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A water-cooled carbon steel coutant combustor type was designed, constructed, and
operate to burn solid and liquid fuel. it was continuously operating without any cutout and
without any technical problem conditions using different values of air-to-fuel ratios. It was
discovered that when the air to fuel ratio increased, the amount of carbon monoxide in flue
gas decreased. This was linked to an increase in carbon dioxide and a reduction in oxygen
gas. The sulfur emission of mixtures of diesel and shale oil fuel was in general higher than
that of the diesel fuel. However, carbon oxides emission was almost not affected by
increasing the percentage of shale oil in the mixture. The obtained data were compared
against those of diesel flame.

1. INTRODUCTION

The energy utilization in the world is increasing at a high
rate. Considering the present rate of energy consumption and
the steady increase in population, very large demand for
energy will undoubtedly occur by the turn of this century. This
calls for technical innovations to reduce energy use or more
effective use of energy. This is accomplished through further
development and widespread use of renewable energy sources,
and development of energy conservation and management
technology. The accelerated research and development for
alternative energy resources to augment the dwindling supply
of petroleum and natural gas is currently under way throughout
the world. Solid fuels have, in past, been the most common
energy sources for large central generating station. These solid
fuels have recently shared the market with gas and oil as the
supplies of these alternative fuels decrease. It is likely that coal
will return to a more dominant role in the combustion of solid
fuels.

Jordan is a non-producing oil country with a limited source
of energy. As a result, the country has to allocate a significant
portion of the national income to cover the cost of the imported
oil. However, the country Juna substantial reserves of oil shale
which represent an untapped source of indigenous fossil fuel
for the country. The Kingdom has been investigating methods
of economically utilizing this fuel resource for over a decade.
Until recently, most of this effort has been directed towards
retorting processes to extract oil from the oil shale, and direct
combustion of oil shale to generate electric power. The
Jordanian oil shale is considered to have too low a fuel quality
to be effectively used in conventional combustion process.
However, in recent years, the circulating fluidized bed
combustion process has demonstrated at commercial scale the
ability to effectively utilize low grade fuels [1]. It is well
known that the large quantities of oil shale exist in Jordan
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which are not widely used due to the following problems:
The high cost of the distillation oil shale compared
with the world cost of the crude oil.
The technology that facilitates the conversion of
existing power plants from conventional fuel to oil
shale is not yet available.

Most accelerated research on oil shale in the world is in two
directions.
Retorting process at which oil is extracted from oil
shale.
Direct combustion in circulating fluidized bed for
electric power generation.

Carbon and/or hydrogen are the main components of all
traditional fossil fuels, whether they be solid, liquid, or gas.
These substances inevitably react with oxygen in the
atmosphere to produce carbon monoxide, carbon dioxide, or
water vapor. You may use the heat energy that is generated
during combustion to heat your home [2]. The liquid fuels burn
in two ways: either as fine droplets that evaporate when
mixing with the air steam and burning, or as they vaporize and
mix with the atmosphere prior to ignition, acting like gaseous
fuels. Either the fuel and air are combined in a burner before
the gaseous fuels are burnt, or the fuel and air enter a burner
or furnace separately and mix together as the combustion
process progresses. The first type of burning given a premixed
flame whereas the second type is called burning with a
diffusion flame.

Gaseous fuels have a number of advantages over a solid or
liquid fuels. They burn without any smoke and ash, their
combustion is complete with a small percentage of excess air,
and the control of gas flames is relatively easy. The
disadvantage in the difficulty in storing large quantities of
gaseous fuels as compared to liquid and solid fuels. The
combustion reactions can, therefore, be dealt with the help of
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new simple reaction equation which cover the combustion of
other types of fuel as well. The Surface area of the liquid and
solid fuels exposed to the air or oxygen in usually very small.
The surface area of the liquid exposed to the air can be
increased by reducing the size of liquid droplets or size of
particle of a solid. The liquid fuel can be evaporated and mixed
with air before combustion by breaking the liquid into small
particles and providing sufficient space for these processes to
take place.

The combustion of liquid fuel consists of the following
processes: The mixing of spray with air, its evaporation, and
the combustion of the mixture in case of a solid fuel, the
atomization step can be eliminated if it is injected inside the
combustion chamber as a dust e.g. coal. Also, the process of
atomization and mixing are eliminated if a solid fuel bed is
used. The combustion of a solid fuel also includes the
evaporation process, which is negligible in most case. The
major difference between the solid and liquid fuels: the
combustion of all hydrocarbon fuels occurs in the MPOR
phase. But solids may be considered to evaporate according to
the equation established for liquid fuels.

