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Abstract: In this investigation, the common rail direct injection (CRDI) single cylinder four stroke diesel engine has made
to modify in terms of toroidal reentrant combustion chamber (TRCC) shape and 7 holes CRDI nozzle injector. The current
experimental study objective is to optimization of multiple injection strategy (MIS) in modified CRDI diesel engine powered
with palm oil methyl ester (POME) B100 and diesel fuels. In the first phase of work, experiment results showed that slightly
improved in brake thermal efficiency (BTE) and reduced emissions except oxides of nitrogen (NOx) for POME fuelled engine
operates under optimized MIS, fuel injection timing (IT) of -10° before top dead center (BTDC) and 600 bar injection pressure
(IOP) in modified CRDI diesel engine. In the second phase of work, the performance of modified CRDI diesel engine is
improved by increasing IOP from 600 bar to 900 bar at same MIS and fuel IT. The second phase of experiment results showed
that percentage of increase in BTE by 2.47%, peak pressure (PP) by 13.69%, heat release rate (HRR) by 17.64%, NOX by
11.70% and percentage of decreased in ignition delay (ID) by 29.62%, combustion duration (CD) by 13.79%, unburnt
hydrocarbon (UBHC) by 19.04%, carbon monoxide (CO) by 14.28%, smoke level by 20.93% as compared to first phase of
work in modified CRDI diesel engine fuelled with POME.
Keywords: Palm Oil Methyl Ester, Common Rail Direct Injection, Toroidal Reentrant Shape, Multiple Injection Strategy,
Injection Timing, Injection Pressure

1. Introduction
The usage of biodiesel fuel blends in existed diesel engine
minimize pollutants, but true efficiency of the diesel engine
decreases due to insufficient air fuel mixture and swirl. To
improve entire air- fuel mixture, swirl and turbulence
characteristics needs to modification in combustion chamber
shape and nozzle geometry. Now a day’s most of modern
diesel engine running with CRDI mode due to meeting
engine norms. The Biodiesel fuel is convenient to use in
conventional diesel engine [1-3]. The present situation given,
more attention on usage of sustainable energy resources

instead of diesel fuel. The drawback of usage of the fossil
fuel in engine is emits more pollutants and affect on living
beings. Hence, it is considered globally very serious matter to
control emissions. All countries migrate to usage of
alternative renewable sources in existed diesel engine [4].
The performance of bio fuelled diesel engine exhibits similar
performance as diesel engine [5]. The research works carried
with various fuel combinations in diesel engine. The experts
conducted experiments with various injection strategies in
diesel engine [6, 7]. The Transesterification process is one of
very common method to reduce viscosity of biodiesel [8].
The biodiesel derived from transesterification method is
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suitable for I.C engine application to reduce emission and
improve engine output. The investigators worked on the
diesel engines reported that efficiency of diesel engine is
higher than the bio fuelled diesel engine [9-11]. The diesel
engine powered with rice brain biodiesel showed better BTE,
minimum brake specific fuel consumption (BSFC), reduced
27.47% of smoke, CO and UBHC emissions [12]. The diesel
engine has declined in its BTE with higher blend ratio [13].
The harmful pollutants like CO, smoke and HC were
minimized by addition of desulfurized tyre oils in diesel fuel
(DF) [14]. The engine powered with jathropa oil methyl ester
(JOME) and its blends found that slightly lower BTE and
reduced emissions as compared to DF [15].
Many research works carried out on diesel engine by using
several biodiesel fuels with different injection strategies. The
combustion characteristics are affecting by advancement or
retardation of fuel IT. The cylinder pressure and temperature
are affected by retarded fuel IT in diesel engine [16]. The
diesel engine powered waste cooking oil fuel found that
better BTE and reduced pollutants at 40o BTDC fuel [17].
The biodiesel operated diesel engine performance improved
by combined effect of IOP and retarded fuel IT [18]. The
diesel engine operated with combination of JOME and tyre
pyrolysis blend showed that reduced CO, PM and UBHC
emissions by 14.2%, 13.26% and 9.3% respectively at
24.5oCA BTDC [19]. The performance of engine enhanced
for varieties fuel combinations with increasing in IOP [20].
The diesel engine with biodiesel blends found better torque
and reduced BSFC at advancing the fuel IT [21].
The nozzle holes geometry is one of the important
parameter considered in engine to alter the performance,
combustion and emission characteristics of engine. Ten holes
nozzle geometry gave best performance in engine at full load
condition [22]. The number of holes variation in nozzle
injector leads to better performance of engine and reduced
emissions [23]. The biodiesel powered diesel engine
improved performance and reduced emissions by altering
injection strategies [24]. The diesel engine operated with
honge oil methyl ester (HOME), hone oil methyl ester
(HnOME) and cotton oil methyl ester (COME) biodiesel
fuels given better performance and lower emissions at
retarded IT of 19o BTDC, IOP 230 bar and 4 holes nozzle
injector [25].
The modification of combustion chamber shapes with
suitable injection strategies are both required to enhance
swirl, tumble turbulence and squish characteristics in
combustion chamber shape. Hence, modification of both
combustion chamber shape and nozzle geometry leads to
improve performance of the engine. The toroidal combustion
((TCC) shape with Pongamia BDF exhibits better BTE than
baseline hemispherical combustion chamber (HCC) shape in
the diesel engine [26]. The combine effect of TRCC shape
and higher IOP with Pongamia BDF leads to improved BTE
and reduced emissions in diesel engine [27]. The diesel
engine powered with BDF and TRCC shape performed better
performance and reduced emissions as compared to
cylindrical, trapezoidal shapes [28]. The combined effect of

