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Abgract
Dueto using of fossil fuels, the world today isfaced with serious environmental pollution. However, these fuelsarelimited and depl eting day by day
asthe consumptionisincreasing very rapidly. Hence, it is necessary to find out aclean alternative fuel produced from renewabl e sources. Biodiesel
isan alternativefuel that can be used directly in diesel engine as pure or blended with diesel fuel. In this study, the effects of biodiesel produced from
waste cooking oil (WCO) and its different blends with diesel fuel on the tractor diesel engine torque and power, oxides of nitrogen (NOx) and
particulate matter (PM) emissions, brake specific fuel consumption (BSFC), brake thermal efficiency, cylinder pressure and hear release rate are
analysed and presented. Use of WCO biodiesel results in advanced start of injection, advanced combustion process, shorter ignition delay and
increased heat rel easerate. Thus, higher cylinder peak pressure and temperature lead to increase NOx while PM isreduced. Although, theincrease of
the WCO percentagein the fuel blend reducesthe enginetorque and power, the results show sometorque and power recovery for thisreduction. The
lower heating value of WCO resultsinincreased BSFC but the engine brake thermal efficiency isnot affected significantly. Exhaust gasrecirculation
(EGR) isan effective techniquefor reducing NOx emissionswhen using biodiesel-diesel fuel blends. When same percentage of EGR areused inthe
cases of diesel and WCO, NOx emissions are reduced to similar values, but the PM emissions are significantly lower in the case of WCO biodiesel.
Thus, biodiesel with EGR can be used to reduce NOx and PM emissions simultaneously. The brakethermal efficiency obtained withWCO biodiesels
ishigher than that of diesel fuel when applying same EGR rate. Similarly, the reduction of engine torque and increase of BSFC arelower with WCO
biodiesel swith respect to diesel fuel. Thus, EGR haslower negative effect on engine performancein case of WCO biodiesels compared to diesel fuel.

Keywords: Waste cooking oil biodiesdl, diesel engine, emissions, combustion, EGR.

Introduction

Asthe petroleum based fuel resources are depleting day by day,
it isnecessary to replace alternative fuels for using in the diesel
engines. Vegetable oil esters are receiving increasing attention
as anon-toxic, biodegradable, and renewable alternative diesel
fuel. These esters have become known as biodiesel *. Biodiesel
isan environmentally friendly alternative diesel fuel consisting
of the alkyl monoesters of fatty acids. It is obtained from
triglycerides through the transesterification process 2. The main
drawback of vegetableoil istheir high viscosity and low volatility,
which causes poor combustion in diesel engines. The
transesterification is the process of removing the glycerides and
combining oil esters of vegetable oil with alcohol. This process
reduces the viscosity to a value comparable to that of diesdl,
maintainsthe heating value, and may actually increase the cetane
number and hence improves combustion. Physical and chemical
processes within a diesel engine such as injection timing, fuel
vaporization, and ignition delay are altered with the use of
biodiesel fuel relative to petroleum diesel fuel. The differences
in chemical composition and structure between the fuels
manifest such differencesin engine processes, which ultimately
lead to differences in engine parameters (i.e. combustion,
performance and emissions).

The combustion of biodiesel fuel in diesel enginesin general
resultsin lower particulate matter (PM), carbon monoxide (CO)
and hydrocarbon emissions compared to standard diesel fuel
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combustion while the engine thermal efficiency is either

unaffected or improved *5. Lower heating value, lower volatility,
higher viscosity, generally higher oxides of nitrogen (NOx)

emissionsand high production cost are some of biodiesel’snegeative
attributes®. Among the mentioned attributes, higher NOx emissions
from biodiesel engines are a magjor concern, therefore it is a
motivation for more study on methodsto reduce NOx emissions.
Exhaugt gasrecirculation (EGR) isawell known in-cylinder method
to reduce NOx emissions, particularly on modern direct injection
(DI) diesel engine, and offers the possibility to decrease

temperature during combustion. The decreasein NOx emissions
with theincrease of EGR rateistheresult of:

1) Increase of inlet heat capacity due to higher specific heat
capacity of recirculated CO, and H,O compared with O, and N,
(at constant boost pressure) resulting in lower gas temperatures
during combustion °.

