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ABSTRACT

EXPERIMENTAL INVESTIGATION OF USE OF CANOLA OIL
AS A DIESEL FUEL

Ozdemir, Ali
M.S., Department of Mechanical Engineering
Supervisor : Pf. Ahmet Demir Bayka
Co-Supervisor : Assist. Prof. Dr. Ahmet Yozgaltl g

September 2008, 174 Pages

In this study, canola oil has been selected fortést on a diesel engine and its
suitability as an alternative fuel has been exathii® decrease the high viscosity of
canola oil, the effect of temperature on viscokiég been researched. Then the fuel
delivery system has been modified to heat candlaedore injecting the oil into the
combustion chamber. Also, ethanol has been testeh aadditive by blending with
canola oil. An experimental setup has been installecording to standards to carry
out tests. The set up has been controlled withngpaer to take measurements more
precisely and to perform experiment automaticalligxperimental investigations

have been conducted on a four cylinder, directiige diesel engine.

Full load-variable speed tests have been conduoctevaluate engine performance
parameters. In addition 13 mode ESC test cycldobas performed to determine the
exhaust emissions. Engine performance and emissioascteristics of canola oll

and canola-ethanol blend containing 30% ethanoé leen compared with those of
baseline diesel fuel. Experimental results show #mgine performance decreased
for canola oil. Addition of ethanol into canola dihs been noticed to improve

performance a little with respect to pure canold. dilthough, maximum

iv



performance has been obtained with diesel fueljrmim specifics energy cost is
obtained with canola oil. It has been observed thatrocarbon (HC) emissions
decrease with canola oil, blending ethanol withotamwil increase HC emissions and
maximum values are read for diesel fuel. Carbon orme (CO) emissions have
been observed to be the highest for canola oiblariding ethanol has a decreasing
effect on CO emissions. As for particulate matt], use of canola oil has been
seen to be more pollutant than diesel but addilgreti in canola reduces PM

emissions significantly.

Keywords: Diesel Engine Canola Oil, Alternative Fu&ngine Performance,

Exhaust Emissions



Oz

KANOLA YA ININ D ZEL YAKIT OLARAK KULLANILMASININ
DENEYSEL OLARAK ARA TIRILMASI

Ozdemir, Ali
Yuksek Lisans, Makine MuhendisiiBolim
Tez Yoneticisi Prof. Dr. Ahmet Demir Bayka
Ortak Tez Yoneticisi : Yrd. Do¢. Dr. Ahmet Yozgail

Eylal 2008, 174 Sayfa

Bu cal mada dizel motorda kullan Imak tzere kanola ysecildi ve onun alternatife
bir yak t olarak uygunluu incelenmitir. Kanola ya n n viskozitesini dutirmek igin
s cakl k ile viskozite aras ndaki incelenrii. Sonra yakt sistemi kanola ya
yanma odas na puskirtmeden 6nce stmak icin thelmi tir. Ayrca etil alkol
katk maddesi olarak kanola yaa eklenerek test edilnir. Testleri
gercekletirebilmek igin standartlara uygun bir test sistekoirulmutur. Bu test
sistemi verilerin hassas toplanmas ve otomatikasimgcin bir bilgisayar taraf ndan
kontrol edilmitir. Tim testler direk puskurtmeli 4 silindirli betizel motor Ustiinde

yapIm tr

Motor performans de kenleri tam yik de ken hz testleri yap larak elde
edilmi tir. Ayrca 13 mod ESC test cevrimi yap larak ekzosmisyonlar
belirlenmi tir. Motor performans de kenleri ve emisyon derleri kanola ya ve
%30 etil alkol kartrim kanola ya icin elde edilmitir ve referans yakt olan
dizel ile kar la trim tr. Deneysel sonuclara gére motor performans laryal
kullan m ile duomatdr. Etil alkolin kanola ya icine kar trimas ile bir
performans art gozlenmitir. Maksimum performans dizel yakt ile elde edimel

ra men minimum 06zgul enerji maliyeti kanola yaile yap lan deneylerde elde
vi



edildi. Hidrokarbon emisyonlar kanola y&ullan m ile dima tir. Bu emisyonlar
etil alkoliin kanola ile kullanImas ile artmas men en yilksek derler dizel
kullan m na elde edilmtir. Karbon monoksit emisyonlar ise kanola kullan ile
artm tr. Etil alkol karbon monoksit emisyonlar ise diiicu bir etki gostermiir.
Partiktl emisyonlar da kanola yakullan m ile artm t r. Fakat etil alkoliin kanola
ya ile kar trImas yla cok miktarda dint tdr.

Anahtar Kelimeler: Dizel Motor, Kanola Ya Alternatife Yak t, Motor Performans ,
Ekzost Emisyonlar
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CHAPTER 1

INTRODUCTION

Energy is the source of life and considered astaalrfactor for economic growth,
social development and human welfare. However supplenergy on world is
limited. With the advent of industrial revolutiotihe world energy consumption has
been growing steadily. The world energy requiremeare usually provided from
conventional sources such as petroleum, naturalagdscoal. According to the
International Energy Agency (IEA), approximately 88 cent of the world’s energy

consumption is now derived by fossil sources (Fegud) [1].

mmm Coal
mmmm Natural gas
Ol
Nuclear power
mmm Hydroelectricity
Biomass and refuse
mmmm Other renewable sources

Figure 1.1: World Energy Consumption apportioned accordingrtergy sources [1]

Petroleum consumption comprises an important glatieese sources. In the world,
most of the petroleum production is utilized ineimal combustion engines (IC) [2].
The demand for petroleum products has been rising tb the increasing

industrialization, motorization and population ditworld. Petroleum based fuels
are obtained from limited reserves. These finiserees are highly concentrated in
certain regions of the world. It is estimated thsse reserves will run out in 65
years (Table 1) [3]. Amount consumed energy supgbyresents development level
of country. In some developed countries such aanlagermany, France and Italy
oil production is less than 10% of consumption [Bherefore, they depend upon
import of crude oil and are facing economic crdige to rising of petroleum price

now.



Table 1.1: Summary of Petroleum Reserve Data as 2007 [3]

Conitiy Reserves ! Production Reserve life *
10° bbl 10° m® 10° bhlid 10° m*/d years
Saudi Arabia 260 41 8.8 1,400 81 .
Canada 1?9. 285 27 430. 182-
Iran _ 136l 216 39| B20 74
Irag 115 183 37 590 101
Kuwat 99 187 25 400 108
United Arab Ermirates 9?'. 15.4 25 zlEIEI. 1D?'-
enezuela | BD. 13 24 380 91
Russia &0 895 05 1,510 17
Libya 415 B.60 18 290 63
Migeria 38.2. 576 23 3?’0. 43-
United States . 21 | 33| 49| 780 12
Mexico 12 19 32 510 10

Total | 1137 1808 48.2 7B60 B

Hotes:

1 Claimed or estimated resenves in billions (109J of barrelz (converted to billions of cubic metres). (Source: Ol & Gas Journal, Januany, 2007
2 Production rate in millions (1DE'j of barels per day (converted to thousands of cubic metres par day) (Source: US Energy Information Authority,
September, 2007

3 Reserve life inyears, calculated as rezervesf annual production: (from abowe)

Turkey is a developing country and for this rea$arkey’s energy demand has risen
rapidly as a result of social and economical dgwalent in recent years [5].
Although the country’s energy consumption has grogamsiderably since the
beginning of the 1980s, while 77% of the overalmary energy consumption in
1970 was met by the domestic energy sources, driseptage decreased to 28 in
2003 [6]. In other words, Turkey is more dependfaneign country to provide its
energy requirementsTherefore, those countries not having fossil reserlike
Turkey are facing petroleum crisis at differentdégrndue to the import of crude oil.
Hence it is necessary to look for alternative fughich can be produced from
materials available within these countries. Anotberous problem associated with
the use of petroleum is the increase in emissibhsse pollutant gases are badly
affecting the respiratory system, the nervous sysiEpeople and producing a large
number of skin diseases. The gases also damagedtiag of animals and influence
the plants and trees. Acid rain is also owing tesé pollutants emission gases.

Hence the need to search alternative fuel is iabigt
2



1.1 Alternative Fuels

Alternative fuels, also known as non-convention&l$, generally consist of gas and
liquid fuel and can be used in the internal combuaséngines as fuels. Well known
alternative fuels include bioalcohol (ethanol, naetbl), non-fossil methane, non-
fossil natural gas, hydrogen, vegetable oils, l@seli and other biomass sources.
Finding alternative fuels for internal combustiomgmes resulted in fuels from oil
shale, tar sands, as well as synthetic fuels, alcbiological originated fuels, natural
gas, liquid petroleum gas (LPG) [7]. Spark ignitiengines (SI) can be run on
ethanol, methanol or blend of these with gasoliteG, and natural gas for the
reason that they have low cetane number. Vegetalsleand methyl or ethyl ester
delivered from them or blend of these fuels withséil at any ratio are suitable for
compression ignition engines (CI) since their cetammbers are close to that of
diesel fuel [8].

For using the alternative fuels, automotive indugrlooking forward to the ways to
lower emissions on account of environmental norrhemissions. Furthermore,
many vehicles running on diesel as fuel are orrdlael and they are waiting for an
easy-implemented alternative, environmental frignaihd cheap fuel. Because of
this, local and academic researchers are putting mmphasis on finding the right

alternative fuel to designing a new system [9].

For those countries like Turkey with agriculturapeacity, biodiesel and vegetable
oils are of the most important alternative fuelsg®table oils used in this study refer
to vegetable oils which have not been modified @andesterification or similar
process to form what is called biodiesel. Biodiesehade from oils of various types
of oilseed crops like sunflower, rapeseed, soybepeanut and palm by
transesterification ways. Diesel engines can lean vegetable oils or biodiesel
without any modification of the engine, but there anany problems which have
been faced during the experimental research beaduseir different chemical and
fuel properties from diesel fuel. However, thesebigms may be solved with

modification of oils and engines.



In next section of this chapter, historical backgrd of vegetable oils as diesel fuels,
problems about diesel engines running on neatagilalternative and their solution
and then searches on canola oil are discussed. Astils of this study are

mentioned in the last section of this chapter.
1.2 Historical Background

The diesel engine was invented by Rudolph Dieséatie 19" century. He thought

up the concept of the engine that compresses antp ghe resulting rise degree in
temperature. At Berlin Motor Fair, the first diesahicles were exhibited in 1923
[14]. Diesel vehicles were started to build by aubtive companies in the beginning
of 20". Diesel technology has developed during the fdllgwdecades, and today
approximately 95 of all transit busses and tractwmisthe road are diesel engine
equipped vehicles [10]. Diesel engines have somarddges compared to gasoline
engines; as a result their popularity has been igigpateadily in heavy duty vehicles.
These advantages are their durability, reliabibtyd fuel economy. Beside the

benefits, noise, low specific power output and rnthRiO, and particulate matter

emissions and high cost are the drawbacks of cassjoe engines, but  new

technologies have been minimizing these liabilifiey.

The concept of using vegetable oils as fuel foseli@ngines is nothing new. This is
almost as old as the diesel engine itself. Rudblgsel intended that an engine may
be run on a variety of fuels including vegetablés @nd he developed the diesel
engine and then introduced it at Paris Expositibha®0 using peanut oil as fuel. In
1911, he stated that “The diesel engine can be&vivegetable oils and would help
considerably in the development of agricultureha tountries which use it.” After

one year, Diesel said “The use of vegetable oilsdiagine fuels may be seen
insignificant today. But such oils may become iurse of time as important as
petroleum.” [8]. Also, Charles reported that Frenmhd Belgium scientist ran

compression ignition engines on palm oil in somehef African colonies in 1920.

Moreover, Professor R.J. Gutierrez of Buenos Aifggentina, successfully tested
castor oil in a diesel engine in 1916 [12]. Veb&taoils were used in diesel engines

until 1920’s. The engine was altered to enable iige a residue of petroleum, which
4



is known as diesel #2. However despite the techfeesibility, vegetable oil as fuel
could not get acceptance, from 1930 to the enerngis ©f 1974 there was no serious
interest into renewable fuels such as vegetabldroilecent years, systematic effort
have been made by several researches to use Biolied sunflower, peanut,
soybean, coconut, rapeseed, linseed oil, ethamehanol etc as alternative fuel for

Cl engines.

1.3 Why Vegetable Oil Fuel?

Although there are some problems with vegetable a# fuel, use of them for
compression ignition engine has some advantageparat to the diesel and other
alternative fuels. The most important advantaghas they are renewable resources
in contrast to limited petroleum resources. Morepveis simple to extract and
process. The technology is not as sophisticateget®leum production [3]Also,
diesel engines which are on the road can be rumegatable oils as alternative fuels
directly or making some little modification. Forade countries like Turkey with
agricultural capacity, growing crops on the farmpi@duce oils that are used in
internal combustion engines as fuel will make maabilands productive. Also, this
promises to keep agriculture independent and caragtee a continued food supply
in the country even during a petroleum crisis. Aot positive aspect is that
vegetable oils are environmentally friendly. Theg aon-toxic, biodegradable and

do not increase the level &0, at all in the atmosphere at global level [15]. &inc

vegetable oils do not contain any sulphur conttarkieavy diesel fuel, no sulphates
are formed and the emission of particulate mather lme reduced, which would be

beneficial in reducing air pollution and toxic esias.

Reason why research has been increased on vegetigblecently is that they have
physical and chemical properties analogous to tladsdiesel fuel and can be a
replacement for diesel fuel. For instance, thereetaumbers of vegetable oils are in
the range suitable for or close to that of diesel.fAlso, lower heating value of

various vegetable oil is nearly 90% of that of didsel [8].



1.4 Some Problems and Solutions with Vegetable Oil

Initially, it is believed that diesel engines rum wegetable oils directly with minimal
processing and preparation. However, the resuls wiimber of short-term engine
tests have shown that vegetable oils are suitalnlecdmpression engines as an
alternative fuel, but long-term endurance testsehaproven that some serious
problems exit in injector coking, ring sticking, guformation, and lubricant oll
thickening. High viscosity and non-volatility codsrably cause these problems,
which result in inadequate fuel atomization and omplete combustion.
Consequently, the engine, the fuel or both shoaldhbdified in order to make use of

vegetable oils in diesel engines.

Burning in diesel engines is a very complicatedcpss. Liquid fuel is injected into
the combustion chamber in droplet form at the eincompression. There is a force
against the air to inject the fuel. The air hashhigmperature and pressure. This is
the most crucial step in the operation of a diesgiine. These droplets evaporate and
are mixed with the compressed air. During injectiourning process continues and
newly injected fuel mixes with burned gases ana tine air [11]. If the fuel is not
properly atomized, it burns slowly and unevenly,ickihresults in reducing the
engine efficiency and raising unburned pollutantsthe exhaust and forming
deposits of solid carbon on the piston head cylitd&ad, and inlet and outlet valves
of the engine [12]). It is difficult to inject getable oils as they are more viscous
then diesel fuel. The Southwest Research Institdd et al. (1982) evaluated
injecting behavior of 14 vegetable oils and pointad that the oils behave very
differently from petroleum-based fuel on accounthair high viscosity. Also engine
test showed that carbon deposits occurred on déegghes when being fed with raw

oils and carbon deposit levels differed for differeils [13].

The problems associated with a diesel engine rgnoim vegetable oil for a long
term time can be listed as below
1. During cold weather, difficult or no starting

2. Excessive carbon deposit resulting in piston rigiguge, injector coking..



3. Dilution of the lubricating oil causing thickenirand sludge formation and
wear of related engine parts

4. Clogging of fuel filter and decreasing of fuel siypi the engine

As it is stated above, the potential solutions tfee problems are engine and fuel
modification. The objective of these solutions @nenonly to reduce the viscosity,
which is the most important property of fuel rethteroblems. Fuel modification
involves blending (dilution), micro-emulsification,cracking/pyrolysis and
transesterification, while injecting system modition and fuel line modification

consist of engine modification.

1.4.1 Blending (Dilution)

Vegetable oil and diesel can be directly mixedrat matio and they may be used for
feeding a diesel engine. Blending of vegetablewith diesel reduces high viscosity
and the droplet size of the spray and improves @weion so that this may decrease

the carbon deposit buildup and the sticking ofgis¢on rings [8].

1.4.2 Micro-emulsification

A micro emulsion is clear, stable, isotropic, lidumixtures of oil, water, and
surfactant. These can be used to solve the probldmgh viscosity of vegetable oll
with solvents such as methanol, ethanol, and butaDperwinski prepared an
emulsion of 53% of sunflower oil, 13.3% of ethamwoid of 34.4% of butanol. He
observed that lover viscosity and better sprayepast are obtained as increased the
percentage of butanol [16].

1.4.3 Cracking (Pyrolysis)

Cracking is defined as the process of conversionnef substance into another by
means of heat or with the aid of a catalyst. Thaagerials may be vegetable oils,
animal oils, natural fatty acids and methyl estdrfatty acids. Many scientists have
made research on the pyrolysis of vegetable oilsrder to obtain a suitable fuel
[16].



1.4.4 Transesterification

Transesterification is commonly used chemical mettw reduce high viscosity of
vegetable oils. It is not a new process. BeforeldVdfar 2, transesterified vegetable

oil was first used in South Africa.

In organic chemistrytransesterification is the process of exchanghmgalkoxy

group of anester compoundavith anotheralcohol This is accomplished by mixing

methanol or ethanol with sodium or potassium hyml®xto make methoxide.
Methanol and ethanol are commonly used as an dlahieto their low cost and
chemical benefits. Methanol or ethanol and sodiumpatassium hydroxides are
mixed into vegetable oil and this mixture is heasewl then maintained at 65 C.
Next, the entire solution is stirred. Glycerin aster layers are formed. The former
is the lower, while the latter is the upper layEne ester, or biodiesel, is separated

and washed. Next the moisture is removed from ¢563r

1.4.5 Fuel Line Modification

As it is mentioned before, the viscosity of vegétatils must be reduced to use it as
fuel. There are two main ways to do this. The mesmmonly way is
transesterification and converting into the biodiess it is explained in the previous
paragraph. The second is to modify the dieselllinelengine. Since the viscosity is
very temperature sensitive, preheating the oilrpogoing through the injectors is
an acceptable means to solve this problem. Preénlgedefore combustion may
improve quality of combustion [12]. Diesel fuel dirshould be modified to run on

engine with preheated oil as fuel.

1.4.6 Injecting System Modification

Injecting the fuel into combustion chamber is thestimportant process for a diesel
engine. This directly affects engine performancéaest emissions. Diesel fuel and
vegetable oil have different physical and chempralperties so they have different
spray characteristic on same injector. Howeveruse vegetable for diesel fuel

replacement, engine makers are reluctant to medigynes [12].
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1.5 Canola

Canola (Figure 1.2) is a plant that is a membefaaje family of plants called
cruciferies. It was developed in the 1970’s by Ghawa plant scientists who selected
rapeseed populations looking for a crop that wautdluce a healthy, edible product.
Rapeseed is not an edible product and canola i€ mgwven to edible rapeseed. The
word "canola” was derived fronCanadianoil, low acid" in 1978 [17]. This oil has
one of the lowest levels of saturated fat of vegletails and it is excellent for
healthy diet. In addition, canola oil contains haglevels of the beneficial omega-3
fatty acids compared to some other vegetable oil€anola oil is used for cooking
and baking at home and also industrial uses sudhehslubricants and hydraulic
fluids.

a b

Figure 1.2 a)Flower of Canold) Seed of Canola

Seeds of canola include around 38% to 50% oil andyze cakes with 35% to 40%
protein [17]. The cake can be used as fodder fonas. The production of canola
has been increased over the years, and as caemé&aem the Figure 1.3 it comprise
12% of world oil seed production in 2006 [18]. Thatans that rapeseed is the
second largest oilseed crop in the world. The Ganmp can be cultivated over all of
the agricultural area of Turkey except the Blaclk $sgion. The production of this
crop has increasing since 2000. Governments areuesging farmers to grow

canola seeds and are giving some incentive pay [19]
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Figure 1.3: World Oil Seed Production 2006 [18]

1.6 Literature Survey

The scientists and researchers tested a numbeiffefedt vegetable oils such as
sunflower oil, cotton oil, rapeseed oil, soybeahanid peanut oil on different types
of diesel engine to investigate the possibilityusing vegetable oils as a replacement
for diesel fuel. These studies may be divided i tgroups. Some researchers
performed experiments with neat vegetable oils #redr blends with diesel or
additives such as ethanol. Others studied vegetalsleesters, known as biodiesel,
and their blends with diesel. In general, the dibjes of these experiments are to
investigate the effect of test fuels on engine gremince, exhaust emissions and

engine parts.

1.6.1 Neat Vegetable Oils and Their Blends

Bruweral. et al. (1980) performed experiments onflswer seed oil as a fuel. A

tractor engine operated with pure sunflower oiteasl of diesel fuel without any

engine modification. After 1000 hours operatiorgylobserved an 8% power loss.
To correct this power loss, the fuel injector andlfpump were replaced, but same
power loss occurred. After 1300 hours operatiory taxamined the injectors and
reported that there were excessive carbon depodite injector tips when an engine
fueled with 100% sunflower oil [20].
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Tahir et al. (1982) studied the use of sunflowé¢asia renewable energy source. An

agricultural tractor was used during the experirmenhe sunflower oil viscosity was

determined and it was 14% higher then diesel ft@T'&C. They reported that there
was no change engine performance but fuel econoatyedsed slightly. Also
oxidation of sunflower oil caused gum deposits elated engine parts, which would

result in engine failure [21].

