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Combustion and Performance Characteristics of CI Engine
Running with Biodiesel

B. Tesfa', R. Mishra, C. Zhang, F. Gu, A.D.Ball
Computing and Engineering, University of Huddersfield,
Queensgate, Huddersfield, HD1 3DH, UK

Abstract

Biodiesel is one of the alternative fuels which is renewable and environmentally friendly and can be
used in diesel engines with little or no modifications. In the present study, experimental investigations
were carried out on the effects of biodiesel types, biodiesel fraction and physical properties on the
combustion and performance characteristics of a compression ignition (CI) engine. The experimental
work was conducted on a four-cylinder, four -stroke, direct injection (DI) and turbocharged diesel
engine by using biodiesel of waste oil, rapeseed oil and corn oil and normal diesel. Based on the
measured parameters, detailed analyses were carried out on cylinder pressure, heat release rate and
brake specific fuel consumption (BSFC). It has been seen that the biodiesel types do not result in any
significant differences in peak cylinder pressure and BSFC. The results also clearly indicate that the
engine running with biodiesel have slightly higher in-cylinder pressure and heat release rate than the
engine running with normal diesel. The BSFC for the engine running with neat biodiesel was higher
than the engine running with normal diesel by up to 15%. It is also noticed that the physical properties
of the biodiesel affects significantly the performance of the engine.

Key words: Physical properties of biodiesel, Brake specific fuel consumption, In-cylinder pressure,
Heat release rate

1. Introduction

The invention of CI engines and subsequent developments in engine technology has led to extensive
exploitation of the petroleum reserves [1],[2] which are being depleted at a rapid rate [3].[4].
Currently, biofuels are being investigated in detail for application in CI engine with exciting potential
opportunities to increase energy security and reduce gas emissions [5], [6]. This could have
significant effects on economic development and poverty reduction programmes throughout the world
[7]. The main findings from the literature reviewed indicate that biodiesels, when used in engines,
have comparable power, BSFC and brake thermal efficiency, as compared to engines running with
diesel. Biodiesel also offers significant advantages of significant portability and although there is not
at overwhelming agreement many studies have reported higher combustion efficiency with the Bio-
diesel use [8], [9], [10]. Furthermore bio-diesel offers lower sulphur and aromatic content, a higher
cetane number and higher lubrication effects [11]. Moreover, it has unique advantage of being
available around the world [5],[12]. Currently, the biodiesel production processes have also been
improved to increase the bio-diesel yield to have continuous supply from process plants [13], [14].

The performance of an IC engine is represented by a number of different parameters. Some of the
important parameters includes: brake specific fuel consumption, brake effective power, thermal
efficiency, in-cylinder pressure and heat release rate. Many researchers have investigated the
performance characteristics of engines running with biodiesel and its blends and compared it against
its performance when running with normal diesel[15], [16], [17], [18], [19]. In the following sections
some important works have been reviewed to identify gaps in the knowledge in combustion and
performance characteristics of the CI engine running with biodiesel blends to justify the present work.
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1.1 Combustion characteristics

Combustion of fuels is one of the most important processes which affect the performance and
emission characteristics as well as the engine durability [20]. The important parameters that signify
the combustion process effectiveness are in-cylinder pressure, ignition delay, combustion duration,
heat release and cumulative heat release rate [21], [22]. In-cylinder pressure can be measured directly
from the engine and the other combustion parameters can be calculated from the in-cylinder pressure.
The heat release rate is estimated from the first law of thermodynamics as given in equation (1) and
(2) using the in-cylinder pressure and the geometry of crank and rod. The other important combustion
parameters can be easily estimated from the heat release rate (HRR) variation over an engine cycle.
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Where, dQ/d6 is rate of heat release (kJ/deg), P is the in-cylinder gas pressure (kPa), V is the in-
cylinder volume (m3), vy is the ratio of specific heats, V, is the engine displacement (m3), 0 is crank
angle (deg) and R is the ratio of connecting rod length (m) to crank radius (m).

