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ABSTRACT

Nowadays, the transportation industries are still growing although sources of
petroleum fuels are depleting. Thus, to meet the demand for fuels, alternative fuels
such as alcohol fuel and bio fuel could be used. Many countries such as Brazil,
United States and Germany have started using alcohol based fuels for transportation
instead of petroleum fuels. Spray concept is applied in the combustion chamber.
However, the characteristics of alcohol sprays are not well understood. Thus, there is
a need to develop a fundamental study on alcohols spray. The objective of the project
is to study the characteristics of different types of alcohol sprays in relation to
combustion. The study will focus on two major components. Firstly, the study will
focus on microscopic characteristics such as droplet size and mean velocity. To
determine the microscopic characteristics, Laser Doppler Anemometry (LDA) and
Phase Doppler Anemometry (PDA) shall be used. LDA is used to measure mean
velocity while PDA is used to measure the size of fuel droplets. The second
component is on the observation of the structure of alcohol sprays at the nozzle exit.
The observation shall be done using a high speed camera. All the results are analyzed

to further understand on the characteristics of alcohol sprays.

iii



ACKNOWLEDGEMENT

First and foremost, I would like to praise God the Almighty for His guidance.
Although difficulties occurred, His guidance has given me the chance to still

accomplish a challenging Final Year Project (FYP) successfully.

My deepest appreciation goes to my supervisor, Ir. Dr. Shaharin Anwar Sulaiman
who has given me endless guidance and advice in order to complete the project. He
has never failed to give me support and has always been understanding despite all the

errors and delays that I have made upon completing the project.

Apart from that, I would like to thank the technician, Mr. Khairul Anwar Ahmad, for
his help and cooperation in familiarizing with LDA/PDA equipment. Besides that,
special thanks to post graduate students, Mr. Felixtianus Eko Wismo Winarto and

Mr. Firman for helping me with the experiments.

I would also like to thank PETRONAS for the sponsorship provided through out

these years.

Last but not least, I would like to thank my parents and family for their continuous

love and support.

Thank you.

v



TABLE OF CONTENT

CERTIFICATION OF APPROVAL .....ccooiiiiiiiiiteteee e i
CERTIFICATION OF ORIGINALITY .....cooiiiiiiiiiiieiieeee e ii
ABSTRACT ...ttt et et ettt sabe e e sabeeeas iii
ACKNOWLEDGEMENT .......cooiiiiiiiiiiiii et iv
TABLE OF CONTENT .....c..oiiiiiiiii et v
LIST OF FIGURES ...ttt vii
LIST OF TABLES ...ttt et viii
ABBREVIATIONS AND NOMENCLATURES .......ccooiiiiiiiiiiniieeeeeeeee, ix
CHAPTER 1: INTRODUCTION. ...t 1
1.1 Background of Study ........cccoeeimiiiiiiiiiiiee e, 1

1.2 Problem Statement..........ccooecuueeeriiieeiiniiieeenniieee et 3

1.3 Objectives and Scope of Study........ccccveieviiiiiriiiiiiiieeeee, 4

1.3.1  ODbBJECHIVES ceeeeiiiiiiieeee ettt e e e e ee e e e e e eireee e e e s e e 4

1.3.2 Scope of Study ....veveeieeiiieiiiiiieeee e 4

CHAPTER 2: LITERATURE REVIEW .........cooiiiiiiiiiieeec e 5
2.1 Alcohol versus Fossil-fuel ...........cccovviieinniiiiiniiiiinicce, 5

2.2 Characteristics of Alcohols.............cooooiiiiiiiiiiiii. 6

2.2.1 Ethanol.......ccccciiiiiiiiiiicee e 7

222 Methanol.........ccoovviiiiiniiiiiec e 7

2.2.3 BUtanol ...cccoooiiiiiiiiiieiee e 8

2.2.4  Propanol.......coccceimiiiiiiiiiiieiiniet e 8

P N ) 2| £ SO U TUU PP PUPTRROPPN 8

2.4  Droplet Break up.......ccoueiiiiiiiiiiiii i, 9

2.5 Droplet Size Terminology.........cccceeiiiiiiiiiiiiiiiiinn. 13

CHAPTER 3: METHODOLOGY ......ooooiiiiiiiiiiiiiinieeeeeeeee e 14
3.1  Project Scheduling...........cccuviiiiiiiiiiiiiii e 14

3.2 Research Methodology .........cccoouiiiiiiiiiiiiie e 14

3.3 TOOLS ettt 16

3.3.1 LDA/PDA SYSIEMS ..eeeeueieeeeiieeeeiiieeeeiiieeeeiieee e ns 16

3.3.2 High Speed Camera and Lighting..........c.ccccoevvieeennnneen. 17



3.3.3  Spray NOZZI€.....cooeeveveiiiiiiieeeeeiiieee e 17
3.4 Project ACHVILIES ...ueeeereeeeriiiiiieeeeeeriiiieeeeeeeeeiiiereeee e e e e 18

3.4.1 Experiment to Determine Microscopic Characteristics...18

3.4.2 Experiment to Observe Break up Zone.............cccccouueeee. 21

3.4.3 Experiment Plan............cccccooviiiiiiiiiiiiiee e, 23

CHAPTER 4: RESULTS AND DISCUSSIONS ......oooiiiiiiiiiieeeeceee e 25
4.1  Experiment to Determine Microscopic Characteristics ......... 25

4.1.1  Pressure Variation .........cc.ccceevueernieenieennieenieenieeenneeens 26

4.1.2  Penetration DiStance...........cccccceevuveenueirnieenieenieeenneens 28

4.1.3 Radial DiStance ...........cccecveeviiiiniiienieiniienieceieeeeees 31

4.1.4 Radial Distance for Methanol ............ccccocceeeiniiiiennnen. 33

4.2  Experiment to Study Break up Structure ...........ccccceeveneeenn. 36

4.2.1 Ethanol.......ccoccociiiiiiiii e 36

4.2.2 Methanol.........ccccooviiiiiiiiiiiiiii e 37

4.2.3  Propanol.......cccccccieviiiiiiniiiiiiiic e 38

424 Butanol ......coooooiiiiiiiiiiini e 40

CHAPTER 5: CONCLUSIONS AND RECOMMENDATIONS.................. 42
5.1 CONCIUSIONS ..couviiiiiiiiieieiiiite ettt 42