Hemmerlein et. al.(1991) used rapeseed oil to stheyeffect of using an alternative
fuel in diesel engines in Germany. Six differerdsdil engines were investigated with
respect to performance, fuel consumption, exhaustssons, and durability
characteristic using neat (100%) rapeseed oil @s Auparticular dilution tunnel was
used to measure particulate emission. They condltits the physical and chemical
properties of rapeseed oil as a fuel were verylamd those of diesel fuel and also
engine performance and energy consumption weretaheusame for both fuels.
Also exhaust emissions were higher when operatpdseed and they tend to be
lower with direct injection (DI) engines and dieseél. In addition, Diesel engine
with divided combustion chamber and big cylinderavenore suitable for long-term

operation with rapeseed oil [22].

Labeckas et al. (2006) investigated rapeseedami through the fuelling system, the
effect of oil as replacement for diesel fuel onthgpeed diesel engine performance
and injector coking under various loading condisiomhe diesel engine was
naturally aspirated, four stroke, four cylinder afickct injection. They reported that
although the brake specific fuel consumption artddgower of rapeseed oil was
higher than that of diesel fuel but break thernfatiency of both fuels was about

the same. The rapeseed oil had lower smoke opatitylly opened throttle. The
effect of temperature was determined that the gisgaiminished to 19.5mm’s*

when heated t®0°C and smooth oil flow through the fuel filter wastained. These

reduced the brake specific energy consumptiongat loads.. However heating to

the temperature of90°C has no benefits with respect to performance. Tests
conducted with modified fuel injection pump showhbdt the injector nozzles which
operated on neat oil were more coated by carborosikspthan that operated

simultaneously on diesel fuel [23]
11



Kegl (2007) studied the effect of rapeseed oil &sehon bus engine MAN D 2566
with direct injection M system. The injection, sprand engine characteristic were
determined experimentally under 13 mode ESC testrdported that the fueling,
injection duration, injecting timing and injectoregsure of rapeseed oil raised under
operation regimes. Rapeseed oil formed a narrowdrlanger spray under most
tested operating conditions. The smoke, CO and iM{Ssons of the engine feeding
with rapeseed oil were lower than those of thgirenrunning on diesel. However,

NO, emission was higher when using the oil as fuehlaimodes. The harmful

emissions of rapeseed oil decreased essentiabhiftying pump timing [24].

Tadashi et al (1984) evaluated rapeseed oil anch sl as possible sources for
liquid fuels in a naturally aspirated direct inject diesel fuel. It was found that
vegetable oil fuels generated acceptable engin®rpgince and exhaust emission
levels for short term operation. Nevertheless, éhkgels caused carbon deposit
buildups and sticking of piston rings after exteshaperation. They also suggested
practical solutions to overcome the problems werereasing the fuel temperature

over to 200° C, blending the oils with diesel fuel 25% ratio, iidéng vegetable oils

with ethanol 20% ratio, or converting the vegetable into methyl esters [25]

Wagner and Peterson (1982) examined rapeseeddiiasel mixture as substitute
fuel. The oil fuel mixture was heated prior to camtion and no measurable
improvement in fuel injection was observed. Durihg short-term engine testing the
diesel engine was catastrophic failure due to dsewe rapeseed oil. Nonetheless,
during the durability test, signs of wear, contaamion of lubricating and loss of
power were not occurred when the engine operatéd W% rapeseed oil, diesel
blend [26].

McCuthen (1981) evaluated the use of 30% soybebii08b diesel fuel blend as
potential sources on direct injection (DI) and medti injection (ID) engines. The
results demonstrated that ID engines could be rutiig fuel blend while DI engines
could not operate with that mixture. Injector cakiand piston ring sticking were
observed on DI engines as a result of using soybg§a7].
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1.6.2 Biodiesels and Their Blends

Vellguth (1983) studied the use of vegetable oild their esters as an alternative
resource for diesel engines. Some problems weneemaa during the both short and
long term engine testing. For long term tests, senggnes were parts broken down.
When operated with rape seed ester carbon depositthe piston were lower
compared to that rapeseed oil. He conducted tpaseed ester can be used as diesel

fuel for short-term; however, there were some motd operated long period [28].

Schumacher (1999) evaluated the effects of soylpeetiyl ester as a fuel on a
Dodge truck. He reported that soybean methyl estarbe used in diesel engines
with little difficulty. 10-20-30-40-50% soybean rhgt ester diesel fuel mixture was
tested. As the soybean methyl ester ratio in tlesalibiodiesel mixture increased,

the power, smoke intensity, CO and HC emissionsedsed whileNO, emissions

and fuel consumption rose.[29]

Chio (1997) investigated the effect of rapeseedhyhetster (RME) and different
diesel/RME blends on diesel engine performanceeaéust emissions on a single
cylinder diesel engine. Particulate matter and @@sgions were decreased under

high loads single injection. On the other handphserved a slight rise iNO, as

the biodiesel concentration in diesel increasedwéd@r, when using multiple

injections, particulate matter decreased whi®, emission changed little or any

[30].

Makarevicience et. al. (2003) conducted exhaustsgon tests on rapeseed oil
methyl ester (RME), rapeseed oil ethyl ester (R&tg) fossil fuel as well as on their
mixtures. The tests showed that rapeseed oil etstdr had less negative effect on
the environment compared to that of rapeseed othyheester when considering

emission oNO, , CO emissions and smoke density. The emissioN@©f increased
when operated with rapeseed oil ethyl ester oveselof diesel fuel. However when
fuelled with 25-50% bioester mixed with dieseNO, emission significantly
decreased. In addition, when run pure rapeseedstelr, CO, HC,CO, emissions

and smoke decreased compared to that of fossildiesl [31]
13



Kwanchareon et. al (2007) studied diesel-biodietlehnol blends as a fuel on diesel
engine. Fuel properties such as density, heat ofbagtion, cetane number, flash
point, and pour point of the blends and their emissharacteristics in a diesel
engine examined and compared to those of dieseteplerted that fuel properties
are in the standard limit for diesel fuel, but thlends containing ethanol had quite
different flash point from conventional fuel. Thetane number of blends could not
decrease considerably due to high cetane numbaodiesel. When fueled with the

blends, CO and HC emissions declined significanihger high loads condition,

while NO, emission increased compared to those diesel fliéls. most suitable

ratio for diesel production was a blend of 80% €ig$5% biodiesel and 5% ethanol
[32].

1.7 Balaban Valley Project

Balaban valley project is supported by Middle E&sthnical University, Ankara
University, Ankara Gine KOOP (Non Governmental Organization), Turk Trakto
Company and K r kkale Agricultural Authority. Thevaof this project is to improve
the quality of life in rural area. Four villagescided 60 km east of Ankara with a
population of 1300 people are selected for condgdtie project. A self-sustainment
by using renewable energies is the expected re&3n#.of the main operations in the
project is growing crops on the farm to produceawitl substituting the fossil fuel
with biofuel. Consequently, the cost of fuel usedthe production of food and
depending upon the fossil fuel in agricultural ask@uld decrease. In the Balaban
Valley, there is biomass energy cycling (Figure) thét the canola crops is separated
into oil and cake by an extraction machine, whea&ecis a nutritious food to
animals, and oil is used as a diesel fuel in tradio plough the fields. The cycle will
go on by growing up new canola crops besides odigeicultural products. This
study is a part of the Balaban Valley Project whioncentrates on achieving a self-

sustaining village

14
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Figure 1.4: Schematic lllustration of Balaban Valley Project
1.8 Scope of the Study

The purpose of this study is, using modified fuelivery system in diesel engine of
tractor, to run the diesel engine on canola oil lalethd of canola with ethanol and to
compare short term engine performance and exhawissiens to those of engine
running on diesel fuel. To reduce the high visgosfreheating the oil prior to
injection and blending with ethanol are applied.e3é& methods are simple and
practical solutions. Canola oil used is not modifeay chemical process; that means

canola is in pure form. The hypotheses behindhtsestudy are

1. First of all, starting the engine on diesel fuedl aanning on oil when coming
operating temperature and purging down to diesirbeshut down would
cause elimination of starting problem at cold weatéind provide a suitable
starting fuel for the engine’s next use.

2. Heating the oil or mixing it with ethanol would newk the viscosity and get a

good spray pattern and increase the combustiorieziiy inside the cylinder.

For the experiment, diesel engine fuel deliveryteaysis modified in order to heat

the test fuel. For this purpose a heating systemhes8gned and manufactured and
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then mounted to test engine. The detail of thidesysis explained in following
chapter. To perform the experiment, an experimesgtlp is designed according to
European Union sampling and measurement proceddirecfive 1999/96/EC).
Because of dimensional limits and cost, partialvfldilution system with isokinetic
probe and fractional sampling methods are seletctetbtermine effect of test fuels
on exhaust emissions. Moreover, experiments arferpeed according to one of the
European Union heavy duty diesel engines emissisinclycles, European Stationary
Cycle (ESC).Experimental set up is controlled vatbomputer to take measurements
more clearly and to perform experiment automatycaHor this reason electronic
measurement and control apparatuses are adoptdgetgetup and a computer

program is written to manage that system.

Details of experimental setup apparatuses, healystem, computer software, and
emission test cycle are explained in the follonachgpter. In Chapter 3, experimental
procedure is presented. In Chapter 4, the formgkdun calculation of engine
parameters is detailed. In Chapter 5, experimeartdl resulting calculated data are
presented. In Chapter 6, discussion, conclusionfatode work about this study are
explained.
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CHAPTER 2

EXPERIMENTAL SETUP AND APPARATUS

In this Chapter, the experimental setup and appsrnased in experimented system
will be described. Experimental setup consists ieé fmain systems. These are
engine performance testing system, dilution tunnedrticulate and gaseous

emissions sampling measurement system and electrontrol and data acquisition

system. Figure 2.1 gives an overview of the expenital setup and test apparatus
used. In the following pages, the details of theevill be supplied.

L Fuel System

Sampling Bag

# Dilution Tunnel

Figure 2.1: General View of Experimental Setup
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2.1 Engine Performance Testing System

Engine performance testing system includes testegine and the measuring
systems; such as power, air and flow rate, speddt@mperature. The electronic
measuring devices mounted the setup to get moraratecdata by using data
acquisition card. This system is shown Figure 22\v.

;,==|."',:"‘

|
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S

Figure 2.2: Engine Performance Testing System

2.1.1 Tested Engine

Diesel engine used the experiments was 3908 ca, dglinders, four strokes,
naturally aspirated, direct injection and water ledo It was produced by Turk
Traktor Co. and is applied in tractors. The engind Sub-system specifications are

summarized in Table 2.1.
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Table 2.1: Specification of the Engine

Producer Turk Tractor Co.
Maximum Torque 260 Nm at 1500 rpm
Maximum Power 70 Hp at 2500 rpm
Swept Volume 3908 cc
Compression Ratio 1:17

Cylinder Diameter 104 mm

Stroke 115 mm

Low Idle Speed 750 rpm

Injection System Direct Injection (DI)

The above-specified engine was coupled to a Frddgéraulic Dynamometer.
Besides the engine itself; flywheel, starting mptdternator, and radiator tank and
dashboard assembly were mounted to required padtplaces. Diesel fuel system

was modified to feed canola oil and diesel fuel emgdreheat the oil prior to injector.

2.1.2 Dynamometer

A dynamometer is a device for measuring torquegefpior power and rotational
speed from an engine, motor or other rotating pmnoxer can be calculated. There
are two types of dynamometers: one that is cougllexttly to the engine, known as
an engine dynamometer, and the other that can megswer and torque without
removing the engine from the frame of the vehiklegwn as a chassis dynamometer
[11].

In the experiments, the test engine was loaded thighhelp of 350 HP loading
capacity Froude Hydraulic Dynamometer, which isampgle of first type. The
maximum allowable speed of the dynamometer is ddfiams 3500 rpm; however, in
the experiments, only 2600 rpm was used for maxinspeed for the reason that
maximum engine speed was 2600 rpm. The dynamonagiglies load onto the
engine by pressurized water around the rotor ofstiadt connected to the flywheel

of the engine. The opposing torque occurs as seoshaft’'s reaches to a required
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speed. Level of the water is changed to obtairsestence which is used to measure
engine power. This is done by turning the “loadtomnhand wheel”. The load is
increased or decreased by turning the load cohamtl wheel by hand in clockwise
or counter clockwise direction. A stepper motor vedimched on the load control
hand wheel and it was connected to the computars,Tthynamometer load on the
engine could be adjusted with the help of compptegram that was developed for
controlling the experimental setup. To attach thepmer motor, a new loading
mechanism with stepper motor was designed by uBnagEngineer 2001 that is a
package Cad software and adaptor and rails weranufactured and then mounted
on dynamometer. This is shown in Figure 2.3. Thele/tayout and assembly of

loading mechanism with stepper motor is also ginefsppendix E.

Figure 2.3: Loading Mechanism with Stepper Motor

2.1.3 Load-cell

The dynamometer was upgraded to take torque dagdeesonic signals instead of

spring-meter read out. To upgrade the dynamomeétstead of the spring-meter
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parts, a load-cell with strain gage produced bytiHger Baldwin Messtechnik"
was implemented. First, the spring-meter parts hef dynamometer were taken
down. Then, beam and fixture were designed and faatued to fix the load-cell

on the dynamometer.

The load cells of the series RSC measure tensiadslon axial direction. The

threaded boreholes at the top and at the bottorasae for load introduction. Loads
should be introduced as close as possible to @ctiim of measurement. Torsion and
bending moment cause measurement errors and afg itk damage the load cell.
These adverse influences must be avoided by catistnuelement such as knuckle
eyes. The nuts of the knuckle eyes must be propastened. The fastening torque

should not be applied to the load cell.

The load cell with strain gage measuring system w@ecting to T7075 DC

amplifier (see Appendix F) designed for strain gaugeasuring systems

byELIMKO ™ . The connection was made as shown in Figure élaib

(black) Excitation (-)
(white) Signal (+)
(geen) Excitation (+)
(red) Signal (-)
(yeliow) Shield

connected with housing

Figure 2.5: Load-Cell Electrical Connections

The load-cell that is connected to dynamometehasve in Figure 2.5 and assembly
and technical drawing of load-cell attachment areer in Appendix E. The
installation of the load-cell resulted in more psecdata and eliminated the high
vibration coming from the test engine because offunationing damper. Another
advantage that the load-cell attached dynamomettrat the data taking was made
easier, since load-cell made it possible to semd ahalog output to a Personal
Computer (PC). The dimension and specification hed toad-cell are given in

Appendix F.
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Figure 2.5: Load-Cell connected to Dynamometer

2.1.4 Speed Sensor

The dynamometer was improved to measure rotatispabd data as electronic
signals instead of stroboscope. To determine ergpeed, instead of stroboscope, a
crankshaft position sensor was implemented. This@emeasured the rotational
speed of shaft of dynamometer. This speed was dqutie rotational speed of
crankshaft of the engine since it coupled diretdlylynamometer shaft. To connect
the sensor on dynamometer first the sensor holder designed and manufactured
and then mounted. (See Figure 2.6 for the conmectidhe speed sensor). Detailed

drawing of the speed sensor holder can be seepperdix E.

22



e |
Toothed Wheel ’

“c'._‘

Speed Sensor

Figure 2.6: Connection of Engine Speed Sensor

Crankshaft position or vehicle speed sensor if@fick-up coil sensor. This type of
sensor consists of a permanent magnet, yoke ahdltas sensor is mounted close
to toothed wheel. As each moves by the sensorGroltage pulse is induced in the
coil. Each tooth produces a pulse. As the wheealtest faster more pulses are
produced. The number of pulses in one second makigequency. To convert the
frequency to analog signal, a circuit was desigaed produced. It includes a LM
2907 a frequency voltage converter integrated ttir¢iis circuit scheme is given in
Appendix F. The installation of the rpm sensor mad#decting rpm data more

precise and easier.

2.1.4 Fuel Flow Measurement System

Fuel consumption was measured by newly designed sphsor system instead of
standard and most known stopwatch method. Anrelgictsignal outputting system
composed of two optic sensors designed by ProfADrDemir Bayka since the

standard stopwatch method causes the flow rate tedd wrongly. Beside the optic
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sensors, fuel flow measurement system (see Figutei2cludes 3-way solenoid
valve, piston, glass-buoy in the bulb structureesv small fuel container, flag and
holder of optic sensors. The small fuel containgdt aluminum part that holds the
optic sensors were designed and produced for MdySifiCerit (2006). Flag, black
colored plastic thin sheet, was glued on the dgtagss, which floats on fuel in
container. Also, a hole drilled to the flag so theten that hole faces the sensors, the
sensor would produce a digital signal. This digganal was sent to a PC data

acquisition card. The fuel return line was alsormmted to the fuel container.

| » oy

IlI Solenoid Valve  §

\
\

II"-. Wi .
i T Fuel Container

Figure 2.7: Fuel Consumption Measurement System

The logic of the flow rate measurements have beademas follows. When fuel

amount increases buoy and flag on it ascends. Tptio sensor installed such a way
that flag can pass inside them. As the hole onfltge goes in front of the sensor
installed above, a signal is send to the computdrthe computer send a signal to

activate solenoid valve in which fuel comes witle tielp of the computer program
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developed for the experiment. Then the solenoidevdirects the pressurized air to
close fuel line and the fuel in the container dases and the buoy descends. When
the hole on the flag goes in front of the sensatailted below. After the sensor
installed below is passed another signal is sentbtoputer and solenoid valve to
close the fuel line. Since the volume differencettad container is known (area is
constant and the volume area is multiplied by tiséadce between the sensors) and
the time difference is known, therefore volumeftaw rate can be calculated. The
installation of new fuel flow measurement systerauled in more accurate fuel

consumption data collection.

2.1.5 Air Consumption Measurement System

Air consumption was measured an air mass meter hathfilm element instead of
Go-Power air flow meter. Hot film air mass metensigts of plug-in sensor and
measurement venturi. The details and all of theifipations of air mass meter used
can be viewed in Appendix F. The micromechanicakeeis located in the plug-in
sensor’s flow passage. The micromechanical meagagyistem uses a hybrid circuit,
and by evaluating the measuring data is able tectiethen flow takes place during

air-flow pulsation.

The heated sensor element in the air-mass metapaliss heat to the incoming air.
The higher the air flow the more heat is dissipat€de resulting temperature
differential is a measure for the air mass flowjmast the sensor. An electronic
hybrid circuit evaluates this measuring data sd tha air-flow quantity can be
measured precisely, and its direction of flow. Oplgrt of the air-mass flow is
registered by the sensor element. The total aisrflag/ing through the measuring
tube is determined by means of calibration [33]: this reason, an air-mass meter
was taken and calibrated by using Go-Power air flogter and air blower. The air
blower sucked the air passing through the air-nmaster and simulated an engine.
The air mass-meter is attached between air blowgraa air filter tank. To change
air quantity, there was a valve between air-meterair blower. After calibration, it
was mounted to experimental setup (before induananifold, after air filter tank).

It is shown in Figure 2.9. The calibration curvetloé air meter done is presented in

Appendix C.
25



Air-mass meter

Figure 2.8: Air-Mass Meter

2.1.6 Temperature Measuring Devices

In the experimental setup, K type thermocouplesswised to measure temperatures
and to take the data as electrical output to the H@rmocouples produce low
voltage output signal varying with temperature. Fbat reason amplifiers are
necessary to amplify the signal produced from tlomouples. For this purpose
amplifiers used in test setup were designed by.Hbof A. Demir Bayka and
produced. Signals of thermocouples were ampliftedl0/+10 V range with the help
of these amplifiers. Then the signals send to drieeoanalog input ports of the data
acquisition card. Calibration of these amplifiersrev made using thermometer and
calibration curves are given in Figure C.3, C.45 @nd C.6 at Appendix C. To
measure fuel temperature prior injection pump, eshéemperature, sampling point
of exhaust temperature and diluted mixture tempesait particulate sampling point,

this temperature measuring devices were utilized.
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2.1.7 Fuel Pump Control System

The fuel pump of the engine was controlled by thenjguter automatically to change
engine speed instead of manual control. For thipgae a direct current (DC)
electric motor with reduction gearing was used. €letric motor could be rotated
in clockwise or counter clockwise with the help obmputer program and
input/output (I/0) interface board. Therefore themp can be adjusted continuously.
The circular motion of the electric motor is corteerto linear motion using a screw
mechanism and a cable attached to this mechanisimedMer, the position of fuel
pump was determined with the help of linear potengter. 12 V was send to the
potentiometer. When the electric motor rotated, #djustable arm of the
potentiometer moved linearly and an analog signa$ went to one of the analog
input channels of the data acquisition card. Thheals that were produced when the
fuel pump was entirely open and closed were detexdhand entered in the computer

program. The fuel pump control system is shownigufe 2.9.

i

Figure 2.9: Fuel Pump Control System
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2.2 Dilution Tunnel

Dilution tunnel is used to determine particulatel @xhaust emissions of the internal
combustion engine. It is defined as channel systénare the engine exhaust gas is
diluted with air from the environment [34]. Dilutioair is obtained from an air
blower. All or some portion of exhaust gas is tak®m the exhaust tail pipe and is
given to the dilution tunnel and then mixed witle tir that is given to tunnel with
other pipe in the mixing chamber. The air and tixbaest should be mixed
homogeneously in a short time. Avoiding instantarsei@mperature decreases where
two gases come into the mixing chamber is the nmapbrtant point about that
mixing process [11] In tunnel system, sampling &fgrmed at constant flow
condition; called Constant Volume Sampling (CVS)[&ome measurement devices
such as temperature, pressure and flow rate musndialled to control flow
condition in the tunnel. Full exhaust flow dilutitumnels and partial exhaust dilution
tunnels are the types of dilution tunnels thatftequently  used. In the full exhaust
dilution tunnel systems, the entire exhaust gasdiliged with air. They have to
operate at very high flow rates especially whegdagngines are tested. Thus, these
dilution systems are very large and their installais vey expensive [37]. As for
partial dilution tunnels, only a portion of the exist gases is sampled. Therefore

system dimensions and installation cost can becestiu

In this study, because of dimensional limits andtcepartial flow dilution system

with isokinetic probe and fractional sampling wased to determine particulate
matter (PM) and exhaust emissions. Mini dilutionrtel used for the experiments
was firstly designed and produced for PhD studiariel (1996). The dilution tunnel

is described in Figure 2.10.

