
www.manaraa.com

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A
ll 

R
ig

ht
s 

R
es

er
ve

d 
- 

L
ib

ra
ry

 o
f 

U
ni

ve
rs

ity
 o

f 
Jo

rd
an

 -
 C

en
te

r 
 o

f 
T

he
si

s 
D

ep
os

it



www.manaraa.com

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A
ll 

R
ig

ht
s 

R
es

er
ve

d 
- 

L
ib

ra
ry

 o
f 

U
ni

ve
rs

ity
 o

f 
Jo

rd
an

 -
 C

en
te

r 
 o

f 
T

he
si

s 
D

ep
os

it



www.manaraa.com

 

 

 

 

 

 

 

 

 

 

A
ll 

R
ig

ht
s 

R
es

er
ve

d 
- 

L
ib

ra
ry

 o
f 

U
ni

ve
rs

ity
 o

f 
Jo

rd
an

 -
 C

en
te

r 
 o

f 
T

he
si

s 
D

ep
os

it



www.manaraa.com

ii 

 

 

 

 

 

A
ll 

R
ig

ht
s 

R
es

er
ve

d 
- 

L
ib

ra
ry

 o
f 

U
ni

ve
rs

ity
 o

f 
Jo

rd
an

 -
 C

en
te

r 
 o

f 
T

he
si

s 
D

ep
os

it



www.manaraa.com

iii 

 

DEDICATION 

 

 

This work is dedicated to 

My father, my mother, my wife, my sisters and my brothers 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A
ll 

R
ig

ht
s 

R
es

er
ve

d 
- 

L
ib

ra
ry

 o
f 

U
ni

ve
rs

ity
 o

f 
Jo

rd
an

 -
 C

en
te

r 
 o

f 
T

he
si

s 
D

ep
os

it



www.manaraa.com

iv 

 

ACKNOWLEDGMENT  

Many people helped me during my work, firstly; I would like to state my thanks to my 

supervisor Prof. Dr. Mohammad A. Hamdan for his continuous support and guidance.  

Many thanks to Mr. Aref Shaheen for his support through technical consultations.I must not 

forget to mention my deep appreciation and thanks to Bahrain defense force for sending me 

to finish my study and still support me through my education. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A
ll 

R
ig

ht
s 

R
es

er
ve

d 
- 

L
ib

ra
ry

 o
f 

U
ni

ve
rs

ity
 o

f 
Jo

rd
an

 -
 C

en
te

r 
 o

f 
T

he
si

s 
D

ep
os

it



www.manaraa.com

v 

 

TABLE OF CONTENTS 

Subject Page 

Committee decision …….……………………..…………………………..……… Ii 

Dedication …………………………………….…………………………………..  Iii 

Acknowledgement …………………………………………...…..…………….....  Iv 

Table of contents……………………………………..….………………………...  V 

List of tables ……………….……………………………………….…………..…   vii 

List of figures.………………………………….………………………...……..…  viii 

Nomenclatures ……………………………..…………...………………………...   Ix 

List of Appendices ………………………………………………….……………...   X 

Abstract ………………………..…………………..……………………………… Xi 

Chapter one: Introduction …………………..……………………………………..  1 

1.1 General………………………………………………………………… 1 

1.2 Objective………………………………………………………………. 2 

1.3 Layout of thesis………………………………………………………. 2 

Chapter two: Literature review……………..…………………………………….. 3 

Chapter three: Theoretical Background…………………………………………… 8 

3.1 Background............................................................................................ 8 

3.2 Soot visual detection ……………………..….………………………….  9 

            3.3 Temperature measurement principle…….…….......…………………… 10 

            3.4 Pressure measurement principle……………….......…………………… 11 

            3.5 Fuel preparation ……………………………….......…………………… 12 

Chapter four: Testing facility and measurements ………..…………………….…… 14 

4.1 Selection of shock tube material……………………….………... 14 

            4.2 Shock tube ……………….………...……………………………         17 

            4.3 Electric heating pipe…………………………………………….. 21 

            4.4 Measuring device and measurement ……………………………. 23 

Chapter five: Experimental procedure................................................................. …. 26 

Chapter Six:  Experimental results............................................................................. 28 

Chapter Seven: Conclusion and final remarks ………………….……..…………... 34 

A
ll 

R
ig

ht
s 

R
es

er
ve

d 
- 

L
ib

ra
ry

 o
f 

U
ni

ve
rs

ity
 o

f 
Jo

rd
an

 -
 C

en
te

r 
 o

f 
T

he
si

s 
D

ep
os

it



www.manaraa.com

vi 

 

References…………………………………………………………………………. 35 

Appendices ………………………………………………………………….......... 36 

Abstract (in Arabic)…………………………..…………………………………….. 42 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A
ll 

R
ig

ht
s 

R
es

er
ve

d 
- 

L
ib

ra
ry

 o
f 

U
ni

ve
rs

ity
 o

f 
Jo

rd
an

 -
 C

en
te

r 
 o

f 
T

he
si

s 
D

ep
os

it



www.manaraa.com

vii 

 

