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Abstract—The goal of the present work is to investigate the
possibility of using eucalyptus biodiesel and its blends with diesel
fuel as an alternative fuel for diesel engines. Innovative biodiesel
development tests on the diesel engine require a lot of time and
efforts. Here, mathematical model, which is based on the
thermodynamic single zone model, is developed to analyze the
combustion characteristics such as cylinder pressure and the
performance characteristics of a DI diesel engine. The predicted
results are validated by conducting experiments on a test engine
under identical operating conditions on a DI diesel engine.
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I. INTRODUCTION

In the wake of present energy—environment crises, it has
become crucial to find renewable and alternative clean energy
sources. One of the principal routes to undertake the problem
of increasing prices and pollution problems of petroleum fuels
is by using biomass sources, particularly vegetable oils.
Several chemical properties of oils, among them are the high
viscosity and high molecular weight, cause poor fuel
atomization and low volatility, leading to incomplete
combustion and severe engine deposits, injector coking and
piston ring sticking [1-2]. To overcome these problems caused
by the high viscosity of vegetable oils, several techniques
have been used such as preheating the oil, blending or diluting
the oil with other conventional fuel, oil micro emulsification,
transesterification or thermal cracking/pyrolysis [3-5].

Previous researches showed that the most suitable
technique to improve the properties of vegetable oils is the
transesterification. It consists of a catalyzed chemical reaction
involving vegetable oil and an alcohol which produces esters
(biodiesel) and glycerol [6-8]. A lot of researchers have
reported that biodiesels are of comparable performance to
diesel fuel. Moreover, significant reduction in emissions of
carbon monoxide, hydrocarbon and smoke were observed.
However, a slight increase in NOx emissions and specific fuel
consumption were depicted [9-12].

The numerical simulations of the diesel engine cycle based
on thermodynamic models (single zone, two zones or multi
zones) is of great interest for numerous reasons: predicting

trends and providing for engineers more data than experiments
in order to develop new concepts. However the numerical
simulation of biodiesel fuelling compression ignition engine
still a restricted area of research and the relevant literature
remains slight. Rakopoulos et al. [13] developed a
thermodynamic ~ multi-zone  model  evaluating  both
performance and pollutant emissions of a direct injection (DI)
diesel engine running with either vegetable oil or its biodiesel.
Using spray formation modeling they showed that spray
formation, combustion mechanisms and related emission
formation are significantly affected by the physical properties
of the fuels being considered. Gogoi and Baruah [14]
developed a single zone thermodynamic model for predicting
brake power and brake thermal efficiency of a diesel engine
running with diesel and its blends with biodiesel under various
speeds and compression ratios. They concluded that with
60 % blending the model gives higher performance in terms of
brake power and brake thermal efficiency.

In the present work, a single zone thermodynamic model
under various equivalence ratio values is developed in order to
evaluate the performance of a DI diesel engine fuelled by
eucalyptus biodiesel, diesel fuel and their blends (containing
75%, 50% and 25% biodiesel by volume). Using this model,
pressure, temperature and other required properties are
computed numerically for every crank angle step chosen. The
engine friction and heat transfer computations are also
incorporated in the model using empirical equations. The
ignition delay is also taken into account in the combustion
model. To demonstrate the reliability of the mathematical
model, engine tests are carried out on a Lister- Petter DI diesel
engine under identical operating condition. The simulated
combustion and performance characteristics results are found
satisfactory with the experimental value. Thus the developed
model is highly compatible for simulation work with biodiesel
as a suitable alternative fuel instead of diesel.

Il. DESCRIPTION OF THE MODEL

A single zone thermodynamic model has been developed to
study the performance of single cylinder, four stroke, air
cooled direct injection, compression ignition engine fuelled by
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any hydrocarbon fuel viz. diesel, biodiesel and its blends. The
model is based on the first law of thermodynamics equation.

It is assumed that there is spatial uniformity of pressure,
temperature and composition of the cylinder content at each
crank angle. Specific heats, internal energy and enthalpy of
the gaseous mixture are calculated as a function of
temperature. As the combustion in diesel engine should
always occur in lean air fuel mixture, this leads to temperature
levels at which dissociation of products does not have much
effect on engine performance [14].

