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Abstract

This study examines the characteristics of combustion, performance and emission of constant
speed compression ignition engine fed with different percentages of diesel fuel and rapeseed methyl
ester (RME) on a volume basis by using the well-known software simulation Diesel-RK. As the
percentage of RME increased, the maximal pressure is noticed to be closer to top dead center (TDC). It
was found that 47.27 %, 81.06 %, 82.56 % and 93.36 % reduction in the Bosch smoke number is
obtainable with 10% RME, 20% RME, 50% RME and 100% RME respectively, compared with
ordinary diesel. The blends of RME are noticed to emit higher NOx emissions. The result signals that
10% RME is the promising ratio of blending which reports less performance variations and reduced
carbon emissions as well. The effect of variable injection timings is studied to moderate biodiesel NOx
effects on the 10% RME and 18 degree crank angle before top dead center (BTDC) was recorded as the
advisable injection timing which gives a promising reduction in NOx emissions.
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Nomenclature

Symbol Definition and unit

Ao, Ar,Az Constants.

10% RME Blend ratio of 90 % diesel and 10 % RME

20% RME Blend ratio of 80 % diesel and 20 % RME

50% RME Blend ratio of 50 % diesel and 50 % RME
100% RME Blend ratio of 100 % RME

BTE Brake Thermal Efficiency (%)

BSFC Specific Consumption of Fuel (Brake) (g/kW.h)
[C] Concentration of smoke

c° Centigrades (deg.)

CA° Crank shaft angle (deg.)

C.N Cetane no.

Ea Apparent energy of activation 23000 to 28000 kJ/kmole
Kr Constant of evaporation

I Spray length (meter)

Inm Fuel penetration distance (meter).
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m¢ Fuel mass (kg)

NOXx Oxides of nitrogen (ppm)

P Cylinder pressure (pa)

Ps Fuel saturated pressure (pa)
PM Particulate Matter

R Constant of gas (8.3143 kJ/kmol.°K)
RME Rapeseed methyl ester

RPM Revolution Per Minute

rps Revolution Per Second

T Cylinder temperature (K°)

t Time (second)

TDC Top Dead Centre

U Fuel portion speed (meter/s)
Uo Spray initial velocity (meter/s)
Um Spray front velocity (meter/s).
\Y Volume of cylinder (m").

X Heat release fraction

Xo Fractional vaporization of fuel

Greek symbols

Symbol Definition

o Injected fuel fraction

ou Vapor fraction through delay time.
T Delay of ignition (sec.)

0 The angle of crank (degree)

¢ Equivalence ratio

@ Combustion function

v Specific heat ratio of gas

&p Air effectiveness.

1.Introduction

The rapid growth of internal combustion engines complies the current
requirements of protecting environment, at the same time maintaining low
consumption of fuel. Furthermore, reducing the pollutant exhaust gasses by selecting
solutions and design parameters has a limited range (Wojciech et.al., 2011). The goal
of the research is to explore the scope of using alternative sources of energy. The
scenario for such goal is characterized by many aspects, such as: the increasing
energy demand, rapid petroleum source depletion, recent strategy for increasing the
price of the traditional fuels and tough emissions regulations. The biodiesel, especially
rapeseed oil and rapeseed oil methyl ester (RME), may serve much more to satisfy the
quick requirement of future energy in additional to reduction of carbon emissions
particularly the greenhouse effect and compounds of the combustion process
(Dumitru, 2012).

On the other hand, the regulations for NOx emission from diesel engine are
toughening, and reduction in greenhouse gas emissions also lifted essential matters on
pollution emissions. (Yoon et.al., 2011 ; Kim et.al., 2008). According to this scenario
biodiesel submitted to intense research works. Biodiesel is an attractive source
renewable substitute which could be utilized in the absence of any improvements. It is
produced from various feedstocks such as: various vegetable oils, waste cooking oil
and animal fat (Roberto et.al., 2011). Generally, biodiesel have properties are
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compared to original petroleum diesel fuel, it can be noticed that biodiesel has higher
density, viscosity, and a cetane number as well.