LIST OF TABLES 

Number Table caption Page 

 

Table 5.1 

 

Samples matrix 

 

26 

Table 6.1 Soot comparison matrix based on colour detection 33 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A
ll 

R
ig

ht
s 

R
es

er
ve

d 
- 

L
ib

ra
ry

 o
f 

U
ni

ve
rs

ity
 o

f 
Jo

rd
an

 -
 C

en
te

r 
 o

f 
T

he
si

s 
D

ep
os

it



www.manaraa.com

viii 

 

LIST OF FIGURES 

Number Figure caption Page 

Figure(3.1) Inner grade of  the filter used   9 

Figure(3.2) Customized  filter 10 

Figure(3.3) Thermocouple in drive section 11 

Figure(3.4) Pressure sensor 12 

Figure (4.1) Sketch of  shock tubes 14 

Figure (4.2) Shock tube sketch  17 

Figure (4.3) Closed end in the drive section 18 

Figure (4.4) Flange coupling 19 

Figure (4.5) Shock tube  membrane 20 

Figure (4.6) Electric heater coil  installation around shock tube 21 

Figure (4.7) Heated shock tube 22 

Figure (4.8) Digital thermometer 23 

Figure (4.9) Pressure sensor setup 24 

Figure (4.10) Pressure sensor 25 

Figure(5.1) Filter placement at the tip of driven section 27 

Figure (6.1) Sample 1(A:Diesel),sample 5(B:Biofuel),sample 9(C:Emulsified) 28 

Figure (6.2) Sample 6 Biofuel with methanol 29 

Figure (6.3) Sample 2(A:Diesel),sample 6(B:Biofuel),sample 10(C:Emulsified) 29 

Figure (6.4) Sample 3(A:Diesel),sample 7(B:Biofuel),sample 11(C:Emulsified) 30 

Figure (6.5) Sample 12 (A: Emulsified fuel) vs. sample 8 (B: Biofuel) 31 

Figure (6.6) Sample 12 (A: Emulsified fuel) vs. sample 8 (B: Biofuel) 31 

Figure (6.7)  Sample 12 Emulsified fuel mixed with acetone 32 

Figure (6.8) Sample 4  Diesel with acetone mixture 32 

Figure (6.9) Comparison between all samples based on (1-12) scale 33 

 

 

 

A
ll 

R
ig

ht
s 

R
es

er
ve

d 
- 

L
ib

ra
ry

 o
f 

U
ni

ve
rs

ity
 o

f 
Jo

rd
an

 -
 C

en
te

r 
 o

f 
T

he
si

s 
D

ep
os

it



www.manaraa.com

ix 

 

NOMENCLATURE: 

A Area (m
2
) 

d Diameter (m) 

D Pipe diameter (m) 

E Joint efficiency 

H Height (m) 

k Thermal conductivity (W/m.K ) 

L Length (m) 

m Mass (kg) 

m  Mass flow rate ( kg/s) 

P Pressure (Pa) 

Rpipe Pipe radius (m) 

S Material allowable strength (MPa)  

t Minimum allowable thickness (mm) 

  Density (kg/m
3
) 

 

 

 

 

 

 

 

 

A
ll 

R
ig

ht
s 

R
es

er
ve

d 
- 

L
ib

ra
ry

 o
f 

U
ni

ve
rs

ity
 o

f 
Jo

rd
an

 -
 C

en
te

r 
 o

f 
T

he
si

s 
D

ep
os

it



www.manaraa.com

x 

 

LIST OF APPENDICES 

Appendix Caption Page 

Appendix (A) Ratings for group 2.2 materials 36 

Appendix (B) List of material specifications 37 

Appendix (C) List of bolting specifications 38 

Appendix (D) Ratings for group 2.1 materials 39 

Appendix (E) Curve fit coefficient for fuel specific heat     40 

Appendix (F) Selection the material of high maximum allowable stress  41 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A
ll 

R
ig

ht
s 

R
es

er
ve

d 
- 

L
ib

ra
ry

 o
f 

U
ni

ve
rs

ity
 o

f 
Jo

rd
an

 -
 C

en
te

r 
 o

f 
T

he
si

s 
D

ep
os

it



www.manaraa.com

xi 

 

THE REDUCTION OF SOOT FORMATION FROM FUELS USING 

OXYGENATES ADDITIVES 

 

 

By 

Khalifa Isa Burshaid 
 

 

Supervisor 

Dr. Mohammad A. Hamdan, Prof. 
 

 
 

 

ABSTRACT 

 
This work presents an experimental technique for the determination of soot formation in 

pure fuel, biofuel and emulsified fuel. That constitute this fuels was studied in a heated 

shock tube and investigated the possibility of reducing soot production in locally refined 

diesel, locally produced biofuel and emulsified fuel. This reduction was conducted using 

certain oxygenated additives. The pressure ranges 7 to 8.5 bars and temperature range was 

within 280 to 300 
o
C .  