With that system, raw exhaust gas is taken fromaeghpipe (EP) and is transferred
to dilution tunnel (DT) through the transfer tubET] by the isokinetic sampling
probe (ISP). To draw exhaust sample into transiiee,tan air blower is used (Figure
2.11). The blower is connected to dilution tunned @upplied dilute air. Sampling

probe with open tube facing upstream was insentetth® exhaust pipe centerline.
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Figure 2.10:Partial Flow Dilution System with Isokinetic Samqiand Fractional s
Sampling (SB Control) [35]

Figure 2.11:Air Blower connected to Dilution Tunnel (DT)
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Isokinetic sampling probe is used to get samplgasieous with same concentration
as exhaust pipe. The pressure equations of exgasdietween exhaust pipe and the
probe inlet shall be achieved with that samplinghoé. For that reason, pressure
difference of exhaust gas between sampling prgbeanid exhaust pipe near the
sampling probe was measured by using u-tube mameoregtiipment with capacitive
sensors produced by Mefa (see Appendix F) insteldlifferential pressure
transducer (DPT) (Figure 2.12). To do this, a srhale was drilled to the points.
Cupper pipes were installed and connected on U mates. It was filled with water.
The capacitive sensors were mounted on U manorpgierbut there was a small
distance between water inside U manometer and {Regore 2.13). These sensors
can sense water. When water increases in oneidinetite capacitive sensor sends a
signal to the computer. The program written fos thiudy activates the step engine
mounted on a valve at the end of tunnel and adjrsspressure difference and
dilution tunnel flow rate. If there is no signalopgluced by capacitive sensors, the
pressure difference is not zero but it is nearlp znd changing 0 to 250 Pa. This is

the allowable differential pressure range in DinecB6/EC/1999.

Exhaust Pipe

Transter Tube (TT)

Figure 2.12:1sokinetic Sampling Point (ISP) and Transfer TUb€)(
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When exhaust gas pressure in exhaust pipe anchetaksampling point are equal,
velocities are assumed to be identical. Hence, flaw of exhaust gas and flow rate
through ISP and TT have a constant ratio and Htad is called as split ratio. It can
be determined by the cross sectional area of ERS@nNd is used with the dilution
air flow rate to calculate dilution ratio. The détaf this calculation is explained in
Chapter 4.

As stated above, a homogeneous mixture of air ahdust gas should be achieved.
The most important factor to get it is flow conditi through the dilution tunnel.
Where exhaust gas sampled and dilute air come nitacbin first part, there is a
turbulence flow. This flow condition increases thiing rate. Flow condition reach
to laminar flow through the tunnel. In order to @ flow rate of diluted exhaust
through the tunnel, an orifice was used (FiguretR.The orifice also increases the
mixing rate since it results in narrowing and exgan in flow. The flow rate is
calculated by the pressure drop in the orifice.sTiessure was measured using a
manometer and calibration curves are evaluated drglKor PhD study (1996) and

presented in Appendix C.

Capacitive Sensor
Conntcted on U
manometer

t

Figure 2.13:Capacitive Sensor connected on Manometer
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Dilution tunnel length is important to take acceraammples. In dilution tunnel
designed by Karel, pipe length between the orificd sampling point is 16 times of
the pipe diameter. This distance is determined ssmmuam 10 times of the tunnel

diameter in BS 1042 (British Standard).

Another important point about the tunnel flow, theximum mixture temperature of

diluted gas at particulate sampling point should58€. To measure this
temperature, a thermocouple was inserted to diutimnel at sampling point. The

mixture temperature stayed that critic temperatluneng the experiment for dilution

tunnel used.

Figure 2.14 Manometer connected to Orifice on Dilution Tunnel

In the partial flow dilution tunnel systems, soneatulate loss in the transfer tube
and following steps. This is an important problemd & taken into account carefully
[11]. For that reason, dilution tunnel consistecpipies with smooth inside surfaces.
A section of pipe was cleaned before the experimentletermine soot amount

adhered inside the pipes. Then it was removed hiéim fabric and solvent material
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and total particulate mass inside the pipes wasitzkd. The ratio between adhered
soot inside pipes and total soot of exhaust gaslid% according to this test [37].

As mentioned above, tunnel flow rate is adjustedthry valve at the end of the
tunnel. When the valve is turned to reduce crossmsearea of tunnel pipe, pressure
inside the dilution tunnel increased. As a regdudinsfer tube velocity and amount of
sample taken decreases. It is obvious that asdlve ¥s opened, exhaust gas taken
from exhaust pipe increases. To control this opmrawith the computer during the

experiment automatically a stepper motor was agtdamn the valve.

The exhaust gaseous sampling system from exhapsttp dilution tunnel was
designed and produced for Ms Study of Cerit (20@@yure 2.12). The design is
based on Directive 96/EC/1999. The inside diamefesampling probe should be
minimum 12 mm and the minimum ratio between exhaiipe and isokinetic
sampling probe should be 4 according to Directi6éE@/1999. Because of these
requirements, sampling probe with 13 mm inside éi@mand exhaust pipe with 60
mm inside diameter were used. In addition, the maxrn length of pipes from
engine to dilution tunnel should be 10 m accordmdpirective 96/EC/1999. In the
system used, a muffler, isokinetic sampling prabansfer tube and exhaust pipe
were installed and total length of them was abouat. 2As for an isokinetic system,
the exhaust pipe must be free, bends and suddemehat least 6 pipe diameters
upstream and 3 pipe diameter downstream of theftthe probe. The exhaust pipe
had 60 mm inside diameter and the distance bet#teemuffler and sampling probe
upstream was 430 mm, greater than 360 mm. Moretnarsfer tube should be as
short as, but not more than 5 mm in length anddibeneter should be equal or
greater than isokinetic sampling probe, but not entiran 25 mm in diameter.
Transfer tube used in the experiment has 13 mmameter from tip of sampling
probe to exit of the tube and located on the cdimterof the tunnel.

2.3 Particulate Sampling System

Particulate matter (PM) sampling and mass measureprecedures are defined in

the standards such as European Union Legislatimed¢iive 96/EC/1999), US 2007
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Regulation and ISO 16183 Standard. Main points abampling and measurement
methods are transportation of exhaust gas to driutunnel, design of dilution
tunnel, flow conditions in the tunnel, whose detaite explained in previous section,
particulate sampling filter and passing of dilutedhaust gas through the filter,
whose details are explained in this section. Raeie sampling system is required
for collecting the particulates on the particulaier. Total sampling and fractional
sampling may be used. In the case of total samartjal flow dilution, the entire
diluted exhaust passes through the filter and idilutunnel and sampling system is
usually an integrated unit. In the case of fraclasampling partial flow dilution or
full flow dilution only a portion of the diluted é&aust passes through the filter and

sampling system is usually a different unit frora thlution tunnel.
In this study, partial flow dilution system and dtmnal sampling was used for

measuring PM and exhaust emissions as mentionedebdhe sampling system was
designed and produced for PhD study of Karel (1996 shown in Figure 2.15.
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Figure 2.15:General View of Fractional Particulate Sampling
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Fractional sampling system consists of a partieulsampling probe (PSP), a
particulate transfer tube (PTT), a particulateefilta filter holder, a vacuum pump, a
control valve and a rotameter. A sample of thetdduexhaust gas is taken from the
dilution tunnel through the particulate samplin@lpe and particulate transfer tube
by the means of vacuum pump. Then the sample sedatirough the filter holder
that contains the particulate sampling filter. Baenple flow rate is measured using a
rotameter (Figure 2.16). During the sampling, tleéowity of diluted exhaust in the
tunnel and the velocity of the sampled exhausthi particular sampling probe
should be equal. Therefore, there is a controlesalw the sampling system to adjust
the sampling flow rate. To start the particulatengling when the flow reached to
required condition a solenoid-piston-valve systeraswised (Figure 2.17). The
system was inserted on particulate sampling lirtevaas controlled by the computer.
The computer sends signals to open or close tlemaiol valve when the particulate
sampling starts or finishes respectively. The smikvalve activates the piston and

then it turned the spherical valve to open or ctbeeparticulate sampling line.

Figure 2.16: Particulate Sampling with Vacuum Pump and Rotamete
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In the system used, particulate sampling probe ingested facing upstream on the
dilution tunnel pipe centerline where the dilutiamin and exhaust gas are well mixed
according to Directive 96/EC/1999. That point istla distance 16 times of pipe
inside diameter from exhaust entrance in dilutimel. Moreover, sampling probe
should be 12 mm in minimum diameter and openinthefprobe should have sharp
edges, and wall thickness less than 1 mm. Thusditraeter of the probe was 12
mm. As for particulate transfer tube, it was conedcto a filter holder. The

maximum length of the transfer tube from the tighe# probe to filter holder should
be 1020 mm. As a result, transfer tube used was MB80 in length. Also, a

thermocouple was attached to sampling point sirfoe diluted exhaust gas

temperature must not exced@’ Cas stated previous section.

Figure 2.17:Solenoid-Piston-Valve system on Particulate Samggline

Filter holder used was connected to between péateuransfer tube and vacuum

pump. The holder material was a kind of material thoes not react with exhaust

gases. Filters are positioned in the filter holglethat the sampled exhaust does not

pass from outside of them. A ring was used to hioddfiberglass filters in the filter
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holder. The holder, the filter and the ring is shaw Figure 2.18. Particulate filters
should have a minimum of 47 mm and stain diametdilter should be 10 mm
smaller than that of the filter. In addition, thelyould have minimum efficiency of

95% for particles 0.3 m and above. In the experiments, fiberglass filteith 65

mm in diameter was used.

I\ Ringusedtohold
£ the filter in the
filter holder

Figure 2.18:Filter Holder and Fiberglass Filter in it

To determine the mass of the particulates, therfithust be prepared according to
standards. For this reason, a preparation prooegsarallel with the standards stated
before was applied to make the filters ready. Toirbevith, the filters were kept in

an oven for 3 hours 80°C, and then they were put in a desiccators and wegaftr

24 hours to remove the humidity. Afterwards, theeffs were pre-weighted using an

analytical balance in a weighting chamber to deteenthe tare. At the end of

sampling, the filter was taken back to the labasa{@€hemistry Laboratory of MKE

Small Arms Ammunition Factory) and reweighted attemidity equilibrium again

to determine the mass of the particular matterectdld on the filter. During this
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process the filter was not touched by hands, thegewaken using pincers. The
analytical balance used was 1/10000 g sensitigide (Figure 2.19). The temperature
and humidity of the weighting room was controlleadahey were maintained to

within 24C+2 C and 40+ 8% during the filter weighting respectively.

Figure 2.19: Analytical Balance with 1/10000 g Sensitivity

During the particulate sampling, the blockage &f fiter may be happened and it is
an important risk considered. The blockage may tiearfilter. Therefore, tips of a
manometer were connected to the front and the bhtie filter holder to determine

whether there was a pressure drop on the filter.

2.4 Sampling of Gaseous Emissions

There are several methods which can be utilizedldtermine concentration of

gaseous emissions and is defined in the stand&atizisin this study, sampling of

gaseous emissions was performed by using nylon bdgsh do not have any
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reaction with exhaust gasses (see Figure 2.20). nihen bags were placed in
particulate sampling line after vacuum pump pipguted and sampled exhaust gas
pass through the particulate sampling filter andnttare collected in the bags.
Therefore, the exhaust gas is purified. This metibazlled as grab sampling.

Figure 2.20:Nylon Gags and Solenoid Valves on Them

Sampled gas is channelized by using solenoid valmdss drawn by the pressure of
vacuum pump. As a result, seven 12v solenoid valese connected and were
controlled by the computer automatically. Leakagéshe bags were checked in
order to prevent the contact of exhaust gasesaiitbr other gases. Nylon bags have
only a port for entering and exiting the gases. thae reason, a pipe frame and port
were designed and manufactured (see Appendix BEefdmnical Drawings). The
frame was inserted from the top edge of the bagtamds seamed. Sampled exhaust
gases in the bags were vacuumed by the AVL Dia®asgés analyzer device to

measure the total percentages of CO, and total Hydrocarbons. After analyzing,
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the gases remained discharged from the bags usiogumn pump again. AVL gas
analyzer device has two probes; one is used fomtbasurement of opacity, and
other is used for measurements of gaseous emisstonghe measurements of the
opacity an auxiliary device must be necessary Wit gas analyzer (see Figure
2.21).

MEEEER

AVL DiGas DS
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2.5 Data Acquisition and Control System

For collecting data and the control of the expentagdata acquisition and control
system was build and used (Figure 2.22). This syste made of hardware and
software. The hardware part is made of a persmraputer (PC), a data acquisition
card, an Input/Output Interface Board and steppeiondrive box. The software part
is made up of analysis software. Electronic cordrad data acquisition system takes
the outputs of the previously mentioned measuriegjats as an experimental data
with the help of the data acquisition card. Thea ttata is processed with the

computer and several output signals are sent t@geatie experiments.

Figure 2.22: General View of the Control Panel.

2.5.1 Data Acquisition Card

In this study, a plug-in board was used. Therefaréata acquisition card was placed
internally and installed to a personal computerctection of the data and sending
necessary signals to direct the devices statedréefah the help of software
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developed for this study. The card used was an wec¢h brand PCI-1710 coded
multifunction analog and digital I/O card. It ha&-@hannel digital input and output,
16-channel single-ended or 8 differential A/D inp@tchannel D/A output and
programmable counter/timer. In addition to dataugition card, Advantech PLC-

10168 wiring cable and PLCD-8710 wiring terminalliwere used as accessories.

Temperature data collection was low voltage outpéithe thermocouples. This low

voltage should be amplified to measure temperapnecisely. Therefore, the

previously mentioned amplifiers have been usedy Bupplied to the analog inputs
of the terminal of data acquisition card. Otherlagautputs were sent to the analog
inputs of the card without being amplified. In adth, the optic sensors used for
measuring the fuel consumption were sent sign#heéanput-output interface board

to be converted to digital signal. Then, this @dibggignal supplied to the digital inputs
of the terminal of the data acquisition card. Ald® control of the solenoid valves
and fuel pump position were performed with the t@lphis card. The digital output

channel of the data acquisition card was usedhismurpose. Digital signal was sent
to input/output interface box to activate relaysl amoltages were sent to solenoid
valves and fuel pump electrical motor.

Figure 2.23:PLCD-8710 Wiring Terminal Board
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2.5.2 Input/Output Interface Board

An Input/Output interface board was designed aadufactured for communicating
with PC based the data acquisition board with Bexicoupling of relays for Ms
Study of Cerit (2006). It can permit the computercommunicate with peripheral
devices such as solenoid valves, fuel pump elattriootor through a data
acquisition card. For this purpose, there are I&/seon the board. They can enable a
digital signal to open or close a device as a $wilithe digital signal of the data
acquisition card switches the relays. Then, thiayse complete voltage circuit of
peripheral devices.

The box has nine sockets, on the front of the laox] nine output sockets, on the
back of the box. The eight front sockets are usedniputs; the eight back sockets
are used for outputs. The sockets remaining wezd f voltage connection. In this
study, two kinds of solenoid valves were used. Bulis at the entrance of the nylon
sampling bags work with 12V. Other solenoids wtdohtrol the piston motion work

with 24V. In addition, relays in the I/O control drd and throttle control engine
work with 12V. Therefore two voltage sources 12 dddolts were connected to the
board. 24V and 12V that is used for relays cablesevattached on the front socket

and other 12V cable was mounted on back socket.

Figure 2.24:Input/Output Interface Board (front side)
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2.5.3 Computer Software

Computer software used during the experiments bas developed using Delphi 4
to control function of data acquisition card. Tloétware can perform real time data
collection and control of the experiments. The attpf measuring devices is
analyzed and stored as data in the software amulibsignals are send the devices
used. The program has a suitable graphical userface (GUI), which is user-

friendly and able to cover all the related data.

First of all, data acquisition card installed temputer should be selected from the

data acquisition selection window (Figure2.25).
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Figure 2.25:Screen Shot dData Acquisition Card Selection Window

Because the software written for this study wasegrdted METU Engine
Experiments Software developed by Prof Dr. A. DeBayka, after selection of the
card, Canola oil test type should be selected feaperiment type pull-down menu.

Before starting the experiments, data acquisitan options should be adjust. User
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should select channels where input signals comeoangut signals send. For this
experimental setup, there are 11 analog inputs danterminal box and also 11
digital outputs send to the devices. In additiottage ranges for the analog inputs
data should be selected (Figure 2.26). The voltagges used for this experiment
can be viewed in Appendix F. Moreover, samplingqekis determined. Data was
collected in every 100 msec. here. Afterwards| fised to feed the engine was
selected and clicked on START button to activagegiogram.

=15

5w oo
Tarmb? XXXX € A 4

Analog kanal says  Digital girig kanal sayist  Digital ikig kanal sayst Voltage Aralign
ile baglanqig ve ile baglangig ve ile. baglangig ve bitis [T5 4 - 5.e
bitig kanallanm bitig kanallanm kanallann agadidak

agafidaki tablodan  agafdaki tablodan tablodan

bkirleyebilirsiniz balifleyabilirsiniz bedifieyebilirsiniz

_Thuottle Pozition = XX %4

[Casnme Baglandig [cauntio Bixlaman: Chaza Baglangi Kamnal @ 2 0-18 v
5::::; Fanak =g e o e Kanal 1 : 010 v
[Ehanmy (] [ [ Kanal 2 : 010 v
|Chani Kanal 3 010 v
:::: Kanald :0.00 v
e anah Kanah Kanal 5 :0-10 w
| - oo Kanal 6 : 040 v
Eanal 7 ; 5.00 w
Kanal 8 ; 06.90w
Kanaf% :0.40 v
Kanal 10 : 0.100w
Kanal 11 2 0-90 v
Kanal 12 : .10 v
ke Kanal 13 : 010w

\'r:: Tt Ay Kanal 14 : (100w
Kanal 15 2 0-10 v

Fusl Consumplion Table

R Co:  cpeed Tomue D0me Exlha &

Tinee Elapsed : 00:00:00

Figure 2.26:Screen shot of Input-Output Channel Selection Wimdo

During the experiments, interface of the softwdrevss engine parameters which is
calculated from the inputs such as engine speequéo fuel and air consumption,
temperatures, and throttle position. Some graplisas/n automatically, hence; the
user can see variation of engine power and torgitle @ngine speed etc. The
position of the solenoid, throttle can also be rtared in the software. Engine
performance and emission cycles were controlledhey computer automatically.

Computer program set dynamometer at specified kadl speed and open the
solenoid valves in the dilution tunnel and sampkygtem according to ESC MOD

13 test cycle. However the user can control thenenigst bench manually.
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Figure 2.27:Screen Shot of Computer Software
2.5.4 Stepper Motor Drive Box

A stepper motor interface board was designed by Bikgan and produced to drive
stepper motors. The communication between stepptrsnand computer was made
by means of serial port. Therefore, stepper mottariace board was connected to
the computer by a serial port cable. The board wseddrive 4 stepper motors
simultaneously, but two stepper motors were usezkperiment test bench. The one
mounted on dynamometer loading arm, the other aiadeon diluted tunnel flow

rate control valve as mentioned before. The 5V ealhs connected the box to

supply necessary voltage.

Figure 2.28: Stepper Motor Drive Box
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CHAPTER 3

EXPERIMENTAL METHOD AND TEST PROCEDURE

The experiments are done according to some stamdard regulations where the
experimental apparatus are applicable for suctdatas. Before the experiments, the
engine fuel delivery system is modified to run anala oil. In this chapter, the

properties of fuels used, the modification of fdelivery system and the procedure

applied during the experiments are explained.