2) Decrease of inlet O, concentration, whose principal
consequence is the deceleration of the mixing between O, and
fuel resulting in the extension of flame region. Thus, the gas
quantity that absorbsthe heat releaseisincreasing, resultingin a
lower flame temperature 7°.

3) Therecirculated water vapor and CO, are dissociated during
combustion, modifying the combustion process and the NOx
formation. In particular, the endothermic dissociation of H,O
results in a decrease of the flame temperature ”°. On the other
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hand, although maybe EGR gases be cooled with an EGR cooler,
the inlet air temperature after mixing with recirculated gases
increases, thus reducing the inlet gas density (at constant boost
pressure) and in-cylinder trapped mass (thermal throttling effect).
This temperature increase tends to increase NOx emissions,
although it is compensated by other effects of EGR listed above®.

Biodiesdl iscurrently expensive but the problem of production
cost has been partially solved by the use of low-cost feedstock
such as restaurant waste cooking, frying oils and animal fatsin
the transesterification process.

The combustion efficiency of used olive oil methyl ester was
studied in aDI diesdl engine °. Results obtained showed that as
oxygen concentration increased, it provided more oxygen for
combustion. The combustion efficiency did not drop during
testing and remained almost constant using either waste olive
oil methyl ester or diesel fuel. Combustion and emission
characteristics of palm oil based waste cooking oil (WCO),
biodiesal fromfresh pam oil and basdinediesde fuel werecompared
on asingle-cylinder, natural aspirated, DI diesel engine . Results
showed that though the combustion temperature and pressure
was low for biodiesel operation, the NOx emission was almost
the same as that of diesel operation. Also, CO, CO, and O,
emissions were approximately same as that of baseline diesel
emission. However, un-burnt hydrocarbon (UBHC) emissions
of WCO biodiesel fuel were lower than baseline diesel
operation. Also, theWCO biodiesel had very low level of sulphur
content and hence sulphate emissionswere virtually eliminated.
A study on the effects of the percentage of used cooking oil
methyl ester (UCOME) on combustion characteristics (ignition
delay, peak cylinder pressure, heat release rate) has been
conducted 2. It was observed that the ignition delay periods of
UCOME anditsblendsare significantly lower than that of diesel
and decrease with increase in the percentage of UCOME. Also,
theresults show that the peak cylinder pressureisdlightly higher
for UCOME-diesel blends compared to diesel. This shows that
the peak pressureis not very much affected using UCOME and
its blends compared to diesel. The maximum heat rel ease rate
decreases with increase in percentage of UCOME in the blend.
It can also be observed that maximum heat release rate occurs
earlier with the increase in the percentage of UCOME in the
blend. The combustion of rapeseed methyl ester (RME) pure or
blended with ultra-low sulphur diesel (ULSD) at 20% and 50%
by volume (B20 and B50) was investigated on asingle-cylinder
direct injection diesel engine with pumplinenozzle injection
system 3, The combustion of RME, B20 and B50 resulted in
advanced combustion compared to ULSD. The advanced RME
combustion resulted in thereduction of smoke, HC and CO while
both NOx emissions and fuel consumption were increased. The
combustion of different fuel blends did not affect significantly
the engine efficiency. The increased amount of oxygen in the
RME molecule and hencein thelocally fuel-rich combustion
zones is believed to be an additional reason for the reduced
smoke. Theincrease of the fuel consumptionismainly dueto
thelower cdorificvalue(LCV) of RME comparedto ULSD. The
use of EGR was more effectivein the case of biodiesel blends
combustion compared to ULSD combustion. The NOx
emissionswerereduced at levelssimilar to those of ULSD with
the use of similar volumetric percentages of EGR while the
smokewaskept low.
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Since diesal engines are not specifically manufactured for
biodiesel fuel use, therefore, the study of biodiesel from waste
cooking oil is not complete unlessit istested in adiesel engine.
Hence, in this study, the combined effects of waste cooking oil
(WCO) biodiesal combustion with the incorporation of exhaust
gasrecirculation (EGR) in order to reduction of NOx emissions,
on the engine performance, combustion and emissions of a
tractor diesdl engine are analyzed and compared with the results
obtained from the engine operating on petroleum-based diesdl fuel.