The results give a good indication of the effect for oxygenated additives in reducing the 

soot formation. It was found that methanol has maximum effect on soot reduction followed 

by ethanol and finally acetone. 
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CHAPTER ONE: INTRODUCTION 

1.1 General: 

It is known that soot “particulate matter” is a name given to the mixture of solid 

particles and liquid droplets found in air, the main constituents of this mixture is 

carbon. Soot is produced from many sources such as burning coal, diesel, wood etc,. 

Cutting its emissions has a virtually instantaneous effect, because it rapidly falls out 

of the atmosphere, unlike carbon dioxide which remains there for over a hundred 

years. And because soot is one of the worst killers among all pollutants, radical 

reductions save lives and so should command popular and political support 

This work investigates the possibility of reducing soot production from burning 

locally refined diesel, locally produced biofuel and emulsified fuel.  This will be 

accomplished by the design, construction and testing of an experimental rig, which 

consists mainly of a shock tube, within which the combustible mixture is introduced 

and ignited and introduced to a customized filter. This filter is used to measure the 

concentration of soot that is produced during the burning of the fuel.  

Further, this investigation of soot reduction had been conducted using certain 

oxygenated additives, these additives contain sufficient amount of oxygen, which 

enhances the burning of carbon (soot) and hence soot reduction increases. This 

research work aimed to reduce that soot, which contributes significantly to 

environmental problem in Jordan and hence cleaner environment. The alternative 

fuels such as biofuels and emulsified fuels are of high competitive to diesel fuel, this 

will reduce the national energy bill.  
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1.2 Objective: 

This work presents an experimental technique for the determination of the soot 

formation in different fuels; diesel, biofuel and emulsified fuel that accomplish the 

main target for the reduction of soot formation by using oxygenated additives like 

methanol, ethanol and acetone. This will give a realistic way of how researchers can 

accomplish soot reduction for different fuels using oxygenated additives. 

1.3 Layout of thesis: 

This chapter is the first chapter, which introduces the reader to the subject. In chapter 

two, work conducted internationally is mentioned in order to clarify the connecting 

points between this work and others work, also to make use of similar works that has 

been done. Theoretical background in chapter three comes before the measurement 

work. This theory gives the principle of the proposed system configuration which will 

deliver the required results. 

The testing facility has been extensively explained in chapter four for the purpose of 

giving guidance for any future work to be done and to explain the principle for each 

measuring instrument. The experimental procedure of this work will be explained in 

chapter five to show the reader the experimental work steps. The results were 

introduced in chapter six. Finally, the conclusion of this thesis has been mentioned in 

chapter seven to give a final decision about this experimental work and to verify the 

expected findings.    
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CHAPTER TWO: LITERATURE REVIEW 

Mathieu et. al. (2009) studied the soot tendency (soot induction delay time and soot 

yield) of a diesel fuel surrogate and of the hydrocarbons that constitute this mixture 

was studied in a heated shock tube. The surrogate is composed of three hydrocarbons 

representative of major chemical families of diesel fuels (39% n-propylcyclohexane, 

28% n-butylbenzene, and 33% 2,2,4,4,6,8,8-heptamethylnonane in mass proportion). 

Experiments were carried out for highly diluted mixtures in argon; in the case of 

pyrolysis and at two equivalence ratios: 18 and 5. The pressure range was relatively 

high (1090–1870 kPa) and the carbon atom concentration was kept constant at around 

2 x 10
18

 atoms/cm
3
. The effects of the nature of the hydrocarbon, the oxygen addition, 

and the temperature on the soot induction delay time and soot yield were investigated. 

A second growth stage of the soot volume fraction was observed. The influence of 

several parameters on the existence and/or on the amplitude of this second growth 

seems to indicate the chemical nature of this phenomenon. Results for the soot 

tendency show that the soot induction delay time and soot yield depend strongly on 

the structure of the hydrocarbon and on the concentration of oxygen. Their study of 

the diesel surrogate shows that the soot inception process does not depend on 

synergistic effects between hydrocarbons but seems to be initiated by the constituent 

of the surrogate that produces soot fastest, while other constituents were consumed 

later during the soot growth. 

Agafonov G.L. et. al. (2007) proposed a new detailed kinetic model of soot formation 

in shock tube pyrolysis and oxidation of aliphatic and aromatic hydrocarbons. The 

model is based on the comprehensive kinetic model of polyaromatic hydrocarbons 

(PAH) formation and growth. The gas-phase kinetic scheme was validated against the 

experimentally measured concentration profiles of the main gas-phase species formed 
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during toluene pyrolysis and H and OH radicals during benzene and phenol pyrolysis 

and toluene oxidation behind reflected shock waves. The model describes the main 

characteristics of soot formation in pyrolysis and oxidation of toluene and n-heptane 

oxidation under conditions typical of shock tube experiments. Both hydrocarbons 

have the same number of carbon atoms but different structures, which causes different 

behavior of the systems. The discrete Galerkin technique was applied for direct 

counting of the mean number of active sites formed on the surface of soot precursors 

and soot particles in reactions of activation, deactivation, and surface growth. 