1) Energy equation
Applying the thermodynamic first law, the general energy
equation can be written as:
dUgy _dw dQT
do  do n
1)

dUgy . )
Where TR is the rate of change of internal energy,

. is the rate of work transfer,

_ddQeT : is the net heat release rate and is the difference
between 3¢ ang 9%

do de
—d(% : Heat release rate due to combustion of fuel,
—dd%‘ : Heat transfer rate from in cylinder gases to the wall,
dm,

W : Intake, exhaust and fuel mass flow rate,

6 : Crank angle position,
h; : Intake, exhaust and fuel enthalpy.

With rearrangement, Eq. (1) can be written as:

dT dv  dQ, dQ,  dme; - dm,
mcyICv_= p—0-r+ < — i -u . +hin s
déo de do de de dée

dmex dmf

+hy —

“do ' do
meyn,Co, T, P and V are the mass, specific heat at constant
volume, instantaneous temperature, instantaneous pressure
and instantaneous volume of the cylinder content respectively.

Instantaneous cylinder volume V is given by,

2
+ % L[1+ R. (1 cos8)—1— (R, sin 9)2}

©)
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\% (9) = Vclear

where Ve is the clearance volume, and D, L, R; are
respectively the cylinder bore, the rod length and the ratio of
connected rod length to crank radius.

2) Heat transfer
The rate of the heat transfer is expressed as:

% _hacr- m[é) @

where T,, is the waII temperature, A the heat transfer area, o
the engine rotational speed, and h the convective heat transfer
coefficient. The latter is given by the Woschni model [15]:

h=3.26 D02p08T 055,08 (5)
where D is the cylinder bore, and w is the velocity of the burnt
gases. w may be evaluated with the following formula [15]:

W=2.28U_p+C1\|id Jf (P-P,) (6)

rrr

where T,, V, and P, are reference state properties. Py, is the
pressure at the same position allowing to obtain P without
combustion. The constant C; takes the value C; = 0 for the
compression process and C; = 0.00324 for both combustion

and expansion processes. U_p:(ZNS/60) is the average

piston velocity, S is the engine stroke and N the engine speed.

3) Heat release analysis

The combustion process can be described with varying
complexity and accuracy. In the present modelling, the
combustion process is taken to occur in two phases, namely
premixed phase and diffusive phase. The two stage behaviour
of combustion heat release rate curves are commonly
identified as pre mixed combustion and diffusive combustion
regardless of the operating conditions. Adequate curve fitting
to this two stage combustion rate curves resulted in double
Wiebe’s function which is given by eq. (7). The heat release
rate is calculated by using this equation [15].

% ZGQ(Q'Jm +1)[0j exp[—ﬁ.g(ngﬁlJ "

where i refer to premixed and diffusion phases of combustion.
6, represents the combustion duration of each phase, Q; the
integrated energy release for each phase and m; adjustable
parameters. The six parameters are to be identified by the least
squares method to match experimental data. For the current
study, these values are reported in table I.
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TABLE |
WIEBE’S CORRELATION PARAMETERS

ER 6, my Q. 0, m; Q;

o 02 744 198 9018 3137 091 276.33
S 034 765 173 5220 3472 1.01 481.28
E 041 731 152 5114 3713 1.03 560.30

052 6.26 174 4750 4216 096 643.32
_ 02 752 213 7105 3508 0.76 282.58
% 034 793 217 4486 3400 106 483.50
A 041 663 196 33.06 3735 1.04 57492

052 580 176 2133 4239 0.98 669.48

4) Ignition delay

The ignition delay (ID) is the time (in m.s) between fuel
injection start and combustion start. Ignition is initiated when
the following integral becomes equal to one [16]:

tini+I1D tini+ 1D

inj 1 inj
—dt=

1
dt (8)
D tiJ;A(ER)B P exp(?j

where A, B, C and D are constants to be identified by the least
squares method to match experimental ignition delay of each
fuel. For the current study, these values are reported in table
.

t

inj

TABLE Il
CONSTANTS OF THE IGNITION DELAY CORRELATION
A B C D
Biodiesel 5.24 -0.09 -0.45 1219
Diesel 3.57 0.09 -0.35 1328

5) Flow through valves
During the intake and exhaust processes, intake and
exhaust mass flow rate terms (dm;, /d@) and (dm,, /dé),

which are present in the energy equation, are calculated using
Saint Venant equation:

r-1

2
R —R,’ ©)

dm _¢ _ %
do "7V (r-DRT,,

where P, and T, are upstream stagnation properties, and Cy a
discharge coefficient. The value of Cq for the intake process is
0.6 and for the exhaust process 0.5 [15]. R, is the ratio of
upstream to downstream stagnation pressures. S, is the
instantaneous valve area and depends upon the valve lift and
the geometric features of the valve head, seat and stem. As
valve lift increases, three separate stages of flow area
development will appear [15].