2. COMBUSTION OF LIQUID FUELS

Liquid fuel can combust in various forms such as vapor,
small droplets, or pools, depending on the size of the liquid
droplet. The combustion behavior of fuel droplets in a spray
can be categorized as follows: In the preheat zone of an
existing flame front, if the concentration of droplets is high and
they are sufficiently small, they may evaporate and mix by
diffusion with the air. Conversely, if the droplets are large and
the distance between them is significant, they may burn as
diffusion flames in the local atmosphere surrounding them.
Droplet combustion can be further classified into two types:
bipropellant combustion and monopropellant combustion. In
bipropellant combustion, fuel and oxidant diffuse from
opposite directions, forming a flame at the contact surface. In
contrast, monopropellant droplets evaporate and decompose
exothermally.

3. COMBUSTION OF SOLID FUELS

The solid fuels are burned in beds in chunck or pellet form
or in pulverized form suspended in the air stream. When piece
of coal is gradually heated in a furnace in presence of air, the
water vapor from coal is released as the temperature is raised,
this process gets over at about 100°C, the decomposition of its
unstable compounds starts. This coal now starts emitting
volatile gaseous, if the furnace temperature in sufficient to
ignite the volatile matters, they will burn like the liquid fuel
droplets which continuously supply the vapors as the drops are
consumed. The coal piece remains dark during these processes
because of the burning of the volatile matter around the coal
piece, its temperature is raised but normally does not exceed
600°C to 700°C. The flame gradually shortens and is
extinguished when all gases get consumed. The piece which
now remain is coke. If the rate of heating is very fast and the
size of coal is very small, the coal particles. may be ignited
before the volatile matter is completely burned.
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4. COMBUSTION OF GAS FUELS

The easiest fuels to store are gaseous ones, such as natural
gas. Before burning, the gas requires little to no preparation. It
may be lit by just putting it in a mixture with air. There are
several methods to achieve this. One of the more popular types
of gas burners is the atmospheric gas burner. These devices
attract the main air into the burner by using the velocity of the
incoming gas. The operation of these systems is normally
satisfactory with primary sir gas premix from 310 to 70
percent. Secondary air is drawn in around the burner to
complete the combustion process.

5. TYPE OF FLAMES

Flames manifest as thermal waves propelled by rapid
exothermic chemical reactions traveling at subsonic velocities,
shaped primarily by the flame pattern of the mixture or
products and the quenching effect of solid surfaces. In pre-
mixed flames, dependable ignition and combustion necessitate
a fuel/air combination consistently near stoichiometry richness
or chemical balance. Conversely, diffusion flames arise when
the oxidizer and combustible are not premixed before entering
the reaction zone, resulting in a diffusion flame type. Fuel
droplets burning independently represent a form of diffusion
flame.

5.1 Multiphase phenomena and complex scenarios
modeling require more advanced techniques

One of the main objectives in solid fuel combustion
research is the development of comprehensive computer
models to help design combustors and furnace for clean and
efficient utilization of solid fuel. These models must consider
a number of complex, simultaneous and interdependent
processes like fluid flow, turbulence, particle trajectory, heat
transfer, and homogenous and heterogeneous chemical
reactions, which make them good instrument in combustion
research. In particular, they can yield information on flame
stability, nitrogen oxides (NOy) formation, carbon burnout and
ash formation. Performing such tasks experimentally is
expensive, both in time and resources, therefore the use and
development of computational models is becoming an
important issue in combustion.

The solution to these models is not analytically and the only
ways to solve all these non-linear coupled equations are by
numerical methods. The numerical method is of a great
importance as an improper solution method may give
completely wrong answer even for a well-proposed physical
model.

The present article is concentrated on experimental work in
which coutant combustor type were built and tested

6. EXPERIMENTAL DETAILS:
CONDITIONS AND TECHNIQUES

APPARATUS,

The experiments were conducted in a combustion chamber,
several instruments were used to measure the mass of air
consumption, temperature of the flame inside the combustor
along the axes of the nozzle tip, and along the vertical axes
from the nozzle tip, mass of fuel consumption, stack ten,
untarred, and volumetric product concentration. A general



view of the combustor rig and instruments are shown in Figure
1.

