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Abstract

Study the effect of replacing fuel in midsize laboratory steam generation
plant is presented in this work. The plant is 200KW runs by diesel fuel and
connected to many thermal equipments in the laboratory. The current work
includes two parts; in the first part, the combustion system was replaced to run the
plant by LPG. The burner is designed from scratch and implemented to work on
the boiler system, after ensuring work the system with the new fuel, the second
part of the study involves optimize the design of the burner in term of the burner
momentum, where three diameter ratios (1/10, 1/15, 1/20) were tested. The
diameter of the burner to the diameter of the boiler where choose to be the function
for comparison between each design. The CO, CO,, O,, HC and efficiency are
calculated for each ratio and the results show that, when making comparison
among three burners with three diameter ratio which mentioned above, 1/10
diameter ratio was the best ratio and the boiler best efficiency at this ratio were
(90.1, 90.5, 90.8, 93, 92, 91.5)% when equivalent ratios (0.352, 0.527, 0.75, 1.02,
1.25, 2.39). In addition, the emission ratios for CO were (0.85, 0.69, 0.13, 0, 0.25,
1.28)% vol , CO, (2, 4.1, 5.9, 10.1, 9.7, 5.1)% vol , O, (5, 2.3, 1.2, 0.01, 0.015,
0.01)% vol , and HC (2.2, 1.5, 0.9, 0.1, 120, 513)% vol. The experimental results
showed that the general operating conditions of LPG are better than diesel fuel,
related to emissions and efficiency. Although safety and control are still an issue,
we can conclude that LPG fuel is a promising fuel in a future using especially in

Iraq because of its availability.
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CHAPTER ONE
Introduction

Energy is the essential supplier for economic development in all countries
of the world and it is the fundamental needs for all manufacturing facilities. About
35% of the energy consumed by humans it’s used in the manufacturing sector. In
the present situation, the use of fossil fuels is rising exponentially and this, in turn,
contributes to increasing environmental pollution. By 2025, demand for fuel is
expected to triple more than in the past few years. The rate of fossil fuel
production is slower compared to the increase in demand. Oil is among the fossil
fuels is the main source of commercial energy. Therefore, energy conservation is
more important economically and environmentally [1].

Any development on the national level is to invest your resource at a high
level of planning and employee any siding product that could reduce expenses of
other fields. In Iraq, the petroleum country, where the oil industry represents the
main national income, the associated petroleum gases (APG) represent a big
problem because the oil industry structure in Iraq does not qualified to collect
these gases and used them in a useful way. However, the electricity crisis in the
country and it is solutions bring to the market the need for gas to fuel the electricity
power plant and the need for the gas represents a new challenge to the gas
industry. Expanding use APG depends on upgrading the equipment and the
infrastructure of the gas industry, on another hand using liquefied petroleum gases
(LPG) 1s more common and cheaper nowadays.

The ideal use of energy in industrial fields leads to achieving the

conservation of energy. Therefore, the equipment is designed to work in the best
efficiency. For existing devices, some improvements can be made without major
changes to the factory design. Boilers are widely used in industrial fields,
including in the manufacturing, textile industries, and Steam power plants. One

of the most common energy conservation is heat recovery such as exhaust gas[1].
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1.1 Boiler

Some types of the boiler is a steam generator. It is a closed container made
of metal, which partially contains water. The boiler works to rise of the energy
content in the water and turns it into steam by absorbing the thermal energy
resulting from the combustion of fuel. So, it can be used in many fields such as
power generating equipment, homes heating system and the delivery of steam
required for cleaning operations in kitchens [2]. Many fuels are used in boilers,
but the widely used are fossil fuels (coal, diesel, and natural gas). A large portion
of the world's power is being produced, boilers are usually the best choice for
turning these forms of energy into electricity [3]. Besides, most industrial heating
systems use boilers to generate hot water or steam. As a consequence, an effective
boiler often has a significant impact on the energy savings associated with heating
[4].

The introduction of energy-saving initiatives and the enhancement of total
boiler performance will save a significant amount of energy. Briefly, the boiler
has the function of providing the necessary steam at a known temperature and
pressure [1],[5].

Among the common uses of boilers in industrial fields, including in food
factories, petrochemical industries, and garment factories, are used in an auxiliary
way in power plants, etc. Also, boilers are especially used in homes, hotels,
restaurants, and some government offices for heating and providing hot water.
Apart from the type of use, the requirements of safe operation are essential in
working of the steam boilers to operate at high efficiency [5]. The heating system
consists of many elements, the boiler is one of the main parts in the heating system
in addition to others parts such as pipes, pumps, electrical switches, radiators, and

control devices [6].
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1.2 Boiler Components

Some parts must be added to the steam boiler to increase its performance.
They are divided into two categories, (1) boiler mountings and (ii) boiler

accessories [7]. Figure 1.1 shows a schematic description of the steam boiler [8].

Burner
\ ~ Control
Lo panel
. : ¢ 99
. eIy
= [~ |
o —
. L —
Hellical ¥ ———
B ——
- .ﬁ =
Coil — =
tube - = Pump
— .
» |
Body of -
boiler 2
-

Figure 1.1: General overview of steam boiler [8]

1.2.1 Boiler Mountings

Mounting is necessary because without it the boilers will work without
safety conditions. Mountings are listed below [9].
»  Safety valves
Indicators of water level
control of water level
Water level alarms & cut-out assembly
Valve blowing down

Remote water level transmitter

YV V V V V V

Main steam outlet valve
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A\

Pressure gauge with cock & Pressure switches
Oven drain valve

Feedwater valves

Burner assembly

Foam (scum) removal valve

Air vent

Water sampling valve

Manholes

V V V V V V V V

Soot blower

1.2.2 Boiler Accessories

They are the second group containing components which are designed to
improve the performance of steam power plants and allow the boiler to operate.
These fixtures are called boiler accessories. It is an integral part of the boiler.
Accessories are listed below [9].

»  Air pre-heater
Economizer
Superheater

Feed pump

YV V V V

Injector
1.3 Boilers and their Classification

Boilers used in industries are classified into several categories as shown in

fig.1.2 [10] [11].

1.3.1 Fire Tube Boiler

Fire tube boilers are a manner that the hot combustion gasses flow into the
pipe, so when the hot gasses flow into the pipe and the water covering the pipe

is heated fig.1.3.
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Boilers Classified
Depending On
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The vapour is constrained by the external casing of the boiler. For low-
pressure applications, this sort of boiler is utilized to annul the require for a thick

external layer [1],[10].

STEAM _ HOT
ourT Boiler GASSES

Furnace Smokestack

Figure 1.3: Schematic Diagram of a Fire Tube Boiler [12]

1.3.2 Water Tube Boiler

This kind of boiler is designed to distribute combustion gases around tubes
containing water for heating to evaporate and convert into steam. The tubes were
either straight in the older designs or twisted into basic shapes. Boilers of
advanced water pipes contain complex multi-bending tubes, and therefore this
type of boiler can be produced in large sizes for use in applications that require

steam at high pressure [1],[13],[14], as shown in fig.1.4.
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Figure 1.4: Diagram of Water-Tube Boiler [10]

1.4 Fundamentals of Steam Generation

1.4.1 Boiling

The steam boiling water cycle is a common practice. The boiling
temperature is achieved (the natural boiling point of water reaches 100 ° C at an

air pressure of 1 bar).

1.4.2 Circulation

The movement of water and steam in the boiler circuit is called rotation. It
is heated near the saturation temperature by the heat energy from combustion.
Sufficient circulation must be given to extract heat from the burner system. If the
rotation is due to a variation in pressure or density, the boiler is called a natural

circulation. While if it is caused by a pump, the boiler is called forced circulation

or works [15].
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1.5 Energy

The burning of any combustibles is the heat source. For energy, fuel which
usually used for combustion is wood, natural gas, coal and oil, it has several types
of heating elements. Electrical steam boilers typically use heating agents to form
resistance. Another source of heat for steam generation is nuclear fission either
directly or often in heat exchangers or ‘power generators’. Heat recovery steam
generators use the heat which had removed by other systems. the case of heat

recovery steam generators shows in the gas turbine [16].

1.6 Fuel Types

Several types of fuel are mostly used in the boilers including solid fuels,
natural gas (NG) , nuclear energy, gasoline, among many others. Natural gas is
one broadly utilized for its efficiency, and cheaper cost compared to electricity
and oil, and it burns cleanly, especially within the European locale. NG contains
methane gas and a few of the other gasses. NG can be effortlessly transported into
fluid, either by pipeline or by storage tank.

An important feature that distinguishes the use of a specific type of fuel is
its availability and energy content, as well as the ease to burn and spread it inside
the boiler's combustion chamber. In some boilers, the combustion system is
modified to enable it to burn more than one fuel, and this is called a Double Fuel
Boiler (DFB). Where it is possible to burn liquid fuel such as oil or gaseous fuel
such as natural gas, which provides the possibility to switch between the two types
when the price of one of them increases in the market without the need to change
to a new boiler. Thus, the DFB is economically justified. Figure 1.5 shows global
energy consumption in various fields according to the type of fuel used (energy
sources). Coal combustion products (CCP) are the materials produced when we

burn coal to generate electricity. They include ash, bottom, slag, flue, and other
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power plant byproducts [17] . The commonly used fuels are shown in the following

sections [16].
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Figure 1.5: World Energy Consumption by Type of Fuel Used, 1990-2040
(Quadrillion Btu) [17]

1.6.1 Solid Fuel

Various types of solids can be used as fuel in boilers combustion processes.
Among the types of solid fuels are all combustible waste, such as coal and
biofuels, as well as household garbage which is a heterogeneous fuel due to its
multiple components of plastic, paper, food, minerals, etc. It causes a high demand
for combustion equipment suitable for this type of fuel to filter the flue gas and
reduce emissions. Therefore waste is used as a fuel in the production of central
heating.

Coal is considered one of the main non-renewable energy source. Where it
is formed due to the exposure of the organic materials to pressure and heat for

9
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long periods. Bituminous coal is considered one of the most common types in
some European countries, as it is used in industries and used by more than 41%

in power plants. Emission problems (SOx, NOx), combustion deposits, acid rain

and the economic cost of coal mining is the main factor in determining the future
of coal use [18],[19].

Biofuels are a common species, such as woody crop residue, straw, and
reed remains. To facilitate the transportation and storage of biofuels, their
composition may be substituted in moulds of certain engineering shapes or
powder form. The burning efficiency of the wood grain is very high compared to
wood, as it is very dense and low moisture [18]. Biofuels are less expensive
compared to many other fuels, and liquid or gaseous biofuels are characterized by
low emissions and this increases making them the appropriate fuel in many fields
[20]. Of the common biofuels (Biogas, Biodiesel, Vegetable Oil, Solid Biofuels,
Ethanol, and other Vital Alcohols) [21].