Hong et. al. (2009) investigated the influence of oxygenates on diesel soot emissions. 

soot formation in fuel-rich n-heptane/oxygen mixtures with added dimethyl ether, 

acetone, butanal, or 3-pentanone was investigated behind reflected shock waves at 

pressures from 20 to 30 atm and temperatures from 1600 to 1900 K. Soot formation 

histories were observed by simultaneously measuring the soot-induced laser light 

extinction at 633 nm and the light emission by soot particles at 670 nm. Uniform 

reflected shock conditions over the long test times needed to form soot were achieved 

by using a new driver insert method to modify shock tube performance. In 

measurements made under these uniform conditions, the soot formation window near 

1700 K was found to be narrower than previously measured. A significant reduction 

in the overall soot yield was found with the addition of small quantities of oxygenates 

as well. On a per oxygen-mass basis, butanal was found to be the most effective 

additive in reducing soot among the oxygenates studied. It was also found that normal 

alkyl-group chain length in oxygenates has little impact on soot reduction. 

De Iuliis et. al. (2008) focused on the development and application of the laser 

extinction/scattering technique in shock tube experiments. Emphasis is given to the 
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scattering optical arrangement for the determination of soot size growth. Results 

concerning the induction delay time, the soot yield and the particle diameter growth 

are presented for the pyrolysis of ethylene and toluene at pressure about 500 kPa and 

for a wide range of temperature. 

Zhu et. al. (2007) investigated Catalytic oxidation of diesel soot particulate on 

CexZr1−xO2 catalysts. Results indicated that Ce/Zr ratios had a significant influence 

on the catalytic activities. Compared with the ignition temperature (Ti) of uncatalyzed 

soot combustion, Ti of Ce0.5Zr0.5O2 with the best catalytic behavior decreased by 80 

◦C. The reactant gas compositions (O2, H2O and NO) affected the catalytic activities 

too. O2-TPD, TG–DTA and XPS characterization results showed that CexZr1−xO2 

released lattice oxygen continuously to promote the soot combustion even no gas 

oxygen occurred in the reaction atmosphere. The mechanisms of spill-over and 

reduction/oxidation functioned synergistically for soot catalytic combustion. 

Hinot et. al. (2007) , performed experiments  with two model soot aerosols brought 

into different forms of contact with Pt aerosol particles, to investigate the 

effectiveness of this contact in lowering the catalytic soot oxidation temperature. The 

contact was either generated between individual particles in the aerosol state (Pt-

doped soot to simulate a fuel borne catalyst), or by sequential or simultaneous 

deposition of separately generated soot and Pt aerosols onto a sintered metal filter. 

(Formation of a soot cake on previously deposited Pt aerosol would simulate a 

catalyst coated diesel particle filter.) The catalytic activity was determined in all cases 

from temperature ramped oxidation in air of the filtered particles, and defined as the 

50% conversion temperature. 
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It was found that Pt-doped soot and simultaneously filtered aerosols were both equally 

effective in reducing the oxidation temperature by up to 140–250 
o
C for the spark 

discharge soot (with 3–47 wt% Pt concentration in the soot cake), and by up to 140 
o
C 

for the pyrolysis soot (3 wt% Pt). 

Conversely, the deposition of a thin soot layer of 5–10 mm thickness onto Pt, or vice 

versa, produced only a slight temperature reduction on the order of about 13–42 
o
C. 

These results suggest that the distance between soot and Pt particles plays a key role 

in promoting an effective oxidation on the filter, which is consistent with the role of 

Pt particles as local generators of activated oxygen. 

Alexiou and Williams (1995)  studied the formation  of soot during the pyrolysis of 

argon-diluted mixtures of toluene and n-heptane and of toluene and iso-octane in a 

reflected-shock tube. Soot induction times and rates of formation measured at 632.8 

nm by laser beam attenuation showed an Arrhenius dependence on reflected-shock 

temperature. The maximum in bell-shaped distribution of soot yield and concentration 

as a function of temperature decreased with increasing amount of n-heptane or iso-

octane substituted for toluene. A kinetic model was used to explain the experimental 

trends and gave reasonable prediction of the experimental observations. The reduction 

in soot yield and concentration was attributed to the faster decomposition of the 

alkanesas well as to their decomposition products, which diverted the soot formation 

process from the more effective path of toluene pyrolysis to a slower route. 

This work presents an experimental technique for the determination of the soot 

formation in different fuel combinations that accomplish the main target for the 

reduction of soot formation by using oxygenated additives. It contribute by adding a 

simple yet compact test rig to accomplish this task. This will give a realistic way of 

how researchers can accomplish soot reduction for different fuels and oxygenated 

additives. 
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CHAPTER THREE: THEORITICAL BAKGROUND 

3.1 Background : 

The solid and liquid particles in combustion product could be consider as soot. Soot is 

produced naturally by any combustion process. Soot has many bad effects in life and 

environment. 

