plasma. The height (h) of the reactor which begins from the applicator to the end of
the main reactor is 625 mm. 5 thermocouples are used in order to obtain the
temperature profile and they are located along the axis of the pipe with 100 mm
intervals. The locations of the thermocouples arey/h =

0.28,0.44, 0.6,0.76 and 0.92. The B type (Pt18Rh-Pt) thermocouple is used with pure
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alumina coating. Its measuring ability is the temperatures up to 1820°C with an
accuracy of +4°C. The thermocouple sensing edges are immersed at 40 mm
perpendicular to the reactor wall such that the measurement inside the plasma flame is
possible. The measured inputs are recorded via Elimko E-PR-110 model data
acquisition card. It can log analog signal from the device. It has 9 channels. The 5
channels are used to record the temperature measurements. The data logger includes
calibration file which is provided by manufacturer and it is used to convert the mV
signal outputs to the temperature. Because, the B type thermocouple output voltage
signal changes non-linear up to 1000°C. In the laboratory of mechanical engineering
department of Gaziantep University, there is not accurate temperature gage for high
temperatures. That is the reason why the calibration file of the manufacturer was used

instead of preparing our own calibration file.

When the system operated without fuel, the measurement procedure is as follows.
Before starting the measurement, the system operated half an hour to provide the
steady conditions. Also, the 10 minutes interval is given between two measurements.
The temperature measurements are recorded with 1 second sampling period. In case
of dosing fuel in the reactor, the continuous temperature measurement is recorded with
1 second intervals. Depending on the process time, the recorded data is varied. The
sampling rate in all measurements are 1 data per second. The mean of temperature in

each station is calculated by using equation 3.1.

tg
1
Tym = t—z T 3.1
8 1=
t=1

The reactor average temperature is determined by using equation 3.2 by taking the
average of temperatures in the 5 measurement stations. The average temperature in

each measurement location and their average denoted by Ts,,, are presented in Table 3.2.
Toyn(°C) = (Ty/h=0.28 + Ty/h=0.44 + Ty/h=06 T Ty/n=076 + Ty/h=0.92)/5 C) (3.2)

3.5.5 Power measurement

The Muegge MM 1001B-110AB model microwave power detector is used in order to

measure the reflected power. It delivers DC signal as a function of incident microwave
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power. It is connected to the The Muegge MX model control software for microwave
plasma system. The input power can be varied with 1 % steps where the capacity of
magnetron is 6 kW. The reflected and the acted power are monitored. The reflected
power is minimized and the acted power is maximized by using the power detector.

Also, the system operates efficiently by reducing the reflected power.

3.5.6 Data logger

The measured inputs are recorded via Elimko E-PR-110 model data logger. It stores
the data to the 8 GB micro SD flash internal. It has USB channels and the data can be
transferred via USB to the computer and processed via ELIMKO file explorer and
Microsoft Excel. It is also possible to monitor the channels online via ELIMKO data
explorer. It can log analog signal from the devices. It has 9 channels. The 5 channels
are used in order to record the thermocouples measurements. The other channels are
used in order to record each measurement of the steam flow rate, air flow rate, solid
feed rate monitoring. Its accuracy for each channel is 0.5 % of reading data. It has 100

ms sampling period for each channels.

3.5.7 Gas analyzing of the syngas

MRU-Various plus model syngas monitoring system as shown in Figure 3.15 is used

in order to determine the syngas content.

Figure 3.15 MRU-Various plus odl syngas monitoring system

It provides continuous syngas monitoring of the process. It can measure the syngas
content of CO, CO», CH4, H2, and N> up to 100 % and O> up to 25 %. It uses the
nondispersive infrared sensors to measure the CO, CO, and CH4 while it uses the

Thermal conductive detector and electrical conductive sensor to measure the H, and
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Oz respectively. It has 1 % linearity and repeatability error. It has also 2 % span drift
and 0.05 % detection limit. The measurements are recorded by the device which is
connected to computer to monitor and data acquisition. The sampling rate is adjusted
to 1 data per 2 second. The system records the gas composition continuously. The
process time is determined from the gas composition changes at the beginning and at
the end of the process. The location of the gas sampling on the reactor is presented in

Figure 3.16.

Gas sampling

Figure 3.16 Gas sampling port on the reactor

3.5.8 Solid fuel characteristics evaluation

The properties of solid fuels are examined by proximate and ultimate analysis. The
heating value of the fuels are measured and calculated. Also, the surface properties are

examined by SEM and EDX analysis.

Proximate analysis; the proximate analysis tests are performed by using the oven of
Eltra Sulphur content measurement system. The oven of the system is PC-controlled
and the temperature in oven can be adjusted to desired temperature. The required mass
measurements of the solid fuels for analysis are measured by TP 214 model mass
balance device. The proximate analysis are performed according to ASTM D 3172-89
analysis methods. Moisture content, ash content and volatile matters are determined
according to D3172, D3174 and D3175 respectively. The detailed calculations and

methodology are given in section 4.

Ultimate analysis; the ultimate analysis tests are performed at Seyh Edebali
University central laboratory by service purchase. In the tests, the LECO CHN 628

elementary analyzer system is used. The experiments are performed according to
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standards given in Table 3.4. Detailed calculations and methodology are given in

section 4.

Adiabatic bomb calorimeter; the heating value of the fuels are determined by an
adiabatic bomb calorimeter. The tests are performed according to ASME D 5865. The
required mass measurements of the solid fuels for analysis are measured by TP 214
model mass balance device. For the temperature measurement in bucket, the Testo 735
model PT100 thermocouple is used. The detailed calculations and methodology are

given in section 4.

Table 3.4 The methods and standards can be used for ultimate analysis depending on

material

Applied method (ASME) Measured parameters Material

D5291 C,H,N Oils

D5373/MTH A C,H,N Coals

D1552 S Oil and  petroleum
products

D4239 S Coals

D5016 S Coals and ash

29541 C,HN Solid mineral fuels

19579 S Solid mineral fuels

SEM/EDX analysis; The Scanning electron microscope (SEM) and EDX analysis of
the solid fuels and ash components of the products are performed at Gaziantep
University SEM laboratory by service purchase. JEOL 6390LV Scanning Electron

Microscope with EDX detector is used in the analysis.

3.6  Preliminary studies of Plasma Calibration

The heating in the reactor is performed by Microwave plasma system and the
temperature in the reactor varies with the plasma flame properties. However, the
plasma flame characteristic is not visible in the gasification process. That is why, the
plasma flame characteristics should be investigated for the optimum performance of
the plasma gasification systems. For the gasification performance, the high
temperature and the distribution of the plasma flame in the reactor are essential. The
effects of the power, air flow rate and steam flow rate on plasma flame shape,
temperature distribution and magnitude are investigated in this section. The given
results are presented in conference and published in journal (Sanlisoy and

Carpinlioglu, 2017; Sanlisoy and Carpinlioglu, 2016). The system is operated at varied
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air flow rate, steam flow rate and microwave power level. The plasma flame pictures
are taken for the each case. The pictures are captured by the Sony Cybershot DSC-
W220 12.1 Digital Camera. The camera is hold perpendicular to the plasma applicator.
The distance from applicator to the camera is approximately 2 m. The dimensions of
the plasma in Figures are analyzed by using Origin Pro 8.5.1 program. The Figures are
captured by digitizer tool of the Origin Pro 8.5.1. For this purpose the pictures are
taken perpendicular as much as possible to the plasma applicator. Each picture size is
calibrated to the known dimensions in the pictures. The measured dimensions have

approximate results which are extracted from digitizer.

In case of supplying just air to the reactor, the plasma flame characteristics are
examined from the exit of plasma applicator. On the other hand, in case of supplying
air and steam to the reactor, the flame characteristics are examined from the exit of
reactor head. Because, the steam flow is supplied to the reactor from the side of reactor
head. The supplying steam flow from the plasma applicator is tested. However, the
saturated steam damps the plasma flame. After that, the supplying steam from the side

of reactor is tested and the results are presented in steam-air supplying section.

Effects of Parameters on Plasma Flame Shape in Case of Air supplying: The
properties of the air plasma are presented in the Table 3.5. When air flow rate is 50
sL/min, the diameter of the plasma is nearly the same up to 0.6 kW. Increasing power
causes enlargement in the diameter when the power is between 0.6 kW and 3 kW.
More increment in power from 3 kW to 3.6 kW does not cause a change in the
diameter. However, the length of the plasma flame rises from 59 mm to 123.5 mm by
gradually increasing power. The length of the plasma cannot be read after 1.5 kW,
because its length increases to 123.5 mm which matches with the lower section of the
reactor. Also, the plasma tail is unclear to observe. When the flow rate is increased up
to 100 sL/min, the change in plasma shape is observed. While it is pointed end, it turns
to the spread shape. The diameter of the plasma is nearly same up to 1.8 kW. Increasing
power causes enlargement in the diameter when the power is between 1.8 W and 2.7
kW. Increasing power from 2.7 kW to 3.6 kW causes no change in the diameter.
However, the length of the plasma flame rises from 59 mm to 131.5 mm by gradually
increasing power. The length of the plasma cannot be read after 3.6 kW because of

similar manners for 50 sL/min air flow rate.
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Table 3.5 Plasma properties (Size and shape of the plasma)

50 sL/min air flow rate 100 sL/min air flow rate
Power Power Diamet
(Wplasma | Length Diameter | Shape of | (Wplasma | Length er (D) | Shape of
) (W) (L) (mm) | (D) (mm) plasma ) (W) (L) (mm) | (mm) plasma
300 56.6 13.5 spreading 300 60.5 15 spreading
600 57.7 13. spreading 600 59 15 spreading
900 65.4 14.6 spreading 900 59 15 spreading
1200 122 15.1 pointed end 1200 72.5 15.6 spreading
1500 123.5 17 pointed end 1500 72 15.9 spreading
not
1800 estimated 20.7 pointed end 1800 77.8 15.9 spreading
not
2100 estimated 18.6 pointed end 2100 80 16.5 spreading
not
2400 estimated 18.8 pointed end 2400 82.3 17.1 spreading
not
2700 estimated 19.1 pointed end 2700 89.3 18.2 spreading
not
3000 estimated 20.2 pointed end 3000 92.1 17.8 spreading
not
3300 estimated 19.9 pointed end 3300 101.2 18.1 spreading
not
3600 estimated 20.4 pointed end 3600 131.5 17.4 spreading
not pointed
3900 - - 3900 estimated 17.8 end
not pointed
4200 - - 4200 estimated 17.8 end

Figure 3.17 shows that the increasing power causes more intensive and bigger plasma.
The plasma flame spreads along the reactor axis after 0.9 kW in case of 50 sL/min air
flow rate. By increasing the power, both the diameter and length of the plasma

increase. Also its intensity increases.
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Figure 3.17 Effects of microwave power on plasma performance in case of 50 sL/min
air flow rate

In Figure 3.18, the effects of power change in plasma are investigated when the air
flow rate is in 100 sL/min. In this case, the plasma volume is spread after 1.8 kW
power. When it is compared by 50 sL/min air flow rate, the similar plasma volume is

observed at much higher power levels.
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Figure 3.18 Effects of microwave power on plasma performance in case of 100 sL/min
air flow rate
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In Figure 3.19, the flow rate of the air is varied at 3.6 kW plasma power to reveal the
effects of air flow rate. The results clearly show that the flow rate has inversely

proportional relation by plasma volume. The reason is, the instant energy is shared by
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the flow in the applicator. The similar trend is given in the study of Leins (Leins, 2010)
where the power is proportional and flow rate has inversely proportional effect on

plasma diameter and length respectively.

100 L/min 150 L/wpin

S |

Figure 3.19 Effects of the air flow rate on plasma performance in case of 3600W
plasma power

Effects of Parameters on Plasma Flame Shape in Case of Air-Steam supplying:
The geometrical properties of the air-steam plasma are presented in the Table 3.6. The
plasma flame pictures are taken at the exit of reactor head. The plasma flame diameter
and length are 28 mm and 120 mm respectively at 0.6 kW in case of 50 sL/min of air
flow. The plasma flame increases to 42.8 mm diameter and 251.5 mm length by
increasing power to 6 kW. In case of 50 sL/min air flow and 9 L/min water vapor, the

plasma flame diameter and length are 20.8 mm and 71.7 mm respectively at 0.6 kW.

Table 3.6 Plasma properties in case of usage of water vapor

Power Length (L) | Diameter | Power Length (L) | Diameter (D)
(Wplasma) (W) (l’nn’l) (D) (mn’l) (Wplasma) (W) (n’lm) (mm)
50 sL/min air 50 sL/min air-9 sL/min water vapor

600 120 28 600 71.7 20.8
1200 140 28.9 1200 83.2 21.5
2100 143.4 30 2100 97 242
2400 149.9 33 2400 125.7 34
3000 202.2 36.4 3000 150.4 333
3600 251.5 42.8 3600 178.9 33.6

50 sL/min air-18 sL/min water vapor 50 sL/min air-27 sL/min water vapor
600 40 7.5 600 - -
1200 57 15.8 1200 25.7 6.8
2100 62.5 17.3 2100 28.9 11.9
2400 75.6 214 2400 64.8 17.4
3000 84.8 26.5 3000 102 23.4
3600 125 27.4 3600 128.9 27.8

The plasma flame increases to 33.6 mm diameter and 178.9 mm length by increasing
power to 6 kW. In case of 50 sL/min air flow and 18 L/min water vapor, the plasma

flame diameter and length are 7.5 mm and 40 mm respectively at 0.6 kW. The plasma
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flame increases to 27.4 mm diameter and 125 mm length by increasing power to 6 kW.
In case of 50 sL/min of air and 27 L/min vapor, the plasma flame could not spread
from the reactor head at 0.6 kW. It has 6.8 mm diameter and 25.7 mm length at 0.6
kW. The plasma flame increases to 27.8 mm diameter and 128.9 mm length by
increasing power to 6 kW. Results clearly showed that, the plasma flame diameter and
length are increases by increasing power. While it has 42.8 mm diameter and 251.5
mm length in case of without steam and 50 sL/min air, it reduces to 27.8 mm diameter
and 128.9 mm length by using 27 L/min steam flow rate and 50 L/min air flow rate.
The diameter of the plasma flame decrease 35 % and its length decreases almost 50 %.
The plasma flame characteristics at the exit of reactor head in case of 50 sL/min air
flow rate is given in Figure 3.20. It is seen that the increasing power causes more
intensive and larger plasma. The plasma flame spreads along the reactor axis after 600
W in case of 50 sL/min air flow rate. By increasing the power, both the diameter and

length of the plasma increase. Also its intensity increases.

Figure 3.20 Effects of microwave power on plasma flame in case 50 sL/min air
flow rate
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Figure 3.21 shows the plasma flame characteristics at the exit of reactor head in case
of 50 sL/min air flow rate and 9 L/min water steam flow rate. It is seen that the
increasing power causes more intensive and bigger plasma. However, the addition of
water vapor to the reactor suppresses the plasma flame and reduces the diameter and
length of plasma flame. The plasma flame spreads along the reactor by increasing the
power. Both the diameter and length of the plasma increase by increasing the power.
Also its intensity increases and the color of plasma changes from orange color to the

blue.

Figure 3.21 Effects of microwave power on plasma flame in case of 9 L/min water
steam and 50 sL/min air flow rate

Figure 3.22 shows the plasma flame characteristics at the exit of reactor head in case
of 50 sL/min air flow rate and 18 L/min water steam flow rate. It is seen that the
increasing power causes more intensive and bigger plasma. However, the increment
of water vapor flow rate suppresses more the plasma flame, reduces the diameter and
length of plasma flame and changes the plasma color to more orange. The plasma

flame spreads along the reactor by increasing the power. Both the diameter and length
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of the plasma increase by increasing the power. Also its intensity increases and the

color of plasma changes from orange color to the blue.

Figure 3.22 Effects of microwave power on plasma flame in case of 18 L/min water
steam and 50 s L/min air flow rate

Figure 3.23 shows the plasma flame characteristics at the exit of reactor head in case
of 50 sL/min air flow rate and 27 L/min water steam flow rate. It is seen that the plasma
flame starts to spreads along the reactor by power levels of 1.8 kW and it spreads along
the reactor by increasing the power. The reason of the plasma flame suppress may be
the heating capacity of water. Because of the high heating capacity of water, the plasma
power become insufficient to spread the plasma. The plasma flame is suppressed more
and more by increasing the flow rate of the water vapor. Increasing water vapor flow
rate suppresses more the plasma flame, reduces the diameter and length of plasma
flame and changes the plasma color to more orange. Both the diameter and length of
the plasma increase by increasing the power. Also its intensity increases and the color

of plasma changes from orange color to the blue by increasing the power.
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Figure 3.23 Effects of microwave power on plasma flame in case of 27 L/min water
steam and 50 sL/min air flow rate

Gasification Reactor Temperature Measurements: The temperature distributions
in gasification reactor are investigated in this section. The temperature variations by
changing the power level between 1.8 kW-6 kW are examined in case of 50 sL/min
and 100 sL/min air flow rates. In Figure 3.24, the temperature distribution is presented
in case of 50 sL/min air flow rate. The thermocouple which is located at y/h=0.28
(closest measurement point to plasma flame) measures the highest temperature

T

y/h=0.28 = 718 °C at 1.8 kW power. By varying the power from 1.8 kW to 6 kW, the

temperature at y/h=0.28 (Ty/n=¢.28) is increased from 718 °C to 1265 °C. From the
region of the plasma flame to downward, the temperature decreases gradually. The
minimum measured temperature is 281 °C at y/h=0.92 (Ty/p=¢.92) and 1.8 kW power
which is the most distant measurement point from the plasma flame. It varies from
281°Cto 710°Cby increasing the power from 1.8 kW to 6 kW. The average

temperature (Tsyy,) in the reactor increases from 480 °C at 1.8 kW power to 1018 °C at

6 kW power.
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Figure 3.24 Temperature distribution in the gasification reactor in case of 50 sL/min
air flow rate

In Figure 3.25, the temperature distribution is presented in case of 100 sL/min air flow
rate. The thermocouple which is located at y/h=0.28 (closest measurement point to
plasma flame) measures the highest temperature Ty ;-9 25 = 483 °C at 1.8 kW power.
By varying the power from 1.8 kW to 6 kW the temperature at y/h=0.28(Ty,/n=0.28)
increases from 483 to 1275 °C. From the region of the plasma flame to downward, the
temperature decreases gradually. The minimum temperature, at 260 °C is measured at
the y/h=0.92 (Ty /n=0.92) which is the most distant measurement point from the plasma

flame.
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Figure 3.25 Temperature distribution in the gasification reactor in case of 100 sL/min
air flow rate

60



It varies from 260 °C to 663 °C by increasing the power from 1.8 kW to 6 kW at the
y/h=0.92 (Ty/n=0.92). The average temperature (Tsy,) in the reactor increases from

348 °C at 1.8 kW power to 918 °C at 6 kW power.

Increasing the air flow rate causes the shortening of the length of the plasma as
observed in pictures. This also causes the reduction in temperature. The average
temperature (Tsyy,) reduces from 1018 °C to 918 °C when the air flow rate is increased
from 50 sL/min to 100 sL/min. The reason of temperature reduction may be the
reduction of the plasma intensity. However, the higher flow rate causes the reduction
in temperature gradient along the axis. The temperature distribution is more uniform
at 100 sL/min air flow rate. This is also an expected result. It is clear that when the
plasma has spreading shape, the temperature is lower and more uniform. In case of

pointed end plasma, the temperature is higher and its gradient is higher.

3.7 Changes in the system design and the applications

In this section, the problems that occurred during the system installation and
experimentation are explained. The revisions were mainly for the reactor design of the

MCw gasification reactor and the gas analysis system.
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Figure 3.26 The first proposed experimental set-up
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The first proposed experimental setup was presented in Figure 3.26. The occurred

problems and the solutions of the problems are given below;

1-Solid fuel feeding to reactor; It was proposed to feed the solid fuels by fuel supply
system. However, the pressure in reactor was higher when compared with the pressure

in the barrel of the feeder. So, fuel particles were reversed.

As a solution, the fuel supply system was isolated from the leakages of air in storage
place. Also, the air flow is by-passed. By this way, the reactor and the feeder became

in same pressure. The solid feeding location had to be changed by these modifications.

2-Solid fuel feeding location; It was proposed to feed the solid particles by reactor
head fuel feeding port. However, it was changed to satisfy the equilibrium of pressure

in solid feeder and reactor.

The solid fuels were mixed with air and supplied to the system by plasma applicator
air inlet port to satisfy equilibrium of pressure in reactor and solid fuel feeder. The new

proposed system configuration is given in Figure 3.27.
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Figure 3.27 The revised experimental set-up to overcome the feeding of the solid fuel

3-Direction of the plasma flame; the production and control of microwave flame
plasma was specified under atmospheric conditions as given in section 3.6. Then the

plasma applicator is connected to the reactor head. By the modifications explained in
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previous section, the solid fuel feeding is also provided when the system is operated.
However, the syngas production was not achieved because of the air amount was much
higher than the fuel in reactor. The gases are without color. The products are mainly
consist of CO», Oz and N». The gas content is 20 % CO», 1- 2 % CO, 10 % O, and 65
% No». Although the fuel feeding rate is adjusted to feed the maximum solid fuel and
the air flow rate reduced to 50 sL/min, the syngas production was not achieved. In case
of reducing air flow rate to the less than 50 sL/min, the swirling flow does not occur
in plasma applicator. So, the quartz glass in the center of the applicator melt. It is
caused because of high energy density in it. As a result, the minimum air flow rate and
maximum fuel feeding rate were restricted. To overcome these problems, the reactor
is dosed by certain amount of solid fuel (250 g) and then the plasma is activated instead
of simultaneous feeding and plasma operation. In this case, the produced gas content
is similar to the simultaneous solid fuel feeding and plasma operation. After a while
of the operation of the plasma, the reactor was opened and the solid fuels were checked.
It is observed that the plasma flame interact just the fuels at top of the reactor. The
reaction was not occurred in whole reactor because the plasma was in contact just in
the upper side of the gasifier. The plasma applicator and reactor assembly were
reversed to spread the reaction to whole reactor. The gasifier connected from bottom
and then the reactor and at the top the cyclone filter were located. The reactor were
filled with solid fuel and then the reaction processes were performed by producing
high amount of smoke. By this way, the solid feeder was just used to dose the reactor.
The simultaneous solid fuel feeding and plasma gasification system operation were

cancelled.

4- Moisture content of fuel and water vapor supply; it was proposed to use air and
water vapor as oxidant in the reactor. However, the experiences with sawdust
gasification show that the moisture in the reactor causes to stop plasma flame in the
reactor. Because the sawdust interaction with plasma flame and the moisture in
sawdust produces water drop in the reactor and these drops stop the plasma flame in
the applicator. Also, the quartz glass become dirty and wet which affects the
transmission of microwave signal and increases significantly reflected power. Another
effect of moisture is that it leaks to the magnetron through waveguide and it reduces
the durability of magnetron. The deformed quartz glass is presented in Figure 3.28.

Because of these circumstances, the water steam usage as oxidant were cancelled.
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Figure 3.28 Deformed quartz glass because of low air flow rate input and moisture
content of fuel

5-Gas analysis; the food engineering laboratory has the gas chromatography system
and the system was designed to analyze the liquid sample by using the auto sampler
and FTIR detector. On the other hand, the system can be operated for syngas analysis
with TCD too. Just, it needs revisions such as changing the column, assembling to inlet
port an auto valve and etc. However, the tools was not exist in food engineering. The
available columns in food engineering were on trial. As a result, an available packed
column for the syngas analysis application could not found. Another problem was the
injection of the sample. The gas tight syringe was used to inject the syngas sample to
the inlet port. Because of manual injection, in each case the sample was injected at
varied pressures. As a result of the missing components of the gas analyzer, the
analyzer gave the varied retention time and peak amplitude for the same amount of the
injected pure CO instead of the same peak and retention time. After that, the syngas
analyzing system was rented from a commercial company in Adana. Samples were
measured by using the MRU vario plus gas monitoring system. The last version of the

system set-up is given in Figure 3.29.
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Figure 3.29 The last version of MCw gasifier after modifications and the block

diagram of operation.
3.8  Presentation of Experimentation

The operational work of system is carried out by usage of air as oxidant for 6 different
fuels at varied powers between 3000 W and 6000 W. 50 sL/min, 75 sL/min and 100
sL/min air flow rates are the operational range of air flow rate. The independent
parameters and their ranges are given in Table 3.7. The power for the operation of the
system is chosen above 3000W because of the flame characteristics and also the low
power applications has reverse effects on magnetron of microwave plasma system. In
each case, 250 g fuel is dosed to the reactor. The fuels are dosed to reactor before the
operation of plasma. The plasma applicator is located at the bottom of the reactor and

plasma flame is injected to the fuels from the bottom.

The produced syngas is cleaned by cyclone filter which is located at the top of the
reactor. The cleaned syngas is sampled and the content of the syngas is monitored by
using the MRU-Various plus model syngas monitoring system with 2s sampling
frequency. The start and end of the process are determined by syngas monitoring

system. At the beginning and end of the process, the gas content is just consist of air.
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Table 3.7 The independent parameters and their ranges

Experiment method Varied parameters
Ultimate and Proximate | 6 type of solid fuels; HSD, PSD, CR, CSA, CTR
analysis and PP.

Heating value analysis 6 type of solid fuels; HSD, PSD, CR, CSA, CTR
and PP.

SEM/EDX analysis 6 type of solid fuels; HSD, PSD, CR, CSA, CTR
and PP.

Ash of 6 type of solid fuels; HSD, PSD, CR,
CSA, CTR and PP.

Temperature measurement 3 different flow rates; 50 sL/min, 75 sL/min and
100 sL/min.

Different power levels; from 0 to 6 kW.

MRU vario plus Gas analyzer | 3 different flow rates; 50 sL/min, 75 sL/min and
100 sL/min.

6 different power levels; 3 kW, 3.6 kW 4.2 kW,
4.8 kW, 5.4 kW and 6kW.

3.9  The Operation and Data Logging Procedure

The temperature, air flow rate, syngas content and the applied microwave power are
measured during the experimentation. While the air flow rate and power parameters
are independent of the process and adjusted just before the experimentation, the
temperature and the syngas content are depending on variables to the process. They

are acquired and recorded. The block diagram of the software is given in Figure 3.30.
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Figure 3.30 The block diagram of the data logging system
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The methodology for the data collection is altered in each stage of the experimentation.
Here, the methods are divided into the operation and data logging for the plasma flame
temperature in case of the empty reactor and the operation and the data logging for the

temperature measurement and gas analyzer during the gasification process.

The operation and data logging for the plasma flame temperature in case of

empty reactor;

1- The air compressor is operated to pressurize the air tank to 8 bar.

2- The cooling water valves for the power supplier, magnetron and plasma
applicator are opened.

3- The air flow rate is adjusted to desired level by mass flow controller and the air
is supplied to the plasma applicator. The air flow rate should not be less than 50
sL/min.

4- The data logger is opened to log and monitor the temperature and flow rates.
The data is logged by sampling rate of 1 sample per 1 second continuously.

5- The Muegge MX control software is initialized.

6- In the program, the CAN initialization is activated and the CAN BUS active
icon turns from red to green color. It shows that the computer and the device are
connected. If the system works properly, the “main” icon also turns from yellow to
green. If there is a mistake, it is seen in red color.

7- The “reset” icon is pressed to reset the device.

8- The “filament on” icon is pressed to open the filament. When it is ready, the
filament on icon in status signal turns from yellow to green. If it shows red, there is
error.

9- The “High voltage on” icon is pressed to open the high voltage. When it is
ready, “High voltage on” and “Ready” icons in status signal turn from yellow to green.
If it shows red, there 1s error.

10-  Before opening the Microwave signal, it is adjusted to low values such as 10
%.

11-  The “Microwave on” icon is pressed to open the microwave. When it is ready,
“Microwave on” icon in status signal turns from yellow to green. If it shows red, there

is error.
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12-  In the failure signals, all icons should turn to green color. Otherwise, if the red
color is seen in any icon, the related error should be fixed before the operation.

13- By opening the microwave power, the acted power and reflected powers are
measured and monitored in the program.

14-  The power level is increased to 30 % or 40 % of full range. Then, the pneumatic
button to operate the igniter is activated. If the plasma flame is not occurred, the stub
tuners are turned. Then the igniter button is activated again. The trials in each case are
less than 5 times. If the flame is not generated, the stub tuners are turned for new
setting. The flame is generated by the trial-errors.

15-  When the plasma flame is generated, the sound of plasma can be heard or the

reflected power decreases in the control software.

16- By using stub tuners, the reflected power is adjusted to minimum value (close
to zero).
17- The desired microwave power is adjusted by “set value” icon. In each change

of power, the reflected power changes. If it increases, the new settings to stub tuners

are required.

18- By using the mass flow meter, the atmospheric pressure and temperature are
recorded.

19-  The system is operated 20 minutes to bring the reactor steady conditions.

20-  The start time is recorded and the end time is recorded after 5 minutes. In each

parameter change, the time is recorded. A 5 minute interval is given for the reactor to
reach new steady conditions. After 10 minutes of operation from the parameter change
time, the time is recorded again. The first half of 10 minutes is considered as interval
time and the last half of the 10 minutes is the measurement time. There are 300
seconds. It means that there are 300 measurements for each station.

21-  To shut down the system; the set value is lowered in steps until the power is
zero. The microwave is turned off by pressing “Microwave on”, then pressing the
“High Voltage on” to close the High voltage, then pressing “Filament on” to close the
filament. The cooling water valves are shut off. The air flow rate is adjusted to zero
and compressed air valve is shut off.

22-  The logged data are exported to Microsoft Excel program and the data at
recorded time periods are extracted and Tables for each cases are created regarding to

time of operation.
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23-  For each case, the average of temperature in each station are calculated as given

in equation 3.5.

300

1
T = %; Teo (3.5)

The operation and data logging for the temperature measurement and gas

analyzer during the gasification process;

The first 17 steps explained in previous section are repeated in this operation too. In
case of the gasification process, both the temperature and syngas analyzing data are

acquired.

1- The plasma is generated in the reactor without any fuel. The system is operated
for 20 minutes to heat up the reactor and provide steady conditions in reactor.

2- The plasma is shut off by repeating the method in line 21 in previous section
and the cyclone filter is reassembled. The 250 g solid fuel is dosed to the reactor. The
cyclone filter is mounted to the reactor again.

3- The detector of the MRU syngas analyzer is connected to the top of the reactor
as shown in Figure 3.16. The gas analyzer is adjusted to measure the CO, CO2, CHa,
H», O; and N> simultaneously. The sampling rate is 1 data per 2 seconds.

4- Step 6-17 in previous section is repeated to generate the plasma. By operation
of plasma flame, the percentage of O decreases and the percentage of CO and
percentage of H» increase. The gas composition change is taken as starting time of the
process and the time is recorded.

5- The time when the gas composition is taken from the analyzer is approximately
the same with air, it is considered as the end of the process. This time is recorded.

6- To close the system; the set value is lowered by steps until the power is zero.
The microwave is closed by pressing to “Microwave on”, then pressed to the “High
Voltage on” to close the High voltage, then pressed to “Filament on” to close the
filament. The cooling water valves are shut off. The air flow rate is adjusted to zero
and compressed air valve is shut off.

7- The minimum and maximum operation times for the each case are altered

between 420 and 1020 seconds. The data which is logged by MRU online software is
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exported to Microsoft Excel. The durations of the processes are estimated and the

average of each case is calculated by equation 3.6.

2
CO = O COp (3.6a)
g
2
Co, = Qz €0, (3.6b)
2
H, = QZ Ha o (3.6¢)
2
CH, = QZ CHay, (3.6d)
2
02 = t_z Oz(t) (366)
g
2
N, = Qz Nago (3.66)
8- The temperature measurement data which are logged by Elimko data explorer

software are exported to Microsoft Excel. The start and end of the process times
(explained in step 4 and 5) are recorded and the temperature variations according to
process time tables are generated for each case.

For each case, the average of temperature in each station is calculated as given in

equation 3.7.

tg
1
T = . ) (3.7)
g
t=1
9- Ash content after the handling the solid fuels is collected at the cyclone filter.

3.10 Conclusion

MCw plasma gasification system was installed and operated as proposed. Firstly the
plasma generation system was taken into operation. The measurement and the data
logging systems were mounted to the system and the calibration of them were

performed. The plasma flame characteristics in the atmospheric conditions were
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examined. Then, the fluid supply systems and solid fuel feeding systems were

operated.

In the operation of the system, there were several problems to feed the fuel to the

reactor. The problems are solved by the following ways.
-Solid fuel feeding method

The fuel supply system was isolated from the leakages of air in storage place. Also,
the air flow is by-passed. By this way, the reactor and the feeder pressures were
equalized. The solid feeding location had to be changed by these modifications. As a

result, the reversing of solid particles in the feeder is prevented.
-Solid fuel feeding location

The solid fuels were mixed with air and supplied to the system by plasma applicator
air inlet port to satisfy equilibrium of pressure in reactor and solid fuel feeder. The new

proposed system configuration is given in Figure 3.27.
-Gasification process and syngas production problem

In case of steady state operation, the syngas production was not achieved because of
amount of air was much higher than the fuel in reactor. Although, the fuel feeding rate
1s adjusted to feed the maximum solid fuel and the air flow rate reduced to 50 sL/min,
the syngas production was not achieved. In case of reducing air flow rate to the less
than 50 sL/min, the swirling flow does not occur in plasma applicator. So, the quartz
glass in the center of the applicator melt. It is caused because of high energy density
in it. As a result, the minimum air flow rate and maximum fuel feeding rate were

restricted.

To overcome these problems, the reactor is dosed by certain amount of solid fuel (250
g) and then the plasma is activated instead of simultaneous feeding and plasma
operation. In this case, the produced gas content is similar to the simultaneous solid
fuel feeding and plasma operation. After a while of operation of plasma, the reactor
was opened and the solid fuels were checked. It is observed that the plasma flame
interacts just the fuels at top of the reactor. The reaction was not occurred in whole

reactor because the plasma was in contact just in the upper side of the gasifier. The
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plasma applicator and reactor assembly were reversed to spread the reaction to whole
reactor. The gasifier was connected from the bottom and then the reactor at the top the
cyclone filter were located. The reactor was filled with solid fuel and then the reaction
processes were performed by producing high amount of smoke. By this way, the solid
feeder was just used to dose the reactor. The simultaneous solid fuel feeding and

plasma gasification system operation were cancelled.

-The usage of steam as oxidant was cancelled because of problems that occurred in the

plasma generation system.

The air supplying and generation of air plasma were carried out. The temperature
distribution in the gasifier was presented. The uncertainty of measurement systems

were determined in in Appendix A.2 and the following experimentation plan was given

in Table 3.7.
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CHAPTER IV
FUEL CHARACTERIZATION

In this chapter, 6 different type of solid fuels Russian coal (CR), South African coal
(CSA), Sirnak coal (CTR), pine tree sawdust (PSD), hornbeam sawdust (HSD) and
polyethylene (PP) properties are presented. The physical properties of the fuels were
examined. The proximate and ultimate analysis of the solid fuels were carried out to
see the content of the solid fuels. The heating value of the solid fuels were calculated

by using the empirical equations and the results of the experiments.

4.1  Sample Preparation

6 different solid fuels; Russian coal (CR), South African coal (CSA), Sirnak coal
(CTR), pine tree sawdust (PSD), hornbeam sawdust (HSD) and polyethylene (PP)
were prepared for the gasification process. Each of them was pulverized to granular
sizes except the polyethylene. Polyethylene was similar in shape and size with lentil.
While the coals were screened by 0.1 mm particle size, the sawdust was screened to 1
mm particle size. At least 5 kg for each sample was prepared for the gasification

process.

Table 4.1 Density and size of the solid fuels for the gasification process

Solid fuel Particle sizes (mm) | Density (kg/m3)
Russian coal (CR) 0.1 701.03
South African coal (CSA) 0.1 749.79
Sirnak Coal (CTR) 0.1 929.79
Hornbeam sawdust (HSD) 1 230.07
Pine sawdust (PSD) 1 218.87
Polyethylene (PP) - 211,86

In Table 4.1, the particle sizes and the density of them are given. Each sample was
meshed to the desired size as given in the Table 4.1. While coals have much higher
density, the densities of two sawdust and polyethylene are closer to each other. From

coals, the Sirnak coal has the highest density with approximately 930 kg/m?>.
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4.2 Proximate Analysis

Proximate analysis indicates the contents of the moisture, volatile matter, fixed carbon
and ash in the fuels in percentage by weight. Proximate analysis was performed
according to ASTM D 3172-89 method. The moisture content, volatile matter and ash
content are measured according to ASTM D3173, D3175 and D3174 methods,

respectively.

Moisture content (M): moisture content is determined by removing the water from
the sample fuel by specified method without causing any chemical change in fuel.
Approximately, 1 g of fine powdered coal is weighed in crucible covered by lid.
Crucible-lid is placed inside oven where the temperature is maintained at 105 to 110
°C for 1 hour. Then sample is taken out and weighed. Loss in weight is giving the
moisture content in the fuel. The moisture content can be determined by using equation

4.1.

M(%) = Initial weight — final weight of the sample T 41
o Initial weight of the sample (41

Volatile Matter (VM): the volatile matter is determined by holding the dried fuel
sample in oven where the temperature maintained 925 °C £+ 25°C for 7 minute. Then
the sample is weighted again. The losses in weight of dry fuel sample gives the volatile

components. The percentage of the volatile matters can be calculated as equation 4.2.

VM (%) = Initial weight — final weight of the sample % 100 42
o) Initial weight of the sample (42)

Ash content (A): Rest of the fuel sample in crucible after the volatile matter
measurements held in oven without using lid at 700> C + 50°C for two hours. After the
burning of the fuel, the residue in the crucible gives the ash content. The amount is
measured and percentage ash is determined by using equation 4.3.

Residual weight of the sample

A (%) = x 1 4.
(%) Initial weight of the sample 00 (4:3)

Fixed carbon (FC): the difference between the initial weight of the sample and the
sum of the moisture, volatile matter and ash gives the fixed carbon content. The

percentage of the fixed carbon can be determined by using equation 4.4.
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FC(%) = 100 —%of (M + VM +A) (4.4)

Table 4.2 Results on proximate analysis of the solid fuels

Moisture | Volatile matter | Fixed carbon | Ash (A)
Solid fuel M) (%) | (VM) (%) (FC) (%) (%)
Russian coal (CR) 3.15 23.51 67.46 5.87
South African coal (CSA) | 3.40 25.94 55.94 14.71
Sirnak Coal (CTR) 0.85 36.67 21.05 41.43
Hornbeam sawdust (HSD) | 17.39 72.58 10.02 0.69
Pine sawdust (PSD) 21.35 69.54 8.53 0.58
Polyethylene (PP) 0.19 94.90 0.91 5.44

In Table 4.2, the proximate analysis results are given in terms of moisture, volatile
matter, fixed carbon and ash contents. While coals include less moisture in the level
of 3 %, sawdust includes moisture in the level of 20 %. The moisture content decreases
the heating value content. Similar results are presented for the volatile matter. While
the volatile matter content is approximately 26 % for coals, it jumps to the 70 % level
for sawdust. For polyethylene, the high percentage of the content (94.9 %) includes
the volatile matters. The high volatile matter content means that the high proportion of
the fuel distill over as gas or vapor. It burns with the long flame, high smoke and has
the adverse effect on the heating value. The fixed carbon content is desired for the
higher heating value and this is the highest for the Russian coal which includes 67.46
%. Then the South African coal has the 56 % fixed carbon. The Sirnak coal has less
than 21 % and sawdust have approximately the 10 % fixed carbon. The ash content is
not combustible matter and it reduces the heating value of the fuel. The results show
that Russian coal has the lowest ash with 5.87 % while the South African coal has
14.71 % and Sirnak coal has the 41.43 % ash content. The sawdust has the ash content
less than 1 %.

4.3  Ultimate Analysis

Ultimate analysis gives the elementary composition of carbon (C), hydrogen (H),
oxygen (O), nitrogen (N) and sulphur (S) in percentage by weight. Ultimate analysis
should be carried out for the solid fuels. These experiments is being conducted in
Bilecik Seyh Edebali University central research laboratory by service procurement.
The solid fuel samples were transferred to the laboratory. They use LECO CHN 628
model analyzer to perform the experiments. The LECO CHN628 utilizes pure oxygen

in the furnace to complete combustion and recovery of the elements of interest. Carrier
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gas sweeps the combustion gas to separate infrared cells utilized for the detection of

H>0 and CO», while a thermal conductivity cell is used for the detection of nitrogen.

Table 4.3 Ultimate analysis of the solid fuels

Carbon | Hydrogen | Oxygen | Nitrogen | Sulphur
Solid fuel ©) () |H) (0) | (©O) (%) |(N) () | (S) (%)
Russian coal (CR) 66.81 4.49 21.72 ] 1.00 0.11
South African coal (CSA) 62.56 4.08 17.61 | 0.64 0.40
Sirnak Coal (CTR) 42.18 3.75 5.96 0.35 6.33
Hornbeam sawdust (HSD) | 36.15 6.24 56.92 |0.00 0.00
Pine sawdust (PSD) 39.66 6.45 53.30 ]0.00 0.00
Polyethylene (PP) 69.6 10.26 16.14 | 0.00 0.00

In Table 4.3, the ultimate analyze results are presented. While the hydrogen and carbon
content constitute the heating value, the oxygen, nitrogen, Sulphur and ash contents
decrease the heating value of the fuel. The polyethylene has the highest carbon and
hydrogen content in solid fuels with the contents of 69.6 % carbon and 10.26 %
hydrogen. On the other hand, the sawdust have relatively less carbon and hydrogen in
the fuels with contents of 36.15 % and 39.66 % for carbon and 6.24 % and 6.45 % for
hydrogen in the hornbeam and pine sawdust relatively. In coals, the Russian coal (
66.81 % carbon, 4.49 % hydrogen) and the South African coal (62.56 % carbon, 4.08
% hydrogen) have similar carbon and hydrogen content, but the Sirnak coal (42.18 %

carbon, 3.75 % hydrogen) has relatively less carbon and hydrogen content.

4.4  Heating Value of the Solid Fuels

The heating value of the fuels are determined by using adiabatic bomb calorimeter. In
this method, solid fuel samples are screened to 1 mm size and 1 g sample is taken for
analysis. The heat resistance coil is measured and coiled to heat up and ignite the coal
sample. The fuel sample capsule are produced by press where the coil part of wire
stayed inside the capsule. Then the ends of wire coil is assembled to the heater
electrodes. The coal sample with wire which is connected to poles of heater is located
in crucible. The crucible is located in the bomb tank. The bomb tank is filled by
compressed oxygen which has 10 bar pressure. Then the bomb tank is immersed into
2.5 Liter water in bucket. The electric cable is connected to the cable ports of the bomb
tank. The thermocouple is also immersed in the water bucket to monitor the
temperature variation. The water in bucket has a mixer to get uniform temperature.

When ignition starts, the temperature is measured and time counter is started. The
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electric current is applied to the wire coil in coal until the current is shorted. The

maximum temperature of water and time taken to get maximum temperature are

recorded. Then the Higher heating value (HHV) is calculated by using equation 4.5.

The heating value of coals and sawdust are measured by this method. However, the

tests could not perform to the polyethylene due to the structure of the polyethylene.
Myater *C* (T, = T) —e; — e,

HHV = (4.5)
Mfyel sample

My,ater 1S the amount of water in bucket, c is the specific heat of water (4.187 kJ/kg°C),
T, is the corrected initial temperature, T, is the corrected final temperature, e, is the
correction parameter for the Sulphur in sample, e, is the correction parameter for the
heat resistance wire and mge) sample 1S the weight of the fuel sample. e; and e, are
neglected for the calculation because of the very small amounts of values for this

experimentation.

The heating value of fuels were also calculated by using empirical equations described
by Channiwala and Parikh, 2002 for the calculation of HHV and described by Finet,
1987 for calculation the LHV in equation 4.6 and equation 4.7 respectively. Heating

value of 6 solid fuels are evaluated by these empirical equations.