1.6.2 Liquid Fuel

Most liquid fuels are derived from crude oil through refining operations. It
1s known that crude oil is caused by the decomposition of living organisms after
their death under the ground as a result of pressure and heat in the underground.
The main components of crude oil are hydrocarbons, in addition to other
components such as sulfur, nitrogen, and others [21]. The fuel oil classes 1-2 are
characterized by their low density, they are less viscous and are called distillation
oils. Diesel fuel belongs to this category. The most common fuel for burners is
the first type of oil. Where distillation oils are lightweight oils, and they are used
in domestic heating due to lack of ash resulting from them and low sulfur content
[18],[22]. Other classes of fuel oil are of high density and tend to solidify at low
temperatures, so one of the most important causes of the weak stove of this type

of oil is insufficient heating temperature before combustion. Sometimes mixing

10
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of high viscosity fuel oil with some biofuels (palm oil, canola oil) is used to

facilitate the process of its use [18].

1.6.3 Gaseous Fuels

Gaseous fuel is one of the easiest types of fuel to use as it can be sprayed
regularly and it achieves complete combustion compared to other types of solid
and liquid fuels. Gaseous fuels contain less carbon in terms of energy compared
to other fuels, resulting in relatively low emissions. Among the types of gaseous
fuels used in energy production, such as natural gas, biogas, and city gas [18]. The
conditions of natural gas formation are similar to the conditions of the formation
of crude oil, where it is present directly with it or with separate wells. The natural
gas varies in its composition from one region to another. The main component of
natural gas is methane (CH4), which is the lightest hydrocarbon molecule. Natural
gas also contains heavy gas hydrocarbons such as ethane (C,Hs), butane (CsH)),
and propane(Cs;Hg) in addition to other gases containing sulfur in different
quantities. Hydrogen sulfide is usually removed from the gas distributed by the
system because of its high toxicity [23].

Biogas represents gas that is produced from the decomposition of organic
matter in the absence of oxygen and certain conditions, it is formed in sewage
networks as well as in landfills. The gas produced is mainly CH4 and CO,. Biogas
1s a renewable energy source that does not contribute to the production of any
pollutants in nature, it is used in some combustion processes as heat production

and the work of some vehicles [18].

1.6.4 Energy Content

The calorific value or the amount of energy released from the fuel is a basic
parameter when comparing fuels, and it represents the amount of heat produced
from the total combustion of a specific fuel unit [17]. When using gaseous fuel,

the flow rate of these gases differs from the burner nozzle due to the difference in

11



Chapter One Introduction

density, which in turn gives different heat values. The Wobbe index was used to
compare gases, where the higher heating value in MJ/m? is divided by the specific
density relative to air. The calorific value is the same for gases containing the

same values from the Wobbe index [24].
1.7 Combustion Chamber

It is the place which the mixture of air and fuel is burned inside it, thus the
heat transfer from the combustion to the water conduces it to turn into steam.
Usually, the combustion chambers are made of steel and cast iron and well
insulated from the environment, as the heat inside the combustion chamber

reaches several hundred degrees of heat gradually [25].
1.8 Boiler Efficiency

Boiler efficiency is directly related to the heat transfer rate and fuel
combustion efficiency. In the case of complete combustion, the combustion
efficiency is great, as the burning of fuel only produces water, carbon dioxide, and
heat. When the amount of oxygen decreases, this will result in incomplete
combustion, which reduces the combustion efficiency, and hence a decrease in
the boiler efficiency. Boiler operation must be kept in complete combustion for
safety purposes as well as the amount of non-combustible fuel may cause the
boiler to explode. In low-pressure steam boilers used in buildings, the combustion
efficiency is usually 80% [16].

The efficiency of the combustion system affects several factors such as the
parameters used for the boiler, fuel, and working fluid temperature. In the case of
using oxygen instead of air in the fuel combustion process, the products contain
water and carbon dioxide, which can be separated by the condensation process,
and thus the recycling of a portion of carbon dioxide to the combustion chamber,
which effects on the heat transfer to the water pipes[16],[26]. The general

equation for boiler efficiency [1]:
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_ m's(hs—hgy) 0
~ TmpGov 100%

Where,

n: Boiler efficiency

h,: Enthalpy of saturated steam at operating pressure (kJ/kg)
hs: Enthalpy of feed water (kJ/kg)

mg: Mass of steam formed per hour (kg/hr)
ms: Mass of fuel supplied into the combustion chamber (kg/hr)
GCV: Gross Calorific Value

1.9 Emissions

The secondary result of industrial progress in some countries was an
increase in air pollution, by the emission of some toxic substances from lead and
arsenic particles as well as CO, CO,, SO,, and NOx. Therefore, strict instructions
were applied to reduce and control these emissions, these regulations have been
applied to emissions that can be seen or felt, and with continuous development, it
has become possible to discover and measure very small quantities of chemicals.
The new form of pollution has appeared in the form of climate change or so-called
global warming, which is largely caused by human activities. Among the main
pollutants that are related to combustion processes can be illustrated in the

tablel.1 [18],[24].
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Table 1.1: Sources of emission and its effects [18]
Emission Source Effect
o Complete combustion of carbon '
Carbon Dioxide (CO2) . Global warming
in the fuel
_ Incomplete combustion of
Carbon Monoxide (CO) Smog
carbon in the fuel
Sulfur Dioxide (SO2) Combustion of sulfur in fuel Smog, acid rain
_ ' A byproduct of most combustion o
Nitrogen Oxides (NOx) Acid rain
processes
Nitrogen Dioxide A byproduct of most combustion .
Global warming
(NOx) processes
Water Vapour (H20) | Combustion of hydrogen in fuel | Localized fog
Unburned or partially burned
Particulate Matter (PM) | carbon and hydrocarbons, also Smog

dirt and ash in fuel
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CHAPTER TWO
LITERATURE REVIEW
Introduction

This chapter presents a review of previous studies that have been conducted
on the use of different types of fuels in boilers operation, to verify which type
gives the best efficiency as well as knowledge of emissions from its work that
have an impact on increasing global warming. However, a connection between
fuel type and efficiency of the boiler directly is not scientifically accurate, because
the boiler could be represented as a heat exchanger which is used as a transporter
of heat from the combustion chamber to water. So the literature review will try to
introduce the previous works in such a way go firstly through the fuel type in a

boiler system, pollutant and then geometry of boiler on its efficiency.
2.1 Methods for reducing emissions:

2.1.1 The effect of equivalence ratio (®):

Valerie J. Lyons et.al [27] study the effect of the non-uniformity of the
fuel to inlet air ratio affecting the emission focus of NOx was studied. Theoretical
levels of nitrogen oxide were verified in the flame tube apparatus with inlet air
temperatures (600, 700, and 800) K. The apparatus pressure was 0.3 MPa, the
reference velocity 25 m / s, with the valence ratio (0.6), and the residence time
about 0.002 s. The results appeared a boost in NOx concentrations when
increasing the F/A ratio, and for the rate equivalence ratios least than 0.6, nitrogen

oxides levels decreased when the average @ approached 1 (stoichiometric state).

Rohschild, W . G et.al [28] Study the effect of equivalence ratio on
emissions in a persistent combustion burner working on ethylene and ethane fuels.
The calculation was performed over the axial distance of the combustion chamber

for the valence ratio 1.43 to 1.51 for the rich mixture and at 0.75 for the lean
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mixture. The results showed an increase in unburned HC and CO for both kinds

of lean and rich mixture.

R. Pavri et.al [29] study the influence of the equivalence ratio and flame
temperature of the continuous external combustion system, and it was spotted that
in the stoichiometric state @ = 1, the flame temperature arrived the utmost point,
and the nitrogen oxides concentration increased. But when the ®>1, the
instantaneous nitrogen oxides decreased rapidly, then the NOx ratios could be

controlled by lowering the flame temperature in the unmixed (diffuse) mixture.

A. Ergut et.al [30], study the effect of equivalence ratio on the chemistry
of soot initiation in a one-dimensional, pre-mixed, ethyl-benzene flame. The
research examined three flames with ® equal to (1.68, 1.74, and 1.83). According
to the experimental work, the maximum temperature of this flame should be
recorded similar by changing the relative amounts of fuel vapour, oxygen, and
nitrogen. The results present that the flame temperature function is not only the
limit of the start of soot, and due to conservation the maximum temperature
constant, soot not depend on the equivalence ratio and may be generated with the
flame. A chemical kinetic model was previously tested against pre-mixed soot
with benzene and ethyl-benzene, and the results appear that CO was directly

proportional to increasing the ® when it exceeded the unit.

2.1.2 The effect of fuel droplet size:

M. K. Razdan et.al [31] studied the importance of the precise fuel drops
of the mixture and this will lead to good dispersal. Both of them participate in a
homogeneous F/A mixture and decrease the duration of stay. If the spray is coarse,
it means that the vaporization will be slow. So that, the bulk of the fuel will be
burned in rich pockets or droplets combustion, and the temperature increase is
much higher if compared with the combustion of the lean mixture and will lead

to a higher formation of NOx. The droplet distribution directly affects the
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homogeneity of the mixture and also influenced the formation of nitrogen oxides,
which means that rising the dissolution pressure results in a more homogeneous

mixture and leads to elimination of UHC and CO emissions.

Chenn Zhou et.al. [32] Studied the dissolution pressure of liquid fuels and
found that this parameter is directly affected by the focus of emissions and
vaporization if the fuel droplets affect the mixing degree of air and fuel. The
results showed that the spray structure depends on the density of fuel, nozzle
injector size, differential Pressure, viscosity and the vaporization rate depends on

the droplet size, boiling point, gas temperature and the implicit heat of the liquid

fuel.

Two fuels are studied and compared, namely, diesel and hydrated ethyl
alcohol for different proportions of F/A by Edgar Paz et.al [33]. The
investigation was concerned about UHC emissions and CO,.they were found that
the emissions concentrations were inversely proportional to the atomization of the
A/F ratio, and the results showed that emissions (UHC and CO) from diesel
combustion were greater than those from the combustion of aqueous ethyl alcohol

for the same limited conditions.

Amir Mahdi Ghasemi et.al [34] investigated the size of the fuel droplets
and the temperature of the air entering the complex soot process in a turbulent
liquid fuel burner. The results expound a decrease in the incoming air temperature,
and an increase in the size of the fuel droplets will increase the formation of soot

from the spray flame.