Materials and Methods
Preparation of fuels: Inthisstudy, waste cooking oil and methanol
in amolar proportion of 1:6 were reacted to produce biodiesel.
Then 1 weight % of KOH of the waste cooking oil wasadded asa
catalyst in thetransesterification reaction. A mechanical stirrer to
form potassium methoxide and water first mixed the KOH catayst
with methanol. The mixture of potassium methoxide and water
wasthen poured into areacting tank to mix with thewaste cooking
oil and stirred by a homogenizer to obtain a transesterification
reaction. Thereason for using methanol in thischemical reaction
isprimarily dueto its superior advantagesof high solubility inail,
fast reaction rate, good physical and chemical properties, and low
cost. The reacting temperature of the transesterification process
was st at 55°C, whichisbelow theboiling temperature of methanol
at 64°C to prevent the methanol from vaporizing from thereacting
mixture during the transesterification process. It took 60 min to
complete the transesterification process. After the completion of
the transesterification process, the mixture was separated into
coarse hiodiesel and glycerin by settling for 2 hours. A
waterwashing method was then used to remove the un-reacted
methanol and other impurities contained in the coarse biodiesel.
The biodiesel obtained after this process was pure WCO biodiesel
(B100) inthisstudy. Table 1 shows propertiesof theWCO hiodiesdl
fuel versus diesel fud. In the experiments, diesdl fuel, pure WCO
biodiesel and three diesel fuel/WCO biodiesel blends were tested.
WCO hiodiesd is blended with diesel fuel in 5%, 20% and 50%
proportions by volume (are represented by B5, B20 and B50,
respectively). Theblendswere prepared just beforethe experiments.

Experimental set up: The schematic of the experimental set up
isshown in Fig. 1. The experiments were carried out on a semi-
heavy duty Motorsazan M T4.244 agricultural engine. Thisengine
iswidely installed on local agricultural tractors. Theengineisa
3.99-litre, turbocharged, four-cylinder direct injection diesel engine.
Themain specificationsof theenginearegivenin Table2. An eddy
current dynamometer with aload cell was coupled to the engine
and used to load the engine. The air consumption was measured
by means of an ABB Sensyflow Pthermal mass flowmeter. The
fuel consumption was measured with aburette with 300 cc volume
and a stopwatch. A new fuel tank was fixed to the system for

Table 1. Fud properties.

Fuel analysis Method WCO biodiesel Diesel fuel
Density@15°C (g/cm’) ASTM D4052 0.880 0.845
Kinematic viscosity 40°C (cSt) ~ ASTM D445 5.48 2.8
Cetane number ASTM D613 60 57
Lower calorific value (kJ/kg) - 38730 42570
Flash point (°C) ASTM D92 176 64
Cloud point (°C) ASTM D2500 -1 2
Pour point (°C) ASTM D97 -4 0
Free glycerin (%mass) ASTM D6584 0.016 0.01
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Figure 1. Experimental setup.

alternativefuels. AnAVL GU 13G pressure transducer, mounted at
the cylinder head and connected viaan AVL Micro IFEM piezo
amplifier toadataacquisition board, wasused to record the cylinder
pressure. The crankshaft position was measured using an AVL
365C digital shaft encoder. The test rig included other standard
engineinstrumentation such asK type thermocouplesto measure
lubricating oil, engine coolant inlet and outlet, inlet manifold and
exhaust temperatures and pressure gauges mounted at relevant
points. Normal enginetest bed safety featureswere alsoincluded.
Atmospheric conditions (humidity, temperature, pressure) were
monitored during thetests. The maximum fuel injection pressure
was measured using another AV L pressure transducer that isfitted
to the high pressure fuel pipe between the pump and theinjector.
Data acquisition and combustion analysiswere carried out using
in-house developed Lab VIEW-based software. An AVL

DiCom4000 gas analyzer was used to measureNO, , CO, and CO,,
by NDIR (non-dispersiveinfrared gasanalysis), and oxygen (O,)
concentrationsin the exhaust manifold (el ectrochemica method).
Another AVL DiCom4000 analyzer was used to measure CO,
concentrations in the cross-section of 1 and 2 cylinder intake
portsinorder to calculate EGR rate. Since, thisanalyzer could not
measure CO, of high positive pressure gases, for this reason, a

Table 2. Specifications of test engine.