52 RecommendationsS..........oovvvviiiieiiieeimmmiiiiieieeeseeeeeeeeeeennn 43

REFERENCES ...ttt e 44
APPENDICES ........ooiiiiiii ettt e 47
Appendix A-1: Gantt chart............occcoiiiiiiiii i 48
Appendix A-2: Properties of alcohols ...........ccccceevniiiiiniiieeeeee. 49

vi



Figure 1.1
Figure 2.1

Figure 2.2
Figure 2.3
Figure 3.1
Figure 3.2
Figure 3.3
Figure 3.4
Figure 3.5
Figure 3.6

Figure 3.7
Figure 3.8
Figure 4.1
Figure 4.2
Figure 4.3
Figure 4.4
Figure 4.5
Figure 4.6

Figure 4.7

Figure 4.8

Figure 4.9
Figure 4.10

LIST OF FIGURES

Chart of National Price Chart E85 versus Gasoline in the USA.......... 2
Chart of Crude oil cost made largest contribution to gasoline price
110163 (T 1 5

lustration of different possible transition modes of droplet break up.. 11

Graph of break up duration versus Weber number for water droplets... 12
Flow of project activities..........o.evuevuiiiiiiiiiiiiiiiiiceiinea 15
Diagram for the experiment........... .coocoiiiiiiiiiiiiiiiiiiieieeieeeeeee. 18
Arrangement of LDA/PDA Systems inthe lab......................oo. 19
Experimental set-up..........cocciviiiiit ciiiii i 19
Picture showing intersection point for volume measurement............. 20

Diagram showing penetration distance and radial distance of spray

) PP PRI 21
Experiment set up diagram to observe structure of break up zone....... 22
Arrangement of equipments to observe the break up zone structure... 23
Graph generated from LDA/PDA Systems for ethanol at 1.5 bar......... 25

Graph of downward velocity versus alcohol types at various pressures. 27
Graph of horizontal velocity versus alcohol types at various pressures. 27
Graph of the SMD versus alcohol types at various pressures.............. 28
Diagram showing penetration distance of spray area at 0.5 bar.......... 28
Graph of downward velocity versus alcohol types at various

PENEtration diStaAnCES. .. .. ..euen ittt 29
Graph of horizontal velocity versus alcohol types at various

Penetration diStANCES. . ......evueeutent ittt 30
Graph of the SMD versus alcohol types at various penetration

ISTANCES ...ttt 30
Diagram showing radial distance of spray area at pressure0.5 bar........ 31
Graph of downward velocity versus alcohol types at various radial

[T 72 1 4 (o= 32

vil



32

33
33
34
34
35
35
36
36
37
37
38
38
39
39
40
40
41
41

Figure 4.11 Graph of horizontal velocity versus alcohol types at various radial
ISTANCES. ..ot
Figure 4.12 Graph of the SMD versus alcohol types at various radial distances......
Figure 4.13 Diagram showing radial location of methanol spray area at 0.5 bar......
Figure 4.14 Graph of downward velocity versus radial location.......................
Figure 4.15 Graph of horizontal velocity versus radial location.......................
Figure 4.16 The direction of individual droplet...............coooiiiiiiiiiiiiii
Figure 4.17 Graph of the SMD versus radial location..................................
Figure 4.18 Break up structure of ethanol at 0.5 bar.................c.ooiiiiiiinin,
Figure 4.19 Break up structure of ethanol at 1.0bar....................ccooinnn.
Figure 4.20 Break up structure of ethanol atl.5bar...................oooo
Figure 4.21 Break up structure of methanol at 0.5 bar.......................oai
Figure 4.22 Break up structure of methanol at 1.0bar.....................c.ocii
Figure 4.23 Break up structure of methanol at 1.5bar....................oco
Figure 4.24 Break up structure of propanol at 0.5 bar...............c.ocooiiiiiin
Figure 4.25 Break up structure of propanol at 1.0bar..................c.ooiiiiii
Figure 4.26 Break up structure of propanol at 1.5bar.....................oo
Figure 4.27 Break up structure of butanol at 0.5 bar.................coooiiin.
Figure 4.28 Break up structure of butanol at 1.0bar........................o .
Figure 4.29 Break up structure of butanol at 1.5bar........................l
LIST OF TABLES
Table 1.1 Consumption of Bioethanol in the European Union .......................
Table 1.2 Emissions of light vehicles in Brazil ........................o
Table 2.1 Table of physical properties of alcohols................c.ociiiiiiin..
Table 2.2 Table of Weber number proposed. ...........cooviiiiiiiiiiiiiinannen,
Table 3.1 Table of experiment plan for LDA/PDA Systems .............cccceeene...
Table 3.2 Table of experiment plan to observe the break up structure ..............
Table 4.1 Table of information of results generated from LDA/PDA.............

viii



ABBREVIATIONS AND NOMENCLATURES

LDA Laser Doppler Anemometry
PDA Phase Doppler Anemometry
Re Reynolds Number

We Weber Number

IC Internal Combustion

SMD Sauter Mean Diameter

1X



CHAPTER 1
INTRODUCTION

1.1  Background of Study

Alcohol fuels have been more expensive than gasoline because of the steps involved
in the manufacturing processes such as fermentation and distillation. However, with
deteriorating crude oil supplies lately, the price of gasoline is skyrocketing because it
has to be manufactured synthetically at a much higher cost due to the process
complexity (Keenan 2008). Thus, alcohol-based fuels such as ethanol and methanol
could be used as alternatives. Besides, alcohol was used for internal combustion
engine, which was patented by Nikolaus Otto in 1877 (Philadelphia 1876) before
gasoline had been discovered. After petroleum was commercialized, there was no
market for alcohol fuel anymore. However, alcohol fuels based are widely used
nowadays. Below is the table showing consumption of bioethanol in the European

Union.

Table 1.1: Consumption of Bioethanol in the European Union (EurObserv’ER 2007)

Consumption of Bioethanol in the Production of Bioethanol in the
European Union {1:37|.|'|II'IIJ[_"]1721 European Union {GWIIJU']

Ho Country 2005 2006 2007 Ho Country 2005 2006
1 Sermany 1,682 2,544 2,408 A Sermany 9v¥e| 2554
2 France 871 1,719 3,174 2 Spain 1,796 2,382
3| Sweden 1,621 1,894 2,113 32 France 8532 1,482
4| Spain 1,314 1,332 1,310 4| Swedean 907 S320
5| Poland 329 611 a9 5 Italy AT 759
6| United Kingdom 502 563 07 6| Poland 379 T
¥ | Bulgaria - o rE9 7 Hungary 207 201
8| Austria o o 254 8| Lithuania 47 107
9| Slovakia o “4 154 2| MNetherlands AT a9

10 Lithuania 10 64 135 10 Crech Republic [n] 89

11| Hungary o8 136 107 11| Latvia 71 71

12| Metherlands o 179 101 12 Finland T o

1= Denmark - 42 7O 27 Total 5411 9,274

14| Ireland o 13 5.4 100 1 bioathanol = 79,82 k.