cylindrical shape with 5 holes nozzle geometry reduced NOx
emissions up to 45% and slightly reduced BTE of the engine
was observed as compared to a standard shape [29]. The
diesel engine with pongamia oil methyl ester B40 blend
reported higher BTE in baseline shape, but reduced
emissions in TCC shape [30]. The engine performance of
diesel engine remains same but emissions were reduced by
modification of combustion shape [31]. The diesel engine
operated with TRCC shape reported better BTE, minimum
SFC and reduced pollutants at retarded fuel IT [32]. The
HOME -producer operated diesel engine performed better
BTE and reduced pollutants for TRCC shape, higher IOP and
4 holes nozzle injector [33]. The diesel engine powered with
20% of JOME fuel found higher efficiency and lower
pollutants for TCC shape [34]. The diesel engine found
higher BTE and reduced harmful pollutants for TRCC shape,
200 bar IOP and 25o BTDC [35]. The experimental results in
diesel engine found that fuel IT of 27° BTDC, IOP of 240
bars, 5 holes nozzle geometry and TRCC shape are most
favorable for better BTE with nominal emissions (36).
Now days, modern biodiesel fuelled diesel engine operates
with CRDI mode to reduce emissions and improve the
performance of the engine. Hence, most of the research
works turning towards biodiesel powered CRDI diesel
engine. The CRDI diesel engine operated with Simarouba
biodiesel blend B30 yielded best performance with nominal
emissions at 800 bar and 13o BTDC [37]. The performance of
CRDI diesel engine improved with tung oil diesel ethanol
blends, but slightly increased in NOx emission [38]. The
CRDI diesel engine operated with mahua methyl ester blend
gave better combustion performance and reduced UBHC, CO
and smoke emissions at 880 bar IOP [39]. The CRDI diesel
engine operated with BDF and TRCC shape gave better
performance and reduced smoke & NOx emissions under
injection strategies of 7 holes injector, 900 bar IOP and 10°
BTDC [40]. The diesel engine run with CRDI mode gave the
reduced CO, UBHC and smoke emissions except CO2 and
NOx, [41]. The CRDI diesel engine showed that lower
opacity for advanced combustion mode as compared to
conventional C.I engine [42]. The BTE of CRDI diesel
engine decreases up to 30% of plastic oil blend, but CO2 and
NOx emissions are decreases as increasing in blend [43]. The
modified CRDI diesel engine operated with 20%karanja
biodiesel blend gave higher BTE with reduced emissions
[44]. The CRDI BDF diesel engine found that reduced
particulate matter size of exhaust at higher IOP and retarded
IT [45]. The CRDI diesel engine operated with diesel-tung
oil-ethanol blended fuels gave longer ID, higher PP, higher
HRR and shorter CD as compare to diesel fuel for different
injection strategies [46]. The CRDI diesel engine operated
with karanja biodiesel blends gave higher BTE than mineral
diesel fuel at start of pilot injections -21o CA and 1000 bar
IOP [47]. CRDI engine experiment results showed that
engine performance improved up to 75% swine lard methyl
esters blend [48].
By the exhaust literature survey, it is observed that suitable
modifications are adopted for biodiesel operated diesel
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engine to achieve higher efficiency and lower emissions
which are reported in literature review [32-34]. In view of
above statement, the minimum research work carried with
modified combustion chamber shape, injection nozzle
geometry and MIS in CRDI mode diesel engine operated
with POME biodiesel fuel. Hence, in our current
experimental work carried on modified CRDI diesel engine
with MIS operated with POME as a biodiesel fuel. The
objective of our research work is to optimization of MIS in
modified CRDI diesel engine to achieve higher BTE with
less emission to meet EURO emission standards.