Soot contains up to 40 different cancer-causing chemicals and can also cause 

respiratory and heart diseases. It is estimated to cause two million deaths in the 

developing world each year – mainly among children – when emitted from wood-

burning stoves in poorly ventilated houses. In Britain, research has shown that people 

are twice as likely to die from respiratory disease when heavily exposed to soot 

emitted from vehicle exhausts. 

Black carbon, the component of soot that gives it its color, is thought to be the second 

largest cause of global warming after carbon dioxide. Formed through incomplete 

combustion of fossil fuels, wood and vegetation, it delivers a double whammy.  While 

in the air, it is spread around the globe by the wind, and helps to heat the atmosphere 

by absorbing and releasing solar radiation. When soot falls out soot darkens snow and 

ice, at the poles or high in mountains, reducing its ability to reflect sunlight. As a 

result it melts more quickly, and exposes more dark land or water which absorbs even 

more energy, and so increases warming. 
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3.2 Soot visual detection: 

Soot is sold substance consisting of roughly eight parts carbon and one part 

hydrogen(Tree 2007 ). Soot is produced from many sources such as burning coal, 

diesel, wood etc. 

As shown in Fig 3.1 and Fig 3.2, in order to measure soot formation, a customized 

filter has been prepared which is able to absorb the soot produced by the combustion. 

 

 

 

Figure 3.1 Inner grade of the filter used 
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Figure 3.2 Customized filter 

 

3.3 Temperature measuring principle: 

Temperature has the greatest effect of any parameter on the soot formation due to 

increase all of the reaction rates involved in soot formation and oxidation. Soot 

inception begins at around a temperature 200 
0
C, while of burnout ceases below 300 

0
C. As temperature is increased the rate of oxidation increases more rapidly than the 

rate of formation. In the experimental work temperature measurement was carried out 

using k-type thermocouple as shown in Fig 3.3. It is located within drive section, and 

hence the temperature will measure the ignition temperature. 
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Figure 3.3 Thermocouple in drive section 

 

3.4 Pressure measuring principle 

The pressure and temperature are related by the ideal gas law, and hence  when 

temperature increase the pressure will rise. Further,  changing the pressure 

experienced by a flame often results in changes in the temperature, flow velocity, 

flame structure, and thermal diffusivity. Thus the effects of pressure on soot can be 

difficult to isolate. In this experimental work pressure will be measured by using 

dynamic pressure sensor as shown in Fig 3.4, which is in the drive section. This 

technique will measure the ignition pressure in the drive section. 
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Figure 3.4 pressure sensor 

 

3.5 Fuel preparation: 

The fuel sample were prepared in the lab(Tamer 2010 ). For illustration purpose 

summery of the fuel procedure will be given below : 

Biofuel preparation: 

A clean and safe area away from flammable substances must be available before 

starting the preparation 20-22% amount of methanol is needed for every amount of 

oil. 0.55% of NaOH is needed also for every amount of oil. For example: for 10 litters 

of oil it is required  to have 2 litters of methanol and 55g of NaOH. Oil is heated up to 

130 
o
C. At the same time a mixture of methanol and NaOH is prepared which is 

called Methodixe. This substance is then mixed with heated oil for 24 hours. The 
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resultant mixture will contain glycerine at the bottom and biofuel at the top of the 

mixing area.  Removing glycerine from the bottom and by this will produce biofuel. 

But this biofuel still contains methanol and glycerine. It can be removed by adding 

distilled water that acts as a magnet to these substances because methanol is similar to 

water more than oil. This water will flow upward where it can be removed easily and 

the biofuel is dried by air for more purification. 

Emulsified fuel preparation: 

The water addition ranges between 0-20% .The mixing obtained by an homogenizer 

device. Water particles become micro-explode due to the discrepancy of the boiling 

point between the diesel and the water (boiling point of water 100
0
C, boiling point of 

the diesel 185
0
C) (Appl 2010 ) so that the emulsion fuel drops divided 

into finer particles and this leads to an increase the volatility of the fuel and hence the 

combustion efficiency.   

In the next chapter, appropriate combination of measuring equipment to verify theory 

discussed . Building of the testing facility as well as its performance and reliability 

will be performed.     
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CHAPTER FOUR: TESTING FACILITY AND MEASUREMENTS 

 

In any experimental work, the development of a testing setup that is able to deliver 

reliable results is the aid of any research. This work was developed step by step to 

generate acceptable setup which will deliver satisfactory results. 

 

4.1 Selection of shock tube material: 

As a first step, some of the calculations have been done in order to determine the type 

of material to be used. This is based on standard design and combustion theory, which 

is used to determine the mass of fuel and oxygen required .  