15| Latvia s 12 20 T tonns Biesthancl = 9,84 te=

16 Luxembourg o [n] 10

17| Slowenia o 2 =]

18| Czech Republic o 13 2

19| lHaly 59 n] [u]

20| Finland o 10 n.a.

27 EW 6,481 10,138 13,563

1 toe = 11,53 MWh, n.a. = not awvailsbile



In the USA, ES85 fuel, a blend of 85% ethanol and 15% unleaded gasoline (Bechtold
2002) has been used widely and it is considered as an alternative fuel. Since E85 fuel
uses corn as the most common source, it is considered as a renewable resource.
Therefore, many major motor vehicles like Daimler Chrysler and Ford are doing
their parts to manufacture flexible fuel vehicles (Bechtold 2002). Economically, the
price of E85 is lower than unleaded gasoline by US$0.80 per gallon (Beam 2008).
However, the price varies according to the states in the USA. The price of E85 is
much lower compared to gasoline, which is shown in Figure 1.1 (NEVC 2008).
Although, the usage of fossil fuels is commercialized widely, alcohol fuels actually
have excellent characteristics which will affect engine performance. Its high “octane”
rating is one of the good characteristics, which prevents engine detonation under load
and it can stand much greater compression ratios (Ganesan 2008). Besides that,
alcohol also allows clean burning compared to gasoline and environmentally friendly

fuel. This is based on the emission of light vehicles used in Brazil which is shown in

Figure 1.2.
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Figure 1.1: Chart of National Price Chart E85 versus Gasoline in the USA
(Beam 2008)



Table 1.2: Emissions of light vehicles in Brazil (Negrdo 2004)

POLLUTANTS (1)
YEAR FUEL (grams per kilometer)
CO | HC |NOx|ALDHEYDES
Before 1980( Gasoline 54 14712 0,05
T Gasoline and ethanol mixture| 22 | 2 | 1.9 0,04
Ethanal 16 [16) 1.8 0,11
Gasoline and ethanol mixture(13.3/ 1.4 | 1.4 0.04
1990 Ethanol 108|1.3| 1.2 0,11
Gasoline and ethanol mixture| 4.7 | 0.6 | 0.6 0.025
b Ethanol 46(0710.7 0,042
2000 Gasoline and ethanol mixure [0.73]0.13]0.21 0.004
Ethanal 0,63[0.18]0.21 0.014

Based on the chart, alcohol (ethanol) fuel produces less overall emissions when
compared with gasoline or gasoline mixtures with ethanol. Thus, alcohol-based fuels

could be used widely as alternative fuels for in the future.

1.2 Problem Statement

The characteristics of alcohol sprays are not well understood although researches on
the characteristics have been done. However, there is no specific study on different
types of alcohols. The previous studies focus on the transition modes of droplet break
up only. Thus, there is a need to study and understand its characteristics in
comparison to different types of alcohols. The study will focus on the microscopic
characteristics and the structure of break up zone of alcohols sprays. The results from
the studies will provide data on the behavior of the alcohol sprays at various

conditions.



1.3  Objectives and Scope of Study

1.3.1 Objectives

The main objective of the present work is to study the microscopic characteristics of
sprays which are droplet sizes and mean velocities, as well as the break up structure

of different types of alcohol sprays such as ethanol, methanol, propanol and butanol.

1.3.2 Scope of Study

The present research covers the microscopic characteristics and the structure of break
up zone of the sprays near the nozzle exit. Both studies are related to each other, and
both characteristics are very important in relation to combustion process in the

engines.

To evaluate the microscopic characteristics in greater detail, a study is done on
droplet size and mean velocity, by using Laser Doppler Anemometry (LDA) and
Phase Doppler Anemometry (PDA) Systems. The study on the structure of the break
up zone of alcohol sprays is done by taking pictures using a high speed camera. To
understand the behaviour of alcohol sprays, key variables such as pressure, radial

distance, penetration distance, and liquid types are taken into consideration.



CHAPTER 2
LITERATURE REVIEW

2.1 Alcohol versus Fossil-fuel

According to National Energy Policy Development Group (NEPDG) (Bechtold
2002), there is an imbalance between current petroleum fuels supplies and demands.
Thus, corrections are needed to balance it. There is also a very major increase in
gasoline since 2004 until 2005 as shown in Figure 2.1 and the price is expected to
keep increasing because the world crude-oil market tightens (Energy Information
Administration 2008). With the increasing fuel economy of new vehicles, there is a
need to implement non-petroleum fuels as alternative solution. In April 1997,
representatives of 105 in the USA signed the Kyoto Protocol (Kyoto Protocol 1997).
The main aim is to reduce the atmosphere emissions of excess carbon dioxide which
is produced by oil burning and fossil gas. Thus, by promoting renewable materials

such as ethanol, harmful effects on the environment can be reduced gradually.

Crude Oil Cost Made Largest Contribution to
Gasoline Price Increase
250 - $2.243 per Gallon
200 - $1.793 per Gallon 44.5
§ 21.1 O taxes
8 150 - 43.7
R 165 - [m] dIS-tI’.IbUtIOI"l
100 4 - @ refining
g @ crude oit
i 111.2
50 79.7
0
2004 2005

Figure 2.1: Chart of crude oil cost made largest contribution to gasoline price

increase (Energy Information Administration 2008)



2.2 Characteristics of Alcohols

Alcohol is also called as an alternative fuel. The term alternative fuel is used to

describe fuels other than gasoline or diesel fuel. It is considered as an attractive

alternative fuel as it is obtained from both natural and manufactured sources. The

advantages of alcohols fuels are (Beam & Ganesan 2008, 2004):

a.

b.

The sources can be obtained from both manufactured and natural.

Its high octane fuel with anti knock index numbers of over 100 allows
the engine to run more efficient by using higher compression ratios.
The burning process in the chamber produces less overall emissions
compared to gasoline.

More moles of exhaust gases are formed when alcohols are burned.
Thus, it will give higher pressure and more power in the expansion
stroke.

Alcohol has high latent heat of vaporization, which results in a cooler
intake process. This raises the volumetric efficiency of the engine and
reduces the required work input in the compression stroke.

Alcohol fuels have low sulphur content.

There are two types of alcohols that have been commercially used as fuels. The fuels

are ethanol and methanol. In this project, the physical characteristics of the alcohols

for the project are listed in Table 2.1.