For 0 <L, <0.004:
Sm=7L, cosﬂ[D\, —2w+%sin Zﬂj

where L, and D, are the instantaneous valve lift and valve
head diameter respectively. g the valve seat angle and y the

seat width.

(10)

Fpr 0.004 <L, <0.11:

Sm=7(D, ~p (L, ~ytan p +? (12)
For L,>0.11:
D, (D,Y
Sy =£[[_Vj _(_V) ] (2.12)
4|\ 2 4

6) Combustion reaction and gas properties calculation

The number of moles of combustion products (exhaust gas
constituents) is calculated from the equivalence ratio and
molecular formula of the tested fuels. As the air fuel mixture
is lean, dissociation of the combustion products is neglected in
order to keep the analysis simple. The gas properties depend
on temperature and the composition. Internal energy u,
enthalpy h, specific heat at constant pressure C, and specific
heat at constant volume C, of the gaseous mixture are
calculated on the basis of charge composition and
temperature. The above-mentioned gaseous mixture properties
are calculated as follows [17]:

R
Cp, =M—i<al+a2T+a3T2+a4T3+a5T4) (13)
RT
CVi :Cpi —W (14)

R T T? 8 T a
h=—T|a, +a,—+a;—+a,—+a;—+— | (15
i Mi (l 22 3 3 44 5 5 TJ( )

U =h ——

_ (16)

i: 02, Nz, HQO, Fuel...

7) Frictional power

A certain quantity of generated power within the engine
cylinders is lost in friction form, with a reduction in the
resulting brake power obtained off the crankshaft. Therefore,
knowledge of friction power is required to relate the engine
combustion characteristics, which influence the indicated
power and the brake power. The power mean effective losses
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due to moving parts friction are calculated using the following
empirical relation [15]:
N —2
FMEP(kPa) =C, +48 —— |+0.4U 17
(kPa)=C; [mooj o 7)
where C; =75 kPa.

I1I. RESULTS AND DISCUSSION

The input parameters used in the theoretical model are the
engine and operational specifications given in Table Ill, the
stoichiometric air-fuel ratio for each fuel, and the equivalence
ratio (ER). According to the engine loading conditions used in
the experiments, the ER values are selected at various engine
power output values (0.9, 2.25, 3.15 and 4.05 kW) [18].

TABLE Il
SPECIFICATIONS OF THE TEST ENGINE

Make LISTER-PETTER-TS 1

Bore and stroke 95.3 mm 88.9 mm
Compression ratio 18

Displacement volume 630 cc
Connecting rod length 165.3 mm
Fuel injection timing 20° BTDC

Rated power output 4.5 kW at 1500 rpm

The predicted ignition delay of the different used fuels is
presented in fig.1 in comparison with the experimental ones at
various equivalence ratios. Analyzing these results, an average
error less than 5% is noted. Also, it can be noticed that the
ignition delay of the biodiesel is shorter than that for neat
diesel fuel. This is due to the high cetane number and oxygen
content. The new correlation expression gives a very good
prediction of the ignition delay in the case of all influenced
parameters such as the type of used fuel and the engine load.
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Fig. 1 Ignition delay comparison between simulation and experimentation