M
HHV = 0.3491C + 1.1783H + 0.1005S — 0.10340 — 0.0151N — 0.0211ash (k_g]) (4.6)
M]
LHV = HHV(1 — H,0) — 2440(H,0 + 9H) (k_g> (4.7)

In the Table 4.4, the measured and calculated heating values are presented. While coals
have greater higher heating value (HHV) when compared with sawdust, the Sirnak
coal has the lowest heating value in the coal types. The Russian and South African
coal have also similar heating values. This is also result of similar carbon and hydrogen
contents in ultimate analysis. The higher heating value (HHV) of the polyethylene is
not available to measure by the adiabatic bomb calorimeter. The heating value of
polyethylene (PP) is calculated by using equation 4.6 and 4.7. The elementer
compositions are determined by proximate and ultimate analysis. Also, the empirical
equation results are compared with adiabatic bomb calorimeter tests and the

percentage of error is determined by using equation 4.8.
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. o — Adiabatic bomb calorimeter — Empirical equation % 100 4.8
rror 7o = Adiabatic bomb calorimeter (9

Table 4.4 Heating value of the solid fuel samples

Adiabatic bomb . .

calorimeter Empirical equation
Solid fuel

HHV LHV ERROR
HHV (kJ/kg) (ke) | (dke) | (%)

Russian coal (CR) 31336 26240 24351 16
South African coal
(CSA) 30759 24546 22733 20
Sirnak Coal (CTR) 19954 18284 17284 8
Hornbeam sawdust
(HSD) 21353 14072 9831 34
Pine sawdust (PSD) 17942 15922 10585 11
Polyethylene (PP) - 34633 32310

4.5 Conclusion

In this chapter, the physical and chemical properties of the solid fuels what are used
for the gasification are given in detail. The details about the size of the solid particles,
the densities of the fuels are presented. The proximate and the ultimate analysis of the
fuels are required to see the content of fuel and determine the heating value of each
fuel. The contents of the fuels are examined by the proximate and the ultimate analysis.
The heating value of the fuels are measured by the experimental methods and
calculated by the empirical equations using the proximate and the ultimate analysis.
The SEM analysis are also performed to reveal the characteristics of fuels. Also, the
elemental composition of fuels is determined by EDX analysis. The details of these

tests are presented in Appendix A.3. The brief presentation of the results are given in

Table 4.5.
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Table 4.5 The brief presentation of results of solid fuel characteristics

Density Proximate Ultimate Adiabat | Empirical EDX analysis
analysis analysis ic heating
bomb value
calorim | calculation
eter
HSD | 701.03 M(%) 17.39 | C(%) | 36.15 | 21352. | HHV | 140 | C(%) | 49.31
VM(%) | 72.58 | H(%) | 6.24 | 90 (1§J/k ;24 O(%) | 47.5
g
FC(%) | 10.02 | O(%) | 56.92 LHV | 983 | S(%) | 0.39
A(%) 0.69 | N(®%o) |0 (kJ/k | 0.65 | Other | 2.8
S(%) |0 g) s (%)
PSD | 749.79 M(%) 21.35 | C(%) | 39.66 | 17941. | HHV | 159 | C(%) | 53.95
VM(%) | 69.54 | H(%) | 6.45 66 (kJ/k | 21.6 | O(%) | 44.31
g) 7
FC(%) | 8.53 0O(%) | 53.3 LHV | 105 | S(%) | 0.27
A(%) 0.58 | N(%o) |0 (kJ/k | 85.0 | Other | 1.47
S(%) |0 g2 4 s (%)
CR 929.79 M(%) 3.15 C(%) | 66.81 | 31336. | HHV | 262 | C(%) | 71.29
VM(%) | 23.51 | H(%) | 449 | 05 (kJ/k | 40.1 | O(%) | 19.3
g 9
FC(%) | 67.46 | O(%) | 21.72 LHV | 243 | S(%) | 0.49
A(%) 587 | N(%) |1 (kJ/k | 50.7 | Other | 8.92
S(%) | 0.11 g) 6 s (%)
CSA | 230.07 M(%) 340 | C(%) | 62.56 | 30758. | HHV | 245 | C(%) | 71.64
VM(%) | 25.94 | H(%) | 4.08 85 (kI/k | 46.4 | O(%) | 19.14
) 4
FC(%) | 55.94 | O(%) | 17.61 LHV | 227 | S(%) | 0.67
A(%) 14.71 | N(%) | 0.64 (kJ/k | 32.9 | Other | 8.55
S(%) | 0.4 g) 3 s (%)
CTR | 218.87 M(%) 0.85 C(%) | 42.18 | 19954. | HHV | 182 | C(%) | 60.71
VM%) | 36.67 | H(%) | 3.75 03 (kJk | 84.1 | O(%) | 20.51
) 1
FC(%) | 21.05 | O(%) | 5.96 LHV | 172 | S(%) | 6.51
A(%) 41.43 | N(%) | 0.35 (kJ/k | 84.4 | Other | 12.27
S(%) | 6.33 g) 5 s (%)
PP 211,86 M(%) 0.19 | C(%) | 69.6 | - HHV | 346 | C(%) | 82.38
VM(%) | 94.90 | H(%) | 10.26 (kJk | 334 | 0(%) | 11.05
g 4
FC(%) | 0.91 O(%) | 16.14 LHV | 323 | S(%) |0.14
A(%) 544 | N(%) |0 (kJ/k | 099 | Other | 6.43
S(%) |0 g 1 s (%)
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CHAPTER V
GASIFICATION PROCESS EVALUATION

In this chapter, general overview about the evaluation of the gasification process is
given. The gasification results of the fuels in the case of 50, 75 and 100 sL/min air
flow rate and varied powers between 3 kW and 6 kW are presented for each fuel type.
Then the effects of power, air flow rate and fuel type on temperature distribution in
the gasification reactor are given. The Energy Dispersive X-ray (EDX) analysis of 6
different solid fuel ashes at 3 kW and 6 kW power, 50 sL/min and 100 sL/min air flow

rate are performed.

5.1  Methodology for data acquisition and processing

The data acquisition procedure for the temperature and the syngas analysis is given in
Section 3.12. In this section, the data acquisition and processing procedure are
explained in detail. As it is mentioned in section 3.12, the sampling rate for the
temperature measurement is 1 s while it is 2 s for the gas analyzing. The supplied solid
fuel is measured and dosed to reactor via volumetric feeder. The air flow rate is
measured and supplied by a mass flow controller. The acquired raw data is stored and

proceeded by the methods explained below.

Mass balance in the reactor: While the air and solid fuel are input of the reactor the
ash and syngas are the outputs of the reactor. As the inputs and outputs amount are
parameter for the thermodynamic analysis, the unit of all parameters is converted to
SI unit system. The air flow rate is measured by mass flow controller in units of
sL/min. The measured standard volumetric flow rate (V) (standard conditions) is
converted to mass (m,;.) by using equation 5.1. The produced syngas is determined
by extracting ash amount from the supplied air and solid fuel. The produced syngas
(Mgyngas) 18 determined by equation 5.2. The amount of air, fuel supply and the

produced syngas and ash amounts are presented in Table 5.1 for each case.
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. Pams kP
mair(kg) = | V(S in)- ktpa(_ 1513 2) tg (5) (5.1)

Rair(W)- Ts (K)

Mgyngas (kg) = mair(kg) + Meyel (kg) - mash(kg) (5'2)

Table 5.1 Presentation of inputs and the outputs to the reactor in each case

M
Power | tg Mygh Meye) | Mpir | Msyngas ( ;gngas
% k k k
W) | (s) kg) | (kg) | (kg) (kg) Jkmol)
3000 | 880 | 0.00216 0.87 1.12 29.88
Hormh 3600 | 820 | 0.00208 0.81 1.06 28.87
ornbeam 14500 [ 800 | 0.00196 0.79 1.04 28.30
sawdust -50 0.25
L/t 4800 | 720 | 0.00189 0.71 0.96 28.15
5400 | 680 | 0.00184 0.67 0.92 27.77
6000 | 600 | 0.00183 0.59 0.84 27.25
3000 | 720 | 0.00234 0.71 0.96 30.63
Homb 3600 | 650 | 0.00222 0.64 0.89 29.87
ornbeam 14500 [ 630 | 0.00209 0.62 0.87 29.32
sawdust -75 0.25
i 4800 | 600 | 0.00201 0.59 0.84 29.15
5400 | 540 | 0.00196 0.53 0.78 28.42
6000 | 500 | 0.00191 0.49 0.74 27.92
3000 | 640 | 0.0026 0.63 0.88 30.83
Hormh 3600 | 600 | 0.00249 0.59 0.84 30.12
;’“; eim 4200 | 560 | 0.00235| . [ 0.55 0.80 30.01
SAWCUSE = 4800 | 520 | 0.00226 | 0.51 0.76 29.65
100 sL/min
5400 | 450 | 0.00218 0.44 0.69 29.09
6000 | 420 | 0.00212 0.41 0.66 28.64
3000 | 880 | 0.00282 0.87 1.12 29.85
pi 3600 | 840 | 0.00259 0.83 1.08 2921
metree 00 | 800 | 0.00245 0.79 1.04 28.69
sawdust - 0.25
: 4800 | 720 | 0.00226 0.71 0.96 28.35
50 sL/min
5400 | 680 | 0.00198 0.67 0.92 27.96
6000 | 600 | 0.00174 0.59 0.84 27.07
3000 | 720 | 0.00338 0.71 0.96 30.07
b 3600 | 680 | 0.00307 0.67 0.92 30.14
metree 00 | 600 | 0.00286 0.59 0.84 29.51
sawdust -75 0.25
L/min 4800 | 560 | 0.00278 0.55 0.80 29.32
5400 | 520 0.00244 0.51 0.76 28.64
6000 | 460 | 0.00212 0.45 0.70 2828
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Table 5.1 (Continued) Presentation of inputs and the outputs to the reactor in each

case
3000 | 640 | 0.00482 0.63 0.88 31.14
, 3600 | 600 | 0.00443 0.59 0.84 29.82
Pine tree 4200 | 580 | 0.00401 0.57 0.82 29.64
sawdust - 0.25
100 sL/min |_4800 | 540 [ 0.00357 0.53 0.78 29.12
5400 | 510 | 0.00314 0.50 0.75 28.83
6000 | 440 | 0.00301 0.43 0.68 28.38
3000 | 1020 | 0.05232 1.01 1.20 32.07
3600 | 960 | 0.05018 0.95 1.15 31.87
Russian coal | 4200 | 920 0.04822] . 0.91 1.11 31.67
-50sL/min | 4800 | 840 | 0.04538| 0.83 1.03 31.55
5400 | 800 | 0.04116 0.79 1.00 31.29
6000 | 740 | 0.03927 0.73 0.94 31.17
3000 | 820 | 0.06321 0.81 1.00 32.83
3600 | 790 | 0.05812 0.78 0.97 32.78
Russian coal | 4200 | 750 [ 0.05463 | . 0.74 0.94 32.50
-75sL/min | 4800 | 700 | 0.04622 | 0.69 0.89 32.40
5400 | 680 | 0.04366 0.67 0.88 3232
6000 | 620 | 0.04084 0.61 0.82 3227
3000 | 740 0.0738 0.73 0.91 33.52
3600 | 710 | 0.06874 0.70 0.88 33.47
Russian coal | 4200 | 680 [ 0.06126] .. 0.67 0.86 33.33
-100sL/min | 4800 | 660 | 0.05619| 0.65 0.84 33.22
5400 | 640 | 0.05131 0.63 0.83 32.99
6000 | 620 | 0.04701 0.61 0.81 32.82
3000 | 1010 | 0.05621 1.00 1.19 31.55
3600 | 970 | 0.05323 0.96 1.15 31.47
Afrisc(;lﬂoal 4200 | 910] 0.05115] 0.90 1.10 31.35
50 L/min |_4800 | 870 [ 0.04834 0.86 1.06 31.19
5400 | 780 | 0.04623 0.77 0.97 30.88
6000 | 760 | 0.04418 0.75 0.96 30.88
3000 | 800 | 0.06843 0.79 0.97 32.40
3600 | 760 | 0.06431 0.75 0.94 32.46
Afrisc(;lﬂoal 4200 | 720 ] 005929 . 0.71 0.90 32.24
75 oL/min |_4800 | 660 | 005632 0.65 0.84 31.99
5400 | 630 | 0.05188 0.62 0.82 31.96
6000 | 600 | 0.04977 0.59 0.79 31.96
3000 | 740 | 0.07767 0.73 0.90 32.96
3600 | 700 | 0.07332 0.69 0.87 32.78
AfriSC‘;‘féoal 4200 | 670 006998 | . [ 0.66 0.84 32.82
100 sL/min |_4800 | 630 [ 0.06527 0.62 0.81 32.54
5400 | 590 | 0.06215 0.58 0.77 32.37
6000 | 550 | 0.05887 0.54 0.73 32.26
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Table 5.1 (Continued) Presentation of inputs and the outputs to the reactor in each
case

3000 | 880 | 0.06947 0.87 1.05] 3125
3600 | 840 | 0.06623 0.83 1.01| 31.10
(Tuﬁg;kcoal 4200 [ 820[ 0.08817| . 0.81 1.00 | 31.04
DY 14800 | 800 | 0.05664 0.79 098 | 3093

- 50 sL/min
5400 | 780 | 0.05244 0.77 097 | 30.60
6000 | 760 | 0.04926 0.75 0.95| 30.64
3000 | 710 | 0.07798 0.70 0.87| 32.10
3600 | 680 | 0.07312 0.67 0.85| 31.85
(Tuﬁg;kcoal 4200 [ 670 | 0.06917 | . 0.66 0.84 | 31.83
414800 | 640 | 0.06643 0.63 081 31.65

—75 sL/min
5400 | 620 | 0.06376 0.61 0.80 | 31.34
6000 | 600 | 0.06054 0.59 078 | 3121
3000 | 690 | 0.09177 0.68 0.84 | 33.07
3600 | 650 | 0.08612 0.64 081 | 32.84
(Tursliga;kcoal 4200 620| 0.07421| . 0.61 0.79 | 32.92
100 <L/min | 4800 [ 600 | 0.06952 0.59 0.77| 32.65
5400 | 580 0.066 0.57 076 | 32.17
6000 | 540 | 0.06301 0.53 072 32.11
3000 | 660 | 0.0021 0.65 090 | 27.84
3600 | 640 | 0.00201 0.63 088 27.68
Polyethylene | 4200 | 600 | 0.00187] . 0.59 0.84 | 27.55
-50 sL/min | 4800 | 580 | 0.00163 ' 0.57 082 27.10
5400 | 560 | 0.00144 0.55 0.80 | 26.89
6000 | 520| 0.00116 0.51 076 | 2637
3000 | 620 | 0.00402 0.61 0.86| 28.17
3600 | 600 | 0.00386 0.59 0.84 | 28.10
Polyethylene | 4200 | 580 0.00361| ., 0.57 082 27.95
-75sL/min | 4800 | 570 | 0.00334 ' 0.56 081 27.67
5400 | 540 | 0.00299 0.53 0.78 | 27.49
6000 | 520 | 0.00239 0.51 0.76 | 27.30
3000 | 600 | 0.00613 0.59 0.84 | 2848
3600 580 0.00559 0.57 0.82 28.25
Polyethylene | 4200 | 580 0.0052 0.95 0.57 0.82 28.14
- 100 sL/min | 4800 560 0.00485 ) 0.55 0.80 28.01
5400 540 0.00443 0.53 0.78 27.79
6000 | 520 | 0.00401 0.51 0.76 | 27.58

Reactor Temperature: The reactor temperature is measured by 5 thermocouples

which are located at y/h=0.28, 0.44, 0.6, 0.76 and 0.92. In each station, the samples
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are acquired by 1 sample per second. The mean of temperature in each station (T, /5)

is calculated by using equation 5.3.

tg
1
Tym = t—z T (5.3)
-
t=1

The reactor average temperature (7s,,) is determined by equation 5.4 by taking the
average of temperatures of the 5 measurement stations. The average temperature in

each measurement location (T), /) and their average (Ts,,,) are presented in Table 5.2.

Toyn(°C) = (Ty/h:0.28 + Ty/h=0.44 + Ty/h=06 T Ty/h=076 + Ty/h:0.92)/5 C) (5.4)

Table 5.2 Presentation of temperature for each measurement location in each case
(Temperature measurement uncertainty is 13°C)

Power | tg To Ty/m=028 | Ty/n=044 | Ty/h=06 | Ty/n=076 | Ty/h=0.92 Tsyn
MW e 169 (9] (9] (9] (9] (Y] (&9)
3000 | 880 921 909 794 655 515 759
3600 | 820 950 989 877 761 579 831
?;ﬁi:’:‘ﬁl 4200 | 800 30.79 1046 1078 970 825 657 915
50 sL/min | 4800 | 720 1184 1195 1060 884 712 1007
5400 | 680 1349 1253 1129 962 786 1096
6000 | 600 1476 1325 1236 1014 825 1175
3000 | 720 894 815 665 567 450 678
3600 | 650 951 1006 793 668 558 795
?;Vrvrzitﬁm 4200 | 630 318 1151 1003 913 807 687 912
75 oL/min | 4800 | 600 1156 1156 1019 867 719 983
5400 | 540 1377 1123 1017 958 796 1054
6000 | 500 1432 1311 1131 997 857 1146
3000 | 640 831 686 574 540 474 621
Hormbeam 13690 | 600 1045 824 717 656 569 762
sawdust - | 4200 | 560 1 1119 977 838 795 707 887
100 4800 | 3520 1257 1009 875 793 749 937
sL/min - =00 | 450 1342 1146 951 817 785 1008
6000 | 420 1456 1273 1078 951 886 1129
3000 | 880 937 917 797 661 516 766
3600 | 840 951 992 879 757 578 831
Sl’;:/zltlf;e 4200 | 800 | 3079 1047 1088 973 829 651 918
50 sL/min | 4800 | 720 1205 1216 1065 900 714 1020
5400 | 680 1361 1275 1139 971 779 1105
6000 | 600 1447 1349 1215 1017 818 1169
3000 | 720 902 819 659 562 454 679
3600 | 680 951 989 807 680 562 798
iﬁzir;e 4200 | 600 314 1101 1005 929 786 675 899
75 sL/min | 4800 | 560 1166 1157 1010 898 722 991
5400 | 520 1380 1153 1054 964 789 1068
6000 | 460 1444 1322 1133 1005 858 1152
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Table 5.2 (Continued) Presentation of temperature for each measurement location in
each case (Temperature measurement uncertainty is 13°C)

3000 640 855 692 594 536 470 630
Pine tree 3600 600 1031 801 723 651 579 757
sawdust - | 4200 580 | 32.1 1097 968 841 793 712 882
100 4800 540 1197 1018 875 803 756 930
sL/min - 5260 510 1370 1146 960 827 826 1026
6000 440 1434 1284 1097 940 884 1128

3000 1020 997 1006 867 718 538 825

3600 960 1016 1088 956 823 629 902

iﬁs.ii% 4200 920 | 334 1109 1193 1048 906 705 992
L/min | 4800 840 1283 1319 1158 1001 776 1107
5400 300 1429 1410 1239 1056 834 1194

6000 740 1585 1479 1314 1115 889 1276

3000 820 976 876 712 611 494 734

3600 790 1061 1054 877 739 611 868

i‘ﬁm% 4200 750 32.9 1181 1090 1011 855 733 974
L/min | 4800 700 1267 1226 1116 971 784 1073
5400 630 1487 1297 1155 1021 857 1163

6000 620 1570 1408 1230 1092 932 1246

3000 740 915 704 636 567 482 661

3600 710 1114 856 760 684 579 799

cljisfifgo 4200 630 | 322 1175 1010 892 819 712 922
L/min | 4800 660 1271 1080 934 841 775 980
5400 640 1502 1205 1013 888 847 1091

6000 620 1547 1362 1174 1005 930 1204

3000 1010 988 1004 860 720 533 821

South 3600 970 1005 1084 949 820 632 898
African | 4200 910 | 332 1102 1186 1042 899 699 985
coal - 50 | 4800 870 1278 1315 1153 993 774 1103
sL/min 500 780 1418 1399 1229 1047 831 1185
6000 760 1572 1474 1304 1103 882 1267

3000 800 973 871 704 606 490 729

South 3600 760 1056 1045 870 733 609 862
Afican | 4200 720 | 334 1191 1047 1003 849 730 964
coal - 75 | 4800 660 1257 1214 1106 961 776 1063
sLimin- 5260 630 1481 1247 1142 1008 855 1147
6000 600 1557 1385 1220 1083 926 1234

3000 740 908 710 630 562 480 658

South 3600 700 1105 849 754 679 575 793
Afican | 4200 670 | 334 1159 1007 886 813 707 914
coal - 100 { 4800 630 1279 1073 929 832 771 977
sL/imin - 175000 590 1429 1200 1003 880 844 1071
6000 550 1534 1351 1164 1001 918 1193

3000 880 972 990 846 707 524 808

Simak  |3500 340 989 1070 934 808 620 884
(Turkey) | 4200 820 | 304 1093 1160 1025 887 685 970
coal - 50 | 4800 800 1267 1289 1129 979 762 1086
sL/imin - 500 780 1400 1373 1213 1035 817 1167
6000 760 1545 1450 1278 1087 868 1246
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Table 5.2 (Continued) Presentation of temperature for each measurement location in

each case (Temperature measurement uncertainty is 13°C)

3000 | 710 957 856 695 594 480 716

3600 | 680 1035 1026 850 715 594 844

Srnak 4200 | 670 | 313 1200 1034 984 839 708 953
(Turkey) coal

75 sL./min 4800 | 640 1241 1194 1080 944 755 1043

5400 | 620 1449 1217 1117 992 832 1121

6000 | 600 1539 1356 1192 1057 902 1210

3000 | 690 885 687 615 548 469 641

3600 | 650 1086 829 742 668 552 775

Sirnak 4200 | 620 | 325 1134 981 858 793 689 891
(Turkey) coal

100 sL/min | 4800 [ 600 1247 1051 907 818 745 954

5400 | 580 1417 1176 986 864 816 1052

6000 | 540 1483 1306 1145 978 887 1160

3000 | 660 956 974 832 690 516 793

3600 | 640 965 1053 919 789 610 867

Polyethylene - [ 4200 [ 600 [ 33.1 1066 1141 1000 866 674 949

50 sL/min 4800 | 580 1267 1268 1111 956 750 1070

5400 | 560 1377 1350 1193 1009 803 1147

6000 | 520 1520 1427 1236 1060 847 1218

3000 | 620 933 835 678 584 472 700

3600 | 600 1010 1021 830 704 584 830

Polyethylene - | 4200 [ 580 [ 328 1180 1017 967 814 696 935

75 sL/min 4800 570 1221 1174 1053 929 743 1024

5400 | 540 1426 1187 1099 975 818 1101

6000 | 520 1502 1334 1163 1031 887 1183

3000 | 600 870 670 605 539 461 629

3600 | 580 1068 815 729 651 547 762

Polyethylene - 4200 | 580 129 1115 964 843 779 677 876

100 sL/min 4800 | 560 ' 1216 1034 892 805 732 936

5400 | 540 1379 1156 962 849 803 1030

6000 | 520 1445 1284 1116 954 872 1134

Gas analysis: The MRU-Various plus model syngas monitoring system detects the

syngas components in volumetric based percentage. The data are collected at a rate of

1 sample per 2 seconds. The average of each gas component percentage is determined

by using equation 5.5 in volumetric base.
2
CO (V%) = —Z CO(t)
tg
. 2
CO,(V%) = QZ €Oz

2
H, (V%) = gz HZ(t)
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2
CH, (V%) = t—z CHa (5.5d)
g
2
0,(V%) = t—z 020 (5.5¢)
g

2
N, (V%) = QZ Nago (5.5

The syngas content percentages in volumetric based are identical with the molar based
percentages of syngas mixture from Dalton / Amagat model as given in equation 5.6.

n; Vi P;
i _Yi 1 (5.6)

Ngyn Vsyn Psyn

So, the relation between molar percentage and volumetric percentage can be given as
equation 5.7. The volumetric/molar percentage of gas components in syngas is

presented in Table 5.3.

CO (n %) = CO (V %) (5.7a)
C0,(n %) = CO, (V %) (5.7b)
H,(n %) = H, (V %) (5.7¢)
CH,(n %) = CH, (V %) (5.7d)
0,(n %) = 0, (V%) (5.7¢)
N»(n %) = N, (V %) (5.7)

Table 5.3 Presentation of molar based syngas content distribution for each cases
(MRU vario plus system results)

Power tg (s) 02,% C0O2,% C0O,% H2,% CH4,% N2,%
W)

Hornbeam 3000 380 0.68 16.79 733 235 1.87 70.97
sawdust- 50 3600 820 0.77 13.80 8.97 4.43 1.83 70.19
sL/min 4200 800 0.81 11.34 9.23 5.12 1.81 71.69
4800 720 0.69 | 11.28 14.2 5.63 1.83 66.37

5400 680 083 | 10.89 | 15.27 6.87 1.8 64.34

6000 600 088 | 1049 | 18.95 8.65 1.81 59.22

Hornbeam 3000 720 0.92 2132 5.40 2.20 2.08 68.08
sawdust-75 | 3600 650 | 0.96 | 19.84 | 6.83 4.18 2.11 66.08
sL/min 4200 630 1.01 18.12 6.44 5.26 2.13 67.04
4800 600 096 | 17.45 7.62 5.47 2.17 66.33

5400 540 0.88 | 14.26 9.17 6.31 2.15 67.23

6000 500 1.02 | 1249 | 1221 7.17 2.16 64.95
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Table 5.3 (Continued) Presentation of molar based syngas content distribution for
each cases (MRU vario plus system results)

Hornbeam 3000 640 1.20 2230 471 1.94 2.33 67.52
sawdust- 100 | 3600 | 600 | 1.22 | 21.12 | 5.42 3.98 2.28 65.98
sL/min 4200 | 560 | 126 | 2084 | 594 | 424 226 65.46
4800 520 132 | 19.97 6.38 5.12 2.21 65.00

5400 450 128 | 17.65 7.96 5.86 2.17 65.08

6000 420 134 | 16.42 9.61 6.83 2.19 63.62

Pine tree 3000 880 0.82 18.20 8.30 3.20 2.17 67.31
sawdust - 50 | 3600 840 0.86 | 1591 8.88 4.30 2.13 67.92
SL/min 4200 800 | 0.85 | 1487 | 9.69 5.6 2.21 66.78
4800 720 0.88 | 13.19 12.7 5.84 2.28 65.11

5400 680 091 | 11.27 | 1482 | 621 2.25 64.54

6000 600 090 | 1022 | 17.35 8.98 2.23 60.33

Pine tree 3000 720 0.84 19.56 7.12 3.18 2.19 67.11
sawdust-75 | 3600 680 | 0.87 | 2043 | 9.73 3.47 2.22 63.28
sL/min 4200 600 099 | 19.16 | 11.21 5.12 2.23 61.29
4800 560 1.03 | 1883 | 1284 | 5.63 2.26 59.41

5400 520 1.01 | 16.12 | 1417 | 6.57 2.28 59.85

6000 460 1.08 | 16.01 | 17.21 7.88 2.29 55.53

Pine tree 3000 640 0.89 24 .80 6.51 2.18 2.51 63.11
sawdust- 100 | 3600 600 | 097 | 19.62 | 7.3 4.06 2.49 65.63
sL/min 4200 580 1.04 | 18.56 8.12 4.18 238 65.72
4800 540 1.07 | 16.32 9.11 4.83 2.34 66.33

5400 510 1.02 | 15.18 9.68 5.23 2.3 66.59

6000 440 1.05 | 1423 | 1096 | 638 2.31 65.07

Russian coal- | 3000 1020 2.38 28.62 45.04 1.68 1.38 20.90
50 sL/min 3600 960 247 | 2732 | 4638 1.71 1.27 20.85
4200 920 2.6 26.13 | 46.21 1.82 121 22.03

4800 840 254 | 2556 | 47.16 1.94 1.15 21.65

5400 800 262 | 2402 | 4828 | 2.02 1.11 21.95

6000 740 267 | 2332 | 48.03 2.08 1.04 22.86

Russian coal- 3000 820 3.21 33.06 42.14 1.62 1.43 18.54
75 sL/min 3600 790 3.16 | 32.84 | 43.73 1.67 1.38 17.22
4200 750 336 | 31.18 | 4421 1.76 1.37 18.12

4800 700 332 | 30.64 | 4584 1.83 1.34 17.03

5400 680 328 | 3027 | 46.17 1.91 1.35 17.02

6000 620 333 | 30.12 | 47.08 | 2.03 1.29 16.15

Russian coal- 3000 740 5.12 36.24 38.60 1.13 1.58 17.33
100 sL/min 3600 710 521 | 36.01 | 39.21 1.21 1.56 16.80
4200 680 516 | 35.18 | 40.48 1.27 1.45 16.46

4800 660 524 | 3453 | 4022 1.33 1.42 17.26

5400 640 531 | 3322 | 41.18 1.42 1.38 17.49

6000 620 540 | 32.16 | 42.02 1.46 1.36 17.60

South African 3000 1010 2.24 25.47 39.18 1.75 1.35 30.01
coal- 50 3600 970 2.35 24.86 38.96 1.76 1.23 30.84
sL/min 4200 910 242 2430 39.28 1.89 1.19 30.92
4800 870 2.31 23.52 38.67 2.04 1.10 32.36

5400 780 2.44 21.62 41.52 2.10 1.09 31.24

6000 760 2.56 21.69 40.83 2.18 1.01 31.73
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Table 5.3 (Continued) Presentation of molar based syngas content distribution for
each cases (MRU vario plus system results)

South African 3000 800 2.92 30.75 38.35 1.81 1.37 24.80
coal- 75 3600 760 2.88 31.20 39.79 1.87 131 22.94
sL/min 4200 720 3.09 | 2993 | 4023 1.97 134 2343

4800 660 3.02 28.50 41.71 2.05 1.30 23.42

5400 630 3.05 28.45 42.01 2.14 1.28 23.06

6000 600 3.06 28.61 42 .84 227 121 21.99

South African 3000 740 4.45 33.70 33.20 1.73 1.37 25.54
coal- 100 3600 700 4.64 32.77 34.50 1.85 1.36 24.88
sL/min 4200 670 454 | 3307 | 3522 1.94 1.26 2397
4800 630 4.72 31.42 35.39 2.03 1.24 25.20

5400 590 4.73 30.56 37.06 2.17 1.20 24.28

6000 550 4.91 29.91 38.24 2.23 1.18 23.52

Sirnak 3000 380 2.30 23.43 36.83 1.54 1.57 34.32
(Turkey) coal- 3600 840 2.42 22.38 37.40 1.59 1.39 34.83
50 sL/min 4200 820 249 | 2211 3731 1.68 132 35.08
4800 800 2.50 21.63 37.51 1.83 1.27 35.26

5400 780 2.51 19.67 37.78 1.91 127 36.85

6000 760 2.59 19.95 36.74 1.92 1.29 37.50

Sirnak 3000 710 311 28.59 33.15 1.58 1.52 32.04
(Turkey) coal- 3600 680 3.26 26.85 34.41 1.60 1.34 32.54
75 sL/min 4200 670 336 | 2676 | 3321 1.67 1.25 33.75
4800 640 3.37 25.74 34.14 1.78 1.22 33.75

5400 620 3.39 24.00 34.01 1.89 1.23 35.48

6000 600 3.49 23.34 33.44 1.94 1.32 36.47

Sirnak 3000 690 4.82 3431 26.52 1.63 1.55 31.17
(Turkey) coal- 3600 650 4.89 32.76 28.22 1.67 1.38 31.09
100 sL/min 4200 620 514 | 33.18 | 2856 1.70 1.28 30.14
4800 600 5.32 31.67 28.67 1.85 1.25 31.24

5400 580 5.39 28.80 28.56 1.95 1.26 34.03

6000 540 5.59 28.48 29.42 1.96 1.35 33.19

Polyethylene- 3000 660 1.12 16.21 19.62 9.80 2.12 51.13
50 sL/min 3600 640 1.18 15.30 20.11 9.91 2.01 51.49
4200 600 1.32 14.62 20.67 10.03 1.98 5138

4800 580 1.44 13.01 21.31 10.80 1.94 51.50

5400 560 1.43 12.54 21.94 11.32 1.95 50.82

6000 520 1.52 11.21 22.27 12.56 1.86 50.58

Polyethylene- | 3000 620 1.99 20.12 16.44 11.12 1.95 4838
75 sL/min 3600 600 1.96 19.88 16.91 11.28 1.88 48.09
4200 580 1.98 19.56 17.23 11.67 1.89 47.67

4800 570 1.97 18.27 17.44 12.01 1.77 48.54

5400 540 2.03 17.94 18.12 12.51 1.73 47.67

6000 520 2.01 17.32 18.54 12.89 1.63 47.61

Polyethylene- | 3000 600 2.39 22.16 14.12 11.21 2.03 48.09
100 sL/min 3600 580 241 21.88 15.05 11.87 2.21 46.58
4200 530 2.47 21.64 1523 12.08 2.34 46.24

4800 560 2.55 21.43 15.61 12.43 2.45 45.53

5400 540 2.63 21.12 15.87 12.96 2.67 4475

6000 520 2.68 20.16 16.32 13.14 2.81 44.89
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The syngas content percentages in molar based are converted to mass based by using

equation 5.8. The syngas molecular weight is calculated by equation 5.9. The mass

based syngas content distribution in percentage is given in Table 5.4.

(CO(n %).Mco)

CO(m%) = .100

(T Syngas(n %). Mgyngas)

(CO, (n%).Mco, )

CO, (m%) = .100
2 (%) = (5 Syngas(n %) Moynges)
H,(n %). M
H, (m %) = (Hom %) My,) 00
(X Syngas(n %). Mgyngas)
CH,(n %).M
CH, (m %) = (CHy (%) Man,)
(Z Syngas(n %). Msyngas)
0, (n %).M
0, (m%) = (0: (%) Mo,)
(Z Syngas(n %). Msyngas)
N, (n %).M
N, (m%) = (N, (n %). My, ) .100

(Z Syngas(n %)- Msyngas)

(5.8a)

(5.8b)

(5.8¢)

(5.8d)

(5.8€)

(5.80)

Y. Syngas(n %). Mgyngas = CO(n %). Mo + CO, (n %).Mco, + Hp(n%). My, +

CH4(n %)'MCH4 + 02 (n OA)).IVIO2 + N2 (n %).MN2

(5.9)

Table 5.4 Presentation of mass based syngas content distribution for each cases (MRU

vario plus system results)

Power(W) [ t,(s) [ 02% |CO2,% |[CO% |[Hy% | CHy% | N2%

3000 880 | 0.73| 2473| 687 | 016 1.00]| 66.51

3600 820 | 0.85| 21.03| 870| 0.31 1.02 | 68.09

Hornbeam 4200 800 | 0.92| 17.63| 913| 036| 1.02] 70.93
sawdust- 50

sL/min 4800 720 | 0.78 | 1763 | 14.12| 040| 1.04 | 66.02

5400 680 | 0.96| 17.25| 1539 | 049| 1.04| 64.86

6000 600 | 1.04| 16.94| 1948 | 064| 1.06| 60.86

3000 720 | 096 | 3063 | 494 | 0.14| 1.09| 62.24

3600 650 | 1.03| 2922 | 640| 028| 1.13] 61.94

S';'\‘I’vrc’j‘:;f‘g‘s 4200 630 | 1.10| 2720 | 6.15| 0.36| 1.16 | 64.03

<L/min 4800 600 | 1.05| 26.34| 732| 038| 1.19] 63.72

5400 540 | 099 | 2208 | 9.04| 044| 1.21]| 66.24

6000 500 | 1.17 | 19.68 | 1225 | 0.51 1.24 | 65.15

3000 640 | 1.25| 31.82| 428| 013| 1.21]61.32

3600 600 | 1.30| 30.85| 504| 026| 121 61.34

Hornbeam 4200 560 | 1.34| 30.55| 554 | 0.28 1.20 | 61.07
sawdust- 100

oL fmin 4800 520 | 1.42| 2963 | 6.02| 035| 119 61.38

5400 450 | 1.41| 2670| 766| 040| 1.19| 62.64

6000 420 150 | 2522 | 939| 048] 1.22| 6219
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Table 5.4 (Continued) Presentation of mass based syngas content distribution for
each cases (MRU vario plus system results)

3000 880 | 0.88 | 26.83 | 7.78| 021 1.16| 63.13

_ 3600 840 | 0.94| 2397 | 851 029 1.17 | 65.11

e oo |__4200 800 | 095| 2280 | 9.46| 039 1.23] 6517

sL/min 4800 720 | 0.99 | 2047 | 1254 | 041[ 1.29 | 64.30

5400 680 | 1.04 | 17.74 | 14.84| 044 | 1.29| 64.64

6000 600 | 1.06 | 16.60 | 17.95| 0.66 | 1.32| 62.40

3000 720 | 0.89| 2862 | 6.63| 021| 1176248

_ 3600 680 | 0.92| 29.83| 9.04| 023| 1.18] 58.80

S:v:/r(‘jigte‘% 4200 600 | 1.07 | 2857 | 1064 | 035| 1.21|58.16

SL/rmin 4800 560 | 1.12| 28.26 | 1226 | 0.38[ 1.23 56.74

5400 520 | 113 | 24.77 | 13.85| 046| 1.28 | 58.51

6000 460 | 1.22 | 2491 | 17.04| 056 | 1.30 | 54.98

3000 640 | 0.91| 3505| 585| 0.14| 1.29] 56.75

_ 3600 600 | 1.04| 2895| 679| 027 1346162

Pine tree 4200 580 | 1.12| 27.55| 767 | 028| 1.28] 62.09
sawdust- 100

sL/min 4800 540 | 118 | 2466 | 876 | 0.33| 1.29| 63.78

5400 510 | 1.13| 2316 | 940 | 0.36| 1.28 | 64.66

6000 440 | 1.18| 22.06 | 10.81| 045| 1.30 | 64.19

3000 1020 | 237 | 39.26| 39.32 | 010 | 069 1825

, 3600 960 | 248 | 37.71| 4074 0.11| 0.64 | 18.32

5(;‘;?'28 4200 920 | 263 | 36.31| 40.86 | 0.11| 061 19.48

<L fmin 4800 840 | 2.58 | 3565 | 4186 | 0.12| 0.58 | 19.21

5400 800 | 2.68 | 3378 | 4320 | 013 | 0.57 | 19.64

6000 740 | 2.74| 32.92| 4314 | 0413| 0.53 ]| 20.53

3000 820 | 3.13| 4431 | 3595| 0.10| 0.70 | 15.81

, 3600 790 | 3.08 | 44.08| 37.35| 00| 0.67 | 14.71

5(;‘;5?2 4200 750 | 3.31| 42.21| 38.09| 0.141| 0.67 | 15.61

<L frmin 4800 700 | 328 | 4161 3962 | 0.11| 0.66 | 14.72

5400 680 | 3.25| 41.21| 40.00| 0.12| 0.67 | 14.75

6000 620 | 3.30 | 41.07 | 4085 0.13| 0.64 | 14.01

3000 740 | 4.89 | 47.57 | 3224 | 0.07| 0.75]| 14.48

, 3600 710 | 4.98| 47.34| 3280 | 0.07| 0.75] 14.06

Russn 4200 680 | 4.95| 46.44 | 34.01| 008 0.70 ] 13.83

sL/min 4800 660 | 5.05| 4574 | 33.90 | 0.08 | 0.68 | 14.55

5400 640 | 5.15| 4430 | 34.95| 0.09 | 0.67 | 14.84

6000 620 | 527 | 4312 | 3585| 0.09| 0.66 | 15.02

3000 1010 | 227 | 3553 | 3478 | 0.41| 0.69 | 26.63

, 3600 970 | 239 | 3476 | 3467 | 011 0.63 | 27.44

South Ariean ™ 4200 910 | 247 | 3411 3508 | 0.12| 061 27.62

SL/min 4800 870 | 2.37 | 3347 | 3471 013 0.57 | 29.05

5400 780 | 2.53 | 30.80 | 37.65| 0.14| 0.56 | 28.32

6000 760 | 2.66 | 30.90 | 37.01| 0.14| 052/ 28.77

3000 800 | 2.89| 41.75| 3314 | 0.11| 0.68 | 21.43

, 3600 760 | 2.84 | 42.28 | 34.32| 0412[ 065/ 19.79

South Afran | 4200 720 | 3.07| 40.85| 3494 | 012 | 067 20.35

<L frrin 4800 660 | 3.03| 3919 | 36.51| 0.13| 0.65| 20.49

5400 630 | 3.05| 3917 | 36.80 | 0.13| 0.64 | 20.20

6000 600 | 3.07| 3939 | 3753 | 0.14| 0.61] 19.27
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Table 5.4 (Continued) Presentation of mass based syngas content distribution for
each cases (MRU vario plus system results)

3000 740 | 4.33| 4500 | 2820 | 0.10| 067 | 21.70
, 3600 700 | 453 | 43.98 | 2947 | 0.11 0.66 | 21.25

South Affican ™ 4200 670 | 4.43| 44.34 | 3005| 012| 0.62] 2045
sL/min 4800 630 | 464 | 4249 | 3046 | 0.13| 0.61 | 21.68
5400 590 | 467 | 4154 | 3206 | 013| 059 | 21.00

6000 550 | 4.87 | 4079 | 33.19| 014 | 059 | 20.42

3000 880 | 2.36| 3299 | 33.00| 0.10| 0.80 | 30.75

Simnak 3600 840 | 249 | 3166 | 3368| 0.10| 0.72| 31.36
(Turkey) 4200 820 | 257 | 31.34| 3366 | 0.11 0.68 | 31.64
coal- 50 4800 800 | 258 | 30.77| 33.96| 0.12| 0.66 | 31.91
sL/min 5400 780 | 262 | 2829 | 3458 | 012| 067 | 33.72
6000 760 | 2.70| 2865| 3358 | 013| 067 | 34.27

3000 710 | 3.10 | 39.18 | 28.91 010 | 0.76 | 27.95

Sirnak 3600 680 | 3.28 | 37.09| 30.25| 0.10| 0.67 | 28.61
(Turkey) 4200 670 | 3.38 | 36.99 | 29.21 0.10 | 0.63 | 29.69
coal- 75 4800 640 | 3.41| 3580 | 30.20 | 0.11 0.62 | 29.87
sL/min 5400 620 | 3.46 | 33.70 | 30.39| 0.12 0.63 | 31.70
6000 600 | 3.58 | 32.91| 30.00| 0.12| 0.68 | 32.71

3000 690 | 467 | 4564 | 2245| 0.10| 0.75| 26.39

Sirnak 3600 650 | 477 | 4389 | 2406| 0.10| 0.67 | 26.51
(Turkey) 4200 620 | 5.00| 4435| 2429 | 0.10| 0.62 | 25.63
coal- 100 4800 600 | 522 | 4268 | 2459 | 0.11 0.61 | 26.79
sL/min 5400 580 | 5.36 | 39.40 | 24.87 0.12 0.63 | 29.63
6000 540 | 557 | 39.03| 2566 | 012| 067 | 28.94

3000 660 | 129 | 2562 | 19.74| 0.70 122 | 51.43

3600 640 | 1.36| 2432 | 2034 | 0.72 1.16 | 52.09

Polyethylene 4200 600 | 1.53 | 23.35| 21.01 0.73 1.15 | 52.23
- 50 sL/min 4800 580 | 1.70 | 21.12| 22.02| 0.80 1.15 | 53.21
5400 560 | 1.70 | 20.52 | 22.85| 0.84 116 | 52.92

6000 520 | 1.84 | 1871 | 2365| 095| 1.13| 53.72

3000 620 | 226 | 31.42| 1634 | 079 1.11 | 48.08

3600 600 | 223 | 31.13| 16.85| 0.80 1.07 | 47.92

Polyethylene 4200 580 | 227 | 3079 | 17.26 | 0.84 1.08 | 47.76
- 75 sL/min 4800 570 | 2.28 | 29.06 | 17.65| 0.87 1.02 | 49.12
5400 540 | 2.36| 28.71| 1846 | 0.91 1.01 | 48.55

6000 520 | 2.36| 27.91| 19.01 094 | 0096 | 48.82

3000 600 | 269 | 3423 | 13.88| 079 1.14 | 47.27

3600 580 | 2.73| 34.08| 1492 | 0.84 1.25 | 46.17

Polyethylene 4200 580 | 2.81| 33.84| 15.15| 0.86 1.33 | 46.01
- 100 sL/min 4800 560 | 2.91| 3367 | 15.61 0.89 | 1.40| 4552
5400 540 | 3.03| 33.43| 1599 | 0.93 1.54 | 45.08

6000 520 | 3.11| 3216 | 1657 | 095| 1.63| 4557

5.2 The evaluation of quantity of syngas to supplied air, ash and fuel

The produced syngas (Mgyngas) to the supplied air (m,;) depending on plasma power

is presented in Figure 5.1 for hornbeam sawdust (HSD), pine tree sawdust (PSD),
Russian coal (CR), South African coal (CSA), Sirnak (Turkey) coal (CTR),
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polyethylene (PP) at 50 sL/min air flow rate. While the ratio of syngas to air
(Mgyngas/Mair) is the highest for polyethylene (PP), the lowest ratio occurs for coals.
The same amount of fuel is dosed to the reactor and the air supply rate is constant.
However, the gasification of coals are longer than the polyethylene (PP). So, this is the
reason why the ratio of syngas to air (Mgyngas/Mair) is lower for coals and higher for
polyethylene (PP). The maximum ratio increases from 1.38 at 3 kW to 1.49 at 6 kW
for polyethylene (PP), while the minimum ratio increases from 1.19 at 3 kW to 1.29 at
6 kW at 50 sL/min air flow rate for the Russian coal (CR).