Table 2.1: Table of physical properties of alcohols (Fisher Scientific 2009)

Ethanol Methanol Propan-2-ol Butanol
C,H,OH CH.,OH (CH,),CHOH CH,.(CH,),OH
Molecular 46.07 32.04 60.10 74.12
Weight
Boiling Point 78°C 64.6°C 82.5°C 116°C —-119°C
Percentage 96% 99.8% 99.6% 99%




2.2.1 Ethanol

Ethanol is considered as a good spark-ignition engine fuel. There are three ways to
use ethanol as a transportation fuel: (1) as blended of 10% of ethanol with 90%
gasoline and known as “gasohol”; (2) as a reformulated gasoline’s component both
directly and/or transformed into a compound such as ethyl tertiary butyl ether
(ETBE); or (3) used directly as fuel or with 15% gasoline known as “E85". There is
no need for special configuration in using gasohol or transformed into ETBE for use
in reformulated gasoline. Besides that, ethanol can also be used directly in diesel
engines. In the USA, the price of E85 is much lower than gasoline as shown in
Figure 1.1 (NEVC 2008). However, the diesel engines must be specially configured,

and modification on fuel injection is required.

The usage of E85 will only eliminate some problems of pure alcohols such as cold
starting and tank flammability. Conversely, the usage of E10 only reduces the
amount of gasoline without modification to the automobile engine. Generally,

ethanol produces less HC emissions than gasoline (Ganesan 2004).

2.2.2 Methanol

Besides ethanol, methanol is also used as an alternative fuel in transportation. Pure
methanol and mixtures of methanol and gasoline in various percentages have been
used in engines. The example of the mixtures fuels are M85 (85% methanol and 15%

gasoline) and M 10 (10% methanol and 90% gasoline) (Bechtold 2002).

Emissions from the engine using M10 fuel are about the same with gasoline. The
advantage is only reduction of 10% usage of gasoline. However, with M85 fuel,
there is a decrease in HC and CO exhaust emissions. Also, there is an increase in
NO, as well as formaldehyde formation. Some dual-fuel CI engines use methanol
fuel. Due to high octane number, it is not a good for CI engines. Nevertheless, if a
small amount of diesel oils is used for ignition, it will solve the cold-start and flame

visibility of methanol (Ganesan 2004).



2.2.3 Butanol

According to Wikipedia (2008), butanol is less toxic and less volatile compared to
methanol. With the characteristics of high flash point, it is good for fire safety.
However, it is difficult to start the engine especially during cold season. This is
because it requires a very high temperature (several hundred degrees Celsius) for the
ignition to take place. For butanol, it contains much higher energy density compared
to ethanol. Besides that, fiber left over from sugar crops used to make alcohol could

be used to produce butanol. Thus, there will not be waste of the crops.

2.2.4 Propanol

According to Wikipedia (2008), propanol also shares characteristics with butanol
because propanol contains less volatile. 2-propanol is generally used as fuel additive
(gasoline additives). In fuel tanks, water is quite a problem as it separates from
gasoline and is able to freeze in the supply lines at low temperature (cold). With the
help of 2-propanol, it solubilizes water in the gasoline. Thus, it will not accumulate

in supply line and freeze.

2.3  Sprays

Sprays happen when a liquid disperse into a stream of droplets and a spray nozzle
helps facilitate in achieving it. Spray nozzle has two main functions which are to
increase liquid surface area to enhance evaporation, or to distribute a liquid over an
area. (Wikipedia 2009). When energy is imparted to the liquid, it forms large specific
surface area as a result of small droplet size. The mechanism of atomization includes

jet break up, sheet break up and droplet break up.

In jet break up surface tension, inertia, liquid viscosity and gas motion are important
to be considered. It is observed that the surface energy of a uniform circular
cylindrical jet is not the minimum attainable for a given jet volume (Azzopardi
1983). By neglecting the effects of gravity and ambient gas, Rayleigh (1878) showed

that the mechanism of the jet breakup is the hydrodynamic instability caused by the



surface tension. Weber and Chandrasekhar discovered that the viscosity has only a

stabilizing effect that reduces the breakup rate and increases the drop size.

When jets wave grow on thin sheets produced by some atomizers, they grow and
drops precursors. The process starts from sheet to ligament and then finally to drops.
Gebhard (1996) shows how bubbles can grow, burst and form holes, then to

ligaments and finally become drops.

The Weber (We) number is a dimensionless value useful for analyzing fluid flows
where there is an interface between two different fluids (The Engineering ToolBox
2005). Drops are subjected to aerodynamic forces are unstable if We > We isical
According to Lane (1951), We qiica 1S usually taken as 12. This is also called as

secondary atomization.

Researches have proposed different boundaries at different Weber number which is
shown below:

Table 2.2: Table of Weber number proposed

We Sarjeant Krzecz Pilch Erdman | Hsiang Faeth
Bag 12-25 12-20 12-50 14-32
Umbrella 25-50 20-30 50-100 32-72
Transition - 30-65 - 32-72
Shear/ligament | >50 >65 100-350 >72

2.4  Droplet Break up

The main objective of the liquid fuel atomization is to produce small drops. When
energy is imparted to liquid, it will produce smaller drops. With smaller drops, there
will be large specific area. The characteristics of droplet break up depend on non
dimensional parameters such as Weber (We) and Reynolds (Re). Discussion on

droplet break up is explained below (Tan, Papadakis and Sampath 2005)

According to Lane (1951, 1949, 1952), a single drop subjected to a steady stream of

air would initially flatten into a disk. At the critical air velocity, it would be blown




out into the form of a hollow bag attached to a circular rim. Fine shower droplets are
produced from the bursting of this bag. However, the rim (70% of the mass of the
original drop) broke up into much larger drops, which is known as the bag break up
mode (Figure 2.2). Besides that, he discovered droplets that were subjected to
transient gas flows exhibited a different break up mode known as stripping or shear
break up. The droplet is deformed in the opposite direction to that of the bag break
up and formed a convex surface to the flow. The edges of the saucer shape were

drawn out into a thin sheet and then into fine elements. These will turn into droplets.

For Hinze (1949), he showed that the increase of droplet viscosity could delay the
onset of break up. In highly viscous fluids, incomplete break up was observed. He
proposed the critical Weber number for break up was approximately 13 for shock
flows. For falling droplets, the proposed critical Weber number was approximately
22. He also discovered that the break up process consisted of several stages,
including extreme droplet flattening, formation of a torus with an attached hollow

bag-shaped film, and bursting of the film.