Operating Parameters

Gaseous emission, temperature, pressure, fuel consumption,
air mass, flame temperature.

Instrument

The temperature, pressure, and emission of gaseous matter
throughout the coutant type were measured by
Chromel/Alumel. thermocouple 200°C to +1260°C, pitot tube
was used to measure pressure difference and separated fennel,
gas analyzer was utilized to determine the volumetric
concentration.

Figure 1. Coutant combustor type

7. COMBUSTOR COMPONENT

The combustor is of a coutant type which horizontally
oriented and it in cooled by means of a water jacket. An air
blower is used to supply the combustor with the necessary.
combustion air.

8. COMBUSTOR WALL

Initially, on attempt was carried out to construct the
combustor rig by welding two halves of casted metal,
unfortunately and during the welding it was realized that some
welded joint broken due to light thermal stress. Then it was
decided to nee carbon steel sheet to build the rig instead of cast
iron since it is much easier to weld this type of material. The
combustor wall construction must be one that will resist and
build up and tolerate the erosive action of wall blowers to
remove any accumulated ash [3-16]. To ensure continuity in
operating conditions the combustor bottom must be designed
for continuous ash removal. This suggests the use of a coutant
type bottom where wall Labe are bent to form the hopper
shaped bottom, with ash being discharged to a hopper through
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the narrow opening. The opening must be kept small to prevent
slagging in the ask hopper by excessive leakage radiation.

9. COMBUSTOR FLAME TUBE

The combustor flame tube is made from carbon steel sheets
to withstand high temperature., it is cooled by water jacket.
The following holes are drilled in the wall:

L A 0.10x0.20 m? rectangular hole on the top of the
combustor was covered with 0.15x0.27 m?
rectangular glass of thickness 0.013 m, it was need to
observe the flame temperature, shape, length and
color.

11 Two circular pipe hole of 0.070 m length on the side
view of combustor are welded to the wall table in
which thermocouple are inserted inside these circular
pipes.

I11. A 0.07 m circular pipe hole on the side of the

combustor was connected to a vacuum pump and a
trap and it was used to collect the exhaust gas for
samples.

10. EXHAUST PIPE

The exhaust pipe is made from sheet metal with 0.10 m in
diameter (stack diameter) and 10 m in the length to convey the
gaseous product of the combustion above the building.it fixed
with the combustor tube by means of flanges and bolts. The
exhaust pipe has a hole drilled into it to withdraw sample of
exhaust product and to measure the slack temperature.

11. OIL BURNER NOZZLES

An oil burner nozzle is a tool made to provide a set quantity
of fuel to the combustion chamber at the spray angle and
uniform pattern that work best for that burner. To expedite the
vaporization required for combustion, the oil burner nozzle
atomizes fuel oil. The nozzle component of an oil burner, the
hollow cone and the solid cone are the two fundamental forms
of spray cone patterns. The inlet nozzle is made from sheet
metal with 0.16 m in diameter and 0.175 m in length. The
nozzle is fixed with the combustor tube by means of flanges
and bolts [15].

12. AIR SUPPLY SYSTEM

The air system used consists of the following:
L Air blower

The necessary combustion air was supplied by means of
centrifugal blower driven by electric motor of constant speed,
the air mass flow rate was controlled by two means of movable
gate mounted at the blower suction, the first gate was used to
control the primary air necessary for combustion, while the
second gate (secondary air) was used for flame length
controlling and turbulent air mixing, in other word, the mean
function of the secondary air to enhance the combustion
efficiency in the lean region (tich oxygen).

1L Air intake nozzle and pitot tube
The air intake nozzle was 76 mm in diameter and made from



sheet metal. The nozzle is connected to square box which is
fitted on the suction line of the centrifugal fan. A pilot tube is
attached to the nozzle tapping to measure the dynamic head
and hence the velocity of air is calculated, thus the mass flow
of air is calculated using:

m, =A*xU=*p=*Cp

where, A, U, p, Cp is the nozzle area, stream velocity, stream
density, the coefficient of discharge which was taken equal
(625) respectively.

13. FUEL SUPPLY SYSTEMS

The fuel supply system comprises several components: a
fuel pump to deliver the necessary fuel to the burner, a fuel
tank positioned 2 meters above the burner to store the liquid
fuel, a control valve installed on the main line, an electric
motor to drive the fuel pump, a separate funnel for measuring
fuel consumption, and a delivery pipe for returning unburned
fuel to the main tank.