2. Materials Method
2.1. Palm Oil Methyl Ester Properties
Palm-biodiesel is most promisable alternative fuel for C.I.
engine application and most suitable source for biodiesel
production [49]. If Palm oil come out from the mesocarp or
flesh of the oil palm fruit used as edible oil, while palm
kernel oil comes out from the kernel or seed used as non
edible oil. The edible palm oil is about 49 percent saturated
fat, while non edible palm oil is about 81 percent saturated
fats, respectively. The palm oil can be produced mainly
countries like Indonesia, Malaysia, Nigeria, Thialand, and
Colombia etc. The non edible palm oils split by hydrolysis
yields fatty acids with glycerin as a byproduct. The biodiesel
can be derived from kernel of palm oil with help of
transesterifcation process. In our experiment POME biodiesel
fuel extracted from tranesterification process using biodiesel
plant. The list of important properties of POME is
enumerated in the below Table 1. However, POME showing
higher viscosity than mineral diesel was observed.
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emissions [40 & 42]. The 40% emissions can be reduced and
improvement of combustion characteristics by MIS [51]. The
main modification in our research engine enumerated here
step by step is as follows. The CRDI mode system has
developed in house and controlled by electronic control unit
(ECU) facility. The ECU system is one of electronic facility
attached to CRDI biodiesel fuelled diesel engine and is
control the fuel injection, timing and oxygen quantity etc,
with help of sensors. The high pressure injection facility is
incorporated in the engine powered by POME as alternative
fuel biodiesel. The TRCC shape is fabricated using CNC
machine keeping constant compression ratio 17.5. The
existed HCC shape is replaced by TRCC shape in engine.
The existed 6 holes nozzle geometry replaced by 7 holes
nozzle geometry. The reason to select 7 holes CRDI nozzle
geometry and TRCC shape are optimized in our previous
research work at 80% load. As part of research work to
optimization of MIS in modified CRDI engine, we selected
two combinations of multiple strategies 40-20-40 and 40-3030. The experiments are conducted on above modified set up
operated with POME and diesel fuel with both MIS
combinations. In the first phase of work, IT varied from -25o
CA to 5o CA at constant 600 bar IOP and optimized MIS
combination at constant fuel IT. In second phase of work, the
IOP varied from 600 bar to 1000 bar at constant IT and
optimized MIS combination at constant IOP.