Krzeczkowski (1980) studied break up by using an open-jet horizontal wind tunnel.
This was done by releasing droplets at the nozzle exit of the tunnel. He also effects of
fluid viscosity on the break up modes and times by using methanol, butanol, water,
water-glycerin and glycerin solutions. Based on the experimental data, he suggested

four distinct modes of break up:

e For bag break up type, it is characterized by a hollow bag-shaped film
and a ring torus.

e Bag-jet break up is characterized by the additional stamen in the
middle of the bag.

e For transition type, it is characterized by an initial bag type break up
but transformed into disintegration of the bag film.

e Shear or stripping type is characterized by stripping of the surface

layer.

10



Figure 2.2 shows the illustration of different possible transition modes of droplet

break up. Figure 2.3 shows the break up times corresponding to two different modes

of break up for water droplets.
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Figure 2.2: Illustration of different possible transition modes of droplet break up
(Krzeczkowski 1980)
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Figure 2.3: Graph of break up duration versus Weber number for water droplets

(Krzeczkowski 1980)

Based from the findings in the literature review, studies have been done by
Krzeczkowski to investigate on the effect of fluid viscosity on the alcohols only.
Most of the studies are mostly on water. As a result, study on microscopic
characteristics has never been done yet. Although a study on alcohols has been done,
it is only focusing on one main variable which is the fluid viscosity. Thus, a break up

study in this project will have different variables such as pressure for evaluation.
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2.5 Droplet Size Terminology

The drop size is an important parameter as it is normally used for the correlation of
the combustion behaviour. However, all drops are not the same size in alcohol
sprays. Thus, there is a need for averaging in order to determine a suitable mean size
that corresponds to necessary droplet properties (Lefebvre 1989). Sauter Mean
Diameter (SMD) or D,, is commonly used, which is given by:

Zk: nl.Dl.3

SMD=D,, = - 2.1)

2
D)
i=1

where

n.= the number of droplets within a range of is centred on diameter D,

K=is the number of ranges.

SMD is an indicator of the degree of atomization produced by injector. Besides that,

surface mean diameter or D,;is also used to represent an average diameter with a

surface area equal to the mean surface area of all droplets. This is given by:

2.2)

13



CHAPTER 3
METHODOLOGY

3.1 Project Scheduling

According to Gantt chart, as shown in Appendix A-1, all the activities are planned
thoroughly. Although some activities are delayed, experiments are able to finish

within the expected time limit.

3.2  Research Methodology

The first step is to do background research on the topic of alcohol sprays. The
background information is the base for the research. Preliminary report mainly is
about the findings of the research as this is important in determining the experiments
that are to be done. Then, experiments are planned accordingly to study alcohols
sprays. Identification of equipments and chemicals are done for the experiments.
Then, familiarization with the LDA/PDA equipments is done before the actual
experiments are performed. This is important because during this stage, problems can
be detected before starting the actual performance. If there is any problem, steps
taken should be revised again from identifying of equipments and chemicals. For the
successful experiments, the results are analyzed. Successful experiments mean that
the complete results are able to be obtained while conducting the experiment.
However, for the fail experiments, they need to be identified the roots for the failure
and then to be corrected and repeated. The results of the experiments are then

analyzed. The results and discussions are included in Chapter 4.
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3.3 Tools

For this project, experiments have been planned to study the characteristics of
alcohol sprays. To study microscopic characteristics, Laser Doppler Anemometry
(LDA) and Phase Doppler Anemometry (PDA) shall be used. LDA is used to
measure mean velocity of the droplets and direction while PDA is used to measure
droplets size. High speed camera is used to take pictures of droplet break up of

alcohol sprays. Other tools include spray nozzle and lighting.

3.3.1 LDA/PDA Systems

To study microscopic characteristics, Laser Doppler Anemometry (LDA) and Phase
Doppler Anemometry (PDA) shall be used. LDA is used to measure mean velocity
of the droplets and direction while PDA is used to measure droplets size. In LDA, the
laser crosses two beams of collimated, monochromatic, and coherent laser light in
the flow of the fluid being measured, where these two beams are usually obtained by
splitting a single beam. This will result coherency between them. Then the two
beams are made to intersect at the focal point of a laser beam. This is where they
interfere and then generate straight fringes. The sensor is aligned so that the fringes
will be perpendicular to the flow of direction. With the information of fringe spacing,

d, velocity can be obtained (Wikipedia 2008).

PDA is a non-intrusive method in the research of two phase flows. Basically, PDA
consists of a laser, fibre optics, frequency shifter, transmitting and receiving optics,
signal processor, traversing system and a computer to control the measurement and
save the data. In PDA, laser beams from the transmitting optics cross at the focal
point of the front lens while the receiving optics looks to the same focal point at
certain angle. The size is measured based on phase difference between the signals

received by the two detectors.

The LDA/PDA is manufactured by Dantec Dynamics consists of following

components which are:

(a) A 300mW argon-ion laser source, LaserPhysics Reliant 500m;
(b) A laser splitter and manipulator, Dantec 60 x 26;
(c) A signal processor, Dantec 58N80-MultiPDA;
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(d) Optical-fiber cables, to convey the beams to the transmitter;

(e) A transmitter with a convergent lens, f = 600 mm;

® A receiver with a convergent lens, f= 300 mm;

(2) A traverse system Dantec 57G15; and

(h) Operating software, Sizeware 2.3, installed into a desktop

computer.

3.3.2 High Speed Camera and Lighting

Besides that, high speed camera is used to capture picture of the spray development
near the nozzle exit. The high speed camera is manufactured by Photron USA. The

model used is photron fastcam x 1280pci and it has the following specifications:

(a) The framing rate is available for 60, 125, 250, 500, 1000, 2000, 4000,
8000 and 16000 fps.

(b) The sensor resolution is 1280 x 1024 pixels.

(c) The framing rate used for the project is 2000 fps

(d) The interval is 0.0005 seconds

The lighting used together with the high speed camera model is LX901GZ, which is
manufactured by Unomat International, Germany. Its specifications are listed as
below:

(a) Security net video light with zooming system. Noiseless cooling

blower. Inclusive equipment safety device.

(b) Multi power circuit 1000W.

(c) Light head and handle around 90° tiltable.

(d) Colour temperature 3200 K

3.3.3 Spray Nozzle
The project uses high pressure spray nozzle F-75s, which is manufactured by Akoka
and the characteristics are listed below:

(a) Operating pressure between 3 to 5 bar

(b) Air inlet is 6.35 mm diameter

(c) Nozzle outlet is 1.3 mm diameter

(d) Full cone spray nozzle
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3.4 Project Activities

Two experiments are done in order to study the spray characteristics. The

experiments are:
a. Experiment to determine microscopic characteristics

b. Experiment to observe break up zone.