 

Figure 4.1: shock tube sketch 

The thickness and type of material for the shock tube has been selected using ASME 

B 16.5a 1998 standard as per the following equations:  

 

t= (P . Ro) / (SE + 0.4P)    

 (4.1) 

𝑡 = (500 ∗ 1.5)/(1266.18 ∗ 1 + 0.4 ∗ 500)= 0.51"=12.95mm 

For a spherical head 
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𝑡 = (P ∗ Do)/(2𝑆𝐸 + 1.8𝑃)   

 (4.2) 

 It may be written as: 

              

                          = 11.18mm …………… 

  

Where (t) is the thickness of the shock tube, (P) is the pressure (500 bar), (Do) is the 

outer diameter (3"), (S) is material allowed strength,(E) is joint efficiency, as per 

standards. 

The amount of diesel used in the shock tube depends on size of shock tube, which is 

1600mm long with Inner diameter=38mm. 

The combustion of an arbitrary hydrocarbon with our simplified air can be 

represented by  

 

CxHy + a(O2 + 3.76N2) → b CO2 +c CO + dH2O +eH2 + f O2 +3.76 a N2  

…(4.3)     

 

The lap conditions are T=25 
₀
C, Pressure=0.92 bar. 

⇒ 𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒 𝑎𝑖𝑟 𝑓𝑢𝑒𝑙 𝑟𝑎𝑡𝑖𝑜 =
A

F
 

 Where a= x+y / 4……….∅ = 1 

in table (B.2) from An introduction to combustion book x=10.8, y=18.7 

𝑎 = x +
y

4
= 15.475 

Volume of tube 

𝑣 =
𝜋

4
∗ 𝐷2 ∗ 𝐿 
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𝑣 =
𝜋

4
∗  0.038 2 ∗  1.600 = 1.8𝑒−3𝑚3 

ρ=1.2kg/m3 

Mass of air =1.8𝑒−3*1.25=2.2𝑒−3 

𝐴

𝐹 =
𝐶 ∗ 𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑒𝑖𝑔𝑡 𝑜𝑓 𝑎𝑖𝑟

𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑒𝑖𝑔𝑡 𝑜𝑓 𝑓𝑢𝑒𝑙  
  

𝐴
𝐹 =

𝑚𝑎𝑠𝑠 ∗ 𝜌
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑓𝑢𝑒𝑙   

14.33=2.2𝑒−3

𝑚𝑎𝑠𝑠 𝑜𝑓 𝑓𝑢𝑒𝑙  

Where C=4.76*a 

Mass of fuel=0.15 gram 

 

In order to calculated oxygen mass, the following procedure is followed: 

mO2 total = mO2 original + mO2 supply at certain pressure 

𝑂2

𝐹 =
𝐶 ∗ 𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑒𝑖𝑔𝑡 𝑜𝑓 𝑜𝑥𝑦𝑔𝑒𝑛

𝑀𝑜𝑙𝑒𝑐𝑢𝑙𝑎𝑟 𝑤𝑒𝑖𝑔𝑡 𝑜𝑓 𝑓𝑢𝑒𝑙  
 

𝑂2
𝐹 = 1 ∗ 𝑎 ∗

𝑀𝑊𝑜2

𝑀𝑊𝑓𝑢𝑒𝑙
   

𝑂2

𝐹 = 15.075 ∗
28.85
148.6 = 2.93

  

Mass of oxygen = 2.93*0.15 = 0.44 gram at constant pressure = 1.5 bar. 

Then the selected type of material in this experimental work will be "Seamless pipe 

Schedule 80) based on tables in the ASME standard mentioned above. This is 

considered the best type and tolerant to possible high pressure and temperature. 
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4.2 Shock tube: 

A shock tube is a device used primarily to study gas phase combustion reactions. A 

simple shock tube is a tube, rectangular or circular in cross-section, usually 

constructed of metal, in which a gas at low pressure and a gas at high pressure are 

separated using some form of diaphragm, This diaphragm suddenly bursts open under 

predetermined conditions to produce a wave propagating through the low pressure 

section. The shock that eventually forms increases the temperature and pressure of the 

test gas and induces a flow in the direction of the shock wave. Observations can be 

made in the flow behind the incident front or take advantage of the longer testing 

times and vastly enhanced pressures and temperatures behind the reflected wave. 

As shown in Fig 4.2, the shock tube consist of two main parts :  

The first one is the drive section with length of 1600 mm and inner diameter of 38 

mm and contain 4 holes. The first hole is for pressure gauge, second hole is for spark 

plug, third hole is for thermometer and the fourth hole is for feeding gas. As shown in 

Fig. 4.2. 

The second part of shock tube is the driven section, 1600 mm length and 38 mm inner 

diameter contains only a customized filter at the end. 

 

Figure 4.2: Shock tube sketch 

 

 

A
ll 

R
ig

ht
s 

R
es

er
ve

d 
- 

L
ib

ra
ry

 o
f 

U
ni

ve
rs

ity
 o

f 
Jo

rd
an

 -
 C

en
te

r 
 o

f 
T

he
si

s 
D

ep
os

it



www.manaraa.com

28 

 

 

In this shock tube, the drive section has closed end but the driven is open as shown in 

Fig 4.3. Also the drive and driven section has been linked by flange coupling as 

shown in Fig 4.4 and Fig 4.5. 