Furthermore, the cumulative heat release (Q.,m) is calculated by the equation (3):
1
Qcum = [dQ = ny%ldV+yTlVdP 3)

Most of the researchers have reported that the engines running with biodiesel blends result in an
hydraulic advancement in injection timing and the start of combustion as the biodiesel content in the
blends increases[12],[23],[21], [24-27]. Gao et.al [25] investigated the spray penetration, spray cone
angle and spray tip speed characteristics using a high-speed camera for different biodiesel blends. The
experimental result showed that as the ratio of biodiesel in the blends increased, the spray penetration
and spray speed increased. They however observed that the spray cone angle decreased. They also
reported that the Sauter mean diameter of blended fuels was observed to be greater than that of diesel
under similar operating conditions. Furthermore, Zhang and Van Gerpen investigated the effects of
blends of methyl esters of soya bean oil and diesel in a turbo-charged, four-cylinder and direct
injection diesel engine. They found that these blends gave a shorter ignition delay and similar
combustion characteristics [28]. Yusuf and Milford [28] studied the in-cylinder pressure and heat
release rate characteristics of a six-cylinder, direct injection 306kW diesel engine with blends of esters
of methyl as a fuel. The peak rate of heat release, peak cylinder pressure, indicated mean effective
pressure (IMEP) and charge of temperature for this blend were found to be lower than that of diesel.
The combustion characteristics of a single cylinder, four stroke which is running with waste cooking
biodiesel were investigated by Muralidharan et al [29]. They found that the combustion
characteristics of waste cooking oil methyl ester and its diesel blends closely followed those
of standard diesel.

Recently, Gumus [21] reported results of an investigation into the combustion and heat release
characteristics of biodiesel fuelling direct-injection compression ignition engines. The tests were
conducted for different biodiesel blends and the in-cylinder pressure was measured. The combustion
duration, heat release rate and cumulative heat release were calculated from the in-cylinder pressure
values. It was concluded that the engine running with biodiesel did not show any significant deviation
from the engine fuelled with diesel in parameters characterising combustion. However, as the
biodiesel content in the blend increased, shorter ignition delays and pre-mixed stage durations were
observed. Gumus [21] also highlighted that a diesel engine can be modified by increasing the
injection timing, compression ratio and injection pressure to make suitable for use with Bio-diesel.



1.2 Brake specific fuel consumption

BSFC is the ratio of the engine fuel consumption to the engine power output, as measured at the
flywheel. Lapuerta et al.[30] and Xue et al.[19] carried out an extensive review of publications on the
BSFC of engines using biodiesel and its blends. It is shown in Table 1 that from total reviewed papers
on the engine running with biodiesel, 98% and 87.1% of them agreed that the engine running with
biodiesel resulted in higher BSFC as per Lapuerta et al. [30] and Xue et al. [19] reports respectively.
Chauhan et al [31] carried out extensive tests on a Kirloskar make, single cylinder, air cooled, direct
injection, DAF 8 model diesel engine, to quantify performance and emission characteristics when
running with Jatropha biodiesel, under steady state operating conditions. The brake thermal efficiency
of Jatropha methyl ester and its blends with diesel were lower than diesel and brake specific energy
consumption was found to be higher.

Dorado et al. [32] used transesterfied waste olive oil on a 3-cylinder, 4-stroke, water-cooled and direct
injection diesel engine. Their results revealed a slight increase in BSFC. Monyem and Gerpen [33]
also tested several fuels including neat biodiesel, 20% blend, and a base diesel fuel on a John Deere
4276T turbo-charged DI diesel engine at a single speed of 1400 rpm, with 100% and 20% loads. The
biodiesels used were both oxidised and un-oxidised. They reported that the oxidised and un-oxidised
neat biodiesels resulted in 15.1% and 13.8% higher BSFC than the diesel fuel, respectively.

Ramadhas et al. [34] tested rubber seed oil on a four-stroke direct injection, naturally aspirated single
cylinder diesel engine at a speed of 1500 rpm under various loads. They reported that when the
applied load increased, the BSFC decreased until the engine attained a 60—70 % load condition. In the
same analysis, it was seen that as the percentage of biodiesel increased the BSFC of the engine also
increased. Lin C and Lin H [35] reported that the BSFC of fuels decreased with increasing speeds of
the engine under a constant engine torque. It can be concluded from the reviewed literature that
engines running with biodiesel result in a higher BSFC than when running with diesel, as the former
has lower heating value and hence higher amount of fuel is consumed in order to maintain the same
brake power [32], [36]. These studies indicate that the fuel consumption is, on average, proportional
to the loss of heating values, irrespective of whether heavy-duty or light-duty engines were tested. For
example, Hasimoglu et al. [37] obtained 13% higher BSFC with a biodiesel having LHV 13.8% lower
as compared to diesel on a 4-cylinder, TU and DI diesel engine.