3.4.1 Experiment to Determine Microscopic Characteristics

For experiment a, the diagram is shown in Figure 3.2 and Figure 3.3. According to
these figures, the alcohols are poured into the filter funnel, and it will be delivered to
nozzle via a hose. The pressure is controlled by adjusting the compressor. Then, the

alcohols are collected in the tray and are used again in the experiments.

The first experiment is conducted to study the alcohols characteristics at different
pressure which are 0.5 bar, 1 bar and 1.5 bar. The experiments are repeated three

times for each alcohol. Figure 3.3 shows the arrangement of the equipments in the

lab.

. Power source
Pour in alcohols

\ \
Compressor
Filter funne /\
_
Hose
/‘ '

Nozzle

Retort stand

Tray

|
|
|
|
|
|
I
(s

i

Collected alcohol for recycle

Figure 3.2: Diagram for the experiment
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Tray

Figure 3.3: Arrangement of LDA/PDA Systems in the lab.

The purpose of this experiment is to determine droplet size and its mean velocity.
LDA is used to determine the mean velocity while PDA is used to determine the
droplet size. The experiment will vary pressure, location, and liquid types in order to

understand alcohols’ characteristics. Figure 3.4 is the LDA/PDA Systems diagram.

U In jectar

(/ =
¥
z

extlnctlan kearm

exthhoctlon sensor |J_'|—

j FPDA receiver

PlA transmitter

Troansmitter

processar ar—Ton loaser

Figure 3.4: Experimental set-up (Palacios, Lecuona, Vega & Rodrigues, 2002)
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Based on Figure 3.4, the system consists of a transmitter, a receiver, a signal
processor and a computer. Laser is split by utilization of Beam Splitter and
Frequency Shift Module. These two lasers intersect again at a point, which is called
probe volume. When a drop passes through the probe volume, the scattered light
forms an interference fringe pattern as in Figure 3.5. This is when the diameter and

mean velocity of the particle is measured.

Figure 3.5: Picture showing intersection point for volume measurement

For the experiments, pressure, penetration distance, radial distance, and alcohol types
are varied. The characteristics of alcohol are attached in Appendix A-2 for further
information. The penetration distance and radial distance are varied as shown in

Figure 3.6
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Figure 3.6: Diagram showing penetration distance and radial distance of spray area

3.4.2 Experiment to Observe Break up Zone

This experiment will be using high speed camera in order to capture the picture of
the spray development. The picture is then evaluated. The experiment will vary
pressure and liquid types in order to understand alcohols’ characteristics. By taking
pictures, the structure of the break up zone can be further understood. Figure 3.7

shows the experiment setup diagram:
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Figure 3.7: Experiment set up diagram to observe structure of break up zone

For this part, pictures are taken in order to see the break up structure of the alcohols.
Pressure is varied at 0.5 bar, 1 bar and 1.5 bar. Figure 3.8 shows the arrangement of

equipments in the lab:
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Figure 3.8: Arrangement of equipments to observe the break up zone structure.

3.4.3 Experiment Plan

Three experiments are planned for LDA/PDA. Pressure, penetration distance and
radial distance are varied. For each experiment, the experiments are repeated three
times for each fuel. This is illustrated in Table 3.1. However, experiments to observe
the break up zone is planned by varying pressure to be 0.5 bar, 1.0 bar and 1.5 bar
and it is illustrated in Table 3.2. The experiment at pressure 2.0 bar is excluded in
this work because it is very difficult to capture the droplets. At high pressure the
alcohols might evaporate, thus it is difficult to get the data for velocity and mean

size of the droplets.
From the experiment plan, there are some experiments that have not been conducted

due to insufficient of time and alcohols. The shaded blue columns and rows in Table

3.1 and Table 3.2 are the experiments which could not be done.
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Table 3.1: Table of experiment plan for LDA/PDA Systems (Shaded rows and

columns are the experiments which cannot be done).

Pressure Penetration Distance Radial Distance Radial Distance
Fuel Trial
At0.5 | At1.0 | Atl5 | At0.5 | At1.0 | At1.5 | At0.5bar
bar bar bar bar bar bar
1.0 cm 1.0 cm 1.0 cm 0 mm 0 mm 0 mm By trial to find
0.5 1.0 | 1.5 1.5 cm 1.5 cm 1.5 cm 02mm | 02mm | 0.2mm | the spray
bar bar | bar | 2.0cm 2.0cm 20cm | 04mm | 04mm | 04 mm | boundary
Ethanol R1
R2
R3
Methanol R1
R2
R3
Propanol R1
R2
R3
Butanol R1
R2
R3

Table 3.2: Table of experiment plan to observe the break up structure

Pressure
Fuel Trial
0.5 bar 1.0 bar 1.5 bar
Ethanol R1
Methanol R1
Propanol R1
Butanol R1

24




CHAPTER 4
RESULTS AND DISCUSSION

4.1 Experiment To Determine Microscopic Characteristics

Three experiments are conducted to determine microscopic characteristics using
LDA/PDA. One set of result of ethanol at 1.5 bar, obtained from LDA/PDA is
shown in Figure 4.1. The results generated from LDA/PDA provide information on
data count, downward velocity, horizontal velocity, and diameter of droplets. For
interpretation, data count has to be multiplied by 2000. Average value of downward
velocity and horizontal velocity are calculated. However, by using the information of

diameter of droplets, the SMD is then calculated.

Cowsrits X 2000
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o |
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Figure 4.1: Graph generated from LDA/PDA Systems for ethanol at 1.5 bar.

The information from the above figure is tabulated into Table 4.1.
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Table 4.1: Table of information of results generated from LDA/PDA

Vertical Counts Horizontal | Counts Diameter | Counts

velocity(m/s) velocity Mm

-8.0 4000 -1.9232 4000 140.625 | 2000
-0.7692 2000 154.6875 | 2000
1.923 2000

Sample calculation:

Average vertical velocity= -8 m/s (shows downward velocity)

Average Horizontal velocity= Z—V
n

_ (~1.9232)(4000) + (-0.7692)(2000) + (1.923)(2000)
(4000 + 2000 + 2000)

=—0.67315m/s (moving to the right)

i nl.Dl.3

SMD = D,, = -=!

k

2
2mD,
i=1

_ (2000)(140.625)° +(2000)(154.6875)°
(2000)(140.625)> + (2000)(154.6875)