3.1 Properties of Tested Fuels

Diesel fuel, canola oil and ethanol are selectetismed as test fuels. The diesel fuel
is commercially available and is obtained from tdoenmercial market. The canola
oil is refined produced by Aymar Company. The etitas absolute ethyl alcohol
(99.5%). The ethanol is used as a solvent andeisdeld with canola in 30/70% on
volume basis. The properties of the diesel, canbland ethanol are summarized in
Table 3.1.

Table 3.1: Properties of the Diesel fuel, Canola Oil and Bthia

Diesel Canola Oil | Ethanol
Chemical Formula - Cio.8H18.7 Cs7H10506 | C2HsOH
Carbon Content (Wt%) 84 77.2 52
Hydrogen Content | (wt%) 14 11.8 13
Oxygen Content (Wt%) - 10.8 35
Cetane Number - 55 41-43 7
Heating Value kJ/kg 42000 37000 28000
Density g/cc (20 G 0.82 0.916 0.79
Viscosity cSt (20 C 4,50 78,2 1,52
Flash Point C 58 275 - 290 9-11
Boiling Point C 180-330 - 78.5
Cloud Point C -10 -4
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As diesel fuel and canola oil are compared, theleanil has some advantages on

diesel fuel. The flash point of canola oil is ard@8C C. This improves fire security
during fuel transportation and storage. Also thereconsiderably higher oxygen
content in canola oil (10.8%). As a result of tleisnore complete combustion can be
achieved to reduce emissions. However, besidesntalyes, some properties of

diesel fuel are better than that of canola oil.cdh be seen that calorific value of
canola oil is 11.9% lower than that of diesel fueie density of diesel fuel &0°C
is 11.7% higher than that of diesel fuel. At a tenapure of20°C the viscosity of

canola oil is seventeen times as high as with tfesé The high viscosity of canola
oil is the main problem when the oil is used. Tham® to make use of canola oil in
diesel engine, the high viscosity should be reduésca result, because the viscosity
of the vegetable oil is very dependent on tempegatilhe effect of temperature on
viscosity of canola oil is researched by Levent Bemhthe Department of Chemistry
of Middle East Technical University. The viscosisymeasured using an Ubbelohde

viscometer. The results of the experiments are showigure 3.1.

¢ Diesel
®m Canola Oil
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2 80
3 '\
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2 40 \
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0 ‘ * *

0 20 40 60 80

Temperauture (C)

Figure 3.1: Variation of Viscosity with Temperature [43]

As seen in the figure, the viscosity of canoladatreases rapidly as temperature is

increased. At a temperature7@f C, the viscosity of canola oil is only two times as
high as with diesel fuel. Therefore, the canolai®ibreheated before the fuel pump
and before the injectors to minimize its resistatac#ow. In addition to preheating,

in order to decrease the viscosity, canola oills® anixed with ethanol. Since the
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ethanol is a polar substance, it does not givemadgenous solution with canola oil.
However, when the mixture is heated, it becomes dgenous [43]. Hence, the
critical temperature where the mixture becomes lganous and its relation with of
the volumes of ethanol and the oil and viscosifystchent of oil with ethanol were
found by Levent Semiz. The temperature at which eilganol-canola mixture
becomes homogenous are tabulated in Table 3.2

Table 3.2The critical temperature of ethanol-canola mixtj4@

Pergent (V/\() Ethanol Mole .Fraction. of Temperature
in the mixture Ethanol in the mixture
20 0,815 42
30 0,883 58
40 0,922 68
50 0,946 73
60 0,964 75
70 0,976 72
80 0,986 69
90 0,994 66

Moreover, the viscosity of the mixtures was detewdi According to this study, the

viscosity of the mixture of ethanol-canola oil h&yi30% ethanol on volume basis is

4.2 cPoise @&0°C. This is nearly equal to the viscosity of diesglfat20°C. This
viscosity value can be acceptable. Therefore, eanbland ethanol are blended in
70/30% on volume basis and tested. To heat theddethermostatically controlled

electrical heater is used.

3.2 Fuel Delivery System

The diesel engines are fitted with injection systetasigned to deliver and properly
atomize diesel fuel. However, because canola aixteen times more viscous than
diesel fuel, trying to spray it through to an incdesigned for less viscous fluid
does not give a better spray characteristic. Anraper spray pattern will result in
incomplete combustion and some problems such &®mrateposits, injector coking
and piston ring seizure. There are several waysdoce vegetable oil viscosity; the

simplest is heating it up as mentioned before. &s lbe seen from the Figure 3.1

when canola oil is heated f80°C its viscosity is close to that of petroleum diesel
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As a result fuel delivery system was modified ta@theanola oil to70°C before

being injected so that it can be atomized propeylyhe injector.

The engine is cooled with coolant (water) and therample coolant which is up to

80°C by the time the engine is up to operating tempeeafTherefore, a heat source

is ready. By using coolant and a heat exchanger piossible to heat canola oil up to

70°C when the engine has an operating temperatu8®’&f According to this

principle, a fuel preheating system was adaptediesel fuel delivery system.

The fuel preheating system consists of a canoleank, a switching valve, a purging
valve, a heat exchanger and a control switch. présented in Figure 3.3. There are
two independent fuel systems, one for diesel furel ane for the canola oil. The
engine starts on diesel fuel and runs on that duél operating temperature. After
this point, the canola oil is supplied and diesgdl fis closed by using a switching
valve. Before shutting down the engine while thgiea is running on canola oil, the
oil is purged in the fuel system with diesel bysang purging valve. In this study,
switching and purging between two fuel systems made manually using a control
switch, there is no control unit to do this autoicedty. To control the efficiency of
the heat exchanger, the temperature of fuel is unedsbefore the injector pump
(Figure 3.2).

Figure 3.2: Thermocouple to Measure Fuel Temperature
50



neat

exchanger| Y
0

Tank 2
Canola Ol

£

-,
s 1
) O

'd

Ill.- -"'

,\. ~ '-.__.-'-Illl|

T,

| J," inline prefilter

water
clreult

Tf org. fuel maln prefiter

N

Tank 1
Diesel Fuel

p R
A Switching Valve
Injectlon
R R Purgingventing Pump
A Valve
Injectors

Figure 3.3: The Layout of Modified Fuel Delivery System

51




3.3 European Stationary Test Cycle (ESC)

The ESC test cycle (also known as OICA/ACEA cytla$ been introduced together
with the ETC (European Transient Cycle) and the EERropean Load Response)
tests, for emission certification of heavy-dutysdibengines in Europe starting in the
year 2000 (directive 1999/96/EC of December 13 1988 ESC is a 13-mode,

steady-state procedure that replaces the R-49 test.

The engine is tested on an engine dynamometer av&quence of steady-state
modes (Table 3.3, Figure 3.4). The engine mustdegaded for the prescribed time
in each mode, completing engine speed and loadgelsan the first 20 seconds. The
specified speed shall be held to within £50 rpm tredspecified torque shall be held
to within £2% of the maximum torque at the testespeEmissions are measured
during each mode and averaged over the cycle wsisgt of weighting factors.

Particulate matter emissions are sampled on otez @iver the 13 modes. The final

emission results are expressed in g/kWh.

Table 3.3:ESC Test Modes

Mode Engine Speed % Load \Weighting Factor% Duration
1 Low Idle 0 15 4 minutes
2 A 100 8 2 minutes
3 B 50 10 2 minutes
4 B 75 10 2 minutes
5 A 50 5 2 minutes
6 A 75 5 2 minutes
7 A 25 5 2 minutes
8 B 100 9 2 minutes
9 B 25 10 2 minutes
10 C 100 8 2 minutes
11 C 25 5 2 minutes
12 C 75 5 2 minutes
13 C 50 5 2 minutes
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Figure 3.4:ESC 13 Mode Cycle

3.4 Experimental Plan and Procedure

The experiments are performed at full load-variadgeed and at 13 modes of ESC
test to determine the effect of canola oil on eagerformance and emissions. First
of all, full load-variable speed tests at full ttit® are conducted then ESC mod 13
test cycle is applied. The engine is operated esdlifuel first and then on canola oil
and canola-ethanol blend. All experiments are ggeréd by setting a throttle

position and varying the load on the engine witk tielp of the dynamometer.

Experimental set up is controlled with the helghef program as mentioned previous

chapter.
3.4.1 Full Load Variable Speed Performance Test
The step by step procedures followed in the diestlexperiments are
1. Check fuel level in the diesel fuel tank and opg®anfuel tank and fill the fuel
container.

2. Check water level in the radiator.
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3. Start air compressor.

4. Start the water pump on the water tank of dynamemet

5. Turn on the water vane of dynamometer, then diggh#éne air left in the
dynamometer by turning small vane arm until theewatomes out having
pressure little or more than atmospheric pressure.

6. Turn the PC on and have the test software ready

7. Turn the adapters on (5,12 and 24 Volts)

8. Start the engine and let it run at 1000-1200 rprtil he cooling water

temperature reache®’C

9. Turn the cooling fan on to simulate that the engineface is cooled with
convection

10.Run the controlling and monitoring software

11. Set the throttle to wide open throttle position

12.Set the loading handle so that engine speed ist d4@0 rpm. Wait for 2-3
minutes until the engine is steady.

13.Measure fuel flow rate at least 3 times.

14.Take engine speed, torque, air flow rate and teatpess.

15.Repeat steps 12, 13, 14 for engine speed 1500, 1900, 2100, 2300 and
2500 rpm

16. Set the throttle and the loading handle to fullyseld

For canola oil and canola-ethanol blend performdases similar procedure is used
with the following differences.

Steps 1 through 9 are followed exactly, aftéf step the fuel in the small container
is discharged and the control switch of fuel isfe@h “Diesel” to “Canola” and then
the container is filled with the test fuel and #wgine is ran on canola oil and its
blend at idle speed for 10 minutes to replace tbsetl fuel in the system with canola

oil. Then steps 10 through 16 are followed aftat the steps below are performed.

17. Set control switch of fuel form “Canola” to “Diesel
18.Run the engine on diesel fuel at idle speed fomirflutes to replace the test

fuel in the system with diesel fuel
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3.4.2 ESC Test Cycle

According to ESC test, the engine speeds to bendsis study are, =1500 rpn,
ng=1900 rpm andn.=2300 rpn. The engine speed at idle is 1000 rpm. The

procedures used throughout the ESC test cycleiésetifuel are

1. Start AVL Gas Analyzer 15 minutes prior to testsheat it self up and for
automatic self calibration

2. Make AVL Gas Analyzer leakage test.

3. Check fuel level in the diesel fuel tank and opeas fuel tank and fill the fuel
container

4. Check water level in the radiator

5. Place the particulate filter (preparation procggdiad and weighted) in filter
holder.

6. Check the sampling bag and discharge if necessary

7. Check the water levels of the manometers on ditutimnel.

8. Start air compressor

9. Start the water pump on the water tank of dynamemet

10.Turn on the water vane of dynamometer, then diggh#ine air left in the
dynamometer by turning small vane arm until theewatomes out having
pressure little or more than atmospheric pressure

11.Start the air blower.

12.Turn the PC on and have the test software ready

13.Turn the adapters on (5,12 and 24 Volts)

14.Start the engine and let it run at 1000-1200 rpril Whe cooling water

temperature reache®’C

15.Run the controlling and monitoring software.

16. Set engine speed and load according applied modg.féy 2-3 minutes until
the engine is steady from computer program.

17. Adjust the valve position to make isokinetic samg@lpoint pressure
difference to zero from computer program.

18. Start the vacuum pump from computer program.

19. Start the particulate sampling from computer progra
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20. Take manometer reading of dilution tunnel.

21.Take rotameter reading.

22.Check the manometer on filter for blockage.

23.Take the fuel flow rate during the particulate sangp

24.Take engine speed, torque, air flow rate and teatpess.

25.Place the opacity apertures of probe of AVL Gaslyaex Device in exhaust
pipe, and take opacity data.

26.Change the particulate filter and place dirty filte glass container.

27.1f all sampling bags are used, stop the engineaamiolower

28.Place the probe of AVL Gas Analyzer device in sangppipe and analyze
the emission gas in the sampling bag respectively.

29.Discharges the emission gases remain in the bagg wascuum pump

30.Repeat steps 16 through 29 for other ESC modes.

31.After the 13 test modes performed the particuldter$ was reweighted as

mentioned previous chapter.

For canola oil and canola-ethanol blend performdases similar procedure is used

with the following differences.

Steps 1 through 15 are followed exactly, afi&" step the fuel in the small

container is discharged and the control switch wél fis set from “Diesel” to

“Canola” and then the container is filled with ttest fuel and the engine is ran on

canola oil and its blend at idle speed for 10 masub replace the diesel fuel in the

system with canola oil. Then steps 15 through Zlfallowed after that the steps

below are performed.

32. Set control switch of fuel form “Canola” to “Diesel
33.Run the engine on diesel fuel at idle speed fomiflutes to replace the test

fuel in the system with diesel fuel.
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CHAPTER 4

CALCULATION PROCEDURE

In this chapter, the Formulae used in calculatibergine parameters’ and exhaust
emissions’ will be supplied. In the calculationsacle parameter is explained

separately. The calculations have been made by Microsoft Excel.

4.1 Performance Parameter Calculations

These parameters are used to determine the perfoemavaluation of the test
engine. These parameters are power output, torgtmutp fuel consumption, and
brake specific fuel consumption, volumetric andrite efficiency. Air flow rate,
Air Fuel ratio (A/F) and excess air coefficient kaalso been calculated in order to
evaluate above mentioned parameters. The datkes @ 10 Hz for the setup by
using data acquisition card and system. Theretbesaverage of the collected data is

used.
4.1.1 Engine Torque
Torque produced is measured as voltage signalsiog & load-cell. Engine torque

produced at the measure engine speed is a protitiee doad on the load-cell and

the arm length of the dynamometer. It can be fdumh the following relation.

Load(kg) = (59 )xV.., ..,(Volt) (4.1)
volt

T =LoadxlIxg (4.2)

T, =TxC, (4.3)
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Where:"I" = The arm length of the dynamome{e+0.56 m)
"g" =Gravitational acceleratio(g=9.81nf /s
"T" =Engine torque (N-m)
"T." =Corrected Engine Torque (N-m)
"5 kg/Volt"=The load-cell voltage output per kg (10 Volts for kg)

The brake power and torque available from a nogradpirated internal combustion
engine are dependent on the density of the air.ddew the measurements have not

been made at sea level, 99 kPa dry pressure 2Bi€(reference atmospheric

conditions) [38]. Therefore, found torque is mulagd with correction facto(C, ) to

be able to make comparisons between different esgifhe equation for correction

factor is given below.

- 74256107 T, +273.15°° .2
f P, 298.15 '

Where:"C, " = Correction factor
"P,"= The pressure of the dry air (mm-Hg)

"T.om = Ambient temperaturé’C)

The pressure of the dry air is found by subtractivegvapor pressure from actual air

pressure

P, =P, - RHxP, (4.5)

Where:"P,,,"= Atmospheric pressure (mm-Hg)
"RH" = Relative humidity (%)
"P," = Water vapor pressure (mm-Hg)

Water vapor pressure can be evaluated as folloyv [39

7.5xT,

amb

P, = 6.10708x16°"* "% 0.75 (4.6)

\
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4.1.2 Brake Power

The brake power produced at measured engine speedebengine is found by
multiplying the torque on crankshaft with rotatibeagine speed. The brake power
iIs measured generally in terms of horsepower. it lma found from the following

relation.

P, = TCXNSpeeg(%OOOxl.SG 4.7)

Where:"PB, "= Corrected brake power (HP)

"N_ ... = Engine speed (rpm)

speed
"1.36"= Conversion constant from kW to HP
"1/30000"= Conversion constant (W rev/sec to kW rad/s)

4.1.3 Fuel Consumption

Fuel consumed by the engine is calculated usingumetric fuel flow rate.
Volumetric flow rate is measured with fuel consumptsystem discussed in Chapter
2. In this system, the volume change of the coetairas been measured with respect
to time. The volume among optic sensors is alsostemt and known. Thus,
volumetric flow rate can be calculated. Conseqyeiftlel consumption is evaluated

as follows.

mf.uel = VcontainerXr fuelxs'6 (48)
t,x1000

Where: "m,

fuel

" =Fuel flow rate (kg/h)

"V " = Volume among optic sensof¥, =86 ml)

container container

r. "= Fuel densitykg/m®)

fuel

"t;" = The consumption time of 86 ml fuel (s)
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"3.6/1000"= Conversion constar(iml/s to n? /h)

r.a=820kg/nt for diesel af5’C, =875kg/m for canola oil at70°C and

fuel

=862 kg/nt for canola-ethanol mixture &0° C were used as fuel density. This

fuel
calculation is performed by the computer softwarerird the experiment

automatically
4.1.4 Brake Specific Fuel Consumption

The brake specific fuel consumption is a measuranoéngine’s efficiency. It is the

rate of fuel consumption divided by the power progtli It is calculated as follows.

BSFC= My (49)
P

b

Where:"BSFC"=Brake specific fuel consumption (kg/HP-h)
4.1.5 Brake Specific Energy Consumption

Brake specific energy consumption is the energysgored per unit time per unit

power. It is calculated as follows.

BSEC= BSFCxQ (4.10)

Where:"BSEC"= Brake specific energy consumption (kJ/HP-h)
"Q. "= Lower heating value of the fuel (kJ/kg)

Q, =42000 kJ/k¢ for diesel, Q_=37000 kJ/k¢ for canola oil andQ, =3430C

kJ/kg are used as lower heating value of the fuel.

4.1.6 Specific Energy Cost

Specific energy cost is the energy cost consumedimié time per unit power. It is
evaluated as follows.
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SEC= BSFCXC,, (4.11)

Where:"SEC"=Specific energy cost (YTL/HP-h)
"C. . = Cost of the fuel (YTL/Kg)

fuel —

C.,=3.41YTL/kg for diesel, C

fuel —

=1.34YTL/kg for canola oil and

fuel

Cie = 2.14 YTL/kg for canola-ethanol mixture are used as fuel dostail of cost

analysis is given in Appendix H.
4.1.7 Air Flow Rate

The voltage outputs of the air-mass meter are atew¢o air flow rate by using the
calibration data given in Appendix C and the ecqurats stated below.

m,, =(-11.971831y% 237.02446Y 491.8309)C (4.12)

Where: "m_ "= Air flow rate (kg/h)
"V.'= Voltage output of the air mass meter (Volt)

"C."= Air flow correction factor

air

Air flow correction factor is evaluated as follows.

C,, =C,XC,xC, (4.13)
2

C. =0.06642857% 0.011238095™ + 0.00066666667™ %

P 25.4 25.4

C, =1.0954518 0.0016846296(1.8]+ 32) 1.587200985(1.8T, .+ 32§ (4.12

0.733826288((0.62198P ) (P )
0.733726456

C, = (4.15)

Where:"Cp"= Pressure correction factor
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"C,"= Temperature correction factor

"C,"= Humidity correction factor

4.1.8 Air/ Fuel Ratio

Air/fuel ratio is defined as the ratio of air sudkay the engine to fuel consumed by
the engine. It is calculated as given in the beiomnula
A m.,
A _ My 4.16
= , (4.16)

actual mf |
uel

4.1.9 Excess Air Coefficient

Excess air coefficient is the ratio of actual atmdchiometric Air/Fuel ratios. It is

evaluated as follows.

actual (417)

stoic

Where" /" = Excess air coefficient

Here, stoichiometric ratio is taken as 14.389 fmsedl, 12.481 for canola oil and
12.567 for canola-ethanol mixture. Equivalenceoraglated to this coefficient is

calculated as follows.

Where:" " = Equivalence ratio

4.1.10 Volumetric Efficiency

Volumetric efficiency is the ratio between air matgmrge induced at atmospheric
conditions and total air mass charge induced ustdrdard atmospheric conditions.
It is calculated by the following formulas.
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h, = —ac (4.19)

Where: " "=Volumetric efficiency (%)

"m'ath": Theoretical air flow rate (kg/h)

Theoretical air flow rate is found as follows.

T .- V.N 1.2.60
mathz std* Vs jspeed (420)
2
Vs (4.21)
4
P
M = std 4.22
std R T ( )

Where:"V = Swept Volume of one cylindgm®)

= Number of cylinders
" " = Number of strokes
"D"= Cylinder bore (m)
"S"= Piston stroke (m)

' 4= Standard air density
"P,,'= Standard atmospheric pressiRe,=101.325 kPe
"T,4= Standard atmospheric temperat(fg,=293 K)

"R,,'= Air gas constan{R,, =0.287 kJ/kgK

air

4.1.11 Thermal Efficiency

Thermal efficiency of an engine is the ratio of theake power to the energy

available in the fuel to produce this power. lc&culated by means of the following
equation.