Table 1. Properties of POME.
Properties
Density (kg/m3)
Energy density (kJ/kg)
Viscosity at 40oC (cSt)
Flash Point (oC)
Cetane Number
Carbon Residue (%)
Pour point (oC)

Diesel
840
43,000
2-5
75
45-55
0.1
-5

POME
880
38,400
3.94
160
-------

2.2. Experimental Setup and Methodology
The experimental setup has showed in below Figure 1. The
main specifications of engine are enumerated in the Table 2.
The engine cooling was maintained by circulating the water.
A piezoelectric transducer (Make: PCB Piezotronics, Model:
HSM 111A22, Resolution: 0.145 mV/kPa) was utilized for
measurement of inline cylinder pressure. The hartridge
smoke meter and five-gas analyzers (A DELTA 1600 S-nondispersive infrared analyzer) are utilized to measure smoke
opacity and emissions respectively under steady state
condition of engine. The engine rpm is maintained at 1500
rpm with adjusting flow rate of pump. As per investigators
evidence about modifications of CRDI biodiesel fueled diesel
engine is required to improve performance and reduce

Figure 1. Schematic diagram of experimental set up of CI engine test rig
with CRDI.
T1, T3 - Intake Water Temperature. T2 - Outlet Engine Jacket Water
Temperature. T4 - Outlet Calorimeter Water Temperature T5 - Exhaust Gas
Temperature before Calorimeter T6 - Exhaust Gas Temperature after
Calorimeter F1- Fuel Flow DP (Differential Pressure) unit. N - RPM
encoder, EGA - Exhaust Gas Analyzer, SM - Smoke meter.
Table 2. Specifications of the CI engine.
Parameter
Type
Software used
Nozzle opening pressure
Governor type

Specification
TV 1 (Kirlosker)
Engine soft
220-225 bar
Mechanical centrifugal type
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Parameter
Number of cylinder
Number of stroke
Fuel
Rated power
Bore
Stroke length
Compression ratio
Air Measurement Manometer
Made
Type
Range
Eddy current Dynamometer
Model
Type
Maximum
Flow
Dynamometer arm length
Fuel measurement unit- range

Specification
Single cylinder
Four stroke
H.S. Diesel
5.2 kW (7 HP at 1500 rpm)
0.0875 m
0.11 m
17.5:1
MX201
U-type
100 -0- 100 mm
AG-10
Eddy current
7.5 kW (at 1500 -3000 RPM)
Water must flow through the
dynamometer during the use
0.180 m
0-50 ml

2.3. Uncertainty Analysis

impingement effect. The similar results supported by Avinash
Kumar Agarwal et al. [44]. The Pilot injection gave higher
thermal efficiency of CRDI biodiesel fuelled engine [47].
However, early injection of pilot injection may leads to
higher fuel consumption due to lean mixture formation. This
is leads to lower engine performance, but in turn late
injection leads to better performance of engine due to active
fuel burning involved in presence of oxidation. Hence, MIS
is chosen in modified CRDI diesel engine to enhance
performance of engine. However, diesel showed higher BTE
than POME fuel due to higher calorific value. The POME
fuel results for 40-20-40 MIS combination are 27.5%, 28%,
28.5%, 30.25%, 29.75%, 29.25%, 28.75% for-25o, -20o, -15o,
-10o, -5o, 0o, 5oCA respectively. Similarly, for 40-30-30 are
27%, 27.5%, 28%, 29.75%, 29.25%, 28.75%, 28% for -25o, 20o, -15o, -10o, -5o, 0o, 5oCA respectively. However, 40-20-40
MIS gave 2% higher BTE than 40-30-30 MIS and SIS at -10o
BTDC in modified CRDI diesel engine.

The uncertainties parameter are mainly considered due to
errors in measurements, hence these parameters are
essentially to consider during calculation. The list of
uncertainties variable are given in the Table 3.
Table 3. The uncertainties in the calculated parameters.
Measure variable
Load
Engine speed (rpm)
Temperature (°C)
Fuel consumption (g)
Measured variable
HC
CO
NOx
Smoke
Calculated parameter
BTE (%)
HRR (J/oCA)

Accuracy (±)
0.1
1
1
0.1
Uncertainty (%)
± 1.2
± 2.5
± 2.3
± 2.0
Uncertainty (%)
± 1.2
± 1.3