(Lapuerta et.al., 2008) reported that (NOx) emissions are observed to increase
as a result, advancing of injection advancement while the carbon emissions are
noticed to decrease because of the oxygen content of biodiesel. The oxygen content in
the biodiesel provides additional oxygen, which participates for complete combustion.
Same results are reported for greenhouse gas (COy).

(Canakci ,2007) investigated the impacts of various kinds of diesel fuel and
soybean biodiesel on combustion and emission parameters. The experiments reported
increase in the brake fuel consumption and NOx emissions as well as significant
reduction in the carbon exhaust emissions.

(Labeckas et.al., 2006) evaluate the effect RME blends with neat diesel on the
performance and emissions of diesel engines. The results indicate higher values of
fuel consumption for RME as compared to diesel fuel oil and low speed. Higher
engine speeds result in lower consumption of fuel for 5% and 10% blends.

The motivation in this work focuses on the use of different blends on a volume
basis, of RME biodiesel with diesel fuel in single cylinder, four stroke diesel engines
and its effects on the combustion, performance and emission parameters using the
simulation software Diesel-RK.

2.Physical Properties of Biodiesel

The properties of diesel and biodiesel under study are listed in Tablel. The
theoretical analysis was achieved on a direct injection diesel engine. The
specifications of the engine used in the simulation process are shown in Table 2

(Mohamed et.al., 2014).
Tablel. Comparison of different proportions of RME with conventional diesel

Property Diesel B10% RME B20% RME B50% RME RME
Chemical formula Ciar7H23.44 Ci4.53H24.7400.01 C21.45H26.0400. Ci761H20940006  Ca1.45H36.4400.13
3 026 5
Density at 15 °C (kg/m°) 830 834.4 838.2 852 874
Viscosity at 40 °C (pa.s) 0.003 0.003392 0.003784 0.00496 0.00692
Lower Heating value 425 42.195 41.85 40.975 39.45
(MJ/kg)
Surface tension (N/m) 0.028 0.02835 0.0287 0.0297 0.0315
Cetane number 48 48.64 49.28 51.2 54.4

Table 2 Engine Technical data (Mohamed et.al., 2014)

Engine Brand Kirloskar - Compression ignition
engine

Kind Single cylinder, four Stroke

bore (mm) 87.5

stroke (mm) 110

Speed 1500 (RPM)

Ratio of compression 17.50

Power (kW) 4.4

Pressure of injection (bar) 220

3.Theoretical Analysis

In RK-model of combustion, the spray is classified into seven regions, as
illustrated in Figure 1. Each region had a separate condition of evaporation and
burning. Before the jet wall impingement just 3 regions are formed in the jet. These
are:
1. Free spray core.
2. Front of the free spray.
3. QOuter sleeve of the spray.
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4. Near wall flow (NWF) nucleus.
5. NWF on the piston surface.

6. The dense front of the NWF and
7. NWF Outer zone.

Fig. 1 Spray Characteristic (Mahkamov et al., 2007)

Once the spray is moving, the breakup of spray takes place. Movement of spray
takes the surrounded gas along with it. The velocity of gas has low values in the
environment as compared to the core of spray where it’s accelerated rapidly and
approaches the droplet velocity. The velocity as well as position of elementary fuel
mass (EFM) is referred as:

3/2

U I
v

Figure 2 presents the evolution of jet with respect to time. The detailed of
mathematical analysis for evaporation are described in (Kuleshov ,2005).

Injector's EFM
nozzle TN

Fig. 2 Growth of spray v/s time.
3.1 Heat Release Model
The combustion process is divided into different phases. Below the detailed

description of each one:
a) Delay of Ignition

6 4\ [T E 70
=3.8* -1.6*10"n),|—. e 2
£ =38710°(1-16*10 n)\/; eXp(B.?,lzT CN +25j @)
b) Uncontrolled pressure
dx
E = (Do (Ao (mf /VI )(O-ud - Xo )(Olaud + Xo ))+ ¢1(do-u /dt) (3)
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¢) Controlled pressure