=148 1m

4.1.1 Pressure Variation

According to Figure 4.2, downward velocity with standard deviation is plotted for

each alcohol at 0.5 bar, 1 bar and 1.5 bar. There is no specific pattern can be

obtained from this graph. It is observed that at pressure 0.5 bar, the standard

deviation is the largest compared to standard deviation at pressure at 1.0 bar and 1.5

bar. Standard deviation at pressure 1.5 bar is moderate and standard deviation at

pressure 1.0 bar is the smallest. This shows that the experiments at 0.5 bar should be

repeated to reduce errors. As a conclusion, pressure at 1 bar is reliable to run the

experiment compared to pressure at 0.5 bar and 1.5 bar.
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Figure 4.2: Graph of downward velocity versus alcohol types at various pressures

Referring to Figure 4.3, the horizontal velocity of methanol and propanol increases
as the pressure increases. However, this does not apply to ethanol and butanol as the
horizontal velocity decreases at 1.5 bar. It is affected by positive and negative value
of horizontal velocity. Unlike downward velocity, horizontal velocity possesses both
directions. Positive value means that the velocity is moving towards the left while
negative velocity is moving towards the right. As a result, there is reduction in
average horizontal velocity. According to the figure below, large standard deviation
occur at pressure 0.5 bar and 1.5 bar. It shows that the horizontal velocity is spread
apart at pressure 0.5 bar and 1.5 bar. In this case, direction of the movement causes

this. Smallest standard deviation occurs at pressure 1 bar, thus the result is reliable.

5 .
— 4
©
E,.
=
S2 T ) 0.5 bar
= m 1 bar
= 1 1.5
S0 o [l
;:o' 1 ethanol methanol propanol L butanol
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Alcohol Types

Figure 4.3: Graph of horizontal velocity versus alcohol types at various pressures
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According to Figure 4.4 below, the SMD for ethanol, methanol and butanol
decreases as pressure is increased from 1 bar to 1.5 bar. However, there is no special
pattern for the SMD. This error could happen due to limited number of experiment
trials. The error could happen due to difference in number of counts for each droplet

which will result in accuracy of the SMD.

180 -
160 ~
140 ~
120
100 ~
80 -
60 -
40 -
20 ~

SMD (10A-6 m)

ethanol methanol propanol butanol

Alcohol Types

Figure 4.4: Graph of the SMD versus alcohol types at various pressures

4.1.2 Penetration Distance

Referring to Figure 4.5, penetration is varied at location 1 cm, 1.5 cm and 2.0 cm.

The outcomes are explained below.

Nozzle '

—
1cem
Penetratior
15cm distance
r2cm ¥

Figure 4.5: Diagram showing penetration distance of spray area at 0.5 bar
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In Figure 4.6, downward velocity of ethanol and methanol increases as the pressure
increases. However, propanol and butanol show the same pattern. Downward
velocity of ethanol and methanol increases as the penetration changes from 1 cm to
2.0 cm. However, the downward velocity of propanol and butanol decreases as the
penetration changes from 1 cm to 1.5 cm. Then, the velocity increases as the
penetration moves from 1.5 cm to 2.0 cm. From the figure below, the pattern for
standard deviation for propanol and butanol are about the same. Thus, it can be
concluded that the results obtained for propanol and butanol are more reliable than

the results obtained for ethanol and methanol.

35 4
30 1

25 1

@1cm
m1.5cm
02.0cm

20 ~
15 A

Downward
Velocity (m/s)

10 4

5

ethanol methanol propanol butanol
Alcohol Types

Figure 4.6: Graph of downward velocity versus alcohol types at various penetration

distances.

According to Figure 4.7, the pattern for horizontal velocity ranges for location at 1
cm, 1.5 cm and 2.0 cm. The standard deviations for ethanol, methanol and butanol at
all locations are quite large. Only propanol possesses small standard deviation
among other alcohols. It is affected by positive and negative value of horizontal
velocity. Unlike downward velocity, horizontal velocity possesses both directions.
Positive value means that the velocity is moving towards the left while negative
velocity is moving towards the right. When the standard deviation is large, the

values are spread apart. In this case, direction of the movement causes this.
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Figure 4.7: Graph of horizontal velocity versus alcohol types at various penetration

distances.

Figure 4.8 shows that ethanol, propanol and butanol have the same pattern. The

SMD increases as the penetration changes from location 1.0 cm to 1.5 cm. Then, the

SMD decreases as penetration changes from location 1.5 cm to 2.0 cm. However,

the SMD for methanol keeps increasing as the location changes from 1.0 cm to 2.0

cm.

200
180 ~
160 ~
140 ~
120 ~
100 ~
80 -
60 -
40 -
20 ~

SMD (107-6 m)

ethanol

methanol propanol
Alcohol Types

butanol

@micm
m1.5¢cm
o2.0cm

Figure 4.8: Graph of the SMD versus alcohol types at various penetration distances.
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4.1.3 Radial Distance

For radial distance, three locations have been decided which are at 0 mm, 0.2 mm

Nozzle '

and 0.4 mm

20cm

Radial
distance

L

Figure 4.9: Diagram showing radial distance of spray area at pressure 0.5 bar

Based on Figure 4.10, ethanol and methanol show the same pattern when radial

distance varies. However, downward velocity for propanol and butanol shows the

same pattern. At location 0.2 mm, the standard deviation is the largest compared to

standard deviation at location 0 mm and 0.4 mm. For overall, the downward

velocities for the alcohols at various locations do not vary much. It ranges from 15

m/s to 27 m/s.
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Figure 4.10: Graph of downward velocity versus alcohol types at various radial

distances.

According to Figure 4.11, the pattern for horizontal velocity ranges for each
location. It is obvious that the standard deviation is the largest for butanol at location
0 mm and 0.2 mm. Besides that, standard deviation for propanol is quite large at
location 0 mm. The values are spread apart as horizontal velocity possesses both

positive and negative velocity. Thus, it results in large standard deviation.

o0mm
m0.2mm
00.4mm

ethanol methanol = propanol butanol

Horizontal Velocity (m/s)
& T NORTCCR R G O X I S =

Alcohol Types

Figure 4.11: Graph of horizontal velocity versus alcohol types at various radial

distances.

According to Figure 4.12, the pattern for the SMD ranges for all radial location.
There is a pattern similarity between ethanol and methanol. However, there is no
special pattern for generalization. This error could happen due to limited number of
experiment trials. The error could happen due to difference in number of counts for

each droplet which will result in accuracy of the SMD.
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Figure 4.12: Graph of the SMD versus alcohol types at various radial distances

4.1.4 Radial Distance for Methanol
Methanol at 0.5 bar is the only alcohol that is used for detail radial distance. The

offset radial distance is 0.8 mm. However, as it is approaching the spray boundary, it

has smaller offset which is 0.6 mm and 0.4 mm. Thus, the distance of spray

boundary is 7.4 mm.

2cm

v

A

Positive (+ve) Negative (-ve)

Figure 4.13: Diagram showing radial location of methanol spray area at 0.5 bar.