Type Turbocharged
Maximum power 61kW@2000rpm
Maximum torque 360N.m@1300rpm
Bore x stroke 100 x 127 mm
Compression ratio 17.5:1
Number of cylinders 4
Number of valves per cylinder 2
Injection system Pump-line-nozzle
Combustion chamber type Bowl-in-piston
Number of injection holes 4
Opening pressure of nuzzles 250 bars
Fuel Diesel

Table 3. Measurement accuracy.

NOx (AVL DiCom4000) 1 ppm

Smoke (AVL 4158 smoke meter) 0.1 %

CO (AVL Digas4000) 0.01 %

Inlet & exhaust CO, (AVL Digas4000 Light) 0.01 %

In-cylinder pressure (AVL GU13G) 1%
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surge tank was used in order to reduce pressure of inlet gasinto
analyzer. Smoke measured using anAV L 415S smoke meter. Table
3 shows measurement accuracy of instruments involved in the
experiment for various parameters.

That ismoredifficult using EGR in common turbocharged diesel
engine. Since, the turbine upstream pressure was not sufficiently
higher than the boost pressure (downstream of compressor) for
this reason, alow pressure loop EGR system (long route) was
chosen for this study. However, space limitation between intake
and exhaust manifolds was associated in this selection too. Any
exhaust sub-systems such as exhaust brake (chocking) and
aftertreatment were used for increasing of exhaust gas
backpressure. For controlling EGR rate manually an EGR control
valve was provided. To lower the temperature of the recycled
exhaust gases, a cross-counter heat exchanger (EGR cooler)
containing 60 tubes was installed in the low pressure EGR loop.
The hot exhaust gases were passed through the individual tubes,
while cool city water was passed through the main body of the
heat exchanger. EGR valve and the section of duct from the engine
exhaust to heat exchanger were a so resistant to exhaust temperatures
that arecommonly inarangeof 100-600°C.

Test procedure: The engine was run with the diesel fuel. After
completion of standard warm-up duration, with oil temperature
at 60°C and cooling water temperature 70°C, the engine speed
was increased to 1900 rpm. Since, the tractors engine generally
are designed for operating at maximum power mode, for this
reason, all the experiments were conducted at full load, arated
speed of 1900 rpm. The main experiments were performed in
two sections.The first series of test and data collection were
performed for five different fuels: Diesel, B5, B20, B50 and
B100 without using EGR. At each test, the engine was stabilized
for five min, and then the measurement parameterswere recorded
at five min. In the diesel/WCO biodiesel blend experiments, the
diesel fuel valve was turned off and the blend valve was opened
while the engine was running after the warm-up duration. Then
the experiments were performed with the fuel blends. At the end
of thediesel/WCO hiodiesel blend experiments, the diesel/WCO
biodiesel valve was turned off and the diesel fuel valve was
opened. The engine was kept running to flush out the diesel/
WCO biodiesdl blend fromthefuel lines, injection pump and the
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injectors for ten min before shutting down. The second series of
test were conducted using 13% cooled EGR and cases of Diesdl,
B50 and B100 fuels. EGR temperature was maintained at about
120°C. All experimentswere carried out ininjectiontiming 12°C
ABTDC.

When EGR is applied, the engine intake consists of fresh air
and recycled exhaust. The percentage of recycled gases is
commonly represented by an EGR ratio, i.e. the mass ratio of
recycled gases to the whole engine intake. The fresh air intake
contains negligible amounts of CO, while the recycled portion
carriesasubstantial amount of CO, that increaseswith EGR flow
rate and engine loads. Notably, CO, is merely a combustion
product. Thus, itisintuitive and practical, to measure EGR ratio
by comparing the CO, concentrations between the exhaust and
intake of the engine ® 13 14;

intake CO, concentration
exhaust CO, concentration

EGR ratio =

When astandard engines EGR system is applied, thereisahigh
inhomogeneous EGR concentration field within theinlet manifold
(in particular in the cross-section of each intake port) and produces
temporal variationsin the EGR concentration during the intake
stroke, that are different for each cylinder because of the pul sating
flow induced by inlet valve opening and closure *°. As a
consequence, it isnecessary obtain CO, temporal valuein port of
each cylinder during the intake stroke. Therefore, for measuring
inlet and exhaust CO, concentrations separately, two gas analyzers
were used. CO, concentrations of intake manifold are mean of CO,
concentration measured just beforeentry exhaust gas-freshair mixture
into the combustion chamber of cylinders 1 and 2. Dueto symmetrical
configuration of intake manifold, it is seem that CO, concentrations
ininlet ports3and4 aresimilartoland 2.