&~ a(do, 1)+ g, (m, 1V (o, - xNp-x) @

d) End of combustion

& AKX, 9-X) (5)

During simulation process Woschni's formula is used to predict coefficients of
heat transfer in the cylinder (Woschni, 1967)
3.2 Modeling of NOx Formation
The oxide of nitrogen reaction is depending on the oxygen concentration and it
can be calculated as:
N+O, <> NO+O (6)

The NO Concentration can be determined from below equation

38020

d[NO] _ 2.33*10"pe ™ [N,][O) (1—([NO]/[NO]6)Z){ 1 j )
dé 3365 rps
RT, (1+(2365/TZ )e ™ .[NO]/[OZ]eJ

3.3 Smoke Modeling

Smoke is a thin particle of black carbon comes from rich combustion of
hydrocarbon. During combustion, particles of soot oxidize because of chemical
reactions. The smoke at exhaust can be calculated from equation below:

cl, - j%‘é—f(%} ®)

Oy
Bosch smoke number (BSN) is calculated from the equation of particulate
matter (PM) emission (Alkidas, 1984) as follows:

10 1.206
10— Boschj

4. Results and Discussion

The range of operating conditions was constant engine speed 1500 RPM,
injection pressure 220 bars and 20° BTDC injection timing. At full load condition the
air-fuel ratio (A/F) is lower and higher smoke level; hence to distinguish the
differences among the examined fuels, full load condition is chosen.
4.1 Combustion characteristics

In a compression ignition engine the pressure of the cylinder is a function of the
rate of the burning fuel so that higher pressure of cylinder means smoother
combustion and better heat release. Fig.3 displays the relation between cylinder
pressure and crankshaft for diesel RME blends. It is noted that the peak pressure for
diesel is 91.95 bar at 365° which is nearer to TDC where for 100% RME maximum
pressure was 78.88 bars at 367° crank angle because of the supply of heat is reduced
for tested biodiesel. The pressure behavior of 10% RME is observed to be closer to
the neat diesel fuel.

Predicted zonal temperature is shown in Fig.4. Higher zonal combustion
temperature is noticed for RME blend comparatively to the base line operation of

[PM]= 565[|n (9)

1834



Journal of Babylon University/Engineering Sciences/ No.(5)/ Vol.(25): 2017

diesel. Highly flame combustion temperature was an indicant for highly NOx
emissions. The difference between diesel and RME is 50 K. The zonal combustion
temperature is the main reason for increasing the emissions of NOx. Same
observations were noticed in the results of (Yuan , 2005)

Figs. 5 and 6 present the computed heat release rate and fraction of heat release
for diesel fuel and RME biodiesel respectively. The heat release fraction can be
defined as the ratio of heat release to the lower heat value of the fuel. It is also
observed from that RME blends had an earliest combustion start because of the time
of injection advancement and the slowing rate of energy in the stage of uncontrolled
pressure. In the stage of controlled pressure, all blends of RME biodiesel fuel had a
rapid combustion as all fuel vaporized and burned.

Fig.7 shows the effect of blending ratio on the Sauter mean diameter (SMD)
with crank angle. It can be seen that SMD increases with the increase of the RME
fraction in the fuel. This is because of higher viscosity coefficients and surface
tension. This reduction in rate of burning fuel and velocity is logical as the diameter
of the droplets increased.

The variation of the delay period with RME biodiesel is shown in Fig.7. The
quality of ignition is frequently influenced by a cetane number; therefore, highly
cetane number indicates shortly ignition delay. So the higher blending ratio of RME
causes shorter ignition delay. The same results were reported by (Hansen et.al., 2009).
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Fig. 5 Heat release rate v/s crank angle Fig. 6 Heat release fraction v/s crank angle
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Fig. 7 SMD and ignition delay v/s RME blending
4.2 Performance parameters

Fig.8 examines the variant BSFC and the brake thermal efficiency (BTE) with
RME biodiesel blends. It is found all blending of RME had lower BTE for the whole
load by 0.5%. Decreasing trend of BTE due to the difference in heating values of the
blended fuels.