14. VELOCITY MEASUREMENT

A pitot tube was used to measure pressure difference in
order to measure the velocity of the stream. Applying
Bernoulli equation the velocity of the stream is:

U=2g(h; —hy)/p

where, (h; —h,) is the deflection of the manometer in
(mmH?20), p is the stream density(kg/m?), U is the velocity of
the stream.

Fuel consumption

Where the specific gravity was found experimentally by
dividing the density of the liquid fuel over the density of the
water, and the volume of fuel consumption was read directly
from separated fennel.

15. GAS ANALYSIS

The gas sampling arrangement, as depicted in Figure 2,
comprised several components: A vacuum air pump, a trap
designed to absorb moisture and prevent it from entering the
vacuum pump, consisting of a glass flask and absorbing
material for moisture removal. A typical gas analyzer was
utilized to determine the volumetric concentration of the
exhaust gas. The flue gas sample was drawn into the trap to
eliminate moisture content before introduction to the vacuum
pump, with the resulting sample collected by a balloon for
further analysis. Gas chromatography was employed to
analyze the exhaust gas sample and investigate the volumetric
product concentrations of carbon monoxide, carbon dioxide,
oxygen, nitrogen, and sulfur.
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Figure 2. Gas sampling arrangement

16. THE DRY GAS LOSS &
COMBUSTION LOSS

INCOMPLETE

The heat generated during full combustion is less than the
fuel's heating value because not all of the fuel is completely
oxidized. The greatest heat loss occurs when hot exhaust gases
rise beyond the temperature of entering air and fuel, a
phenomenon known as dry gas loss (DGL) [13].

The DGL can be calculated using:

DGL=Cpx(Ts-Ta)

where, DGL, Cp, Ts are dry gas loss, specific heat of the flue
gas (assumed to be equivalent to that of air), stack temperature,
and air temperature respectively.

The energy lost due to the formation of carbon monoxide
instead of carbon dioxide during combustion is termed as the
incomplete combustion loss (ICL). This loss can be calculated
by multiplying the mass of carbon burned per mass of fuel by
the volumetric percentage of carbon monoxide in the exhaust
gas, divided by the sum of the volumetric percentages of
carbon monoxide and carbon dioxide. The equation for
calculating ICL is as follows:

co

ICL = 23030 * Cp ¥ =————
* o + Co,

where, ICL, Cp, CO, CO, are represent the incomplete

combustion loss, mass of carbon burned per mass of fuel,

volumetric percentage of carbon monoxide in the exhaust gas,

and volumetric percentage of carbon dioxide in the exhaust gas.

17. TYPES OF LIQUID FUEL UTILIZED IN THE
EXPERIMENT

In the experimental setup, two distinct liquid fuels were
employed. The primary fuel utilized was diesel fuel, a
common choice in combustion experiments due to its
widespread availability and well-understood combustion
properties. Additionally, a blend of shale oil and diesel fuel
was introduced into the experimental framework, providing an
opportunity to explore the combustion characteristics of this
composite fuel mixture.



18. PROPERTIES OF JORDANIAN SHALE OIL FUEL

The shale oil utilized in the experiment exhibited specific
properties that influenced its combustion behavior. Notably, its
specific gravity was measured at 0.081, indicating its relative
density compared to water. The elemental analysis revealed a
water content of 1.1% by weight, a crucial factor influencing
combustion efficiency. Furthermore, the calorific value of the
shale oil stood at 9180 Kcal/Kg, providing insight into its
energy content. Other key properties included viscosity,
measured at 8.47, and density, which was recorded as 0.8852.

19. EXPERIMENTAL
PARAMETERS

PROCEDURE AND

In each experimental trial, a detailed and systematic
procedure was adhered to ensure precise data collection. The
shale oil, distinguished by its high viscosity, was subjected to
preheating to enhance its handling and combustion efficiency.
Concurrently, it was blended with low-viscosity diesel fuel to
optimize combustion performance. Before each test, the
mixture underwent purification through a paper filter to
eliminate impurities and ensure clean combustion. The fuel
tank was filled to capacity to establish a consistent starting
point, while continuous cooling was maintained by circulating
water within the jacket surrounding the combustor chamber.
Close monitoring of the water supply and drainage ensured
stable cooling conditions throughout the experiments.
Manometer clamps were meticulously adjusted to zero
readings to achieve accurate pressure measurements.
Throughout the duration of each trial, pressure differentials
and temperature distributions within the flame were monitored
at regular five-minute intervals. Observations of flame length
and color were diligently recorded to assess combustion
characteristics accurately. Following one hour of continuous
operation, the volume of diesel consumption was meticulously
measured to evaluate fuel usage.