Fig.2 shows the comparison between the experimental heat
release (the rate and its cumulative), obtained with analyzing
the cylinder pressure signal, and the predicted ones achieved
by the Wiebe correlation with dual functions. As it can be
seen, the agreement between measured and predicted heat
release laws traces is good for each used fuel. This is due to
the good adjustment of the Wiebe’s correlation parameters in
both combustion stages. The same trend is observed for all
tested fuels. It can also be observed that the combustion at low
ER is more pronounced for the premixed phase. However, it is
more pronounced at the diffusion phase for high ER. The
engine load increasing leads to accumulate more fuel in the
combustion chamber and to reduce the ignition delay making
the quantity of fuel non-mixed with air in the ignition delay
period increasing as well and continue to burn in the late
combustion.
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Fig. 2 Heat release rate and its cumulative
Fig. 3 shows the calculated and experimental cylinder

pressure variations with respect to crank angle. The
numerically computed values of instantaneous pressure and
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experimentally measured values are compared for eucalyptus
biodiesel (EB100) as well as for diesel fuel operation at the
same operating conditions. The trends of the cylinder pressure
characteristic curves for EB100 and diesel models and
experimental are almost similar in nature. Also the predictions
of the model are very close to the experimental one in the
whole cycle. This is due to the better handling of the Wiebe’s
function parameters and in addition, to the adequate Woschni
heat transfer coefficient for this model. Also, it can be seen
that diesel fuel results in lower peak pressure as compared to
the EB100 fuel. The peak pressure increases with the increase
of the amount of biodiesel in the blend. This is due to the
enhanced combustion rate as a result of rapid combustion of
biodiesel at the premixed combustion period [15]. The peak
pressure values, respectively, for diesel and EB100 models,
87.12 bar, 90.23 bar occur at 4° and 3° crank angle after TDC.
However, the model underestimates the value of the
maximum pressure with an average error of 5% on the overall
operating points, as it is shown in Fig. 4.
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Fig. 3 Cylinder pressure comparison
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Fig. 4 Peak of cylinder pressure comparison

The Brake specific fuel consumption (BSFC) of a Diesel
engine depends on the relationship among volumetric fuel
injection system, fuel specific gravity, viscosity and heating
value. Fig.5 represents the BSFC variation versus ER for
diesel fuel, biodiesel and their blends. For any ER, the BSFC
value increases with the increase of the amount of biodiesel in
the blend. More biodiesel and its blends are needed to produce
the same amount of energy due to its higher specific gravity
and lower heating value in comparison with Diesel fuel. For
instance, for ER=0.2, the BSFC value of diesel is 6% lower
than for biodiesel. When ER increases, the BSFC decreases
sharply for all fuels. As an example, for ER=0.34 representing
50% of load, the BSFC of the pure diesel is found 23%, 18%,
3.5% and 0.6% respectively lower than EB100, EB75, EB50
and EB25. This is due to the fact that the power output of
engine at a given engine speed increases together with an
increase in ER. At high ER (0.44 or 0.54), EB25 and EB50 are
found to be the blends that give lower BSFC.
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Fig. 5 Specific fuel consumption versus equivalence ratio
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The relationship between brake thermal efficiency (BTE)
and equivalence ratio is presented in Fig. 6 as regards the
engine speed of 1500 rpm. The BTE of a Diesel engine is
inversely proportional to its BSFC and the heating value of the
fuel. Since the BSFC values of the biodiesel and its blends are
higher than those with Diesel fuel, the higher BTE with the
Diesel fuel is an expected result, which is seen for medium ER
(0.34 and 0.44). For ER = 0.54, the BTE value of the Diesel
fuel is decreased and those of the other fuels are increased.
The increase in such a load, especially under the higher ER
operating conditions, requires a larger amount of fuel. The
amount of air entering the chamber is not sufficient for the
larger amount of Diesel fuel injected. As a result of this, the
combustion process deteriorates beyond these operating
conditions. But when the biodiesel or its blend is injected,
there is no pronounced effect due to the presence of oxygen in
the fuel composition. The maximum BTE of EB75, EB50 and
EB25 blends is around 32% obtained at ER=0.54 against the
30% for diesel.
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Fig. 6 Thermal efficiency versus equivalence ratio
IVV. CONCLUSION

In the present work numerical study was carried out to
evaluate the performance of a single cylinder, DI Diesel,
Lister-Petter engine. The results obtained with Diesel fuel are
taken as a reference for a comparison with a similar engine
running with eucalyptus biodiesel and its blends with diesel
fuel in various proportions. A single zone thermodynamic
model is developed and is applied for the design and operating
data of this specific engine. The following conclusion can be
drawn when varying the equivalence ratio for all tested fuels:

* The in-cylinder pressure histories computed by the model
for the diesel, eucalyptus biodiesel and their blends fuelled
diesel engine are closer to the experimental pressure data. No
undesirable combustion features such as unacceptable high
cylinder pressure rises are observed.