3. Results and Discussion
The experiments are conducted on modified CRDI diesel
engine operated with the diesel and POME fuels with two
MIS combinations. The performance, combustion and
emission characteristics are discussed at 80% load.
3.1. The Optimization of Injection Timing for Multiple
Injection Strategy
3.1.1. Effect of BTE with IT on Multiple Injection Strategy
The figure 2 showed that effect of IT on BTE for MIS and
SIS for both POME and diesel fuels in modified CRDI
engine. The maximum BTE has obtained at 10o BTDC for
both fuels and all injection strategies. The maximum BTE
obtained at 10o BTDC in modified CRDI diesel engine [40].
This could due to better atomization, enhanced air fuel
mixing quality at 600 bar and reduce wall wetting leads to
better burning of fuel. The BTE of modified CRDI engine is
decreased by advancement or retardation of fuel due to wall

Figure 2. Variation of BTE with IT for multiple and single injection
strategies.

3.1.2. Effect of Combustion Characteristics with IT on
Multiple Injection Strategy
The figures 3, 4, 5 and 6 are illustrates that variation
combustion characteristics ID, CD, PP and HRR with the IT in
modified CRDI diesel engine at 600 bar. It observed that higher
ID and CD for all IT’s of POME as compared to DF. The ID
and CD are decreasing trend up to -10o BTDC, later increasing
trend was observed. This could be due to higher exhaust gas
temperature at retarded IT fuel. The both PP and HRR are lower
for POME as compared with DF. This is due to presence of
lower calorific value of POME fuel. In addition to, PP and HRR
are found to be higher at advanced fuel IT due to longer ID.
Also more amount fuel available during premixed combustion
phase could be the reason to enhanced PP and HRR. The similar
results are observed by Roy M. M. [16]. However, ID results of
POME fuel are 15.6, 14.82, 14.2, 13.5, 13.9, 14.01, 14.67 oCA
for -25o, -20o, -15o, -10o, -5o, 0o, 5o CA respectively for 40-20-40
MIS combination. Similarly, for 40-30-30 MIS combination
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results are 15.8, 15.21, 14.3, 13.9, 14.01, 14.21, 15.01 o CA for 25o, -20o, -15o, -10o, -5o, 0o, 5oCA respectively. The results of
CD in engine operated with 40-20-40 MIS combination of
POME fuel are 36, 35, 32, 29, 29, 31, 33 o CA for - 25o, -20o, 15o, -10o, -5o, 0o, 5oCA respectively. Similarly, for 40-30-30
MIS combination results are 38, 36, 33, 30, 32, 33, 34 o CA for 25o, -20o, -15o, -10o, -5o, 0o, 5oCA respectively The 40-20-40
MIS combination of POME has showed lower ID and CD as
compared to other combination at -10o BTDC. However, results
of PP with POME operated 40-20-40 MIS combination are 87,
83, 79, 73, 69, 63, 60 bar for -25o, -20o, -15o, -10o, -5o, 0o, 5oCA
respectively. Similarly, for 40-30-30 MIS are 86, 82, 78, 72.5,
68.5, 62, 59 bar for -25o, -20o, -15o, -10o, -5o, 0o, 5oCA
respectively. The results of HRR 40-20-40 MIS are 98, 87, 80,
68, 65, 62, 58 J / o CA for -25o, -20o, -15o, -10o, -5o, 0o, 5oCA
respectively. Similarly, for 40-30-30 MIS are 96, 86, 78, 66, 63,
60, 56 J / o CA for -25o, -20o, -15o, -10o, -5o, 0o, 5oCA
respectively. The 40-20-40 MIS combination of POME showed
higher PP and HRR at -10o BTDC and crank angle 359 degree
in modified CRDI diesel engine.
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Figure 5. Variation of PP with IT for multiple and single injection strategies.

Figure 6. Variation of HRR with IT for multiple and single injection
strategies.

Figure 3. Variation of ID with IT for multiple and single injection strategies.

Figure 4. Variation of CD with IT for multiple and single injection
strategies.