 
Figure 4.3: Closed end in the drive section 
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Figure 4.4: Flange coupling 

 

 

The flange design contains a membrane mate of copper (0.05 mm thickness). This 

membrane is installed with a gasket as it resists high temperature almost 700 
o
C which 

show in fig 4.5.  
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Figure 4.5: Shock tube membrane 

 

 

To be sure that the membrane will be cracked in the pressure range of the combustion 

testes, air supply tests have been made at various pressures.  It was found that the 

diaphragm cracks at a pressure of 5 bars for 0.05mm thickness shim diaphragm, and 

the expected pressure of cracking the 0.1mm thickness shim diaphragm was 10 bars. 

The explosion pressures range was 7-10 bars, this was related to the type of diesel and 

the type of diaphragm material specification.   
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4.3 Electric heater coil: 

Having introduced the fuel and air in to the shock tube, which are at room 

temperature. This mixture has to be heated up to vaporize the diesel fuel and hence 

ignite the mixture.    Three electric heaters were rolled along the tube, where each 

requires a power of 3 kW. It have been installed in spiral pattern long the tube. 

 
  

 
Figure 4.6: Electric heater coil installation around shock tube 
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After installing the electric heater coil around the tube and connecting it to electricity, 

heat transmitted through the tube material into the diesel in the drive section. This 

caused the diesel to ignite and the process of shock wave started. The temperature of 

the ignition as per the temperature digital thermometer was approximately 300 
o
C.     

 

  

 

Figure 4.7: Heating shock tube  
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Finally to finish preparing the test rig. Gas connections were prepared, as it must be a 

wiring far from the heat and we can control the amount of gas through the control 

valve. 

Oxygen was provided to the experiment in order to help in ignition phase. 

 

4.4 Measuring devices and measurements: 

K-type thermometer is used to measure the process temperature inside the tube where 

it has the following features: 

i. Can match any standard type K sensor. 

ii. Fitted with standard K probe socket. 

iii. LCD display provides low power consumption. 

iv. LSI-circuit use provides high reliability and durability. 

v. High accuracy and wide measurement range. 

vi. Compact, lightweight, and excellent operation. 

vii. Circuit used high quality multi turns VR for keeping high accuracy and 

reliability. 

 

Figure 4.8: Digital thermometer 
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After  preparing the temperature measurement, pressure sensor is used to measure the 

pressure of explosion in the drive section. The range of this pressure sensor varies 

between 0 to 25 bar with maximum working temperature 100 
o
C. 

 

Figure 4.9: Pressure sensor setup 

 

Signals received from the pressure sensor are transmitted to the computer through 

data acquisition card with a compatible program.  
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The features of pressure sensor used are: 

i. Corrosion resistant stainless steel design  

ii. Medium wetted parts of stainless steel  

iii. No internal sealing elements  

iv. Pressure connection G1/4 B  

v. High peak pressure resistance  

vi. High alternating load resistance  

vii. High long-term stability  

viii. For dynamic and static measurements  

 

 

Figure 4.10: Pressure sensor  
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CHAPTER FIVE: EXPERIEMNTAL PROCEDURE  

After completing all necessary connections and verification. The combustible mixture 

is prepared in the appropriate A/F ratio and then it is introduced into the drive section  

, then mixture heated up to a point of converting liquid phase to gases phase. The 

change from the liquid phase to gas phase will cause self-ignition and explosion with 

the assistance of oxygen which produces the exhaust. Tests were conducted for three 

types of mixtures: diesel, biofuel and emulsified fuel all mixed with the additives 

ethanol, methanol, and acetone. The first mixture is diesel with the additives. In this 

step the soot formation in the diesel has been studied together with the effect of 

additives. 

Table 5.1: Samples matrix 

 Diesel  Biofuel Emulsified fuel 

No additive Sample 1 Sample 5 Sample 9 

Methanol Sample 2 Sample 6 Sample 10 

Ethanol Sample 3 Sample 7 Sample 11 

Acetone Sample 4 Sample 8 Sample 12 

 

Table 5.1 show the steps of fuel testing before and after additives, there are two kind 

of testing: 

The first test of each set in table (5.1) was carried out without additives, and  the soot 

formation was measured for each pure fuel. The second test was carried out using 

each fuel with additives, finally the effects of each additives on soot formation 

reduction were compared together. 
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The soot was measured by using a customized filter to give soot accumulation where 

the effect of additives in soot formation is measured. The filter in placed in the driven 

section where a visual check will give an indication of soot formation. For example, if 

the soot on the filter is dark then it gives the indication of large accumulation of soot. 

In the same manner if it light dark, this gives indication for soot is little. 

 

Figure 5.1: Filter placement at the tip of driven section 

This test rig has been assembled in order to perform the specific task for soot 

detection through visual measurement. Each additive caused different amount of soot; 

this will be shown in the result chapter.  It is to be noted that the amount of the three 

additives to each fuel was fixed at 20%.  