* Peak pressure and brake thermal efficiency are improved
for all tested fuels whereas the brake specific fuel
consumption decreases when increasing the equivalence ratio.
Therefore, it is concluded that in terms of performance
characteristics, eucalyptus biodiesel blends at 50% and at 25%
could be regarded as a potential substitute for diesel fuel.

REFERENCES

[1] A.S. Ramadhas, S. Jayaraj, C.Muraleedharan. Characterization and effect
of using rubber seed oil as fuel in the compression ignition engines.
Renewable Energy, Vol. 30, p. 795-803, 2005.

[2] K. Pramanik. Properties and use of jatropha curcas oil and diesel fuel
blends in compression ignition engine. Renewable Energy, Vol. 28, p.
239-248, 2003.

[3] M. Kumar, A. Kerihuel, J. Bellettre, M. Tazerout. Experimental
investigations on the use of preheated animal fat as fuel in a
compression ignition engine. Renewable Energy, Vol. 30, p 1443-
1456, 2005.

[4] P. Ndayishimiye, M. Tazerout. Use of palm oil-based biofuel in the
internal  combustion  engines:  Performance and  emissions
characteristics. Energy, Vol. 36, p. 1790-1796, 2011.

[5] M. Gumus, S. Kasifoglu. Performance and emission evaluation of a
compression ignition engine using a biodiesel (apricot seed kernel oil
methyl ester) and its blends with diesel fuel. Biomass and Bioenergy,
Vol. 34, p. 134-139, 2010.

[6] L. Meher, D. Sagar, S. Naik. Technical aspects of biodiesel production by
transesterification-a review. Renewable Sustainable Energy Review,
Vol. 10, p. 248-268, 2006.

[7] A.N. Ozsezen, M. Canakci, A. Turkcan, C. Sayin. Performance and
combustion characteristics of a DI diesel engine fueled with waste
palm oil and canola oil methyl esters. Fuel, VVol. 88, p. 629-636, 2009.

[8] B. Baiju, M.K. Naik, L.M. Das. A comparative evaluation of compression
ignition engine characteristics using methyl and ethyl esters of Karanja
oil. Renewable Energy, Vol. 34, p. 1616-1621. 2009.

[9] M. Hess, M. Haas, T. Foglia, W. Marmer. Effect of antioxidant addition
on Nox emissions from biodiesel. Energy and Fuels, Vol. 19, p. 1749—
1754, 2005.

[10] J. Szybist, S. Kirby, A. Boehman. NOx emissions of alternative diesel
fuels: a comparative analysis of biodiesel and FT diesel. Energy and
Fuels, Vol. 19, p. 1484-1492, 2005.

[11] D. Agarwal, L. Kumar, A. Agarwal. Performance evaluation of a
vegetable oil fuelled compression ignition engine. Renewable Energy,
Vol. 33, p. 1147-1156, 2008.

[12] G. Labeckas, S. Slavinskas. The effect of rapeseed oil methyl ester on
direct injection Diesel engine performance and exhaust emissions.
Energy Conversion and Management, Vol. 47, p. 1954-1967, 2006.

[13] C. Rakopoulos, K. Antonopoulos, D. Rakopoulos. Development and
application of multi-zone model for combustion and pollutants
formation in direct injection diesel engine running with vegetable oil or
its bio-diesel. Ene. Conv. and Manag.,Vol. 48, p. 1881-1901, 2007.

[14] T. Gogoi, D. Baruah. A cycle simulation model for predicting the
performance of a diesel engine fuelled by diesel and biodiesel blends.
Energy, Vol. 35, p. 1317-1323, 2010.

[15] J. Heywood, Internal Combustion Engine Modeling, Ed. New York,
USA: McGraw-Hill, 1988.

[16] J. Ramos, Internal Combustion Engine Fundamentals, Ed. New York,
USA: Hemisphere Publishing Corporation, 1989.

[17] S. Turns, An Introduction To Combustion: Concepts And Applications,
Ed. New York, USA: McGraw-Hill, 2000.

[18] L. Tarabet, M.S. Lounici, K. Loubar, S. Hanchi, and M. Tazerout,
“Experimental investigation of eucalyptus biodiesel combustion in DI
diesel engine”. In Proc. 5™ ECM, 2011,