3.1.3. Effect of Smoke Level with IT on Multiple Injection
Strategy
From figure 7 depicts that effect of IT on smoke level at
80% load. The diesel fuel operated showed minimum
smoke level than POME operated engine due to free fatty
acid (FFA) present in POME fuel leads to reduce the
quality of mixing strength. This could be attributed that
smoke level was deceases up to -10o BTDC due to reduced
wall wetting and better combustion. But beyond -10o BTDC
smoke level was increasing trend due to sluggish diffusion
combustion phase leads to reduce mixing strength for all
fuels and injection strategy. The results of smoke POME
operated fuel for 40-20-40 MIS are 50, 47, 45, 43, 45, 48,
51 HSU for -25o, -20o, -15o, -10o, -5o, 0o, 5oCA respectively.
Similarly, for 40-30-30 MIS are 52, 49, 47, 45, 47, 50, 53
HSU for -25o, -20o, -15o, -10o, -5o, 0o, 5oCA respectively.
The particulate matter reduced by MIS in CRDI engine [51].
The 40-20-40 MIS combination of POME fuel gave lower
smoke level as compared to 40-30-30 combination in CRDI
engine. The MIS has reduced smoke opacity due to
unburned during previous injection leads to burn remaining
particulate matter and ensured complete combustion. The
MIS exhibits more quantity of air utilization in the
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combustion process due to different injection timing of fuel.
Because of more utilization of air leads to continuation of
combustion in later also, hence reduced smoke level was
observed for MIS. The smoke level was reduced by 4% for
40-20-40 than other strategy at -10o BTDC in modified
CRDI diesel engine.

-10o, -5o, 0o, 5oCA respectively at 80% load. The MIS could
be minimize the emissions with CO and HC emissions for
POME operated engine due to complete combustion
process in the modified CRDI diesel engineat -10o BTDC
and 600 bar. Hence, 5% HC emissions reduced and 7% CO
emissions reduced for 40-20-40 MIS.

Figure 7. Variation of smoke opacity with IT for multiple and single
injection strategies.

3.1.4. Effect of CO and HC Emissions with IT on Multiple
Injection Strategy
From the figure 8 and 9 revealed that variation of HC and
CO emissions with fuel IT’s at 80% load. The lower CO
and HC emissions are formed at -10o BTDC for all fuels
and injection strategies. This could be attributed that proper
combustion process at this fuel at 600 bar and obtained
higher BTE at same condition of engine. The Similar results
observed by Atul Dhar et al. (47). The combustion chamber
wall wetting was occurred at advanced fuel IT and more
fuel entering in to crevices of combustion chamber at
retarded fuel IT. Hence, more CO and HC emissions are
occurred for other fuel IT’s. These both emissions are
higher for POME operation than mineral diesel. This could
be attributed that presence of higher viscosity in POME fuel
leads to bigger size of droplet at same IOP. The oxygen
contains in-between 1.80%–2.37% to reduce emissions,
when blends used in diesel engine [53]. But in our case,
POME (B100) is produced higher emissions than diesel due
to higher oxygen content. Hence, comparatively lower
density of POME might lead to lowered combustion
temperature supports to higher emissions. The results of HC
emission in engine operated with 40-20-40 MIS of POME
fuel are 51, 48, 45, 42, 45, 47, 50 ppm -25o, -20o, -15o, -10o,
-5o, 0o, 5o CA respectively. Similarly, for 40-30-30 MIS
results are 53, 50, 47, 44, 47, 49, 52 ppm for -25o, -20o, -15o,
-10o, -5o, 0o, 5o CA respectively. The results of CO
emission in engine operated with 40-20-40 MIS
combination of POME fuel are 0.155, 0.15, 0.145, 0.14,
0.144, 0.15, 0.16% for -25o, -20o, -15o, -10o, -5o, 0o, 5oCA
respectively. Similarly, for 40-30-30 MIS results are 0.165,
0.16, 0.155, 0.15, 0.154, 0.158, 0.168% for -25 o, -20o, -15o,

Figure 8. Variation of HC emission with IT for multiple and single injection
strategies.

Figure 9. Variation of CO emission with IT for multiple and single injection
strategies.