1.50

°
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®
® & AHSD
1.40 °
® s
. @ PSD
5 .
g 130 < m HCR
) [ X
S X [ ] CSA
|}
é‘ 120 & . X CTR
e PP
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3000 3600 4200 4800 5400 6000
Power (W)

Figure 5.1 The ratio of syngas to the supplied air flow rate depending on plasma power
at 50 sL/min air flow rate

The ratio of produced syngas (msyngas) to the supplied air (m,;,) depending on plasma
power is presented in Figure 5.2 for hornbeam sawdust (HSD), pine tree sawdust
(PSD), Russian coal (CR), South African coal (CSA), Sirnak (Turkey) coal (CTR),
polyethylene (PP) at 75 sL/min air flow rate. The increment of air flow rate is
accelerated the gasification process. While the time required to complete the process
is decreased, the supplied air amount to reactor increases. As a result, the ratio of

syngas to air (Mgyngas/Majr) decreases by increasing the air flow rate. The ratio of the
syngas to air supply (Mgyngas/Mair) at 3 kW is varied between 1.15 and 1.27, while it

is between 1.21 and 1.36 at 6 kW power. By increasing the power, the ratio varies
more depending on fuel. The minimum ratio occurs for Sirnak (Turkey) coal (CTR) as
1.21 and the highest ratio occurs for pine tree sawdust as 1.36 at 6 kW power. It is

directly related with the gasification process time and supplied air rate.
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Figure 5.2 The ratio of syngas to the supplied air flow rate depending on plasma power
at 75 sL/min air flow rate

The ratio of produced syngas (mgypg,s) to the supplied air (my;;) depending on plasma
power is presented in Figure 5.3 for hornbeam sawdust (HSD), pine tree sawdust
(PSD), Russian coal (CR), South African coal (CSA), Sirnak (Turkey) coal (CTR),
polyethylene (PP) at 100 sL/min air flow rate. The ratio of the syngas to air supply
(Mgyngas/Mair) at 3 kW is varied between 1.12 for Sirnak (Turkey) coal (CTR) and
1.21 for polyethylene (PP). The deviation of the ratios depending on fuels increases by
increasing the power to 6 kW. At this power, the Russian coal has the lowest ratio 1.17

while the ratio of Hornbeam sawdust is the maximum with 1.30.
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Figure 5.3 The ratio of syngas to the supplied air flow rate depending on plasma power
at 100 sL/min air flow rate
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The ratio of produced syngas (Mgyngas) to the supplied fuel (mgye) depending on
plasma power is presented in Figure 5.4 for hornbeam sawdust (HSD), pine tree
sawdust (PSD), Russian coal (CR), South African coal (CSA), Sirnak (Turkey) coal
(CTR), polyethylene (PP) at 50 sL/min air flow rate. The ratio of the syngas to fuel
supply (Mgyngas/Meyer) at 3 kW is varied between 3.6 for polyethylene (PP) and 4.82
for Russian coal (CR). While the ratio of syngas to fuel (mgyngas/Mpyer) is the lowest
for polyethylene, the highest ratio occurs for Russian Coal (CR). The same amount of
fuel is dosed to the reactor and the air supply rate is constant. However, while the
duration of gasification for Russian coal (CR) is longest, the gasification duration of
polyethylene is the shortest. So, this is the reason why the ratio of syngas to air
(Mgyngas/Meyel) 1s lower for polyethylene and higher for Russian coal (CR). The ratio
of the syngas to air supply (Mgyngas/Myye1) reduces by increasing the plasma power.

Also, the variation of the ratios depending on fuels is decreasing. At 6 kW plasma

power, the Russian coal (CR) has 3.76 ratio while the polyethylene (PP) is 3.05.
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Figure 5.4 The ratio of syngas to the supplied fuel rate depending on plasma power at
50 sL/min air flow rate

The ratio of produced syngas (Mgyngas) to the supplied fuel (mge) depending on
plasma power is presented in Figure 5.5 for hornbeam sawdust (HSD), pine tree
sawdust (PSD), Russian coal (CR), South African coal (CSA), Sirnak (Turkey) coal
(CTR), polyethylene (PP) at 75 sL/min air flow rate. The increment of air flow rate is
accelerated the gasification process. While the time required to complete the process
is decreased, the supplied air amount to reactor increases. As a result, the ratio of

syngas to fuel (Mgyngas/Meyer) increases by increasing the air flow rate. It decreases
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by increasing the plasma power. The ratio of the syngas to fuel supply (Mgyngas/Mfyel)
at 3 kW is varied between 4.65 and 5.60, while it is between 3.71 and 4.51 depending
on fuel type at 6 kW power. The minimum ratio occurs for pine tree sawdust as 3.71

at 6 kW power, while the highest ratio occurs for Russian coal (CR) as 5.6 at 3kW

power.
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Figure 5.5 The ratio of syngas to the supplied fuel rate depending on plasma power at
75 sL/min air flow rate

The ratio of produced syngas (Mgyng,s) to the supplied fuel rate (mge1) depending on
plasma power is presented in Figure 5.6 for hornbeam sawdust (HSD), pine tree
sawdust (PSD), Russian coal (CR), South African coal (CSA), Sirnak (Turkey) coal
(CTR), polyethylene (PP) at 100 sL/min air flow rate.
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Figure 5.6 The ratio of syngas to the supplied fuel rate depending on plasma power at
100 sL/min air flow rate
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The ratio of the syngas to fuel supply (Mgyngas/Msyer) at 3 kW is varied between 5.71
and 6.55, while it is between 4.31 and 5.71 depending on fuel type at 6 kW power. The
minimum ratio occurs for hornbeam sawdust as 4.31 at 6 kW power, while the highest
ratio occurs for Russian coal (CR) as 6.55 at 3kW power. The deviation of the ratios

depending on fuels increase by increasing the power to 6 kW.

The ratio of ash (m,g) to the supplied fuel (mg,e;) depending on plasma power is
presented in Figure 5.7 for hornbeam sawdust (HSD), pine tree sawdust (PSD),
Russian coal (CR), South African coal (CSA), Sirnak (Turkey) coal (CTR),
polyethylene (PP) at 50 sL/min air flow rate. While the ash to fuel rate of hornbeam
sawdust, pine tree sawdust and polyethylene is below the 0.01, it is varied between

0.1571 and 0.2779 for the coals. The ash amount decreases by increasing the plasma

power.
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Figure 5.7 The ratio of ash to the supplied fuel rate depending on plasma power at 50
sL/min air flow rate

The ratio of ash (m,gy) to the supplied fuel (mg,e;) depending on plasma power is
presented in Figure 5.8 for hornbeam sawdust (HSD), pine tree sawdust (PSD),
Russian coal (CR), South African coal (CSA), Sirnak (Turkey) coal (CTR),
polyethylene (PP) at 75 sL/min air flow rate. While the ash to fuel rate of hornbeam
sawdust, pine tree sawdust and polyethylene is below the 0.02, it is varied between
0.1634 and 0.3119 for the coals. The rate of ash to fuel increases by raising the air flow
rate from 50 to 75 sL/min. The ash amount decreases by increasing the plasma power

from 3kW to 6kW.
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Figure 5.8 The ratio of ash to the supplied fuel rate depending on plasma power at 75
sL/min air flow rate

The ratio of ash (m,g) to the supplied fuel (mg,e;) depending on plasma power is
presented in Figure 5.9 for hornbeam sawdust (HSD), pine tree sawdust (PSD),
Russian coal (CR), South African coal (CSA), Sirnak (Turkey) coal (CTR),
polyethylene (PP) at 100 sL/min air flow rate.
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Figure 5.9 The ratio of ash to the supplied fuel rate depending on plasma power at 100
sL/min air flow rate

While the ash to fuel rate of hornbeam sawdust, pine tree sawdust and polyethylene is
below the 0.03, it is varied between 0.1880 and 0.3671 for the coals. The rate of ash to
fuel increases by raising the air flow rate from 75 to 100 sL/min. The ash amount

decreases by increasing the plasma power from 3 kW to 6 kW.
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53 Effects of Power, air flow rate and fuels on temperature distribution

In Figure 5.10, the temperature distribution along the gasifier is presented for
hornbeam sawdust (HSD), pine tree sawdust (PSD), Russian coal (CR), South African
coal (CSA), Sirnak (Turkey) coal (CTR), polyethylene (PP) and without fuel (WF) at
power levels of 3 kW, 3.6 kW, 4.2 kW, 4.8 kW, 5.4 kW and 6 kW and 50s L/min air

flow rate.
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Figure 5.10 Effects of power on temperature distribution in the reactor in case of 50
sL/min air flow rate, a: 3 kW, b: 3.6 kW, c: 4.2 kW, d: 48 kW, e: 54
kW, f: 6 kW

In each case of usage of hornbeam sawdust (HSD) and pine tree sawdust (PSD) at 50

sL/min air flow, the average temperature in the gasifier (T,,) increases in range
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between 12.00 % and 13.41 % in all power cases of hornbeam sawdust (HSD) and in
range between 12.92 % and 13.62 % in all power cases of pine tree sawdust (PSD)
respectively when it is compared to without fuel (WF) case. Similarly, in each case of
usage of Russian coal (CR) at 50 sL/min air flow, the average temperature in the
gasifier (Tsyy) increases between 19.66 % and 20.23 %, in each case of usage of South
African coal (CSA) at 50 sL/min air flow, the average temperature in the gasifier
(Tsyn) increases between 19.23 % and 19.65 % and in each case of usage of Sirnak
(Turkey) coal (CTR) at 50 sL/min air flow, the average temperature in the gasifier
(Tsyn) increases between 17.92 % and 18.37 % when it is compared with the without
fuel (WF) case respectively. Also, in case of usage of polyethylene (PP) at 50 sL/min
air flow, the average temperature in the gasifier (Tsyy,) increases between 16.42 % and
17.21 % when it is compared with the without fuel (WF) case. The temperature in the
reactor rises by increment of power. In gasifier at 50 sL/min air flow rate, the highest

measured temperature is 1585°C in case of 6 kW power and at y/h = 0.28 in Russian

coal (CR).

In Figure 5.11, the temperature distribution along the gasifier is given for hornbeam
sawdust (HSD), pine tree sawdust (PSD), Russian coal (CR), South African coal
(CSA), Sirnak (Turkey) coal (CTR), polyethylene (PP) and without fuel (WF) at power
levels of 3 kW, 3.6 kW, 4.2 kW, 4.8 kW, 5.4 kW and 6 kW and 75 sL/min air flow
rate. In each case of usage of hornbeam sawdust (HSD) and pine tree sawdust (PSD)
at 75 sL/min air flow, the average temperature in the gasifier (Ts,,,) increases in range
between 7.73 % and 19.85 % in all power cases of hornbeam sawdust (HSD) and in
range between 8.07 % and 20.33 % in all power cases of pine tree sawdust (PSD)
respectively when it is compared to without fuel (WF) case. Similarly, in each case of
usage of Russian coal (CR) at 75 sL/min air flow, the average temperature in the
gasifier (Tsyy) increases between 15.52 % and 26.33 %, in each case of usage of South
African coal (CSA) at 75 sL/min air flow, the average temperature in the gasifier
(Tsyn) increases between 14.94 % and 25.62 % and in each case of usage of Sirnak
(Turkey) coal (CTR) at 75 sL/min air flow, the average temperature in the gasifier
(Tsyn) increases between 13.09 % and 24.09 % when it is compared with the without

fuel (WF) case respectively.
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Figure 5.11 Effects of power on temperature distribution in the reactor in case of 75
sL/min air flow rate, a: 3 kW, b: 3.6 kW, c: 4.2 kW, d: 4.8 kW, e: 5.4
kW, f: 6 kW

Also, in case of usage of polyethylene (PP) at 75 sL/min air flow, the average
temperature in the gasifier (Tsyy) increases between 11.58 % and 22.43 % when it is
compared with the without fuel (WF) case. The temperature in the reactor rises by
increment of power. In gasifier at 75 sL/min air flow rate, the highest measured

temperature is 1570°C in case of 6 kW power and at y/h = 0.28 in Russian coal (CR).
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Figure 5.12 Effects of power on temperature distribution in the reactor in case of 100
sL/min air flow rate, a: 3 kW, b: 3.6 kW, c: 4.2 kW, d: 48 kW, e: 54
kW, f: 6 kW

In Figure 5.12, the temperature distribution along the gasifier is given for hornbeam
sawdust (HSD), pine tree sawdust (PSD), Russian coal (CR), South African coal
(CSA), Sirnak (Turkey) coal (CTR), polyethylene (PP) and without fuel (WF) at power
levels of 3 kW, 3.6 kW, 4.2 kW, 4.8 kW, 5.4 kW and 6 kW and 100 sL/min air flow
rate. In each case of usage of hornbeam sawdust (HSD) and pine tree sawdust (PSD)

at 100 sL/min air flow, the average temperature in the gasifier (T, ) increases in range

between 12.91 % and 15.17 % in all power cases of hornbeam sawdust (HSD) and in
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range between 13.48 % and 14.54 % in all power cases of pine tree sawdust (PSD)

respectively when it is compared to without fuel (WF) case.

Similarly, in each case of usage of Russian coal (CR) at 100 sL/min air flow, the
average temperature in the gasifier (Tsy,) increases between 18.00 % and 19.92 %, in
each case of usage of South African coal (CSA) at 100 sL/min air flow, the average
temperature in the gasifier (Ts,,,) increases between 17.34 % and 19.23 % and in each
case of usage of Sirnak (Turkey) coal (CTR) at 100 sL/min air flow, the average
temperature in the gasifier (Ts,,) increases between 15.16 % and 16.90 % when it is
compared with the without fuel (WF) case respectively. Also, in case of usage of
polyethylene (PP) at 100 sL/min air flow, the average temperature in the gasifier (Tsy )
increases between 13.69 % and 15.08 % when it is compared with the without fuel
(WF) case. The temperature in the reactor rises by increment of power. In gasifier at
100 sL/min air flow rate, the highest measured temperature is 1547°C in case of 6 kW

power and at y/h = 0.28 in Russian coal (CR).

5.4 Gasification results of Hornbeam Sawdust

The temperature distribution and the produced syngas fractions for the gasification of
hornbeam sawdust are investigated in this section. The temperature variations are
examined by changing the power level between 3 kW-6 kW in case of 50 sL/min, 75
sL/min and 100 sL/min air flow rate. Then the syngas content fractions are examined
by changing the power level between 3 kW — 6 kW in case of 50 sL/min, 75 sL/min

and 100 sL/min air flow rate.

In Figure 5.13, the temperature distribution is presented at varied powers in case of
feeding of 50 sL/min air flow rate and initially 250 gr hornbeam sawdust dosed to the
reactor. The thermocouple which is located at y/h=0.28 (closest measurement point to
plasma flame) has highest temperature Ty n-g2g = 921°C at 3 kW power. The
temperature at y/h=0.28 (Ty/p—¢ 2g) increases from 921 to 1476 °C by increasing the
power from 3 kW to 6 kW. The temperature decreases gradually from region of the

plasma flame to downward.
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Gasification of Hornbeam Sawdust in Case of 50 slpm Air
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Figure 5.13 The temperature distribution for the gasification of hornbeam sawdust
(HSD) in case of 50 sL/min air flow rate

The minimum temperature is measured 515 °C at the y/h=0.92 (T /p=¢.92) and 3 kW
power which is the most distant measurement point from the plasma flame. It varies
from 515 to 825 °Cby increasing the power from 3 kW to 6 kW. The average
temperatures in the reactor (Tsyy,) are 758°C , 830°C, 915°C, 1006°C, 1095°C, 1175°C
at 3 kW, 3.6 kW, 4.2 kW, 4.8 kW, 5.4 kW and 6 kW plasma power respectively. The
average temperature increases by increasing plasma power. Because, the increment of

plasma power increases the energy density in the reactor.

In Figure 5.14, the temperature distribution in the reactor is given at varied powers in
case of 75 sL/min air flow rate input and initially 250 gr hornbeam sawdust dosed to
the reactor. The thermocouple at y/h=0.28 which is closest to plasma flame has highest
temperature Ty o258 = 894°C at 3 kW power. The temperature at y/h=0.28
(Ty /n=0.28) rises from 894 to 1432 °C by increasing the power from 3 kW to 6 kW. The
temperature reduces gradually from region of the plasma flame to downward. The
minimum temperature is measured 450 °C at the y/h=0.92 (Ty /—¢.92) and 3 kW power
which is the most distant measurement point from the plasma flame. It varies from
450 to 857 °C by increasing the power from 3 kW to 6 kW. The average temperatures
in the reactor (Tgyp) are 678°C, 795°C, 911°C, 983°C, 1054°C and 1145°C at 3 kW, 3.6
kW, 4.2 kW, 4.8 kW, 5.4 kW and 6 kW plasma power respectively. The average
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temperature increases by increasing plasma power. Because, the increment of plasma

power rises the energy density in the reactor.

Gasification of Hornbeam Sawdust in Case of 75 slpm Air
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Figure 5.14 The temperature distribution for the gasification of hornbeam sawdust
(HSD) in case of 75 sL/min air flow rate

The magnitude of the temperature decreases by increasing the flow rate from 50 to 75
sL/min. Because, the increment of air flow rate lowers the energy density in reactor.
However, the temperature in the reactor becomes more uniform. The deviation of
temperature from point y/h=0.28 (Ty/h=0.28) t0 y/h=0.92 (Ty/h=0.92) at 6 kW plasma
power and 50 sL/min air flow rate is 650°C, while it is 574°C at 6 kW plasma power

and 75 sL/min air flow rate.

The variation of temperature with power is given in case of 100 sL/min air flow rate
feeding and initially 250 gr hornbeam sawdust dosed to the reactor in Figure 5.15. The
closest thermocouple to plasma flame located at y/h=0.28 (Ty/h=02g) has highest
temperature 830°C at 3 kW power. The temperature at y/h=0.28 (Ty /n—¢.28) goes up
from 830°C to 1456 °C by increasing the power from 3 kW to 6 kW. The temperature
lessens progressively from region of the plasma flame to downward. The lowest
temperature is measured 474 °C at the y/h=0.92 (Ty/p=¢.92) and 3 kW power which is
the outmost measurement point from the plasma flame. It varies from 474 to 886 °C by
increasing the power from 3 kW to 6 kW. The average temperatures (Tgy) in the

reactor are 620°C, 762°C, 887°C, 936°C, 1008°C and 1128°C at 3 kW, 3.6 kW, 4.2 kW,
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4.8 kW, 5.4 kW and 6 kW plasma power respectively. The average temperature goes
up by increasing plasma power. Because, the increment of plasma power rises the

energy density in the reactor.

Gasification of Hornbeam Sawdust in Case of 100 slpm Air
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Figure 5.15 The temperature distribution for the gasification of hornbeam sawdust
(HSD) in case of 100 sL/min air flow rate

The magnitude of the temperature decreases by increasing the flow rate from 75 to 100
sL/min too. Because, the increment of air flow rate reduces the energy density in
reactor. The temperature in the reactor at 100 sL/min air flow rate becomes slightly
more uniform when it is compared with 75 sL/min air flow rate. The variation of

temperature between y/h=0.28 (Ty/p=¢.25) and y/h= 0.92 (Ty /pn-¢.92) at 6 kW plasma

power and 75 sL/min air flow rate is 574°C, while it is 569°C at 6 kW plasma power

and 100 sL/min air flow rate.

In Figure 5.16, the fraction of syngas is presented in case of gasification of hornbeam
sawdust (HSD) at 50 sL/min air flow rate and power levels between 3 kW-6 kW. As a
result of the process, the Oz in syngas stays below 0.9 % in all power levels. The CO>
gradually decreases by increasing power from 16.79 % at 3 kW to 10.49 % at 6 kW.
In contrast to that, the CO and H; increase by increasing the power. The CO increases
from 7.33 % to 18.95 % and H> increases from 2.35 % to 8.65 % by increasing power
from 3 kW to 6 kW. The CHj stays in the level of 1.8 % in all power cases. The rest
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of the mixture is considered as N that reduces by increasing power from 70.97 % to

59.22 %.

Gasification of hornbeam sawdust in case of 50 slpm air flow rate
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Figure 5.16 The produced syngas fractions for the gasification of hornbeam sawdust
(HSD) in case of 50 sL/min air flow rate.

In Figure 5.17, the syngas content distribution as percentage is given in case of
gasification of hornbeam sawdust (HSD) at 75 sL/min air flow rate and power levels
between 3 kW — 6 kW. Similar trend is observed as in 50 sL/min air flow rate. The O2
in syngas stays in level of 1 % in all power levels. The CO; gradually reduces by
increment of power from 21.32 % at 3 kW to 12.49 % at 6 kW. On the other hand, the
CO and H»z go up from 5.40 % to 12.21 % and 2.2 % to 7.17 % respectively by
increasing power from 3 kW to 6 kW. The CH4remains almost constant in the level of
2.1 % in all power cases. The remainder of syngas, N> reduces by increasing power

from 68.08 % to 64.95 %.

The gasification results are shown in case of gasification of hornbeam sawdust (HSD)
at 100 sL/min air flow rate and power levels between 3 kW — 6 kW in Figure 5.18.
The results are as follows. The O in syngas increases from 1.2 % to 1.34 % by
increasing plasma power. Unlike the CO> gradually decreases from 22.3 % to 16.42 %
by increasing power from 3 kW to 6 kW, the CO and H> increase from 4.71 % to 9.61
% and from 1.94 % to 6.83 % respectively by increasing power from 3 kW to 6 kW.
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Gasification of hornbeam sawdust in case of 75 slpm air flow rate
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Figure 5.17 The produced syngas fractions for the gasification of hornbeam sawdust

The CH4 reduces from 2.33 % to 2.19 % by increasing the plasma power. The

remainder of syngas considered as N that reduces by increasing power from 67.52 %

(HSD) in case of 75 sL/min air flow rate

t0 63.62 %.
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Figure 5.18 The produced syngas percentages for the gasification of hornbeam

sawdust (HSD) in case of 100 sL/min air flow rate
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The air flow rate on syngas fraction has essential importance when the results
compared for 50, 75 and 100 sL/min air flow rate. The increase in flow rate has a
reverse effect on CO percentage. The CO decreases from 18.95 % to 9.61 % by
increasing air flow rate from 50 sL/min to 100 sL/min at 6 kW power. Likewise, H>
percentage reduces by increasing flow rate. It is 8.65 % for 50 sL/min air flow rate,
7.17 % for 75 sL/min air flow rate and 6.83 % for 100 sL/min air flow rate for 6 kW
power. However, the CO» increases from 10.49 % to 16.42 %, the CH4 increases from
1.81 % to 2.19 % and the O increases from 0.88 % to 1.34 % by increasing flow rate
from 50 to 100 sL/min air flow rate at 6 kW power. The N> in syngas mixture fluctuates
between 59.22 % and 64.95 % by increasing flow rate from 50 to 100sL/min air flow
rate at 6 kW power. Syngas fractions change with similar way by increasing the flow

rate in different power levels.

5.5 Gasification of Pine tree Sawdust

The variation of temperature and the distribution of produced syngas content for the
gasification of pine tree sawdust are analyzed in this section. The temperature variation
is investigated by changing the power level between 3 kW-6 kW in case of 50 sL/min,
75 sL/min and 100sL/min air flow rate. Then the distribution of syngas content is
examined by changing the power level between 3 kW-6 kW in case of 50 sL/min, 75

sL/min and 100 sL/min air flow rate.

The variation of temperature by change of power is presented in case of 50 sL/min air
flow rate feeding and initially 250 gr pine tree sawdust dosing to the reactor in Figure
5.19. The closest thermocouple to plasma flame which is located at y/h=0.28 has
highest temperature Ty /p—¢.25 = 937°C at 3 kW power. The temperature at y/h=0.28
(Ty /n=0.28) goes up from 937 to 1447 °C by increasing the power from 3 kW to 6 kW.
The temperature reduces progressively from region of the plasma flame to downward.
The lowest measured temperature is 516 °C at the y/h=0.92 (Ty /=¢.92) and 3 kW power
which is the outmost measurement point from the plasma flame. It rises from 516 to
818 °C by increasing the power from 3 kW to 6 kW. The average temperatures in the
reactor (Tsyy) are 765°C , 831°C, 917°C, 1019°C, 1105°C and 1169°C at 3 kW, 3.6 kW,
4.2 kW, 4.8 kW, 54 kW and 6 kW plasma power respectively. The average
temperature increases by increasing plasma power. Because, the increment of plasma

power increases the energy density in the reactor.
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Gasification of Pine Tree Sawdust in Case of 50 slpm Air
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Figure 5.19 The temperature distribution for the gasification of pine tree sawdust
(PSD) in case of 50 sL/min air flow rate

The temperature distribution by change of power is given in case of 75 sL/min air flow
rate feeding and initially 250 gr pine tree sawdust dosed to the reactor in Figure 5.20.
The closest thermocouple to the plasma flame which is located at y/h=0.28 has highest
temperature Ty /p-g28 = 902°C at 3 kW power. The temperature at y/h=0.28
(Ty/h=0.28) goes up from 902 to 1444 °C by increasing the power from 3 kW to 6 kW.
The temperature declines gradually from region of the plasma flame to downward. The
minimum temperature is measured 453 °C at the y/h=0.92 (Ty /-¢.92) and 3 kW power
which is the farthest measurement point from the plasma flame. It rises up from 453 to
857 °C by increasing the power from 3 kW to 6 kW. The average temperatures in the
reactor (Tgyp) are 679°C, 798°C, 899°C, 990°C, 1068°C and 1152°C at 3 kW, 3.6 kW,
4.2 kW, 4.8 kW, 54 kW and 6 kW plasma power respectively. The average
temperature increases by increasing plasma power. Because, the increment of plasma

power rises the energy density in the reactor.

The average temperature goes down by increasing the air flow rate from 50 to 75
sL/min. Because, the increment of air flow rate lowers the energy density in reactor.
However, the temperature in the reactor becomes more uniform. The difference of
temperature between y/h=0.28 (Ty/n=0.25) and y/h= 0.92 (Ty /p=0.92) at 6 kW plasma
power and 50 sL/min air flow rate is 628°C, while it is 586°C at 6 kW plasma power

and 75 sL/min air flow rate.
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Gasification of Pine Tree Sawdust in Case of 75 slpm Air
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Figure 5.20 The temperature distribution for the gasification of pine tree sawdust
(PSD) in case of 75 sL/min air flow rate

The variation of temperature by increasing power is given in in Figure 5.21 in case of
100 sL/min air flow rate and initially 250 gr pine tree sawdust dosed to the reactor.
The nearest thermocouple to the plasma flame which is located at y/h=0.28 (Ty /= 25)
has highest temperature Ty /p—q,5 = 855°C at 3 kW power. The temperature at
y/h=0.28 (Ty/h=0.28) increases from 855 to 1434 °C by increasing the power from 3
kW to 6 kW. The temperature reduces gradually from region of the plasma flame to
downward. The lowest temperature is measured 470 °C at the y/h=0.92 (Ty /—¢ 92) and
3 kW power which is the most distant measurement point from the plasma flame. It
goes up from 470 to 883 °C by increasing the power from 3 kW to 6 kW. The average
temperatures in the reactor (Tsy,) are 629°C , 756°C, 882°C, 929°C, 1026°C and
1127°Cat 3 kW, 3.6 kW, 4.2 kW, 4.8 kW, 54 kW and 6 kW plasma power
respectively. The average temperature goes up by increasing plasma power. Because,

the increment of plasma power rises the energy density in the reactor.

The average temperature (Tsyp) reduces by increasing the flow rate from 75 to 100

sL/min too. Because, the increment of air flow rate reduces the energy density in
reactor. The temperature in the reactor at 100 sL/min air flow rate varied less than in
case of 75 sL/min air flow rate. The variation of temperature between y/h=0.28

(Ty/h=0.28) and y/h= 0.92 (Ty/pn=¢.92) is 586°C at 6 kW plasma power and 75 sL/min

air flow rate, while it is 550°C at 6 kW plasma power and 100 sL/min air flow rate.
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Gasification of Pine Tree Sawdust in Case of 100 slpm Air
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Figure 5.21 The temperature distribution for the gasification of pine tree sawdust
(PSD) in case of 100 sL/min air flow rate

The distribution of syngas content by changing power is shown in Figure 5.22 in case
of gasification of pine tree sawdust (PSD) at 50 sL/min air flow rate and power levels
between 3-6 kW. As a result of the process, the Oz in syngas stay below 0.91 % in all

power levels.

Gasification of pine tree sawdust in case of 50 slpm air flow rate
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Figure 5.22 The produced syngas percentages for the gasification of pine tree sawdust
(PSD) in case of 50 sL/min air flow rate
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The CO» gradually goes down by increasing power from 18.20 % at 3 kW to 10.22 %
at 6 kW although the CO and H> rise by increasing the power. The CO and H> go up
from 8.30 % to 17.35 % and from 3.2 % to 8.98 % respectively by increasing power
from 3 kW to 6 kW. The CHj4 varies between 2.13 % and 2.28 %. The remainder of
the syngas, N2 reduces from 67.31 % to 60.33 % by increment of power from 3 kW to
6 kW.

The variation of syngas by power change in case of gasification of pine tree sawdust
(PSD) at 75 sL/min air flow rate and power levels between 3-6 kW is presented in
Figure 5.23. The O; in syngas remains in level of 1.08 % in all power levels. The CO>
lessens by increasing power from 19.56 % at 3 kW to 16.01 % at 6 kW. However, the
CO and H; rise by increasing the power. The CO and Ha rise from 7.12 % to 17.21 %
and from 3.18 % to 7.88 % respectively by increasing power from 3 kW to 6 kW.
Likewise, the CHg slightly augments from 2.19 % to 2.29 % by increasing power from
3 kW to 6 kW. The rest of syngas, N> reduces from 67.11 % to 55.53 % by increasing
power from 3 kW to 6 kW.
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Figure 5.23 The produced syngas percentages for the gasification of pine tree sawdust
(PSD) in case of 75 sL/min air flow rate

The fraction of syngas variation depending on power between 3 kW — 6 kW in case of

gasification of pine tree sawdust (PSD) at 100 sL/min air flow rate is given in Figure
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5.24. The Oz in syngas fluctuates between 0.89 % and 1.07 % in power levels between
3 kW — 6 kW. Despite the CO» gradually reduces by increment of power from 24.8 %
at 3 kW to 14.23 % at 6 kW, the CO rises from 6.51 % to 10.96 % and H> increases
from 2.18 % to 6.38 % by increasing power from 3 kW to 6 kW. The CH4 goes down
from 2.51 % to 2.31 % by increasing plasma power from 3 kW to 6 kW. The rest of
syngas, N> fluctuates between 63.11 % and 66.59 % by increasing power from 3 kW
to 6 kW.

Gasification of pine tree sawdust in case of 100 slpm air flow rate
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Figure 5.24 The produced syngas percentages for the gasification of pine tree sawdust
(PSD) in case of 100 sL/min air flow rate

Also, the air flow rate effects the syngas content distribution. The effect of air flow
rate on syngas content is investigated by comparing the syngas content distribution at
50, 75 and 100 sL/min flow rate in case of gasification of pine tree sawdust (PSD) at
varied power level from 3 kW to 6 kW. Increasing of flow rate has a reverse effect on
CO which goes down from 17.35 % to 10.96 % by increasing flow rate from 50 sL/min
to 100 sL/min at 6 kW power. Likewise, H> lowers by increasing flow rate. It
diminishes from 8.98 % to 6.38 % by raising the air flow rate from 50 sL/min, to 100
sL/min for 6 kW power. Meanwhile, the CO; fluctuates between 10.22 % and 16.01
% by increasing flow rate from 50 to 100 sL/min at 6 kW power. Similarly, the Oz in

syngas mixture fluctuates between 0.9 % and 1.08 % by increasing flow rate from 50
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sL/min to 100 sL/min at 6 kW power. The CHj slightly rises from 2.23 % to 2.31 %
by increasing flow rate from 50 to 100 sL/min at 6 kW power. The N> in syngas
mixture fluctuates between 55.53 % and 60.33 % by increasing air flow rate from 50
to 100 sL/min at 6 kW power. Syngas fractions change with similar way by increasing

the flow rate in different power levels.

5.6 Gasification of Russian Coal

The temperature in the gasifier and the syngas content distribution depending on power
and flow rate for the gasification of Russian coal are given in this section. The
temperature distributions in gasifier are examined by changing the power level
between 3 kW-6 kW in case of 50 sL/min, 75 sL/min and 100sL/min air flow rate.
Then the syngas contents are examined by changing the power level between 3 kW-6

kW in case of 50 sL/min, 75 sL/min and 100 sL/min air flow rate.
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Figure 5.25 The temperature distribution for the gasification of Russian coal (CR) in
case of 50 sL/min air flow rate

The temperature distribution depending on power level in case of 50 sL/min air flow
rate input and initially 250 gr Russian coal (CR) dosed to the reactor are presented in
Figure 5.25. The closest thermocouple to the plasma flame which is located at y/h=0.28
has highest temperature Ty /p—g.5 = 997°Cat 3 kW power. The temperature at
y/h=0.28 (Ty /n=0.28) rises from 997 °C to 1585 °C by increasing the power from 3 kW
to 6 kW. The temperature reduces gradually from region of the plasma flame to

downward. The lowest temperature is measured 538°C at the y/h=0.92 (Ty /p-¢.92) and
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3 kW power which is the most distant measurement point from the plasma flame. It
rises from 538 to 889 °C by increasing the power from 3 kW to 6 kW. The average
temperatures in the reactor (Tgy,) are 825°C , 902°C, 992°C, 1107°C, 1193°C and
1276°C at 3 kW, 3.6 kW, 4.2 kW, 4.8 kW,5.4 kW and 6 kW plasma power respectively.
The average temperature increases by increasing plasma power. Because, the

increment of plasma power increases the energy density in the reactor.
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Figure 5.26 The temperature distribution for the gasification of Russian coal (CR) in
case of 75 sL/min air flow rate

The temperature distribution in case of 75 sL/min air flow rate input and initially 250
gr Russian coal dosed to the reactor is given at varied power levels in Figure 5.26. The
closest thermocouple to the plasma flame which is located at y/h=0.28 has highest
temperature Ty /p-g28 = 976°C at 3 kW power. The temperature at y/h=0.28
(Ty /n=0.28) goes up from 976°C to 1570°C by increasing the power from 3 kW to 6 kW.
The temperature goes down gradually from region of the plasma flame to downward.
The minimum measured temperature is 493 °C at the y/h=0.92 (Ty/p=¢.9,) and 3 kW
power which is the outmost measurement point from the plasma flame. It goes up from
493 to 931 °C by increasing the power from 3 kW to 6 kW. The average temperatures
in the reactor (Tsyy,) are 733°C, 868°C, 973°C, 1073°C, 1163°C and 1246°C at 3 kW, 3.6
kW, 4.2 kW, 4.8 kW, 5.4 kW and 6 kW plasma power respectively. The average
temperature increases by increasing plasma power. Because, the increment of plasma

power rises the energy density in the reactor.
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The magnitude of the average temperature lowers by increasing the air flow rate from
50 to 75 sL/min. Because, the increment of air flow rate lowers the energy density in
reactor. However, the temperature gradient in the reactor reduces. The difference of
temperature at point y/h=0.28 (Ty/p=0.2g) and y/h= 0.92 (Ty/p=0.92) at 6 kW plasma
power and 50 sL/min air flow rate is 695°C, while it is 638°C at 6 kW plasma power

and 75 sL/min air flow rate.

The variation of temperature by changing power in gasifier depending on power in
case of 100 sL/min air flow rate input and initially 250 gr Russian coal (CR) dosed to
the reactor is shown in Figure 5.27. The closest thermocouple to the plasma flame
which is located at y/h=0.28 has highest temperature Ty /p—¢25 = 915°C at 3 kW
power. The temperature at y/h=0.28 (Ty/n=0.25) goes up from 915 °Cto 1547 °C by
increasing the power from 3 kW to 6 kW. The temperature reduces gradually from
region of the plasma flame to downward. The lowest temperature is measured 482 °C
at the y/h=0.92 (Ty/n=0.92) and 3 kW power which is the farthest measurement point
from the plasma flame. It varies from 482 to 930 °C by increasing the power from 3
kW to 6 kW. The average temperatures in the reactor (Tsyy) are 660°C , 798°C, 921°C,
980°C, 1091°C and 1203°C at 3 kW, 3.6 kW, 4.2 kW, 4.8 kW, 5.4 kW and 6 kW plasma
power respectively. The average temperature goes up by increasing plasma power.

Because, the increment of plasma power rises the energy density in the reactor.
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Figure 5.27 The temperature distribution for the gasification of Russian coal (CR) in
case of 100 sL/min air flow rate
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The magnitude of the temperature reduces by increasing the flow rate from 75 to 100
sL/min too. Because, the increment of air flow rate reduces the energy density in
reactor. The temperature in the reactor at 100 sL/min air flow rate becomes slightly
more uniform when it is compared with 75 sL/min air flow rate. The variation of
temperature at point y/h=0.28 (Ty /n-¢.28) and y/h= 0.92 (Ty/p=¢.92) at 6 kW plasma
power and 75 sL/min air flow rate is 638°C, while it is 617°C at 6 kW plasma power

and 100 sL/min air flow rate.

The content of syngas is presented in case of gasification of Russian coal (CR) at 50
sL/min air flow rate and power levels between 3 kW and 6 kW in Figure 5.28. The
COz is gradually reduces by increasing power from 28.62 % at 3 kW to 23.32 % at 6
kW. Also, The CH4 goes down from 1.38 % to 1.04 % by increment of power from 3
kW to 6 kW. In contrast to that, The Oz in syngas rise from 2.38 % at 3 kW to 2.67 %
at 6 kW. Similarly, the CO in syngas mixture rises from 45.04 % to 48.03 % and H>
rises from 1.68 % to 2.08 % by increasing power from 3 kW to 6 kW. The remainder
of syngas, N rises by increasing power from 20.9 % to 22.86 % by increasing power

from 3 kW to 6 kW.
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Figure 5.28 The produced syngas percentages for the gasification of Russian coal
(CR) in case of 50 sL/min air flow rate
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The fraction of syngas mixture components are given in case of gasification of Russian
coal (CR) at 75 sL/min air flow rate and power levels between 3 kW — 6 kW in Figure
5.29. The Oz in syngas fluctuates between 3.16 % and 3.36 % in power levels between
3 kW — 6 kW. Despite the CO; slightly lowers by increasing power from 33.06 % at 3
kW to 30.12 % at 6 kW, the CO and H; rise from 42.14 % to 47.08 % and from 1.62
% to 2.03 % respectively by increasing power from 3 kW to 6 kW. On the other hand,
the CHareduces from 1.43 % to 1.29 % by increasing power from 3 kW to 6 kW. The
rest of the syngas mixture, N reduces from 18.54 % to 16.15 % by increment of power

from 3 kW to 6 kW.
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Figure 5.29 The produced syngas percentages for the gasification of Russian coal
(CR) in case of 75 sL/min air flow rate

The variation of content of syngas mixture depending on power between 3 kW — 6 kW
is shown in Figure 5.30 in case of gasification of Russian coal (CR) at 100 sL/min air
flow rate. The Oz in syngas gently rises from 5.12 % to 5.4 % by changing power from
3 kW to 6 kW. Also, the CO and H> go up from 38.6 % to 42.02 % and from 1.13 %
to 1.46 % respectively by increasing power from 3 kW to 6 kW. On the other hand,
the CO, gradually goes down by increasing power from 36.24 % at 3 kW to 32.16 %
at 6 kW. Likewise, The CH4 lowers from 1.58 % to 1.36 % by increasing power from
3 kW to 6 kW. The remainder of syngas mixture, N> fluctuates between 16.46 % and
17.60 % in power levels between 3 kW and 6 kW.
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The cases at 50, 75 and 100 sL/min air flow rate in case of gasification of Russian coal
(CR) at varied power level from 3 kW to 6 kW is compared to reveal the effects of air
flow rate on syngas conversion. The increase in flow rate has a reverse effect on CO.
It lowers from 48.03 % to 42.02 % by increasing flow rate from 50 sL/min to 100
sL/min at 6 kW power. Likewise, Hz diminishes from 2.08 % to 1.46 % by raising the
flow rate from 50 sL/min, to 100 sL/min for 6 kW power. Meanwhile, the CO> in
syngas rises from 23.32 % to 32.16 % by increasing flow rate from 50 to 100 sL/min
at 6 kW power. Also, the CH4 and O2 in syngas mixture rise from 1.04 % to 1.36 %
and from 2.67 % to 5.4 % respectively by increasing flow rate from 50 to 100 sL/min
at 6 kW power. The N in syngas mixture fluctuates between 16.15 % and 22.86 % by
increasing flow rate from 50 to 100 sL/min at 6 kW power. Syngas fractions change

with similar way by increasing the flow rate in different power levels.

Gasification of Russian coal in case of 100 slpm air flow rate
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Figure 5.30 The produced syngas percentages for the gasification of Russian coal
(CR) in case of 100 sL/min air flow rate

When the gasification of Russian coal (CR) compared with the gasification of
sawdust, the following results can deduce from the comparison. The CO and CO;
content in syngas increase essentially because of the coal include higher amount of
Carbon (Table 3). On the other hand, the CH4 and H> decreased dramatically. The
reason of it is the coal include less Hydrogen (Table 3) when it is compared with

sawdust. The produced syngas content is directly proportional with the content of fuel.
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5.7 Gasification of South African Coal

The temperature distribution and the produced syngas percentages for the gasification
of South African coal (CSA) are investigated in this section. The temperature
variations are examined by changing the power level between 3 kW-6 kW and 50
sL/min - 100 sL/min air flow rate. After that, the syngas content distributions are
studied by changing the power level between 3 kW-6 kW in case of 50 sL/min, 75

sL/min and 100 sL/min air flow rate.
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Figure 5.31 The temperature distribution for the gasification of South African coal
(CSA) in case of 50 sL/min air flow rate

The temperature distribution depending on power in case of 50 sL/min air flow rate
input and initially 250 gr South African coal (CSA) dosed to the reactor are presented
in Figure 5.31. The nearest thermocouple to the plasma flame (at y/h=0.28) has highest
temperature Ty /p-g,5 = 988°C at 3 kW power. The temperature at y/h=0.28
(Ty/n=0.28) rises from 988 °C to 1572 °C by increasing the power from 3 kW to 6 kW.
The temperature in gasifier reduces gradually from region of the plasma flame to
outmost. The lowest measured temperature is 533°C at the y/h=0.92 (Ty /;—¢.92) and 3
kW power which is the farthest point from the plasma flame. It varies from 533 to
881 °C by increasing the power from 3 kW to 6 kW. The average temperatures in the
reactor (Tgy,) are 821°C, 898°C, 985°C, 1102°C, 1184°C and 1266°C at 3 kW, 3.6 kW,
42 kW, 4.8 kW, 54 kW and 6 kW plasma power respectively. The average
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temperature goes up by increasing plasma power. Because, the increment of plasma

power rises the energy density in the reactor.

The temperature distribution at varied powers is given in Figure 5.32 in case of 75
sL/min air flow rate input and initially 250 gr South African coal (CSA) dosed to the
reactor. The closest thermocouple to plasma flame which is located at y/h=0.28 has
highest temperature Ty /25 = 973°C at 3 kW power. The temperature at y/h=0.28
(Ty/h=0.28) rises from 973 to 1557°C by increasing the power from 3 kW to 6 kW. The
temperature goes down gradually from region of the plasma flame to downward. The
minimum temperature is measured 489 °C at the y/h=0.92 (Ty, /-¢.92) and 3 kW power
which is the outmost point from the plasma flame. It changes from 489 to 925 °C by
increasing the power from 3 kW to 6 kW. The average temperatures in the reactor
(Tsyn) are 728°C, 862°C, 963°C, 1062°C, 1146°C and 1234°C at 3 kW, 3.6 kW, 4.2 kW,
4.8 kW, 5.4 kW and 6 kW plasma power respectively. The average temperature
increases by increasing plasma power. Because, the increment of plasma power

increases the energy density in the reactor.

Gasification of South African Coal in Case of 75 slpm Air
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Figure 5.32 The temperature distribution for the gasification of South African coal
(CSA) in case of 75 sL/min air flow rate

The average temperature goes down by increasing the flow rate from 50 to 75 sL/min.
Because, the increment of air flow rate reduces the energy density in reactor.

Meanwhile, the temperature in the reactor becomes more uniform. The difference of
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temperature at point y/h=0.28 (Ty/n=0.2¢) and y/h= 0.92 (Ty n=0.92) at 6 kW and 50

sL/min is 690°C, while it is 631°C at 6 kW plasma power and 75 sL/min air flow rate.