Table 1 Estimated share of literature (in percentage of publications) on effect of pure biodiesel on
engine performance and emission in comparison with Diesel [30],[19].

Parameters Increasing trend Similar trend Decreasing trend
number of papers number of papers number of papers
(%) (%) (%)
Lapuertaer Xue Lapuerta et Xue et Lapuerta er Xue et
al ‘al. al al. al .
Power performance 0 7.4 2 22.2 96 70.4
BSFC 98 87.1 2 3.2 0 9.7
Thermal efficiency 8 NR 80 NR 4 NR

NR: not reported

Armas et al. [38] found that the BSFC of B100 biodiesel, with a low heating value, 12.9% lower than
that of diesel, had increased approximately by 12%, compared to the diesel on a 2.5L, DI and TU,
common-rail diesel engine operating at 2400rpm and 64Nm. Furthermore, Lin et al. [39] investigated
the BSFC of eight different types of biodiesel on a single-cylinder, 4-stroke, DI diesel engine and
found the diesel engine had a higher BSFC within the range of 9.45-14.65% than that of diesel which
had (12.9-16%) higher value of LHV as compared to the biodiesels.

In some papers, however, it is reported [34], [36], [40] that the increased fuel consumption was not
proportional to the loss of heating value for biodiesel. For example, Gumus and Kasifoglu [40] found
that the brake specific energy consumption (BSEC) for B100 was higher than that of diesel by 4.8%,
due to a lower heating value (about 7.4%) and higher viscosity. Some works have also reported [41—



44] decrease in fuel consumption when biodiesel and its blends were used as a fuel, in comparison to
diesel. For instance, Ulusoy et al. [41] observed that the fuel consumption of frying oil biodiesel was
2.43% less than that of diesel on a 4-cylinder, 4-stroke 46kW diesel engine under similar operating
conditions. Other than the effects of heating value on BSFC, some researchers have also reported that
the BSFC of biodiesel could be affected by the biodiesel content [45-48] biodiesel physical properties
[36], engine type and operating conditions [47] and additives [49], [50]. In addition, some researchers
have reported that the BSFC may increase due to changes in combustion timing caused by biodiesel’s
higher cetane number, as well as the injection timing [33].

As the aforementioned review highlights, the studies in combustion characteristics and performance
of CI engine running on biodiesel blends are fairly inconsistent. More investigations are required in
order to understand the phenomena of combustion and performance characteristics of engines running
with biodiesel blends for range variation of biodiesel types, blend ratio and physical properties. Based
on the review, in this paper three research problem areas were identified:

= The effects of biodiesel types on the CI engine combustion and performance characteristics.

= The effects of biodiesel blends on the CI engine combustion and performance characteristics.

= The effects of the biodiesel physical properties (density, viscosity and lower heating value) on

the performance of the CI engine.

Therefore, the objective of this study is to investigate the combustion and performance characteristics
of CI engine running with biodiesel blend by varying biodiesel types, blends and physical properties.
To achieve the objective, experimental investigations were carried out using four-cylinder, four-
stroke, turbo-charged, water-cooled and direct-injection CI engine. In the following sections the
experimental facilities and test procedures have been explained.

2. Experimental Facilities and Test Procedures

In this study the combustion characteristics and performance of a CI engine running with biodiesel
was investigated using a four-cylinder, four-stroke, turbo-charged, water-cooled and direct-injection
CI engine. The details of the engine are presented in Table 2. The engine was loaded by a 200kW AC
Dynamometer 4-Quadrant regenerative drive with motoring and absorbing capability for both steady
and transient conditions. The picture of the engine test and layout of the experimental facilities is
described in Figure 1 and Figure 2.

Table 2 Characteristics of engine

Technical parameters Technical data

Engine type Turbo charged diesel engine
Number of cylinders 4

Bore 103mm

Stroke 132mm

Compression ratio 18.3:1

Number of valves 16

Injection system Direct injection
Displacement 4.399 litre

Cooling system Water

Nominal Idling speed 800 rpm

Maximum rating gross intermittent

Maximum torque

74.2 @ 2200rpm
425Nm @ 1300rpm




In order to acquire accurate and repeatable engine test data for diesel engine combustion and
performance characteristics, the engine test bed was instrumented with speed sensors, pressure
transducers, fuel flow metres and in-line torque meter. A Hengler RS58 speed sensor was used to
measure the speed of the engine. Fuel flow was measured by a FMS-1000 gravimetric fuel measuring
system which was controlled and monitored by CADETV12 software. The cylinder pressure was
measured using a Kistler 6125A11 piezo-quartz pressure sensor which was mounted in cylinder one.
The output of pressure sensor was amplified through a B & K 2635 charge amplifier. The crankshaft
position was obtained using a crank angle sensor to determine the cylinder pressure as a function of
the crank angle. The measuring range and accuracy of these instruments are presented in Table 3.