N. Chigier et.al [35] investigated the effect of injection pressure and found
that it directly affects the uniformity of the A/F mixture. For the air blast, the
researchers found an increase in a liquid break-up, resulting in less air-fuel

generation, and as a result, fewer emissions of soot, CO, and NOx were obtained.
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2.1.3 Effect of adding percentage of thermal load by LPG:

S.A.B. Al Omari et.al [36] worked experimental research was carried out
to test the thermal efficiency of dual-fuel furnaces fueled with diesel blends and
using lubricating oil (ULO), co-with LPG. ULO is known as a source of
renewable resources. The term "renewable" is used in the present sense as the
excess lubricant oil generator must be available and should continue as long as
the engines are in operation. they discuss the reduction in pollution from gaseous
fuel combustion, such as LPG, by co-fired with certain limited volumes in lower-
grade liquid fuel with higher pollution susceptibility. The liquid fuel used is a
combination of ULO and diesel fuel. The mineral analyses carried out found a
large concentration of metals in the ULO used relative to the metal content of
discarded fresh crude. It is expected to be the explanation behind the enhanced
flame radiation capabilities found while using ULO. Results indicate that
substituting 30% of the LPG mass with a liquid fuel mixture consisting (in this
study) of 20% ULO and 80% diesel raises radiation to furnace walls by around
1% above the amount achieved When only LPG of the same overall equal sum as
the liquid mix or LPG component is included. In the liquid fuel blend, 20 percent
ULO correlates to nearly 6 percent of the overall fuel mass supplied to the furnace.
To illustrate the role that may have been performed by the disproportionate
concentrations of metals in ULO to radiation, it has been replicated under the
same circumstances, albeit with fresh oil replacing ULO in a liquid mixture. The
findings have yet again verified the supremacy of ULO when it comes to radiation
enhancement. The study also describes certain findings from previous studies
performed by the first author and co-authors of the present review testing used
engine lube oil against waste liquid oil of biological origin, called a "used cooking
oil". This distinction also encourages the usage of ULO as a fuel replacement that
allows in the furnaces to pass heat through radiation. Additionally, the analysis
provides certain ULO characterizing measures such as viscosity at various

temperatures and the calorific benefit. This research is thought to have valuable

18



Chapter Two Literature Review

lessons for design, operation, and control in applications such as radiative boiler

applications.

Lee et.al [37] experimental investigating in a pre-mixed cylindrical stove
test perforated at multiple sizes for use in condensation boilers, and the effect of
change in hole sizes was examined as well as showing the extent of stability of
flame spread from holes at the equivalent share of 0.7 for different loads
(13.96,23.26,30.24) kW as shown in fig.2.1. In this burner, the concentrations of
NO, and CO were less than 40 ppm and 30 ppm, respectively at 0% oxygen. When
using LPG and LNG with this type of burners, there is no gap between them in

terms of flame stability.
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Figure 2.1: Spread Of Flames From Holes At Equivalence Ration Of 0.7 For
Different Loads (a) 13.96 kW, (b) 23.26kW, and(c) 30.24 kW

The current research was conducted by Johnson et.al [38] to cover the
carbon emissions resulting from the use of heating oil and liquefied petroleum
gas, which is often used to heat homes in many European cities. The study
evaluated these in seven European countries. Systems were identified using the
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Eco-Boiler model. When using bio-oil (100% methyl ester) the result was
identical to LPG, And by mixing 20/80 with standard heating oil, the bio-heating

oil system produces a footprint of about 15% more than the LPG system.
2.2- Boiler fuels:

2.2.1 Liquid fuel boilers

Park et.al [39] experimentally studied a 0.7 MW oven and a 75 MW
generating boiler were used to burn two different types of fuel (BL and HFO) and
compare their combustion characteristics. The tests revealed the basic and
important differences between BL and HFO namely, the extent of viscosity, the
strength of the initial heating degree, and their sulfate and nitrogen content. Which
in turn greatly affects the improvement of operating conditions. The results of a
flame inspection of BL fuel in the combustion chamber of the furnace showed a
less lit and brighter flame compared to the HFO fuel combustion as shown in
fig.2.2 because, in HFO burning, pollutants and soot are produced at higher
concentrations than BL. In the case of burning BL fuel, a decrease in the heat flow
at the burner nozzle and a rise in the gas temperature is observed. The nitrogen
oxides and sulfur resulting from the combustion of BL are less than the burning
of HFO fuel due to the low sulfur and nitrogen content in BL, and this gives a safe
indication of the boiler's work to generate energy at the lowest concentration of
pollutants. However, upon burning the BL, it was found that there was a decrease
in heat transfer and its propagation towards the oven walls, so a type of FEGT
enhancer was added to improve the combustion relative to the burning of HFO
fuel. From the above, there was a need for more studies to know the stability of

operation for different types of BL to use them in energy production plants.
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Figure 2.2: Illustration of Bl (Upper) and HFO (Lower) Flames

At the power plant, an experimental study of corrosion treatment in some
parts of the boiler resulting from the use of heavy fuel oil has been studied by
Barroso et.al [40], the study was done in three experimental states for burning
fuel. The first state uses heavy fuel oil without any additives, the second state
burns heavy fuel oil with the presence of a slurry additive, and the third state burns
heavy fuel oil after adding an organometallic substance. In the first type of
experiment, it was found that there are very high risks to rotary continuous
regenerative air heaters CRAHs, which reduces the shelf life of use to 1.5 years.
When using the second case by mixing heavy fuel oil with magnesium additives,
it reduces the risk of corrosion and works to slightly increase the efficiency of the
boiler and thus reduces the excess air and SO3 concentrations in the exhaust gases.
The acid dew point and its relationship to SO3; concentrations were recognized. In
the last stage of the experiments with the addition of an organic substance to the
heavy fuel oil, some improvement in the boiler efficiency and an increase in the

shelf life against erosion for 7 years was observed, and a decrease in the
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Concentration of emissions on CRAHs. The use of biofuel additives for heavy

fuel oil, if only partially, gives economic benefit.

In this experimental study< Huang et.al [41] used a 300kw furnace that
uses fuel mixtures that is an alternative to pure diesel, like castor oil, which is
characterized by its viscosity and high oxygen content. Experiments were carried
out in the furnace by burning different proportions of the Castor/diesel oil mixture.
The rates of castor oil used were 5%, 10%, 20% and 30% in diesel at the lowest
possible level of excess oxygen, as the air supply was 245, 241, 240, 237 and 236
Nm/h and the apparent decrease in airflow compared to with an increase in the
percentage of castor oil due to the presence of oxygen in the composition of castor
oil. Through experiments, a slight decrease in the oven wall temperature and the
exhaust gases is very similar to that of the pure diesel burning. Due to the
operating conditions with minimal excess oxygen, O, and CO; concentrations in
the exhaust gas are similar in both the case of pure diesel combustion and the case
of diesel mixed with castor oil. The addition of castor oil showed no effect on

NOx emissions relative to pure diesel.

The sulfur dioxide emissions are similar to the case of combustion of pure
diesel or mixed with castor oil because they contain small amounts of sulfur in
their composition. The importance of the study highlights the possibility of
maintaining the same burning system as shown in fig.2.3 and not having to make
changes to it when using this type of fuel mixture, with the possibility of further
studies on it through knowing the effect of fuel pressure and the speed of spread

of fuel spray on the combustion efficiency and emissions.
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Castor Oil/Diesel

Primary /) ! Air Atomized Burner
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Air Inlet
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Figure 2.3: Real View and Schematic of the Air Atomized Burner

Biodiesel has recently become more appealing because it is produced from
renewable energy, and also because fossil fuel supplies are diminishing day by
day. Ghorbani et.al [42] researcher compares B5, B10, B20, B50, B80 and B100
combustion with petroleum diesel over large input air flows in an experimental
boiler, at two energy stages. The distinction is rendered in terms of combustion
efficiency and pollution of flue gas (CO, CO,, NOx, and SO,) and the effect of
airflow at two energy ranges of 219 kJ / h and 249 kJ / h.

The results indicate that the energy efficiency of diesel was a little higher
than that of biodiesel at a higher level, but that biodiesel is efficient at the lower
level than diesel. Biodiesel and other blends, except for B10, released less
polluting CO, SO, and CO; than diesel. B10 produced less CO, and NOx but more

SO, than diesel. Notwithstanding studies showing a rise in the amount of NOx
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resulting from burning biodiesel in engines over traditional petroleum diesel fuels,
our results showed a decrease in the amount of NOx in the flue gases resulting

from burning biodiesel at second energy stage.

Many commercial boilers in Malaysia use low-fuel oils as the energy
source, such as the Medium Fuel Oil (MFO). The need to shift MFO to a cheaper
and safer fuel is beneficial due to related pollution problems, operational costs
and repair costs. Najmi et.al [43] researcher provides part of a report on the
possibility of combining MFO with natural gas power. Tests were carried out on
a large boiler with a steam capacity of 16,000 kg/hour, using various
configurations of low, medium and high fire settings. The topic covers fuel
properties, pollution, energy consumption as well as combustion efficiency. In the
case of natural gases, the maximum combustion efficiency is 83.9 percent,
equivalent to 43.9 MJ/kg of heat produced. Optimal output was 84.3 percent
recorded at medium fire and 30.6 percent recorded at excess air. With MFO the
efficiency of combustion decreases from low to high fire, with minor
improvements as the process switches from medium to high fire level. The output
of combustion efficiency was 85.1 percent, which correlates to the heat energy of
77.8 MJ/kg. Nonetheless, due to the significant difference in energy densities of
both fuels, a more thorough study is needed particularly in terms of fuel

consumption cost.

Mahfouz et.al [44] studied the flame analysis spectrometer when using
cooking oil waste and mixing it with conventional fuel. Where cooking oil waste
was mixed with light diesel and heavy diesel fuel by a mass of 20%, without any
other additions, B1 and B2 respectively. The combustion process was carried out
using a vortex burner in a water boiler at different thermal loads, ® = (0.63, 0.75,
0.96, and 1.1) respectively. When measuring the temperature of the flame it turns
out that the highest energy can be measured when burning HDO. The B2 mixture
produced about 7.5% less heat energy than HDO, and thus the amount of heat

transferred to the boiler is about 12.2%, 2.1%, 8.2%, and 7.6% lower than the
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HDO, while the energy produced from the B1 mixture was about 17%, 13.6%,

29.4%, and 6.1% lower compared to LDO. Because of high energy released, HDO
and LDO produced very high CH and C, radicals relative to the other fuels.