The variation of temperature by changing power in case of 100 sL/min air flow rate
input and initially 250 gr South African coal (CSA) dosed to the reactor is shown in
Figure 5.33. The closest thermocouple to plasma flame which is located at y/h=0.28
has highest temperature Ty /p-g 25 = 908°C at 3 kW power. The temperature at this
point goes up from 908 to 1534 °C by increasing the power from 3 kW to 6 kW. On
the other hand, the temperature reduces gradually from region of the plasma flame to
downward. The lowest measured temperature is 479 °C at the y/h=0.92 (T /—¢.92) and
3 kW power which is the outmost measurement point from the plasma flame. It varies
from 479 to 918 °Cby increasing the power from 3 kW to 6 kW. The average
temperatures in the reactor (Tgy,) are 658°C, 792°C, 914°C, 977°C, 1071°C and
1193°Cat 3 kW, 3.6 kW, 4.2 kW, 4.8 kW, 54 kW and 6 kW plasma power
respectively. The average temperature rises by increasing plasma power. Because,

increasing plasma power rises the energy density in the reactor.
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Figure 5.33 The temperature distribution for the gasification of South African coal
(CSA) in case of 100 sL/min air flow rate

When the flow rate increase from 75 to 100 sL/min, the temperature in the gasifier
reduces slightly. Because, the increment of air flow rate decreases the energy density

in reactor. However, the temperature in the reactor at 100 sL/min air flow rate becomes
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slightly more uniform when it is compared with 75 sL/min air flow rate. The variation
of temperature at point y/h=0.28 (Ty /p-¢.25) and y/h=0.92 (Ty /n=0.92) at 6 kW plasma

power and 75 sL/min air flow rate is 631°C, while it is 616°C at 6 kW plasma power

and 100 sL/min air flow rate.

The syngas content distribution is given in case of gasification of South African coal
(CSA) at 50 sL/min air flow rate and power levels between 3 kW - 6 kW in Figure
5.34. The CO; in syngas gradually goes down by increasing power from 25.47 % at 3
kW to 21.69 % at 6 kW. Also, The CH4 reduces from 1.35 % to 1.01 % by increasing
power from 3 kW to 6 kW. In contrast to that, The O in syngas rises from 2.24 % at
3 kW to 2.56 % at 6 kW. Similarly, H» increases from 1.75 % to 2.18 % by increasing
power from 3 kW to 6 kW. The CO in syngas mixture fluctuates between 38.67 %-
41.52 % by increasing power from 3 kW to 6 kW. Also, N fluctuates between 30.01
%- 31.73 % by increasing power from 3 kW to 6 kW.

Gasification of South African coal in case of 50 slpm air flow rate
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Figure 5.34 The produced syngas percentages for the gasification of South African
coal (CSA) in case of 50 sL/min air flow rate

The syngas content distribution is shown in case of gasification of South African coal
(CSA) at 75 sL/min air flow rate and power levels between 3 kW — 6 kW in Figure
5.35. The Oz in syngas goes up from 2.92 % to 3.06 %, the CO; fluctuates in narrow
range between 28.45 % and 31.20 %, the CO increases from 38.35 % to 42.84 %, H»
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increases from 1.81 % to 2.27 % and the CHy4 decreases from 1.37 % to 1.21 % by
increasing power from 3 kW to 6 kW. The remainder of syngas, N> reduces from 24.8
% to 21.99 % by increasing power from 3 kW to 6 kW.

Gasification of South African coal in case of 75 slpm air flow rate
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Figure 5.35 The produced syngas percentages for the gasification of South African
coal (CSA) in case of 75 sL/min air flow rate

The syngas content distribution is presented in case of gasification of South African
coal (CSA) at 100 sL/min air flow rate and power levels between 3 kW — 6 kW in
Figure 5.36. The O2 in syngas increases from 4.45 % to 4.91 % by changing power
from 3 kW to 6 kW. Similarly, the CO goes up from 33.2 % to 38.24 % and H> rises
from 1.73 % to 2.23 % by increasing power from 3 kW to 6 kW. On the other hand,
the CO; gradually reduces by increasing power from 33.7 % at 3 kW to 29.91 % at 6
kW. Likewise, The CH4 lowers from 1.37 % to 1.18 % by increasing power from 3
kW to 6 kW. The rest of the mixture, N2 fluctuates between 25.54 % and 23.52 % in
case of power levels between 3 kW and 6 kW.

The effects of air flow rate on syngas content distribution is revealed by comparing
the results for 50, 75 and 100 sL/min flow rate in case of gasification of South African
coal (CSA) at varied power level from 3 kW to 6 kW. The increase in flow rate has a

reverse effect on CO. It goes down from 40.83 % to 38.24 % by increasing flow rate
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from 50 sL/min to 100 sL/min at 6 kW power. H» stays between 2.18 % and 2.27 %
by raising the flow rate from 50 sL/min to 100 sL/min at 6 kW power.

Gasification of South African coal in case of 100 slpm air flow rate
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Figure 5.36 The produced syngas percentages for the gasification of South African
coal (CSA) in case of 100 sL/min air flow rate

Meanwhile, the CO; in syngas rises from 21.69 % to 29.91 % by increasing flow rate
from 50 to 100 sL/min at 6 kW power. Also, the CH4 goes up from 1.01 % to 1.18 %
by increasing flow rate from 50 to 100 sL/min at 6 kW power. The O in syngas
mixture rises from 2.56 % to 4.91 % by increasing flow rate from 50 to 100 sL/min at
6 kW power. The N in syngas mixture fluctuates between 21.99 % and 31.73 % by
increasing flow rate from 50 to 100 sL/min at 6 kW power. Syngas fraction change

with similar way by increasing the flow rate in different power levels.

5.8  Gasification of Sirnak (Turkey) Coal (CTR)

The temperature distribution and the produced syngas content percentages for the
gasification of Sirnak (Turkey) coal (CTR) are investigated in this section. The
temperature distribution in gasifier are examined by changing the power level between
3 kW-6 kW in case of 50 sL/min, 75 sL/min and 100 sL/min air flow rate. Then the
syngas content percentages are examined by changing the power level between 3 kW-

6 kW in case of 50 sL/min, 75 sL/min and 100 sL/min air flow rate.
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The temperature distributions for various power levels in case of 50 sL/min air flow
rate input and initially 250 gr Sirnak (Turkey) coal (CTR) dosed to the reactor are
presented in Figure 5.37. The closest thermocouple to the plasma flame which is
located at y/h=0.28 has highest temperature Ty -9 25 = 972°C at 3 kW power. The
temperature at y/h=0.28 (Ty/h=0.25) goes up from 972 °C to 1545 °C by increasing the
power from 3 kW to 6 kW. Meanwhile, the temperature reduces gradually from region
of the plasma flame to downward. The minimum temperature is 524°C at the y/h=0.92
(Ty/n=0.92) and 3 kW power which is the most distant measurement point from the
plasma flame. It rises from 524 to 868 °C by increasing the power from 3 kW to 6 kW.
The average temperatures in the reactor (Tgy,) are 808°C, 884°C, 970°C, 1086°C,
1167°C and 1246°C at3 kW, 3.6 kW, 4.2 kW, 4.8 kW, 5.4 kW and 6 kW plasma power
respectively. The average temperature increases by increasing plasma power. Because,

the increment of plasma power rises the energy density in the reactor.
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Figure 5.37 The temperature distribution for the gasification of Sirnak (Turkey) coal
(CTR) in case of 50 sL/min air flow rate

The temperature distributions at power levels between 3kW and 6 kW are presented
in Figure 5.38 in case of 75 sL/min air flow rate input and initially 250 gr Sirnak
(Turkey) coal (CTR) dosed to the reactor. The nearest thermocouple to the plasma
flame which is located at y/h=0.28 has highest temperature Ty /-9 25 = 957°C at 3 kW

power. The temperature at y/h=0.28 (Ty /p=¢.2g) rises from 957 to 1539°C by increasing

127



the power from 3 kW to 6 kW. It goes down gradually from region of the plasma flame
to downward. The lowest temperature is 480 °C at the y/h=0.92 (Ty/p=¢.92) and 3 kW
power which is the outmost measurement point from the plasma flame. It rises from
480 to 902 °C by increasing the power from 3 kW to 6 kW. The average temperatures
in the reactor (Tsyy,) are 716°C, 844°C, 953°C, 1043°C, 1121°C and 1209°C at 3 kW, 3.6
kW, 4.2 kW, 4.8 kW, 5.4 kW and 6 kW plasma power respectively. The average
temperature rises by increasing plasma power. Because, the increment of plasma

power increases the energy density in the reactor.

The average temperature in gasifier reduces by increasing the flow rate from 50 to 75
sL/min. Because, the increment of air flow rate lowers the energy density in reactor.
However, the temperature in the gasifier becomes more uniform when it is compared
with 50 sL/min air flow rate. The gradient of temperature at point y/h=0.28 (Ty /=0 28)
and y/h= 0.92 (Ty /p=0.92) at 6 kW plasma power and 50 sL/min air flow rate is 677°C,

while it is 638°C at 6 kW plasma power and 75 sL/min air flow rate.
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Figure 5.38 The temperature distribution for the gasification of Sirnak (Turkey) coal
(CTR) in case of 75 sL/min air flow rate

The temperature distributions for various powers are presented in Figure 5.39, in case
of 100 sL/min air flow rate input and initially 250 gr Sirnak (Turkey) coal (CTR) dosed
to the reactor. The thermocouple which is located at y/h=0.28 (closest measurement

point to plasma flame) has highest temperature Ty /- .5 = 885°C at 3 kW power. The
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temperature at y/h=0.28 (Ty /p=0.2g) rises from 885 to 1483 °C by increasing the power
from 3 kW to 6 kW. It lowers gradually from region of the plasma flame to downward.
The lowest temperature is 469 °C at the y/h=0.92 (Typ=0.92) and 3 kW power which
is the furthest measurement point from the plasma flame. It rises from 469 to 887 °C by
increasing the power from 3 kW to 6 kW. The average temperatures in the reactor
(Tsyn) are 641°C, 775°C, 891°C, 954°C, 1052°C and 1160°C at 3 kW, 3.6 kW, 4.2 kW,
4.8 kW, 5.4 kW and 6 kW plasma power respectively. The average temperature rises

by increasing plasma power. Because, the increment of plasma power enhances the

energy density in the reactor.
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Figure 5.39 The temperature distribution for the gasification of Sirnak (Turkey) coal
(CTR) in case of 100 sL/min air flow rate

The average temperature in gasifier goes down by increasing the flow rate from 75 to
100 sL/min. Because, the increment of air flow rate reduces the energy density in
reactor. On the other hand, the temperature in the reactor at 100 sL/min air flow rate
becomes more uniform when it is compared with 75 sL/min air flow rate. The variation
of temperature at point y/h=0.28 (Ty /p-¢.2g) and y/h=0.92 (Ty n=0.92) at 6 kW plasma
power and 75 sL/min air flow rate is 638°C, while it is 595°C at 6 kW plasma power

and 100 sL/min air flow rate.

The syngas content distribution is presented in case of gasification of Sirnak (Turkey)

coal (CTR) at 50 sL/min air flow rate and power levels between 3 kW -6 kW in Figure
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5.40. The O; in syngas rises from 2.3 % to 2.59 %, the CO; goes down from 23.43 %
to 19.95 %, the CO in syngas mixture fluctuates between 36.74 % and 37.78 %, H»
rises from 1.54 % to 1.92 % and the CH4 decreases from 1.57 % to 1.29 % by
increasing power from 3 kW to 6 kW. The rest of the mixture, N> increases from 34.32

% to 37.50 % by increasing power from 3 kW to 6 kW.

Gasification of Sirnak (Turkey) coal in case of 50 slpm air flow rate
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Figure 5.40 The produced syngas percentages for the gasification of Sirnak (Turkey)
coal (CTR) in case of 50 sL/min air flow rate

The gasification results are shown in case of gasification of Sirnak (Turkey) coal
(CTR) at 75 sL/min air flow rate and power levels between 3 kW — 6 kW in Figure
5.41. The Oz in syngas rises from 3.11 % to 3.49 %, the CO lowers from 28.59 % to
23.34 %, The CO fluctuates between 33.15 % and 34.41 %, H; rises from 1.58 % to
1.94 % and the CHj4 fluctuates between 1.52 % and 1.22 % by increasing power from
3 kW to 6 kW. The rest of the mixture, N> goes up from 32.04 % to 36.47 % by
increasing power from 3 kW to 6 kW.

The fraction of syngas is given in case of gasification of Sirnak (Turkey) coal (CTR)
at 100 sL/min air flow rate and power levels between 3 kW — 6 kW in Figure 5.42.
The O2 in syngas rises from 4.82 % to 5.59 %, the CO goes up from 26.52 % to 29.42
% and Hb rises from 1.63 % to 1.96 % by increasing power from 3 kW to 6 kW. On
the other hand, the CO; gradually reduces by increasing power from 34.31 % at 3 kW
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to 28.48 % at 6 kW. The CHjs fluctuates between 1.55 % and 1.25 % by increasing
power from 3 kW to 6 kW. The rest of the mixture, N> fluctuates between 30.14 % and
34.03 % in power levels between 3 kW and 6 kW.

Gasification of Sirnak (Turkey) coal in case of 75 slpm air flow rate
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Figure 5.41 The produced syngas percentages for the gasification of Sirnak (Turkey)
coal (CTR) in case of 75 sL/min air flow rate

The air flow rate effects the syngas content distribution essentially when the results
compared for 50, 75 and 100 sL/min flow rate in case of gasification of Sirnak

(Turkey) coal (CTR) for various powers from 3 kW to 6 kW.
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Gasification of Sirnak(Turkey) coal in case of 100 slpm air flow rate
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Figure 5.42 The produced syngas percentages for the gasification of Sirnak (Turkey)
coal (CTR) in case of 100 sL/min air flow rate

The increment in flow rate has a reverse effect on CO. It goes down from 36.74 % to
29.42 % by increasing flow rate from 50 sL/min to 100 sL/min at 6 kW power.
However, H; rises slightly from 1.92 % to 1.96 %, the CO> in syngas goes up from
19.95 % to 28.48 %, the CHarises from 1.29 % to 1.35 % and the Oz in syngas mixture
rises from 2.59 % to 5.59 % by increasing flow rate from 50 to 100 sL/min at 6 kW
power. The N> in syngas mixture reduces from 37.5 % to 33.19 % by increasing flow
rate from 50 to 100 sL/min at 6 kW power. Syngas percentages change with similar

way by increasing the flow rate in different power levels.

5.9  Gasification of Polyethylene (PP)

The temperature distribution in gasifier and the syngas mixture content for the
gasification of Polyethylene (PP) are investigated in this section. The temperature
variations are examined by changing the power level between 3 kW-6 kW in case of
50 sL/min, 75 sL/min and 100 sL/min air flow rate. Then the syngas content
percentages are examined by changing the power level between 3 kW-6 kW in case of

50 sL/min, 75 sL/min and 100 sL/min air flow rate.

The temperature distribution in case of 50 sL/min air flow rate input and initially 250

gr Polyethylene (PP) dosed to the reactor is presented in Figure 5.43. The closest
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thermocouple to plasma flame which is located at y/h=0.28 has highest temperature
Ty /h=0.28 = 956°C at 3 kW power. The temperature at y/h=0.28 (Ty/n=¢.2) goes up
from 956 °C to 1520 °C by increasing the power from 3 kW to 6 kW. The temperature
lowers gradually from region of the plasma flame to downward. The lowest measured
temperature is 516°C at the y/h=0.92 (Ty /p=¢.92) and 3 kW power which is the outmost
measurement point from the plasma flame. It varies from 516 to 847 °C by increasing
the power from 3 kW to 6 kW. The average temperatures in the reactor (Tsy,) are
793°C , 867°C, 949°C, 1070°C, 1147°C and 1218°C at 3 kW, 3.6 kW, 4.2 kW, 4.8 kW,
5.4 kW and 6 kW plasma power respectively. The average temperature goes up by

increasing plasma power. Because, the increment of plasma power increases the

energy density in the reactor.
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Figure 5.43 The temperature distribution for the gasification of Polyethylene (PP) in
case of 50 sL/min air flow rate

The temperature distribution in case of 75 sL/min air flow rate input and initially 250
gr Polyethylene (PP) dosed to the reactor is given in Figure 5.44. The nearest
thermocouple to plasma flame which is located at y/h=0.28 has highest temperature
Ty /h=0.28 = 933°C at 3 kW power. The temperature at y/h=0.28 (Ty /p=0.2g) rises from
933 to 1502°C by increasing the power from 3 kW to 6 kW. The temperature goes
down gradually from region of the plasma flame to downward. The minimum
temperature is 472 °C at the y/h=0.92 (Ty /n-¢.92) and 3 kW power which is the farthest

point from the plasma flame. It goes up from 472 to 887 °C by increasing the power
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from 3 kW to 6 kW. The average temperatures in the reactor (Tsyy) are 700°C, 830°C,
935°C, 1024°C, 1101°C and 1183°C at 3 kW, 3.6 kW, 4.2 kW, 4.8 kW, 5.4 kW and 6
kW plasma power respectively. The average temperature rises by increasing plasma
power. Because, the increment of plasma power enhances the energy density in the

reactor.

The the average temperature in gasifier reduces by increasing the flow rate from 50 to
75 sL/min. Because, the increment of air flow rate decreases the energy density in
reactor. However, the temperature in the reactor becomes more uniform. The variation
of temperature at point y/h=0.28 (Ty /p=¢.25) and y/h=0.92 (Ty n=0.92) at 6 kW plasma
power and 50 sL/min air flow rate is 673°C, while it is 615°C at 6 kW plasma power

and 75 sL/min air flow rate.

Gasification of Polyethylene in Case of 75 slpm Air Flow
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Figure 5.44 The temperature distribution for the gasification of Polyethylene (PP) in
case of 75 sL/min air flow rate

The temperature distribution is shown in Figure 5.45 in case of 100 sL/min air flow
rate input and initially 250 gr Polyethylene (PP) dosed to the reactor. The closest
thermocouple to plasma flame which is located at y/h=0.28 has highest temperature
Ty /h=0.28 = 870°C at 3 kW power. The temperature at y/h=0.28 (Ty /p=0.2g) rises from
870 to 1445 °C by increasing the power from 3 kW to 6 kW. The temperature reduces
gradually from region of the plasma flame to downward. The lowest temperature is

measured 461 °C at the y/h=0.92 (Ty/pn-¢.92) and 3 kW power which is the outmost
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measurement point from the plasma flame. It rises from 461 to 872 °C by increasing
the power from 3 kW to 6 kW. The average temperatures in the reactor (Tsy,) are
629°C , 762°C, 876°C, 936°C, 1030°C and 1134°C at 3 kW, 3.6 kW, 4.2 kW, 4.8 kW,
5.4 kW and 6 kW respectively. The average temperature rises by increasing plasma

power. Because, the increment of plasma power enhances the energy density in the

reactor.

The average temperature reduces by increasing the flow rate from 75 to 100 sL/min
too. Because, the increment of air flow rate lowers the energy density in reactor. The
temperature in the reactor at 100 sL/min becomes more uniform when it is compared

with 75 sL/min. The variation of temperature at point y/h=0.28 (Ty/p=¢.25) and y/h=
0.92 (Ty/n=0.92) at 6 kW and 75 sL/min is 615°C, while it is 572°C at 6 kW and 100

sL/min.
Gasification of Polyethylene in Case of 100 slpm Air Flow
1600 Rate
S 1400 -I: 3000W
g . 3600W
£ 1200 X 4200W
o} X "
4800W

E 1000 ® - .
z ® N - +5400W
L 800 ~+
S X - 6000W
3} X
5 600
§ 400
o
5
= 200

0

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Measurement Position Along Reactor Axis (y/h)

Figure 5.45 The temperature distribution for the gasification of Polyethylene (PP) in
case of 100 sL/min air flow rate

The syngas content distribution is given in case of gasification Polyethylene (PP) at 50
sL/min air flow rate and power levels between 3 kW — 6 kW in Figure 5.46. The Oz in
syngas goes up from 1.12 % to 1.52 %, the CO; lowers from 16.21 % to 11.21 %, the
CO goes up from 19.62 % to 22.27 %, Ha rises from 9.8 % to 12.56 % by increasing
power from 3 kW to 6 kW and CHg4 reduces from 2.12 % to 1.86 % by increasing
power from 3 kW to 6 kW. The rest of the mixture, N> slightly decreases from 51.13
% to 50.58 % by increasing power from 3 kW to 6 kW.
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Gasification of Polyethylene in case of 50 slpm air flow rate
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Figure 5.46 The produced syngas percentages for the gasification of polyethylene (PP)
in case of 50 sL/min air flow rate

The syngas mixture content after gasification process is presented in case of
gasification Polyethylene (PP) at 75 sL/min air flow rate and power levels between 3

kW — 6 kW in Figure 5.47.

Gasification of Polyethylene in case of 75 slpm air flow rate
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Figure 5.47 The produced syngas percentages for the gasification of polyethylene (PP)
in case of 75 sL/min air flow rate
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The Oz in syngas fluctuates between 1.96 % and 2.03 %, the CO; reduces from 20.12
% to 17.32 %, the CO rises from 16.44 % to 18.54 %, H> goes up from 11.12 % to
12.89 % and CH4 lowers from 1.95 % to 1.63 % by increasing power from 3 kW to 6
kW. The rest of the mixture, N> fluctuates between 47.61 % and 48.54 % by increasing
power from 3 kW to 6 kW.

Gasification of Polyethylene in case of 100 slpm air flow rate
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Figure 5.48 The produced syngas percentages for the gasification of polyethylene (PP)
in case of 100 sL/min air flow rate

The syngas mixture content after the process is shown in case of gasification
Polyethylene (PP) at 100 sL/min air flow rate and power levels between 3 kW — 6 kW
in Figure 5.48. The O in syngas rises from 2.39 % to 2.68 %, the CO, goes down from
22.16 % to 20.16 %, the CO rises from 14.12 % to 16.32 %, the H> goes up from 11.21
% to 13.14 % and CHa4 rises from 2.03 % to 2.81 % by increasing power from 3 kW to
6 kW. The rest of the mixture, N> decreases by increasing power from 48.09 % to

44.89 % by increasing power from 3 kW to 6 kW.

The effects of air flow rate on syngas content distribution is studied when the results
compared for 50, 75 and 100 sL/min flow rate in case of gasification of polyethylene
(PP) for various power level from 3 kW to 6 kW. The increment in flow rate has a
reverse effect on CO. The CO reduces from 22.27 % to 16.32 % by increasing flow
rate from 50 sL/min to 100 sL/min at 6 kW power. On the other hand, H> goes up
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slightly from 12.56 % to 13.14 %, the CO: in syngas rises from 11.21 % to 20.16 %,
the CH4rises from 1.86 % to 2.81 % and the O in syngas mixture rises from 1.52 %
to 2.68 % by increasing flow rate from 50 to 100 sL/min at 6 kW power. The N> in
syngas mixture reduces from 50.58 % to 44.89 % by increasing flow rate from 50 to
100 sL/min at 6 kW power. Syngas percentages change with similar way by increasing

the flow rate in different power levels.

5.10 Evaluation of ash-reminder of fuel after gasification process

In this section, the ash of fuels after gasification process is evaluated. The amount of
ash was measured by mass balance system and the ash content was examined by using
EDX (Energy Dispersive X-ray) system. Even though the many elements are
determined in very low level, carbon, oxygen and sulphur are considered for the
evaluation because of their importance on the the gasification characteristics and
environmental effects. The detailed content distributions (EDX analysis) and SEM
anlysis results are given in Appendix-2. Because of low moleculer wieght of hydrogen,

the EDX system could not detect the hydrogen.

The ash outputs from the reactor slightly decreases by increasing the plasma power
while it increases by increasing the air flow rate regardless to fuel type. In case of
gasification of 250 g Hornbeam sawdust (HSD) at 50 sL/min air flow rate, the ash
amount decreases from 0.00216 kg to 0.00183 kg by increasing plasma power from 3
kW to 6 kW as given in Table 5.1. In case of 3 kW plasma power, the ash amount
increases from 0.00216 kg to 0.0026 kg by rising the air flow rate from 50 sL/min to
100 sL/min. In case of gasification of 250 g pine tree sawdust (PSD) at 50 sL/min air
flow rate, the ash amount decreases from 0.00282 kg to 0.00174 kg by increasing
plasma power from 3 kW to 6 kW. In case of 3 kW plasma power, the ash amount
increases from 0.00282 kg to 0.00482 kg by rising the air flow rate from 50 sL/min to
100 sL/min. In case of gasification of 250 g Russian coal (CR) at 50 sL/min air flow
rate, the ash amount decreases from 0.05232 kg to 0.03927 kg by increasing plasma
power from 3 kW to 6 kW. In case of 3 kW plasma power, the ash amount increases
from 0.05232 kg to 0.0738 kg by rising the air flow rate from 50 sL/min to 100 sL/min.
In case of gasification of 250 g South African coal (CSA) at 50 sL/min air flow rate,
the ash amount decreases from 0.05621 kg to 0.04418 kg by increasing plasma power

from 3 kW to 6 kW. In case of 3 kW plasma power, the ash amount increases from
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0.05621 kg to 0.07767 kg by rising the air flow rate from 50 sL/min to 100 sL/min. In
case of gasification of 250 g Sirnak (Turkey) coal (CTR) at 50 sL/min air flow rate,
the ash amount decreases from 0.06947 kg to 0.04926 kg by increasing plasma power
from 3 kW to 6 kW. In case of 3 kW plasma power, the ash amount increases from
0.06947 kg to 0.09177 kg by rising the air flow rate from 50 sL/min to 100 sL/min. In
case of gasification of 250 g Polyethylene (PP) at 50 sL/min air flow rate, the ash
amount decreases from 0.0021 kg to 0.00116 kg by increasing plasma power from 3
kW to 6 kW. In case of 3 kW plasma power, the ash amount increases from 0.0021 kg
to 0.00613 kg by rising the air flow rate from 50 sL/min to 100 sL/min.

After gasification process, the content of ash outputs for the cases are presented in
Table 5.5. The ash content is examined in case of varied powers and air flow rates. In
case of gasification of Hornbeam sawdust (HSD) at 50 sL/min air flow rate, while the
carbon (C) content before the gasification process is 49.3 %, it is 76.6 % for 3 kW
plasma power and 77 % for the 6 kW plasma power. The oxygen (O) content before
gasification is 47.5 %, it is 19.1 % for 3 kW plasma power and 19.3 % at 6 kW plasma
power. The suphur (S) content before gasification is 0.39 %, it is 0.63 % for 3 kW
plasma power and 0.59 % at 6 kW plasma power. The other elements before
gasification is 2.8 %, it is 3.7 % for 3 kW plasma power and 3.2 % at 6 kW plasma
power. The Carbon (C) content is 59.6 %, the Oxygen (O) content is 29.4 %, the
Sulphur (S) content is 0.45 % and other elements are 10.5 % when the flow rate is

increased to 100 sL/min.

In case of gasification of pine tree sawdust (PSD) at 50 sL/min air flow rate, while the
carbon (C) content before the gasification process is 54 %, it is 70.7 % for 3 kW plasma
power and 78.9 % for the 6 kW plasma power. The oxygen (O) content before
gasification is 44.3 %, it is 21.9 % for 3 kW plasma power and 12.5 % at 6 kW plasma
power. The suphur (S) content before gasification is 0.27 %, it is 0.94 % for 3 kW
plasma power and 4.3 % at 6 kW plasma power. The other elements before gasification
is 1.5 %, it is 6.5 % for 3 kW plasma power and 4.4 % at 6 kW plasma power. When
the flow rate is increased to 100 sL/min, the Carbon (C) content is 75.3 %, the Oxygen
(O) content is 20.7 %, the Sulphur (S) content is 0.33 % and other elements are 3.7 %.

In case of gasification of Russian coal (CR) at 50 sL/min air flow rate, while the carbon

(C) content before the gasification process is 71.3 %, it is 43.2 % for 3 kW plasma
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power and 92.1 % for the 6 kW plasma power. The oxygen (O) content before
gasification is 19.3 %, it is 28.6 % for 3 kW plasma power and 6.5 % at 6 kW plasma
power. The suphur (S) content before gasification is 0.49 %, it is 0.55 % for 3 kW
plasma power and it is not detected at 6 kW plasma power. The other elements before
gasification is 8.9 %, it is 27.7 % for 3 kW plasma power and 1.4 % at 6 kW plasma
power. When the flow rate is increased to 100 sL/min, the Carbon (C) content is 78.9
%, the Oxygen (O) content is 15.8 %, the Sulphur (S) content is 0.37 % and other

elements are 4.9 %.

In case of gasification of South African coal (CSA) at 50 sL/min air flow rate, while
the carbon (C) content before the gasification process is 71.6 %, it is 58.9 % for 3 kW
plasma power and 46.3 % for the 6 kW plasma power. The oxygen (O) content before
gasification is 19.1 %, it is 8.7 % for 3 kW plasma power and 32.4 % at 6 kW plasma
power. The suphur (S) content before gasification is 0.7 %, it is 1.3 % for 3 kW plasma
power and it is not detected at 6 kW plasma power. The other elements before
gasification is 8.6 %, it is 31.1 % for 3 kW plasma power and 21.3 % at 6 kW plasma
power. When the flow rate is increased to 100 sL/min, the Carbon (C) content is 69.6
%, the Oxygen (O) content is 20.7 %, the Sulphur (S) content is 1.5 % and other

elements are 8.3 %.

In case of gasification of Sirnak (Turkey) coal (CTR) at 50 sL/min air flow rate, while
the carbon (C) content before the gasification process is 60.7 %, it is 19.8 % for 3 kW
plasma power and 63.4 % for the 6 kW plasma power. The oxygen (O) content before
gasification is 20.5 %, it is 39.5 % for 3 kW plasma power and 11.7 % at 6 kW plasma
power. The suphur (S) content before gasification is 6.5 %, it is 0.14 % for 3 kW
plasma power and it is 5.4 % at 6 kW plasma power. The other elements before
gasification is 12.3 %, it is 40.6 % for 3 kW plasma power and 19.5 % at 6 kW plasma
power. When the flow rate is increased to 100 sL/min, the Carbon (C) content is 19.2
%, the Oxygen (O) content is 36.5 %, the Sulphur (S) content is 2.3 % and other

elements are 42 %.

In case of gasification of Polyethylene (PP) at 50 sL/min air flow rate, while the carbon
(C) content before the gasification process is 82.4 %, it is 25.6 % for 3 kW plasma
power and 4.2 % for the 6 kW plasma power.
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Table 5.5 Comparison of EDX analysis results of solid fuels and their ash

Ash EDX analysis
Power
(W)
C (0] S Other elements
Hornbeam .sawd.ust-before i 493 475 039 o
gasification
Hornbeam sawdust-50 3000 76.6 19.1 0.62 3.7
sL/min 6000 76.9 19.3 0.59 3.2
Hornbeam sawdust-100 3000 | 596 | 294 | 045 10.5
sL/min
Pine tree s.awdl.lst-before i 54 443 027 15
gasification
. . 3000 70.7 21.9 0.94 6.5
Pine tree sawdust-50 sL/min
6000 78.9 12.5 43 44
pine treciy dust-100 3000 | 753 | 207 | 033 3.7
sL/min
N o RS . 713 | 193 | 049 8.9
gasification
) ) 3000 43.2 28.6 0.55 27.7
Russian coal-50 sL/min
6000 92 6.5 3 1.4
Russian coal-100 sL/min 3000 78.9 15.8 0.37 4.9
South Aﬁlgan cpal—before i 716 191 0.67 3.6
gasification
South African coal-50 3000 58.9 8.7 1.3 31.1
sL/min 6000 46.3 324 - 21.3
South African coal-100 3000 69.6 | 207 1.5 8.3
sL/min
Sirnak (Turkey) coal-before i 607 | 205 | 65 12.3
gasification
Sirnak (Turkey) coal-50 3000 19.8 39.5 0.14 40.6
sL/min 6000 63.4 11.7 5.4 19.5
Snak (Turkey) coal-100 3000 192 | 365 2.3 42
sL/min
Polyethlylene.—before i 82 4 1 0.14 6.4
gasification
) 3000 25.6 43.8 0.14 30.5
Polyethylene-50 sL/min
6000 4.2 422 - 53.6
Polyethylene-100 sL/min 3000 9 50.3 0.15 40.5

The oxygen (O) content before gasification is 11 %, it is 43.8 % for 3 kW plasma
power and 42.2 % at 6 kW plasma power. The suphur (S) content before gasification
15 0.14 %, it is 0.14 % for 3 kW plasma power and it is not detected at 6 kW plasma
power. The other elements before gasification is 6.4 %, it is 30.5 % for 3 kW plasma
power and 53.6 % at 6 kW plasma power. When the flow rate is increased to 100
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sL/min, the Carbon (C) content is 9 %, the Oxygen (O) content is 50.3 %, the Sulphur
(S) content is 0.15 % and other elements are 40.5 %.

5.11 Conclusion

In this section, the plasma gasification characteristics of the solid fuels are presented.
6 different solid fuels, Russian coal (CR), South African coal (CSA), Sirnak coal
(CTR), pine tree sawdust (PSD), hornbeam sawdust (HSD) and polyethylene (PP) are
gasified at various powers between 3 kW and 6 kW, and various air flow rates at 50
sL/min, 75 sL/min and 100 sL/min. The temperature distribution in the gasifier is
specified by measuring the temperature by thermocouples at y/h=0.28, 0.44, 0.6, 0.76
and 0.92 in each case. The 6 types of solid fuels are sorted according to type of them
as follows; pine tree sawdust (PSD), hornbeam sawdust (HSD) are sawdust, Russian
coal (CR), South African coal (CSA), Sirnak coal (CTR) are coals and polyethylene
(PP) is polyethylene. According to this classification, the characteristics of each type

of fuels are given in detail.

In case of gasification of sawdust, the average temperature in the reactor increases
approximately 13.26 % when it is compared to without fuel (WF) case. The reactor
temperature increases by raising the plasma power while it reduces by increasing the
air flow rate. The increment in the syngas temperature is 53.76 % at 50 sL/min, 69.29
% at 75 sL/min and 80.46 % for 100 sL/min when the plasma power increases from
3kW to 6 kW. The reduction in the syngas temperature is 18 % for 3 kW and 3.75 %
for 6 kW when the flow rate increases from 50 sL/min to 100 sL/min. The highest
syngas temperature is 1175.23 °C at 6 kW plasma power, 50 sL/min and hornbeam
sawdust (HSD) gasification for the gasification of sawdust. The lowest syngas
temperature is 620.75 °C at 3 kW plasma power, 100 sL/min and hornbeam sawdust
(HSD) gasification for the gasification of sawdust. In case of gasification of coals, the
average temperature in the reactor increases approximately 18.55 % when it is
compared to without fuel case. The reactor temperature increases by raising the plasma
power while it reduces by increasing the air flow rate. The increment in the syngas
temperature is 54.37 % at 50 sL/min, 69.37 at 75 sL/min and 81.5 % for 100 sL/min
when the plasma power increases from 3kW to 6 kW. The reduction in the syngas
temperature is 20.15 % for 3 kW and 6.12 % for 6 kW when the flow rate increases
from 50 sL/min to 100 sL/min. The highest syngas temperature is 1276.14 °C at 6 kW
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plasma power, 50 sL/min and Russian coal (CR) gasification for the gasification of
coal. The lowest syngas temperature is 640.89 °C at 3 kW plasma power, 100 sL/min
and Sirnak (Turkey) coal (CTR) gasification for the gasification of coal. In case of
gasification of polyethylene, the average temperature in the reactor increases
approximately 15.65 % when it is compared to without fuel case. The reactor
temperature increases by raising the plasma power while it reduces by increasing the
air flow rate. The increment in the syngas temperature is 53.49 % at 50 sL/min, 68.98
at 75 sL/min and 80.31 % for 100 sL/min when the plasma power increases from 3kW
to 6 kW. The reduction in the syngas temperature is 20.74 % for 3 kW and 6.88 % for
6 kW when the flow rate increases from 50 sL/min to 100 sL/min. The highest syngas
temperature is 1217.91 °C at 6 kW plasma power, 50 sL/min for polyethylene (PP)
gasification. The lowest syngas temperature is 628.94 °C at 3 kW plasma power, 100
sL/min for polyethylene (PP) gasification. In all the experimentation, the highest
syngas temperature is 1276.14 °C at 6 kW plasma power, 50 sL/min and Russian coal
(CR) gasification while the lowest syngas temperature is 620.75 °C at 3 kW plasma

power, 100 sL/min and hornbeam sawdust (HSD) gasification.

In case of gasification of sawdust, the syngas production reduces by raising the power
from 3 kW to 6 kW. The syngas production decreases approximately 24.69 % in case
of 50 sL/min air flow rate, 24.64 % in case of 75 sL/min air flow rate and 23.48 % in
case of 100 sL/min air flow rate by increasing the plasma power from 3 kW to 6 kW.
Also, increasing air flow rate reduced the syngas production. The reduction in the
syngas production is 21.33 % for 3 kW and 20.05 % for 6 kW when the flow rate
increases from 50 sL/min to 100 sL/min. The highest syngas production is 1.116 kg at
3 kW plasma power, 50 sL/min and hornbeam sawdust (HSD) gasification for the
sawdust gasification. The lowest syngas production is 0.662 kg at 6 kW plasma power,
100 sL/min air flow rate and hornbeam sawdust (HSD) gasification for the sawdust
gasification. In case of gasification of coals, the syngas production lowers by raising
the power from 3 kW to 6 kW. The syngas production decreases approximately 25.46
% in case of 50 sL/min air flow rate, 23.20 % in case of 75 sL/min air flow rate and
21.5 % in case of 100 sL/min air flow rate by increasing the plasma power from 3 kW
to 6 kW. Increasing air flow rate reduced the syngas production too. The reduction in
the syngas production is 22.98 % for 3 kW and 20.3 % for 6 kW when the flow rate
increases from 50 sL/min to 100 sL/min. The highest syngas production is 1.204 kg at
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3 kW plasma power, 50 sL/min air flow rate and Russian coal (CR) gasification for
the coal gasification. The lowest syngas production is 0.72 kg at 6 kW plasma power,
100 sL/min air flow rate and Sirnak (Turkey) coal (CTR) gasification for the coal
gasification. In case of gasification of polyethylene, the syngas production decreases
by raising the power from 3 kW to 6 kW. The syngas production decreases
approximately 15.26 % in case of 50 sL/min air flow rate, 11.32 % in case of 75 sL/min
air flow rate and 9.19 % in case of 100 sL/min air flow rate by increasing the plasma
power from 3 kW to 6 kW. Furthermore, increasing air flow rate reduces the syngas
production. The reduction in the syngas production is 7.03 % for 3 kW and 0.37 % for
6 kW when the flow rate increases from 50 sL/min to 100 sL/min. The highest syngas
production is 0.899 kg at 3 kW plasma power, 50 sL/min for the polyethylene (PP)
gasification. The lowest syngas production is 0.759 kg at 6 kW plasma power, 100
sL/min for the polyethylene (PP) gasification. In all the experimentation, the highest
syngas production is 1.204 kg at 3 kW plasma power, 50 sL/min air flow rate and
Russian coal (CR) gasification while the lowest syngas production is 0.662 kg at 6 kW
plasma power, 100 sL/min air flow rate and hornbeam sawdust (HSD) gasification.
The syngas production changes depending on air flow rate and power. By raising the
power, the gasification duration reduces. Because of the reduction in gasification time,
the supplied air amount decreases. As a result, the produced syngas decreases. By
raising the air flow rate, the supplied amount of mass to reactor increases. Because of

increasing input mass to reactor, the syngas and ash outputs rise up.

As quantity of syngas production varies with plasma power and air flow rate, the
quality of syngas varies by changing plasma power and air flow rate too. In case of
gasification of sawdust, the O, percentage in syngas increases approximately 18 %,
CO; percentage in syngas reduces approximately 31 %, CO percentage in syngas
increases approximately 131 %, H» percentage in syngas increases approximately 195
%, CH4 percentage in syngas increases approximately 1 % and N> percentage in syngas
reduces approximately 11 % by increasing power from 3 kW to 6 kW. The O>
percentage in syngas increases approximately 36 %, CO; percentage in syngas
increases approximately 38 %, CO percentage in syngas decreases approximately 25
%, H» percentage in syngas reduces approximately 12 %, CH4 percentage in syngas
increases approximately 11 % and N2 percentage in syngas reduces approximately 1

% by increasing air flow rate from 50 sL/min to 100 sL/min. In case of gasification of
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coals, the O2 percentage in syngas increases approximately 10 %, CO2 percentage in
syngas reduces approximately 13.5 %, CO percentage in syngas increases
approximately 8 %, H percentage in syngas increases approximately 25 %, CHa
percentage in syngas reduces approximately 16 % and N» percentage in syngas goes
up approximately 2.5 % by increasing power from 3 kW to 6 kW. The O, percentage
in syngas increases approximately 106 %, CO> percentage in syngas increases
approximately 37 %, CO percentage in syngas decreases approximately 16 %, Ha
percentage in syngas reduces approximately 9 %, CHg percentage in syngas increases
approximately 11 % and N> percentage in syngas reduces approximately 16 % by
increasing air flow rate from 50 sL/min to 100 sL/min. In case of gasification of
polyethylene, the O> percentage in syngas increases approximately 16 %, CO2
percentage in syngas reduces approximately 18 %, CO percentage in syngas increases
approximately 14 %, H percentage in syngas increases approximately 20 %, CHa
percentage in syngas increases approximately 3 % and N> percentage in syngas goes
down approximately 3 % by increasing power from 3 kW to 6 kW. The Oz percentage
in syngas increases approximately 95 %, COz percentage in syngas increases
approximately 58 %, CO percentage in syngas decreases approximately 27 %, Ha
percentage in syngas increases approximately 9.5 %, CH4 percentage in syngas
increases approximately 23 % and Nz percentage in syngas reduces approximately 8.5

% by increasing air flow rate from 50 sL/min to 100 sL/min.

The ash output reduces by raising the power from 3 kW to 6 kW in case of gasification
of sawdust. The ash output decreases approximately 26.79 % in case of 50 sL/min air
flow rate, 27.83 % in case of 75 sL/min air flow rate and 28 % in case of 100 sL/min
air flow rate by increasing the plasma power from 3 kW to 6 kW. However, increasing
air flow rate rises the ash output. The increment in the ash output is 45.65 % for 3 kW
and 44.42 % for 6 kW when the flow rate increases from 50 sL/min to 100 sL/min.
The highest ash output is 0.00482 kg at 3 kW plasma power, 100 sL/min and pine tree
sawdust (PSD) gasification for the sawdust gasification. The lowest ash output is
0.00174 kg at 6 kW plasma power, 50 sL/min and pine tree sawdust (PSD) gasification
for the gasification of sawdust. In case of gasification of coals, the ash output reduces
by raising the power from 3 kW to 6 kW. The ash output decreases approximately
37.71 % in case of 50 sL/min air flow rate, 42.51 % in case of 75 sL/min air flow rate

and 45.92 % in case of 100 sL/min air flow rate by increasing the plasma power from
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3 kW to 6 kW. On the other hand, increasing air flow rate rises the ash output. The
increment in the ash output is 37.11 % for 3 kW and 26.96 % for 6 kW when the flow
rate increases from 50 sL/min to 100 sL/min. The highest ash output is 0.09177 kg at
3 kW plasma power, 100 sL/min and Sirnak (Turkey) coal (CTR) gasification for the
coal gasification. The lowest ash output is 0.03927 kg at 6 kW plasma power, 50
sL/min and Russian coal (CR) gasification for the coal gasification. In case of
gasification of polyethylene, the ash output reduces by raising the power from 3 kW
to 6 kW. The ash output decreases approximately 44.76 % in case of 50 sL/min air
flow rate, 40.55 % in case of 75 sL/min air flow rate and 34.58 % in case of 100 sL/min
air flow rate by increasing the plasma power from 3 kW to 6 kW. However, increasing
air flow rate rises the ash output significantly. The increment in the ash output is 191.9
% for 3 kW and 245.69 % for 6 kW when the flow rate increases from 50 sL/min to
100 sL/min. The highest ash output is 0.00613 kg at 3 kW plasma power, 100 sL/min
for the polyethylene (PP) gasification. The lowest ash output is 0.00116 kg at 6 kW
plasma power, 50 sL/min for the polyethylene (PP) gasification. The ash output varies
depending on air flow rate and power. By raising the power, the conversion from fuel
to syngas increases and the output ash decreases. However, increasing the air flow rate

effects the fuel to syngas conversion adversely and increases the ash output.
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CHAPTER VI
THERMODYNAMIC ANALYSIS

In this section, the thermodynamic analysis methodology is given in detail. The content
conversion performance of syngas (CCPsyy,), ash (CCP,g) and hydrogen (CCPy,) are
defined. Also, hydrogen quality (Hg) is introduced. Process energy efficiency (ngp)
and system energy efficiency (ngs), hot gas efficiency (ngg), process exergetic
efficiency (ngxp) and system exergetic efficiency (ngxs) terms are described in detail.
Then, the thermodynamic performance of solid fuels; Russian coal (CR), South
African coal (CSA), Sirnak coal (CTR), pine tree sawdust (PSD), hornbeam sawdust
(HSD) and polyethylene (PP) are examined in detail. The thermodynamic performance
of each solid fuel gasification in case of 50, 75 and 100 sL/min air flow rate and varied

powers between 3 kW and 6 kW are presented for each fuel type.

6.1 First Law Treatment Methodology

Overall theoretical system energy efficiency, ng can be defined as the ratio of output
(syngas and ash) energy to the input (fuel and plasma) energy from the thermodynamic
point of view as defined in equation 6.1. The methodology presented here is based on

the study of author (Ozdinc Carpinlioglu and Sanlisoy, 2018).