Table 3 Measuring instruments specifications

Instruments Type Range Accuracy
Fuel flow meter FMS-1000 gravimetric | 0 - 300K g/hr +0.05% of reading
Speed sensor Hengstler RS58 0 - 10000rpm -
In-cylinder pressure | Kistler 6125A11 piezo- | 0 - 25MPa <0.4 % FSO
quartz
Load cell TI10FS 0 - 1000Nm 0.006 to 0.002% of reading

Air intake

Diesel supply

H Dynamometer

\

F..

Figure 1 Experimental engine facilities

All the signals collected from the test rig needed to be converted from an original analogue form into
a digital form. This was achieved by using a CED Power 1401 Analogue to Digital Converter (ADC)
interface between the transducers and a host computer. The power CED 1401 is able to record
waveform data at 16-bit and 400kHz for 16 channels. It can also generate waveform and digital output
simultaneously for real-time, multi-tasking experimental system using its own processor, clocks and
memory, under the control of the host computer. The fuel from biodiesel tank was pumped to a fuel
meter and, then it passes through a fuel pump to fuel injectors. The normal diesel was pumped from
the main reservoir.
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Figure 2 Engine test facilities lay out

During the testing process the engine was run for 10 minutes to enable it to come to steady state
before any measurements were carried out. On the day prior to the actual test day and also when fuel
was changed, a preconditioning procedure at high speed and high load was implemented to purge any
of the remaining effects from previous tests in the engine fuel system and also to remove the
deposited hydrocarbon on the sample line. The maximum rated speed and maximum torque of the test
engine is 2200rpm and 425Nm respectively. The test operation speed and torque which have been
shown in Figure 3 are based on the rated engine speed and maximum load.

In this study, three common types of commercially available biodiesels (corn oil biodiesel (COB),
rapeseed oil biodiesel (ROB), and waste oil biodiesel (WOB)), obtained from a local company, had
been used for analysis. The corn oil biodiesel and rapeseed oil biodiesel were produced by the
transesterfication process from ‘virgin’ oil using methanol. The waste oil biodiesel was produced by
the same process, although the raw feed was from cooking oil waste. Normal diesel fuel was obtained
from a local fuel supplier. The red diesel, which is exactly the same as regular diesel by its
combustion, performance and emission behaviour, was used in all tests. It is produced by adding
colour additives on normal diesel. The red diesel was selected due to its low fuel tax for off-road

engines.

100 . . ‘ ‘

s @ @ @ @ @ @

IS

§50 ® O ® ® ® O
i die i

25
25 50 75 100

Engine speed (%)

Figure 3 Range of engine speeds and engine loads for steady state testing cycle



To establish quantitative dependence of fuel type on combustion and performance of engines four
different fuels namely ROB, COB, WOB and diesel were used. However, to establish blending and
physical properties effects, the blended fuels were prepared by mixing ROB and diesel in different
proportions using in tank blending method [37]. Blended fuel has percentage volumetric fraction of
0%, 10%, 20%, 50%, 75% and 100% of Biodiesel and named B0, B10, B20, B50, B75 and B100
respectively.

The main physical properties such as composition, density, lower heating value (LHV) and viscosity
of the rapeseed oil biodiesel were measured according to the official test standards in EU and the
results were published by this paper authors [51]. The blends properties are presented in Table 4.

Table 4 Physical and Chemical properties of rapeseed biodiesel and its blends [51]

Property Accuracy Diesel(BO) B10 B20 B50 B75 B100
C 87 86 85 82 79.5 77
Composition (%) H 13 12.9 12.8 12.5 12.25 12
0) 0 1.1 22 55 8.25 11
Density (kg/m”) +0.05kg/m’ 853.36 859.00 865.00 871.76 872.50 879.30
LHV (MJ/kg) +0.01MJ/kg 42.67 4226 41.84 4058 39.54  38.50
Viscosity (mm%s)  +0.02mm?/s 3.55 391 4.28 4.68 4.74 5.13

3. Results and Discussion

As per the review in section 1, a number of researches have been carried out on the use of biodiesel in
CI engines during steady state conditions. However, there is limited information available on effects
of physical properties of biodiesel on both combustion and performance characteristics. Based on the
experimental results, the effects of blend fraction, density, viscosity and lower heating value on
combustion and performance characteristics of CI engine are analysed and reported in this section.