Varia et.al [45] when it becomes incredibly difficult and expensive to
upgrade the current combustion equipment in the boiler with the correct modern
technologies. The vast capacity and comparative efficiency of the diesel engine
makes biodiesel derived from inedible oil a successful substitute fuel in India.
Mixing biodiesel with diesel offers an intermediate solution to solving big
problems. The key issue, such as lack of availability and pollution of diesel fuel,
has shown the good capacity and comparable efficiency for alternative fuels with
the same efficiency and better pollution characteristics made from inedible oil.
Biodiesel in the pressure ignition engines is widely accepted as similar to diesel
fuel. It provides other advantages including a higher certain number, nitrogen
oxides, carbon dioxide, hydrocarbons, lower toxicity, lower particulate emissions,

better protection, lower CO; emissions in the life cycle.

2.2.2 Solid fuel boilers

Niklitschek et.al [46] they focused in this study on the usage of wood
chips, which are biomass commonly accessible in the Valdivia woods, a medium-
sized town in the middle of southern Chile. For a standard residential building,
the expense of heating and domestic hot water (DHW) with wood chips has been
measured with specific thermal insulation conditions. The effects of the wood
chips technologies (traditional firewood, diesel technologies and liquefied
petroleum gas (LPG) were contrasted. The feasibility of replacing firewood
boilers used in wood boilers and liquefied petroleum gas was also evaluated. The
higher costs of dissolving wood chips were balanced by lower fuel prices,
resulting in lower heating and DHW prices than LPG and diesel. The strong

reliability and combustion performance of the wood chips device often
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contributes to lower heating and DHW expense than the firewood method, even
if this machine is already working. Thermal insulation greatly lowered
maintenance expenses and fueling, offering a budgetary rationale for replacing
the heating network and DHW with wood chips as part of the initiative. Just for
low heating rates and DHW demand, the alternative with LPG seems more
appealing. Connecting four similar buildings (7,680 square meters) in the energy
grid allows exposure to the lowest heating costs and DHW per home, combining
economies of scale in boiler production with the expense of extending the
distribution network. The resultant expense is projected to be 16% smaller than
the LPG method, which is the second-lowest-cost option. The response to the
research question posed in this report is therefore optimistic under climatic
conditions and the abundance of forest biomass in Valdivia, even if the minimum
thermal requirement is met. That inference can also extend to many southern

Chilean towns.

Pronobis et.al [47] they are attempted to determine the effect of biomass
on the fouling of boiler thermal surfaces. Measurements were conducted on the
pulverized fuel (PF) OP 140 steam generator to illustrate the effect of combined
biomass with bituminous coal on boiler production. Typical upper silesian coal
was chosen as the primary fuel, which has a slight inclination for fouling. There
are three types of biomass: straw, wood, and dried waste sludge. Results indicate
that all forms of biomass studied are distinguished by a higher fouling propensity
than gas, leading to a decrease in boiler performance degradation as well as
improvements in boiler operating parameters ( ash stream, amount of water
pumped into attempters, and hot air temperature). The biomass during co-firing
replaces the coal, but the extra fuel consumption is still greater than that of the
replacement coal. Therefore, the real decline in coal consumption is less than the

thermal fraction of biomass.

Tanetsakunvatana et.al [48] worked on a 300 MW boiler powered by

Thai lignite with three experimental groups to test the effects of excess air ratio,
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unit load, and thermal fuel efficiency on the thermal unit and emission
characteristics, which are affected by the type of fuel used. As a result of the

experiments, the following results were obtained:
(A) At different excess air levels:

» Nitrogen oxide emissions from the unit increase with increasing air
levels, indicating a fuel cycle for nitrogen oxides treatment in the
Thai lignite ignition boiler.

» The concentration of sulfur dioxide emissions (corrected to 6 percent
of O, flue gas) is independent of the excess air level, despite only
differences in fuel.

(B) In different unit loads:

»  When reducing the unit load from 96% to 83%, nitrogen oxide
emissions will increase from the unit from 361 ppm to 418 ppm.
However, when the load becomes (67%), nitrogen oxide emissions
decrease to 265 ppm.
»  Sulfur dioxide emissions decrease as the unit load decreases due to
the increased efficiency of FGD
(C) With different fuel characteristics:

» The thermal efficiency of boilers and environmental properties
(except for nitrogen oxides) improves when firing higher LHV fuel
»  With lower fuel consumption, both the nitrogen oxide emission rate
and the actual nitrogen oxide emissions increase with a higher fuel

content due to the effect of the fire temperature on the burner area.

The thermal efficiency of the boiler was marginally determined by the
lower heating factor of the excess air ratio, unit load, and power, varying from
90.3% to 92.3% for a wide variety of variables above. The levels of NOx, SO,,
and PM for these contaminants were below the national pollution standards in all

the samples.
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Drosatos et.al [49] This work includes a quantitative mathematical
parametric study of the indirect fire regime for a lignite boiler at 35% of the
nominal thermal load during its service, below the normal theoretical minimum.
Parametric analysis is required to determine the various configurations of the
firing theory and the impact of two different types of fuel supports: pre-dried
lignite and spent olive cake. When the biomass is added as a fuel enhancer, the
boiler efficiency will increase, as it raises temperatures intensively inside the
boiler. The injection system used for injection of dried lignite material greatly
affects nitrogen oxide emissions, and it has a great role in using different types of

fuel mixtures.

Kattan et.al [50] investigated an economic analysis for comparison
between boilers operating with different types of energy sources (olive peels,
LPG, diesel, and electricity) and used to warm homes and heat water in the
mountainous areas of Lebanon. It turns out that the electric boiler system is the
most polluting and least effective in terms of economics because electricity is
supplied to homes from two sources, one of which is the national grid with 50%
and a private generator with 50%. Boilers that operate with olive shells or LPG
provide energy at 0.13 $/ KWh and that operate with diesel, whose energy price
is 0.14 §/ KWh, compared to the price of energy for electric boilers, which is
approximately 0.31 $/ KWh throughout the year. To get clean low-emission
energy, olive peel must be used to operate boilers in Lebanon, but diesel fuel
subsidies and the difficulty of importing olive peels, and taxes, on the other hand,

make it difficult to rely on at present.

2.2.2 Gases fuel boilers

Karademir et.al [51] have analyzed potential air pollution from industrial
boiler exhaust, the study was conducted on more than 100 factories in one of the

Turkish industrial cities, of which (44 and 34, respectively) depend mainly on
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their work on the use of natural gas fuel and light fuel oil compared to those that
use other types of fuel. The emission levels of combustion pollutants in these
boilers (CO, SO,, NO,, PM, and formaldehyde) is lower than in other countries.
The preference for the use of gaseous fuel is that it is safe, low pollutants, and
compliant with Turkish regulations, and also for its ease of availability. Although
SO, and CO; pollutants decrease over time, the NOx problem is the biggest
concern in Turkey. It is possible to say that the amount of SO, resulting from the
combustion of light fuel oil emissions has a sulfur content of 2%, however, it is

reduced to 1% to match the environmental specifications of the European Union.

Balanescu et.al [52] studied the boiler condensation, the process that takes
place in developed boilers. This type of boiler often uses natural gas in which the
methane ratio is more than 0.95%, and if not available it uses cooking gas (LPG).
The energy capabilities of seven other types of fuel (butane, coal gasification gas,
biogas, diesel, heavy fuel oil, propane, and biofuels) are measured using the latent
heat of the flue gas water vapours and the reference fuel is methane. The analysis
reveals that the difference between the different volumetric flow levels of
combustion air is close to any of the seven combustion types. From the above, it
1s not required to change the air blower when using condensation boilers and this
means when changing between fuels only requires a change in the combustion
system and its supplies, and this means reducing the economic cost. Among the
fuels used, biofuels have the highest potential to save energy by heating the latent
heat of water vapours in the flue gas, while heavy fuel oil has the lowest potential
to save energy. In economic terms, the fuel that gives the minimum price of heat

is the most appropriate.

2.3 Summary

The previous researchers have studied the efficiency and emissions of
steam generating systems (boilers) and different types of fuel such (solid, liquid,
and gas) were used in their studies. Therefore, the present study, investigate

experimentally a new design with different specification compared to the studies
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in the literature survey, therefore the present work can be summarized by

manufacturing a tangential swirl burner to generate steam water.

2.4 Objectives of the Work

1. Steam generation system (Boiler GMT/V-20) rehabilitation.

2. manufacturing a new burner design for LPG (tangential swirl burner) and
study the effects of diameter ratio on the thermal performance of the steam
generator.

3. Replacing the fuel used in the college's steam station from diesel to
(LPG), which represents a promising fuel in the Iraq country, especially
with a tendency to invest in this gas and not burn because the country has
a very large stock of it.
4. Comparison of thermal efficiency and emissions of the present study

with the original case.
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Introduction

The previous studies, as mentioned in the literature review, give a clear
indication of the possibility of improving the efficiency of a steam boiler in several
ways, including the ability to change the type of fuel used in line with its cost and
availability in the labour market. In this study, a vertical steam boiler was used with
changing the type of fuel used from its original state using diesel fuel to liquefied
petroleum gas, where the gas burner was designed and built for use in the generation
of steam and then compared to the original case by using the standard stickers for
Iraqi fuel. However, this chapter will describe in detail the experimental apparatus,

procedure, and experimental conditions used in the current work.
3.1 Working Fluid

3.1.1 Water

Pure water has many characteristics as the phase can change with increasing
temperature, moving from the liquid state to the gas (steam) state. It has a high
specific heat capacity which makes it an effective heating fluid. Also, it is fairly
common, which means it is readily available. Moreover, the cost of water is
somewhat low. Water also has a low viscosity, which represents the fluid's resistance
to flow and fits comfortably at pH scale 7, which means it is neither alkaline nor

acidic.
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3.1.2 Fuel Types

3.1.2.1 Diesel

Diesel fuel was used in the steam boiler, and its specifications were in

accordance with the Iraqi standards[46]. Table3.1 list of fuel specifications.

Table 3.1: Iraq Standard Specification for Diesel Fuel[53]

Parameters Value
Density ( g/cm?) at 15 °C 0.870
Flash Point °C (min) 54
Viscosity (cst) at 40 °C (max) 12-18
Pour Point ¢ (max) +9
Sulfur Content % wt (max) 2.5
Diesel Index (min) 50
Carbon Residue % wt (max) 1.5
Water % v (max) 0.5
Ash Content % wt (max) 0.1
Gross Calorific Value (kcal/kg) 10500

3.1.2.2 Liquefied Petroleum Gas (LPG)

LPG is one of the important fossil fuel which consists of gases such as ethane
(C,Hg), propane (C;Hg), butane (C4Ho), pentane (CsHi,) [54]. The mentioned gases
depending mainly on the type of filed.