K] K]
mS n(kg) HHVS n + mas (kg) HHVaS ( )
nel%] = — n(Chg) i g x100  (6.1)

mfuel(kg)- HHVfuel (k]/kg) + Eplasma (k])

If syngas is at ambient condition, the higher heating value (HHV) is used. On the other
hand, if the syngas is at operation condition that is usually higher than evaporation
temperature of the water, the lower heating value (LHV) should be taken as heating

value of fuel.

In order to determine the energy content of individual species the mass balance should

be referred in equation 6.2:

Minput — Moutput = (my —my)ey (k) (6.2)
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The mass balance defined above on a conceptual basis can be expressed in equation
6.3:

Myjr — Mgyp — Mugp = (0 - mfuel)CV (kg) (6.3a)
Meyel + Myjr = Mgyn + Magp (kg) (6.3b)

A practical and meaningful efficiency term for mass balance is described by
introducing a content conversion performance CCP. The process performance is
directly related to the decomposition of fuel into its end products of syngas and ash.
Since the profit or the required output is syngas, content conversion performance for
the syngas (CCPgyn) can be defined in terms of syngas mass (mgy,) and mass of

fuel,(mgye)) as follows in equation 6.4a:

o1 — msyn
CCPyyn[%] = e 100 (6.4a)
ue

Similarly the mass of ash (1m,s,) generated as an output of plasma gasification can be

expressed by content conversion performance of ash (CCPagn) in equation 6.4b.

ash

m
CCP,sn[%] = x 100 (6.4b)

fuel

CCPyy, and CCP,gp, are expressed in percentages. The best performance is given with
the case of CCPsy,, which is close to 100 % in association with CCP,g, which is close
to 0 %. Furthermore the hydrogen content of syngas as a function of fuel is another
important measure. Content conversion performance for hydrogen (CCPy,) can also

be defined in equation 6.4c.

0 MH,
CCPy, [%] = — x 100 (6.4¢)
ue

Meanwhile hydrogen quality of syngas can be defined by the term Hy defined as

follows in percentages in equation 6.4d:

mHz

Ho[%] = X 100 (6.4d)

Mgyn

Since the conversion of fuel to syngas is the aim; energy efficiency parameters for

process and system can be defined disregarding the ash formation.
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Energy efficiency of process, (ngp) is defined as the ratio of syngas energy to the

supplied fuel energy as given in equation 6.5a:

msyn (kg)- H I—IVsyn (k]/kg)

Mfye] (kg)- HHVfuel (k]/ kg)

T]Ep[%] = x 100 (6.5a)

The definition of syngas energy and fuel energy are given in equations 6.5b and 6.5c.

E:syn k) = Msyn (kg)- HHVsyn(k]/kg) (6.5b)

Efyer (KJ) = mgye1(kg). HHVpye) (k]/ kg) (6.5¢)

Energy efficiency of system (ngs) is defined as the ratio of syngas energy to the

supplied fuel energy and the input plasma energy, (Epjasma) @s given in equation 6.6:

Eplasma kD) = Wplasma( kW). tg (s) (6.6a)

msyn (kg)- I_IHVsyn (kl/ kg)

Mfyel (kg)- HHVfuel (k]/kg) - Eplasma (k])

T]Es[%] = X 100 (6.6b)

In these efficiency definitions, the temperature of the syngas (Tsyy,) or the sensible

energy level of the syngas are the critical parameters. Hot gas efficiency (nyg) is taken
into account for the cases of syngas temperature (Tsy,) is higher than the ambient

temperature (Ty). The system hot gas efficiency (nyg) is given in equation 6.7.

Mgyn (KE). [HHVSyrl (k] /kg) + Cp(syn) (k] /kg. K) (Tsyn — To) (K )]

Meye] (kg)- HI'IVfuel (k]/kg) + Eplasma( kD

Nucl%] = x 100 (6.7)
Process hot gas efficiency is defined with equation 6.7 disregarding input plasma
energy (Epjasma). However adiabatic gasification reactor assumption results in 100 %
hot gas efficiency. Therefore, it is meaningful to consider cold gas efficiency (Loha et
al., 2011) as was done previously by other researchers (Table 2.2). Therefore
efficiency parameters for process (nNgp) and system (1gs) in equation 6.5 and equation

6.6 are referred as cold gas ones with assumption of Tgy, = T .
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Since energy efficiency parameters are based upon the determination of higher heating
value (HHV) and lower heating value (LHV); HHV and LHV of the fuel can be
calculated by using equation 6.8 described by Channiwala and Parikh, 2002
(Channiwala and Parikh, 2002) and by using equation 6.9 described by Finet, 1987
(Finet, 1987) respectively.

M

HHV = 0.3491C + 1.1783H + 0.1005S — 0.10340 — 0.0151N — 0.0211ash (k—é) (6.8)
M]

LHV = HHV(1 — H,0) — 2440(H,0 + 9H) (k—g) (6.9)

Table 6.1 Heating values of gas species at 25°C (Cengel and Boles, 2007)

Substances HHV (klJ/kg) LHV (kJ/kg)
CO 10,100 10,100

H> 141,800 120,000
CH4 55,530 50,050

Car 50,900 48,000

Meanwhile, the heating value of a syngas mixture can be determined by taking the
partial heating value of gas species. Heating value of some gases are given in Table

6.1 (Cengel and Boles, 2007).

6.2  Thermodynamic analysis of hornbeam sawdust (HSD) gasification process

In this section, thermodynamic performance of hornbeam sawdust (HSD) gasification
process is handled. The content conversion performance of syngas (CCPqyy), content
conversion performance of ash (CCPgg}, ), content conversion performance of hydrogen
(CCPy,), hydrogen quality of syngas (Hg), process energy efficiency (ngp), system
energy efficiency (ngs) and hot gas efficiency (nyg) are calculated for each case of
the gasification of hornbeam sawdust (HSD) for various powers from 3 kW to 6 kW
and at 50 sL/min, 75 sL/min and 100 sL/min air flow rate. The results are presented in

this section.

The CCPyy,, CCP,g, CCPy,, Hy, syngas energy, fuel energy and plasma energy are
given in the Table 6.2. The content conversion performance of syngas (CCPgyp)

decreases by increasing plasma power in 50, 75 and 100 sL/min air flow rate cases.
Because, the increasing power reduces the gasification time (tg). The supplied air

amount to the reactor reduces due to the reduction of supplying air flow rate duration.
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As a result the produced syngas amount decreases while the supplied fuel amount is
same. In case of 50 sL/min, it reduces from 446 % at 3 kW plasma power to 336 % at
6 kW plasma power. In case of 75 sL/min, it reduces from 525 % to 395 % by
increasing plasma power from 3 kW to 6 kW. In case of 100 sL/min, it reduces from
604 % to 431 % by increasing plasma power from 3 kW to 6 kW. On the other hand,
the increasing air flow rate causes the increment in the content conversion performance
of syngas (CCPsyy,). It goes up from 446 % to 604 % by increasing air flow rate from
50 sL/min to 100 sL/min at 3 kW power. Similarly, it increases from 336 % to 431 %

by increasing air flow rate from 50 sL/min to 100 sL/min at 6 kW power.

The content conversion performance of ash (CCP,s,) decreases by increasing the
plasma power in 50, 75 and 100 sL/min air flow rate cases because of the enhancement
of solid fuel conversion to syngas by increasing plasma power. Higher solid fuel
conversion to syngas means less ash output from the reactor. On the other hand, the
air flow rate increases the content conversion performance of ash (CCP,g},). Because,
increasing air flow reduces the temperature in reactor and the conversion of solid fuel
to syngas. As a result, less syngas production and high ash are produced. In case of 50
sL/min, it goes down from 0.86 % at 3 kW power to 0.73 % at 6 kW power. In case of
75 sL/min, it decreases from 0.94 % to 0.76 % by increasing power from 3 kW to 6
kW. In case of 100 sL/min, it reduces from 1.04 % to 0.85 % by increasing power from
3 kW to 6 kW. On the other hand, the increasing air flow rate causes the increment of
content conversion performance of ash (CCP,qp). It goes up from 0.86 % to 1.04 % by
increasing air flow rate from 50 sL/min to 100 sL/min at 3 kW power. Similarly, it
increases from 0.73 % to 0.85 % by increasing of air flow rate from 50 sL/min to 100

sL/min at 6 kW power.

The content conversion performance of hydrogen (CCPy, ) increases by increasing the
plasma power in 50, 75 and 100 sL/min air flow rate cases because of increment of
syngas temperature and enhancement in conversion of solid fuel to syngas.
Enhancement in syngas conversion increases the production of hydrogen. Also, the air
flow rate increases the content conversion performance of hydrogen (CCPy, ). Because,
the increasing air flow rate also increases the syngas production. Higher production of
syngas means the higher hydrogen production from the same amount of the fuel. In

case of 50 sL/min, it increases from 0.7 % at 3 kW power to 2.13 % at 6 kW power.
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In case of 75 sL/min, it goes up from 0.75 % to 2.03 % by increasing power from 3
kW to 6 kW. In case of 100 sL/min, it increases from 0.76 % to 2.05 % by increasing
power from 3 kW to 6 kW. Also, the increasing air flow rate enhances the content
conversion performance of hydrogen (CCPy,) in many cases. It goes up from 0.7 % to
0.76 % by increasing air flow rate from 50 sL/min to 100 sL/min at 3 kW power.
However, it reduces slightly from 2.13 % to 2.05 % by increasing air flow rate from

50 sL/min to 100 sL/min at 6 kW power.

Hydrogen quality of syngas (Hg) goes up by increasing power in 50, 75 and 100 sL/min
air flow rate cases. Because, the hydrogen production is proportional with the
temperature in the reactor. The temperature increases by increasing plasma power.

However, increasing air flow rate reduces the hydrogen quality of syngas (Hg).

Because the air flow rate is inversely proportional with the temperature in the reactor.
In case of 50 sL/min, it increases from 0.16 % at 3 kW power to 0.64 % at 6 kW power.
In case of 75 sL/min, it goes up from 0.14 % to 0.51 % by increasing power from 3
kW to 6 kW. In case of 100 sL/min, it rises from 0.13 % to 0.48 % by increasing power
from 3 kW to 6 kW. Nevertheless, the increasing air flow rate reduces the hydrogen
quality of syngas (Hg). It decreases from 0.16 % to 0.13 % by increasing air flow rate
from 50 sL/min to 100 sL/min at 3kW power. Also, it reduces from 0.64 % to 0.48 %

by increasing air flow rate from 50 sL/min to 100 sL/min at 6 kW power.

Syngas energy increases by increasing plasma power in 50, 75 and 100 sL/min air flow
rate cases. Because, the syngas energy depends on the syngas production and syngas
content especially percentage of CO, H> and CH4. Syngas production reduces by
increasing plasma power. Percentage of CO and H; increases while CH4 remains same
or slightly reduces by increasing plasma power. As a result, the syngas energy
increases by increasing the power. Also, syngas production reduces by increasing air
flow rate and percentage of CO and H» reduces while percentage of CH4 increases by
increasing air flow rate. The production amount and the distribution of syngas effects
the syngas energy. In case of 50 sL/min, syngas energy increases from 1644 kJ at 3
kW plasma power to 2903 kJ at 6 kW plasma power. In case of 75 sL/min, syngas
energy increases from 1715 kJ at 3 kW plasma power to 2621 kJ at 6 kW plasma
power. In case of 100 sL/min, syngas energy increases from 1936 kJ at 3 kW plasma

power to 2479 kJ at 6 kW plasma power. The energy of 250 g hornbeam sawdust
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(HSD) fuel is 5338 kJ. Similarly, the syngas energy increases from 1644 kJ to 1936 kJ
by increasing air flow rate from 50 sL/min to 100 sL/min at 3 kW power. However,
the syngas energy decreases from 2903 kJ to 2479 kJ by increasing air flow rate from
50 sL/min to 100 sL/min at 6 kW power.

Table 6.2 Presentation of the CCPsyy,, CCP,gp, CCPy,, syngas energy, fuel energy and
plasma energy results for the hornbeam sawdust (HSD) gasification process
for various powers and flow rates

Plasma | CCPqyy, | CCPyqp | CCPy,| Hg | Syngas Fuel Plasma
Power (%) (%) (%) | (%) | energy energy | energy

W) (kJ) (kJ) (kJ)
3000 446 0.86 | 0.70 | 0.16 1644 2640
Hornbea 3600 423 0.83 1.30 | 0.31 1985 2952
m 4200 415 0.78 1.50 | 0.36 2078 3360
sawdust- 4800 383 0.76 1.53 | 0.40 2465 3456
50sL/min 5400 368 0.74 1.82 | 0.49 2603 3672
6000 336 0.73 2.13 | 0.64 2903 3600
3000 525 0.94 0.75 | 0.14 1715 2160
Hornbea 3600 484 0.89 1.35 | 0.28 2021 2340
m 4200 472 0.84 1.69 | 0.36 2094 5338 2646
sawdust- 4800 454 0.80 1.71 | 0.38 2196 2880
75sL/min 5400 419 0.78 1.86 | 0.44 2319 2916
6000 395 0.76 | 2.03 | 0.51 2621 3000
3000 604 1.04 | 0.76 | 0.13 1936 1920
Hombea ™3660 573 | 1.00 | 1.51 | 026 | 2227 2160
m 4200 541 0.94 1.53 | 0.28 2204 2352

sawdust-

100sL/mi 4800 509 0.90 1.76 | 0.35 2242 2496
0 5400 454 0.87 1.83 | 0.40 2280 2430
6000 431 0.85 | 2.05 | 0.48 2479 2520

Process energy efficiency (ngp) of hornbeam sawdust (HSD) in case of 50 sL/min, 75
sL/min and 100 sL/min for various plasma powers between 3 kW and 6 kW are
presented in Figure 6.1. Process energy efficiency (ngp) increases by increasing the
plasma power while it remains almost constant by increasing air flow rate. The input
energy is just the fuel energy in the case of process energy efficiency (ngp). So, the
syngas energy is the only one parameter which effects the process energy efficiency
(mep). However, the relation between syngas energy, plasma power, and air flow rate
are sophisticated to define the relation. Increasing power lowers the gasification
duration and reduces the syngas production, but it enhances the conversion of fuel to
syngas and rises the syngas temperature. Similarly, increasing air flow rate lowers the

gasification duration and it reduces the syngas production. Also, it reduces the syngas
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temperature and the conversion of fuel to syngas. As a result, increment of plasma
power rises the process energy efficiency (ngp). However, increasing air flow rate has
insignificant effect on the process energy efficiency (ngp). In case of 50 sL/min air
flow rate, process energy efficiency (ngp) increases from 30.80 % to 54.39 % by
increasing the plasma power from 3 kW to 6 kW. In case of 75 sL/min air flow rate, it
increases from 32.12 % to 49.10 % by increasing the plasma power from 3 kW to 6
kW. In case of 100 sL/min air flow rate, it increases from 36.26 % to 46.44 % by
increasing the plasma power from 3 kW to 6 kW. Increasing plasma power enhances
the process energy efficiency (ngp) in all cases. However, the effect of plasma power
to the process energy efficiency (ngp) decreases by increasing the flow rate. The
increment in efficiency is 76.5 % by increasing plasma power from 3 kW to 6 kW in
50 sL/min and it is 28 % by increasing plasma power from 3kW to 6kW in 100 sL/min.
While increasing air flow rate enhances the process energy efficiency (ngp) at 3 kW
plasma power, increasing air flow rate reduces the process energy efficiency (ngp) at
6 kW plasma power. The process energy efficiency (ngp) goes up from 30.8 % to
36.26 % by increasing the flow rate from 50 sL/min to 100 sL/min in case of 3 kW
power and it reduces from 54.39 % to 46.44 % by increasing the flow rate from 50

sL/min to 100 sL/min in case of 6 kW plasma power.

Process Energy Efficiency of Hornbeam Sawdust (HSD)

Gasification
100.00

90.00
80.00

70.00
60.00 50 sL/min

50.00 75 sL/min

Efficiency

40.00 100 sL/min

30.00
20.00
10.00

0.00
2400 3000 3600 4200 4800 5400 6000 6600

Power (W)

Figure 6.1 Process energy efficiency (ngp) of hornbeam sawdust (HSD) gasification
in the cases of 50-100 sL/min air flow rate and 3-6 kW plasma power
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The system energy efficiency (ngs) depends on the fuel energy, plasma energy and the
syngas energy. The constant amount of fuel is dosed to the reactor in the each case.
However, the plasma energy and syngas energy are varied depending on the plasma
power and air flow rate. Increasing power lowers the gasification duration, reduces
syngas production and increases the plasma energy consumption, but it enhances the
conversion of fuel to syngas and rises the syngas temperature. Similarly, increasing air
flow rate lowers the gasification duration, reduces syngas production and lowers the
plasma energy consumption. On the other hand, it reduces the syngas temperature and
the conversion of fuel to syngas. As a result, increment of plasma power rises the
system energy efficiency (ngs). However, increasing air flow rate has lighter effect on
the system energy efficiency (ngs). In case of 50 sL/min air flow rate, system energy
efficiency (ngs) increases from 20.61 % to 32.48 % by increasing the plasma power
from 3 kW to 6 kW. In case of 75 sL/min air flow rate, it increases from 22.87 % to
31.43 % by increasing the plasma power from 3 kW to 6 kW. In case of 100 sL/min
air flow rate, it increases from 26.67 % to 31.55 % by increasing the plasma power

from 3 kW to 6 kW.

System Energy Efficiency of Hornbeam Sawdust (HSD)
Gasification
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2400 3000 3600 4200 4800 5400 6000 6600

Power (W)

Figure 6.2 System energy efficiency (ngs) of hornbeam sawdust (HSD) gasification
in the cases of 50-100 sL/min air flow rate and 3-6 kW plasma power

The magnitude of the system energy efficiency (ngg) is less than the process energy
efficiency (ngp). Because, the plasma power consumes energy and it has negative
effects to system energy efficiency (ngs). The increasing air flow rate rises the system
energy efficiency (ngs) at 3 kW plasma power. However, the increasing air flow rate
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reduces the system energy efficiency (ngs) at 6 kW plasma power. The system energy
efficiency (ngs) goes up from 20.61 % to 26.67 % by increasing the flow rate from 50
sL/min to 100 sL/min in case of 3 kW power and it reduces from 32.48 % to 31.55 %
by increasing the flow rate from 50 sL/min to 100 sL/min in case of 6 kW plasma

power.

Hot gas efficiency (nyg) of hornbeam sawdust (HSD) in case of 50 sL/min, 75 sL/min
and 100 sL/min for various plasma powers between 3 kW and 6 kW is given in Figure
6.3. The hot gas efficiency (nyg) depends on the fuel energy, plasma energy and the
syngas energy similar to the system energy efficiency (ngs). In addition to system
efficiency parameters, the syngas energy includes both the chemical energy of the solid
fuel and sensible energy as a result of its high temperature in the hot gas efficiency
(Mug)- The variation of the hot gas efficiency (nyg) is similar with the system energy
efficiency (ngs). The magnitude of the hot gas efficiency (nyg) is higher than the
system energy efficiency (ngs). Because, the sensible energy of the syngas is also
considered in calculations of hot gas efficiency (nyg)- As a result, increment of plasma
power rises the hot gas efficiency (nyg). However, increasing air flow rate has lighter

effect on the hot gas efficiency (nyg).

Hot Gas Efficiency of Hornbeam Sawdust (HSD)
Gasification
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Figure 6.3 Hot gas efficiency (nyg) of hornbeam sawdust (HSD) gasification in the
cases of 50-100 sL/min air flow rate and 3-6 kW plasma power

In case of 50 sL/min air flow rate, hot gas efficiency (nyg) increases from 28.06 % to

43.50 % by increasing the plasma power from 3 kW to 6 kW. In case of 75 sL/min air

156



flow rate, it increases from 30.39 % to 44.68 % by increasing the plasma power from
3 kW to 6 kW. In case of 100 sL/min air flow rate, it increases from 34.11 % to 46.49
% by increasing the plasma power from 3 kW to 6 kW. The hot gas efficiency (nNgg)
goes up from 28.06 % to 34.11 % by increasing the flow rate from 50 sL/min to 100
sL/min in case of 3 kW power and it also rises from 43.50 % to 46.49 % by increasing

the flow rate from 50 sL/min to 100 sL/min in case of 6 kW plasma power.

6.3 Thermodynamic analysis of pine tree sawdust (PSD) gasification process

In this section, thermodynamic performance of pine tree sawdust (PSD) gasification
process is handled. The content conversion performance of syngas (CCPgyy), content
conversion performance of ash (CCP,g}, ), content conversion performance of hydrogen
(CCPy,), hydrogen quality of syngas (Hg), process energy efficiency (ngp), system
energy efficiency (ngg) and hot gas efficiency (ngg) are calculated for each case of
the gasification of pine tree sawdust (PSD) for various powers from 3 kW to 6 kW and
at 50 sL/min, 75 sL/min and 100 sL/min air flow rate. The results are presented in this

section.

The CCPsyy, CCPsp, CCPy,, Hy, syngas energy, fuel energy and plasma energy are
given in the Table 6.3. The content conversion performance of syngas (CCPsyy)
decreases by increasing plasma power in 50, 75 and 100 sL/min air flow rate cases.
Because, the increasing power reduces the gasification time (tg). The supplied air
amount to the reactor reduces due to the reduction of supplying air flow rate duration.
As a result the produced syngas amount decreases while the supplied fuel amount is
same. In case of 50 sL/min, it reduces from 446 % at 3 kW plasma power to 336 % at
6 kW plasma power. In case of 75 sL/min, it reduces from 525 % to 371 % by
increasing plasma power from 3 kW to 6 kW. In case of 100 sL/min, it reduces from
603 % to 446 % by increasing plasma power from 3 kW to 6 kW. On the other hand,
the increasing air flow rate causes the increment of content conversion performance of
syngas (CCPsyy). It goes up from 446 % to 603 % by increasing air flow rate from 50
sL/min to 100 sL/min at 3 kW power. Similarly, it increases from 336 % to 446 % by

increasing air flow rate from 50 sL/min to 100 sL/min at 6 kW power.

The content conversion performance of ash (CCP,g,) decreases by increasing the

plasma power in 50, 75 and 100 sL/min air flow rate cases because of the enhancement
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of solid fuel conversion to syngas by increasing plasma power. Higher solid fuel
conversion to syngas means less ash output from the reactor. On the other hand, the
air flow rate increases the content conversion performance of ash (CCP,g},). Because,
increasing air flow reduces the temperature in reactor and the conversion of solid fuel
to syngas. As a result, less syngas production and high ash are produced. In case of 50
sL/min, it goes down from 1.13 % at 3 kW power to 0.7 % at 6 kW power. In case of
75 sL/min, it decreases from 1.35 % to 0.85 % by increasing power from 3 kW to 6
kW. In case of 100 sL/min, it reduces from 1.93 % to 1.20 % by increasing power from
3 kW to 6 kW. On the other hand, rising air flow rate causes the increment of content
conversion performance of ash (CCP.g,). It goes up from 1.13 % to 1.93 % by
increasing air flow rate from 50 sL/min to 100 sL/min at 3 kW power. Similarly, it
increases from 0.7 % to 1.2 % by increasing air flow rate from 50 sL/min to 100 sL/min

at 6 kKW power.

The content conversion performance of hydrogen (CCPy, ) increases by increasing the
plasma power in 50, 75 and 100 sL/min air flow rate cases because of increment of
syngas temperature and enhancement in conversion of solid fuel to syngas.
Enhancement in syngas conversion increases the production of hydrogen. Also, the air
flow rate increases the content conversion performance of hydrogen (CCPy, ). Because,
the increasing air flow rate also increases the syngas production. Higher production of
syngas means the higher hydrogen production from the same amount of the fuel. In
case of 50 sL/min, it increases from 0.96 % at 3 kW power to 2.23 % at 6 kW power.
In case of 75 sL/min, it goes up from 1.11 % to 2.07 % by increasing power from 3
kW to 6 kW. In case of 100 sL/min, it increases from 0.84 % to 2.01 % by increasing
power from 3 kW to 6 kW. On the other hand, the content conversion performance of
hydrogen (CCPy, ) is fluctuated by increasing air flow rate. It reduces from 0.96 % to
0.84 % by increasing air flow rate from 50 sL/min to 100 sL/min at 3 kW power.
Similarly, it reduces from 2.23 % to 2.01 % by increasing air flow rate from 50 sL/min

to 100 sL/min at 6 kW power.

Hydrogen quality of syngas (Hg) rises by increasing power in 50, 75 and 100 sL/min

air flow rate cases. Because, the hydrogen production is proportional with the
temperature in the reactor. The temperature increases by increasing plasma power.

However, increasing air flow rate reduces the hydrogen quality of syngas (Hg).
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Because the air flow rate is inversely proportional with the temperature in the reactor.
In case of 50 sL/min, it increases from 0.21 % at 3 kW power to 0.66 % at 6 kW power.
In case of 75 sL/min, it goes up from 0.21 % to 0.56 % by increasing power from 3
kW to 6 kW. In case of 100 sL/min, it rises from 0.14 % to 0.45 % by increasing power
from 3 kW to 6 kW. However, the increment of air flow rate reduces the hydrogen
quality of syngas (Hg). It decreases from 0.21 % to 0.14 % by increasing air flow rate
from 50 sL/min to 100 sL/min at 3 kW power. Also, it reduces from 0.66 % to 0.45 %

by increasing air flow rate from 50 sL/min to 100 sL/min at 6 kW power.

Table 6.3 Presentation of the CCPsyp,, CCP,gp, CCPy,, syngas energy, fuel energy and
plasma energy results for the pine tree sawdust (PSD) gasification process
for various powers and flow rates

Plasma | CCPsy, | CCP4p | CCPy, | Hg Syngas Fuel Plasma
Power (%) (%) (%) | (%) | energy energy | energy
W) (kJ) (kJ) (kJ)
3000 | 446 | 1.13 | 096 | 021 | 1936. 2640
pine tree |_3600 | 430 [ 104 7127 [70.29 | 2072 3024
e e [T4200 | 415 098 [ 162 [ 039 | 2274 3360
ool | 4800 | 383 | 090 | 158 | 0.41 | 2458 3456
5400 | 368 | 079 | 1.63 | 0.44 | 2614 3672
6000 | 336 | 070 | 223 | 0.66 | 2928 3600
3000 | 525 | 135 | L.11 ] 021 | 2121 2160
. 3600 | 501 | 123 | 1.15 | 023 | 2374 2443
f;jvedgsef 4200 | 454 | 1.14 | 158 | 035 | 2540 4485 M550
e [ 4800 | 430 | 111 | 1.65 | 038 | 2655 2688
5400 | 407 | 098 | 1.87 | 0.46 | 2805 2808
6000 | 371 | 085 | 2.07 | 056 | 3000 2760
3000 | 603 | 193 | 0.84 | 0.14 | 2271 1920
Pine tree | 3600 | 572 | 1.77 | 156 | 027 | 2592 2160
sawdust- | 4200 | 556 | 1.60 | 157 | 028 | 2625 2436
100sL/mi | 4800 | 525 | 143 | 1.74 | 033 | 2715 2592
n 5400 | 501 | 126 | 1.82 | 036 | 2722 2754
6000 | 446 | 120 | 2.01 | 045 | 2735 2640

Syngas energy increases by increasing plasma power in 50, 75 and 100 sL/min air flow
rate cases. Because, the syngas energy depends on the syngas production and syngas
content especially percentage of CO, H> and CH4. Syngas production reduces by
increasing plasma power. Percentage of CO and H; increases while CH4 remains same
or slightly reduces by increasing plasma power. As a result, the syngas energy
increases by increasing the power. Also, syngas production reduces by increasing air

flow rate and percentage of CO and H» reduces while percentage of CH4 increases by
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increasing air flow rate. The production amount and the distribution of syngas effects
the syngas energy. In case of 50 sL/min, syngas energy increases from 1936 kJ at 3
kW plasma power to 2928 kJ at 6 kW plasma power. In case of 75 sL/min, syngas
energy increases from 2121 kJ at 3 kW plasma power to 3000 kJ at 6 kW plasma
power. In case of 100 sL/min, syngas energy increases from 2271 kJ at 3 kW plasma
power to 2735 kJ at 6 kW plasma power. The energy of 250 g pine tree sawdust (PSD)
fuel is 4485 kJ. Similarly, the syngas energy increases from 1936 kJ to 2271 kJ by
increasing air flow rate from 50 sL/min to 100 sL/min at 3 kW power. However, the
syngas energy goes down from 2928 kJ to 2735 kJ by increasing air flow rate from 50
sL/min to 100 sL/min at 6 kW power.

Process energy efficiency (ngp) of the pine tree sawdust (PSD) in case of 50 sL/min,
75 sL/min and 100 sL/min for various plasma powers between 3 kW and 6 kW are
presented in Figure 6.4. Process energy efficiency (ngp) increases by increasing the
plasma power while it fluctuates by increasing air flow rate. The input energy is just
the fuel energy in the case of process energy efficiency (ngp). So, the syngas energy
is the only one parameter which effects the process energy efficiency (ngp). However,
the relation between syngas energy, plasma power, and air flow rate are sophisticated
to define the relation. Increasing power lowers the gasification duration and reduces
the syngas production, but it enhances the conversion of fuel to syngas and rises the
syngas temperature. Similarly, increasing air flow rate lowers the gasification duration
and it reduces the syngas production. Also, it reduces the syngas temperature and the
conversion of fuel to syngas. As a result, increment of plasma power rises the process
energy efficiency (ngp). However, increasing air flow rate fluctuates the process
energy efficiency (mgp). In case of 50 sL/min air flow rate, process energy efficiency
(mgp) increases from 43.17 % to 65.29 % by increasing the plasma power from 3 kW
to 6 kW. In case of 75 sL/min air flow rate, it increases from 47.28 % to 66.88 % by
increasing the plasma power from 3 kW to 6 kW. In case of 100 sL/min air flow rate,
it increases from 50.63 % to 60.98 % by increasing the plasma power from 3 kW to 6
kW. Increasing plasma power enhances the process energy efficiency (ngp) in all
cases. However, the effect of plasma power to the process energy efficiency (Ngp)
decreases by increasing the flow rate. The increment in efficiency is 51.23 % by
increasing plasma power from 3 kW to 6 kW in 50 sL/min and it is 20.44 % by

increasing plasma power from 3 kW to 6 kW in 100 sL/min. While the increasing air
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flow rate increases the process energy efficiency (mgp) at 3 kW plasma power,
increasing air flow rate decreases the process energy efficiency (ngp) at 6 kW plasma
power. The process energy efficiency (ngp) goes up from 43.17 % to 50.63 % by
increasing the flow rate from 50 sL/min to 100 sL/min in case of 3 kW power and it
reduces from 65.29 % to 60.98 % by increasing the flow rate from 50 sL/min to 100

sL/min in case of 6 kW plasma power.
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Figure 6.4 Process energy efficiency (ngp) of pine tree sawdust (PSD) gasification in
the cases of 50-100 sL/min air flow rate and 3-6 kW plasma power

System energy efficiency (ngs) of the pine tree sawdust (PSD) in case of 50 sL/min,
75 sL/min and 100 sL/min for various plasma powers between 3 kW and 6 kW is
presented in Figure 6.5. The system energy efficiency (ngs) depends on the fuel
energy, plasma energy and the syngas energy. The constant amount of fuel is dosed to
the reactor in the each case. However, the plasma energy and syngas energy are varied
depending on the plasma power and air flow rate. Increasing power lowers the
gasification duration, reduces syngas production and increases the plasma energy
consumption but it enhances the conversion of fuel to syngas and rises the syngas
temperature. Similarly, increasing air flow rate lowers the gasification duration,
reduces syngas production and lowers the plasma energy consumption. On the other
hand, it reduces the syngas temperature and the conversion of fuel to syngas. As a
result, increment of plasma power rises the system energy efficiency (ngs). However,

increasing air flow rate has lighter effect on the system energy efficiency (ngs). In case
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of 50 sL/min air flow rate, system energy efficiency (ngs) increases from 27.18 % to
36.22 % by increasing the plasma power from 3 kW to 6 kW. In case of 75 sL/min air
flow rate, it increases from 31.91 % to 41.40 % by increasing the plasma power from
3 kW to 6 kW. In case of 100 sL/min air flow rate, it increases from 35.46 % to 38.38
% by increasing the plasma power from 3 kW to 6 kW. The system energy efficiency
(ngs) increases by increasing plasma power in all cases. However, the effect of plasma
power to the system energy efficiency (ngg) decreases by increasing the flow rate. The
increment in efficiency is 33.25 % by increasing plasma power from 3 kW to 6 kW in
50 sL/min and it is 8.23 % by increasing plasma power from 3 kW to 6 kW in 100
sL/min. The magnitude of the system energy efficiency (ngg) is less than the process
energy efficiency (ngp). Because, the plasma power increases the consumption of the
system and it has negative effects to system energy efficiency (ngs). Increasing air
flow rate rises the system energy efficiency (ngs) at 3 kW plasma power. However
increasing air flow rate fluctuates the system energy efficiency (ngs) at 6 kW plasma
power. The system energy efficiency (nNgs) goes up from 27.18 % to 35.46 % by
increasing the flow rate from 50 sL/min to 100 sL/min in case of 3 kW power and it
fluctuates between 36.22 % and 41.40 % by increasing the flow rate from 50 sL/min

to 100 sL/min in case of 6 kW plasma power.
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Figure 6.5 System energy efficiency of pine tree sawdust (PSD) gasification in the
cases of 50-100 sL/min air flow rate and 3-6 kW plasma power

Hot gas efficiency (nyg) of pine tree sawdust (PSD) in case of 50 sL/min, 75 sL/min
and 100 sL/min for various plasma powers between 3 kW and 6 kW is given in Figure

6.6. The hot gas efficiency (nyg) depends on the fuel energy, plasma energy and the
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syngas energy similar to the system energy efficiency (ngs). In addition to system
efficiency parameters, the syngas energy includes both the chemical energy of the solid
fuel and sensible energy as a result of its high temperature in the hot gas efficiency
(Mug)- The variation of the hot gas efficiency (nyg) is similar with the system energy
efficiency (ngs). The magnitude of the hot gas efficiency (nyg) is higher than the
system energy efficiency (ngg). Because, the sensible energy of the syngas is also
considered in calculations of hot gas efficiency (nyg). As a result, increment of plasma
power rises the hot gas efficiency (nyg). Also, increasing air flow rate increases the

hot gas efficiency (nyg).
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Figure 6.6 Hot gas efficiency (nyg) of pine tree sawdust (PSD) gasification in the cases
of 50-100 sL/min air flow rate and 3-6 kW plasma power

In case of 50 sL/min air flow rate, hot gas efficiency (nyg) increases from 35.75 % to
48.41 % by increasing the plasma power from 3 kW to 6 kW. In case of 75 sL/min air
flow rate, it goes up from 40.50 % to 56.01 % by increasing the plasma power from 3
kW to 6 kW. In case of 100 sL/min air flow rate, it increases from 44.16 % to 55.39
% by increasing the plasma power from 3 kW to 6 kW. Increasing plasma power rises
the hot gas efficiency (nyg) in all cases. Increasing air flow rate rises the hot gas
efficiency (nyg) in all plasma power levels. The hot gas efficiency (nyg) goes up from
35.75 % to 44.16 % by increasing the flow rate from 50 sL/min to 100 sL/min in case
of 3 kW power and it also rises from 48.41 % to 55.39 % by increasing the flow rate

from 50 sL/min to 100 sL/min in case of 6 kW plasma power.
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6.4 Thermodynamic analysis of Russian coal (CR) gasification process

In this section, thermodynamic performance of Russian coal (CR) gasification process
is handled. The content conversion performance of syngas (CCPyy), content
conversion performance of ash (CCP,g, ), content conversion performance of hydrogen
(CCPy,), hydrogen quality of syngas (Hg), process energy efficiency (ngp), system
energy efficiency (ngg) and hot gas efficiency (nyg) are calculated for each case of
the gasification of Russian coal (CR) for various powers from 3 kW to 6 kW and at 50
sL/min, 75 sL/min and 100 sL/min air flow rate. The results are presented in this

section.

The CCPsyy, CCPysp, CCPy,, Hy, syngas energy, fuel energy and plasma energy are
given in the Table 6.4. The content conversion performance of syngas (CCPsyy)
decreases by increasing plasma power in 50, 75 and 100 sL/min air flow rate cases.
Because, the increasing power reduces the gasification time (tg). The supplied air
amount to the reactor reduces due to the reduction of supplying air flow rate duration.
As a result the produced syngas amount decreases while the supplied fuel amount is
same. In case of 50 sL/min, it reduces from 482 % at 3 kW plasma power to 376 % at
6 kW plasma power. In case of 75 sL/min, it reduces from 560 % to 451 % by
increasing plasma power from 3 kW to 6 kW. In case of 100 sL/min, it reduces from
655 % to 571 % by increasing plasma power from 3 kW to 6 kW. On the other hand,
increasing air flow rate causes the increment of content conversion performance of
syngas (CCPsyy). It goes up from 482 % to 655 % by increasing air flow rate from 50
sL/min to 100 sL/min at 3 kW power. Similarly, it increases from 376 % to 571 % by

increasing air flow rate from 50 sL/min to 100 sL/min at 6 kW power.

The content conversion performance of ash (CCP,g,) decreases by increasing the
plasma power in 50, 75 and 100 sL/min air flow rate cases because of the enhancement
of solid fuel conversion to syngas by increasing plasma power. Higher solid fuel
conversion to syngas means less ash output from the reactor. On the other hand, the
air flow rate increases the content conversion performance of ash (CCP,g}, ). Because,
increasing air flow reduces the temperature in reactor and the conversion of solid fuel
to syngas. As a result, less syngas production and high ash are produced. In case of 50
sL/min, it goes down from 20.93 % at 3 kW power to 15.71 % at 6 kW power. In case
of 75 sL/min, it decreases from 25.28 % to 16.34 % by increasing power from 3 kW
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to 6 kW. In case of 100 sL/min, it reduces from 29.52 % to 18.8 % by increasing power
from 3 kW to 6 kW. On the other hand, increasing air flow rate causes the increment
of content conversion performance of ash (CCP,g,). It goes up from 20.93 % to 29.52
% by increasing air flow rate from 50 sL/min to 100 sL/min at 3 kW power. Similarly,
it increases from 15.71 % to 18.8 % by increasing air flow rate from 50 sL/min to 100

sL/min at 6 kW power.

The content conversion performance of hydrogen (CCPy,) stays almost constant by
increasing the plasma power in 50, 75 and 100 sL/min air flow rate cases. Because the
Russian coal (CR) has lack of hydrogen content. Even increasing plasma power or air
flow rate change the syngas temperature and the conversion of solid fuel to syngas,
hydrogen content in syngas is limited due to the lack of hydrogen in solid fuel. As a
result, the hydrogen content is varied insignificantly. In case of 50 sL/min, it stays in
level of 0.49 % - 0.52 % at plasma power between 3 kW and 6 kW. In case of 75
sL/min, it stays in level of 0.55 % - 0.57 % at plasma power between 3 kW and 6 kW.
In case of 100 sL/min, it stays in level between 0.44 % and 0.51 % at plasma power
between 3 kW and 6 kW. On the other hand, the content conversion performance of
hydrogen (CCPy,) is fluctuated by increasing air flow rate. It fluctuates in level
between 0.44 % and 0.55 % by change of air flow rate from 50 sL/min to 100 sL/min
at 3 kW plasma power. In case of 6 kW plasma power, it fluctuates in level between

0.50 % and 0.57 % by change of air flow rate from 50 sL/min to 100 sL/min

Hydrogen quality of syngas (Hg) increases by increasing power in 50, 75 and 100
sL/min air flow rate cases. Because, the hydrogen production is proportional with the
temperature in the reactor. The temperature increases by increasing plasma power.
However, increasing air flow rate reduces the hydrogen quality of syngas (Hg).
Because the air flow rate is inversely proportional with the temperature in the reactor.
In case of 50 sL/min, it increases from 0.10 % at 3 kW power to 0.13 % at 6 kW power.
In case of 75 sL/min, it goes up from 0.10 % to 0.13 % by increasing power from 3
kW to 6 kW. In case of 100 sL/min, it rises from 0.07 % to 0.09 % by increasing power
from 3 kW to 6 kW. However, increasing air flow rate reduces the hydrogen quality
of syngas (Hg). It decreases from 0.10 % to 0.07 % by increasing air flow rate from 50
sL/min to 100 sL/min at 3 kW power. Also, it reduces from 0.13 % to 0.09 % by

increasing air flow rate from 50 sL/min to 100 sL/min at 6 kW power.
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Table 6.4 Presentation of the CCPsyy,, CCP,gp, CCPy,, syngas energy, fuel energy and

plasma energy results for the Russian coal (CR) gasification process for
various powers and flow rates

Plasma | CCPqy, | CCP,q | CCPy, | Hg | Syngas | Fuel Plasma

Power | (%) (%) (%) (%) | energy | energy | energy

W) (k9) (k9) (k)

3000 482 2093 | 0.50 | 0.10 5421 3060

. 3600 459 20.07 | 049 | 0.11 5300 3456
Rgg:ﬁm 4200 | 444 | 1929 [ 051 | 0.1 | 5136 3864
50 /min 4800 413 18.15 | 0.51 | 0.12 4883 4032
5400 399 1646 | 0.52 | 0.13 4852 4320

6000 376 15.71 0.50 | 0.13 4556 4440

3000 560 2528 | 0.55 | 0.10 5821 2460

Russian 3600 544 2325 | 0.55 | 0.10 5840 1834 2844
coal- 4200 522 21.85 | 0.57 | 0.11 5710 3150
7541 /min 4800 496 18.49 | 0.56 | 0.11 5614 3360
5400 485 17.46 | 0.57 | 0.12 5553 3672

6000 451 1634 | 0.57 | 0.13 5250 3720

3000 655 2952 | 0.44 | 0.07 6170 2220

Russian | 3600 633 27.50 | 046 | 0.07 6059 2556
coal- 4200 612 24.50 | 0.47 | 0.08 6013 2856
100sL/mi | 4800 598 2248 | 0.48 | 0.08 5861 3168
n 5400 585 20.52 | 0.50 | 0.09 5880 3456
6000 571 18.80 | 0.51 | 0.09 5869 3720

Syngas energy goes down by increasing plasma power in 50, 75 and 100 sL/min air
flow rate cases. Because, the syngas energy depends on the syngas production and
syngas content especially percentage of CO, Hz and CHa. Syngas production reduces
by increasing plasma power. Percentage of CO and H» increases while CH4 remains
same or slightly reduces by increasing plasma power. As a result, the syngas energy
reduces by increasing the power. Also, syngas production reduces by increasing air
flow rate and percentage of CO and H» reduces while percentage of CH4 increases by
increasing air flow rate. The production amount and the distribution of syngas effects
the syngas energy. In case of 50 sL/min, syngas energy decreases from 5421 kJ at 3
kW plasma power to 4556 kJ at 6 kW plasma power. In case of 75 sL/min, syngas
energy reduces from 5821 kJ at 3 kW plasma power to 5250 kJ at 6 kW plasma power.
In case of 100 sL/min, syngas energy lowers from 6170 kJ at 3 kW plasma power to
5869 kJ at 6 kW plasma power. The energy of 250 g Russian coal (CR) fuel is 7834
kJ. On the other hand, the syngas energy increases from 5421 kJ to 6170 kJ by

increasing air flow rate from 50 sL/min to 100 sL/min at 3 kW power. The syngas
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energy rises from 4556 kJ to 5869 kJ by increasing air flow rate from 50 sL/min to 100
sL/min at 6 kW power.

Process energy efficiency (ngp) of Russian coal (CR) in case of 50 sL/min, 75 sL/min
and 100 sL/min for various plasma powers between 3 kW and 6 kW are presented in
Figure 6.7. Process energy efficiency (ngp) reduces by increasing the plasma power
while it increases by increasing air flow rate. The input energy is just the fuel energy
in the case of process energy efficiency (ngp). So, the syngas energy is the only one
parameter which effects the process energy efficiency (ngp). However, the relation
between syngas energy, plasma power, and air flow rate are sophisticated to define the
relation. Increasing power lowers the gasification duration and reduces the syngas
production, but it enhances the conversion of fuel to syngas and rises the syngas

temperature.
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Figure 6.7 Process energy efficiency (ngp) of Russian coal (CR) gasification in the
cases of 50-100 sL/min air flow rate and 3-6 kW plasma power

Similarly, increasing air flow rate lowers the gasification duration and it reduces the
syngas production. Also, it reduces the syngas temperature and the conversion of fuel
to syngas. As a result, increment of plasma power lowers the process energy efficiency
(mep).- However, increasing air flow rate rises the process energy efficiency (ngp). In
case of 50 sL/min air flow rate, process energy efficiency (ngp) goes down from 69.19
% to 58.16 % by increasing the plasma power from 3 kW to 6 kW. In case of 75 sL/min
air flow rate, it slightly decreases from 74.31 % to 67.01 % by increasing the plasma
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power from 3 kW to 6 kW. In case of 100 sL/min air flow rate, it also slightly decreases
from 78.76 % to 74.92 % by increasing the plasma power from 3 kW to 6 kW.
Increasing plasma power reduces the process energy efficiency (ngp). While the
reduction in efficiency is 15.94 % by increasing plasma power from 3 kW to 6 kW in
50 sL/min, it is 4.87 % by increasing plasma power from 3 kW to 6 kW in 100 sL/min.
The increment in air flow rate rises the process energy efficiency (ngp) at 3 kW plasma
power. Also, increasing air flow rate increases the process energy efficiency (ngp) at
6 kW plasma power. The process energy efficiency (ngp) goes up from 69.19 % to
78.76 % by increasing the flow rate from 50 sL/min to 100 sL/min in case of 3 kW
power and it goes up from 58.16 % to 74.92 % by increasing the flow rate from 50

sL/min to 100 sL/min in case of 6 kW plasma power.