3.1 Effects of biodiesel types and blends fraction on combustion
characteristics

The overall scope of biodiesel sources for biodiesel production becomes much broader over time. The
most common biodiesel sources are edible oil such as rapeseed oil, corn oil, palm oil, and soybean oil
[52]. In this study, two categories of biodiesel were investigated: biodiesel from ‘virgin’ vegetable
(rapeseed oil (ROB) and corn oil biodiesel (COB) oil, and waste cooked oil (waste oil biodiesel
(WOB)). The combustion characteristics parameters such as in-cylinder pressure, the heat release rate
and cumulative heat release behaviour of the three biodiesels and their blends are presented here.

The in-cylinder pressure measurement is considered to be a very valuable source of information
during the development and calibration stages of the engine. The in-cylinder pressure signal can
provide vital information such as peak pressure, P-V diagram, indicated mean effective pressure, fuel
supply effective pressure, heat release rate, combustion duration, ignition delay and so on [53], [54].
Moreover, based on ideal gas and first law of thermodynamics it can be used in more complex
calculations for example in air mass flow estimation, combustion diagnosis and NOx prediction [53],
[55].

The peak in-cylinder pressure of a CI engine running on diesel, ROB, COB and WOB, at a load of
420Nm and over a wide range of engine speeds, is shown in Figure 4(a). It can be seen that the in-
cylinder pressure increased slightly with increasing engine speed. This is due to an increase in air/fuel
ratio with engine speed increment [21],[24].

Figure 4(b) shows the in-cylinder pressure deviation observed for the data on ROB, COB and WOB
from the data on diesel. It can be observed that the peak in-cylinder pressure corresponding to COB
and ROB are higher than normal diesel by 1.3%. The engine running with the ROB and COB did not



show any significant difference in peak in—cylinder pressure values. However, the engine running on
WOB showed an inconsistent variation of in-cylinder pressure across the range of engine speeds. This
is thought to be due to the variations of fatty acids methyl esters in WOB which have non-uniform
combustion characteristics at various engine operating conditions [56].
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Figure 4 Variation of peak in-cylinder pressure with engine speed for CI engine running with ROB,
COB, WOB and diesel at load of 420Nm

Figure 5 presents the peak in-cylinder pressure of the CI engine fuelled with the biodiesel blends at
420Nm over a wide range of engine speeds. It can be seen that the peak in-cylinder pressure increases
consistently with increasing engine speeds. The peak in-cylinder pressure also increases with
increasing biodiesel fraction. The neat biodiesel resulted in a maximum in-cylinder pressure (2.7%
more than diesel). The main reason for a higher peak in-cylinder pressure in the CI engine running
with biodiesel is due to the advanced combustion process being initiated by the easy flow-ability of
biodiesel and its other relevant physical properties of biodiesel as claimed by Qi et al.[3].
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Figure 5 Variation of peak pressure with speed of CI engine running with biodiesel blends at load of
420Nm

Figure 6 shows the variation of in-cylinder pressure within the combustion chamber of the test CI
engine with crank angle when running with B50, B100 and normal diesel fuels at a speed of 1300 rpm
and at different engine loads of 105Nm, 210Nm, 315Nm and 420Nm. To highlight the combustion
process only, the figure shows only the part of combustion or power stroke section in the engine
cycles. Figure 6 depicts that the peak cylinder pressures obtained for the engine running with B5S0 and
B100 are higher than the engine running with diesel by 4.5% and 3.4% at 420Nm respectively. For
the rest of the load conditions, the difference is found to be below 3%. The higher in-cylinder pressure
of CI engine running with biodiesel blends may be attributed to the advanced combustion process
initiated by the physical properties such as higher cetane number, viscosity, density and bulk modulus.
The same phenomena were reported by Qi et al.[3] and Muralidharan et al [29]. However, in recent
publication Jaiichander et al. [56] reported that the peak pressure is slightly lower for B20 when
compared to that of diesel and they explained this might be due to improper mixing of B20 with air
due to higher viscosity and lower calorific value for B20.