63



P, x3600
Q, XMre X1.341

h,, = (4.23)

Where:" "= Thermal efficiency (%)

4.2 Exhaust Emission Calculation

Exhaust emissions are made up of gaseous emisanohgarticulate emissions. The
gaseous emissions are made up of carbon monox@g (@drocarbons (HC), nitric

oxides (NO, ) and carbon dioxidgCQ,).The particulate emission is made up of
particulate matter (PM)NO, emissions were not measured because the AVL DiGas
465 did not measurblO, emissions. To calculate these mentioned emissibused

ratio, diluted exhaust flow rate, drawn exhaustfi@te and total exhaust flow rate

have also been evaluated.
4.2.1 Dilution Tunnel Flow Rate

Diluted tunnel flow rate was measured by using afice plate on the dilution
tunnel. The manometer reading indicates the preddifference through the nozzle.
This manometer reading is converted into tunnel ftate using the calibration data

given in Appendix C and the equation is given below

V, =(639.784+ 84.8454P- 0.802568P )0.06 (4.

Where:"V_"= Dilution volumetric tunnel flow ratgém?/h)

"P,"= Pressure drop at dilution tunnel orifi¢&VC)

4.2 .2 Exhaust Gas Flow Rate

For calculation of the emissions, it is necessarirtow the exhaust gas flow. It can
be determined by measuring air flow and fuel flater[40]. The equations are given

below.
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Voo =V, +0.77m,, (4.25)

Ve'xhd = V.air -0.75 mf.uel (4-26)

V,, = (4.27)
T air

P..,x0.1333224

r air = - (428)
R, X(T,, +273.15)

Where:"V_,"= Exhaust gas volumetric flow rate on wet basis/h)

"V,..'= Exhaust gas volumetric flow rate on dry ba@is/h)

"V_."= Air volumetric flow rate on dry basign’/h)
" "= Atmospheric air densitgkg/m®)

"0.1333224'=Conversion constant (mmHg to kPa)

4.2.3 Dilution Ratio

Dilution ratio is the ratio of diluted exhaust flawte in dilution tunnel to the drawn

exhaust flow rate through the tunnel. It is evaddads follows.

q =& (4.29)
V.l
Ao (4.30)
r=—m )
A

Where:"q" = Dilution ratio
“r" = Split ratio
n ne_ . . . . . 2
A= Cross sectional area of the isokinetic samplirapei(m®)

"A'= Cross sectional area of the exhaust [{ipé)
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4.2.4 Equivalent Diluted Exhaust Gas Flow Rate

Equivalent diluted exhaust gas flow rate can badofiom following relation in the

isokinetic sampling system.

VE'DF =V(::txhxq (4.31)
Where:"VE'DF": Equivalent diluted exhaust gas volumetric flow rgta®/h)

4.2.5 Particulate Mass Flow Rate (g/h)

The particulate mass flow rate is calculated ds\d

— P XVeor

PTmass - (432)
Ve X1000
_ VXt x1.69906 (4.33)
s 3600 '
Where: "PT__...'= Particulate mass flow rate (g/h)

"P,"= Particulate sample mass collected (mQ)
"V = Volume of the diluted exhaust sample passed tlirolog particulate
sampling filte(en®)
n : n_ 3 .
V,,"= Vacuum pump flow rateft/min)
"t,"= Particulate sampling time (s)

"1.69906"= Conversion constant (frot*min tom*/h)
4.2.6 Particulate Emission (g/HP-h)

Particulate emission is defined as amount of paete matter formed per unit time

and power. It is calculated in the following way.
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PTe = PTmass (4.34)
Pb

Where:"PT,"= Particulate emission (g/HP-h)

4.2.7 Gas Emissions Mass Flow Rate (g/h)

The gas emission mass flow rate is evaluated fdn e@de as follows.

HCmass =rr HCXHCconcXVEDF (4.35)
1000

Where:"HC,_.'= Hydrocarbon emission mass flow rate (g/h)
" "= Density of hydrocarbor ,,.=0.619 kg/ni '
"HC_,..= Concentration of T-HC’ (ppm)

4.2.8 Gas Emissions (g/HP-h)

Total hydrocarbon emission is evaluated as follows.

HC, = 1 mess (4.36)
Pb

Where:"HC_"'= HC emission (g/HP-h)

4.2.9 MOD 13 Test Calculation

In ESC MOD 13 test, particulate and gas emissiercatculated as explained above.
All these calculated amounts are also averagedubm weighting factors defined

below.

—  PT,_ XWF,
PT= (4.37)
P, XWF.
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i~ HCmassXWF i
HC =
P XWF,

Where: "PT'= Mean particulate emission (g/HP-h)

"HC'= Mean hydrocarbon emission (g/HP-h)
"WE"= Weight factors *“i"

Table 4.1:Weighting Factor

Weighting

Mode Factor,%

1 15

2 8

3 10

4 10

5 5

6 5

7

8 9

9 10

10 8

11 5

12 5

13 5
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CHAPTER 5

EXPERIMENTAL RESULTS

In this chapter, the experimental data of the parémce and exhaust emissions tests
for each test fuel are presented with the helpheffigures and analyzed in detail.
The data that has been obtained by measurementsabmdations are presented in
plots and analyzed accordingly. All of the expenmaé results for each test fuel are
explained in comparing manner. The measured amdlesd data are tabulated and

can be viewed in Appendix A.

Results of engine performance for each test fueetgported first. Afterwards, results
of gaseous emissions are presented. Finally, ekleaissions of particulate matter

and opacity for each fuel are compared.

5.1 Engine Performance Results

Full load-variable speed tests at full throttle a@nducted to evaluate engine
performance parameters. The performance chardoteras the engine are evaluated
in terms of brake power and torque, brake spetifet consumption (BSFC), brake
specific energy consumption (BSEC), specific eneopgt (SEC) and thermal
efficiency. These performance characteristics asmpared with the results of
baseline diesel fuel. All the parameters mentioalkdve are graphed from the data

of Appendix A.

5.1.1 Brake Power and Torque

Most important performance parameters that agueand power produced by the

engine with respect to engine speed are givenisnstiction. All the data are 8

degree polynomials. Figure 5.1 shows the engimgutorcurves at different speeds at
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full load for three kinds of fuel. Brake torque was of engine for diesel are greater
than that of canola oil and mixture of canola andameol for entire range of
operation. Maximum torque is obtained at 1500 rpmeach test fuel. As seen in
Figure 5.1, the maximum torque of diesel, canolawd canola-ethanol mixture are
189.41 Nm at 1500 rpm, 182.5 Nm at 1500 rpm and.GL®&m at 1500 rpm
respectively. The maximum engine torque of canalh @anola-ethanol is lower by
3.6% and 1.48% than that of diesel. Although theotaethanol blend gives higher
torgue than canola at low speed, after 2100 rpnicifieie of canola-ethanol is lower

than of canola

195
& Diesel

Canola
190 - * A 70%Can.+30%Eth.

185+
180

175+

Brake Torque (Nm)

170

165

160 T T T T T
1300 1500 1700 1900 2100 2300 2500

Engine Speed (rpm)

Figure 5.1: Variation of Brake Torque with Engine Speed at [Eolad

The variation of engine power with respect to eagpeed at full load is illustrated
in Figure 5.2. The engine power is directly projoral to the torque at certain

speed. Thus, brake power of diesel is greater thah of alternative fuels used

during the full load-variable speed experimentsiasulated from the torque of the
engine. The maximum brake power of diesel, canothanola-ethanol mixture are
58.54 HP at 2450 rpm, 56.38 HP at 2450 rpm and358t&450 rpm respectively,

which are lower by 3.68% and 4.9%. Since the toqgueluced by the engine when
running on canola-ethanol blend decreases sharpdy 2100 rpm, the engine

produced higher power when operated with canolatompared to canola-ethanol
blend operation.
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It is well known that the heating value of the faffiects the power of an engine. The
heating values of canola and canola-ethanol bleadipproximately 12% and 18%
less than that of diesel. Therefore some redudtioengine power and torque is
expected. The lower heating value is not only rasfie for this reduction. The
canola oil and ethanol also have lower cetane nurabecompared with diesel.
Hence, combustion process may be affected and esd/ tb reduction of torque
output. In addition, the viscosity of canola oilreduced by preheating or blending
with ethanol is not equal to that of diesel. Thiees fuel injection characteristic

and causes incomplete combustion, hence; reduciwgpoutput.
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1300 1500 1700 1900 2100 2300 2500

Engine Speed (rpm)
Figure 5.2: Variation of Brake Power with Engine Speed at Eothd

The power reduction due to the lower energy contémtanola and ethanol may be
improved by some modifications to the engine opegatconditions. The
compression ratio, the fuel injecting time may Ipdiraized to increase the engine

power output.

5.1.2 Brake Specific Fuel Consumption (BSFC)

Brake specific fuel consumption is one of the miosportant parameters of an
engine and is defined as the fuel consumed byrigae to produce unit power per

unit time.
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Figure 5.3: Variation of BSFC with Engine Speed at Full Load.

Figure 5.3 shows the brake specific fuel consumpt8SCF) curves under different
speeds at full load for diesel, canola oil and tambthanol blend. BSFC of diesel is
lower than that of other fuels for the entire ramfe@perations. As seen Figure 5.3,
BSFC of canola-ethanol blend is the highest. MimmBSFC of canola — ethanol
blend and canola oil are 0.25 kg/h at 1900 rpm @24 kg/h at 1900 rpm against
0.20 kg/h of diesel at 1900 rpm. The higher spediel consumption values in the
case of canola and ethanol are due to their lowergy content mentioned above.
Therefore if nearly same power output from the ragmore fuels which has lowers

heating value needs to be consumed.

5.1.3 Brake Specific Energy Consumption (BSEC)

The BSFC is not a very reliable parameter in otdecompare fuels with different
calorific values and density. Hence, brake spe@fiergy consumption (BSEC) is a
more reliable parameter for comparison of threel&iof fuel. It is energy consumed
per unit power per unit time. Figure 5.4 shows\hgation of brake specific energy

consumption with engine speed for diesel; candlarmad canola-ethanol blend in the
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test engine. As seen in Figure 5.4, since the bsakeific fuel consumption of the
engine is lower with diesel and the power produtediigher with diesel, it is
expected that the result of brake energy consumpsothe lowest with diesel.
Minimum BSEC of canola and canola — ethanol bleed8g12 kJ/HP-h at 1900 rpm
and 8571 kJ/HP-h at 1900 rpm against 8216 kJ/HPehesel at 1850 rpm. BSEC of
canola is grater than that of other test fuelswbole operation speed regime while
BSFC of canola-ethanol blend is grater than thatiesel and canola. The reason for

this might be that combustion characteristic ofatamil is poor.
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Figure 5.4: Variation of BSEC with Engine Speed at Full Load.

5.1.4 Specific Energy Cost (SEC)

Specific energy cost (SEC) is a parameter thaseslun order to compare fuels with
different price. It is defined as cost of energypsamed per unit power per unit time.
Figure 5.5 illustrates the variation of specificesgy cost with engine speed for
diesel; canola oil and canola-ethanol blend intds engine. SEC of canola oil is
lower than that of other test fuels for entire rmd operation. As seen in Figure 5.5,
SEC of diesel is the highest. Minimum SEC of diematl canola-ethanol blend is
0.685 YTL/HP-h at 1900 rpm and 0.535 YTL/HP-h a0Q9pm against 0.316
YTL/HP-h of canola oil at 1900 rpm.
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Figure 5.5: Variation of SEC with Engine Speed at Full Load.

5.1.5 Brake Thermal Efficiency

Thermal efficiency shows how much of fuel is congdrto power. It is defined as
the actual effective power divided by the amounfuel chemical energy. In order to
compare fuels with different calorific values, theake thermal efficiency is

commonly used. The results of the brake thermatieffcy of the test engine for
diesel, canola and canola-ethanol blend are supjplieFigure 5.6 As seen in the
figure, thermal efficiency of the engine operating diesel is better than that
operating on canola or its blend with ethanol. Tieximum thermal efficiency of

diesel, canola-ethanol blend and canola are 32.871%2% and 30.82% at 1800 rpm

respectively.
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Figure 5.6: Variation of Thermal Efficiency with Engine Speedrall Load.

The efficiency of canola-ethanol blend is higherthhat of canola oil as can be seen
BSEC. This shows to use canola oil as an alteradtiel in compression ignition
engine, the oil should be modified. As the speadaseased up to 1800 rpm, thermal
efficiency also increased. However, after 1800 rjva efficiency decreased with
increasing load. The ideal operating speed atldatl for this engine in terms of
thermal efficiency and brake specific fuel consuompts around 1850 rpm. The drop
thermal efficiency and increase in BSFC and BSEGhinbe attributed to the poor

combustion characteristic of canola oil.

5.2 Gaseous Exhaust Emissions Results

13 mode ESC test cycle is performed to determiaestfect of canola oil on exhaust
emissions. The gaseous emission of hydrocarbon, (E&Zhon monoxide (CO), and

carbon dioxide(CO,) are measured by using AVL DiGas 465 gas analyAsese

exhaust characteristics are compared with the testilbaseline diesel fuel. All the
parameters stated above are plotted from the dhtdated in Appendix A. Also, the
mean results of Mod 13 for each fuel are given abl& 5.1. The table shows mean
performance and emission results calculated byguseighting factor and enable to
compare the effect of test fuel.
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Table 5.1:Mean Performance and Emission Parameters durengatal ESC Cycle.

Diesel | Canola 70%Kanolat
0%30Ethanol

Brake Power HP 26,61 25,75 25,88
Torque Nm 100,60 97,11 97,54
Fuel Cons. kg/h 6,43 7,59 8,16
BSFC kg/HP-h 0,42 0,63 0,68
BSEC kJ/HP-h 17643 23224 23265
Volumetric Ef. % 57,32 53,84 50,31
Thermal Ef. % 22,51 20,84 21,14
HC Flow Rate g/h 5,08 4,05 4,56
HC g/HP-h 0,1948, 0,1573 0,1762
CO % 0,238 0,291 0,255
CO2 % 6,67 5,62 5,98
PT Flow Rate g/h 11,98 12,20 11,29
Particulate g/HP-h 0,45 0,47 0,44

5.2.1 HC Emissions

Mean HC emissions of canola, canola-ethanol blenddiesel fuel operation during
total ESC cycle are shown in Figure 5.7 As seethanfigure, the operation with
both canola and canola-ethanol decreases spedifierhission and canola oil is the
best in HC emission. When operated with canola His&on decreases by 21% of

while its blend with ethanol reduces by 7.4%.
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Figure 5.7: Mean HC Emissions during the Total ESC Cycle (gijP-
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Figure 5.8illustrates mean HC emission rate of mncanola-ethanol blend and
diesel fuel operation during total MOD 13 test eydHC emission rate is noted to
decrease when feeding with canola and its blenkl @thhanol. The reduction rates of
HC emission rate for these fuels are 20.2% and &8pectively. This is similar

mean specific HC emissions (g/HP-h) since the pgweduced is nearly same for
three kinds of fuel.

HC Emission (g/h)
w

2 |
l |
0 |
Diesel Canola 70%Kanola+%30Ethanol
Fuel Type

Figure 5.8: Mean HC Emissions Rate during the Total ESC C{gfie)

The plot of specific HC emissions of canola andotaethanol blend and diesel fuel
operation at the speed of 1500 rpm at differendilog conditions is given in Figure
5.9 the plot shows a decrease in specific HC eomssas the load is increased. The
HC emissions are usually lower when running on Gamastead of other fuel. A
similar trend is observed at all experiment speétiss trend is perhaps due to late
burning of canola oil at low loads. There is a é&adifference in HC emissions of the
test fuels. However, at high load levels, diesahata and its blend with ethanol do
not show any marked difference in HC emissions.oAlse canola-ethanol blend
operation produces low HC emissions when compaitdthe test results on diesel
fuel.
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Figure 5.9: Variation of HC Emissions with Load at 1500 rpm

Figure 5.10 shows the plot of specific hydrocar®mission of canola, canola-

ethanol blend and diesel fuel operation at fulbleadifferent speeds.
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Figure 5.10:Variationof HC Emissions with Speed at Full Load.

As seen in the figure above, the trends of gramwsha decrease in HC emissions
with increasing speed. The canola operation praglube lowest HC emissions
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during the 13-mode tests. A similar trend is obedror other loading conditions. In
addition the canola-ethanol blend operation produlmev HC emissions when
compared with the test results on diesel fuel aatian of speed. Also, HC emission

rate is decreased with increased engine speedadd |

5.2.2 CO Emissions

Mean CO emissions of canola, canola-ethanol blexddzesel fuel during total ESC
cycle are shown in Figure 5.11. As seen in therégthe operation with both canola
and canola-ethanol increase CO emissions. The engioves to emit the most
carbon monoxide when operated with canola oil. Relacompression of CO

emissions (Figure 5.11) shows that when pure cawibla used, the emission of CO
increases by 20%when compared with the case o¢ldiesl. An increase by 7.2 is

determined when the engine is operated on canb&el blend.
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Figure 5.11:Mean CO Emissions during the Total ESC Cycle (%)

The plot of CO emissions of canola and canola-ethdalend and diesel fuel

operation at the speed of 1500 rpm at differendilog conditions is shown in Figure
5.12. As seen in the plot, CO emission decreas&sialoads, while it increases at
high loads. At low loads, there is a little difface in CO emissions of the test fuels.
However, at high load levels, diesel, canola aadiénd shows large difference. In

the medium-load range, the CO emissions are alempstl with each test fuels. CO
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emissions are usually higher when running on Camudéead of other fuels. A
similar trend is observed at all experiment sped&dsaddition, the canola-ethanol

blend operation causes high CO emissions when aaupaith the test results on

diesel fuel.
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Figure 5.12:Variation of CO Emissions with Load at 1500 rpm

The variations of CO emission with respect to thkieels of fuels at various speeds
at full load are presented in Figure 5.13. The gludws that CO emission is in a
decreasing trend with increased speed. Feedingoatitbla and the blend causes the
engine to emit the most carbon monoxide. A sintrand is noticed for other loading
conditions in entire 13 modes. At low speeds, tiffer@nce in the emissions is great,

but at high speeds the CO emissions are almost taube fuels.
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Figure 5.13:Variationof CO Emissions with Speed at Full Load.

5.2.3 CQ Emissions

Figure 5.14 shows mea@0O, emissions when fuelled with diesel, canola and its
mixture with ethanol during total ESC cycle. Comgan of results shows that usage
of canola and canola-ethanol blend leads to a dseref CO, emissions. When
fueled with pure canola oil, the emission GfO, decreases by 15.8% when
compared with use of baseline diesel fuel. In thsecof canola-ethanol blend,

decrease ofCO, emission by 10.3% is observed when compared w# of

baseline diesel fuel.
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Figure 5.14:Mean CO, Emissions during the Total ESC Cycle (%)
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The CO, emissions of canola, canola-ethanol blend ancebfes! operation under

different loads and speeds are shown in Figure &rih5.16 respectively. As seen
figures, the percentage €O, emissions increases with increased engine spekd an
load. A similar trend is observed at all experitngmeeds and loads. Generally, the

CO, emission of diesel operation is higher than tHaitber test fuels. Also, canola

oil usually causes legSO, emission during the 13-mode test.

1500 rpm
12,0
*
10,0 |
S
c 80" * =
i)
[7)]
92 6,0
g
L
gv 4,0
20 ¢ Dizel
U7 m Canola
70%Can.+30%Et
0,0 T T T
0 50 100 150 200

Engine Torque (Nm)

Figure 5.15:Variation of CO, Emissions with Load at 1500 rpm
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Figure 5.16:Variationof CO, Emissions with Speed at Full Load.
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5.3 Patrticulate Matter (PM) and Opacity Results

Particulate emissions are measured by means dutodi tunnel. In this study, a
partial flow dilution tunnel with fractional samplj is used in order to determine the
mass of particulate matter. The amount of sooect#d on the filters is measured by
an analytical balance with 1/10000 g sensitivity mentioned in section 2. In
addition, the opacity is measured from exhaust pigiag AVL DiGas 465 opacity
meter. These PM and opacity characteristics ampaoced with the results of
baseline diesel fuel. All the parameters statedvabare plotted from the data
tabulated in Appendix A.