32



Chapter Three Experimental Work

LPG usually used in the chemical materials industries. It is also used as a fuel
in heating and cooking elements for homes purposes. In Iraq (LPG), fuel is
promising, especially because of its tendency to invest in gas and not burn it because
the country has a large stock of it. The specifications of the fuel production sources

were checked. Table3.2 lists the fuel specifications used[S5] [56].

Table 3.2: Iraq Standard Specification for LPG Fuel

Properties Unit LPG
Density Kg/m3 1.85
Flammability Limits - 4.1-74.5
Auto Ignition Temperature For Air °C 588
Low Calorific Value KJ/Kg 42790
Gross Calorific Value KJ/Kg 49707
Octane Number - +105
Flame Velocity m/s 0.48
The Adiabatic Temperature Of The Flame K 2263
Quenching Distance (mm) -
Fuel/Air Mass Ratio - 0.064
Heat Of Combustion MlJ/kg air 1.9-8.5
Flammability Limits 0] 3

3.2 Experimental Apparatus

The experiments of the present work are carried out with GMT /20 — V steam
boiler (140 KW potential capacity). Schematic view and operational characteristics
are illustrated in fig.3.1 and table 3.3 respectively [57]. The inner diameter of the

boiler combustion chamber 1s 50 cm.
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Figure 3.1: Schematic View of GMT/20-V Boiler: A- Front View B- Side View C-
Top View and 1- Steam Outlet Valve, 2- Safety Valve, 3- Flow Switch, 4- Over
Pressure Valve Outlet, 5- Feed Water Pump, 6- Pressure Gauge, 7- High To Low-
Pressure Switch, 8- Safety Pressure Switch, 9- Electric Panel, 10- Steam
Thermostat, 11- Back Washing Blow-Down, 12- Check Valve, 13- Start-Up Blow
—Down, 14- Thermostat Prop, 15- Water Inlet [S0]
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Table 3.3: The Operational Characteristics of the Boiler

property Quantity unit
Steam production 200 Kg/h
Capacity 140 kW
Pressure 11.76 bar
Empty weight 750 Kg
Minimum length burner head 220 mm

3.2.1 Boiler Rehabilitation

System of the steam generation before rehabilitation depicted below in fig.3.2.

The system of the steam generation was out of work and ignored for a long time as

seen in the mentioned figure. Firstly, the system was disassembled totally and

cleaned up all the parts especially the combustion chamber which was has a lot of

soot as seen in the fig.3.3. Secondly, the main parts of old burner have been damaged

such as control system, vanes and the spark ignition as clarify in the fig.3.4.

Moreover, the flame sensor of the old burner was affected by the high temperature

as shown in the fig.3.5. General view of the steam generation after rehabilitation is

illustrate in fig.3.6.

35



Chapter Three Experimental Work

Figure 3.3: Helical Coil Tubes.

a: Before Cleaning, b: After Cleaning
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Figure 3.5: Flame Sensor
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Figure 3.6: Steam Boiler after Rehabilitation

3.2.2 Burner of diesel fuel

As mentioned in the previous paragraph (3.2.1), there are some parts with
Italian burner were damaged as seen in fig.3.7. Therefore, to avoid any defects in
experiments of the presents study, proposed to use a new burner with technical
specification (see table 3.4) almost closed to the old one. Figure 3.8 illustrates a new
burner (Iranian burner). Figure 3.9 express unit of a steam generation with a new

burner integrally.
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Figure 3.7: Italian Burner Used in the Steam Generation System (Diesel Fuel)

Figure 3.8: Iranian Burner Used in the Steam Generation System (Diesel Fuel)
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Table 3.4: Technical Specifications of the Diesel Fuel Burner

Property Quantity
Heating capacity, kcal/h Mimimum 12009
Maximum 155000
Combustion function One- stage
Fan motor specification 1o~ 240 W
Control unit G 790
Minimum gas pressure, mbar 17.5
Burner length 55.2
Flame cover length 14
Dimensions, cm Burner width 46
Flame cover width 11

Figure 3.9: Boiler by using Diesel Fuel Burner
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3.2.2.1 Composition of Simple Centrifugal Injector

The simple centrifugal injector mainly consists of pressure nut, core, junior
plate, filter, and body of the fuel injector. The main component of fuel atomization
is the atomizing sheet, which consists of a transverse passage, a whirlpool, a faucet

[58] [59]. A simple centrifugal injector is shown in fig.3.10.

Figure 3.10: a) Composition of Simple Centrifugal Injector [58] ,and b) Burner
Nozzle [59].

3.2.3 LPG Burner

In the past decades, technologies used in industrial fields have evolved where
the swirl burner technology has been used. As it is the case for combustion of gas
turbines, internal combustion engines, pulverized coal plants, boilers, refineries, and
combustion processes [60],[61]. These swirls improve the mixing rate of the
materials used in the combustion process, which increases the energy produced and
reduces emissions. The combustion process includes a more stable range, such as
flashback and blowoff levels, high levels of turbulent flame speed and low
combustion volumes using these flows [60],[62],[63],[64].

To obtain a combustion system appropriate to the nature of work and more

efficient and with low fuel and maintenance costs and fewer pollutants, there was a
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significant development in the design and manufacture of swirlier burners, and
therefore there are different types of swirling burners, and they differ according to
the nature of its use as in the aviation sector or fixed gas turbines or propulsion
systems Marine or boilers. Multi-input combustion systems and rotary burner
furnace systems can burn low-quality fuels and low calorific value (1.3-1.4 MJ/ m?3)
without any improved fuel [65].

Two different types of swirls mixing are used. The first type is swirl guided
that used in the work that presented in [66], where in this work, the swirl guided has
16 slots and 30" as shown in fig.3.11. The other type of swirl mixing is a tangential
swirl as shown in fig.3.12 [67]. In terms of performance, the transverse entry system
has a better performance in forming a spiral at the heart of the internal wall of the

burner.

Figure 3.11: Swirl Vane Guide [66]
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Figure 3.12: Tangential Swirl Burner [67]

3.2.3.1 Steps of Manufacturing

The process of manufacturing a tangential swirl burner required to
manufacturing several models which also required to perform some testes before
using in the final experimental rig such as flashback and blowoff phenomena. The
workplace is laboratories of engineering technical college/Al-Furat Al-Awsat
Technical University- Najaf.

All burners manufactured were consists of two side air intakes with 1.4 cm in
diameter for each side, to create vortices inside the combustion chamber. Where the
air is mixed with the liquefied petroleum gas (LPG), which is supplied from the
bottom of the swirl chamber with a diameter of 0.6 cm. Thus creating a homogeneous

mixture of fuel and air which is ready for combustion at the burner exit. Some
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changes in the diameters of the burner nozzle and additional air supplying design

steps are detailed as the following:

1- The first model was manufactured with a nozzle has a two different diameter,
the first diameter has an inner diameter 1 cm and second diameter 1.5 cm as
shown in fig.3.13. some experiments were done on it at different fuel/air ratios,
but it was found that the burner was affected by the two phenomena of
flashback and blowoff.

Figure 3.13: First Design of Tangential Swirl Burner

2- The second model of the tangential swirl burner is similar to the first one, with
the addition of an external container that is equipped with additional air, which
in turn spreads alongside the flame through the four holes at the front of the
burner as shown in fig.3.14. However, it was found that the available
quantities of fuel into the air are not suitable, and therefore this model is not

stable if it's used in a confined space (boiler).
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Figure 3.14: Steps of Manufacturing of Tangential Swirl Burner with Additional
Air

3- Finally, the same design was used as the first with changing the diameter of
the burner nozzle, the diameters were (2.5, 3.3, 5) cm, while the diameter ratio
of the burner to the boiler was (1/10, 1/15, 1/20). Figure 3.15 shows the
tangential swirl burner with a nozzle diameter of 5 cm and fig.3.16 shows the

geometry specifications for a tangential swirl burner with a nozzle diameter of

5 cm.

The practical photo is shown in fig.3.17a low swirl combustion for the burner of the

diameter nozzle Scm. Which features a separate flame that is raised above the burner
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where it i1s more stable. Since the flame does not touch the burner, the low swirl
combustion is also highly energy-efficient due to the non-loss of the burner energy.
Figure 3.17b shows the flame approaches the sides of the burner nozzle, which
creates a Boundary Layer Flashback (BLF), while the Combustion Induced Vortex
Breakdown (CIVB) can be observed as the flame starts attacking the core of the
burner as shown in fig.3.17c. The blue colour indicates that the fuel mixture is
completely burned in this region due to the presence of a sufficient quantity of

oxygen, which means clean combustion.

Figure 3.15: Steps of Manufacturing a Tangential Swirl Burner at Nozzle Diameter
Scm
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o

Figure 3.16: Geometry Specifications of the Tangential Swirl Burne: (a) Front
View «(b) Top View
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Figure 3.17: (a) Flame Separations in Low Swirl Combustion, (b) Boundary Layer
Flashback (BLF), (¢c) Combustion Induced Vortex Breakdown (CIVB)
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The LPG burner has been used in the steam generation system (boiler) as

shown in fig.3.18.

Figure 3.18: General View of LPG Steam Boiler

3.3 Flow Meters

It is a measuring instrument used to measure fluid flow rates. By flowing the
liquid to a tapered tube, the higher the flow rates, the greater the tube space, and the
higher the pendulum to give a reading of the available quantity. For the burner, it is
important to note the position of the buoyancy because it depends on the principle of
gravity, therefore it is necessary to operate the device vertically (oriented vertically)
as shown in fig.3.19. Two types of flowmeter were used, ones for measuring air flow
rate and the other for measuring the LPG flow rate.
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Figure 3.19: Flow Meters

3.4 Air supply unit

Banzai CT-375 QC air compressor made in japan, (see fig.3.20) has been used
to supply LPG stove with compressed fresh air. This compressor consists of a three-
phase electric motor, three-stage, air compressed tank, pressure gauge, pressure

switch control. Technical data of air compressor are tabulated in Table3.5 [68]
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AIR COMPRESSOR

Table 3.5: Air Compressor Specifications[68]

Motor | Number g\rlg;g]r% Revolution | Free Ar | Air Tank Air Qil Dimensions mm ,
Model v, m\ s(ZS) CyliorId y MPa fom [)Qe/hr;ler:y Capgac»ty (I):gﬁt AttaEhed Wﬁ«gght
(kgticm?) L | W |[H

cramac | AR | o B 0 | oas | e | X1 | 05 || a5 | o0 s
crazac | 4g22 | 2 [ RDS 0 | a5 | 220 BT | 05 [ 1500 500 [ 103 | 160
crasoc | A0S 12 | RBSR we | a0 |20 AU | o | 1s00| s [ 10% | 165
CT-237L0C 2‘(’3)‘%7 2 (‘11‘$‘11§‘) ts0 | a0 | a0 | £X1 | o5 |16es| 510 [ 1085 | 190
crassac | D97 |2 |4l o0 | o0 |20 41| o5 (1500 s | 1080 | 22
cramac | BOTS |3 | EBSRL e0 | s | 20 | X1 | 05 [ 15w 0 (10| 2t
cramac | U |5 (LT o0 | s | 20 G| o5 | ees | se0 [ 1110 | 299
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3.5 Water Tank

Dimensions of the water tank are (81 * 81 * 50) cm. It contains a thermometer

and a graduated tube to measure the water level in the tank as depicted in fig.3.21.