System energy efficiency (ngs) of the Russian coal (CR) in case of 50 sL/min, 75
sL/min and 100 sL/min for various plasma powers between 3 kW and 6 kW are given
in Figure 6.8. The system energy efficiency (ngs) depends on the fuel energy, plasma
energy and the syngas energy. The constant amount of fuel is dosed to the reactor in
the each case. However, the plasma energy and syngas energy are varied depending
on the plasma power and air flow rate. Increasing power lowers the gasification
duration, reduces syngas production and increases the plasma energy consumption but
it enhances the conversion of fuel to syngas and rises the syngas temperature.
Similarly, increasing air flow rate lowers the gasification duration, reduces syngas
production and lowers the plasma energy consumption. On the other hand, it reduces
the syngas temperature and the conversion of fuel to syngas. As a result, increment of
plasma power lowers the system energy efficiency (ngg). However, increasing air flow
rate reduces the system energy efficiency (ngs). In case of 50 sL/min air flow rate,
system energy efficiency (nNgs) reduces from 49.76 % to 37.12 % by increasing the
plasma power from 3 kW to 6 kW. In case of 75 sL/min air flow rate, it goes down
from 56.55 % to 45.43 % by increasing the plasma power from 3 kW to 6 kW. In case
of 100 sL/min air flow rate, it decreases from 61.37 % to 50.80 % by increasing the
plasma power from 3 kW to 6 kW. Increasing plasma power reduces the system energy
efficiency (ngs) in all cases. Also, the effect of plasma power to the system energy
efficiency (ngs) decreases by increasing the flow rate. The reduction in efficiency is
25.40 % by increasing plasma power from 3 kW to 6 kW in 50 sL/min and it is 17.22
% by increasing plasma power from 3 kW to 6 kW in 100 sL/min. The magnitude of
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the system energy efficiency (ngs) is less than the process energy efficiency (ngp).
Because, the plasma power increases the consumption of the system and it has negative
effects to system energy efficiency (ngs). The increment of air flow rate rises the
system energy efficiency (ngs) at all plasma power levels. The system energy
efficiency (ngs) goes up from 49.76 % to 61.37 % by increasing the flow rate from 50
sL/min to 100 sL/min in case of 3 kW power and it rises from 37.12 % and 50.80 %
by increasing the flow rate from 50 sL/min to 100 sL/min in case of 6 kW plasma

power.
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Figure 6.8 System energy efficiency of Russian coal (CR) gasification in the cases of
50-100 sL/min air flow rate and 3-6 kW plasma power

Hot gas efficiency (nyg) of Russian coal (CR) in case of 50 sL/min, 75 sL/min and
100 sL/min for various plasma powers between 3 kW and 6 kW are given in Figure
6.9. The hot gas efficiency (nyg) depends on the fuel energy, plasma energy and the
syngas energy similar to the system energy efficiency (ngs). In addition to system
efficiency parameters, the syngas energy includes both the chemical energy of the solid
fuel and sensible energy as a result of its high temperature in the hot gas efficiency
(Mug)- The variation of the hot gas efficiency (nyg) is similar with the system energy
efficiency (ngs). The magnitude of the hot gas efficiency (nyg) is higher than the
system energy efficiency (ngg). Because, the sensible energy of the syngas is also
considered in calculations of hot gas efficiency (nyg). As a result, increment of plasma

power lowers the hot gas efficiency (nyg). However, increasing air flow rate increases
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the hot gas efficiency (nyg). In case of 50 sL/min air flow rate, hot gas efficiency
(Mug) goes down from 56.59 % to 46.72 % by increasing the plasma power from 3 kW
to 6 kW. In case of 75 sL/min air flow rate, it reduces from 63.32 % to 57.30 % by
increasing the plasma power from 3 kW to 6 kW. In case of 100 sL/min air flow rate,
it decreases from 67.92 % to 64.99 % by increasing the plasma power from 3 kW to 6
kW. Increasing plasma power cut down the hot gas efficiency (nyg) in all cases.
However, the reduction decreases by increasing the flow rate. While the reduction is
17.44 % by increasing power from 3 kW to 6 kW in case of 50 sL/min air flow rate, it
is 4.31 % by increasing power from 3 kW to 6 kW in case of 100 sL/min air flow rate.
The increment of air flow rate rises the hot gas efficiency (ngg) in all plasma power
levels. The hot gas efficiency (nyg) goes up from 56.59 % to 67.92 % by increasing
the flow rate from 50 sL/min to 100 sL/min in case of 3 kW power and it also rises
from 46.72 % to 64.99 % by increasing the flow rate from 50 sL/min to 100 sL/min in

case of 6 kW plasma power.
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Figure 6.9 Hot gas efficiency (ny¢) of Russian coal (CR) gasification in the cases of
50-100 sL/min air flow rate and 3-6 kW plasma power

6.5 Thermodynamic analysis of South African coal (CSA) gasification
process

In this section, thermodynamic performance of South African coal (CSA) gasification

process is handled. The content conversion performance of syngas (CCPgyy,), content

conversion performance of ash (CCP,g}, ), content conversion performance of hydrogen
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(CCPy,), hydrogen quality of syngas (Hg), process energy efficiency (ngp), system
energy efficiency (ngg) and hot gas efficiency (nyg) are calculated for each case of
the gasification of South African coal (CSA) for various powers from 3 kW to 6 kW
and at 50 sL/min, 75 sL./min and 100 sL/min air flow rate. The results are presented in

this section.

The CCPyy,, CCP,gp, CCPy,, Hy, syngas energy, fuel energy and plasma energy are
given in the Table 6.5. The content conversion performance of syngas (CCPgyp)

decreases by increasing plasma power in 50, 75 and 100 sL/min air flow rate cases.
Because, the increasing power reduces the gasification time (tg). The supplied air
amount to the reactor reduces due to the reduction of supplying air flow rate duration.
As a result the produced syngas amount decreases while the supplied fuel amount is
same. In case of 50 sL/min, it reduces from 476 % at 3 kW plasma power to 382 % at
6 kW plasma power. In case of 75 sL/min, it reduces from 546 % to 435 % by
increasing plasma power from 3 kW to 6 kW. In case of 100 sL/min, it reduces from
653 % to 511 % by increasing plasma power from 3 kW to 6 kW. On the other hand,
the increment of air flow rate causes the increment of content conversion performance
of syngas (CCPsyy). It goes up from 476 % to 653 % by increasing air flow rate from
50 sL/min to 100 sL/min at 3 kW power. Similarly, it increases from 382 % to 511 %

by increasing air flow rate from 50 sL/min to 100 sL/min at 6 kW power.

The content conversion performance of ash (CCP,g,) decreases by increasing the
plasma power in 50, 75 and 100 sL/min air flow rate cases because of the enhancement
of solid fuel conversion to syngas by increasing plasma power. Higher solid fuel
conversion to syngas means less ash output from the reactor. On the other hand, the
air flow rate increases the content conversion performance of ash (CCP,g},). Because,
increasing air flow reduces the temperature in reactor and the conversion of solid fuel
to syngas. As a result, less syngas production and high ash are produced. In case of 50
sL/min, it goes down from 22.48 % at 3 kW power to 17.67 % at 6 kW power. In case
of 75 sL/min, it decreases from 27.37 % to 19.91 % by increasing power from 3 kW
to 6 kW. In case of 100 sL/min, it reduces from 31.07 % to 23.55 % by increasing
power from 3 kW to 6 kW. On the other hand, the increment of air flow rate causes
the increment of content conversion performance of ash (CCP,gy). It goes up from

22.48 % to 31.07 % by increasing air flow rate from 50 sL/min to 100 sL/min at 3 kW
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power. Similarly, it increases from 17.67 % to 23.55 % by increasing air flow rate

from 50 sL/min to 100 sL/min at 6 kW power.

Table 6.5 Presentation of the CCPsyy,, CCP,gp, CCPy,, syngas energy, fuel energy and
plasma energy results for the South African coal (CSA) gasification process
for various powers and flow rates

Plasma | CCPyy, | CCP,qp | CCPy, | Hg | Syngas | Fuel Plasma

Power (%) (%) (%) | (%) energy energy | energy

W) (kD) (kD) (kJ)

South 3000 476 2248 | 053 | 0.11 4821 3030
African 3600 461 21.29 | 0.52 | 0.11 4624 3492
coal- 4200 439 2046 | 0.53 | 0.12 4442 3822
50sL/min 4800 424 19.34 | 0.55 | 0.13 4246 4176
5400 389 1849 | 0.53 | 0.14 4193 4212

6000 382 17.67 | 0.54 | 0.14 4041 4560

South 3000 546 27.37 | 0.61 | 0.11 5301 2400
African 3600 524 25.72 | 0.60 | 0.12 5227 2736
coal- 4200 502 23.72 | 0.61 | 0.12 5116 7690 3024
75sL/min 4800 468 22.53 | 0.60 | 0.13 4951 3168
5400 452 20.75 | 0.61 | 0.13 4819 3402

6000 435 1991 | 0.62 | 0.14 4711 3600

South 3000 653 31.07 | 0.69 | 0.10 5498 2220
African 3600 623 29.33 | 0.70 | 0.11 5459 2520
coal- 4200 601 27.99 | 0.71 | 0.12 5324 2814
100sL/mi 4800 571 26.11 | 0.71 | 0.13 5127 3024
n 5400 541 2486 | 0.73 | 0.13 5080 3186
6000 511 23.55 | 0.71 | 0.14 4945 3300

The content conversion performance of hydrogen (CCPy,) stays almost constant by
increasing the plasma power in 50, 75 and 100 sL/min air flow rate cases. Because the
South African coal (CSA) has lack of hydrogen content. Even increasing plasma power
changes the syngas temperature and the conversion of solid fuel to syngas, hydrogen
content in syngas is limited due to the lack of hydrogen in solid fuel. As a result, the
hydrogen content is varied insignificantly. In case of 50 sL/min, it stays in level of
0.52 % - 0.55 % at plasma power between 3 kW and 6 kW. In case of 75 sL/min, it
stays in level of 0.6 % - 0.62 % at plasma power between 3 kW and 6 kW. In case of
100 sL/min, it stays in level between 0.69 % and 0.73 % at plasma power between 3
kW and 6 kW. On the other hand, the content conversion performance of hydrogen
(CCPy,) goes up by the increment of air flow rate. Because, increasing air flow rate
rises the syngas production and it also increases the hydrogen production. It increases

from 0.53 % to 0.69 % by increasing air flow rate from 50 sL/min to 100 sL/min at 3
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kW plasma power. Also, it increases from 0.54 % to 0.71 % by increasing air flow rate

from 50 sL/min to 100 sL/min at 6 kW plasma power.

Hydrogen quality of syngas (Hg) increases by increasing power in 50, 75 and 100
sL/min air flow rate cases. Because, the hydrogen production is proportional with the
temperature in the reactor. The temperature increases by increasing plasma power.
However, increasing air flow rate has insignificant effect on the hydrogen quality of
syngas (Hg). In case of 50 sL/min, it increases from 0.11 % at 3 kW power to 0.14 %
at 6 kW power. In case of 75 sL/min, it goes up from 0.11 % to 0.14 % by increasing
power from 3 kW to 6 kW. In case of 100 sL/min, it rises from 0.10 % to 0.14 % by
increasing power from 3 kW to 6 kW. However, the hydrogen quality of syngas (Hg)

stays almost constant at varied flow rates at level of 0.11 % between 50 sL/min and
100 sL/min at 3kW plasma power. Similarly, it stays constant at varied flow rates at

level of 0.14 % between 50 sL/min and 100 sL/min at 6 kW plasma power.

Syngas energy lowers by increasing plasma power in 50, 75 and 100 sL/min air flow
rate cases. Because, the syngas energy depends on the syngas production and syngas
content especially percentage of CO, H, and CH4. Syngas production reduces by
increasing plasma power. Percentage of CO and H; increases while CH4 remains same
or slightly reduces by increasing plasma power. As a result, the syngas energy reduces
by increasing the power. Also, syngas production reduces by increasing air flow rate
and percentage of CO and H» reduces while percentage of CH4 increases by increasing
air flow rate. The production amount and the distribution of syngas effects the syngas
energy. In case of 50 sL/min, syngas energy decreases from 4821 kJ at 3 kW plasma
power to 4041 kJ at 6 kW plasma power. In case of 75 sL/min, syngas energy reduces
from 5301 kJ at 3 kW plasma power to 4711 kJ at 6 kW plasma power. In case of 100
sL/min, syngas energy reduces from 5498 kJ at 3 kW plasma power to 4945 kJ at 6
kW plasma power. The energy of 250 g South African coal (CSA) fuel is 7690 kJ. On
the other hand, the syngas energy increases from 4821 kJ to 5498 kJ by increasing air
flow rate from 50 sL/min to 100 sL/min at 3 kW power. The syngas energy rises from
4041 kJ to 4945 kJ by increasing air flow rate from 50 sL/min to 100 sL/min at 6 kW

power.

Process energy efficiency (ngp) of the South African coal (CSA) in case of 50 sL/min,

75 sL/min and 100 sL/min for various plasma powers between 3 kW and 6 kW are
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given in Figure 6.10. Process energy efficiency (ngp) reduces by increasing the plasma
power while it increases by increasing air flow rate. The input energy is just the fuel
energy in the case of process energy efficiency (ngp). So, the syngas energy is the only
one parameter which effects the process energy efficiency (ngp). However, the relation
between syngas energy, plasma power, and air flow rate are sophisticated to define the
relation. Increasing power lowers the gasification duration and reduces the syngas
production, but it enhances the conversion of fuel to syngas and rises the syngas
temperature. Similarly, increasing air flow rate lowers the gasification duration and it
reduces the syngas production. Also, it reduces the syngas temperature and the
conversion of fuel to syngas. As a result, increment of plasma power lowers the process
energy efficiency (ngp). However, increasing air flow rate rises the process energy
efficiency (Mgp). In case of 50 sL/min air flow rate, process energy efficiency (ngp)
cut down from 62.69 % to 52.55 % by increasing the plasma power from 3 kW to 6
kW. In case of 75 sL/min air flow rate, it slightly declines from 68.94 % to 61.26 %
by increasing the plasma power from 3 kW to 6 kW. In case of 100 sL/min air flow
rate, it also slightly decreases from 71.5 % to 64.31 % by increasing the plasma power
from 3 kW to 6 kW. Increasing plasma power lowers the process energy efficiency
(mep)- While the decrease in efficiency is 16.17 % by increasing plasma power from 3
kW to 6 kW in 50 sL/min, it is 10.05 % by increasing plasma power from 3 kW to 6
kW in 100 sL/min. The increment of air flow rate rises the process energy efficiency
(mep) at 3 kW plasma power. Also, increasing air flow rate rises the process energy
efficiency (ngp) at 6 kW plasma power. The process energy efficiency (ngp) goes up
from 62.69 % to 71.50 % by increasing the flow rate from 50 sL/min to 100 sL/min in
case of 3 kW power and it goes up from 52.55 % to 64.31 % by increasing the flow

rate from 50 sL/min to 100 sL/min in case of 6 kW plasma power.
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Figure 6.10 Process energy efficiency (ngp) of South African coal (CSA) gasification
in the cases of 50-100 sL/min air flow rate and 3-6 kW plasma power

System energy efficiency (ngs) of the South African coal (CSA) in case of 50 sL/min,
75 sL/min and 100 sL/min for various plasma powers between 3 kW and 6 kW are
given in Figure 6.11. The system energy efficiency (ngs) depends on the fuel energy,
plasma energy and the syngas energy. The constant amount of fuel is dosed to the
reactor in the each case. However, the plasma energy and syngas energy are varied
depending on the plasma power and air flow rate. Increasing power lowers the
gasification duration, reduces syngas production and increases the plasma energy
consumption but it enhances the conversion of fuel to syngas and rises the syngas
temperature. Similarly, increasing air flow rate lowers the gasification duration,
reduces syngas production and lowers the plasma energy consumption. On the other
hand, it reduces the syngas temperature and the conversion of fuel to syngas. As a
result, increment of plasma power lowers the system energy efficiency (ngg).
However, increasing air flow rate enhances the system energy efficiency (ngg). In case
of 50 sL/min air flow rate, system energy efficiency (ngs) cut down from 44.97 % to
32.99 % by increasing the plasma power from 3 kW to 6 kW. In case of 75 sL/min air
flow rate, it decreases from 52.54 % to 41.73 % by increasing the plasma power from
3 kW to 6 kW. In case of 100 sL/min air flow rate, it reduces from 55.48 % to 45.00
% by increasing the plasma power from 3 kW to 6 kW. Increasing plasma power
declines the system energy efficiency (ngs) in all cases. Also, the effect of plasma

power to the system energy efficiency (ngg) decreases by increasing the flow rate. The
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reduction in efficiency is 26.63 % by increasing plasma power from 3 kW to 6 kW in
50 sL/min and it is 18.88 % by increasing plasma power from 3 kW to 6 kW in 100
sL/min. The magnitude of the system energy efficiency (ngg) is less than the process
energy efficiency (ngp). Because, the plasma power rises the consumption of the
system and it has negative effects to system energy efficiency (ngs). The increment of
air flow rate increases the system energy efficiency (ngs) at all plasma power levels.
The system energy efficiency (ngs) goes up from 44.97 % to 55.48 % by increasing
the flow rate from 50 sL/min to 100 sL/min in case of 3 kW power and it rises from
32.99 % and 45.00 % by increasing the flow rate from 50 sL/min to 100 sL/min in case
of 6 kW plasma power.
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Figure 6.11 System energy efficiency of South African coal (CSA) gasification in the
cases of 50-100 sL/min air flow rate and 3-6 kW plasma power

Hot gas efficiency (ngg) of South African coal (CSA) in case of 50 sL/min, 75 sL/min
and 100 sL/min for various plasma powers between 3 kW and 6 kW are given in Figure
6.12. The hot gas efficiency (nyg) depends on the fuel energy, plasma energy and the
syngas energy similar to the system energy efficiency (ngs). In addition to system
efficiency parameters, the syngas energy includes both the chemical energy of the solid
fuel and sensible energy as a result of its high temperature in the hot gas efficiency
(Mug)- The variation of the hot gas efficiency (nyg) is similar with the system energy
efficiency (ngs). The magnitude of the hot gas efficiency (nyg) is higher than the

system energy efficiency (ngs). Because, the sensible energy of the syngas is also
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considered in calculations of hot gas efficiency (nyg). As a result, increment of plasma
power reduces the hot gas efficiency (ngg). However, increasing air flow rate
increases the hot gas efficiency (nyg). In case of 50 sL/min air flow rate, hot gas
efficiency (nyg) goes down from 51.77 % to 42.64 % by increasing the plasma power
from 3 kW to 6 kW. In case of 75 sL/min air flow rate, it reduces from 59.19 % to
53.28 % by increasing the plasma power from 3 kW to 6 kW. In case of 100 sL/min
air flow rate, it cut down from 62.06 % to 58.20 % by increasing the plasma power
from 3 kW to 6 kW. Increasing plasma power reduces the hot gas efficiency (nyg) in
all cases. However, the reduction decreases by increasing the flow rate. While the
reduction is 17.63 % by increasing power from 3 kW to 6 kW in case of 50 sL/min air
flow rate, it is 6.22 % by increasing power from 3 kW to 6 kW in case of 100 sL/min
air flow rate. The increment of air flow rate increases the hot gas efficiency (ngg) in
all plasma power levels. The hot gas efficiency (nyg) goes up from 51.77 % to 62.06
% by increasing the flow rate from 50 sL/min to 100 sL/min in case of 3 kW power
and it also rises from 42.64 % to 58.20 % by increasing the flow rate from 50 sL/min

to 100 sL/min in case of 6 kW plasma power.
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Figure 6.12 Hot gas efficiency (nyg) of South African coal (CSA) gasification in the
cases of 50-100 sL/min air flow rate and 3-6 kW plasma power

6.6 Thermodynamic analysis of Sirnak (Turkey) coal (CTR) gasification
process

In this section, thermodynamic performance of Sirnak (Turkey) coal (CTR)

gasification process is handled. The content conversion performance of syngas
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(CCPsyy), content conversion performance of ash (CCP,gp), content conversion
performance of hydrogen (CCPy, ), hydrogen quality of syngas (Hg), process energy

efficiency (ngp), system energy efficiency (ngs) and hot gas efficiency (nyg) are
calculated for each case of the gasification of Sirnak (Turkey) coal (CTR) for various
plasma powers from 3 kW to 6 kW and at 50 sL/min, 75 sL/min and 100 sL/min air

flow rate. The results are presented in this section.

The CCPsyy, CCP4sp, CCPy,, Hy, syngas energy, fuel energy and plasma energy are
given in the Table 6.6. The content conversion performance of syngas (CCPsyy)

decreases by increasing plasma power in 50, 75 and 100 sL/min air flow rate cases.
Because, the increasing power reduces the gasification time (tg). The supplied air
amount to the reactor reduces due to the reduction of supplying air flow rate duration.
As a result the produced syngas amount decreases while the supplied fuel amount is
same. In case of 50 sL/min, it reduces from 419 % at 3 kW plasma power to 380 % at
6 kW plasma power. In case of 75 sL/min, it reduces from 489 % to 431 % by
increasing plasma power from 3 kW to 6 kW. In case of 100 sL/min, it reduces from
608 % to 501 % by increasing plasma power from 3 kW to 6 kW. On the other hand,
the increment of air flow rate causes the increment of content conversion performance
of syngas (CCPsyy). It goes up from 419 % to 608 % by increasing air flow rate from
50 sL/min to 100 sL/min at 3 kW power. Similarly, it increases from 380 % to 501 %

by increasing air flow rate from 50 sL/min to 100 sL/min at 6 kW power.

The content conversion performance of ash (CCP,g,) decreases by increasing the
plasma power in 50, 75 and 100 sL/min air flow rate cases because of the enhancement
of solid fuel conversion to syngas by increasing plasma power. Higher solid fuel
conversion to syngas means less ash output from the reactor. On the other hand, the
air flow rate increases the content conversion performance of ash (CCP,g}, ). Because,
increasing air flow reduces the temperature in reactor and the conversion of solid fuel
to syngas. As a result, less syngas production and high ash are produced. In case of 50
sL/min, it goes down from 27.79 % at 3 kW power to 19.7 % at 6 kW power. In case
of 75 sL/min, it decreases from 31.19 % to 24.22 % by increasing power from 3 kW
to 6 kW. In case of 100 sL/min, it reduces from 36.71 % to 25.20 % by increasing
power from 3 kW to 6 kW. On the other hand, the increment of air flow rate causes

the increment of content conversion performance of ash (CCP,qy). It goes up from
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27.79 % to 36.71 % by increasing air flow rate from 50 sL/min to 100 sL/min at 3 kW
power. Similarly, it increases from 19.70 % to 25.20 % by increasing air flow rate

from 50 sL/min to 100 sL/min at 6 kW power.

Table 6.6 Presentation of the CCPsyy,, CCP,gp, CCPy,, syngas energy, fuel energy and
plasma energy results for the Sirnak (Turkey) coal (CTR) gasification
process for various powers and flow rates

Plasma | CCPyy, | CCP,qp | CCPy,| Hy | Syngas | Fuel Plasma
Power (%) (%) (%) | (%) |energy | energy | energy
W) (kJ) (kJ) (kJ)

Sirnak 3000 419 2779 | 041 | 0.10 4109 2640
(Turkey) 3600 405 2649 | 041 | 0.10 3993 3024
coal- 4200 400 2327 | 043 | 0.11 3933 3444
50sL/min 4800 393 2266 | 047 | 0.12 3893 3840
5400 387 2098 | 048 | 0.12 3906 4212

6000 380 19.70 | 048 | 0.13 3748 4560

Sirnak 3000 489 31.19 | 048 | 0.10 4256 2130
(Turkey) 3600 473 29.25 | 048 | 0.10 4224 2448
coal- 4200 469 27.67 | 049 | 0.10 4042 4989 2814
75sL/min 4800 452 | 26.57 | 0.51 | 0.11 | 4016 3072
5400 441 25.50 | 0.53 | 0.12 3963 3348

6000 431 2422 | 0.54 | 0.12 3858 3600

Sirnak 3000 608 | 36.71 | 0.60 | 0.10 | 4292 2070
(Turkey) 3600 579 3445 | 0.59 | 0.10 4261 2340
coal- 4200 560 29.68 | 0.58 | 0.10 4121 2604
100sL/min 4800 546 27.81 | 0.62 | 0.11 4072 2880
5400 531 2640 | 0.64 | 0.12 4028 3132

6000 501 25.20 | 0.61 | 0.12 3931 3240

The content conversion performance of hydrogen (CCPy,) stays almost constant by
increasing the plasma power in 50, 75 and 100 sL/min air flow rate cases. Because the
Sirnak (Turkey) coal (CTR) has lack of hydrogen content. Even increasing plasma
power changes the syngas temperature and the conversion of solid fuel to syngas,
hydrogen content in syngas is limited due to the lack of hydrogen in solid fuel. As a
result, the hydrogen content is varied insignificantly. In case of 50 sL/min, it stays in
level of 0.41 % - 0.48 % at plasma power between 3 kW and 6 kW. In case of 75
sL/min, it stays in level of 0.48 % - 0.54 % at plasma power between 3 kW and 6 kW.
In case of 100 sL/min, it stays in level between 0.58 % and 0.64 % at plasma power
between 3 kW and 6 kW. On the other hand, the content conversion performance of
hydrogen (CCPy,) goes up by the increment of air flow rate. . Because, increasing air

flow rate rises the syngas production and it also increases the hydrogen production. It
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increases from 0.41 % to 0.6 % by increasing air flow rate from 50 sL/min to 100
sL/min at 3 kW plasma power. Also, it increases from 0.48 % to 0.61 % by increasing

air flow rate from 50 sL/min to 100 sL/min at 6 kW plasma power.

Hydrogen quality of syngas (Hg) increases by increasing power in 50, 75 and 100
sL/min air flow rate cases. Because, the hydrogen production is proportional with the
temperature in the reactor. The temperature increases by increasing plasma power.
However, increasing air flow rate has insignificant effect on the hydrogen quality of
syngas (Hg). In case of 50 sL/min, it increases from 0.10 % at 3 kW power to 0.13 %
at 6 kW power. In case of 75 sL/min, it goes up from 0.11 % to 0.14 % by increasing
power from 3 kW to 6 kW. In case of 100 sL/min, it rises from 0.10 % to 0.12 % by
increasing power from 3kW to 6 kW. However, the hydrogen quality of syngas (Hg)

stays almost constant at level of 0.1 % at varied flow rates between 50 sL/min and 100
sL/min at 3 kW plasma power. Similarly, it stays constant at varied flow rates at level

01 0.12-0.13 % between 50 sL/min and 100 sL/min at 6 kW plasma power.

Syngas energy goes down by increasing plasma power in 50, 75 and 100 sL/min air
flow rate cases. Because, the syngas energy depends on the syngas production and
syngas content especially percentage of CO, Hz and CHa. Syngas production reduces
by increasing plasma power. Percentage of CO and H: increases while CH4 remains
same or slightly reduces by increasing plasma power. As a result, the syngas energy
increases by increasing the power. Also, syngas production reduces by increasing air
flow rate and percentage of CO and H» reduces while percentage of CH4 increases by
increasing air flow rate. The production amount and the distribution of syngas effects
the syngas energy. In case of 50 sL/min, syngas energy decreases from 4109 kJ at 3
kW plasma power to 3748 kJ at 6 kW plasma power. In case of 75 sL/min, syngas
energy reduces from 4256 kJ at 3 kW plasma power to 3858 kJ at 6 kW plasma power.
In case of 100 sL/min, syngas energy decreases from 4292 kJ at 3 kW plasma power
to 3931 kJ at 6 kW plasma power. The energy of 250 g Sirnak (Turkey) coal (CTR)
fuel is 4989 kJ. On the other hand, the syngas energy increases from 4109 kJ to 4292
kJ by increasing air flow rate from 50 sL/min to 100 sL/min at 3 kW power. The syngas
energy rises from 3748 kJ to 3931 kJ by increasing air flow rate from 50 sL/min to 100
sL/min at 6 kW power.
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Process energy efficiency (ngp) of the Sirnak (Turkey) coal (CTR) in case of 50
sL/min, 75 sL/min and 100 sL/min for various plasma powers between 3 kW and 6
kW is presented in Figure 6.13. Process energy efficiency (ngp) reduces by increasing
the plasma power while it stays almost constant by increasing air flow rate. The input
energy is just the fuel energy in the case of process energy efficiency (ngp). So, the
syngas energy is the only one parameter which effects the process energy efficiency
(mep)- However, the relation between syngas energy, plasma power, and air flow rate
are sophisticated to define the relation. Increasing power lowers the gasification
duration and reduces the syngas production, but it enhances the conversion of fuel to
syngas and rises the syngas temperature. Similarly, increasing air flow rate lowers the
gasification duration and it reduces the syngas production. Also, it reduces the syngas
temperature and the conversion of fuel to syngas. As a result, increment of plasma
power lowers the process energy efficiency (ngp). Increasing air flow rate has almost

no effect on the process energy efficiency (ngp).
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Figure 6.13 Process energy efficiency (ngp) of Sirnak (Turkey) coal (CTR)
gasification in the cases of 50-100 sL/min air flow rate and 3-6 kW
plasma power

In case of 50 sL/min air flow rate, process energy efficiency (ngp) goes down from
82.37 % to 75.14 % by increasing the plasma power from 3 kW to 6 kW. In case of 75
sL/min air flow rate, it slightly decreases from 85.32 % to 77.33 % by increasing the
plasma power from 3 kW to 6 kW. In case of 100 sL/min air flow rate, it also slightly
declines from 86.05 % to 78.81 % by increasing the plasma power from 3 kW to 6
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kW. Increasing plasma power reduces the process energy efficiency (ngp). While the
reduction in efficiency is 8.77 % by increasing plasma power from 3 kW to 6 kW in
50 sL/min, it is 8.41 % by increasing plasma power from 3 kW to 6 kW in 100 sL/min.
The increment of air flow rate increases the process energy efficiency (ngp) at 3 kW
plasma power. Also, increasing air flow rate increases the process energy efficiency
(mep) at 6 kW plasma power. The process energy efficiency (ngp) goes up from 82.37
% to 86.05 % by increasing the flow rate from 50 sL/min to 100 sL/min in case of 3
kW plasma power and it goes up from 75.14 % to 78.81 % by increasing the flow rate
from 50 sL/min to 100 sL/min in case of 6 kW plasma power. The magnitude of the
process energy efficiency (ngp) is high because of the low heating value of the Sirnak
(Turkey) coal (CTR). However, the produced syngas composition is similar with other

coals.

System energy efficiency (ngs) of the Sirnak (Turkey) coal (CTR) in case of 50
sL/min, 75 sL/min and 100 sL/min for various plasma powers between 3 kW and 6
kW are given in Figure 6.14. The system energy efficiency (ngs) depends on the fuel
energy, plasma energy and the syngas energy. The constant amount of fuel is dosed to
the reactor in the each case. However, the plasma energy and syngas energy are varied
depending on the plasma power and air flow rate. Increasing power lowers the
gasification duration, reduces syngas production and increases the plasma energy
consumption but it enhances the conversion of fuel to syngas and rises the syngas
temperature. Similarly, increasing air flow rate lowers the gasification duration,
reduces syngas production and lowers the plasma energy consumption. On the other
hand, it reduces the syngas temperature and the conversion of fuel to syngas. As a
result, increment of plasma power decreases the system energy efficiency (ngs).
However, increasing air flow rate reduces the system energy efficiency (ngs). In case
of 50 sL/min air flow rate, system energy efficiency (ngs) reduces from 53.87 % to
39.25 % by increasing the plasma power from 3 kW to 6 kW. In case of 75 sL/min air
flow rate, it cut down from 59.79 % to 44.92 % by increasing the plasma power from
3 kW to 6 kW. In case of 100 sL/min air flow rate, it goes down from 60.81 % to 47.78
% by increasing the plasma power from 3 kW to 6 kW. Increasing plasma power
reduces the system energy efficiency (ngs) in all cases. Also, the effect of plasma
power to the system energy efficiency (ngg) goes down by increasing the flow rate.

The reduction in efficiency is 27.13 % by increasing plasma power from 3 kW to 6
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kW in 50 sL/min and it is 21.42 % by increasing plasma power from 3 kW to 6 kW in
100 sL/min. The magnitude of the system energy efficiency (ngs) is less than the
process energy efficiency (ngp). Because, the plasma power increases the
consumption of the system and it has negative effects to system energy efficiency
(MEes)- The increment of air flow rate enhances the system energy efficiency (ngs) at
all plasma power levels. The system energy efficiency (ngs) goes up from 53.87 % to
60.81 % by increasing the flow rate from 50 sL/min to 100 sL/min in case of 3 kW
power and it rises from 39.25 % and 47.78 % by increasing the flow rate from 50
sL/min to 100 sL/min in case of 6 kW plasma power. The magnitude of the system
energy efficiency (ngs) is high because of the low heating value of the Sirnak (Turkey)

coal (CTR). However, the produced syngas composition is similar with other coals.
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Figure 6.14 System energy efficiency (ngs) of Sirnak (Turkey) coal (CTR)
gasification in the cases of 50-100 sL/min air flow rate and 3-6 kW
plasma power

Hot gas efficiency (nyg) of Sirnak (Turkey) coal (CTR) in case of 50 sL/min, 75
sL/min and 100 sL/min for various plasma powers between 3 kW and 6 kW are given
in Figure 6.15. The hot gas efficiency (nyg) depends on the fuel energy, plasma energy
and the syngas energy similar to the system energy efficiency (ngs). In addition to
system efficiency parameters, the syngas energy includes both the chemical energy of
the solid fuel and sensible energy as a result of its high temperature in the hot gas
efficiency (Myg). The variation of the hot gas efficiency (ngg) is similar with the

system energy efficiency (ngs). The magnitude of the hot gas efficiency (ng¢) 1s higher
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than the system energy efficiency (ngs). Because, the sensible energy of the syngas is
also considered in calculations of hot gas efficiency (ngg). As a result, increment of
plasma power lowers the hot gas efficiency (ny¢g). However, increasing air flow rate
increases the hot gas efficiency (nyg). In case of 50 sL/min air flow rate, hot gas
efficiency (nyg) goes down from 62.04 % to 51.27 % by increasing the plasma power
from 3 kW to 6 kW. In case of 75 sL/min air flow rate, it reduces from 67.94 % to
59.42 % by increasing the plasma power from 3 kW to 6 kW. In case of 100 sL/min
air flow rate, it decreases from 68.96 % to 64.31 % by increasing the plasma power
from 3 kW to 6 kW. Increasing plasma power reduces the hot gas efficiency (nyg) in
all cases. However, the reduction decreases by increasing the flow rate. While the
reduction is 17.36 % by increasing power from 3 kW to 6 kW in case of 50 sL/min air
flow rate, it is 6.74 % by increasing power from 3 kW to 6 kW in case of 100 sL/min
air flow rate. The increment of air flow rate increases the hot gas efficiency (ngg) in
all plasma power levels. The hot gas efficiency (nyg) goes up from 62.04 % to 68.96
% by increasing the flow rate from 50 sL/min to 100 sL/min in case of 3 kW power
and it also rises from 51.27 % to 64.31 % by increasing the flow rate from 50 sL/min

to 100 sL/min in case of 6 kW plasma power.
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Figure 6.15 Hot gas efficiency (nyg) of Sirnak (Turkey) coal (CTR) gasification in
the cases of 50-100 sL/min air flow rate and 3-6 kW plasma power
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6.7 Thermodynamic analysis of polyethylene (PP) gasification process

In this section, thermodynamic performance of polyethylene (PP) gasification process
is handled. The content conversion performance of syngas (CCPyy), content
conversion performance of ash (CCP,g, ), content conversion performance of hydrogen
(CCPy,), hydrogen quality of syngas (Hg), process energy efficiency (ngp), system
energy efficiency (ngg) and hot gas efficiency (nyg) are calculated for each case of
the gasification of polyethylene (PP) for various power from 3 kW to 6 kW and at 50
sL/min, 75 sL/min and 100 sL/min air flow rate. The results are presented in this

section.

The CCPsyy, CCPysp, CCPy,, Hy, syngas energy, fuel energy and plasma energy are
given in the Table 6.7. The content conversion performance of syngas (CCPsyy)
decreases by increasing plasma power in 50, 75 and 100 sL/min air flow rate cases.
Because, the increasing power reduces the gasification time (tg). The supplied air
amount to the reactor reduces due to the reduction of supplying air flow rate duration.
As a result the produced syngas amount decreases while the supplied fuel amount is
same. In case of 50 sL/min, it reduces from 360 % at 3 kW plasma power to 305 % at
6 kW plasma power. In case of 75 sL/min, it reduces from 465 % to 407 % by
increasing plasma power from 3 kW to 6 kW. In case of 100 sL/min, it reduces from
571 % to 509 % by increasing plasma power from 3 kW to 6 kW. On the other hand,
the increment of air flow rate causes the increment of content conversion performance
of syngas (CCPsyy). It goes up from 360 % to 571 % by increasing air flow rate from
50 sL/min to 100 sL/min at 3 kW power. Similarly, it increases from 305 % to 509 %

by increasing air flow rate from 50 sL/min to 100 sL/min at 6 kW power.

The content conversion performance of ash (CCP,g,) decreases by increasing the
plasma power in 50, 75 and 100 sL/min air flow rate cases because of the enhancement
of solid fuel conversion to syngas by increasing plasma power. Higher solid fuel
conversion to syngas means less ash output from the reactor. On the other hand, the
air flow rate increases the content conversion performance of ash (CCP,g}, ). Because,
increasing air flow reduces the temperature in reactor and the conversion of solid fuel
to syngas. As a result, less syngas production and high ash are produced. In case of 50
sL/min, it goes down from 0.84 % at 3 kW power to 0.46 % at 6 kW power. In case of
75 sL/min, it decreases from 1.61 % to 0.96 % by increasing power from 3 kW to 6
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kW. In case of 100 sL/min, it reduces from 2.45 % to 1.6 % by increasing power from
3 kW to 6 kW. On the other hand, the increment of air flow rate causes the increment
of content conversion performance of ash (CCP,gq},). It goes up from 0.84 % to 2.45 %
by increasing air flow rate from 50 sL/min to 100 sL/min at 3 kW power. Similarly, it
increases from 0.46 % to 1.6 % by increasing air flow rate from 50 sL/min to 100

sL/min at 6 kW power.

The content conversion performance of hydrogen (CCPy, ) increases by increasing the
plasma power in 50, 75 and 100 sL/min air flow rate cases because of increment of
syngas temperature and enhancement in conversion of solid fuel to syngas.
Enhancement in syngas conversion increases the production of hydrogen. Also, the air
flow rate increases the content conversion performance of hydrogen (CCPy, ). Because,
the increasing air flow rate also increases the syngas production. Higher production of
syngas means the higher hydrogen production from the same amount of the fuel. In
case of 50 sL/min, it increases from 2.53 % at 3 kW power to 2.9 % at 6 kW power.
In case of 75 sL/min, it goes up from 3.67 % to 3.84 % by increasing power from 3
kW to 6 kW. In case of 100 sL/min, it increases from 4.5 % to 4.85 % by increasing
power from 3 kW to 6 kW. Moreover, the increment of air flow rate increases the
content conversion performance of hydrogen (CCPy, ). It goes up from 2.53 % to 4.5
% by increasing air flow rate from 50 sL/min to 100 sL/min at 3 kW power. Also, it
goes up from 2.9 % to 4.85 % by increasing air flow rate from 50 sL/min to 100 sL/min

at 6 kW power.

Hydrogen quality of syngas (Hg) increases by increasing power in 50, 75 and 100
sL/min air flow rate cases. Because, the hydrogen production is proportional with the
temperature in the reactor. The temperature increases by increasing plasma power.
However, increasing air flow rate has insignificant effect on the hydrogen quality of
syngas (Hg). In case of 50 sL/min, it increases from 0.7 % at 3 kW power to 0.95 % at
6 kW power. In case of 75 sL/min, it goes up from 0.79 % to 0.94 % by increasing
power from 3 kW to 6 kW. In case of 100 sL/min, it rises from 0.79 % to 0.95 % by
increasing power from 3kW to 6 kW. However, the hydrogen quality of syngas (Hg)
stays almost constant at level of 0.7-0.79 % for various flow rates between 50 sL/min
and 100 sL/min at 3 kW plasma power. Similarly, it stays constant for various flow

rates at level of 0.94-0.95 % between 50 sL/min and 100 sL/min at 6 kW plasma power.
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Table 6.7 Presentation of the CCPsyy,, CCP,gp, CCPy,, syngas energy, fuel energy and

plasma energy results for the polyethylene (PP) gasification process for
various powers and flow rates

Plasma CCPsyy | CCPyup | CCPy,| Hg | Syngas | Fuel Plasma
Power | (%) (%) (%) | (%) |energy | energy | energy

W) (kJ) kh | &))
Polyethyl 3000 360 0.84 | 2.53 | 0.70 | 3298 1980
ene- 3600 352 0.80 | 2.52 | 0.72 | 3267 2304
50sL/min 4200 336 0.75 | 245 |0.73 3187 2520
4800 328 0.65 | 2.62 | 0.80 | 3274 2784
5400 320 0.58 | 2.70 | 0.84 | 3321 3024
6000 305 046 | 2.90 | 0.95| 3327 3120
Polyethyl 3000 465 1.61 3.67 [ 0.79 | 3938 1860
ene- 3600 454 1.54 | 3.64 | 0.80 | 3895 2160
75sL/min 4200 442 144 | 3.69 | 0.84 | 3898 8658 2436
4800 436 1.34 | 3.79 | 0.87 | 3905 2736
5400 418 1.20 | 3.81 | 091 3885 2916
6000 407 096 | 3.84 | 0.94 | 3854 3120
Polyethyl 3000 571 245 | 450 | 0.79 | 4499 1800
ene- 3600 556 224 | 4.67 | 0.84| 4713 2088
100sL/mi 4200 556 2.08 | 4.77 | 0.86 | 4844 2436
n 4800 540 1.94 | 479 | 0.89 | 4877 2688
5400 524 1.77 | 4.89 1 093 | 4970 2916
6000 509 1.60 | 4.85 | 0.95| 4999 3120

Syngas energy rises by increasing plasma power in 50, 75 and 100 sL/min air flow rate
cases. Because, the syngas energy depends on the syngas production and syngas
content especially percentage of CO, H> and CH4. Syngas production reduces by
increasing plasma power. Percentage of CO and H: increases while CH4 remains same
or slightly reduces by increasing plasma power. Also, syngas production reduces by
increasing air flow rate and percentage of CO and H» reduces while percentage of CH4
increases by increasing air flow rate. The production amount and the distribution of
syngas effects the syngas energy. In case of 50 sL/min, syngas energy goes up from
3298 kJ at 3 kW plasma power to 3327 kJ at 6 kW plasma power. In case of 75 sL/min,
syngas energy lowers from 3938 kJ at 3 kW plasma power to 3854 kJ at 6 kW plasma
power. In case of 100 sL/min, syngas energy increases from 4499 kJ at 3 kW plasma
power to 4999 kJ at 6 kW plasma power. The energy of 250 g Polyethylene (PP) fuel
1s 8658 kJ. On the other hand, the syngas energy increases from 3298 kJ to 4499 kJ by
increasing air flow rate from 50 sL/min to 100 sL/min at 3 kW power. The syngas
energy rises from 3327 kJ to 4999 kJ by increasing air flow rate from 50 sL/min to 100
sL/min at 6 kW power.
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Process energy efficiency (ngp) of polyethylene (PP) in case of 50 sL/min, 75 sL/min
and 100 sL/min for various plasma powers between 3 kW and 6 kW are presented in
Figure 6.16. Process energy efficiency (ngp) remains almost constant by increasing
the plasma power while it increases by increasing air flow rate. The input energy is
just the fuel energy in the case of process energy efficiency (ngp). So, the syngas
energy is the only one parameter which effects the process energy efficiency (Ngp).
However, the relation between syngas energy, plasma power, and air flow rate are
sophisticated to define the relation. Increasing power lowers the gasification duration
and reduces the syngas production, but it enhances the conversion of fuel to syngas
and rises the syngas temperature. Similarly, increasing air flow rate lowers the
gasification duration and it reduces the syngas production. Also, it reduces the syngas
temperature and the conversion of fuel to syngas. As a result, increment of plasma
power has insignificant effect on the process energy efficiency (ngp). However,
increasing air flow rate rises the process energy efficiency (ngp). In case of 50 sL/min
air flow rate, process energy efficiency (ngp) slightly rises from 38.09 % to 38.42 %
by increasing the plasma power from 3 kW to 6 kW. On the other hand, it slightly
decreases from 45.48 % to 44.52 % by increasing the plasma power from 3 kW to 6
kW in case of 75 sL/min air flow rate. In case of 100 sL/min air flow rate, it increases

from 51.96 % to 57.73 % by increasing the plasma power from 3 kW to 6 kW.
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Figure 6.16 Process energy efficiency (ngp) of polyethylene (PP) gasification in the
cases of 50-100 sL/min air flow rate and 3-6 kW plasma power
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The increment of air flow rate rises the process energy efficiency (ngp) in all plasma
power levels. The process energy efficiency (ngp) goes up from 38.09 % to 51.96 %
by increasing the flow rate from 50 sL/min to 100 sL/min in case of 3 kW plasma
power and it goes up from 38.42 % to 57.73 % by increasing the flow rate from 50

sL/min to 100 sL/min in case of 6 kW plasma power.