The BSFC is increasable according to the increment in the blending ratio of
RME. To obtain same power output and torque for each fuel examined, the BSFC was
higher for RME and its blends. BSFC for B10 RME reported 2.763% rise, while it is
higher by 12.03% for B100 RME. The difference in density and heating values are
responsible for BSFC increment. The results are similar to those of (Mustafa
et.al.,2001 ; Monyem , 1998 ).
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Fig. 8 BTE and BSFC v/s RME blending Fig. 9 BSN and NOx v/s RME blending

4.3 Emission parameters

Fig.9 explains the relationship between the Bosch smoke number (BSN) and
NOx emissions with variable percentages of RME blend. The smoke levels for all
RME percentages are less than pure petroleum. Average smoke data for 10% RME,
20%, RME, 50% RME and 100% RME was fewer comparable with diesel fuel by
47.27 %, 81.06 %, 82.56 % and 93.36 % respectively. The highly oxygen capacity of
biodiesel is responsible for soot reduction which leads to complete oxidization, hence
the oxygen molecules in the fuel decrease the trend of fuel for production of smoke,
(Cengiz et.al., 2009).

The emissions of NOx are higher for blends of RME biodiesel. This is because
of the content of oxygen in the biodiesel hence it supplies extra oxygen for NOx
formation.
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The message from figure 9 says 10% RME was a best blending ratio as
represents the intersection between two curves and even other percentages greater that
10% gives a good reduction in BSN but on the other side records a sharp rise in NOx
emissions.

In Fig.10 it is noticed that the addition of RME from (0-100) % reports increase
in the global NOx concentrations as compared to pure diesel operation. This is
assigned to the zonal and global temperature increment. The zonal and global NOx
concentrations increase sharply with time and reaches a maximum value and then
drops slightly, this is due to increase in the oxygen concentration so the burned gas
temperature is mixed with air (Van et.al., 2000). Later, the concentration freezes due
to temperature drop where the reactance cannot proceed.

Fig.11 presents the smoke concentration history with RME blending started
from (10-100)%. It can be seen that as RME fuel ratio increases, the smoke level
decreases, this is because of availability of oxygen in biodiesel as a result of biodiesel
replacement and the high temperature which enhance soot oxidation.
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4.4 Parametric study

From the previous simulation, it was found that the best fuel combination is
B10% RME which had same combustion results as well as promising emissions
reduction. Also less increments in NOx emissions noticed with 10% RME as
compared with other blends of RME biodiesel. This section deals with variation of
injection timing to scale down smoke and NOx emissions from compression ignition
engine working on 10% RME, at full load and constant speed of 1500 RPM.
4.5 Effect of injection timing

The results of simulation give an evidences of injection timing retarding from
(22-15) °CA BTDC decreases fuel consumption and NOx by 6.36%, 22.43%,
respectively, while increases BTE by 8.77% and smoke level (see Fig.12 and Fig.13).
The time of injection has a considerable effect on NOx. Retarding injection timing,
recorded a significant reductive in the nitrogen oxides. The results indicate that higher
NOx emissions because of the earliness injection start. The best time of injection was
noticed to be (18 degree BTDC) as representing the intersection between two curves
in figures 12 and 13 respectively.
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5. Conclusions

1. Maximal pressure is observed to be nearer to top dead center whenever the ratio of
RME is increased.

2. RME biodiesel has earliest combustion beginning comparative with original fuel.

3. Raising proportion of RME was reported a reduction in the BTE to a small extent
and increased the fuel consumption.

4. A magnificent decrease in smoke levels of RME biodiesel comparing with baseline
diesel.

5. RME biodiesel has highly NOx comparable with neat diesel.

6. B10% RME is the advisable mixing proportion that keeps the outcome of
performance, reduces the emissions of carbon as well as a slight increment in the
emissions of NOx comparable with other examined blends.

7. Retarding injection timing strategy comes with decrease NOx, fuel consumption
and raise BTE and BSN respectively.

8. The best injection timing is 18 CA BTDC which is remarking little NOx increase
for B10% RME
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