In addition to the experimental procedure, a series of six
meticulously conducted experiments were designed to
comprehensively examine the combustion characteristics of
shale oil fuel. These experiments aimed to analyze key
parameters such as volumetric product concentration, dry gas
losses, and incomplete combustion efficiency. The preheating
of the fuel to 23°C was crucial to facilitate handling and
combustion, particularly given the high viscosity of shale oil.
Furthermore, the experimental setup involved blending shale
oil with diesel fuel at varying proportions, ranging from 5% to
30%. This range of compositions allowed for a comprehensive
investigation into combustion behavior under different fuel
mixtures, offering valuable insights into combustion
performance and efficiency across various scenarios.

Transient system analysis under varying inputs provides
deeper insights.

20. TRANSIENT SYSTEM ANALYSIS UNDER
VARYING INPUTS (EXPERIMENTAL
OBSERVATION)

During the experimental investigation, several notable
observations were made, shedding light on the combustion
process. Firstly, it was observed that the noise level of the
combustor escalated with an increase in the mass of the fuel.
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Secondly, as both the mass of the fuel and the mass of air were
augmented, there was a corresponding increase in the length
of the flame. Additionally, when comparing a mixture of shale
oil and diesel to diesel liquid fuel, it was evident that the flame
length of the former surpassed that of the latter, attributable to
the heightened flame temperature. Lastly, as the combustion
reaction progressed through its stages after reaching steady
state condition, the flame color transitioned to a lighter shade
of orange due to enhanced mixing between the reactant and air.
These observations offer valuable insights into the dynamic
nature of combustion processes and provide a basis for further
analysis and experimentation.

21. RESULT AND DISCUSSION

The experiments were specifically designed to investigate
two primary factors: first, the volumetric product
concentration of the main gaseous product, and second, the
effect of air consumption on the volumetric concentration of
the primary gaseous product while keeping the diesel fuel
consumption constant. Figures 3 and 4 illustrate the impact of
varying air consumption levels on the volumetric
concentration of essential gaseous components, such as
oxygen, nitrogen, carbon monoxide (CO), and carbon dioxide
(CO»). These analyses aimed to provide insights into how
changes in air intake affect the composition of combustion
products, crucial for understanding and optimizing
combustion processes.

Increasing air consumption leads to the oxidation of carbon
monoxide to carbon dioxide, resulting in an increase in the
volumetric concentration of carbon dioxide while decreasing
the concentration of carbon monoxide due to improved
combustion efficiency. Similarly, a general trend observed in
the curves depicts an increase in nitrogen and carbon dioxide
concentrations, alongside a decrease in oxygen and carbon
monoxide concentrations with rising air consumption levels.

In contrast, when fuel consumption increases, the
concentration of carbon monoxide rises while the
concentration of carbon dioxide decreases due to incomplete
combustion. This trend is illustrated in Figures 5 and 6, where
an increase in fuel consumption results in a decrease in oxygen
and carbon dioxide concentrations, coupled with a relative
increase in carbon monoxide concentration.

co Cco2

64
32
16
8
4

2
20

VOLUMETRIC CONCENTRATION

22 24
AIR CONSUMPTION

26

Figure 3. Effect of air consumption on volumetric
concentration of carbon monoxide and carbon dioxide at
constant fuel consumption for diesel fuel
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Figure 4. Effect of air consumption on volumetric
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The impact of the air-fuel ratio on volumetric concentration
is illustrated in Figures 7 and 8. As anticipated, the trend
observed indicates an increase in the volumetric concentration
of carbon monoxide and a decrease in carbon dioxide as the
air-fuel ratio increases, indicative of incomplete combustion.
Upon reaching the optimal air-fuel ratio, a shift occurs where
the volumetric concentration of nitrogen and carbon monoxide
decreases, while that of oxygen and carbon dioxide increases.
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Figure 7. Variation of volumetric concentration of carbon
monoxide and carbon dioxide with air fuel ratio for diesel
fuel
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Figure 8. Variation of volumetric concentration of oxygen
and nitrogen with air fuel ratio for diesel fuel

The influence of shale oil percentage on volumetric
product concentration is depicted in Figures 9 and 10. The
general trend observed in these curves indicates that the effect
is similar to that of diesel fuel.