The downward velocity is almost the same at every radial location. The lowest

velocity happens at 0.6 mm while the highest velocity occurs at 0 mm. The rest of

the value ranges from 10 m/s to 20 m/s
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Figure 4.14: Graph of downward velocity versus radial location

In Figure 4.15, the horizontal velocity increases as it is approaching the spray
boundary. The horizontal velocity is the lowest at location 6.2 mm. The positive
horizontal velocity shows that it is moving to the left while negative value shows

that the horizontal velocity is moving to the right.

Horizontal Velocity (m/s)

Radial Location (mm)

Figure 4.15: Graph of horizontal velocity versus radial location
Figure 4.16 is obtained by using the information of downward velocity and

horizontal velocity. It is drawn graphically using Auto CAD in order to get the

hypotenuse. The red lines in figure below shows the direction of the droplets.
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Figure 4.16: The direction of individual droplet

Then the SMD for location at 0.6 mm and at 7.4 mm are very low compared to the

SMD at other locations. The SMD at the rest of the locations are about the same.

O T T T T T
0 0.6 1.4 2.2 3 3.8 4.6 5.4 6.2 7 7.4

Radial Location (mm)

Figure 4.17: Graph of the SMD versus radial location
The experiments seem to be insufficient. The experiments cannot be repeated more

than three times because there is short of alcohol stocks as it easily evaporates. From

observation, about 76% percent of alcohol evaporates while the experiments are
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conducted. Thus, it is not feasible to repeat the experiments more than three times.
Besides that, all the alcohols also experience temperature drop when experiments are

being conducted

4.2  Experiment to study Break up structure

4.2.1 Ethanol

According to figure 4.18, the spray boundary is the largest and the droplets can be
seen clearly. However, in Figure 4.19, the spray boundary is not as large as in Figure
4.20. The droplets are not as clear as in Figure 4.18. In Figure 4.20, the spray
boundary distance is almost the same as in Figure 4.19. However, alcohol droplets

cannot be seen as in Figure 4.19 and 4.20.

Figure 4.18: Break up structure of ethanol at 0.5 bar

Figure 4.19: Break up structure of ethanol at 1.0 bar
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Figure 4.20: Break up structure of ethanol atl.5 bar

4.2.2 Methanol

In Figure 4.21, droplets of methanol spray can be seen quite clearly. However, in
Figure 4.22, less of methanol droplets can be seen. Figure 4.21 and Figure 4.22 have
rather similar spray boundary distance. In Figure 4.23, the alcohol droplets can not
be seen as clearly as in previous two pictures. The spray boundary distance is the

smallest among the three pictures.

Figure 4.21: Break up structure of methanol at 0.5 bar
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Figure 4.22: Break up structure of methanol at 1.0 bar

Figure 4.23: Break up structure of methanol at 1.5 bar

4.2.3 Propanol

According to figure 4.24, the spray boundary is the largest and the droplets can be
seen clearly. However, in Figure 4.25, the spray boundary distance is smaller than
the spray boundary distance in Figure 4.24. The droplets in Figure 4.25 are not as
clear as in Figure 4.24. In Figure 4.26, the spray boundary distance is almost the
same as in Figure 4.25. However, alcohol droplets cannot be seen as clear as in

Figure 4.24 and 4.25.
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Figure 4.24: Break up structure of propanol at 0.5 bar

Figure 4.25: Break up structure of propanol at 1.0 bar
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Figure 4.26: Break up structure of propanol at 1.5 bar

4.2.4 Butanol

In Figure 4.27, droplets of butanol spray can be seen quite clearly. However, in
Figure 4.28, less of butanol droplets can be seen. Figure 4.27 and Figure 4.28 have
rather similar spray boundary distance. In Figure 4.29, the alcohol droplets can not
be seen as clearly as in previous two pictures. The spray boundary distance is the

smallest among the three pictures.

Figure 4.27: Break up structure of butanol at 0.5 bar
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Figure 4.28: Break up structure of butanol at 1.0 bar

Figure 4.29: Break up structure of butanol at 1.5 bar

According to the previous figures, the pressure affects the distance of spray
boundary. As the pressure increases, the distance of spray boundary lessens. Besides
that, there will be less droplets of alcohol can be captured as it is moving at higher

speeds when the pressure is increased.

To get a better result, the pictures should be taken from time 0, so that the spray

development until it stabilizes can be seen clearly.
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CHAPTER 5
CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

The objectives of this project are to study microscopic characteristics and break up
structure of alcohol sprays. To understand microscopic characteristics, pressure,
radial distance and penetration distance are varied in order to see the characteristics.

The experiments are done using LDA/PDA.

Pressure variation
For downward velocity at pressure at 1 bar is reliable to run the experiment

compared to pressure at 0.5 bar and 1.5 bar as it produces small standard deviation.

Penetration distance
The pattern for standard deviation for propanol and butanol are about the same. Thus,
it can be concluded that the results obtained for propanaol and butanol are more

reliable than the results obtained for ethanol and methanol.

Radial distance
For overall, the downward velocities for the alcohols at various locations do not vary

much. It ranges from 15 m/s to 27 m/s.

Generally, analysis shows that the horizontal velocity always spread apart as the
standard deviation is normally large. In this case, direction of the movement causes
this. However, there is no special pattern for SMD. This error could happen due to
limited number of experiment trials. The error could also happen due to differences
in number of counts for each set experiment which will result in accuracy of the

SMD.
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The second experiment is done to observe the break up structure of alcohol sprays.
Pressure is varied to be 0.5 bar, 1 bar and 1.5 bar. The pictures of spray structure are
taken using high speed camera. As the pressure increases, less droplets can be
captured due to high velocity of the droplets. Besides that, the spray boundary

decreases as the pressure increases.

5.2 Recommendations
Generally, the experiments should be done more than three times in order to get more

convincing results so that it would be much reliable.

Pressure variation
The experiments should be run more than three times for each set in order to get

more accurate results and pressure should be varied more than 1.5 bar.

Penetration distance
The experiments should be done at more locations, at different pressures for better

results.

Radial distance
The experiments should be done at more locations, at different pressures for better

images.

For the experiments to observe the break up zone of alcohol sprays, the pictures
should be taken from time 0, so that the spray development until it stabilizes can be
seen clearly. Besides that, spray angle should be monitored in each set of experiment

for accuracy.
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APPENDIX A-2 : PROPERTIES OF ALCOHOLS
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Figure 2: Properties of ethanol
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Figure 3: Properties of methanol
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Figure 4: Properties of propanol
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Figure 5: Properties of butanol