5.3.1 PM Emissions

Mean PM emissions of canola; canola-ethanol blend diesel fuel operation
during total ESC test cycle are presented in Figuig. As observed in the figure,
the operation with canola oil increases PM emissiarmile the operation with
canola-ethanol blend decreases PM emissions asatethwith baseline diesel fuel.
The 13-mode test result shows that at pure canblaperation, the PM emissions
increase by 5.3%. When fueled with canola-ethéhehd, PM emissions decrease
by 3.2%.
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Figure 5.17:Mean PM Emissions during the Total ESC Cycle (ghjP-
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Figure 5.18 shows mean PM emissions rate of camalagla-ethanol blend and
diesel fuel operation during total ESC test cytties observed that, PM emissions
rate increases by 2% when feeding with canolavdilereas PM emissions rate of
canola-ethanol blend decreases by 5% when compethdthose where diesel is
used. This is similar mean specific CO emissiofldRgh) since the power produced
Is nearly same for test fuels.
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Figure 5.18:Mean PM Emissions Rate during the Total ESC C{gle)

The plot of specific PM emissions of canola andotaethanol blend and diesel fuel
operation at the speed of 1500 rpm at differendilog conditions is shown in Figure
5.19. The plot shows an increase in specific PMssions as engine load is
increased. In general, the PM emissions are highen feeding with canola oil. At
the low loads, PM emissions of canola-ethanol blesndigher than that of diesel,
while at the high load levels, the engine runnimgdeesel leads to more particulate
emissions than the blend of canola with ethanokinilar trend is observed for

particulate emission rate.
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Figure 5.19:Variation of PM Emissions with Load at 1500 rpm

Figure 5.20 illustrates the plot of specific partade emissions of canola, canola-
ethanol blend and diesel fuel operation at fulbl@& different speeds. As seen in the
figure, PM emissions decrease as engine load ieased. Generally, the PM
emission of canola oil operation is higher thant tblother test fuels. With the
increased speed, the differences of PM emissianseduced.
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Figure 5.20:Variationof PM Emissions with Speed at Full Load.
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5.3.2 Opacity

Opacity is a measurement of the amount of light ithabscured by smoke. When
there is no visible smoke, the opacity measuresr@aning all of the light is able to
pass through the smoke. Very dark smoke reach 1d§®eity meaning none of the
light is able to pass through the smoke. Mean ibpaé canola, canola-ethanol

blend and diesel fuel operation during the enti&CHest cycle are shown in Figure
5.21. The data shows that opacity level increage8% when fuelled with canola.

However, an opacity level decrease of 5% is obska® operated with canola-
ethanol blend.
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gure 5.21:Mean Opacity during the Total ESC Cycle (%)

Figure 5.22 shows the plot of opacity of canola eadola-ethanol blend and diesel
fuel operation at the speed of 1500 rpm at diffel@ading conditions. As seen in the
figure, an increase in opacity levels when engoallis increased. After medium
loads the opacity is sharply increased. Opacityhefcanola is higher as compared
with baseline diesel fuel in all loads. When addatiganol in canola oil, the opacity
level is decreased and it is lower as comparedeset! However, Opacity relation of
diesel and canola-ethanol blend is changing acegrgiading conditions. A similar
behavior is observed other speeds.
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Figure 5.22:Variation of Opacity with Load at 1500 rpm

The plot of opacity of canola, canola-ethanol bland diesel fuel operation at full
load at different speeds is shown in Figure 5.28.sken in the figure, opacity
decreases as engine load is increased. Opacitguislly the highest when fueled

with canola oil.
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Figure 5.23:Variationof PM Emissions with speed at Full Load.

The figures about PM emissions and opacity showy #tmoke and PM have similar

emission characteristics.
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CHAPTER 6

DISCUSSIONS AND CONCLUSIONS

In this experimental investigation, canola oil etexted for the test on a diesel engine
and its suitability as an alternative fuel is exaad. Experimental investigations are
carried out on a four cylinder diesel engine. A¢ theginning, the fuel delivery
system is modified to heat the canola oil before thjectors. To perform the
experiments an experimental setup is installednTthe performance and emission
characteristics of canola oil and its blend withaetol are evaluated and compared
with diesel fuel. In this final chapter of this diy use of canola oil as an alternative
fuel for Cl engines is discussed about their prolsi@t the usage, main advantages
and disadvantages. Also, some of noticed problerositathe parts of experimental

setup installed at the time of experiments arearpd.

The performance tests show that the engine produessmum power output with
diesel fuel. The engine power decreases whenrfgedith canola oil. However, the
engine power increases a little as blending ethanaanola as an additive. This
result was expected because the heating valuenolacand its blend with ethanol
are lower than that of diesel fuel. This incremerth addition of ethanol is due to
lower viscosity of the blend than that of canolante better atomization occurs at

injector nozzle and improves power output.

Brake specific fuel consumption values show thatldwest values are obtained for

diesel. Brake specific fuel consumption of candahigher than diesel, and the

highest values are read for ethanol canola blehésé results are expected due to
lower heating values of canola oil and ethanol.efsanol has lower heating value

than canola ail, its blend with canola oil will kess than 100 percent canola.
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Brake specific energy consumption is calculatedaimpare efficiencies of test fuel.
Results show that diesel has lowest BSEC, hencéighsr thermal efficiency than
other test fuel. On the contrary, the highest BSIB@ lowest thermal efficiency are
recorded for pure canola oil. This shows that biegadthanol in canola improves
thermal efficiency and reduces BSEC. This resultlmareasoned as improvement in
combustion efficiency due to better atomizationtioé blend compared to pure

canola oil.

Specific energy cost results show that the costliesel is twice as much as canola
oil. Addition of ethanol increases specific eneogpgt but the values of energy cost
for ethanol are still cheaper than that of dieShke reason of this situation is the fact
that the canola oil is produced by farmer and sodbst is reduced. However, the

ethanol and diesel fuel are still commercial.

As for HC emissions, canola has significant eff@etreduction of emission values
compared to diesel. Addition of ethanol has adveftects on emissions, where HC
content of exhaust gases are close to that ofldiEse reason of this situation may
be evaporation of ethanol inside combustion chamaberremoval of heat yielding
temperature drop at combustion chamber walls. Tésilts an increase of HC

emissions.

CO emissions are the lowest for diesel and higleestanola but the situation is the
opposite when CO2 emissions are considered. Additib ethanol reduces CO
emissions and causes an increment on CO2 emissta®la is deposited on
cylinder and piston walls, and it can not evapomderapidly as diesel does. As a
result, carbon atoms partially react with oxyged &rm CO. Addition of ethanol is
expected to increase the rate of evaporation dfiisede the combustion chamber.

Particulate matters are observed to be higher &mola oil than PM emission of

diesel. Using canola-ethanol blend, a significaecrdase of PM emission is

observed.
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To obtain the engine performance and emission cterstics data, previously
mentioned data measurement devices is designed naamdufactured in the

Mechanical Engineering Laboratories of the Middi@sETechnical University. In

design stage, ProEnginner 2001 software is usedcéiesome problems that would
occur at the manufacturing stage are eliminateoblEms were still faced in engine
speed measurement device and fuel flow measurerdevice. In fuel flow

measurement device, unexpected signals come froim sgnsors. Optic sensor light
passes through the hole on the flag due to vibratiodynamometer. This problem
was solved by moving fuel container away from dyoarater. For engine speed
measuring device, the problem is vibration damadinggcircuitry. This was solved

by placing rubber between the circuit and holder.

These results indicate that pure canola oil magrbalternative fuel for unmodified

diesel engine. Although engine power output andntlaé efficiency is decreases
when operated on canola oil, specific energy cestrahses slightly feeding with
canola oil. These drawbacks can be reverted by flnation of oil, such as using

proper additive. Blending canola oil with ethanolproves engine performance,
thermal efficiency and slightly reduces particulatatter additions. However, the
conditions required to obtain a homogenous mixtaey not be practical for some
additives. It can be seen from the previous chaptaaintaining homogeneity of the
canola-ethanol blend requires heating and mixind #ms situation may not be

practical in some applications. In addition, useetiianol-canola blend may be
improving several modifications on the engine tdagb suitable conditions for

running the engine with remarkable engine perfomeaand exhaust emissions.
Finally, there is an engine startup problem ocalgemetimes when operated on
canola oil. In order to solve this problem, it slitbbe ensured that fuel line will feed
the engine with diesel at startup phases.

The experimental setup installed can be utilizeghedorm different experiments.

Therefore as a future work

In this study canola oil is refined and commercialt the neat canola oil

should be obtained by extracting canola oil antetesn diesel engine to
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investigate whether there is a different with diiece between refined
canola oil and neat canola oil.

The effect of temperature on use of canola oil asl fshould be
investigated. For this purpose, an adjustable mtattheater should be
mounted on preheating system and experiments cparb@med
Optimization of ratio of ethanol in canola oil sthdibe studied in order to
use ethanol as an additive in more efficient way.

Before practical use of canola oil as an altermativel for diesel engines,
long-term endurance tests should be performed oousdiesel engines
and engine parts should be analyzed in order tenstahd effects of use of

canola oil on long term use.
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Table A7: Mod 13 Measured Data for Diesel Fuel (Mode 1-6)

1 2 3 4 5 6
Speed (rpm) 990 1520 | 1885 1895 1520 1510
Engine Torque Nm 5,4 187,1| 86,8| 129, 944 1435
Fuel Flow Rate gls | 0,275| 2,29 1,7 229 1,31 1,88
Air Consumption kg/h | 104,3| 120,7| 158,71 160,0423,9| 125
Fuel Temperature C 373 25,1 36,3 379 37,8 34,7
Exhaust Temperature C 90,3 | 486,3| 329,5 426,6 295 3851
ISP Temperature C 74,1 440 2915 377,1 256,3840,2
Sample Temperature C 10,4 26,2 34 414 27,4 358
Engine Oil Temp. C 68 73 89 95 75 85
Back Pressure mm-Hg 4 12 22 20 10 12
Tunnel Pressure "WC | 1,12 1,8 1,8 1,8 18 1,74
Sampling Rate scfm | 0,6 0,9 0,9 0,9 0,9 0,85
AVL HC ppm 8 11 7 7 9 10
AVL Opacity % 0,5 72,3 9,7 19,3] 3,9 185b
CO2 % 0,1 0,9 0,9 1 0,8 1,1
CO % 0,01 0,09 0,01 0,01 0,0080,02
02 % 20,5 | 19,46 19,52 19,38 19,7719,2
Particulate Matter mg 0,1 1,3 0,5 0,8 0,6 0,9
Ambient Temperature| C 21,5 23,4 24,3 245 23,2 237
Ambient Pressure mm-Hg| 743 743 743 743 747 742
Relative Humidity % 60 53 53 53 60 60
Load % 0% | 100%| 50% | 75%| 50% 75%
Sampling Duration min 4 2 2 2 2 2
Weight Factor % 0,15 | 0,08 0,1 0,1 0,05 0,0p
Density of Fuel g/cc | 0,82 0,82 0,82 0,82 0,82 0,82
Heating Value of Fuel| kj/kg | 42000 42000 42000 4200042000 42000
(A/F) stiometric 14,389 14,389| 14,389 14,389| 14,39| 14,39
Fuel Type Diesel| Diesel| Diesel| DieselDiesel Diesel
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Table A8: Mod 13 Measured Data for Diesel Fuel (Mode 7-13)

7 8 9 10 11 12 13
Speed 1530 | 1880] 1915 2280 2320 2310 2290
Engine Torque 47,6 | 180,59 42,5 | 171,6| 41,1 1485H5 855
Fuel Flow Rate 1,002| 2,74| 1,195 347 144 2,646 2,12
Air Consumption 134,3| 158,9 163,1| 200,8)] 201,4199,6| 197,6
Fuel Temperature 39,1 | 21,2 42,7 29,3 29 346 393
Exhaust Temperature| 272,3 | 583,72 273,2 | 555,5| 236,3430,6| 301,6
ISP Temperature 238,2| 503,9 220,6 | 481,6| 184,5394,6| 247,6
Sample Temperature| 32,3 | 51,7 27,1 50,2 22,7 44 36,1
Engine Oil Temp. 87 83 95 99 85 88 85
Back Pressure 13 25 20 35 25 32 24
Tunnel Pressure 1,74 2,2 2 2,3 1,62 3,2 3,2
Sampling Rate 0,85 1,1 0,9 1 0,7 1,3 1,3
AVL HC 8 9 6 8 7 9 7
AVL Opacity 1,2 | 56,1 1,9 43 34 252 10,6
CO2 0,6 1,3 0,8 1,6 0,7 1,2 0,4
CO 0,03 | 0,09| 0,03 0,02 001 001 0,01
02 20,02 | 18,45 19,75| 18,51 20,22 19,2 | 20,27
Particulate Matter 0,2 1,2 0,3 1,1 0,3 0,7 0,5
Ambient Temperature] 24,1 | 23,2| 24,2 24,1 235 235 26
Ambient Pressure 742 744 744 744 744 744 744
Relative Humidity 60 60 60 60 60 60 60
Load 25% | 100% 25% | 100%| 25%| 75% 509
Sampling Duration 2 2 2 2 2 2 2
Weight Factor 0,05 | 0,09 0,1 0,08 0,05 0,05 0,05
Density of Fuel 0,82 | 0,82, 0,82 082 082 082 0,82
Heating Value of Fuell 42000| 42000, 42000 42000 4200042000| 42000
(A/F) stiometric 14,389 14,39| 14,389| 14,389| 14,39|14,389 14,389
Fuel Type Diesel| Diesel| Diesel | Diesel DieselDiesel| Diesel
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Table A9: Mod 13 Calculated Data for Diesel Fuel (Mode 1-6)

1 2 3 4 5 6

\Water Vapor Pres. mm-Hg | 19,23| 21,58| 23,06 23,06 21,921,98
Dry Air Pressure mm-Hg | 731,46| 731,56| 730,78| 730,78|728,81728,81
Break Pow. Cor. Fac. 1,00 1,01 1,01 1,0y 100 1,01
Cor. Break Torque Nm 5,42 | 188,42 87,60 | 130,95 95,26|146,96
Cor. Break Power HP 0,75 | 40,22 23,19 34,85 20,8331,16
BSFC kg/HP-h| 1,31 0,20 0,26 0,24 0,283 0,22
BSEC kJ/HP-h| 55170|8609,16 11084 | 9936 9741 912p
Cp(For Air Con. Cor. 0,97 0,97 0,97 0,97, 0,96 0,96
Ct(For Air Con. Cor. 0,98 0,98 0,98 0,98 0,98 0,98
w(For Air Con. Cor. 0,02 0,02 0,02 0,02 0,02 0,02
Chr(For Air Con) 0,98 0,97 0,97 0,97, 0,97 0,97
Air Con. Cor. Factor 0,93 0,92 0,92 0,92 0,92 0,92
Corrected Air Con. kg/h | 96,87 | 111,23 145,64|146,81({113,94114,8(C
Air /[Fuel Ratio 97,85| 13,49 23,80 17,81 24,166,96
Excess Air Coefficient 6,80 0,94 1,65 124 168 1,18
Equivalence Ratio 0,15 1,07 0,60 0,81 0,60 0,85
Th. Air Cons. kg/h |139,86) 214,74| 266,30| 267,71(214,74213,32
\Volumetric Efficiency % 69,26| 51,80, 54,69 54,84 53,063,81
Thermal Efficiency % 4,87 | 31,18| 24,22 27,02 27,5@9,43
Dil. Exh. Flow Rate m3/h | 44,03| 47,39 47,39 47,30 47,8847,10
Density of Air kg/m3 | 1,17 1,16 1,16 1,16 1,16 1,16
Air vol. flow rate m3/h | 82,66| 95,52| 125,45126,54|97,91| 98,82
Exhaust flow rate m3/h | 83,42 | 101,87 130,16 132,89/101,54104,03
Exh. flow rate on Dry | m3/h | 81,92 | 89,34 120,86120,36| 94,38| 93,74
Dilution Ratio % 11,24 9,91 7,76 7,60 9,94 9,65
Eq. Diluted Exh. m3/h | 938 1010| 1010 1010 1010 1003
HC ppm | 89,95| 109,03 54,30 | 53,19 89,4996,45
CO % 0,11 0,89 0,08 0,08 0,08 0,19
CO2 % 1,12 8,92 6,98 760 7,95 10,61
HC Mass Flow Rate g/h | 4,64 6,87 4,37 4,37 5,62 6,21
HC Emission g/HPh | 6,16 0,17 0,19 0,13 0,28 0,20
PM Mass Rate g/h 1,38 | 25,75/ 9,90, 15,85 11,898,76
PM Emission g/HPh| 1,83 0,64 0,43 0,45 0,558 0,60
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Table A10: Mod 13 Calculated Data for Diesel Fuel (Mode 7-13)

105

7 8 9 10 11 12 13
\Water Vapor Pres. 21,33| 21,33 22,51 | 22,51 21,7121,71| 4,58
Dry Air Pressure 729,20/731,2Q0 730,49| 730,5 | 730,97730,97 741,25
Break Pow. Cor. Fac/ 1,01 | 1,01| 1,01 1,01 101 101 1,00
Cor. Break Torque 48,09 | 181,77 42,90 | 173,2| 41,42149,65 85,74
Cor. Break Power 10,33| 47,99 11,54 | 55,45| 13,4948,55| 27,57
BSFC 0,35 | 0,21 0,37 0,23 0,38 0,20 0,28
BSEC 14662| 8633 | 15662 9462 161358241 | 11625
Cp(For Air Con. Cor.| 0,96 | 0,97| 0,97 0,97, 09y 0,97 0,97
Ct(For Air Con. Cor. | 0,98 | 0,98 0,98 098 098 098 0,97
w(For Air Con. Cor. | 0,02 | 0,02| 0,02 0,02 0,02 002 0,00
Chr(For Air Con) 0,97 | 0,97 0,97 097 09y 097 0,99
Air Con. Cor. Factor | 0,92 | 0,92| 0,92 092 092 092 0,94
Corrected Air Con. |123,31/146,85 150,12| 184,9 | 185,90184,24f 184,89
Air /Fuel Ratio 34,18 | 14,89 34,90 | 14,80/ 35,86 19,34| 24,23
Excess Air Coefficient 2,38 | 1,03| 2,43 103 249 134 168
Equivalence Ratio 0,42 | 0,97| 0,441 0,977 040 0,74 0,59
Th. Air Cons. 216,15/265,6Q 270,54| 322,1 | 327,76326,34 323,52
Volumetric Efficiency| 57,05| 55,29 55,49 | 57,39| 56,7256,45| 57,15
Thermal Efficiency | 18,31| 31,10 17,14 | 28,37| 16,64 32,57 | 23,09
Dil. Exh. Flow Rate | 47,10 | 49,35 48,38 | 49,84| 46,5154,18| 54,18
Density of Air 1,16 | 1,127 1,16 1,16/ 1,1y 1,147 1,16
Air vol. flow rate 106,28/125,86 129,09| 158,9 | 159,48158,05 159,95
Exhaust flow rate 109,06/133,45 132,40 168,5 | 163,47165,39 165,83
Exh. flow rate on Dry| 103,58/118,46 125,86| 149,5 | 155,59150,91 154,23
Dilution Ratio 920 | 7,88| 7,78 6,300 6,06 698 6,96
Eq. Diluted Exh. 1003 | 1051, 1031 1062 991 1154 1154
HC 73,60 | 70,91 46,70 | 50,40| 42,4362,82| 48,73
CO 0,28 | 0,71 0,23 0,13 0,06 0,07/ 0,07
CO2 552 | 10,24 6,23 | 10,08 4,24 83§ 2,78
HC Mass Flow Rate | 4,97 | 5,86| 3,83 5260 429 6,43 5,00
HC Emission 0,48 | 0,12 0,33 0,09 0,32 013 0,18
PM Mass Rate 4,17 | 20,25 6,07 | 20,62| 7,50 10,98 7,84
PM Emission 0,40 | 0,42 0,53 0,377 056 023 0,28



Table A11l: Mod 13 Measured Data for Canola Oil (Mode 1-6)

1 2 3 4 5 6
Speed (rpm) 1010 | 1510| 1915 1890 1485 1495
Engine Torque Nm 3,8 177,4| 81,3| 135, 85,4430,3
Fuel Flow Rate g/s | 0,36 2,65 2,03 249 1,64 2,06
Air Consumption kg/h 90,7 | 114,7 | 159,01 | 1581 | 1256 | 123,7
Fuel Temperature C 56,6 62,3 76,1 64,7 | 64,1 | 66,3
Exhaust Temperature] C 113,7 | 516,4 | 340,4 | 459,1 | 317,7 | 4025
ISP Temperature C 784 | 4654 | 276,14 | 390,9 | 257,4 | 337,2
Sample Temperature C 13 36,2 36,4 41,4 | 27,8 | 315
Engine Oil Temp. C 62 85 85 66 67 69
Back Pressure mm-Hg 6 15 24 25 12 12
Tunnel Pressure "WC | 1,42 1,96 2,1 2,1 2 2
Sampling Rate scfim | 07 0,95 1,1 1,1 0,9 1
AVL HC ppm 6 9 4 6 7 10
AVL Opacity % 1,2 73,6 12,5 30,3 6,3 20
CO2 % 0,1 0,7 0,6 0,8 0,6/ 08
CO % 0,01 0,12 0,02 0,017 0,0080,02
02 % 20,88 | 19,36 20,1 19,36 20,119,67
Particulate Matter mg 0,1 1,4 0,6 1 0,5 1
Ambient Temperature] C 23,8 27 28,6 26,5 26,1 26,3
Ambient Pressure mm-Hg| 742 742 742 742 7472 742
Relative Humidity % 55 55 95 53 53 53
Load % 0% | 100%| 50% | 75% 50% 75%
Sampling Duration min 4 2 2 2 2 2
Weight Factor % 0,15 0,08 0,1 0,1 0,05 | 0,05
Density of Fuel g/cc | 0,875| 0,875 0,875 0,875 0,8¥YH,875
Heating Value of Fuel| kj/kg | 37000| 37000 37000 3700037000 37000
(A/F) stiometric 12,481 | 12,481 | 12,481 | 12,481 |12,481|12,481
Fuel Type Canola | Canola | Canola | Canola |Canola | Canola
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Table A12: Mod 13 Measured Data for Canola Oil (Mode 7-13)