The cumulative effects of these properties result in a short ignition delay and advanced injection
timing for biodiesel. Furthermore, due to the presence of oxygen molecules in the biodiesel, the
hydrocarbons achieve complete combustion [57] resulting in a higher in-cylinder pressure. Gumus
[21] however reported that the engine running with diesel resulted in higher in-cylinder pressure than
that of biodiesel blends due to high viscosity and low volatility of the biodiesel which leads to poor
atomization during the ignition delay period. Qi et al. [3] have argued that the higher viscosity and
lower volatility can be compensated by the complex and rapid pre-flame chemical reactions at higher
temperatures which result in cracking and creation of lighter biodiesel compounds. These compounds
can result in earlier ignition.
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Figure 6 Variation of in-cylinder pressure with crank angel for CI engine running with B5S0, B100 and
diesel at 1300rpm and different loads

To obtain more in-depth information the variation in the rate of pressure rise with crank angle for
diesel and biodiesel blends at differnet engine loads are shown in Figure 7. It can be seen that at a
lower engine load the rate of pressure rise for diesel is slightly higher than that of the biodiesel fuel.
The reason for this observation may be because at lower load, a very small quantity of fuel is injected
into the combustion chamber and combustion starts after TDC. However, the rate of pressure rise is
higher for biodiesel at higher engine loads. This is due to the higher rate of heat release during
premixed combustion phase as explained in the next section.

Heat release rate is one of the most important parameters to characterise the combustion process in
compression ignition engine. Using the heat release rate diagram, it is possible to determine the
ignition delay time, start of ignition and the peak heat release. The heat release can be computed by
using first law of thermodynamics and ideal gas laws as described in section 1.

Figure 8 depicts the heat release rates for different biodiesel blends and normal diesel at a speed of
1300 rpm and at different load values of 105Nm, 210Nm, 315Nm and 420Nm. The engine running
with diesel and biodiesel blends slight variation of the peak heat release rate and ignition delay.

It can also be observed from the Figure 8 that the ignition of the biodiesel fuel starts earlier
than the diesel fuel by 0.8deg, 1deg, 1.5deg and 1.2deg for 105Nm, 210Nm, 315Nm and
420Nm load conditions respectively. Gumus [10] also reported that the start of ignition for
biodiesel was advanced by up to 1.65deg. The advanced start of ignition is occurred due to



the physical properties of the biodiesel such as higher bulk modulus [14], [46] higher
viscosity [41], [45] and higher cetane number [47],[16]. It is well documented from previous
reports that biodiesel cetane number is higher than diesel which mainly causes for start of
early ignition for engine running with biodiesel [33],[58—60]. Further it can be seen that at
lower load conditions the test CI engine running on diesel has a higher peak heat release rate
than the biodiesel by 4%. At higher load conditions the engine running on biodiesel blends
have slight higher heat release rates than that running on diesel. This phenomenon is
attributed to the presence of additional oxygen molecules in biodiesel fuel [47-49] which
results in the air-mixed fuel in the cylinder burning completely and increasing the heat release
rate.

105Nm, 1300rpm 210Nm, 1300rpm

diesel

Rate of pressure rise(MPa/deg)

Rate of pressure rise(MPa/deg)

340 360 380 400 420 340 360 380 400 420

Crank angle(deg) Crank angle(deg)
315Nm, 1300rpm 420Nm, 1300rpm

0.4
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Figure 7 Variation of rate of in-cylinder pressure rising r with B50, B100 and diesel at speed of
1300rpm and different loads

The cumulative heat values obtained from the experiments on engine running with diesel, BS0 and
B100 are shown in Figure 9. It can be seen that B50 resulted in higher cumulative heat release, as
compared to the diesel, by 4%, 3%, 2.5% and 3.5% for different load values of 105Nm, 210Nm,
315Nm and 420Nm respectively. This is due to the dual effects of the complete combustion because
of presence of the oxygen molecules in biodiesel and the higher heating value of 50% diesel as
compared to B100 [7]. Because of the vaporization of the fuel accumulated during ignition delay, at
the beginning the curve a negative cumulative heat release is observed after combustion is initiated,
the heat release values become positive.
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3.2 Effects of biodiesel types on the BSFC

To investigate the effects of biodiesel source types on BSFC, experimental investigations were
conducted by using ROB, WOB, COB and normal diesel for range of engine speed and at loads of
105Nm and 420Nm. Figure 10 shows the variation in the brake specific fuel consumption (BSFC) of
the engine running on ROB, WOB, COB and normal diesel against engine speeds at two different
loads of 105Nm and 420Nm. The BSFC has been estimated from the brake power output of the
engine and the mass flow rate of the fuel. At both load conditions, the BSFC has been seen to be
higher at lower engine speeds. It then decreases with engine speed to a minimum value, eventually
increasing again with engine speed.
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Figure 10 Variation of brake specific fuel consumption (BSFC) with engine speed of CI engine
running with ROB, COB, WOB and diesel at load of 105Nm and 420Nm.