Figure 3.21: Water Tank

3.6 Digital Manometer

The Dwyer Arrangement 475-FM Check III Handheld Advanced Manometer
(see fig.3.22) [69] is perfect for field calibration, monitoring or troubleshooting
HVAC systems This handy instrument measures positive, negative or differential
pressures of air and natural gases in ranges from 1 in w.c. (0.249kPa) to 150 psid
(10.34 bar). When used with a Pitot tube, else be used as an air velocity gage.

Table3.6 technical specifications of the digital manometer.
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Figure 3.22: Digital Manometer [69]

Table 3.6: Technical Specifications of Digital Manometer [69]

Parameters Description
Service Air and compatible combustible gases
Wetted

Materials

Consult factory

Accuracy

+0.5% FS, 60 to 78°F (15.6 to 25.6°C); +1.5% FS from 32 to
60°F and78 to 104°F (0 to 15.6°C and 25.6 to 40°C)

Pressure
Hysteresis

+0.1% of full-scale

Temperature

O to 140°F (-17.8 to 60°C)

Limt
Compensated
Temperature 32 to 104°F (0 to 40°C)
Limits
Display 0.427 (10.6 mm) 4 digit LCD
Power 9 Vv alkaline battery, installed non-functional, user

Requiremints

replaceable

Wieght

10.8 oz (206 g)

Connections

Two barbed connections for use with 1/8” (3.18 mm) or

3/167 (4.76 mm) ID tubing. Two compression fittings for

use with 1/87 (2.18 mm) ID x 1/47 (6.35 mm) OD tubing
for 475-7-FM & 475-8-FM only
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3.7 Exhaust Analysis Device

Exhaust gas analyzer was used in the technical test (T156 / D3) as shown in
fig.3.23 for analyzing exhausts resulting from the use of diesel and liquefied
petroleum gas and to display, measure and print gas concentrations such as (CO,

CO,, HC, 05, NOX).

oooo 000 06S

HC

Lo 0000 000

(0ao

Figure 3.23: Gas Analysis Unit T156D

3.8 Experimental Procedure

In this work, many experiments were carried out to generate steam, the

experiments are divided into two types depending on the type of fuel used

3.8.1 Diesel Fuel

The steam generation was experimented by diesel fuel as shown in fig.3.24

and the following steps were followed:

1. Checked the water tank level
2. Checked the fuel tank level
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3. The water is pumped to the boiler tubes and the amount of water supplied is
recorded by gradual measurement found beside the tank
4. The burner is turned on
a. It is supplied with fuel through a pump connected to it, and the
consumption rate is calculated through the gradients located beside the
tank
b. It is equipped with air through an internal fan and the air supply rate
changed manually controlled by the gate (airflow is calculated through
the use of a digital manometer)
5. The temperature of the water rises rapidly, within 2 minutes the temperature
becomes about 100 ° C, as well as the pressure, becomes about 3 bar
6. The ventilation valve open to purge some air trapped in the tubes until the
pressure becomes (1 ~ 2) bar and close again
7. The process of converting water to steam inside the shell tubes continues until
the steam temperature reaches 160 ° C and the pressure reaches 4.5 bar
(superheated).
8. The steam supply valve opens
9. The water feeding process is repeated every (1.5 minutes)
10.Use the exhaust analyzer to find out the proportions of the exhaust gases
during the experiment. In fig.3.25 the experiment steps chart using diesel fuel

1s shown.
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Figure 3.24: A Schematic View of the Experimental Set-Up (Diesel Fuel): 1.Diesel
Tank, 2. Diesel Flow Meter, 3. Water tank, 4. Water Thermometer, 5.Water Flow
Meter, 6. Feedwater Pump, 7.Drain Valve, 8.Diesel Burner, 9.Helical Coiled Tube,
10.Body Of Boiler, 11.Steam Pressure Gage, 12.Steam Thermometer, 13.Steam
Supply Valve, 14.Safety Valve, 15.Steam Vent Valve, 16.Exhaust Gas
Thermometer, 17.Exhaust Gas Analyzer Prop, 18.Exhaust Gas Analyzer,
19.Chimney
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Figure 3.25: Experiment Steps Chart by Diesel Fuel
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3.8.2 LPG fuel

The steam generation was experimented by LPG fuel as shown in fig.3.26 and

the following steps were followed:

l.

9.

Checked the water tank level

2. Checked the fuel tank level
3.
4

The air compressor was started

. The water is pumped to the boiler tubes and the amount of water supplied is

recorded by Gradual measurement placed beside the tank

The air and fuel mixture is equipped with an initial flow rate to ignite the
burner by an external igniter

The temperature of the water rises gradually, within (15 minutes) the
temperature and pressure becomes 100 ° C and 3 bar, respectively

The ventilation valve was opened to expel some of the air trapped in the tubes

until the pressure becomes (1 ~ 2)bar and close again

. The process of converting water into steam inside the shell tubes continues

until the steam temperature reaches 145C and the pressure is 2.5bar

The water feeding process is repeated every (3 minutes)

10. Use the exhaust analyzer to find out the proportions of the exhaust gases

during the experiment. .In fig.3.27 the experiment steps chart using LPG fuel

1s shown.
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Figure 3.26: A Schematic View of the Experimental Set-Up (LPG Fuel): 1.LPG
Gas Tank, 2.Regulator, 3.Air Compressor, 4.Water Tank, 5.Water Thermometer,
6.Water Flow Meter, 7.Feedwater Pump, 8.Drain Valve, 9.Air Rotameter, 10.LPG
Rotameter, 11.Tangential Swirl Burner, 12.Helical Coiled Tube, 13.Body Of
Boiler, 14.Steam Pressure Gage, 15.Steam Thermometer, 16.Steam Supply Valve,
17 Brsafety Valve, 18.Steam Vent Valve, 19.Exhaust Gas Thermometer,
20.Exhaust Gas Analyzer Prop, 21.Exhaust Gas Analyzer, 22.Chimney
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CHAPTER FOUR
EXPERIMENTAL RESULTS
Introduction

In this chapter, the experimental results of different burner designs with
different fuel types are performed. As explained in previous chapters the system is a
steam generation unit that uses diesel as fuel and the present work works to change
the burner design to operate the system with LPG, as a consequence the dimensions
of the gaseous burner were altitude to obtain the maximum power depending on the
supplying fuel system. The obtained result from LPG combustion as compared to
those of diesel and finally, a comparison between two systems have been obtained.

In the past, combustion processes are the main source of energy. Combustion
1s a chemical reaction process in which rapid oxidation of fuel occurs, and the cause
of oxidation is usually oxygen. To preserve the environment, combustion processes
must be controlled and known for the resulting products in the exhaust. As the
common fossil fuel contains various types of hydrocarbons and results in the
combustion of many of these hydrocarbonates to produce CO, and H,O [18].

For the combustion process to take place, the ratio of the fuel mixture to the
air must be appropriate and the required ignition temperature of the fuel should be
achieved. Boiler combustion takes place in the combustion chamber [17].

Combustion process equation [70]:

CnHo + (m+2) 0, + (m+2) (Z2) N, 5 mCO, +2H,0 + (m+2) (2) Ny..ooo.o(4.1)

21
4.1 Combustion

4.1.1 Stoichiometric Combustion

In the case of ideal combustion, it occurs when the fuel is completely burned

and is called Stoichiometric combustion. Where the C, S, and H atoms are oxidized
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to form H,O, CO,. The F/A ratio (fuel/air) is an important parameter utilized to depict
combustion, it is expressed either in size or mass. The ratio is indicated to be
equivalent when the amount of air is sufficiently accurate to theoretically consume
all fuel. Practically it is difficult to achieve Stoichiometric combustion because there
is not enough time to mix fuel and air, so combustion processes occur in the presence

of excess air [18].

The stoichiometric (F/A) ratio is[70]:

__ Weight of the Fuel

F AR 1 0icio = o e e e e 4.2
stoicto Weight of the Air ( )

And the equivalence ratio is [70]:

Equivalence ratio refers to the state of combustion whereas,
When ® =1 Ideal state will be satisfied
® <1 Lean mixture conditions

® >1 Rich mixture conditions

4.1.2 Complete Combustion

Total combustion occurs when the amount of oxygen is sufficient, as energy
is released through the combustion of fuel and its elements are converted into exhaust
products where the atoms of (C, H, N, and S) combine with oxygen to form (CO,,
H,0, NO,, and SO,) respectively. The combustion process is carried out in the
presence of air that contains different proportions of gases, where the amount of air

is higher than the theoretical amount [24],[71].
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4.1.3 Incomplete Combustion

Deficient combustion happens when the O, content is low or inadequately
blending in the combustion chamber during the limited time when the fuel and
oxygen are in contact or when the combustion products contain non-combustible fuel
components such as OH, CO, or HC. As hydrocarbons that are not fully oxidized
form partially oxidizing compounds, such as CO, instead of H,Oand CO,. Since
oxygen binds faster to the hydrogen molecules to form of water, some of the carbon
molecules combine with small amounts of oxygen forming CO, or remains as carbon
particles in the exhaust. Incomplete combustion is extremely dangerous due to waste

in the use of fuel as well as to the production of highly toxic gases [18],[24].

4.1.4 Excess Air

The process of complete combustion occurs when the amount of oxygen is
closed to the theoretical level of the process, and the amount that exceeds the
theoretical amount is called excess air. It is difficult to determine the amount of
excess air without knowing and measuring combustion products. Although the
excess air is important incomplete combustion processes and no squandering in fuel,

it is very important in reducing toxic gas emissions such as CO [18].