3.1.5. Effect of NOx Emissions with IT on Multiple
Injection Strategy
Figure 10 illustrate those variation NOx emissions on fuel
IT’s in modified CRDI diesel engine. The well known fact
that increased in NOx emissions at advanced IT with all fuels
and injection strategies. This is due to higher PP, HRR and
longer ID. Similar trend was observed by experts as karra et
al., Khandal et al., and Mikulski et al. (22, 24 and 53). The
NOx emissions are lower for POME fuel as compared to DF
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due to lower gas temperature and available more oxygen
quantity in biodiesel fuels. This could be attributed that lower
cetane number for biodiesel fuel as compared to DF. The
MIS found minimized NOx emissions as compared to SIS
due to availability of fuel quantity is less and lower exhausts
gas temperature. Therefore, net heat HRR was become lower
in the cylinder. The pilot injection of fuel started fuel
combustion completely leads to higher cylinder pressure and
temperature formation inside the cylinder. At same time
immediate fuel complete combustion takes place during main
injection. This leads to higher curbs of rapid pressure
enhancement during premixed combustion. Hence, noise and
NOx formation can be reduced by MIS. The results of NOx
emission with 40-20-40 MIS of POME fuel are790, 772,
748,726,705, 684,665 ppm for -25o, -20o, -15o, -10o, -5o, 0o,
5o CA respectively. Similarly, for 40-30-30 MIS results are
784, 768, 744, 722, 699, 680, 661 ppm for -25o, -20o, -15o, 10o, -5o, 0o, 5oCA respectively. The 40-20-40 MIS
combination of POME has showed 0.5% higher NOx as
compared to 40-30-30 MIS combination at 10o BTDC due to
higher BTE in engine.

Figure 10. Variation of NOx emission with IT for multiple and single
injection strategies.

3.2. Optimization of Injection Pressure for Multiple
Injection Strategy
In first phase of work we have optimized for 40-20-40
MIS combination at -10o BTDC in modified CRDI diesel
engine operating with POME fuel. In the second phase of
work we have optimize the injection pressure with
considering same MIS combinations at constant -10o BTDC
and 80% load in modified CRDI diesel engine.
3.2.1. Effect of BTE with IOP on Multiple Injection
Strategy
Figure 11 shows the effect of IOP with BTE in modified
CRDI engine. The BTE of engine increases up to 900 bar for
all fuel and injection strategies. This is due to improved
atomization with formation of homogeneous mixture and
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reduced ID up to 900 bar. The similar results showed in
CRDI diesel by Srinath Pai [37]. The higher fuel dispersion
and penetration could be the reason to improve BTE at 900
bar IOP. The BTE of all fuel and injection strategies showed
decreasing trend for 1000 bar IOP. This is due to more fuel
wall wetting in crevices. The engine efficiency can enhanced
by increasing IOP of fuel, hence decreased droplet size and
increased droplet velocity [54]. Amongst all, diesel fuel
showed higher BTE as compared to POME fuel due to lower
cetane number, higher FFA present in POME fuel. The most
of biodiesel fuels have potential to reach performance of
diesel fuel when the moderate percentage of biodiesel blend
is used [55]. The results are obtained for BTE with POME
fuel operated 40-20-40 MIS combination are 29.5, 30, 30.5,
31, 30.75% for 600, 700, 800, 900, 1000 bar respectively.
Similarly, for 40-30-30 MIS combination of POME operated
fuel are 28.75, 29.25, 29.75, 30.5, 30% for 600, 700, 800,
900, 1000 bar respectively at 80% load. The 40-20-40 MIS
combination of POME showed 1.6% increased BTE as
compared to other combination at 900 bar in modified CRDI
diesel engine.

Figure 11. Variation of BTE with IOP for multiple and single injection
strategies.