 

 

 

 

 

 

 

 

 

 

A
ll 

R
ig

ht
s 

R
es

er
ve

d 
- 

L
ib

ra
ry

 o
f 

U
ni

ve
rs

ity
 o

f 
Jo

rd
an

 -
 C

en
te

r 
 o

f 
T

he
si

s 
D

ep
os

it



www.manaraa.com

38 

 

CHAPTER SIX: EXPERIEMNTAL RESULTS  

The following results are grouped into four main categories, based on the quantity of 

soot formed on the filter.  

As shown in Fig 6.1 and as expected soot formation was maximum where pure diesel 

was burn, followed by emulsified fuel and biofuel respectively. This is because diesel 

fuel is made up of a blend of heavy hydrocarbons that contains large number of 

carbon atom  (Tree,2007 ). 

 

Figure 6.1: Sample 1 (A: Diesel) vs. sample 5 (B: Biofuel) .sample 9 (C: Emulsified 

fuel) 

 

The second category is the mixture of fuels with methanol which showed the least 

soot formation based on visual identification. It is clear that fuel composition 

influences the amount of soot produced in combustion process. Since methanol 

contains low carbon structure, also it contains oxygen that enhances the burning and 

hence the reduction of  soot production.  

 

Fig  6-2  shows the filter after biofuel and methanol mixture was burned, as indicated 

by the colour of the filter, the soot formation is minimum. 
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Figure 6.2: sample 6 (biofuel with methanol) 

Fig 6.3, in the case of burning of fuels with methanol additive. As expected soot 

formation was maximum when pure diesel and methanol were burn, followed by 

emulsified fuel and biofuel respectively. This is because diesel fuel is made up of a 

blend of heavy hydrocarbons that contains large number of carbon atom . 

 

 

Figure 6.3:Sample 2 (A: Diesel) vs. sample 6 (B: Biofuel).sample 10 (C: Emulsified) 

 

The next category is the mixture of fuels with ethanol. It can be seen that the degree 

of soot formation higher that formed when methanol added.  As shown in Fig 6.4 and 
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as expected soot formation was maximum when pure diesel was burned, followed by 

emulsified fuel and biofuel respectively. 

 

 

Figure 6.4: Sample 3 (A: Diesel)vs. sample 7 (B: Biofuel). sample 11(C: Emulsified)   

 

As shown  in Fig 6.5 and Fig 6.6 ,the last category of this study was mixture of fuels 

and acetone. As indicated the soot formation was mixture when acetone was added. 

Similarly soot formation was maximum when diesel with acetone was burned 

followed by mixture of emulsified with acetone and minimum formation when biofuel 

and acetone was burned. 
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Figure 6.5: Sample 12 (A: Emulsified fuel) vs. sample 8 (B: Biofuel) 

 

 

 

Figure 6.6: Sample 8 (A: Biofuel) vs. sample 4 (B: Diesel) 

 

 

Figure 6.7: Sample 12: emulsified fuel mixed with acetone  
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Figure 6.8: Sample 4: Diesel with acetone mixture 

 

The soot formation and the effect of the additives on each type of fuel on its formation 

is shown in Fig  6.9 and table 6.1. As shown in Fig 6.9 all samples are listed along the 

horizontal axis and the black vertical column represent the degree of soot formation in 

table 6.1.   

 

Table 6.1: Soot comparison matrix based on colour detection 

 Diesel  Bio fuel Emulsified fuel 

No additive Sample 1 Sample 5 Sample 9 

Methanol Sample 2 Sample 6 Sample 10 

Ethanol Sample 3 Sample 7 Sample 11 

Acetone Sample 4 Sample 8 Sample 12 
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Figure 6.9: Comparison between all samples based on (1-12) scale 
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CHAPTER SEVEN: CONCLUSION AND FINAL REMARKS 

This work was carried to find effect of oxygenated additives on the formation of soot 

emitted during the combustion of diesel, biofuel and emulsified fuel. From this work 

it may be concluded that :- 

1. Soot formation is maximum when pure diesel is burned and minimum when 

biofuel is burned. 

2. Methanol has the maximum effect on soot reduction when added to all three 

types of fuel. With minimum reduction of soot when added to biofuel.  

3. Acetone has minimum effect on soot reduction when added to all fuel. With 

minimum effect when added to diesel fuel.  
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APPENDICES 

APPENDIX (A): Rating for group 2.2 material 
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APPENDIX (B): List of material specification 
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APPENDIX (C): List of bolting specification 
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APPENDIX (D): Ratings for group 2.1 materials 
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APPENDIX (E): Curve fit coefficient for fuel specification heat 
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APPENDIX (F): Selection the material of high maximum allowable 

stress 
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تقليل تكون السخام المتكون نتيجة إحتراق الوقود بواسطة إستخذام بعض 

المضيفات الاوكسوجينية 
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