System energy efficiency (ngs) of the polyethylene (PP) in case of 50 sL/min, 75
sL/min and 100 sL/min for various plasma powers between 3 kW and 6 kW are given
in Figure 6.17. The system energy efficiency (ngs) depends on the fuel energy, plasma
energy and the syngas energy. The constant amount of fuel is dosed to the reactor in
the each case. However, the plasma energy and syngas energy are varied depending
on the plasma power and air flow rate. Increasing power lowers the gasification
duration, reduces syngas production and increases the plasma energy consumption but
it enhances the conversion of fuel to syngas and rises the syngas temperature.
Similarly, increasing air flow rate lowers the gasification duration, reduces syngas
production and lowers the plasma energy consumption. On the other hand, it reduces
the syngas temperature and the conversion of fuel to syngas. As a result, increment of
plasma power reduces the system energy efficiency (ngs). However, increasing air
flow rate enhances the system energy efficiency (ngs). In case of 50 sL/min air flow
rate, system energy efficiency (ngs) diminishes from 31.00 % to 28.24 % by increasing
the plasma power from 3 kW to 6 kW. In case of 75 sL/min air flow rate, system energy
efficiency (ngs) decreases from 37.44 % to 32.72 % by increasing the plasma power
from 3 kW to 6 kW. In case of 100 sL/min air flow rate, system energy efficiency
(Mes) goes down from 43.02 % to 42.44 % by increasing the plasma power from 3 kW
to 6 kW. Increasing plasma power reduces the system energy efficiency (ngs) in all
cases. The reduction in efficiency is 8.9 % by increasing plasma power from 3 kW to
6 kW in 50 sL/min and it is 1.34 % by increasing plasma power from 3 kW to 6 kW
in 100 sL/min. The magnitude of the system energy efficiency (ngs) is less than the
process energy efficiency (ngp). Because, the plasma power increases the
consumption of the system and it has negative effects to system energy efficiency
(Mes)- The increment of air flow rate enhances the system energy efficiency (ngs) at
all plasma power levels. The system energy efficiency (ngs) goes up from 31.00 % to

43.02 % by increasing the flow rate from 50 sL/min to 100 sL/min in case of 3 kW
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power and it goes up from 28.24 % to 42.44 % by increasing the flow rate from 50

sL/min to 100 sL/min in case of 6 kW plasma power.
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Figure 6.17 System energy efficiency (ngs) of polyethylene (PP) gasification in the
cases of 50-100 sL/min air flow rate and 3-6 kW plasma power

Hot gas efficiency (nyg) of polyethylene (PP) in case of 50 sL/min, 75 sL/min and 100
sL/min for various plasma powers between 3 kW and 6 kW are given in Figure 6.18.
The hot gas efficiency (nyg) depends on the fuel energy, plasma energy and the syngas
energy similar to the system energy efficiency (ngs). In addition to system efficiency
parameters, the syngas energy includes both the chemical energy of the solid fuel and
sensible energy as a result of its high temperature in the hot gas efficiency (ngg). The
variation of the hot gas efficiency (nyg) is similar with the system energy efficiency
(mes)- The magnitude of the hot gas efficiency (nyg) is higher than the system energy
efficiency (ngg). Because, the sensible energy of the syngas is also considered in
calculations of hot gas efficiency (nyg). As a result, increment of plasma power rises
the hot gas efficiency (nyg). Also, increasing air flow rate increases the hot gas
efficiency (Myg)- In case of 50 sL/min air flow rate, hot gas efficiency (nyg) slightly
rises from 36.23 % to 36.54 % by increasing the plasma power from 3 kW to 6 kW. In
case of 75 sL/min air flow rate, it also slightly rises from 42.89 % to 43.32 % by
increasing the plasma power from 3 kW to 6 kW. In case of 100 sL/min air flow rate,
it goes up from 48.43 % to 55.12 % by increasing the plasma power from 3 kW to 6
kW. The hot gas efficiency (ngg) goes up from 36.23 % to 48.43 % by increasing the
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flow rate from 50 sL/min to 100 sL/min in case of 3 kW power and it also rises from
36.54 % to 55.12 % by increasing the flow rate from 50 sL/min to 100 sL/min in case

of 6 kW plasma power.
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Figure 6.18 Hot gas efficiency (ny¢) of polyethylene (PP) gasification in the cases of
50-100 sL/min air flow rate and 3-6 kW plasma power

6.8 Conclusions

The thermodynamic analysis methodology of plasma gasification process is explained
in detail. The content conversion performance of syngas (CCPsyy), content conversion
performance of ash (CCP,qp), content conversion performance of hydrogen (CCPy,),
hydrogen quality of syngas (Hg), process energy efficiency (ngp) and system energy
efficiency (ngg), hot gas efficiency (nyg), process exergetic efficiency (ngxp) and
system exergetic efficiency (ngxs) are defined. The thermodynamic performance of
solid fuels; Russian coal (CR), South African coal (CSA), Sirnak (Turkey) coal (CTR),
pine tree sawdust (PSD), hornbeam sawdust (HSD) and polyethylene (PP) are
examined regarding to defined terms. The thermodynamic performance of each solid
fuel gasification in case of 50, 75 and 100 sL/min air flow rate and varied powers
between 3 kW and 6 kW are presented for each fuel type. The conversion
characteristics and thermodynamic performance of sawdust, coals and polyethylene

are evaluated. The highlights of fuel gasification performances are presented.

In case of gasification of sawdust, the content conversion performance of syngas

(CCPgyp) reduces approximately 24.7 % in case of 50 sL/min air flow rate, 27 % in
case of 75 sL/min air flow rate and 27.38 % in case of 100 sL/min air flow rate by
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increasing the plasma power from 3 kW to 6 kW. On the other hand, the increasing air
flow rate enhanced the content conversion performance of syngas (CCPsyp). The
increment in the content conversion performance of syngas (CCPgyy,) is 35.26 % for 3
kW and 30.44 % for 6 kW when the flow rate increases from 50 sL/min to 100 sL/min.
The highest content conversion performance of syngas (CCPsyy) is 604 % at 3 kW
plasma power, 100 sL/min and hornbeam sawdust (HSD) gasification. The lowest
content conversion performance of syngas (CCPsyy) is 336 % at 6 kW plasma power,
50 sL/min and hornbeam sawdust (HSD) gasification. In case of gasification of coals,
the content conversion performance of syngas (CCPsyy,) reduces approximately 17 %
in case of 50 sL/min air flow rate, 17.24 % in case of 75 sL/min air flow rate and 17.40
% in case of 100 sL/min air flow rate by increasing the plasma power from 3 kW to 6
kW. On the other hand, the increasing air flow rate enhanced the content conversion
performance of syngas (CCPyy, ). The increment in the content conversion performance
of syngas (CCPsy;,) is 41 % for 3 kW and 19.7 % for 6 kW when the flow rate increases
from 50 sL/min to 100 sL/min. The highest content conversion performance of syngas
(CCPsyyp) is 655 % at 3 kW plasma power, 100 sL/min and Russian coal (CR)
gasification. The lowest content conversion performance of syngas (CCPsyy,) is 376 %
at 6 kW plasma power, 50 sL/min and Russian coal (CR) gasification. In case of
gasification of polyethylene, the content conversion performance of syngas (CCPsyy)
reduces approximately 15.25 % in case of 50 sL/min air flow rate, 12.58 % in case of
75 sL/min air flow rate and 10.9 % in case of 100 sL/min air flow rate by increasing
the plasma power from 3 kW to 6 kW. On the other hand, the increasing air flow rate
enhanced the content conversion performance of syngas (CCPyp). The increment in
the content conversion performance of syngas (CCPsyp) is 58.8 % for 3 kW and 66.96
% for 6 kW when the flow rate increases from 50 sL/min to 100 sL/min. The highest
content conversion performance of syngas (CCPsyp) is 571 % at 3 kW plasma power
and 100 sL/min. The lowest content conversion performance of syngas (CCPqyp) is 305
% at 6 kW plasma power and 50 sL/min. In all the experimentation, the highest content
conversion performance of syngas (CCPgyy,) is 655 % at 3 kW plasma power, 100
sL/min and Russian coal (CR) gasification while the lowest content conversion
performance of syngas (CCPgyp) is 305 % at 6 kW plasma power, 50 sL/min and

Polyethylene (PP) gasification. The content conversion performance of syngas
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(CCPsyy) decreases by increasing the plasma power at 50 sL/min, 75 sL/min and 100
sL/min. Because the increment of plasma power reduced the gasification time (tg). By
decreasing the gasification duration, less air is supplied to the reactor. As a result, the
produced syngas amount decreases by increasing the plasma power. However, the
increment of air flow rate increases the content conversion performance of syngas
(CCPsyy). Supplying higher air flow rate causes higher syngas production rate. The
content conversion performance of ash (CCP,g,) decreases by plasma power because
of the enhancement of conversion of syngas by increasing plasma power. On the other
hand, the air flow rate increases the content conversion performance of ash (CCP,gp,).

Because, the increment of air flow reduces the conversion of solid fuel to syngas.

In case of gasification of sawdust, the content conversion performance of hydrogen
(CCPy,) goes up approximately 168.31 % in case of 50 sL/min air flow rate, 127.76 %
in case of 75 sL/min air flow rate and 153.79 % in case of 100 sL/min air flow rate by
increasing the plasma power from 3 kW to 6 kW. The reduction in the content
conversion performance of hydrogen (CCPy,) is 1.79 % for 3 kW while it reduces 6.92
% for 6 kW when the flow rate increases from 50 sL/min to 100 sL/min. The highest
content conversion performance of hydrogen (CCPy,) is 2.23 % at 6 kW plasma power,
50 sL/min and pine tree sawdust (PSD) gasification. The lowest content conversion
performance of hydrogen (CCPy,) is 0.7 % at 3 kW plasma power, 50 sL/min and
hornbeam sawdust (HSD) gasification. In case of gasification of coals, the content
conversion performance of hydrogen (CCPy,) goes up approximately 5.87 % in case
of 50 sL/min air flow rate, 4.96 % in case of 75 sL/min air flow rate and 6.75 % in
case of 100 sL/min air flow rate by increasing the plasma power from 3 kW to 6 kW.
Also, the increasing air flow rate enhanced the content conversion performance of
hydrogen (CCPy, ). The increment in the content conversion performance of hydrogen
(CCPy,) 18 20.89 % for 3 kW and 20.05 % for 6 kW when the flow rate increases from
50 sL/min to 100 sL/min. The highest content conversion performance of hydrogen
(CCPy,) 15 0.73 % at 5.4 kW plasma power, 100 sL/min and South African coal (CSA)
gasification. The lowest content conversion performance of hydrogen (CCPy, ) is 0.41
% at 3 kW plasma power, 50 sL/min and Sirnak (Turkey) coal (CTR) gasification. In
case of gasification of polyethylene, the content conversion performance of hydrogen

CCPy.) increases approximately 14.66 % in case of 50 sL/min air flow rate, 4.56 %
H, pp y

193



in case of 75 sL/min air flow rate and 7.85 % in case of 100 sL/min air flow rate by
increasing the plasma power from 3 kW to 6 kW. In addition, increasing air flow rate
enhanced the content conversion performance of hydrogen (CCPy, ). The increment in
the content conversion performance of hydrogen (CCPy,) is 77.53 % for 3 kW and
66.99 % for 6 kW when the flow rate increases from 50 sL/min to 100 sL/min. The
highest content conversion performance of hydrogen (CCPy, ) is 4.85 % at 6 kW plasma
power and 100 sL/min. The lowest content conversion performance of hydrogen
(CCPy,) is 2.45 % at 4.2 kW plasma power and 50 sL/min. In all the experimentation,
the highest content conversion performance of hydrogen (CCPy,) is 4.85 % at 6 kW
plasma power, 100 sL/min and Polyethylene (PP) gasification while the lowest content
conversion performance of hydrogen (CCPy,) is 0.41 % at 3 kW plasma power, 50
sL/min and Sirnak (Turkey) coal (CTR) gasification. The content conversion
performance of hydrogen (CCPy,) increases by plasma power in case of gasification
of sawdust and polyethylene and coals. Increasing the plasma power, enhances the
conversion of fuel to syngas. Enhancement in syngas conversion also increases the
production of hydrogen. The Hydrogen quality of syngas (Hq) increases in all the
cases. Hydrogen quality of syngas (Hg) increases by plasma power because of the
conversion enhancement at higher temperature. However, the air flow rate reduces the
Hydrogen quality of syngas (Hg). Because the air flow rate is inversely proportional

with the temperature in the reactor.

The process energy efficiency (ngp) goes up approximately 63.92 % in case of 50
sL/min air flow rate, 47.15 % in case of 75 sL/min air flow rate and 24.24 % in case
of 100 sL/min air flow rate by increasing the plasma power from 3 kW to 6 kW in case
of gasification of sawdust. Similarly, the system energy efficiency (ngs) goes up
approximately 45.46 % in case of 50 sL/min air flow rate, 33.6 % in case of 75 sL/min
air flow rate and 13.27 % in case of 100 sL/min air flow rate by increasing the plasma
power from 3 kW to 6 kW in case of gasification of sawdust. While the increment in
the process energy efficiency (mgp) is 17.52 % for 3 kW plasma power, it reduces
29.95 % for 6 kW plasma power when the flow rate increases from 50 sL/min to 100
sL/min. Also, the increment in the system energy efficiency (ngs) is 29.95 % for 3 kW
plasma power and it rises 1.55 % for 6 kW plasma power when the flow rate increases

from 50 sL/min to 100 sL/min. While the highest process energy efficiency (ngp) is
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66.88 % at 6 kW plasma power, 75 sL/min and pine tree sawdust (PSD) gasification,
the lowest process energy efficiency (ngp) is 30.8 % at 3 kW plasma power, 50 sL/min
and hornbeam sawdust (HSD) gasification. Also, the highest system energy efficiency
(MEes) 1s 41.4 % at 6 kW plasma power, 75 sL/min and pine tree sawdust (PSD)
gasification and the lowest system energy efficiency (ngs) is 20.6 % at 3 kW plasma
power, 50 sL/min and hornbeam sawdust (HSD) gasification. The process energy
efficiency (ngp) lowers approximately 13.63 % in case of 50 sL/min air flow rate,
10.11 % in case of 75 sL/min air flow rate and 7.78 % in case of 100 sL/min air flow
rate by increasing the plasma power from 3 kW to 6 kW in case of gasification of
coals. Similarly, the system energy efficiency (ngs) decreases approximately 26.39 %
in case of 50 sL/min air flow rate, 21.71 % in case of 75 sL/min air flow rate and 19.18
% in case of 100 sL/min air flow rate by increasing the plasma power from 3 kW to 6
kW in case of gasification of coals. The increment in the process energy efficiency
(Mep) 18 10.77 % for 3 kW plasma and 18.69 % for 6 kW plasma power when the flow
rate increases from 50 sL/min to 100 sL/min. Also, the increment in the system energy
efficiency (gg) is 19.87 % for 3 kW plasma power and it rises 31.65 % for 6 kW
plasma power when the flow rate increases from 50 sL/min to 100 sL/min. While the
highest process energy efficiency (ngp) is 86.04 % at 3 kW plasma power, 100 sL/min
and Sirnak (Turkey) coal (CTR) gasification, the lowest process energy efficiency
(Mep) 18 52.55 % at 6 kW plasma power, 50 sL/min and South African coal (CSA)
gasification. Also, the highest system energy efficiency (ngs) is 61.37 % at 3 kW
plasma power, 100 sL/min air flow rate and Russian coal (CR) gasification and the
lowest system energy efficiency (Mgs) is 32.99 % at 3 kW plasma power, 50 sL/min
and South African coal (CSA) gasification. The process energy efficiency (ngp) rises
approximately 0.87 % in case of 50 sL/min air flow rate, lowers approximately 2.12
% in case of 75 sL/min air flow rate and rises approximately 11.1 % in case of 100
sL/min air flow rate by increasing the plasma power from 3 kW to 6 kW in case of
gasification of polyethylene. Similarly, the system energy efficiency (ngs) decreases
approximately 8.9 % in case of 50 sL/min air flow rate, 12.59 % in case of 75 sL/min
air flow rate and 1.35 % in case of 100 sL/min air flow rate by increasing the plasma
power from 3 kW to 6 kW in case of gasification of polyethylene. The increment in
the process energy efficiency (ngp) is 36.42 % for 3 kW plasma and 50.27 % for 6 kW

plasma power when the flow rate increases from 50 sL/min to 100 sL/min. Also, the
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increment in the system energy efficiency (ngs) is 38.77 % for 3 kW plasma power
and it rises 50.27 % for 6 kW plasma power when the flow rate increases from 50
sL/min to 100 sL/min. While the highest process energy efficiency (Mgp) is 57.73 %
at 6 kW plasma power and 100 sL/min air flow rate, the lowest process energy
efficiency (gp) is 36.8 % at 4.2 kW plasma power and 50 sL/min air flow rate. Also,
the highest system energy efficiency (ngs) is 43.86 % at 3.6 kW plasma power and
100 sL/min air flow rate, while the lowest system energy efficiency (ngs) is 36.8 % at

4.2 kW plasma power and 50 sL/min air flow rate.
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CHAPTER VII
CONCLUSIONS

In this chapter, general conclusions obtanied from the experimental study of
microwave plasma gasification (MCw gasifier) are presented and the related future

investigations are suggested.

As mentioned in introduction, recovery from waste has become significant because of
the limited resources in nature and increasing amounts of waste due to increase in the
population of the world. Furthermore the available energy demand increased rapidly
by the technological developments and the improvements in human comfort. The
plasma gasification systems which can dispose the waste and also produce a useful

energy form (syngas) makes the method attractive for the waste to energy conversion.

An experimental set-up as shown in Figure 3.29 was constructed by referring to the
available literature to investigate the microwave plasma gasification characteristics of
solid fuels. Even there were several research in literature about MCw gasifier, the
required data sets are missing for the performance evaluation. The performance were
evaluated just with cold gas efficiency and content conversion efficiencies in literature.
In this study, the temperature of syngas, the supplied air flow rate, fuel supply rate,
plasma power and the ash outputs were measured and controlled. By knowing these
independent parameters, it would be possible to investigate the thermodynamic
performance of the gasification. The process and system energy efficiencies of the

process are examined by measuring all these independent parameters.

In the operation of gasification system, there were several problems to feed the fuel to

the reactor and the problems are solved by following ways.

-Solid fuel feeding method
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The fuel supply system was isolated from the leakages of air in storage place. Also,
the air flow is by-passed. By this way, the reactor and the feeder became in same
pressure. The solid feeding location had to be changed by these modifications. As a

result, the reversing of solid particles in the feeder is prevented.
-Solid fuel feeding location

The solid fuels were mixed with air and supplied to the system by plasma applicator
air inlet port to satisfy equilibrium of pressure in reactor and solid fuel feeder. The new

proposed system configuration is given in Figure 3.26.
-Gasification process and syngas production problem

In case of steady state operation, the syngas production was not achieved because of
the air amount was much higher than the fuel in reactor. Although, the fuel feeding
rate is adjusted to feed the maximum solid fuel and the air flow rate reduced to 50
sL/min, the syngas production was not achieved. In case of reducing air flow rate to
the less than 50 sL/min, the swirling flow does not occur in plasma applicator. So, the
quartz glass in the center of the applicator melt. It is caused because of high energy
density in it. As a result, the minimum air flow rate and maximum fuel feeding rate

were restricted.

To overcome these problems, the reactor is dosed by certain amount of solid fuel (250
g in this study) and then the plasma is activated instead of simultaneous feeding and
plasma operation. In this case, the produced gas content is similar to the simultaneous
solid fuel feeding and plasma operation. After a while of operation of plasma, the
reactor were opened and the solid fuels were checked. It is observed that the plasma
flame interact just the fuels at top of the reactor. The reaction was not occurred in
whole reactor because the plasma was in contact just in the upper side of the gasifier.
The plasma applicator and reactor assembly were reversed to spread the reaction to
whole reactor. The gasifier connected from bottom and then the reactor and at the top
the cyclone filter were located. The reactor were filled with solid fuel and then the
reaction processes were performed by producing high amount of smoke. By this way,
the solid feeder was just used to dose the reactor. The simultaneous solid fuel feeding

and plasma gasification system operation were cancelled.
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-The usage of steam as oxidant was cancelled because of problems occurred in the

plasma generation system.

Solid fuels are examined by proximate and ultimate analysis methods, the heating
value of the fuels are calculated through measurement of proximate and ultimate
analysis and measured by the adiabatic bomb calorimeter test. Also, the solid fuels are
examined by SEM and EDX analysis methods. While the Russian coal (CR) has the
highest heating value of 26240 kJ/kg, the Hornbeam sawdust (HSD) has the lowest

heating value with 14072 kJ/kg according to empirical calculations.

6 different solid fuels, Russian coal (CR), South African coal (CSA), Sirnak coal
(CTR), pine tree sawdust (PSD), hornbeam sawdust (HSD) and polyethylene (PP) are
gasified for powers between 3 kW and 6 kW, and flow rates between 50 sL/min and
100 sL/min. The temperature distribution in the gasifier is determined by measuring
the temperature by thermocouples at y/h=0.28, 0.44, 0.6, 0.76 and 0.92 in each case.
The 6 types of solid fuels are sorted according to type of them as follows; pine
tree sawdust (PSD), hornbeam sawdust (HSD) are sawdust, Russian coal (CR), South
African coal (CSA), Sirnak coal (CTR) are coals and polyethylene (PP) is
polyethylene. According to this classification, the characteristics of each type of fuels

are given.

The highest syngas temperature is 1175 °C at 6 kW plasma power, 50 sL/min and
hornbeam sawdust (HSD) gasification in case of gasification of sawdust. The lowest
syngas temperature is 621 °C at 3 kW plasma power, 100 sL/min air flow rate and
hornbeam sawdust (HSD) gasification. In case of gasification of coals, the highest
syngas temperature i1s 1276 °C at 6 kW plasma power, 50 sL/min air flow rate and
Russian coal (CR) gasification. The lowest syngas temperature is 641 °C at 3 kW
plasma power, 100 sL/min air flow rate and Sirnak (Turkey) coal (CTR) gasification.
In case of gasification of polyethylene, the highest syngas temperature is 1218 °C at 6
kW plasma power, 50 sL/min air flow rate and polyethylene (PP) gasification. The
lowest syngas temperature is 629 °C at 3 kW plasma power, 100 sL/min air flow rate
and polyethylene (PP) gasification. In all the experimentation, the highest syngas
temperature is 1276 °C at 6 kW plasma power, 50 sL/min air flow rate and Russian
coal (CR) gasification while the lowest syngas temperature is 621 °C at 3 kW plasma

power, 100 sL/min air flow rate and hornbeam sawdust (HSD) gasification.
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The highest syngas production is 1.12 kg at 3 kW plasma power, 50 sL/min and
hornbeam sawdust (HSD) gasification in case of gasification of sawdust. The lowest
syngas production is 0.66 kg at 6 kW plasma power, 100 sL/min air flow rate and
hornbeam sawdust (HSD) gasification. In case of gasification of coals, the highest
syngas production is 1.2 kg at 3 kW plasma power, 50 sL/min air flow rate and Russian
coal (CR) gasification. The lowest syngas production is 0.72 kg at 6 kW plasma power,
100 sL/min air flow rate and Sirnak (Turkey) coal (CTR) gasification. In case of
gasification of polyethylene, the highest syngas production is 0.9 kg at 3 kW plasma
power, 50 sL/min and Polyethylene (PP) gasification. The lowest syngas production
is 0.76 kg at 6 kW plasma power, 100 sL/min and Polyethylene (PP) gasification. In
all the experimentation, the highest syngas production is 1.2 kg at 3 kW plasma power,
50 sL/min air flow rate and Russian coal (CR) gasification while the lowest syngas
production is 0.66 kg at 6 kW plasma power, 100 sL/min air flow rate and hornbeam
sawdust (HSD) gasification. The syngas production changes depending on air flow
rate and power. Because, the increasing power reduces the gasification time. The
supplied air amount to the reactor reduces due to the reduction of supplying air flow
rate duration. As a result the produced syngas amount decreases while the supplied

fuel amount is same.

The highest process energy efficiency (nNgp) is 66.88 % at 6 kW plasma power, 75
sL/min and pine tree sawdust (PSD) gasification and the lowest process energy
efficiency (mgp) is 30.8 % at 3 kW plasma power, 50 sL/min and hornbeam sawdust
(HSD) gasification in case of gasification of sawdust. Also, the highest system energy
efficiency (ngs) is 41.4 % at 6 kW plasma power, 75 sL/min and pine tree sawdust
(PSD) gasification and the lowest system energy efficiency (ngs) is 20.6 % at 3 kW
plasma power, 50 sL/min and hornbeam sawdust (HSD) gasification in case of
gasification of sawdust. While the highest process energy efficiency (ngp) is 86.04 %
at 3 kW plasma power, 100 sL/min and Sirnak (Turkey) coal (CTR) gasification, the
lowest process energy efficiency (ngp) is 52.55 % at 6 kW plasma power, 50 sL/min
and South African coal (CSA) gasification in case of gasification of coals. Also, the
highest system energy efficiency (ngs) is 61.37 % at 3 kW plasma power, 100 sL/min
and Russian coal (CR) gasification and the lowest system energy efficiency (ngs) is
32.99 % at 3 kW plasma power, 50 sL/min and South African coal (CSA) gasification

in case of gasification of coals. In case of gasification of polyethylene, while the
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highest process energy efficiency (Ngp) is 57.73 % at 6 kW plasma power and 100
sL/min air flow rate, the lowest process energy efficiency (ngp) is 36.8 % at 4.2 kW
plasma power and 50 sL/min air flow rate. The highest system energy efficiency (ngs)
is 43.86 % at 3.6 kW plasma power and 100 sL/min air flow rate, while the lowest
system energy efficiency (ngs) is 36.8 % at 4.2 kW plasma power and 50 sL/min air

flow rate in case of gasification of polyethylene.

To sum up, in this experimental study, gasification of solid fuels at various flow rates
and plasma power by microwave plasma gasification are investigated. All the
independent parameters of the process; temperature, mass of syngas, fuel and ash;
syngas, fuel and ash content are measured and the thermodynamic analysis of the

process are performed.

In future studies, the following can be suggested to enhance and widen the knowledge

about the microwave plasma gasification systems.

e The alternative reactor structure should be designed to overcome the problems
occurred in operation. Instead of holding the plasma applicator parallel to
reactor, the plasma applicator can be mounted to the reactor perpendicular or
in angular positons. Mounting the applicator perpendicular or with an angle
can eliminate the flame flashback and open possibilities to add steam to the
reactor.

e In this current study, the process is transient process. The ways to operate the
system steady should be investigated. The ways can be increasing the diameter
of the reactor, eliminate the flashback, modify the reactor design.

e The waveguide should be pressurized by compress air to prevent the leakage
of solid fuels and moisture to the magnetron.

e The steam should be supplied to the reactor to increase the outputs of
Hydrogen. However, the leakage of steam to the magnetron should be solved
to supply steam to the reactor. Usage of system for hydrogen production can
be considered if the steam supply to the gasifier is achieved.

e The reactor can be isolated and the heat losses from the reactor can eliminate.

e The effects of solid fuel particle size on gasification characteristics can be

examined.
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The cost analysis of the system can reveal the feasibility of the system for
industrial applications.
The durability of the reactor components should be tested for continues

operation.
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APPENDIX
A.1 System components technical specifications

In this section, the system components technical information is given and the

measurement methodology is explained.
Al.1 Power supplier

The properties of the Muegge MX6000D-110K model power supplier are given in
Table A.1.

Table A.1 Power Supplier technical specifications

Primary power circuit 208V AC, 3 phases, 50-60Hz, 27A

Primary control circuit 208V AC, 2 phases, 50-60Hz, 2.76A

Suitable for MW-output power | 6 kW 2450MHz

Efficiency Approx. % 90 at full output power

Interference CAN-Bus, PLC, operating and display panel

Assembly Fully closed aluminum housing, Solid
encapsulated assembly

Dimensions 19 inch rack mount; Length 688mm, Width
483mm, Height 132.5mm

Conditions Ambient temperature 5-45°C, Humidity % 80 at

30°C, subsequently linearly reduced to % 50 at
45°C, Cooling water 20-25°C

Connections 9pin Sub-D male (CAN BUS INTERFACE)

25 pin Sub-D female (PLC INTERFACE)

Circ. Connector (Prim. Power circuit/primary
control circuit)

Circ. Connector (Sec. Heating Circuit)

Circ. Connector (Magnetron head signal)

BNC Connector (Reflected power measurement)
Circ. Connector (Arc. Detection)

HV socket (HV- output power

Stud M6 (Ground/PE)

2xlock coupling G 74”’x 9mm (cooling water)
Weight 26kg

Al.2 Magnetron

Technical specification of the Muegge MH6000S-213BF model Magnetron is given
in Table A.2.
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Table A.2 Magnetron technical specifications

HF output power 6 kW

Frequency 2.45 GHz +/-20 MHz

Output flange WR340

Magnetron E327

Cooling water 6L/min 4 bar (inlet temp. 20-25°C

Interlock Cover and Magnetron over-temperature
Assembly Fully enclosed

Dimensions Height 250 mm, Width 370 mm, Depth 460 mm
Conditions Ambient temperature 5-45°C, Humidity % 80 at

30°C, subsequently linearly reduced to % 50 at
45°C, Cooling water 20-25°C

Cooling Connector

Hose connection nozzle 9mm

Weight

Approx. 22 kg

Al1.3 Isolator

Muegge MW1006A-210EC model isolator which protects the magnetron from dummy

load is given in Table A.3.

Table A.3 Technical specifications of isolator

Frequency 2.45 GHz +/-20 MHz
VSWR Max 1.25 (matched load)
Max 1.5 (output short circuited)
Insertion loss 0.2dB (max 0.3dB)
Isolation 26dB (min 20dB)
Power (forward) 6.5kW
Power (reflected) 6.5kW

Temperature range

10-50°C ambient (max 40°C water inlet)

Monitor coupling

65 dB +/-2dB (reflected power)

Connectors

Flange IEC PDR 26, Monitor N female

Dimensions

182 mm x 300 mm x 116 mm

Al.4 3-stub tuner

Mueege MW2010A-260EF model 3-stub tuner properties are given in Table A.4

which is used to provide signal matching and minimize the reflected power.

Table A.4 Technical specifications of 3-stub tuner

Frequency 2.45 GHz +/-50 MHz
Power 20kW max.

Tuning capacity VSWR 10:1
Waveguide WR340

Waveguide Flange PDR 26

Weight 3.5kg (aluminum)
Length 260mm
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Al.S Plasma applicator

Muegge MA6000A-013BB model plasma applicator specifications are given in Table

AS.

Table A.5 Technical specifications of plasma applicator

Frequency 2.45 GHz +/-20 MHz
Power 6 kW max.
Waveguide WR340

Waveguide Flange | UDR 26 (10xM6)

Reactor outlet

Quartz tube diameter 30mm, thickness 1.5mm, length 200mm

Cooling water

Min 4 L/min 4.5 bar at 20°C

Cooling connectors

Check valve G"*"*9mm

Igniter

Igniter pressurized cylinder

Igniter compressed
air

Compressed air 6 bar

Air  carrier gas | Threaded connector KF DN25-G1” (100-200L/min)
connector

Working gas | Stainless hose fitting SS-6MO-1-2RP

connector

Material Aluminum/Brass

Dimensions Approx. 479mmx210mmx 140mm

Al.6 Compressor

Lupamat screw compressor is used to supply the required air flow rate to plasma

generator. The technical properties of compressor is given in Table A.6.

Table A.6 Technical specifications of Lupamat screw compressor

Compressor type 1kV 30/8
Air efficiency 4.85 m*/min
Operation pressure 8 bar

Max. pressure 8 bar

Motor power 30kW
Weight 800kg

Al.7 Water vapor generator

Malkan UP 100P2 model vapor generator is used to supply the required water vapor.

The technical properties of vapor generator is given in Table A.7.

210



Table A.7 Technical specifications of Malkan UP100P2 model vapor generator

Type UP100P2
Voltage-Frequency 400V-50Hz
Current 16.5A

Power 6.5kW

Moto pump 0.75kW
Resistance heater 4.5kW

Water volume 3 liters

Vapor pressure 3.7 bar (gauge)
Vapor capacity Skg/h

IP code IP 20

Net weight 50kg
Dimensions 55x43x110cm

A1.8 Mass flow meter

Alicat MCR-250SL/MIN-D model mass flow controller is used to measure and control
the air flow rate supplied to the plasma generator. The technical properties of Mass

flow meter is given in Table A.8. The calibration certificate of it is given in Figure

A.l.

Table A.8 Alicat MCR-250SL/MIN-D mass flow controller technical specifications
MC-MCR Mass flow controller

Accuracy at calibration conditions Full scale% 0.2
Repeatability Full scale % 0.2
Zero shift-span shift Full scale % 0.02

Operational range

% 0.5- % 100

Maximum controllable flow rate

Full scale % 102.4

Maximum measurable flow rate

Full scale up to % 128

Response time 100ms
Heating time Is
Working temperature -10&60°C
Humidity rate 0-9% 100
Maximum internal pressure 145 psig
Power supplier 24-30V DC
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Figure A.1 ALICAT MCR-250sL/min-D mass flow meter calibration certificate
Al1.9 Rotameter

YOKOGAVA RAMCO1-A1SS-53L1-E90424/A16/SD model rotameter is used to
measure the supplied water vapor flow rate to the reactor. The technical properties of
the rotameter is given in Table A.9. Also, the calibration certificate of the rotameter is

given in Figure A.2.
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Table A.9 RAMC Rotameter technical specifications

YOKOGAVA RAMC rotameter
Measuring range 4-40L/min
Measuring range ratio 10:1

Calibration state

5 bar absolute pressure and 152°C
saturated vapor

Wetted parts Stainless steel -196&370°C
Accuracy Full scale % 1.6
Linearity Full scale % 0.2
hysteresis Full scale % 0.1

Repeatability Full scale % 0.1

Output signal Full scale % 0.15

AC part of signal Full scale % 0.15

Uncertainty Full scale % 1.6

Electromagnetic compatibility

EN 61326 1-2-3

Transmitter output signal 4-20mA
Measurable fluids Liquid, gas, vapor
Process connection DN15 flange
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Messstalle / Tag:
Schwebskdper/Floal  DHs) =18, 00 mm Mg} = 22, 2500 g Tha(s) = 7,710 g/cms
["Abgleich Analog-Alagand - - = T
Curent Cuipwt Adjustment : 4. 20mA= 0 - 45,00 1/min
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Figure A.2 RAMC rotameter calibration certificate
A1.10 Thermocouple (Elimko B type (Pt18Rh-Pt) Thermocouple)

The temperature measurement is performed by Elimko B type (PT18Rh-Pt)
thermocouples. Thermocouple is consist of 2 different wire material that joined
together. The joined point is called as hot junction point while the other ends are the
cold junction (reference) points. As a result of temperature difference, the voltage in
magnitude of mV generated across the cold junction points. The generated voltage is

proportional with the temperature difference in hot and cold junction points. The B
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type thermocouple is measuring the temperature up to 1800°C. In Table A.10, the

temperatures corresponding to measured voltage is presented.

Table A.10 B type platinum-% 18 rhodium thermocouple °C-mV conversion table.

“C| 0 | 100 | 200 | 300 | 400 | 500 | 600 | 700 | 800 | 900 |1.000{ 1,100 | 1,200 | 1,300 | 1,400 | 1,500 | 1,600 | 1,700 | 1,800 *C
0 |0.000|0.033)0.178| 0431|0785 | 1.241 | 1.79]1 [2.4303.154 | 3.957 |4 833 | 5.777 | 6.783 | 7.845 | 8952 |10.094 |11.257 | 12426 |13.585 | 0
10 |-0.002| 0.043 | 0.199|0.462 |0.827(1.292 | | 851 |2.499[3.231 |4.041 | 4.924 | 5.875 | 6.887 | 7.953 | 9.065 |10.21011.374 [ 12.543 [13.699 | 10
20 |-0.003| 0.053 | 0.220{0.494 |0.870(1.344|1.912|2.569 [3.308 | 4.126 | 5.016| 5.973 | 6.991 | 8.063 | 9.178 |10.325 11491 [12.659 [13.814 | 20
30 |-0.002| 0.065 | 0.243 |0.527|0.913[1.397 | 1.974|2.639 (3.387 [4.212 | 5.109 | 6.073 | 7.096 [ B.172| 9.291 |10.441 |11.608 | 12776 30
40 |0.000 | 0.078 | 0.266 | 0.561|0.9571.450 |2.036|2.710|3.466 |4.298 | 5202 6.172 | 7.202 | 8.283 | 9.405 [10.558|11.725 | 12.892 40
50 |0.002 | 0.092)0.291|0.596)1.002|1.505|2.100|2.782 [3.546 | 4.386 | 5.197 | 6.273 | 7.308 | B.393 | 9.519 |10.674 |11.842 | 13.008 50
60 |0.006 )| 0.107 |0.317|0.632 | 1.048 | 1.560 |2.164 | 2.855 [3.626 | 4.474 | 5391 | 6374 | 7414 | 8.504 | 9.634 |10.790|11.959 | 13.124 60
70 |0.011[0.123 |0.344|0.669|1.095|1.617|2.230|2.918 [3.708 | 4.562 | 5.487 | 6.475 | 7.521 | B.616| 9.748 |10.907 |12.076 | 13.239 70
B0 |0.017 | 0.140 [0.372|0.707 | 1.143 | 1.674 | 2.296| 3.003 | 3.790 | 4.652 | 5.583 | 6.577 | 7.628 | 8.727 | 9.863 [11.024 |12.193 | 13.354 BD
90 |0.025 | 0.159 {0400 |0.746|1.192)1.732 |2.363| 3.078 | 3.873 | 4.742 | 5.680 | 6.680 | 7.736 | 8.839 | 9.974 [11.141 |12.310 | 13.470 90
100|0.033 | 0.178 | 0.431|0.786 | 1.241 [ 1.791 | 2.430| 3.154 [ 3.957 | 4.833 | 5.777 | 6.783 | 7.845 | B.952 | 10.094|11.257 |12.426 | 13.585 100

The measured temperature inputs recorded via Elimko E-PR-110 model data logger.
It can log analog signal from the devices. It has 9 channels. Its accuracy for each

channel is 0.5 % of reading data. It has 100 ms sampling period for each channels.
Al.11 Microwave power measurement

The Muegge MM1001B-110AB model microwave power detector is used for power
measurement. The detector detects the microwave signal and converts to DC signal.
The data is acquired and monitored by MUEGGE ME0220V-003AB model control
software. The measured microwave signal in dBm can be converted to power signal

by equation A.1.

dBm = 10log, ( (A. 1)

1mW>

The transfer characteristics of microwave detector are given in Figure A.3 and the

technical properties are given in Table A.11.
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Figure A.3 Power detector transfer characteristics
Table A.11 Power detector technical properties
Frequency range 880-930MHz 2350-2550MHz
Frequency response variation 0.25dB 0.5dB
(max.)
Output voltage 190mV 220mV
VSWR maximum 2
VSWR typical 1.3
Statistical spread of output voltage 1dB
Output voltage polarity Negative
Output voltage temperature Maximum 3dB
variation (5-65°C)
Maximum input working power 10mW
Dimensions 58x26x26mm
Input RF connector N male
Output DC connector BNC female

Al.12 Syngas Analysis

The MRU- AIR FAIR Varioplus model syngas monitoring system is used to measure

the syngas components. The technical specifications of the system is given in Table

A.12.
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Table A.12 MRU-Varioplus model syngas monitoring system technical specifications

Measurement | Resolution Method
range
Oxygen (O2) 0-25 % 0.01 EC sensor
Carbon 0-100 % 0.01 NDIR (Nondispersive infrared
monoxide (CO) sensor)
Carbon dioxide 0-100 % 0.01 NDIR (Nondispersive infrared
(CO) sensor)
Methane (CHa) 0-100 % 0.01 NDIR (Nondispersive infrared
sensor)
Hydrogen (H>) 0-100 % 0.01 TCD(Thermal conductivity)
Response time 30s
Detection limit % 0.05
Linearity eror Full scale % 1
Repeatability Full scale % 1
Offset shift negligible
Span shift Full scale %2
Sample conditioning Electrical gas cooling
Teflon particle filter
Monitored gas sample flow (60-80L/h)
Sample input pressure -200hPa & 100hPa
Dimensions 295x440x155mm
Weight Tkg
Ambient temperature 5-45 °C
Power supply 100-230V&47-63Hz
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Figure A.4 MRU- Air Fair Varioplus model syngas monitoring system calibration

certificate

A1.13 Proximate analysis

Proximate analysis performed according to ASTM D 3172-89 method. The moisture

content, volatile matter and ash content are measured according to ASTM D3173,

D3175 and D3174 methods respectively.
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A1l.14 Ultimate analysis

The ultimate analysis of the fuels experiments is conducted in Bilecik Seyh Edebali

University central research laboratory by service procurement. The solid fuel samples

were transferred to there. They use LECO CHN 628 model analyzer to perform the

experiments. The experiments performed according to given standards in Table A.13.

Table A.13 Ultimate analyze measurement standards

Applied methods (ASME) Measured parameters | Materials

D5291 C HN Oils

D5373/MTH A C.H,N Coals

D1552 S Oil and petroleum products
D4239 S Coals

D5016 S Coals and ashes

D1619 S Carbon block

29541 C,HN Solid mineral fuels

19579 S Solid mineral fuels

A1.15 Heating value of fuels

The heating value of the fuels are measured according to ASME D 5865 method.
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A.2 Uncertainty Analysis

In this study, uncertainty of the measured and calculated parameters are defined by the
methods proposed by Coleman and Steele, 2009 and Wheeler and Ganji, 2010. In this
method, the general function is defined where experimental result which is denoted by
r is function of variables which effect the experimental result and denoted by X,, as

defined in equation A.2.

r = r(Xq, Xy, X3, .. Xp) (A.2)

The uncertainty belong to this result is given in equation A.3.
2 2 2 2 2 21%/2
U, X, Or Uy, X, Or Uy, X, Or Uy,
= |Gw) G +Ga) B - Ga) G e
r r 0x, Xq r 0X, X5 r 0x, Xp

If the result r is dependent only on product of measured variables as given in equation

A 4, the equation A.3 can be reduced to equation A.5.

r = kx2x5x§ ....xN (A.4)
N R R R ) w

When result function has additive form as given in equation A.6, equation A.3 reduces

to equation A.7.

I = a;X; +azXy + - apXy, (A.6)
or 2 2 or 2 2 Jar 2 2 1/2
0= () )+ (50) W)+ (5) @] a7

The experiments include systematic errors caused by inaccuracy of each instruments
and random errors because of quantities of measurements. The error types are
classified as systematic (B) and random (R). Whereas the random errors depend on the
number of measurement, the systematic errors are independent of measurement
number. The random uncertainties can be calculated by the methodology explained

below,
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If x variable is measured n times, the standard deviation can be determined by equation

A8.

N

The mean of the variable can be estimated by using equation A.9.

(A.9)

For the given confidence level (usually 95 % for uncertainty analysis) and given degree

of freedom (v = n — 1) t value can be determined by using equation A.10.

_X-wm
-~ S
/v

t

(A.10)

In this equation, X denotes mean value, p denotes the population mean value, S denotes
standard deviation and n denotes the number of samples. On the other hand, the
number of samples are generally higher than 30 and the confidence level is 95 %.
When these two conditions are satisfied t can be taken as 2. This simplifies the
uncertainty analysis and the ASME recommends to hold the number of samples high

for this reason.

The random uncertainty is then found by using equation A.11.