The combustion, performance and emission datawere analyzed
for enginetorque and brake power, brakethermal efficiency, brake
specific fuel consumption (BSFC), exhaust gas temperature,
cylinder pressure, heat release rate (HRR) and NOx, PM, CO
emissions. Before the main tests, the engine base-line
performance tests and 8-Mode tests of ECE-R96

standard were conducted in order to indicate of the 400
engines behaviors at various speeds and loads with ¢ 350
diesel fuel and without EGR. z ;gg

5‘ 200
Satistical analysis: Anaysisof variance (ANOVA) for E 150
all data was conducted by SPSS 15 software for §= 100

w50

completely randomized design and factoria experiment
with three replications in time experiment. The means
were compared with Duncan’smultiple rangetest.
Results and Discussion 300
Comparison of performance, combustion and 250
emissionswith WCO biodiesel and diesdl fudl: Fig. 2 200
shows the engine torque and brake power, BSFC and
brakethermal efficiency, obtained with Diesel, B5, B20,
B50 and pure WCO biodiesd (B100) fuelswithout EGR
for thefull load engine operating condition.
Theincrease of the WCO percentageinthefuel blend
reduces the engine torque and power. Compared to
diesel fuel, the loss of torque and power is 5.3% with

150

100

BSFC(gr/kW-hr)

50
0
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B100. This reduction is mainly due to that WCO biodiesel has
around 10% less heating value in mass than conventional diesel
fuel. Asis observed, the decrease in engine torque and power is
lower than thereduction in heating valuein massbasisas compared
todiesd fud. Variousreasonsareto explain thistorque and power
recovery at full load with respect to that obtained with diesel fuel.
The higher viscosity of biodiesel reduces the back flow across
the piston clearance of injection pump and hence the mass of
injected fuel ishigher inthe case of hiodiesal 26, The higher bulk
modulus and sound velocity of biodiesel Y7, together with its
higher viscosity 2 (which enhancesfuel spray penetration *18) and
cetane number of biodiesdl, lead to an advanced start of injection,
and thus the combustion process would be closer to top dead
center and the torque and power output slightly increases. The
higher lubricity of biodiesel could also reducefrictionlossleading
to anincreased engine brake power °.

The BSFC increases as the percentage of WCO in the mixture
increases. It is approximately 13% higher with B100 than with
pure diesel fudl. The increased BSFC with the increase of the
biodiesel content of thefuel blend isalso dueto thelower heating
value of WCO biodiesdl, probably higher boiling point, viscosity
and density *2°2! compared to Diesel fuel, which resulted in the
increased fuel flow rates. In other word, theloss of heating value
of biodiesel must be compensated with higher fuel consumption.
However, the engine brake thermal efficiency is not affected
significantly from the combustion of fuel blends. The maximum
brake thermal efficiency isobtained for 5% blend (Fig. 2). This
improved efficiency is probably due to the increased lubricity
of these blends as compared to other fuel components *°. The
results of this study show that increase in fuel consumption is
not caused by any loss in efficiency but rather by the reduced
heating value of biodiesdl.

The effect of the physical properties of biodiesel on the
injection advance (with respect to the start of injection with
diesel fuel) has been widely proved in engines without common
rail injection system, but with pump-line-nozzle systems?. When
biodiesel isinjected, the pressure rise produced by the pumpis

Engine Power (kW)
=
(=]

60
50
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® 20
10
0

Diesel BS B50 B100 Diesel B100
_ 45
£ a0
g 3
=l
g 25
E 20
515
= 10
¥
E 5
o 0
Diesel BS B100 Diesel B100

Figure?2. Effect of fuel bI end composition on the engine torque and power, BSFC and
brakethermal efficiency (full load and no EGR).
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quicker asaconsequence of itslower compressibility (higher bulk
modulus) and al so propagates more quickly towardstheinjectors
as a consequence of its higher sound velocity. In addition, the
higher viscosity reduces leakages in the pump leading to an

increaseintheinjection line pressure. Therefore, afaster evolution
of pressure and earlier needle opening is observed with respect to
the case of diesel fuel and, thus, advancestheinjection timing?.
Also at the same crank angle degree, the massof biodiesel injected
is higher than the corresponding mass of diesel fuel 3.