7 8 9 10 11 12 13
Speed 1510 | 1905| 1920| 2270] 2280 2300 2290
Engine Torque 414 | 173,59 45,7 | 1649| 43,8 128,56 86,3
Fuel Flow Rate 117 | 3,41 | 1,56 3,75| 157 3,62 247
Air Consumption 127,5 | 153,1 | 160,5 | 1859 | 1958 | 196,1 | 1941
Fuel Temperature 70,2 | 69,7 76,8 73,5 76,3 | 788 78,7
Exhaust Temperature| 254,5 | 593,9 | 296,7 | 593,4 | 264,1 | 5551 | 424,4
ISP Temperature 202,4 | 512,3 | 244,7 | 5216 | 221,3 | 4852 | 367,9
Sample Temperature| 23 41,2 | 338 489 | 30,2 | 463 | 424
Engine Oil Temp. 67 70 68 83 74 78 76
Back Pressure 10 20 20 32 28 32 30
Tunnel Pressure 2 2.3 2,2 242 | 3,06 2,8 2,8
Sampling Rate 1,1 1,1 1 1,1 1,3 1,2 1,2
AVL HC 5 8 5 6 4 7 6
AVL Opacity 0,9 53,7 1 46,8 09| 239 116
CO2 0,4 1,1 0,6 1,2 0,6 1,1 0,8
CO 0,03 0,1 0,01 0,04/ 0,02 0,00 0,01
02 20,69 | 18,93| 19,79 | 18,64 20,083 19,3 | 19,62
Particulate Matter 0,3 1,2 0,4 1,2 0,2 0,9 0,5
Ambient Temperature| 264 | 26,5 | 26,6 26,7 26,1 26,6 26,6
Ambient Pressure 742 742 742 742 742 742 742
Relat ve Humidity 53 50 50 50 50 50 50
Load 25% | 100%| 25% | 100%| 25%| 75% 509
Sampling Duration 2 2 2 2 2 2 2
Weight Factor 0,05 | 0,09 0,1 0,08 0,05 | 0,05 0,05
Density of Fuel 0,875| 0,875 0,875| 0,875/ 0,8750,875| 0,875
Heating Value of Fuel| 37000/ 37000, 37000| 37000 3700037000 37000
(A/F) stiometric 12,481 |12,481| 12,481 | 12,481 | 12,481 | 12,481 | 12,481
Fuel Type Canola | Canola| Canola | Canola | Canola | Canola | Canola
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Table A13: Mod 13 Calculated Data for Canola Oil (Mode 1-6)

1 2 3 4 5 6
Water Vapor Pres. |mm-Hg | 22,11 | 26,74| 25,96 25,96 25,685,66
Dry Air Pressure mm-Hg | 729,84 727,29| 727,72| 728,24|728,40728,40
Break Pow. Cor. Fac. 1,01 1,02 1,02 1,02 100 1,01
Cor. Break Torque Nm 3,84 | 180,41 82,87 | 137,77 86,68(132,23
Cor. Break Power HP 0,54 | 38,26| 22,29 36,5V 18,027,76
BSFC kg/HP-h| 2,38 0,25 0,33 0,25 0,33 0,27
BSEC kJ/HP-h| 88153(9226,54 12133| 9070| 120859884
Cp(For Air Con. Cor. 0,96 0,96 0,96 0,96 0,96 0,96
Ct(For Air Con. Cor. 0,98 0,97 0,97 0,97, 0,9¥ 0,97
w(For Air Con. Cor. 0,02 0,02 0,02 0,02 0,02 0,02
Chr(For Air Con) 0,97 0,97 0,97 0,97, 0,97 0,97
Air Con. Cor. Factor 0,92 0,91 0,90 091 091 0,91
Corrected Air Con. kg/h | 83,27 | 103,82 143,54| 143,43(114,11112,33
Air /Fuel Ratio 64,25| 10,88 19,64 16,00 19,335,15
Excess Air Coefficient 5,15 0,87 1,57 1,28 155 1,21
Equivalence Ratio 0,19 1,15 0,64 0,78 0,6 0,82
Th. Air Cons. kg/h |142,69 213,32| 270,54| 267,01{209,79211,2(
Volumetric Efficiency % 58,36| 48,67 53,06 53,72 54,893,18
Thermal Efficiency % 3,05 | 29,10 22,13 29,60 22,2P7,16
Dil. Exh. Flow Rate m3/h | 45,52 | 48,18, 48,87 48,8/ 48,388,38
Density of Air kg/m3 | 1,16 1,15 1,14 1,15 1,15 1,15
Air vol. flow rate m3/h | 71,70| 90,36| 125,59124,63| 99,02| 97,53
Exhaust flow rate m3/h | 72,70| 97,71 131,2P131,53/103,57103,25
Exh. flow rate on Dry | m3/h | 70,73| 83,21| 120,11117,91 94,59| 91,97
Dilution Ratio % 13,34| 10,51] 7,93 791 9,95 9,98
Eq. Diluted Exh. m3/h | 970 1026 | 1041 1041 1031 1031
HC ppm | 80,04| 9455| 31,73 47,40 69,689,82
CO % 0,13 1,26 0,16 0,08 0,08 0,20
CO2 % 1,33 7,35 4,76 6,33 5,97 7,99
HC Mass Flow Rate g/h | 3,60 5,72 2,58 3,87 4,47 6,38
HC Emission g/HPh | 6,62 0,15 0,12 0,11 0,26 0,23
PM Mass Rate g/h 1,22 | 26,71 10,03 16,74 10,118,20
PM Emission g/HPh| 2,25 0,70 0,45 0,460 0,56 0,66
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Table A14: Mod 13 Calculated Data for Canola Oil (Mode 7-13)

7 8 9 10 11 12 13
Water Vapor Pres. 25,96 | 25,96 26,27 | 26,27| 26,12 26,12| 4,58
Dry Air Pressure 728,24/729,02 728,86 728,9 | 728,94728,94 739,71
Break Pow. Cor. Fac| 1,02 | 1,01, 1,01 1,020 1,01 1,01 1,01
Cor. Break Torque 42,03 | 176,038 46,38 | 167,4| 44,46130,40 86,75
Cor. Break Power 8,91 | 47,09 1251 | 53,36| 14,2842,12| 27,90
BSFC 0,47 | 0,26 0,45 0,25 0,40 0,31 0,32
BSEC 17488| 9645| 16616/ 9361 146921448| 11793
Cp(For Air Con. Cor.| 0,96 | 0,96| 0,96 0,96 096 096 0,96
Ct(For Air Con. Cor. | 0,97 | 0,97| 0,97 0,97, 09y 0,97 0,97
w(For Air Con. Cor. | 0,02 | 0,02| 0,02 0,020 0,02 0,02 0,00
Chr(For Air Con) 0,97 | 0,97 0,97 097, 09y 0,97 0,99
Air Con. Cor. Factor | 0,91 | 0,91 0,91 091 091 091 0,93
Corrected Air Con. |115,70/138,90 145,52| 168,5| 177,51177,83 180,58
Air /Fuel Ratio 27,47 | 11,31 25,91 | 12,48, 31,4113,65| 20,31
Excess Air Coefficient 2,20 | 0,91| 2,08 1,000 252 109 163
Equivalence Ratio 0,45 | 1,10, 0,48 1,000 0,40 091 0,61
Th. Air Cons. 213,32/269,13 271,25| 320,7 | 322,11324,93 323,52
Volumetric Efficiency| 54,24 | 51,61 53,65 | 52,54| 55,1154,73| 55,82
Thermal Efficiency 15,35| 27,83 16,16 | 28,68| 18,27 23,45| 22,76
Dil. Exh. Flow Rate | 48,38 | 49,84 49,35| 50,42| 53,5152,26| 52,26
Density of Air 1,15 | 1,15| 1,15 1,15 1,15 1,15 1,15
Air vol. flow rate 100,50/120,69 126,49| 146,5 | 154,35154,57 156,96
Exhaust flow rate 103,74{130,14 130,81| 156,9 | 158,70164,61 163,81
Exh. flow rate on Dry| 97,34 | 111,48122,27| 136,4 | 150,11144,80 150,29
Dilution Ratio 9,93 | 8,16 8,04 6,85 7,18 6,76 6,80
Eq. Diluted Exh. 1031 | 1062 1051 1074 1140 1113 1113
HC 49,67 | 65,27 40,19 | 41,08, 28,7447,35| 40,78
CO 0,30 | 0,82 0,08 0,27 0,14 0,07/ 0,07
CO2 3,97 | 897| 4,82 8,22 431 7,44 544
HC Mass Flow Rate | 3,19 | 5,26| 3,25 3,99 282 482 414
HC Emission 0,36 | 0,11| 0,26 0,07 0,20 0,21 0,15
PM Mass Rate 4,96 | 2045 7,43 | 20,69| 3,100 14,74 8,19
PM Emission 0,56 | 0,43| 0,59 0,399 0,22 0,35 0,29
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Table A15: Mod 13 Measured Data for 30% Canola+ 70% Ethanb{Mwde 1-6)

1 2 3 4 5 6
Speed (rpm) 1000 | 1520| 1890 1910 1490 1520
Engine Torque Nm 4 1816 824 | 132,3 91,y 133
Fuel Flow Rate gls | 0,41 2,82 2,15 2,74 165 2,14
Air Consumption kg/h 90,4 | 119,4 | 147,9 | 156,1 | 116,2 | 1151
Fuel Temperature C 53,5 64 68,7 66,5 | 61,4 | 65,1
Exhaust Temperature| C 125 519,7 | 340,9 | 457,6 | 317,8 | 388,8
ISP Temperature C 117 519,7 | 340,9 | 457,6 | 317,8 | 388,8
Sample Temperature C 117 482,3 | 317,6 | 393,3 | 297,6 | 374,2
Engine Oil Temp. C 63 75 85 93 78 81
Back Pressure mm-Hg 5 15 20 24 10 12
Tunnel Pressure "WC | 1,48 2 2 2,1 38 1,9
Sampling Rate scfm | 07 1 1 1 0,9 0,9
AVL HC ppm 5 10 6 8 7 10
AVL Opacity % 1,00 68,8 55 28,3 6,8 118
CO2 % 0,1 0,8 0,7 0,8 0,5/ o8
CO % 0,01 | 0,11 0,01 0,01 0,0080,02
02 % 20,66| 194 19,8| 19,66 19,749,48
Particulate Matter mg 0,1 1,2 0,5 0,9 0,5 0,8
Ambient Temperature] C 27,3 27,6 28,2 28,4 27,8 292
Ambient Pressure mm-Hg| 741 741 741 741 741 741
Relative Humidity % 51 51 51 51 50 50
Load % 0% | 100%| 50% | 75% 50% 75%
Sampling Duration min 4 2 2 2 2 2
Weight Factor % 0,15 0,08 0,1 0,1 0,05 | 0,05
Density of Fuel g/cc | 0,862| 0,862 0,862 0,862 0,86D,862
Heating Value of Fuel| kj/kg | 34300| 34300| 34300 3430034300| 34300
(A/F) stiometric 12,567 | 12,567 | 12,567 | 12,567 | 12,567 | 12,567
Fuel Type Can.+Et| Can.+Et | Can.+Et | Can.+Et|Can.+Et/Can.+Et
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Table A16: Mod 13 Measured Data for 30% Canola+ 70% Ethanb{Nde 7-13)

7 8 9 10 11 12 13
Speed 1510 | 1900 | 1930| 2290, 2310 2305 2320
Engine Torque 425 | 173,71 46,8 | 160,6| 41,4 1254 78,7
Fuel Flow Rate 1,18 | 3,65 | 1,72 389 2,19 368 2,76
Air Consumption 116,7 | 146,6 | 1475 | 1714 | 179,8 | 177 175
Fuel Temperature 68,3 | 70,7 | 731 67,2 | 696 | 66,2 | 703
Exhaust Temperature| 290,2 | 5238 | 279 509,9 | 294,4 | 424,7 | 376,5
ISP Temperature 290,2 | 502,4 | 262,7 | 497,6 | 274,6 | 397,2 | 367,9
Sample Temperature | 264,7 | 44,1 34,5 45,1 285 | 415 36,9
Engine Oil Temp. 85 89 95 98 87 93 94
Back Pressure 12 24 20 38 24 30 28
Tunnel Pressure 1,7 2,2 2 2,3 2,1 2,3 2,2
Sampling Rate 0,85 1,1 1 1,2 1 1,1 1
AVL HC 6 8 7 7 5 8 7
AVL Opacity 1,2 50,7 2 40,5 1,6 20,6 8
CO2 0,4 1,1 0,6 1,2 0,5 1,1 0,9
CO 0,03 | 0,08| 0,01 0,03 0,01 001 0,01
02 19,95 | 19,01 19,81 | 18,76/ 19,62 18,93| 19,43
Particulate Matter 0,2 1,1 0,3 1,1 0,3 0,9 0,6
Ambient Temperature| 30,1 | 29,6 | 31,5 31,6 29,2 30,1 30,1
Ambient Pressure 741 741 741 741 741 741 741
Relat ve Humidity 50 50 50 50 50 50 50
Load 250 | 100%| 25% | 100%| 25% 75% 509
Sampling Duration 2 2 2 2 2 2 2
Weight Factor 0,05 | 0,09 0,1 0,08 0,05 | 0,05 0,05
Density of Fuel 0,862| 0,862 0,862 | 0,862 0,8620,862| 0,862
Heating Value of Fuel| 34300| 34300/ 34300| 34300 3430034300| 34300
(A/F) stiometric 12,567 | 12,567 | 12,567 | 12,567 | 12,567 | 12,567 | 12,567
Fuel Type Can.+Et|Can.+Et| Can.+Et | Can.+Et |Can.+Et|Can.+Et| Can.+Et
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Table A17: Mod 13 Calculated Data for 30%Canola+ 70%Ethanb(/@ode 1-6)

1 2 3 4 5 6
Water Vapor Pres. |mm-Hg | 27,21 | 27,69| 29,01 29,001 30,380,39
Dry Air Pressure mm-Hg | 727,12| 726,88| 726,20| 726,20(725,81725,81
Break Pow. Cor. Fac. 1,02 1,02 1,02 1,02 1,02 1,02
Cor. Break Torque Nm 4,07 | 184,94 84,05 | 134,9993,51|135,94
Cor. Break Power HP 0,57 | 39,48| 22,31 36,21 19,529,02
BSFC kg/HP-h| 2,58 0,26 0,35 0,27, 0,30 0,27
BSEC kJ/HP-h| 88564|8820,84 11901| 9344| 104139107
Cp(For Air Con. Cor. 0,96 0,96 0,96 096 096 0,96
Ct(For Air Con. Cor. 0,97 0,97 0,97 0,97, 0,97 O,d6
w(For Air Con. Cor. 0,02 0,02 0,02 0,02 0,08 0,03
Chr(For Air Con) 0,97 0,97 0,97 0,97, 0,96 0,96
Air Con. Cor. Factor 0,90 0,90 0,90 0,900 0,90 0,89
Corrected Air Con. kg/h | 81,55| 107,56 132,80/ 140,09(104,27102,9G
Air /Fuel Ratio 55,25| 10,59 17,1 14,20 17,583,36
Excess Air Coefficien 4,40 0,84 1,37 1,13 1,40 1,06
Equivalence Ratio 0,23 1,19 0,73 0,88 0,72 0,94
Th. Air Cons. kg/h | 141,27| 214,74| 267,01| 269,83|210,50214,74
Volumetric Efficiency| % 57,72| 50,09| 49,74 51,92 49,547,92
Thermal Efficiency % 3,03 | 30,43| 22,56 28,78 25,729,48
Dil. Exh. Flow Rate m3/h | 45,82 | 48,38| 48,38 48,87 57,047,89
Density of Air kg/m3 | 1,15 1,15 1,14 1,14 1,14 1,14
Air vol. flow rate m3/h | 71,14 | 93,93| 116,20122,66| 91,12| 90,34
Exhaust flow rate m3/h | 72,28 | 101,74 122,16| 130,26| 95,69| 96,27
Exh. flow rate on Dry| m3/h | 70,03| 86,31| 110,40115,26| 86,66| 84,56
Dilution Ratio % 13,50| 10,13 8,44 7,99 12,700,60
Eq. Diluted Exh. m3/h | 976 1031 | 1031 1041 1215 1020
HC ppm | 67,52| 101,29 50,62 | 63,94| 88,89105,96
CO % 0,14 1,11 0,08 0,08 0,10 0,21
CO2 % 1,35 8,10 5,91 6,39 6,3b 8,48
HC Mass Flow Rate g/h | 3,02 6,38 3,83 516 5,26 6,31
HC Emission g/HPh | 5,28 0,16 0,17 0,14/ 0,2y 0,22
PM Mass Rate g/h 1,23 | 21,84 9,10, 16,54 11,926,01
PM Emission g/HPh| 2,15 0,55 0,41 0,46 0,601 0,55
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Table A18: Mod 13 Calculated Data for 30%Canola+ 70%Ethanb(/@ode 7-13)

7 8 9 10 11 12 13
Water Vapor Pres. 31,10| 31,10 34,86 | 34,86 32,0032,00| 4,58
Dry Air Pressure 725,45725,45 723,57| 723,6 | 725,00725,00 738,71
Break Pow. Cor. Fac,| 1,02 | 1,02| 1,03 1,03 1,02 102 1,01
Cor. Break Torque 43,52 | 177,71 48,11 | 165,1| 42,34128,45 79,64
Cor. Break Power 9,23 | 47,42 13,04 | 53,10| 13,7441,58| 25,95
BSFC 0,46 | 0,28| 0,47 0,26f 057 0,32 0,38
BSEC 15790| 9505| 16288 9046/ 19687.0929| 13087
Cp(For Air Con. Cor.| 0,96 | 0,96| 0,96 096 096 096 0,96
Ct(For Air Con. Cor. | 0,96 | 0,96| 0,96 0,96| 0,96 O,9|6 0,96
w(For Air Con. Cor. 0,03 | 0,03| 0,03 0,03 0,08 0,03 0,00
Chr(For Air Con) 0,96 | 0,96, 0,96 0,96 096 09 0,99
Air Con. Cor. Factor | 0,89 | 0,89| 0,88 0,88 089 0,89 0,92
Corrected Air Con. |103,99 130,81 130,34| 151,4 | 160,48157,55 160,98
Air /Fuel Ratio 24,48 | 9,96| 21,05 10,81 20,351,89| 16,26
Excess Air Coefficient 1,95 | 0,79| 1,68 0,86 162 095 1,29
Equivalence Ratio 0,51 | 1,26/ 0,60 1,16f 062 106 0,47
Th. Air Cons. 213,32/268,42 272,66 323,5 | 326,34325,64 327,76
VVolumetric Efficiency| 48,75 | 48,73 47,80 | 46,81 49,16 48,38| 49,12
Thermal Efficiency 17,00| 28,24 16,48 | 29,68 13,64 24,56| 20,51
Dil. Exh. Flow Rate | 46,90| 49,35 48,38 | 49,84| 48,8749,84| 49,35
Density of Air 1,14 | 1,14| 1,13 1,137 1,14 1,14 1,14
Air vol. flow rate 91,57| 114,99115,30| 134,0 | 140,84138,73 141,75
Exhaust flow rate 94,84 | 125,11120,07| 144,8 | 146,91148,93 149,37
Exh. flow rate on Dry| 88,38 | 105,14110,66| 123,5 | 134,98128,79 134,32
Dilution Ratio 10,54 | 8,40| 8,58 733 7,09 7,13 7,04
Eq. Diluted Exh. 999 | 1051| 1031 1062 1041 1062 1051
HC 63,21 | 67,23 60,08 | 51,34 35,48357,04| 49,27
CO 0,32 | 0,67| 0,09 0,221 0,0y 0,07 0,07
CO2 4,21 | 9,24 5,15 8,800 354 7,84 6,34
HC Mass Flow Rate | 3,71 | 5,21| 4,47 460 322 526 4,56
HC Emission 0,40 | 0,11| 0,34 0,09 0,283 0,13 0,18
PM Mass Rate 4,15 | 18,57 546 | 17,19| 5,51 15,34 11,14
PM Emission 0,45 | 0,39| 0,42 0,327 040 0,37 043
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APPEND X B

FIBERGLASS FILTER PHOTOS

1000 rpm -0%

1500 rpm-100%

e

1900 rpm-50%

2

1900 rpm-75%

,//\\\

1500 rpm-50%

1500 r/pm-75%

Figure B.1: Particulate Filters for Diesel Fuel (Mode 1-6)

114




1900 rpm-100%
1500 rpm -25%

1900 rpm—25% 2300 rpm-100%
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2300 rpm-25% 2300 rpm-75%
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2300 rpm-50%

Figure B.2: Particulate Filters for Diesel Fuel (Mode 7-13)
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Figure B.3: Particulate Filters for Canola Oil (Mode 1-6)
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Figure B.4: Particulate Filters for Canola Oil (Mode 7-13)
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1000 rpm -0% 1500 rpm-100%

\

1900 rpm-50% 1900 rpm-75%

1500 rpm-50% 1500 rpm-75%

Figure B.5: Particulate Filter§0% Canola-30%Ethanol (Mode 1-6)
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Figure B.6: Particulate Filters for 70% Canola-30%Ethanol (M@dE3)
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APPEND X C

CALIBRATION CURVES
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APPEND X D

SAMPLE CALCULATION

Sample calculation is being performed for Diesel feeding for following data.