4.1.5 Combustion Gases

Many gases result from combustion processes whether complete or incomplete
combustion, for example, the chemical equilibrium analysis of methane/air products
of combustion which shown in fig.4.1 [72]. In some condensing boilers, the
condensation process of the exhaust gases is carried out at a certain temperature and
the beginning of the condensation is called the dew point, and it is necessary to know

the temperature of the dew point because the water droplets may mix with the sulfur
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dioxide present in the exhaust gases creating a very harmful substance to the boiler

structure, which is a sulfuric acid [72].
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Figure 4.1: Chemical Equilibrium Analysis of Methane/Air Products of
Combustion[72]

4.2 LPG Burner Performance

Three configurations of burner diameter (2.5, 3.3, and 5) cm were tested at
different equivalence ratio (0.352, 0.527, 0.75, 1.02, 1.25, and 2.39). The results
show different behaviour with a change of diameter ratio (variable diameter of the
burner to invariant boiler diameter), below the combustion gas analysis, were

performed and will be presented:

4.2.1 Gas Exhaust Analyzing

Figure 4.2 shows the variation of the volumetric ratio of CO, emission during
LPG combustion with equivalence ratio (®) at three different diameter ratios (dr). It

is obvious that the CO, emission increases with increasing ® until reaching its
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maximum value at ® =1, and then sharply decreased. This behavior is completely
agreed with the fact that when ® <1 (lean combustion) a completed fuel combustion
in a swirl burner is evidently occurred. However, the lower the @, the better the
reaction is. This could be attributed by the large amount of excess air available for
achieving the reaction.

However, the maximum CO; volume percentage value is obtained at @ =1
when ideal combustion state is more stratified. With increasing of the equivalence
ratio (@ >1) to the rich combustion zone, which means that the amount of excess air
in the burner has retreated, the amount of CO, emitting is significantly reduced. This
gives an indication that the reaction in the burner still efficient although with
insufficient amount of the excess air. This finding discloses that the combustion of
LPG in the tangential swirl burner can mutually be achieved even with a low air
content in the burner. Along with that, the figure (Fig.4.2) illustrates the effect of the
diameter ratio (variable diameter of the burner to invariant boiler diameter) on CO;
emission. It is clear that at the same ®, the amount of CO, released from the
combustion increases with increasing the diameter ratio. The larger the diameter
ratio, the higher the CO, emission is. As seen in the fig.4.2, CO, curve of Milcarek

et.al [72] study has the same behaviour of CO; curves of the current study
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Figure 4.2: CO, Release with Different Equivalence Ratio at Different Diameter
Ratio

Figure 4.3 demonstrates the variation of the volumetric ratio of CO in exhaust
gases with @ at three different diameter ratios. From the figure, it is vivid that the
CO emission-reducing in the exhaust gases at a lean combustion area with increasing
® and becomes at its lowest concentration at ® =1. However, the CO returns to build
up in the exhaust gases when ® accedes 1. This is completely agreed with our
knowledge in fuel combustion since when @ is closed to 1 the reaction is moving to
be perfect. On the other hand, when (® <1) and backwards the rate of chemical
reaction in the burner turns into slower or the reaction needs more time to complete
the oxidization reaction in the burner which leads to a high level of CO emission.
However, when the mixture in the burner exceeds 1 (® >1) to rich combustion area,
CO 1s significantly increased in the exhaust gases which refer to a bad reaction
because of the lack of O, and excess fuel amount in the burner which acts as a
coolant.

The figure also shows the effect of the diameter ratio on the volumetric ratio

of CO in the exhaust gases. No noticeable effect of the diameter ratio on the
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volumetric ratio of CO emission in during lean combustion area (® <1) is quite
evident; however, under rich combustion condition it is clear that the reaction
releases a large amount of CO and this amount becomes worsen with the smaller
diameter ratio and larger ®. This could be justified by that at this conditions, the
high-velocity mixture at the exit of the burner results in reducing of the time required
to perform mature combustion consequently offers an opportunity to form a large
amount of CO. Whilst at the lean condition (® <1) this could be returned to the
abundance amount of excess air or O; in the tangential swirl burner where LPG
combustion can occur at a similar rate for all diameter ratios under study. As seen in
the fig.4.3. CO curves of the current study for three diameter ratio have a similar
behavior when compared with the Milcarek et.al [72] studies in the lean region.
While with the Milcarek et.al [72] study can be observed clearly that value of the CO
increases continuously in the rich region compared to the values of the current study

for three diameter ratio in the same region.
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Figure 4.3: CO Release with Different Equivalence Ratio at Different Diameter
Ratio
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The analysis of normal combustion process shows a trace of unburned
hydrocarbon (HC) in the flue gases which attributes to the lack of the time required
to accomplish the reaction in the burner or the shortage of O; in the burner. In fig.4.4
shows the variation of HC with the equivalence ratio (®) at three different diameter
ratios. It is obvious that HC being more generated in the exhaust gases with
increasing ®. However, the content of HC was zero along the lean combustion area
and for ® =1 with no impact of the diameter ratio which could be justified similar to
above by the availability of an abundance of O, in the burner. Conversely, at ® >1
or rich combustion zone, the content of HC in the exhaust gases is sharply raised
with increasing @ due to the shortage of O, or excess air at the rich zone which
effects the LPG combustion in the burner. On the other hand, the diameter ratio
affects significantly and inversely the HC content, where the lower the diameter ratio,
the lower the HC content is. Obviously, the low diameter ratio refers to the large
burner chamber exist consequently a large flame diameter within the boiler and hence

a good heat transfer between the flame and the coil surface.
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Figure 4.4: HC Release with Different Equivalence Ratio at Different Diameter
Ratio
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As pointed out above, the much excess air than the ideally required results in a
negative impact on the combustion efficiency in the burner as some heat is removed
with the leaving air and reducing the flame temperature. However, fig.4.5 presents
the variation of the unbeneficial volumetric ratio of O, that leaving the reaction in
the burner with @ at three various diameter ratios. It is clear that the ideal combustion
process can be achieved when ® =1 and greater than 1 (rich combustion zone),
otherwise at lean combustion zone (® <1), the reduction in ® makes the combustion
process mature with an excess O2 released with the exhaust gases. As expected, at
rich combustion zone (® >1) where the reaction occurs with lack of O, or excess air,
there is no O, can release with the exhaust gases. However, no, the considerable
influence of the diameter ratio on the released O, at this zone is clearly shown by the
figure which confirms our finding above regarding. As shown in fig.4.5, the
equivalence ratio through three diameter ratio of the present work has lower value

compared to the Milcarek et.al [72] study.
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Figure 4.5: O, Release with Different Equivalence Ratio at Different Diameter
Ratio
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Boiler works as a heat exchanger where it can transfer heat indirectly from the
combustion side to the waterside. Therefore, the efficiency of the boiler is a measure
of how good the heat transfer process is. However, various parameters can affect the
boiler efficiency such as the boiler physical condition and the health of the
combustion process. Figure 4.6 illustrates the variation of boiler efficiency with ® at
three different diameter ratios. Unsurprisingly, the efficiency value increases from
the lowest @ value at lean combustion zone (® <1) to become at its maximum value
at ® =1, and then slightly reduces and stays steady at a constant value along ® >1
region. This could be attributed by that when the amount of excess air or O is being
decreased when @ goes toward 1, the negative effect of the excess air is diminished
since the amount of heat loss with the excess air leaving the burner is reduced. As
indicated elsewhere above, the lack in the excess air at the rich combustion zone
(® >1) in the burner entails to affect the reaction and hence reducing the combustion
efficiency or boiler efficiency. Simultaneously, the figure shows the effect of the
diameter ratio on the efficiency of the boiler. It is clear that the larger diameter ratio
performs better through the entire equivalence ratio than that of the other two smaller
diameter ratios. In comparison with the small diameter ratio, the large diameter ratio
characterize with a large flame diameter which covers almost all the internal boiler
diameter and becomes closer to the boiler wall. Consequently, the heat transfer
process between the flame and the waterside located near to the boiler wall will be
efficient. Nevertheless, the boiler efficiency shows less sensitivity to the burner
diameter in the rich combustion zone in comparison with the lean combustion zone
which could be due to that the high flame temperature is eliminated the effect of the

flame size on the heat transfer rate.
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Figure 4.6: Boiler Efficiency with Different Equivalence Ratio at Different
Diameter Ratio

From the results presented above the best diameter ratio to be adapted and

compared to the original design of the boiler system is 1/10.

4.3 Diesel Burner Performance

The fuel injection in diesel burner depends on the injector nozzle and back
airflow from the adjusting gate. The specification of the system was listed in the
previous chapter, so the results of the exhausted gases will be performing. in fig.4.7
the CO and CO, volumetric ratio are presented and it is noticed that with the increase
of fuel ratio (equivalence ratio) the amount of CO will be decreased sharply till the
equivalence ratio close the 1 where the combustion reaches the best performance
with the increase of fuel concentrate in a mixture the amount of CO will rocket high

and the performance of the combustion becomes worse.
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Figure 4.7: Exhaust Gases (CO and CO,) At Different Equivalence Ratio

The increase in fuel concentration in the mixture will consume the air (O,) in
the mixture to perform or reach to best combustion. However, in rich mixture
combustion, the amount of fuel is much high than the ideal amount which leads to
poor combustion. In poor combustion all O, consumed and there are more fuel is left
which could be treated as HC in exhaust gases. In fig 4.8 the HC concentration is
presented with increase the equivalence ratio and it is easily shown that the amount

of HC is high in the rich side of the mixture.
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Figure 4.8: Exhaust Gases (O, and HC) At Different Equivalence Ratio

4.4 Comparative of Diesel and LPG

Figure 4.9 shows the relation between CO, and the equivalence ratio for both
diesel and LPG, as seen in fig. 4.9 CO; increases with any increment on equivalence
ratio during both types of fuel especially in the diesel type the increase in CO; is
more than LPG until the equivalence ratio becomes 1. While the CO, after the
equivalence ration over 1 decreases sharply with diesel fuel and gradually decreases

with LPG.
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Figure 4.9: Comparison Exhaust Gas (CO;) At Different Equivalence Ratio for
diesel and LPGO

Figure 4.10 illustrates the relation of CO gas with equivalence ratio in both
types of fuel (diesel and LPG). As seen in the figure below the CO gas decreases
scientifically with increased equivalence ratio until 1. CO gas becomes zero when
the equivalence ratio is 1. While the CO value starts to increase gradually in the LPG
but sharply increases with diesel fuel.
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Figure 4.10: Comparison Exhaust Gas (CO) At Different Equivalence Ratio for
diesel and LPG

As seen in fig 4.11 the O, 1s available scientifically in the lowest equivalence
ratio, and O, value starts to descend to zero with the increased value of equivalence

ratio.
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Figure 4.11: Comparison Exhaust Gas (O) At Different Equivalence Ratio for
diesel and LPG