Table 4 givesthe crank angle corresponding to certain percent
of mass fraction burned, combustion duration crank angle, start
of injection, cylinder peak pressure and peak of heat releaserate
datafrom the combustion of thefivefuels(Diesel, B5, B20, B50
and WCO) for full load engine operating condition. Thedifference
of the crank angles between diesel and B100 fuels for 5%, 10%
and 50% massfraction burned are about 0.5-1.5 crank angle, while
that of 90% are about 4.5 crank angles. Thismeansthat theformer
half of combustion duration isa most the samefor cases of diesel
and B100fuels, but thelater half isshorter for casewith B100 fuel.
Therefore, it can be seen that with the increase of the WCO
percentagein thefuel blend, thewhole combustion phase (ignition
delay, premixed combustion, diffusion and late diffusion
combustion) is advanced (closer to TDC), leading to significant
higher combustion pressures and temperatures and hence shorter
ignition delay.

Also apossible explanation for lower ignition delay periods of
WCO and it blendswith increasein the percentage of WCO might
be due to higher cetane number of WCO and its blends compared
to diesel. Another possible explanation may be the presence of
oxygen present in WCO and the splitting of higher molecules of
WCO such asoleic and linoleic fatty acid methyl estersinto lower
mol ecul es of volatile compounds during i njection which advances
the start of combustion causing earlier ignition 2.

Asitisobservedin Fig. 3, the effect of biodieselsisto reduce
exhaust gas temperature. For WCO biodiesel and its blendsthis
effect is attributed to shorter ignition delays and therefore
advanced combustion relative to diesel fuel. Lower exhaust

Table4. Injection and combustion properties (without EGR).

temperature is an effect of less late-cycle combustion duration
the expansion stroke since combustion ended sooner 2.

Fig. 4 showsthe NOx and PM emissions, obtained with Diesel,
B5, B20, B50 and B100 fuelswithout EGR for thefull load engine
operating condition. Theincrease of the WCO percentagein the
fuel blend reduces the PM, but increases the NOx emissions for
full load engine conditions. Thevalue of increasein NOx is 16%
whilethe decreasein PM isaround 70% when using B100 instead
of diesel fuel. The rate of formation of NOx emissionsin diesel
enginesisprimarily afunction of flametemperature, whichisclosdy
related to the peak cylinder pressure and hence temperature *
2627

The main reasons for the increase of NOx emissions with
biodiesel are:

1) The combination of the increased injection pressure and
advanced start of injection derived from the physical properties
of biodiesdl (viscosity, density, compressibility, sound vel ocity)
that result in the delivery of ahigher amount of fuel at the same
injection setting conditions and also advanced combustion
process, and hence higher cylinder pressure and temperature.
Because of the combustion takes place over a shorter period of
time (Table 4), thispossibly allowslesstimefor cooling by heat
transfer and dilution®*22,

2) The higher cetane number of biodiesel, which leads to an
advanced combustion by shortening the ignition delay 2. The
shorter ignition delay and the increased amount of fuel
undergoing premixed combustion results in higher cylinder
pressure and hence temperature 22,

3) The higher oxygen availability in the combustion chamber
when using hiodiesel, which could promote the NO formation
rem“ ons 13,22, 29, 30.

There are various reasons for explaining the reductions of PM
emissions when using biodiesel. The main reasons are;

1) The oxygen content of the biodiesel molecule, which enables
more complete combustion even in regions of the combustion
chamber with fuel-rich diffusion flames and promotesthe oxidation
of the already formed soot 2> 31 %2, The increased availability of

Crank angle for certain

1 percent mass fraction | .Ste.lrt of;1 C]o)mbqstion Cylinder peak Pealk of heat
Fuels burned (deg ATDC) nlegg‘c() A den Pressure (bar) e M
5% 10% 50% 90% g 8

Diesel 0.51 222 14.06 45.22 11.3 4471 144.3 95.7
B5 042 2.13 13.76 44.93 11.4 4451 144.4 97.1
B20 040 2.08 13.76 44.62 11.6 4422 144.6 98.7
B50 0.19 1.80 13.09 42.57 | 11.7 42.38 145.3 101.1
B100 -0.05 1.51 12.50 40.74 12.2 40.79 145.7 104.1
_ 600
o 2500 2
> 500
g 200 2000 s
o —_—
§ 300 g 1500 % 1
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Figure 3. Effect of fuel blend composition on the Diesel

exhaust gastemperature (full load and no EGR).
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oxygen from the combustion of biodiesal in the reaction zones
resultsin lower production of soot precursor species and hence
inreduced ratesof the soot producing reactions 3. When sufficient
oxygen isavailable, soot precursors species react with molecular
oxygen or oxygen-containing radicals (like OH, O) and eventually
produce CO rather than aromatics and soot .