On other hand Jiiri Loosaar et al. analyses the first data of
Estonian oil shale industrial CFB firing in the light of almost
40 year experience of Estonian oil shale use in power
production. They found that the very first operational
experience of CFB units are very promising and all basic



problems of oil shale pulverized firing like high air emissions
(SO; — 820-1360 mg/MJ; NOx — 90-110 mg/MJ), fouling
and corrosion of heating surfaces, low efficiency and low
operational reliability seemed to be solved. Oil shale CFB
firing at much lower temperatures (~800°C) than pulverized
firing (~1400°C) results only partial decomposition of oil
shale contained carbonates, meaning lower specific fuel
consumption values and decreased CO emissions. Also fly
ash composition and properties has been changed, which
results in different new prospectives of ash utilization
possibilities, but also some additional ash land filling problems
[17-22].
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Figure 9. Variation of volumetric concentration of carbon
monoxide and carbon dioxide with percentage of shale oil
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Figure 10. Variation of volumetric concentration of oxygen
and nitrogen with percentage of shale oil

Consequentely good agreementin combustion of oil shale in
the coutant combustor and Estonian oil shale industrial CFB.

The influence of air consumption on dry gas combustion
loss (DGL) is significant, primarily dependent on stack
temperature and the mass of flue gas. Illustrated in Figure 11
is the impact of air consumption on the percentage of dry gas
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combustion loss (DCL) at a constant fuel consumption rate for
diesel fuel. The general trend observed in this curve suggests
that the variation of DGL remains relatively constant with
increasing air consumption, attributed to a decrease in stack
temperature.

30
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dry gas loss

22
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20.25 22.25 24.25 26.25

air consumption

Figure 11. Effect of air consumption on dry gas loss at
constant fuel consumption for diesel fuel

The impact of fuel consumption on dry gas combustion loss
(DGL) is illustrated in Figure 12, depicting the percentage of
dry gas combustion loss at a constant air consumption rate for
diesel fuel. The general trend observed in this curve indicates
a continuous increase in DGL as fuel consumption rises,
attributed to the corresponding increase in stack temperature.
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Figure 12. Effect of fuel consumption on dry gas loss at
constant air consumption for diesel fuel

The effect of the air-fuel ratio on dry gas combustion loss
(DGL) is depicted in Figures 13 and 14 for diesel fuel and a
mixture of shale oil and diesel fuels, respectively. As
anticipated, the general trend observed in these curves
indicates that DGL increases with higher air-fuel ratios until
reaching an optimal value, attributed to the increased stack
temperature. Subsequently, with further increases in the air-
fuel ratio, the percentage of DGL decreases due to the
corresponding decrease in stack temperature.
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65
60
55
50
45
40

dry gas loss

35
30
25
20

air fuel ratio

Figure 14. Variation of dry gas loss with air fuel ratio for
shale oil

70

60

Ul
o

dry gas loss

N
o

30

20
5 15 25

percentage of shale oil
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oil for diesel fuel
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The impact of shale oil percentage in the mixture on dry gas
combustion loss is depicted in Figure 15. The general trend of
this curve indicates a continuous decrease in DGL as the
percentage of shale oil in the mixture increases. This decrease
is attributed to the decrease in stack temperature associated
with higher shale oil content.

20.1 Effects of stack temperature on dry combustion loss
and dry gas loss

Figures 16 and 17 illustrate the effect of stack temperature
on dry gas combustion loss for diesel fuel and a mixture of
shale oil and diesel fuels, respectively. Dry gas combustion
loss (DGL) is primarily influenced by stack temperature.
Figure 16 demonstrates a continuous increase in DGL as fuel
consumption rises, reflecting the corresponding increase in
stack temperature. Conversely, Figure 17 indicates that DGL
remains relatively constant with a relative increase in stack
temperature.