Figure 4.12 explains the variety of HC with equivalence ratio so from the
figure below observed that HC almost is zero with equivalence ratio less than 1,

while the HC is increased scientifically when the equivalent ratio rises over than 1
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Figure 4.12: Comparison Exhaust Gas (HC) At Different Equivalence Ratio for
diesel and LPG

Boiler efficiency and equivalence ratio relations are expressed in fig.4.13. as
shown in the figure, the efficiency of boiler increases with increasing value of
equivalence ratio until 1, after that the behaviour of boiler efficiency is different
according to fuel type, where in the LPG, the efficiency almost keeps a high value
while in the diesel oil decreases with increase equivalence ratio over than 1. That
means boiler efficiency in diesel oil is decreased when the equivalence ratio becomes

less or over 1.
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Figure 4.13: Boiler Efficiency with Different Equivalence Ratio for Diesel and
LPG
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CHAPTER FIVE
CONCLUSIONS AND RECOMMENDATIONS
Introduction

The current work investigates the chances to use LPG as a fuel in a small
lab boiler using diesel as a fuel. The study involves an analysis of the exhaust
gases to understand the combustion process health when different geometries of
burner have been tested. The main conclusions are listed below followed by the

recommendations for future works

5.1 Conclusions

In the present study, the feasibility of using LPG as a fuel instead of diesel oil
fuel in a steam boiler is presented experimentally. To do so, a new tangential swirl
burner was designed, manufactured and installed in the boiler to be consistent
with the LPG fuel. However, the CO,, CO, HC gas emission in the exhaust gases
of LPG fuel are tested for different equivalence ratios and diameter ratios. The
obtained results of LPG fuel are compared with diesel oil fuel to assess its
capability to be used as a fuel in the steam boiler. However, according to the

experimental results, the following conclusions can be drawn:

1. The possibility of changing the combustion system used in the steam-
generating boiler from a liquid fuel (Diesel) combustion system to another
that is powered by gaseous fuel (LPG), whose manufacturing process is

simple and inexpensive and without affecting the other parts of the boiler.

2. Through practical experiments, among the three diameters of the gas burner
2.5, 3.3, and 5 cm, the burner with a diameter of 5 cm gives the best steam
generation efficiency. This is because the large diameter of the nozzle leads

to a better spread of the flame and its arrival near the inner tubes of the
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boiler, which speeds up the process of heat transfer to the water inside the

tubes and thus the speed of steam generation.

3. The ratio of CO gas resulting from combustion at equivalence ratio
approaching or moving away from 1, is high for a diesel burner in
comparison with the LPG tangential swirl burner which confirms that the

LPG burn 1s cleaner than the diesel burn.

4. When operating in the weak mixture area, the excess oxygen content of
combustion and outside in the exhaust is high for the LPG tangential swirl
burner as it is compared to the diesel burner. This means that the possibility
of complete combustion can occur with the least amount of oxygen in the

weak mixture area in the case of an LPG tangential swirl burner.

5. Although the equivalence ratios have changed, the efficiency of steam
generation from the boiler in the case of using LPG tangential swirl burner
is high, while in the case of using a diesel burner the efficiency is better
when the equivalence ratio approaches to 1 and dramatically falls when the
mixture is rich. Hence, the LPG tangential swirl burner is better at

generating steam from the boiler.

5.2 Recommendations

Conducting the current work opens the door for more questions to be
answered and for the current circumstances the list of the recommendations are

below:

1. Study the possibility of a change in the geometrical or dimensional

shape of the LPG tangential swirl burner and its effect on the boiler
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efficiency in generating steam and the percentage of exhaust gases
emitted from it.

2. Study the use of a mixture of LPG with other gases with a high hydrogen
level at different ratios.

3. Study the use of other types of liquid fuel as a pure fuel or mixed with

known proportions, to generate steam from the boiler.
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Appendixes
Appendix (A): Calculations
1- For Iraqi liquefied petroleum gas (LPG):
The chemical formula of LPG:
0.5(C4H10) + 0.45 (CsHg) + 0.05 (C1Hg)
Stoichiometric chemical reaction:
CoHm + (n + m/4)*(02 +3.76*N2)— nCO2+(m/2)H20 +(3.76)*(n+ m/4)N2

~n=345and m=28.9
0.5(C4H10) + 0.45 (C3Hg) + 0.05 (C2H6) + (345 + 89/4)*(02 +376N2) .
3.45*C0O,+4.45*H,0 + 21.338*N,

0.5%(4%12+10%1)+0.45%(3+124+8+1)+0.05%(2+124+6+1) 503 1
5.675%(324+3.76%28) 779.064 15.5

(F/A)stoich. =

LPG Case.l
Equivalence ratio:

_ (F/Aactu _ (0.31/13.65)

_ = = 0.354
® = F/A)stoich, ~ ~ (1/15.5)
Boiler efficiency:
mr¢(hg — hgy) 5.18 * (2678.955)
= 100% = 100% = 90.29
mox Gov 1007 031-4717 ~ 100% &

2- For Iraqi Diesel:

The chemical formula: C9_12H16.85
Stoichiometric chemical ratio:

Co.12Hi6.85 +13.3325%(0,+3.76*N,) —9.12*CO,+8.425*H,0 +50.1302*N,



912%124+16.85%1 12620 1
13.3325 % (32 4+ 3.76 ¥ 28)  1830.3  14.5

(F/A)stoich. =

Diesel Case.1

Equivalence ratio:

_ (F/Aactu _ (10.456/134.608)

= = = 1.1423
¢ (F/A)stoich. (1/14.5)
Boiler efficiency:
0= ms(s—hew) | 900y = L50193+2695.7 1 h00. _ ga 130y

mgx GCV 10.456%43933.054



Appendix (B): Calibration

1- LPG Flowmeter

[
-

Fuel Mass Flow Rate (L/Hr)

QD‘NW&UIO\IQ\DS

0 1 2 3 4 S 6
Fuel Pressure (bar)

Figure A-1 Calibration Curve of LPG Flowmeter
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Appendix (C): Experimental Data

Table (C-1) All Data about Equivalence Ratio and Boiler Efficiency When Used

Diesel Fuel
¥ :
Case | Mgir | M'yprer | M diesel Equivelance GCViiesel eed Water team Bm.ler
No. ratio Temperature| Pressure | Enthalpy | Temperature | Pressure | Enthalpy Efficiency
(lgfhr) | (kghr) | (kg/hr) (KJ/Kg) °C (bar) | (KI/Kg)| °C (bar) | (KJ/Kg)| (%)
1 | 1346 |150.19 | 10.456 | 1.1423 | 43933.05 18 1 75.64 160 45 [27171.34| 88.13
2 |156.59 (165.36 | 11 1.033 | 43933.05 18 1 75.64 160 45 [21711.34| 92.24
3 |188.97 | 178.76 |11.778 | 0.9166 | 43933.05 18 1 75.64 160 45 (217134 9343
4 | 227.8 |180.08 [12171| 0.7857 | 43933.05 18 1 75.64 160 45 [2171.34| 90.79
5 |276.81 | 172.37 (12.941| 0.6875 |43933.05 18 1 75.64 160 45 [2171.34| 81.79

Table (C-2) All Data about Equivalence Ratio and Boiler Efficiency When Used

LPG Fuel
Feed Wat St i
Case | Mygrer| Mgy | Mipg |Equivelance | GCVypg e A al By
No rafio Temperature | Pressure | Enthalpy | Temperature | Pressure | Enthalpy |Efficiency
(kghr) | (kghr) | (kgfhr) (KJ/Kg) C (bar) | (KJ/Kg) C (bar) | (KJKg) | (%)
1| 518 | 13.65 | 031 0.354 497117 18 1 75.64 145 25 | 2754595 | 90.2
2 | 11185 | 19.746 | 0.666 0.527 9717 18 1 75.64 145 25 | 2754595 | 905
3| 11222 | 13.875 | 0.666 0.75 497117 18 1 75.64 145 25 | 2754595 | 908
4 | 14739 | 12,082 | 0.854 1.02 497117 18 1 75.64 145 25 | 2754595 93
§ | 18951 | 13.875 | 1.1 1.25 977 18 1 75.64 145 25 | 2754595 92
6 | 11309 | 435 | 0.666 239 Sy 18 1 75.64 145 25 | 2754595 | 915

Table (C-3) Emission Analysis at Different Equivalence Ratio When Used Diesel

Fuel
No. Eq“;:::;)nce CO (% vol.) | €O (% vol.) | HC (% vol.) | 0, (% vol.) Eﬁ?cl:z::;li %
1 1145 11 6.2 230 0.001 $8.13
2 1.034 0 11.4 10 0.01 92.24
3 0916 0.05 7. 1 0.05 93.13
4 0.785 0.15 57 0.018 0.17 90.79
5 | 0.6875 1 5 0.001 15 $1.79
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Table (C-4) Emission Analysis at Different Equivalence Ratio for three diameter
ratio and compart with Ref.[72], When Used LPG Fuel

Diameter | Equivalence co CO2 HC 02 Thermal
Ratio Ratio (%Vol.) | (%Vol.) | (%Vol.) | (%Vol.) Efficiency
(%)
0.352 085 | 2 22 5 90.2
0527 069 | 4.1 15 | 2.3 90.5
0.75 013 | 59 | 09 | 12 90.8
1110 1.02 0 | 101 | 04 | 001 93
1.25 025 | 97 | 120 | 0.015 92
2.39 128 | 54 | 513 | 0.01 915
0.352 105 | 188 | 87 4 87.8
0.527 082 | 38 | 55 | 3.1 89.05
0.75 02 | 45 3 16 90.4
113 1.02 005 | 8.1 1 0.02 92.6
1.25 1 83 | 230 | 0.01 91.3
2.39 5 3 800 | 0.01 905
0.352 11 | 184 | 202 | 48 85
0.527 085 | 39 | 235 | 3.6 87.4
0.75 0145 | 43 | 28 | 11 89.7
1/20 1.02 005 | 75 | 05 | 0.01 92.1
1.05 37 | 49 | 160 | 0.01 90.8
2.39 72 | 36 | 890 | 0.01 89.4
08 0 9.2 i 43 i
0.9 03 | 10.1 i 23 :
1 1 104 i 05 B
11 32 9 i 0 i
Ref.[72] 1.2 58 | 7.7 i 0 i
13 77 | 6.2 i 0 B
14 89 | 56 i 0 :
15 102 | 4.9 i 0 h
16 111 | 43 i 0 B
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