2) Absence of aromatics and also significantly lower sulphur
content in biodiesel fuels, those being considered soot
precursors 1331,

3) The combustion advance derived from the use of biodiesdl.
Thiseffect, that isalready discussed, enlargestheresidencetime
of soot particlesin ahigh temperature atmosphere, which in the
presence of oxygen promotes further oxidation®2,

4) The higher reactivity and oxidation velocity of biodiesel
soot 1734,

Effect of EGR on diesel engine parameters with WCO
biodiesel and diesel fuel: A series of engine tests were carried
out for diesel, B50 and B100 fuels with 13% cooled EGR to
evaluate the performance, combustion and emission of theengine
infull load. Asit can be observed in Fig. 5, when EGR isapplied
to diesel engine, for all fuels, NOXx is reduced but PM is
increased. Thisisawell known trade-off between NOx and PM.
On the other hand, if biodiesel is used in diesel engine, PM is
decreased but NOx increased. Thus, biodiesel with EGR can be
used to reduce NOx and PM simultaneously .

Itisinteresting to note that with applying 13% cooled EGR, the
NOx emission reduction is higher in case of B50 and B100
m0%EGR

m0%EGR m13%EGR

2500 6
2000 3
_?1: 1500 I I E ‘34
§ 1000 E 3
500 . .
0 0 .
Diesel B50 B100 Diesel 850

combustion compared to diesel fuel. The NOx emissions are
reduced to vauessimilar to those of diesel fuel withthesame EGR
percentage while the PM levels are kept at considerably lower
values. Therefore, it isseen that the use of EGR ismoreeffective
in the case of WCO and its blends compared to Diesel fuel. One
reason for the higher NOx reduction is probably the different
composition of the engine exhaust gas obtained from the
combustion of WCO and diesel fuel. The increased fuel
consumption with biodiesel resulted inincreased H,0 and CO, in
the engine exhaust gas 3, and hence the specific heat of exhaust
gas produced by biodiesel combustion would be higher than that
of diesel fuel. For example, the CO, contents of the engine exhaust
gasfrom the combustion of diesdl, B50and B100 are 11.7%, 11.8%
and 11.9%, respectively, for engine full load condition. On the
other hand, the EGR lead to retardation of the combustion of WCO,
which is advanced, compared to diesel fuel and this is another
argument for more NOx reduction with WCO bhiodiesd 2. By
comparing Tables 4 and 5, it is resulted that with applying 13%
cooled EGR, In the case of all fuels, the combustion process is
dightly retarded into expansion stroke, the combustion durationis
longer and the peaks of cylinder pressure and HRR are reduced.
Thecombination of theseitemsand reduced relative air/fuel ratioA
(thereduction of O, availability) resulting from thermal throttling
effect (Fig. 6), arethe main reasonsfor NOXx reduction andincreased
PM emissionswhenusing EGR.

Asisobserved in Fig. 7, the use of EGR resulted in reduced
enginetorgque and increased BSFC as expected. The brake thermal
efficiency alsoisreduced, but thisreduction islower for B50 and

13%EGR

|
B100

Figure5. Effect of fuel blend composition onthe NOx and PM emissionsin the case of

0% and 13% cooled EGR infull load.

m0%EGR 13%EGR m0%EGR
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Figure6. Effect of fuel blend composition ontherelativeair/fuel ratio A and O, concentrationin

the case of 0% and 13% cooled EGR in full load.

Tableb5. Injection and combustion properties (with13% cooled EGR).