This may be explained on the basis that, at low speeds, heat loss from the combustion chambers walls
is proportionately greater and combustion efficiency is poorer, resulting in higher fuel consumption
for the power produced. At higher speeds, the friction power increases at a rapid rate, resulting in a
slower increase in power than in fuel consumption with a consequent increase in BSFC [47]. Pal et al.
[30] and Hazar [40] also reported similar trends for BSFC and engine speed dependence. At a lower
load (105Nm), the engine achieved its minimum BSFC between 1000-1200rpm. However, at the
maximum load (420Nm), the engine reached its minimum BSFC between 1200-1400 rpm for all fuel
types.

Figure 10 also depicts the comparison of the engine’s BSFC when fuelled with biodiesels and normal
diesel. It can be seen that the BSFC of the biodiesel was higher than the diesel by up to 15% at lower
engine load and up to 7% at the higher engine load. Lapuerta et al. [17] have also reported that, the
BSFC of the engine running with neat biodiesel was higher than that of engine running with diesel by
up to 18%. The increment of BSFC of the biodiesel compared to diesel is mainly due to the low



heating value of the biodiesel as claimed by previous authors [20], [21], [23], [25] discovered by the
author in this study. Some authors have also explained the increase in the BSFC in relation to the
higher density and viscosity of the biodiesel [28], [29], [31]. In the lower heating value analysis, the
heating value of the biodiesel was lower than the diesel by 11.1%. The BSFC of the engine running
on ROB, COB and WOB did not show any significant differences in BSFC values. The maximum
difference in BSFC values corresponding to ROB, COB and WOB was limited to 1.25% for an engine
speed of 1900rpm and load of 105Nm.

As it is mentioned in section 2, the three biodiesels were produced by the same transestrification
process. However, the biodiesel source was varied by source location (soil type and climate variation).
The biodiesel production processes, however, were controlled and identical. As per this particular
study, the three biodiesels have almost similar density, viscosity and heating values [38] with
differences limited to 5%. It can be concluded from this study that the biodiesel type does not have
significant impact on the BSFC of the engine.

3.3 Effects of biodiesel blend fraction on BSFC

Currently, biodiesel is used as a fuel in different proportions (as neat biodiesel (B100) and different
blends). In this study, diesel, 10B, 20B, B50 and B100 blends have been used for analysis.
Considering the wide application of ROB biodiesel in European countries, detailed investigation has
been carried out on the performance and emission characteristics of the test CI engine running with
various ROB blends. The in-cylinder pressure, brake specific fuel consumption and thermal efficiency
of the CI engine have been evaluated when running with different biodiesel blends at various
operating conditions.

Figure 11 shows the BSFC obtained for different biodiesel blends over a range of engine speeds and
at two engine loads of 105Nm and 420Nm. It can be clearly seen that at lower engine speeds, the
BSFC is higher which then decreases to a minimum point, and increases again with the engine speeds
(see Figure 11(a)). The reasons were explained in section 3.2 (Figure 10).

Figure 11(b) depicts that when the biodiesel blend percentages increase, the BSFC values also
increase. The BSFC of the engine fuelled with 10B, 20B, B50 and B100 blends increased by 2.5%,
5%, 10% and 15% respectively, at a load of 105Nm as compared to BSFC when fuelled with Diesel
only. However, at a higher load (420Nm), the difference between the BSFC of biodiesel blends and
diesel is narrowed, as depicted in Figure 11(c-d), which shows a maximum BSFC increment of 5%.
The same phenomena were reported by Lin et al [61] for B5, B10, B20 and B30. Contrary to this
trend, Muralidharan et al [29] were reported that biodiesel blends resulted in inconsistent trends.