S
R, = +t= A.11
7o (A.11)

As a result of random and systematic uncertainties, the total uncertainty (U) can be

determined by equation A.12.

Uy = /(BX)Z + (RY? (A.12)

ASME recommends to classify the uncertainty types to define and compare the source
of uncertainties. According to ASME, the uncertainties can be classified into 5 groups

which are calibration, data acquisition, data reduction, methods and others. The
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combined systematic uncertainties and random uncertainties can be estimated by using

equation A.13 and A.14 respectively.

(A.13)

(A.14)

A2.1 Uncertainties of the measured parameters

Uncertainty of mass flow meter:

Measurement range: 0-250sL/min

Accuracy: reading value£0.8 %, full scale 0.2 %

Repeatability: full scale +0.2 %

Zero shift and span shift: +0.02 %

Uncertainty: full scale £0.2 %

Equipment measures the flow rate at a range from 0 to 250 L/min. In this situation;
Accuracy: full scale £0.2 % - 250 x 0.2/100 = 0.5 sL/min

Repeatability: full scale +0.2 % -250 x 0.2/100 = 0.5 sL/min

Zero shift and span shift:+0.02 %- 250 x 0.02/100 = 0.05 sL/min

Table A.14 The errors in the measurement of mass flow rate

Errors Systematic errors Random errors
Accuracy 0.5

Repeatability 0.5

Span shift 0.05

Total uncertainty;

U, = /((0.5)2) + ((0.5)2 + (0.05)2) = 0.7sL/min

Ux/x _ 0.7sL/min

- = — 0
250 sL/min 0.0028 = 0.28 %

Uncertainty of Rotameter

Accuracy: 1.6 %
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Linearity: full scale 0.2 %

Hysteresis: full scale 0.1 %

Repeatability: full scale 0.1 %

Output signal (AC): full scale 0.15 %

Response time: 99 %

Effect of power supplier: full scale 0.15 %

Uncertainty: full scale 1.6 %

The equipment measures the flow rate between 0 and 40L/min in this situation;
Accuracy: 1.6 % - 40 X 1.6/100 = 0.64 L/min

Linearity: full scale 0.2 % - 40 X 0.2/100 = 0.08 L/min

Hysteresis: full scale 0.1 % - 40 X 0.1/100 = 0.04 L/min
Repeatability: full scale 0.1 %- 40 X 0.1/100 = 0.04 L/min

Output signal (AC): full scale 0.15 %- 40 x 0.15/100 = 0.06 L/min
Response time: 99 %

Effect of power supplier: full scale 0.15 % - 40 x 0.15/100 = 0.06 L/min

Table A.15 The errors in the measurement of water vapor flow rate

Errors Systematic errors Random errors
Accuracy 0.64

Linearity 0.08

Hysteresis 0.04

Repeatability 0.04

Output signal (AC) 0.06

Effect of power supplier | 0.06

Total uncertainty;

Uy = /((0.64)% + (0.08)2 + (0.04)2 + (0.06)2 + (0.06)2) + ((0.04)2) = 0.65 L/min

Ug/ = 0.65sL/min _ 0.0144 = 1.44 %

~ 45 sL/min

Uncertainty of Temperature Measurements

B type Thermocouple

Calibration error: 0.5 %

Accuracy: 0.5 %

Data acquisition: reading value 0.5 %

Calculation of random errors;
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It is determined by using 303 data that the average of the measurements are 1265°C .
The standard deviation of them are 1.84°C. The calculated random uncertainty is
0.212°C.

The equipment measures the temperature between 500 and 1700°C. In this situation;
Calibration error: 0.5 % -1700 x 0.5/100 = 8.5°C

Accuracy: 0.5 % -1700 x 0.5/100 = 8.5°C

Data acquisition: reading value 0.5 % -1265 x 0.5/100 = 6.33°C

It is determined by using 303 data that the average of the measurements are 1265°C .
The standard deviation of them are 1.84°C. The calculated random uncertainty is

0.212°C.

Total uncertainty;

U, =+/((8.5)2 + (8.5)2) + (6.33)% + ((0.212)2) = 13 °C

13.58 °C
Ux/x

= = 0,
1850 °C 0.00734 =0.73%

Uncertainty of Gas Analyzer

Accuracy: 2 %

Linearity: full scale 1 %
Repeatability: full scale 1 %
Response time: 30s

Span shift: 2 %

Resolution: 0.01 %

Table A.16 The errors in the gas analyzer

Errors Systematic errors (%) | Random errors (%)
Accuracy 2

Linearity 1

Repeatability 1

Span shift 2

Resolution 0.01

Total uncertainty;

Uy, =22+ (12 + (2?2 +) + (12 + (0.01)2) = 3.16 %

U/ =316 %
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Uncertainty of gasification time (tq)

During the experimentation, gasification time is varied between 420s and 1020s. As a

result of 10 s error in measurement of gasification time, the uncertainty is;

U, 10s
x  1020s

= 0.0098 = 0.98%

Uncertainty of mass measurement (mass of ash and fuel)

Linearity: 0.2 mg
Repeatability: 0.1 mg
Readability: 0.1 mg

Table A.17 The errors in the mass measurement

Errors Systematic errors Random errors
Linearity 0.2mg

Repeatability 0.lmg
Readability 0.1mg

Total uncertainty;

Uy =/((0.2)2 + (0.1)) + ((0-1)?) = 0.24 mg
A2.2 Uncertainties of the calculated parameters

Mass of air calculation uncertainty

Mass of air is calculated by using equation 5.1. In equation 5.1, atmospheric pressure,

ideal gas constant and air temperature are the standard values in standard conditions

(101,325 kPa, 25°C and 0.287 kJ/kgK). The volumetric flow rate and gasification time

uncertainties are determined by using equation A.15.

Up,.. U, 2 Utg 215
e () e (32) |

g

Un,,
—Tair - [(1)2(0.0028) + (1)2(0.0238)2] /2 = 0.024 = 2.4 %

air
Up,, = 0.024.1kg = 0.024 kg

Mass of syngas calculation uncertainty
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Mass of syngas is calculated by using equation 5.2.

amair arrlfuel arnash

dm 2 Jm 2 Jdm
Umsyngas = [<ﬂ> (Umair)2 + (ﬂ> (Umfuel)2 ( Syngas ( mash) ]

U = 0.024 kg

Msyngas

Umsyngas _ 0.024 kg
Msyngas 1.2kg

Syngas temperature calculation uncertainty
aT 2 2 oT 2 2
— | L syngas O syngas
UTSYnBaS - [(aTy/}FO.zs) (UTy/hZO'ZS) * <aTy/h=0.44> (UTy/h:°'44> *

2 2 2 2 2 2
aTsyngas ( ) aTsyngas ( ) aTsyngas ( )
~syngas ) + |=mme=s |y + (e ) (y

(aTy/h:%) /=0 ITy) —076 D =076 Ty}, ~0.92 T j=052

= 30.36°C

1,

UTsyngas

Syngas content (volumetric-molar based) calculation uncertainty

212
Usyngas (n %) [( 1)2< tg> 1 )2( syngas%(t)) ]

syngas (n %) tg syngas % (t)

Usyngas %

=3.16 9
syngas % 3-16%

Syngas molar weight calculation uncertainty

_ aMsyngas aMsyngas 2 2 aMsyngas
UMngas = [(aco(n% ) (UCO(“ %)) (aco2 (n%)) (UCOZ (“%)) + aH, (n %) (Uﬂz(“%)) +

1
(o) (U 000)° + (22225) (00,000 + (2222) (Un00)]

Ubgyngas = 774 %

Syngas content (mass based) calculation uncertainty

2
Usyngas (m %) ( )2 ( syngas (n %) ) ( 1)2 Msyngas
syngas (m %) syngas (n %) Msyngas
Usyngas (m %)
syngas (m %)

1,

=836 %
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Uncertainty of Content conversion performance of syngas

Uccp 2172
syn __ 2 [ ~Msyn 2 [ Mfyel
= ( ) + (12 (e )
CCPsyn Mgyn Mfye]

_ 1/
Uccpy, 0.24mg\*] 2
Py _ 1 (1)2(2)% + (=1 2( )
CCP,, _( )*(2)* + (-1 2508
m =29
CCP,,,

Uncertainty of Content conversion performance of ash

o (12 (e Umas) " gy (S mf“el)zll/z

CCPash ash Meye)

Yccpan _(1)2(0-00024 g)z (_1)2(0.00024g)2r/2

CCP.., 2508 2508
Uccp,p,

——23h —1,357.107% = 1.357.107%0

CCP. 35 0 35 07" %

Uncertainty of Content conversion performance of hydrogen

mHz
CCPy, [%] = x 100
Meyel
i 1/
UCCPH2 (Um >2 H, (m % m z 2
= 12 __sym + 12<2—°> + 12( fuel)
CCPy, _( ) Mgyn W (m %) =D Miyel
_ 1
Uccpy, 0.00024 g\* 0.00024 g\*] 2
=11 2(—) 1)%2(8.36)%2 + (—1 2(—)
CCPy, _( ) 250g + (WX 7+ (=D 250g
Uccpy,
=8.369
CCPy, %
Uncertainty of Hydrogen quality calculation
Hy
Hy[%] = x 100
al%] T
U H ( /) 2 1/2
2 2 m %
— =8.36 %
Hgq [( ) (Hz (m %)) l 0

Uncertainty of syngas energy calculation
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E:syn kD) = Msyn (kg)- I_IHVsyn (k]/kg)
UEsyn Ums n 2 1/2
o

E:syn Mgy

=20%
Uncertainty of plasma energy calculation
E:plasma (k]) = Wplasma( kW). tg (s)

1
UE lasma Ut ? /2
—== = |(1)? (—g> = 0.98 %

E:plasma tg

Uncertainty of fuel energy calculation

Efuer (K]) = mgye(kg). HHVpye) (kl/ kg)
1
/2

U Unpger
“Eruel _ [(1)2 (ﬂ) l =0.96.1076 = 0.96.107* %
Efyel Mfyel
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A.3 Scanning Electron Microscope (SEM) and Energy Dispersive X-ray (EDX)
analysis results

In this section, the scaninng electron microscope and energy dispersive X-ray analysis
results of each sample before gasification, ash of gasified fuels for various microwave

power and air flow rate are presented.

A3.1 Scanning Electron Microscope (SEM) and Energy Dispersive X-Ray
Analysis (EDX) On Fuel Samples

10KV X50  500pm GANTEP 10KV X200 GANTEP

Al e, W

100pm

GANTEP

10kV X500 '50pm GANTEP 10kV __ X1,000 10pm

Figure A.5 Hornbeam sawdust (HSD) SEM analysis results
Table A.18 Hornbeam sawdust (HSD) EDX analysis results

Element | Concentration | Units
C 493 wt.%
0] 47.5 wt.%
Mg 0.15 wt.%
Al 0.33 wt.%
Si 0.16 wt.%
S 0.38 wt.%
K 0.39 wt.%
Ca 043 wt.%
Ti 0.08 wt.%
Fe 0.56 wt.%
Cu 0.69 wt.%
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Figure A.6 Pine tree sawdust (PSD) SEM analysis results

Table A.19 Pine tree sawdust (PSD) EDX analysis results

Element | Concentration | Units
C 53.9 wt.%
(0] 443 wt.%
Mg 0.14 wt.%
Al 0.14 wt.%
Si 0.04 wt.%
S 0.27 wt.%
K 0.05 wt.%
Ca 0.41 wt.%
Ti 0.06 wt.%
Fe 0.09 wt.%
Cu 0.52 wt.%

230



10kV X50 500pm GANTEP 10kV X200 100pm

10kV X500  50pm GANTEP 10kV  X1,000 10pm GANTEP
Figure A.7 Russian Coal (CR) SEM analysis results

Table A.20 Russian Coal (CR) EDX analysis results

Element | Concentration | Units
C 71.3 wt.%
0] 19.3 wt.%
Mg 0.05 wt.%
Al 3.8 wt.%
Si 3.77 wt.%
S 0.49 wt.%
K 0.3 wt.%
Ca 0.1 wt.%
Ti 0.1 wt.%
Fe 04 wt.%
Cu 0.3 wt.%
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Figure A.8 South African coal (CSA) SEM analysis results
Table A.21 South African coal (CSA) EDX analysis results

Element | Concentration | Units
C 71.6 wt.%
0] 19.1 wt.%
Mg 0.1 wt.%
Al 4.0 wt.%
Si 3.7 wt.%
S 0.7 wt.%
K 0.1 wt.%
Ca 0.1 wt.%
Ti 0.2 wt.%
Fe 0.16 wt.%
Cu 0.18 wt.%
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Figure A.9 Sirnak coal (CTR) SEM analysis results
Table A.22 Sirnak (Turkey) coal (CTR) EDX analysis results

Element | Concentration | Units
C 60.7 wt.%
O 20.5 wt.%
Mg 0.27 wt.%
Al 1.96 wt.%
Si 49 wt.%
S 6.5 wt.%
K 1 wt.%
Ca 2.8 wt.%
Ti 0.08 wt.%
Fe 0.7 wt.%
Cu 04 wt.%
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Figure A.10 Polyethylene (PP) SEM analysis results

Table A.23 Polyethylene (PP) EDX analysis results

Element | Concentration | Units
C 82.4 wt.%
O 11 wt.%
Mg 0.2 wt.%
Al 0.6 wt.%
Si 0.2 wt.%
S 0.14 wt.%
K 0.06 wt.%
Ca 2.9 wt.%
Ti 1.9 wt.%
Fe 0.2 wt.%
Cu 0.2 wt.%
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A3.2 Scanning Electron Microscope (SEM) and Energy Dispersive X-ray
(EDX) analysis results of Hornbeam Sawdust (HSD) ash after gasification

(50 eanTER B | S0k x200  100pm

i

10kV ~ X500 - 5Opm GANTEP 10KV X1,000  10pm o GANTER.

Figure A.11 SEM analysis results of ash of hornbeam sawdust (HSD) after
gasification process in case of 50 sL/min air flow rate and 6kW plasma

power

Table A.24 EDX analysis results of ash of hornbeam sawdust (HSD) after gasification
process in case of 50 sL/min air flow rate and 6kW plasma power

Elt. | Concentration | Units
C |76.948 wt.%
O |19.269 wt.%
Mg | 0.086 wt.%
Al |0.129 wt.%
Si | 1.035 wt.%
S 0.583 wt.%
Ca | 1.779 wt.%
Fe |0.171 wt.%
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Figure A.12 SEM analysis results of ash of hornbeam sawdust (HSD) after
gasification process in case of 50 sL/min air flow rate and 3 kW plasma
power

Table A.25 EDX analysis results of ash of hornbeam sawdust (HSD) after gasification
process in case of 50 sL/min air flow rate and 3 kW plasma power

Element | Concentration Units
C 76.6 wt.%
0] 19.1 wt.%
Mg 0.91 wt.%
Al 0.12 wt.%
Si 0.09 wt.%
S 0.63 wt.%
K 0.28 wt.%
Ca 1.39 wt.%
Ti 0.03 wt.%
Fe 0.06 wt.%
Cu 0.46 wt.%
Zn 0.33 wt.%
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Figure A.13 SEM analysis results of ash of hornbeam sawdust (HSD) after
gasification process in case of 100 sL/min air flow rate and 3 kW
plasma power

Table A.26 EDX analysis results of ash of hornbeam sawdust (HSD) after gasification
process in case of 100 sL/min air flow rate and 3 kW plasma power

Elt. Concentration | Units
C 59.6 wt.%
(0] 29.4 wt.%
Mg 3.5 wt.%
Al 0.16 wt.%
Si 0.28 wt.%
S 0.45 wt.%
K 1 wt.%
Ca 5.1 wt.%
Ti 0.09 wt.%
Fe 0.2 wt.%
Cu 0.09 wt.%
Zn 0.1 wt.%
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A3.3 Scanning Electron Microscope (SEM) and Energy Dispersive X-ray
(EDX) analysis results of Pine Tree Sawdust (PSD) ash after gasification

e = _—rlf F
) B2 X200, 1oopfif £F

Figure A.14 SEM analys1s results of ash of pine tree sawdust (PSD) after gasification
process in case of 50 sL/min air flow rate and 6kW plasma power

Table A.27 EDX analysis results of ash of pine tree sawdust (PSD) after gasification
process in case of 50 sL/min air flow rate and 6kW plasma power

Element | Concentration | Units
C 78.9 wt.%
(0] 12.5 wt.%
Mg 0.5 wt.%
Al 0.12 wt.%
Si 0.04 wt.%
S 4.3 wt.%
Ca 3.57 wt.%
Fe 0.13 wt.%
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Figure A.15 SEM analysis results of ash of pine tree sawdust (PSD) after gasification
process in case of 50 sL/min air flow rate and 3 kW plasma power

Table A.28 EDX analysis results of ash of pine tree sawdust (PSD) after gasification
process in case of 50 sL/min air flow rate and 3 kW plasma power

Elt. | Concentration | Units
C 70.7 wt.%
0] 21.9 wt.%
Mg |0.6 wt.%
Al 04 wt.%
Si 0.9 wt.%
S 0.9 wt.%
K 0.3 wt.%
Ca 3 wt.%
Ti 0.05 wt.%
Fe 0.28 wt.%
Cu 0.53 wt.%
Zn 0.38 wt.%
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Figure A.16 SEM analysis results of ash of pine tree sawdust (PSD) after gasification
process in case of 100 sL/min air flow rate and 3 kW plasma power

Table A.29 EDX analysis results of ash of pine tree sawdust (PSD) after gasification
process in case of 100 sL/min air flow rate and 3 kW plasma power

Elt. Concentration | Units
C 75.3 wt.%
@) 20.7 wt.%
Mg 0.6 wt.%
Al 0.2 wt.%
Si 0.2 wt.%
S 0.3 wt.%
K 0.2 wt.%
Ca 2.1 wt.%
Ti 0.01 wt.%
Fe 0.12 wt.%
Cu 0.11 wt.%
Zn 0.12 wt.%

240



A3.4 Scanning Electron Microscope (SEM) and Energy Dispersive X-ray
(EDX) analysis results of Russian coal (CR) ash after gasification
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Figure A.17 SEM analysis results of ash of Russian coal (CR) after gasification
process in case of 50 sL/min air flow rate and 6kW plasma power

Table A.30 EDX analysis results of ash of Russian coal (CR) after gasification process
in case of 50 sL/min air flow rate and 6kW plasma power

Element | Concentration | Units
C 92 wt.%
0) 6.6 wt.%
Mg 0.1 wt.%
Al 0.23 wt.%
Si 0.28 wt.%
Ca 0.14 wt.%
Ti 0.04 wt.%
Cu 0.5 wt.%
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Figure A.18 SEM analysis results of ash of Russian coal (CR) after gasification
process in case of 50 sL/min air flow rate and 3 kW plasma power

Table A.31 EDX analysis results of ash of Russian coal (CR) after gasification process
in case of 50 sL/min air flow rate and 3 kW plasma power

Element | Concentration | Units
C 432 wt.%
(@) 28.6 wt.%
Mg 0.25 wt.%
Al 11.3 wt.%
Si 13.3 wt.%
S 0.55 wt.%
K 0.59 wt.%
Ca 0.22 wt.%
Ti 0.47 wt.%
Fe 0.33 wt.%
Cu 0.77 wt.%
Zn 0.46 wt.%
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Figure A.19 SEM analysis results of ash of Russian coal (CR) after gasification
process in case of 100 sL/min air flow rate and 3 kW plasma power

Table A.32 EDX analysis results of ash of Russian coal (CR) after gasification process
in case of 100 sL/min air flow rate and 3 kW plasma power

Element | Concentration | Units
C 78.9 wt.%
O 15.8 wt.%
Mg 0.12 wt.%
Al 1 wt.%
Si 1.7 wt.%
S 0.37 wt.%
K 0.05 wt.%
Ca 0.53 wt.%
Ti 0.11 wt.%
Fe 0.27 wt.%
Cu 0.57 wt.%
Zn 0.44 wt.%
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A3.5 Scanning Electron Microscope (SEM) and Energy Dispersive X-ray
(EDX) analysis results of Russian coal (CR) ash after gasification
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Figure A.20 SEM analysis results of ash of South African coal (CSA) after
gasification process in case of 50 sL/min air flow rate and 6kW plasma

power

Table A.33 EDX analysis results of ash of South African coal (CSA) after gasification
process in case of 50 sL/min air flow rate and 6kW plasma power

Element | Concentration | Units
C 46.3 wt.%
O 324 wt.%
Mg 0.4 wt.%
Al 10.3 wt.%
Si 9.2 wt.%
K 04 wt.%
Ca 0.3 wt.%
Ti 0.3 wt.%
Cu 0.4 wt.%
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Figure A.21 SEM analysis results of ash of South African coal (CSA) after
gasification process in case of 50 sL/min air flow rate and 3 kW plasma

power

Table A.34 EDX analysis results of ash of South African coal (CSA) after gasification
process in case of 50 sL/min air flow rate and 3kW plasma power

Element | Concentration | Units
C 58.9 wt.%
(0] 8.7 wt.%
Mg 0.16 wt.%
Al 1 wt.%
Si 0.8 wt.%
S 1.3 wt.%
Ca 9.6 wt.%
Fe 4.4 wt.%
Cu 9.1 wt.%
/n 59 wt.%
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Figure A.22 SEM analysis results of ash of South African coal (CSA) after
gasification process in case of 100 sL/min air flow rate and 3kW plasma
power

Table A.35 EDX analysis results of ash of South African coal (CSA) after gasification
process in case of 100 sL/min air flow rate and 3kW plasma power

Element | Concentration | Units
C 69.6 wt.%
(0) 20.7 wt.%
Mg 0.19 wt.%
Al 35 wt.%
Si 32 wt.%
S 1.5 wt.%
K 0.04 wt.%
Ca 0.41 wt.%
Ti 0.1 wt.%
Fe 0.1 wt.%
Cu 0.37 wt.%
/n 0.27 wt.%
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A3.6 Scanning Electron Microscope (SEM) and Energy Dispersive X-ray
(EDX) analysis results of Sirnak (Turkey) (CTR) ash after gasification

X50 S500pm

gasification process in case of 50 sL/min air flow rate and 6kW plasma
power

Table A.36 EDX analysis results of ash of Sirnak (Turkey) coal (CTR) after
gasification process in case of 50 sL/min air flow rate and 6kW plasma

power
Element | Concentration | Units
C 63.4 wt.%
0] 11.7 wt.%
Mg 0.95 wt.%
Al 2.4 wt.%
Si 5.3 wt.%
S 54 wt.%
Ca 8.5 wt.%
Fe 2.2 wt.%
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Figure A.24 SEM analysis results of ash of Sirnak (Turkey) coal (CTR) after
gasification process in case of 50 sL/min air flow rate and 3 kW plasma
power

Table A.37 EDX analysis results of ash of Sirnak (Turkey) coal (CTR) after
gasification process in case of 50 sL/min air flow rate and 3 kW plasma

power
Element | Concentration | Units
C 19.8 wt.%
0] 39.5 wt.%
Mg 1.9 wt.%
Al 8.9 wt.%
Si 14 wt.%
S 0.14 wt.%
K 0.73 wt.%
Ca 9.8 wt.%
Ti 1.14 wt.%
Fe 3.8 wt.%
Cu 0.12 wt.%
Zn 0.12 wt.%
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Figure A.25 SEM analysis results of ash of Sirnak (Turkey) coal (CTR) after
gasification process in case of 100 sL/min air flow rate and 3 kW
plasma power

Table A.38 EDX analysis results of ash of Sirnak (Turkey) coal (CTR) after
gasification process in case of 100 sL/min air flow rate and 3 kW plasma

power
Element | Concentration | Units
C 19.2 wt.%
0) 36.5 wt.%
Mg 0.43 wt.%
Al 6.9 wt.%
Si 18 wt.%
S 2.3 wt.%
K 4.7 wt.%
Ca 8 wt.%
Ti 0.49 wt.%
Fe 1.4 wt.%
Cu 0.9 wt.%
Zn 0.78 wt.%
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A3.7 Scanning Electron Microscope (SEM) and Energy Dispersive X-ray
(EDX) analysis results of Polyethylene (PP) ash after gasification

10KV x50 GANTEP

JOKP X800 BOpm eSS mhr,-.mnnfr opm GANED.
Figure A.26 SEM analysis results of ash of Polyethylene (PP) after gasification
process in case of 50 sL/min air flow rate and 6kW plasma power

Table A.39 EDX analysis results of ash of Polyethylene (PP) after gasification process
in case of 50 sL/min air flow rate and 6kW plasma power

Elt. Concentration | Units
C 42 wt.%
(0] 42.2 wt.%
Mg 0.6 wt.%
Al 0.5 wt.%
Si 0.6 wt.%
Ca 34.5 wt.%
Ti 15.9 wt.%
Cu 1.4 wt.%
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Figure A.27 SEM analysis results of ash of Polyethylene (PP) after gasification
process in case of 50 sL/min air flow rate and 3 kW plasma power

Table A.40 EDX analysis results of ash of Polyethylene (PP) after gasification process
in case of 50 sL/min air flow rate and 3 kW plasma power

Element | Concentration | Units
C 25.5 wt.%
0] 43.8 wt.%
Mg 0.08 wt.%
Al 0.44 wt.%
Si 0.09 wt.%
S 0.14 wt.%
K 0.01 wt.%
Ca 28.2 wt.%
Ti 1.4 wt.%
Fe 0.04 wt.%
Cu 0.1 wt.%
Zn 0.12 wt.%
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20KV x50  500um GANTEP 20KV X200  100pm GANTEP

20kN X500  SO0pm 20kV  X1000 10pm GANTEP

Figure A.28 SEM analysis results of ash of Polyethylene (PP) after gasification
process in case of 100 sL/min air flow rate and 3 kW plasma power

Table A.41 EDX analysis results of ash of Polyethylene (PP) after gasification process
in case of 100 sL/min air flow rate and 3 kW plasma power

Element | Concentration | Units
C 9 wt.%
O 50.3 wt.%
Mg 0.3 wt.%
Al 04 wt.%
Si 0.2 wt.%
S 0.15 wt.%
K 0.02 wt.%
Ca 29 wt.%
Ti 8.8 wt.%
Fe 0.1 wt.%
Cu 0.9 wt.%
/n 0.67 wt.%
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A-3 MRU- Varioplus gas analyzing unit sample results

Table A.42 MRU varioplus gas analyzing unit sample results

block | time 02,% | CO2,% | CO,% | H2,% | CHs,% | No,%
1 4:03:06 PM | 4.53 14.2 14.01 |9.25 34 54.61
2 4:03:08 PM | 4.38 15.1 15.69 |93 3.33 52.2

3 4:03:10PM | 3.03 15.3 16.41 | 9.37 3.29 52.6

4 4:03:12PM | 2.55 15.7 16.19 |9.48 3.25 52.83
5 4:03:14PM | 1.18 15.6 16.03 | 9.6 3.21 54.38
6 4:03:16 PM | 1.03 15.5 16.97 ]10.66 |3.2 52.64
7 4:03:18 PM | 0.78 15.4 16.81 10.85 | 3.15 53.01
8 4:03:20 PM | 0.64 15.3 16.73 1095 |3.14 53.24
9 4:03:22 PM | 0.47 15.3 15.66 |10.01 |3.18 55.38
10 4:03:24 PM | 0.38 15.3 15.62 10.02 | 3.19 55.49
11 4:03:26 PM | 0.18 15.6 15.48 | 9.98 3.22 55.54
12 4:03:28 PM | 0.11 15.9 1537 |99 3.24 55.48
13 4:03:30 PM | 0.07 16.2 1523 | 9.79 3.25 55.46
14 4:03:32 PM | 0.06 16.3 14.14 | 9.72 3.25 56.53
15 4:03:34 PM | 0.04 16.7 13.8 9.48 3.24 56.74
16 4:03:36 PM | 0.04 16.8 1456 | 9.28 3.22 56.1

17 4:03:33 PM | 0.03 17 1429 ]9.48 3.19 56.01
18 4:03:40 PM | 0.03 17.2 12 9.85 3.18 57.74
19 4:03:42 PM | 0.02 17.3 12.83 1 9.73 3.26 56.86
20 4:03:44 PM | 0.03 17.7 1229 1941 3.42 57.15
21 4:03:46 PM | 0.03 17.9 11.93 ]9.25 3.46 57.43
22 4:03:48 PM | 0.04 17.9 11.56 |9.12 3.67 57.71
23 4:03:50 PM | 0.04 17.8 11.39 | 9.08 3.94 57.75
24 4:03:52PM | 0.03 17.6 10.93 | 8.98 3.85 58.61
25 4:03:54 PM | 0.03 17.3 10.69 | 8.94 342 59.62
26 4:03:56 PM | 0.03 18.1 10.5 8.71 3.21 59.45
27 4:03:58 PM | 0.02 18.1 10.37 | 8.48 3.14 59.89
28 4:04:00 PM | 0.02 18.1 10.3 8.17 2.98 60.43
29 4:04:02 PM | 0.03 18.1 10.16 | 7.83 2.75 61.13
30 4:04:04 PM | 0.08 18.1 10.08 | 7.8 2.72 61.22
31 4:04:06 PM | 0.12 18.1 10.01 | 7.78 2.7 61.29
32 4:04:08 PM | 0.18 18.1 9.94 7.75 2.7 61.33
33 4:04:10PM | 0.25 18.1 9.87 7.73 2.69 61.36
34 4:04:12PM | 0.27 16.7 11.24 | 7.26 2.68 61.85
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35 4:04:14 PM | 0.24 17 10.72 | 7.05 2.57 62.42
36 4:04:16 PM | 0.14 17.1 10.42 | 6.98 2.55 62.81
37 4:04:18PM | 0.1 17.3 10.63 | 6.81 2.54 62.62
38 4:04:20 PM | 0.12 17.5 10.22 | 6.71 2.49 62.96
39 4:04:22PM | 0.14 17.6 10.87 | 6.62 2.46 62.31
40 4:04:24 PM | 0.17 17.7 10.57 | 6.54 2.51 62.51
41 4:04:26 PM | 0.19 17.8 10.29 | 647 2.46 62.79
42 4:04:28 PM | 0.21 17.8 10.08 | 6.4 2.44 63.07
43 4:04:30 PM | 0.23 17.9 9.89 6.34 24 63.24
44 4:04:32PM | 0.23 17.9 9.71 6.28 2.47 63.41
45 4:04:34 PM | 0.26 18 9.61 6.26 2.36 63.51
46 4:04:36 PM | 0.29 18 9.36 6.19 241 63.75
47 4:04:38 PM | 0.31 18.1 9.21 6.16 2.39 63.83
48 4:04:40 PM | 0.33 18.1 8.89 6.14 2.36 64.18
49 4:04:42 PM | 0.26 18.1 8.62 6.12 2.24 64.66
50 4:04:44PM | 0.3 18.1 8.48 6.1 2.23 64.79
51 4:04:46 PM | 04 18.1 8.09 6.09 2.21 65.11
52 4:04:48 PM | 0.44 18.1 8.09 6.09 2.2 65.08
53 4:04:50 PM | 0.46 18.1 8.08 6.08 2.38 64.9
54 4:04:52 PM | 0.47 18.1 8.08 6.08 2.18 65.09
55 4:04:54PM | 0.5 18.1 8.08 6.08 2.17 65.07
56 4:04:56 PM | 0.51 18.1 8.08 6.08 2.17 65.06
57 4:04:58 PM | 0.53 18.1 8.1 6.1 2.17 65

58 4:05:00 PM | 0.54 18.1 8.16 6.16 2.17 64.87
59 4:05:02 PM | 0.55 18.1 8.2 6.2 2.19 64.76
60 4:05:04 PM | 0.59 18 8.35 6.35 2.24 64.47
61 4:05:06 PM | 0.62 17.9 8 6.42 2.06 65
62 4:05:08 PM | 0.65 17.8 8.15 6.47 2.09 64.84
63 4:05:10 PM | 0.67 17.8 8.22 6.48 2.09 64.74
64 4:05:12PM | 0.7 17.7 8.35 6.5 2.09 64.66
65 4:05:14PM | 0.71 17.7 8.39 6.51 2.09 64.6
66 4:05:16 PM | 0.71 17.6 8.4 6.51 2.07 64.71
67 4:05:18 PM | 0.71 17.6 8.4 6.5 2.06 64.73
68 4:05:20PM | 0.7 17.6 8.39 6.5 2.06 64.75
69 4:05:22 PM | 0.53 17.6 8.35 6.45 2.04 65.03
70 4:05:24 PM | 0.37 17.6 8.31 6.38 2.01 65.33
71 4:05:26 PM | 0.27 17.6 8.25 6.27 1.97 65.64
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72 4:05:28 PM | 0.24 17.7 8.12 6.16 1.93 65.85
73 4:05:30PM | 0.23 17.8 7.93 6.08 1.87 66.09
74 4:05:32 PM | 0.27 17.9 7.75 6.01 1.86 66.21
75 4:05:34 PM | 0.33 18 7.58 5.96 1.84 66.29
76 4:05:36 PM | 0.41 18 7.44 5.92 1.81 66.42
77 4:05:38 PM | 0.46 18.1 7.36 591 1.8 66.37
78 4:05:40 PM | 0.42 18.1 7.16 5.87 1.76 66.69
79 4:05:42PM | 0.29 18.1 7.05 5.86 1.75 66.95
80 4:05:44PM | 0.15 18.1 6.98 5.86 1.75 67.16
81 4:05:46 PM | 0.09 18.1 6.92 5.92 1.74 67.23
82 4:05:48 PM | 0.03 18.1 6.92 5.99 1.75 67.21
83 4:05:50 PM | 0.11 17.9 7.15 5.33 1.97 67.54
84 4:05:52 PM | 0.27 17.7 7.56 5.59 2.16 66.72
85 4:05:54 PM | 0.43 17.6 8.11 5.82 2.35 65.69
86 4:05:56 PM | 0.57 17.5 8.41 5.93 242 65.17
87 4:05:58 PM | 0.66 17.3 7.28 6.19 2.64 65.93
88 4:06:00 PM | 0.73 17.2 7.76 6.35 2.71 65.25
&9 4:06:02 PM | 0.77 17.1 8.21 6.49 2.84 64.59
90 4:06:04 PM | 0.86 17 8.65 6.61 2.95 63.93
91 4:06:06 PM | 0.91 16.9 8.91 6.67 3 63.61
92 4:06:08 PM | 0.94 16.8 9.65 6.79 3.14 62.68
93 4:06:10 PM | 0.9 16.7 10.1 6.8 3.22 62.28
94 4:06:12PM | 0.74 16.7 1045 | 6.7 3.27 62.14
95 4:06:14 PM | 0.49 16.8 10.56 | 6.49 3.18 62.48
96 4:06:16 PM | 0.25 16.9 1035 | 6.26 3.01 63.23
97 4:06:18 PM | 0.09 17 9.95 6.05 2.93 63.98
98 4:06:20 PM | 0.04 17.1 9.44 6.88 2.77 63.77
99 4:06:22 PM | 0.01 17.2 8.94 6.73 2.63 64.49
100 | 4:06:24 PM | 0.06 17.3 8.66 6.67 2.57 64.74
101 | 4:06:26 PM | 0.13 17.4 8.91 6.51 2.39 64.66
102 | 4:06:28 PM | 0.19 17.5 8.5 6.42 23 65.09
103 | 4:06:30 PM | 0.23 17.5 9.13 6.34 2.19 64.61
104 | 4:06:32PM | 0.34 17.6 8.81 6.27 2.11 64.87
105 | 4:06:34PM |04 17.6 8.66 6.24 2.06 65.04
106 | 4:06:36 PM | 0.46 17.6 8.27 6.16 1.98 65.53
107 | 4:06:38 PM | 0.52 17.6 8.08 6.11 1.91 65.78
108 | 4:06:40 PM | 0.58 17.6 7.91 6.06 1.86 65.99
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109 | 4:06:42PM | 0.62 17.6 7.76 6.03 1.8 66.19
110 | 4:06:44 PM | 0.64 17.5 7.61 6 1.75 66.5

111 | 4:06:46 PM | 0.63 17.5 7.49 5.98 1.71 66.69
112 | 4:06:48 PM | 0.63 17.4 7.41 5.95 1.67 66.94
113 | 4:06:50 PM | 0.62 17.4 7.33 5.93 1.63 67.09
114 | 4:06:52 PM | 0.63 17.4 7.29 591 1.62 67.15
115 | 4:06:54 PM | 0.64 17.3 7.18 5.89 1.56 67.43
116 | 4:06:56 PM | 0.65 17.3 7.22 5.88 1.53 67.42
117 | 4:06:58 PM | 0.67 17.3 7.27 5.88 1.52 67.36
118 | 4:07:00 PM | 0.68 17.3 7.35 5.9 1.52 67.25
119 | 4:07:02PM | 0.72 17.2 7.35 5.92 1.52 67.29
120 | 4:07:04 PM | 0.73 17.2 7.41 6 1.53 67.13
121 | 4:07:06 PM | 0.73 17.2 7.48 6.05 1.55 66.99
122 | 4:07:08 PM | 0.73 17.2 7.69 6.14 1.55 66.69
123 | 4:.07:10 PM | 0.75 17.1 7.83 6.12 1.56 66.64
124 | 4:.07:12PM | 0.78 17.1 7.85 6.17 1.58 66.52
125 | 4:07:14PM | 0.81 17.1 7.91 6.21 1.59 66.38
126 | 4:07:16 PM | 0.83 17.1 8.55 6.24 1.59 65.69
127 | 4:07:18 PM | 0.85 17.2 8.58 6.28 1.6 65.49
128 | 4:07:20PM | 0.94 17.1 8.59 6.29 1.6 65.48
129 | 4:07:22PM | 1.04 17.1 8.63 6.35 1.6 65.28
130 | 4:07:24PM | 1.15 17.1 8.65 6.37 1.6 65.13
131 | 4:07:26 PM | 1.22 17.1 8.66 6.37 1.79 64.86
132 | 4:07:28 PM | 1.13 17.1 8.65 6.37 1.78 64.97
133 [ 4:07:30 PM | 1.03 17.1 8.57 6.36 1.64 65.3

134 | 4:07:32PM | 0.93 17.1 9.47 6.36 1.62 64.52
135 | 4:07:34 PM | 0.87 17 9.37 6.37 1.59 64.8

136 | 4:07:36 PM | 0.84 17 9.29 6.38 1.67 64.82
137 | 4:07:38PM | 0.78 17.2 9.26 6.39 1.66 64.71
138 | 4:07:40 PM | 0.75 16.7 9.2 6.4 1.65 65.3

139 | 4:07:42PM | 0.72 16.7 9.17 6.42 1.62 65.37
140 | 4:07:44PM | 0.71 16.5 9.15 6.43 1.62 65.59
141 | 4:07:46 PM | 0.68 16.2 9.15 6.43 1.61 65.93
142 | 4:07:48 PM | 0.67 15.6 9.14 6.44 1.59 66.56
143 | 4:07:50 PM | 0.66 15.6 9.13 6.43 1.57 66.61
144 | 4:07:52PM | 0.65 15.8 9.12 6.44 1.56 66.43
145 | 4:07:54PM | 0.64 15.9 9.11 6.44 1.55 66.36
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146 | 4:07:56 PM | 0.63 15.9 9.1 6.43 1.55 66.39
147 | 4:07:58 PM | 0.55 15.8 9.09 6.42 1.56 66.58
148 | 4:08:00 PM | 0.59 15.7 9.07 6.39 1.56 66.69
149 | 4:08:02PM | 0.62 15.5 9.04 6.35 1.56 66.93
150 | 4:08:04 PM | 0.65 15.4 8.01 6.32 1.56 68.06
151 | 4:08:06 PM | 0.68 15.4 8.91 6.24 1.55 67.22
152 | 4:08:08 PM | 0.72 15.4 8.82 6.18 1.54 67.34
153 | 4:08:10PM | 0.75 15.5 8.72 6.11 1.54 67.38
154 | 4:08:12PM | 0.95 15.6 8.62 6.07 1.53 67.23
155 | 4:08:14PM | 1.13 15.7 8.55 6.12 1.54 66.96
156 | 4:08:16 PM | 1.32 15.8 8.54 6.24 1.59 66.51
157 | 4:08:18PM | 14 15.9 8.68 6.36 1.52 66.14
158 | 4:08:20 PM | 1.62 16.1 8.92 6.41 1.59 65.36
159 | 4:08:22PM | 1.76 15.5 8.07 6.41 1.6 66.66
160 | 4:08:24 PM | 1.89 15.4 8.38 6.37 1.62 66.34
161 | 4:08:26 PM | 2.02 15.3 8.45 6.34 1.62 66.27
162 | 4:08:28 PM | 2.13 15.3 8.65 6.31 1.61 66
163 | 4:08:30 PM | 2.23 15.2 8.94 6.29 1.6 65.74
164 | 4:08:32PM | 2.31 15.1 941 6.28 1.59 65.31
165 |4:08:34PM |24 15 9.39 6.26 1.59 65.36
166 | 4:08:36 PM | 2.44 14.9 9.37 6.22 1.59 65.48
167 | 4:08:383 PM | 2.53 14.9 9.35 6.16 1.59 65.47
168 | 4:08:40 PM | 2.56 14.8 9.34 6.01 1.59 65.7
169 | 4:08:42PM | 2.64 14.8 9.14 6.7 1.43 65.29
170 | 4:08:44PM | 2.84 14.9 9.83 6.58 1.31 64.54
171 | 4:08:46 PM | 3.06 15.2 9.46 6.55 1.24 64.49
172 | 4:08:48 PM | 3.25 15.4 9.15 6.71 1.21 64.28
173 | 4:08:50 PM | 3.36 15.5 9.06 6.68 1.33 64.07
174 | 4:08:52PM | 3.42 15.3 9.31 6.46 1.59 63.92
175 | 4:08:54 PM | 3.45 15.4 9.9 6.52 1.86 62.87
176 | 4:08:56 PM | 3.47 15.5 9.72 6.84 2.06 62.41
177 | 4:08:58 PM | 3.57 15.4 9.16 6.91 2.14 62.82
178 | 4:09:00 PM | 3.65 15.4 9.38 7.06 2.29 62.22
179 | 4:09:02 PM | 3.47 15.3 9.04 7.22 2.39 62.58
180 | 4:09:04 PM | 3.18 15.1 9.62 7.34 2.45 62.31
181 | 4:09:06 PM | 3.08 15.1 10.19 | 7.43 2.51 61.69
182 | 4:09:08 PM | 3.3 14.9 10.48 | 7.47 2.55 61.3
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183 | 4:09:10PM | 3.47 14.8 11.28 | 7.55 2.62 60.28
184 | 4:09:12PM | 3.63 14.8 11.79 | 7.45 2.65 59.68
185 [ 4:09:14PM | 3.75 14.7 12.2 7.15 2.63 59.57
186 | 4:09:16 PM | 3.82 14.7 12.28 | 6.96 2.55 59.69
187 | 4:09:18 PM | 3.87 14.6 11.96 | 6.82 2.29 60.46
188 | 4:09:20 PM | 3.92 14.6 11.55 |6.89 2.28 60.76
189 | 4:09:22PM | 3.95 14.6 11.34 | 6.87 23 60.94
190 | 4:09:24PM | 4.14 14.5 11.38 | 7.04 231 60.63
191 | 4:09:26 PM | 4.2 14.5 11.44 | 7.1 2.31 60.45
192 | 4:09:28 PM | 4.22 14.4 11.7 7.2 2.29 60.19
193 | 4:09:30 PM | 4.25 14.4 11.86 | 7.21 2.28 60

194 | 4:09:32 PM | 4.27 14.4 11.97 | 7.19 2.26 59.91
195 | 4:09:34 PM | 4.33 14.3 12 7.15 2.25 59.97
196 | 4:09:36 PM | 4.37 14.3 11.94 | 7.11 2.34 59.94
197 | 4:09:38PM | 44 14.1 11.82 | 7.06 2.34 60.28
198 | 4:09:40 PM | 4.46 14.1 11.66 | 6.9 231 60.57
199 | 4:09:42PM | 4.53 14 11.47 | 6.55 2.3 61.15
200 | 4:09:44PM | 4.57 14 1132 | 6.32 2.23 61.56
201 | 4:09:46 PM | 4.65 13.9 10.49 | 6.54 1.99 62.43
202 | 4:09:48PM | 4.7 13.9 9.6 6.15 1.79 63.86
203 | 4:09:50 PM | 4.75 13.9 8.61 5.9 1.68 65.16
204 | 4:09:52PM | 4.72 13.2 7.74 5.75 1.62 66.97
205 | 4:09:54 PM | 4.81 13 7.37 5.71 1.6 67.51
206 | 4:09:56 PM | 4.87 11.2 7.53 5.64 1.58 69.18
207 | 4:09:58 PM | 4.82 10.1 6.15 5.62 1.56 71.75
208 | 4:10:00 PM | 4.86 9.9 59 5.62 1.48 72.24
209 | 4:10:02PM |5.01 9 5.66 5.63 1.34 73.36
210 | 4:10:04 PM | 5.08 8.1 5.61 5.63 1.32 74.26
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