Ambient Temperature 23.2C

Ambient Pressure : 744 mmHg
Relative Humidity : 60 %
Engine Speed : 1900 rpm
Load-cell Voltage . 6.57 Volt

Fuel Consumption Time :26s
Air-Mass Meter Voltage : 3.3 Volt

Dilution Tunnel Pressure 2.2"WC

Sampling Rate : 1 scfm

AVL HC : 8 ppm

AVL Opacity 1 40%
Particulate Matter :1.1mg
Duration 1120 sn

Load : 100%

Fuel Density : 82@)/m°
Fuel Cost :3.41 YTL/kg
Fuel Type : Diesel
Weight Factor : 0.09
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D.1 Engine Torque (Nm)
_z K9
Load(kg)=(5_ ~ X¥yasar (VOI)
VO

Load(kg)=5x6.57=32.85 kg
T=Loadxlxg
T=32.85x0.56x9.81=180.5 Nm

Then, the correction factor for torque

7.5XTamb

P = 6.10708x1&"*"t 0.75

Vv

7.5x23.2

R, = 6.10708x1&73*#*2 0.75=21.3 mm-}

-RHXP

atm \%

P,=744-21.3x0.6=731.2 mm-+

0.65 05
742.56107 T,.,t273.15

Cf: amb
P 298.15
0.65 .5
C = 742.56107 23.2+273.15 —1.007
731.2 208.15
T,=TxC,

T.,=180.5x1.007=181.76 NI

D.2 Brake Power (HP)

B, =T. xNSpeedxm) x1.3¢€

128



B, =181.76x1900%—— x1.36=48.49t
30000

D.3 Fuel Consumption (kg/h)

— Vcontaine?( fue?(3'6
t. x1000

mfuel

_86x820x3.6

My = 222 =9 76 kgt
26x1000

D.4 Brake Specific Fuel Consumption (kg/HP-h)

BSCF= ke

b

BSCF= 9.76 =0.201 kg/HP-h
48.49

D.5 Brake Specific Energy Consumption (kJ/HP-h)

BSEC=BSFCxQ

BSEC=0.201x42000=8442 kJ/HF

D.6 Specific Energy Cost (YTL/HP-h)

SEC = BSFCxC,,
SEC=0.201*3.41=0.685 YTL/HP-

D.7 Air Flow Rate (kg/h)

2
C, =0.O66428571+O.0112.':38095;‘—”“4 +O.000666666§%_‘_)ﬂ4
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2
C, :0.066428571+0.01123809§g—1 +O.000666666§7;£;r 0.967

C, =1.0954518-0.0016846296(1,8] +32)+1.5802E-06(1.8, +32)

C,=1.0954518-0.0016846296(1.8x23.2+32587.2009E-06(1.8x23.2+3%

C,==0.979

_ 0.733826288((0.62198P P )
0.733726456

Cy

C - 0.733826288-((0.62198x21.32)/731.2)_0 975
n 0.733726456 '

Cair :Cp XCt Xch

C,, =0.967x0.979x0.975=0.9;

m,, =(-11.971831\ +237.02446V -491.8309),

m,, =(-11.971831x33 +237.02446x3.3-491.88@M0923=147.65 kg/

D.8 Air/ Fuel Ratio

A m, :147'25:15.12

F

actual mf |
uel

D.9 Excess Air Coefficient

15.12
14.389

actual —

1.05

nl>|ni>

stioc
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D.10 Volumetric Efficiency (%)

2
V.= .[Z.Sz xo.1ofxo.115:9'76xlo4 o

Ra - 101325 ) 505 kam

TR T 0.287x293

air * "std

VN - 2.60
EECACLF :1.205x9.76x13 x1900x4x2x60, -0 29 kg/!
J

— My :@: 0.55=55%

o 268.
m 26839

D.11 Thermal Efficiency (%)

. RX3600 _  48.49x3600 _ i o0
Q. x mfue| x1.341 42000x9.76x1.341

D.12 Dilution Tunnel Flow Rate (m®/h)

V, =(639.784+84.8454P -0.802568P )0.(

V,,=(639.784+84.8454x2.2-0.802568x2.2 )0:88.34 i /h

D.13 Exhaust Gas Flow Ratdm?/h)

P.,X0.1333224 _  744x0.1333224

=S = =1.166 kg/m
R, X(T,,+273.15) 0.277x(23.2+273.15)
V'airzﬁ =ﬂ'65=126.6 m /r
1.166
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V=V +0.77m

fuel

V., =126.6+0.77x9.76=134.11'n

exh

V,_,=V,-0.75m

fuel

V., ,=126.6-0.75x9.76=119.28'm

exd

D.14 Dilution Ratio

A, =200 ) 3573000x10 1 A
A

A, 1.3273209x18 o,
A, 2.82743339x10

qeVa o 4934 oo

v " 134.11x0.04694

exh'r

X008} g57433309x40 2

D.15 Equivalent Diluted Exhaust Gas Flow Ratg€m?®/h)

Veor=V

exh

xq=134.11x7.837=1051.02'm

D.16 Particulate Mass Flow Rate (g/h)

_V,Xtx1.69906 _1x120x1.69906

=0.056 ni

SAM ™ 3600

_ PxVr _1.1x1051.02
M Vg, X1000 0.056

D.17 Particulate Emission (g/HP-h

o7 = Pl (2041

. =0.42 g/HP-|
P, 4849

3600

=20.41 g/t
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D.18 HC Emissions Mass Flow Rate (g/h)

= e XHC on X Vepr _ O.619x8x1051.02:5'204 glt
1000 1000

HC

D.19 HC Emissions (g/HP-h)

HC, = 1Cmas 5200 107 gip

°" P, 4849

After all mode 13 calculation, the mean emissiafound using weight factor (see
4.36 formula)
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APPENDIX E

TECHNICAL DRAWINGS

In this Appendix, technical drawings of parts nfactured in the Work Shop of
Mechanical Engineering Department of the MiddletBHaschnical University. If the
part composed of many manufactured parts, an asgednrawing is supplied

together with each part manufactured.
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Figure E.1: Assembly Drawing of the Engine Speed Sensor
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APPEND X F

EXPERIMENTAL MEASURING DEVICES’ SPECIFICATION

HBM LOAD CELL

Dimensions (in mm: 1 mm= 0.03937 inches)

1—Br
LA
i i’y
|
|
Il
|
0 4
| |
D
| [ e
| | Cable761m, @~ 5 mm
| \
! M il
E, RSCA. ) B C ) E i
50 kg; 100 kg 62 308 24 3 15 MBx1.25
200 kg: 500 ke: 11 873 a2 8.6 47 24 M12x1.75
2t 100 69.8 30 )] 302 M24x2
bt 100 162 361 al 3.6 M24x2

Figure F.1: Dimensions of the Load-Cell
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Table F.1: Specifications of the Load-Cell

Technical Data
Type RSCAC1
Accuracy class according to OIML R 60 G
Max. numberz of load cell intervale (n ¢) 1000
Nominal (rated) capacity (Eqa,) J0kg (100 kg|200 kg(500kg| 1t | 2t | 5t
Minimum LC verification interval (vyq) p 0.0286
of Eyay
Sensitivity (C,) mVV 2
Senzitivity tolerance % +0.2500
Temperature effect on sensitivity (TKc) ¥ %0y 002307
Temperature effect on zero signal (TK;) 10K +0,0400
Hysteresi error (d,) +0,0500 1)
Non-Linearity (dy;;) 1) % of C, 01000 7
Creep (d,) 30 min. +0.0480
Input rezigtance (R; o) (nominal) 330
Output resistance (Ry) . 300 £1.5
Reference excitation voltage(U ) i
Nominal range of excitation voltage (By)) v 05..12
Inzulation resistance (Rig) Gl »d
Nominal range of ambient temperature (B} -10... +40 [+14 ... +104]
Service temperature range (B, ‘C['H -30..+70[-22 ... +158]
Storage temperature range (By) -50 ... +85 [-58 ... +189]
Limit load (E;) 150
Breaking load (E;) % 200
Permiszible dynamic load (Fg,s) 0f Eax 7
(vibration amplitude according to DIN 50100)
Deflection at Epay (8rom). approx. mm 0.15 0.20 [0.38 | 0.46
Weight (G) with cable, approx. kg 04 077 1618
Protection clazs accord. to EN60529 (IEC528) | PG5 (tightened test conditions 1 m water column /30 min.)
Material: Measuring bady / Application sealing stainless steel | Polyurethane
Cable fiting / Cable sheath stainless steel, gasket from Perbunan | Polyurethane

—

The data for Non-Linearity (de-). Hvsteresis errar, [dw.) and Temperature effect on sensitivity (TK¢) are typical
values. The sum of these data meets the requirements according to OIML RED.
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ELIMKO AMPLIFIER SPECIFICATIONS

SEMZSOR
Tz, Press, Transducer
DATA
ACQUISITION
DEVICE
ro-1 00 input
A W i B
+ z = + =
[~ QLT
M F
M 2200

Figure F.22 ELIMKO Amplifier Connections

SPECIFICATIONS of E-75v

Input Impedance :> 1 Mohm
Output Voltage :0-10V
Hysteresis : %0.1
Nonlinearly : %0.1

Operation Temp : Betweet@’C and-40°C
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Zener Regulated Frequency to Voltage Converter
Vep = 12

i-‘”ﬂ
L

§ 1 b 5

CHARGE
PLIMF

1 2 1 4
L 4 ® +Vgyr = 66 Hy/V

fing (AUY0.020F . 100K Tu.uur imi

Ce0T7342-10

Figure F.3: Speed Sensor Circuit Scheme
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Dimension drawings.
E Plug-in sensor, M Measurement venturi, 51/52 Plug connection

§
IlI

AIR MASS METER

I =

i

T,

[m]

L

& H

45

4

ELER L
Measure- | Plug-in
DAGB|C (D |E [H |K |L [M |R |mentventuri| connection|Part number
B0 (66 (70 |73 |86 (43 (75 (130 (82 |37 |KS 51 0280217 102
70 |76 |50 (69 |82 |348|- |9 |- |42|KS 51 0280 247 107
70 |76 |70 (69 |82 |335(85 |130 |92 |42 |KS s2 0280217 120
80 (86 (70 |79 |86 (30 [- (130 |- |- |KS 52 0280 217 519
ob6 (102 (70 (762191245 (110 (130 [117 |54 |Alu 51 0280 217 801
b
St - $?
‘ 63
H 4-§'. h
: ‘ 3l I q ' %
A 4| @ H (= 5
i T 4| g | fﬁ“ | &
* ¥ N &
|I\‘- '°l,|'; ™
i/ 1
o2 | 3g+02
2 C

Figure F.4: Dimension of the Air Mass Meter
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Table F.2: Specifications of the Air Mass Meter
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Figure F.5: Technical Specifications of Capacitive Sensors
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Table F.3:Voltage range of Analog Inputs

Channel No Measurement oltage Range
0 Room Temperature 0-5V
1 Exhaust Temperature -10/10 V
2 ISP Temperature -10/20 V
3 Particulate Sampling Temp. -10/10 V
4 Load-cell 0-10V
5 Speed sensor 0-10V
6 Throttle Position 0-10V
7 Left Capacitive Sensor 0-10V
8 Right Capacitive Sensor 0-10V
9 Air Mass Meter 0-5V
10 Fuel Temperature 0-5V

Figure F.6: Optic Sensor Connection
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APPENDIX G

ERROR ANALYSIS

In this appendix, error analysis of the each foaeulised in calculations data read
will be supplied. The analysis is being performedfbliowing data.

Ambient Temperature 23.2C

Ambient Pressure : 744 mmHg
Ambient Humidity : 60 %
Engine Speed : 1900 rpm
Load-cell Voltage . 6.57 Volt

Fuel Consumption Time :26s
Air-Mass Meter Voltage : 3.3 Volt

Dilution Tunnel Pressure 2.2"WC

Sampling Rate : 1 scfm
AVL HC : 8 ppm
AVL Opacity 1% 40
Particulate Matter :1.1mg
Duration :120 sn
Load : 100%
Fuel Density : 82@)/m°
Fuel Type : Diesel
Weight Factor :0.09

Assuming that:

Error in Ambient Temperature 0.1 C then 0.43% for23.2C
Error in Ambient Pressure : 0.1 mmHg tBedil3% for 744mmHg
Error in Humidity : 0.5%rf&060
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Error in Engine Speed
Error in Load Reading
Error in Fuel Cons. Time
Error in Air-Mass Meter
Error in Dil. Tun. Pressure
Error in Sampling Rate
Error in Opacity

Error in HC

Error in PM

Error in Duration

Using:

z="1(Xy, X, Xg0000X,)

Then,

+10 rpm then 0.52% for 1900 rpm
: 0.1% (semdla@ell specifications in Appendix F)
: 0.01 s thebi3%o for 26 s
: 1% (see-miass meter specifications in App. F)
0:005"WC then 0.22 % 2.2 “WC
: 0.02 s¢han 2% for 1 scfm
: 0.2(Ref. [41])
. OB (Ref. [41)])
: 0%
: 0.0tben 0.0083% for 120s

2
AN -39
ix, 1%,

Error in Engine Torque

load-cell ™

load :5X load-cell

load

T = LoadX|Xg

1, T,

V4.0.%0.001=0,00657 \

1z 1z

=5x0.00657=0.032 k then 0.1 % for 32.85 kg

+=0.032x0.56x9.81=0.17 N then 0.09 % for 180.5 Nm

o= () HPX o)’

P, :\/(0.1)2 +(-21.3x0.6) =12.78 mmkthen 1.74 % for 731.2 mmHg
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05 T +273.15°° 74256107

amb

X ———" x .
298.15 298.15 P amb
G -0.35 05 2
742.65x13 742.56107 T,mp1273.15 B
: X x Jamt27318 o ey
20 P 298.15 o

05 23.2+273.15‘°'5X 742.56107%
298.15 208.15 731.2

- 742.65x13  742.56107°%° 23.2+273.15 ’
- : : === = U x731.2% x12.78

X X
20 731.2 298.15

x0.1 +

¢, =0.0022 then 0.22 % for 1.007

LS CX ) H(TX )

T :\/(1.007x0.093 +(180.5x0.0022) =0.39Nrthen 0.21 % for 181.76 Nm

Error in Brake Power

2 2
R 30000X1'36X\/(Nspe93( g) +(T2( I;lpeed)

Pb=mxl.36x\/(1900x0.393 +(181.7x10) =0.279F then 0.57% for 48.48 HP

Error in Fuel Consumption

- Vcontaine?( fue?(3'6x
Mo t,°’x1000 t
f

" :MGXO.FO.O?;?S kg/lthen 0.3 for 9.76 kg/h
vl 26°x1000
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Error in Brake Specific Fuel Consumption

2 2
o me Mg
R RS

=0.00248 kg/HPI then 1.23 % for 0.201 kg/HPh

_ 0.03752+ -9.76x0.57°
BSFC\ 48.49 48.49

Error in Brake Specific Energy Consumption

BSEC_Q LX BSFC

ssec=42000x0.00276=115.94 kJ/HI then 1.37% for 8442 kJ/HPh

Error in Air Flow Rate

_ 0.01123809?_ 2x0.006666667xP, «

Co 25.4 25.4 Fauny

_ 0011238095 2x0.006666667x744
G 25.4 25.4

x0.1=0.03¢then 0.4% for 0.967

¢, =(-0.00303+1.028E-04x], +1.82E-03)x

c, =(-0.00303+1.028E-04x23.2+1.82E-03)x801016 then 0.16% for 0.979

0.62198xP

=1.001x X
“ R "

¢, =1.001x 0.62198x21.3 x12.78=0.04 then 0.46% for 0.975

(731.25

Ca"=\/(Cthhx Cp)2+(CpXChX C})2+(CpXChX q)2

¢. =/(0.979x0.975x0.038) +(0.967x0.975x0.0%6(0.967x0.979x0.045)

¢, =0.05 then 0.63% for 0.923
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((-11.97183x2xY )+237.02446)x,_)*+

my;

" \((11.971831y +237.02446V -491.8309)x)°

r

My

((-11.97183x2x3.3)+237.02446)x0.65) +
((-11.971831x3.3 +237.02446x3.3-491.83@0P3Y

m, =3-6 kg/h then 2.4% for 147.65kg/h

Error in Air/ Fuel Ratio

2 m. x 2
e Mair + air n;fuel
mfuel (mfuel )

_| 36 2+ -147.65x0.003
9.76 0.76

nl >

actual

=0.36 then 2.4 % for 15.12

A

F

actual

Error in Excess Air Coefficient

A
— F aowm — 0.36 =0.025then 2.6% for 0.95

A 14.389
F

stic
Error in Volumetric Efficiency

__awVsi:2.60  _1.205x9.76E-04x2x60

Math - J Nspeed 4

10=0.342 kg/t

Then the error is 0.4% for 268.39 kg/h

2 m.. X 2
— Mair + “HHair 2mth
N My (M)

_\/ 36 °, -147.65x0.342

=0.01Z Then error is 2.45 % for 55.%

266.39 (266.39)
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Error in Thermal Efficiency

2 -PX 2
=0.063 R
rnfuel (mfuel)

=0.0¢

2 2
~0.063 0.57 N -48.49x0.003
o 9.76 (9.765
Then error is 0.18 % for 31 %
Error in Dilution Tunnel Flow Rate

v, =(84.8454-1.605136xP )x0.06x

Vi =(84.8454-1.605136x2.2)x0.06x0.005=0402 /h then 0.049 % for 49.34

Error in Exhaust Gas Flow Rate

. =\/( Va")zir(o.?? X )?

" =\/ (3.1) +(0.77x0.00378) =3.1#n .then 1.73 % for 134.1i%h

Error in Dilution Ratio

=0.0214then 0.2 % for 7.87

1 23 °, -134.11x0.024
9 0.046\ 49.34 (49.34)

Error in Equivalent Diluted Exhaust Gas Flow Rate

Veor =\/(qx Vexh)2+ VE‘XhX q)2
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v =y/(7.87x3.1§ +(134.11x0.0021%) =18.1Gm then 1.7 2% for 1051.2

Error in Particulate Mass Flow Rate

_1.69906
Vs 3600

JEX )7+ (VX )2

_1.69906
Vsam 3600

\/(120x0 02j +(1x0.0%) =0.0011% then 2.02% for 0.0&°

VepeX R + P:x + - X VepeX Vsam

VEDF

V1000 \L,,x1000  1000x(V., 3

P Tmass

2 2 2

_ 1051.'2xo.01+ 1.1x18.1 .\ 1.1x1051x0.00:
Piness 41 0.05%1000 0.05x1000 1000x0.056

do; =0.39g/h then 1.9 % for 20.41 g/h

Error in Particulate Emission

2 2
- PThass + _PTmass.X R
PTTAl — o - v
P, (R Y

_ | 039 *, -2041x0.57
"I\ 48.49 (48.49)

=0.008 g/HPh then 1.9% for 0.42 g/HP

Error in HC Emissions Mass Flow Rate

= +(HC
Hcmass 1000 HC) ( condX \gDF)

he = 2:015«1051 2x0.04) +(8x18.18) =0.0g/h then 1.78 % for %5.204 g/h
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Error in HC Emissions

2 2
Y BT -HCX
R R

=0.001¢ g/HPh then 1.79% for 0.107 g/HPh

HC

_ 0.0922+ -5.204%0.57
48.49 (48.49)
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APPENDIX H

COST ANALYSIS

In this appendix, cost analysis of the each testdsed will be supplied.

Cost analysis of Canola Oil
The production cost of canola oil for farmer isctéiéited as follows.

Table H.1: Canola Production Cost (YTL/DA)

Seed YTL 13,6
Fertilizer YTL 43,1
Spray YTL 15,6
Workmanship YTL 13,5
Harvest YTL 17
Fuel YTL 30,4
Machine Repair YTL 2,9
Insurance YTL 2,76
Land Cost YTL 70
Extraction YTL 5,86
Cost (seed) YTL/DA 214,72

1 Dakar land gives 400 kg canola seeds.
160 kg canola oil is obtained from 400 kg canokedsg%040).

Therefore the cost of canola oil in per unit kilagrisC, ., =1.34 YTL/kg

uel

Cost analysis of Canola-Ethanol Blend

The selling price of ethanol is 3.2 YTL/l. To founlde cost of ethanol per unit
kilogram, it is divided by density of ethanol. Hendhe cost of ethanol in per unit
kilogram is4.01YTL/kg. The cost of canola ethanol blend used is caledlats
follows

C..=1.34x0.# 4.01x0.3 2.14YTL/k

fuel
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Cost analysis of Diesel Fuel

The selling price of diesel fuel at market is 2.8LY. To found the cost of diesel
fuel per unit kilogram, it is divided by density diesel. Hence, the cost of diesel in

per unit kilogram isC,,,, =3.41YTL/kg

174