The effects of the engine load on the biodiesel blends’ BSFC values are shown in Figure 12. It can be
seen that the engine running at a lower load (105Nm) resulted in higher BSFC by corresponding
amounts of 15%, 12% and 16% than the values observed at 210Nm, 315Nm and 420Nm load
conditions at 1500 rpm engine speed.
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It is also seen that the BSFC of the engine at a low load (105Nm) increased linearly with increase in
the biodiesel fraction values. In general, it can be seen that at lower loads, the BSFC of the CI engine
is higher and then decreases before increasing again very slowly. Similar trends in BSFC were
reported by Gumus and Kasifoglu [40] and [62] for all blends investigated (B10, B20, B50, B100 and
diesel) at different load conditions. One of the explanations for a decreasing BSFC with an increase in
load is because of a higher increase in brake power, as compared to fuel consumption [19].

3.4 Effects of physical properties of biodiesel on BSFC

The physical properties of a fuel such as density, viscosity and lower heating value affect the engine
performance and emission characteristics. The uncertainties of the physical properties measurements
presented in Table 4 have not shown in the figures. The effects of the fuel density on the BSFC of the
CI engine running at 900 rpm and 1500rpm are presented in Figure 13. For easy comparison, tests
have been conducted at same load and speed conditions.

It was noticed, that increasing the fuel density increased the BSFC at all the load conditions
investigated. This can be due to the fuel meter delivering fuel on a volumetric basis and the density
being higher for biodiesel than for diesel resulting in fuel injection pump discharging more biodiesel
mass as compared to that of diesel mass [24], [63]. This causes higher fuel consumption for almost the
same power output. It is also seen that at load conditions of 105Nm and 210Nm, the engine running at
1500rpm resulted in a higher BSFC by approximately 5% and 3%, than at a speed of 900rpm
respectively. At higher engine loads i.e. 315Nm and 420Nm, the engine running at a speed of 1500
rpm resulted in a lower BSFC by approximately 3% and 6%, than the engine running at a speed of
900 rpm.
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Figure 14 presents the effects of the kinematic viscosity of the fuels on the BSFC in the test CI engine
at operating speeds of 900 rpm and 1500 rpm and at various engine loads. It can be seen that when the
kinematic viscosity of fuel increases the BSFC also increases. The effects of viscosity on the BSFC of
the test engine can be explained on the basis that as the fuel viscosity increases, the fuel injection
atomisation is affected and this leads to poor combustion and lower power for the same volume of
fuel [64]. Some authors argue that the higher viscosity of biodiesel enhances the fuel spray
penetration and improves air-fuel mixing [19].

The effect of lower heating values of the fuels used on CI engines’ BSFC at various engine loads and
at speeds 900 rpm and 1500 rpm are shown in Figure 15. It can be seen that at all operating
conditions, as the lower heating value increases the BSFC decreases. Biodiesel’s heating value is
lower than diesel by about 11.09% as presented in Table 4. The BSFC of biodiesel is found to be
higher than diesel by 15% and 7% at lower load and higher load conditions, respectively.
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4. Conclusions

The effects of biodiesel types, blend fraction values and physical properties on the CI engine’s in-
cylinder pressure, heat release rate and brake specific fuel consumption were investigated in detail for
steady state operation conditions. The following summary are drawn:

In this study for the fuels used and engine configurations the biodiesel types do not result in any
significant differences in the engine CI engine’s in-cylinder pressure, heat release rate and
brake specific fuel consumption.

The peak cylinder pressure of the engine running with biodiesel blends is slightly higher than
the engine running with diesel. The main reason for a higher in-cylinder pressure in the CI
engine running with biodiesel could be due to the advanced combustion process being initiated
by the higher lubrication effect of biodiesel and its other relevant physical properties such as
viscosity, density and bulk modulus.

The engine running with diesel and biodiesel blends show the same combustion stages at all
load conditions except for the slight variation in peak heat release rate and ignition delay. When
using biodiesel, the ignition is seen to be advanced when compared to diesel fuel by crank
angles of 0.8°, 1°, 1.5° and 1.2° for load values of 105Nm, 210Nm, 315Nm and 420Nm
respectively.

It was noticed that when the density and viscosity of biodiesel is increased an increase in BSFC
of Cl engine is observed at all load conditions investigated.

The use of biodiesel has been seen to increase the brake specific fuel consumption up to 15% of
the CI engine due to its low heating value, higher density and viscosity. However, this trend is
seen to weaken as the proportion of biodiesel reduces in the blend.
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