Crank angle for certain

Cylinder

¢ fracti Start of ~ Combustion Peak of heat
Fuels pereent mass fraction Injection (deg Duration release rate
burned (deg ATDC) BTDC) (CA deg) pressure (J/deg)
5% 10% 50% 90% & (bar) &
Diesel 1.04 2.76 15.29 51.31 11.3 50.27 137.8 90.8
B50 0.71 233 14.18 48.12 11.7 47.41 138.9 91.9
B100 0.52 2.16 13.95 47.20 12.2 46.68 139.3 94.5

Journal of Food, Agriculture& Environment, Vol.10 (2), April 2012

1295



m (% EGR

B50

13%EGR mO0%EGR

350
340
330
320
310
300
290

280

260

240

220

Engine Torque {N.m)
BSFC{gr/kW-hr)

200

Diesel B100 Diesel

m0%EGR 13%EGR m0%EGR

38 560

37 550
36
35
34
33
32
31

540
530
B50

520
510
500
490
480
470

Brake Thermal Efficiency (%)
Exhaust Gas Temprature (°C)

Diesel B100 Diesel

13%EGR

B50 B100

13%EGR

B50 8100

Figure7. Effect of fuel blend composition on theenginetorque, BSFC, brakethermal efficiency
and exhaust gastemperature in the case of 0% and 13% cooled EGR in full load.

B100 compared to diesal fuel so that when applying EGR, the
brakethermal efficiency obtained with WCO biodieselsishigher
than that of diesel fuel. The possible reason isless the increased
BSFC for WCO biodiesels (dueto more O, and hence, high brake
power) with respect to diesel fuel. The values of BSFC variation
are 10.58%, 6.86% and 6.24%for diesdl, B50 and B100, respectively.
Similarly, the values of reduced enginetorque are 6.47%, 5.42%
and 4.35% for diesel, B50 and B100, respectively. The trends of
thesevariationsindicate lower negative effect of EGR on engine
performance with WCO biodiesel compared to diesel fuel. The
effect of EGR is to increase exhaust gas temperature. This is
resulted from shifting the combustion processto alater stageinto
expansion stroke and al so the longer combustion duration for all
fuels so that combustion ended | ater.

Conclusions
In this study, the influence of waste cooking oil biodiesdl and its
blends on combustion, performance and NOx/PM emissionswere
experimentally investigated on a semi heavy duty tractor diesel
engine at full load whereas 13% cooled EGR was used to reduce
NOx emissions. Thefollowing resultswere obtained:

1. Dueto higher viscosity and lower compressibility of WCO
with respect to diesel fuel, start of injection was advanced. Also
shorter ignition delay of WCO (due to advanced injection and
higher cetane number), resulted in advanced combustion
compared to diesel fuel. Thus, cylinder peak pressure and
temperature were higher with WCO and itsblends.

2. Although, the increase of the WCO percentage in the fuel
blend reduced the engine torque and power (due to less heating
value than diesel fuel) but, because of the advanced combustion
and higher lubricity of biodiesel, there was some torque and
power recovery for thisreduction.

3. The advanced WCO combustion resulted in the reduction of
PM while both NOx emissions and BSFC were increased. The
combustion of different fuel blends did not affect significantly
the engine efficiency. The increased amount of oxygen in the
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WCO molecule is believed to be an additiona reason for the
reduced PM and increase of NOx emissions. Theincrease of the
BSFCismainly dueto thelower heating val ue of WCO compared
todiesd fuel.

4. The use of cooled EGR was more effective in the case of
WCO biodiesel blends combustion compared to diesel
combustion. Because, the NOx emissionswere more reduced (up
to levels similar to those of diesel fuel with the use of same
volumetric percentage of EGR) whilethe PM wasrelatively kept
low. Theincreased CO, concentrationin recircul ated exhaust gas
and theretardation of the already advanced combustion from the
use of biodiesal arethemain reasonsfor the higher NOx reduction
with the use of cooled EGR in the case of biodiesdl fuelling. Thus,
biodiesel with cooled EGR can be used to reduce NOx and PM
emissionssimultaneoudly.

5. When applying same EGR rate, the brake thermal efficiency
obtained with WCO biodiesel swas higher than that of diesel fuel.
Because, thereduction of enginetorqueandincreaseof BSFC are
lower with WCO biodiesel swith respect to diesel fuel. Thus, cooled
EGR haslower negative effect on engine performancein case of
WCO biodiesels compared to diesel fuel. Thisisanother reason
for the effectiveness of using of cooled EGR in case of WCO
biodieselsfueling.
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