Moreover, Figures 18 and 19 depict the impact of air-fuel
ratio on DGL. The general trend observed in these figures
suggests that DGL increases with an increase in air-fuel ratio
until reaching an optimum value, attributable to the increased
stack temperature. Subsequently, with further increases in the
air-fuel ratio, DGL decreases due to the corresponding
decrease in stack temperature.
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Figure 16. Variation of dry combustion loss percentage with
stack temperature al constant air consumption for diesel fuel

36

N N N L. W w w
rry combwestioplosse &

N
N

20

250 300

260 stadd@empetdfure 290

Figure 17. Variation of dry combustion loss percentage with
stack temperature at constant fuel consumption for diesel fuel
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9.1
8.1
7.1
6.1
5.1
4.1
31
2.1
11

0.1
20

\\

incomplete loss

22 24 26

air consumption

Figure 20. Effect of air consumption on incomplete loss for
diesel fuel

676

Incomplete combustion loss (ICL) and its dependence on air
consumption is depicted in Figure 20, focusing on diesel fuel
at constant fuel consumption. The general trend observed in
this curve demonstrates a continuous decrease in ICL with
increasing air consumption. This decrease can be attributed to
the reduction in carbon monoxide concentration and the
simultaneous increase in carbon dioxide concentration as air
consumption rises.

The impact of fuel consumption on incomplete combustion
loss (ICL) at constant air consumption for diesel fuel is
illustrated in Figure 21. The trend depicted in this curve
indicates a continuous increase in ICL as fuel consumption
rises. This increase is attributed to the increase in carbon
monoxide (CO) concentration and the simultaneous decrease
in carbon dioxide (CO;) concentration with higher fuel
consumption levels.
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Figure 21. Effect of fuel consumption on incomplete loss at
constant fuel consumption for diesel fuel

Figure 22 depicts the effect of air-fuel ratio on incomplete
combustion loss for both diesel fuel and a mixture of shale oil
and diesel fuels.
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Figure 22. Variation of incomplete combustion loss with air
fuel ratio for diesel fuel

The overall trend observed in these curves suggests that
incomplete combustion loss (ICL) increases as the air-fuel
ratio is increased until it reaches an optimum value. This
increase is due to the rise in carbon monoxide (CO)



concentration and the decrease in carbon dioxide (CO,)
concentration. Subsequently, as the air-fuel ratio continues to
increase beyond this optimal point, ICL decreases because
carbon monoxide decreases while carbon dioxide increases.

22. CONCLUSIONS

Based on the findings of the current study, several
conclusions can be drawn:

L The experiment successfully maintained steady
combustion of oil shale without the need for external
energy input, ensuring consistent temperature levels
throughout the combustion bed.

The dry gas energy loss from the higher heating value
was found to be notably high, indicating potential
areas for efficiency improvement in the combustion
process.

Incomplete combustion loss was relatively minimal,
suggesting effective combustion efficiency under the
experimental conditions.

Oil shale demonstrated negligible influence on
carbon dioxide (CO;) emissions within the
experimental setup.

Sulfur dioxide (SO») emissions ranged from 10 to 200
parts per million, with calcium carbonate proving
effective in absorbing 90% of SO,.

Sulfur monoxide and dioxide emissions during diesel
fuel combustion were observed to be lower compared
to a mixture of shale oil and diesel fuels.

Nitrogen monoxide (NOy) emissions ranged from 70
to 120 parts per million, with diesel fuel showing
lower NOy emissions at 14 parts per million.

Carbon monoxide (CO) levels ranged from 90 to 50
parts per million.

The percentage of organic carbon burned was found
to be between 96.2% and 98.7%, indicating efficient
combustion of organic matter.

Despite a high sulfur content of 3-4% and a
significant ratio of ash content (67-77%), oil shale
showed potential for combustion, highlighting its
viability as a fuel source.

IL.

I1I.

Iv.

VL

VIL

VIIL

IX.

Limitations and recommendations for future work is needed.

Furthermore, the literature review and experimental
investigation suggest several areas warranting further
exploration, including:

L. Further examination of the environmental impact of

oil shale combustion, particularly focusing on fly ash
composition and dispersion.

IL. Comprehensive studies on the mode of heat transfer
rates along the combustor walls, both through
experimental and theoretical analyses.

III. Investigation into the influence of gas sample

withdrawal location on volumetric concentration
accuracy, aiming to optimize sampling techniques for
more precise measurements.

These areas of research represent opportunities for
enhancing our understanding of oil shale combustion
processes and one of the limitations in the present work is
capacity of combustor oil shale and its orientation.
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