3.2.2. Effect of Combustion Characteristics with IOP on
Multiple Injection Strategy
The figures 12, 13, 14 and 15 were showed variations in
combustion characteristics ID, CD, PP and HRR with IOP
in modified CRDI engine. The both fuel temperature and
pressure are most important parameters to improve the
combustion characteristics [56]. The ID and CD were
reduced trend by increasing the pressure due to better
burning rate of fuels. But slightly increased trend was
observed in both parameters beyond the 900 bar due to
negating effect of performance in engine. However, the
diesel fuel ensured lowest ID and CD as compared to
POME fuel. The reason to reduce in combustion
characteristics of POME fuel is due to more viscous, which
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creates the more friction around the injector needle. Hence,
needle movement was slow lift leads to longer injection
delay. However, MIS operated with POME fuel exhibited
lower ID and CD as compared SIS. This might be due to
better utilization air and better mixture formed in the
combustion chamber leads to continuation of combustion of
unburned fuel in end stage in power stroke of engine at
higher IOP. The results of ID in engine operated with 4020-40 MIS combination of POME fuel are 13, 11.9, 10.8,
9.5, 10.2 oCA for 600, 700, 800, 900, 1000 bar respectively.
Similarly, for 40-30-30 MIS are 13.4, 12.1, 10.9, 9.8, 10.5
o
CA for 600, 700, 800, 900, 1000 bar respectively. The
results of CD for 40-20-40 MIS are 29, 28, 27, 25, 26.5 oCA
for 600, 700, 800, 900, 1000 bar respectively. Similarly,4030-30 MIS showed 30, 29, 28, 26, 27.5 oCA for
600,700,800,900, 1000 bar respectively. The 40-20-40 MIS
combination of POME showed 3.51% lower ID and 4%
lower CD as compared to other combination due to better
BTE at 900 bar and -10o BTDC in modified CRDI diesel
engine. If ID longer, which in turn effect on ignition
parameter leads to late ignition in expansion stroke that will
cause incomplete combustion process, reduced power
output, and poor fuel conversion efficiency [57].

Figure 12. Variation of ID with IOP for multiple and single injection
strategies.

Figure 13. Variation of CD with IOP for multiple and single injection
strategies.

Figure 14. Variation of PP with IOP for multiple and single injection
strategies.

Figure 15. Variation of HRR with IOP for multiple and single injection
strategies.

The both PP and HRR combustion characteristics raised trend
as IOP up to 900 bar due to better atomization of fuel in
combustion chamber for both fuels. The reduced droplet size of
fuel enhances vaporization of fuel and easily mixes with air. It
improves proper mixing of air and fuel, which leads to complete
combustion. But PP and HRR reduced trend at 100 MPa due to
more amount of fuel injected from injector that occupy in the
volume of crevice of engine components. However, mineral
diesel was showing more PP and HRR than POME fuel. This
attributed to higher energy content at 900 bar IOP in diesel fuel.
But in the case of MIS of POME fuel exhibits higher PP and
HRR than SIS. This is attributed that to continuation of
combustion process from early stage to end stage during power
stroke. The results of PP in engine operated with 40-20-40 MIS
combination are 73, 75, 78, 83, 81 bar for 600, 700, 800, 900,
1000 bar respectively. Similarly, for 40-30-30 MIS are 72.5,
74.5, 77, 82, 79 bar for 600, 700, 800, 900, 1000 bar
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respectively. The results of HRR in engine operated with 40-2040 MIS combination of POME fuel are 68, 70, 73, 80, 74 J / o
CA for 600, 700, 800, 900, 1000 bar respectively. Similarly, for
40-30-30 MIS of POME operated fuel are 66, 68, 72, 78, 73 J / o
CA for 600, 700, 800, 900, 1000 bar respectively. The 40-20-40
MIS combination of POME has showed 1.2% higher in PP and
2.5% higher in HRR as compared to other combination at 358
degree crank angle due to better BTE in modified CRDI diesel
engine. The similar results are supported by Roy M. M. [16].
3.2.3. Effect of Smoke Opacity with IOP on Multiple
Injection Strategy
Figure 16 showed the effect of IOP on smoke level powered
with POME and diesel fuels. The smoke level lower for all fuels
and injection strategies at 900 bar. This is due to enhanced
atomization at higher IOP resulting into completing combustion.
However, mineral diesel fuel showed lower smoke emissions as
compared to POME fuel. This is due to presence of heavier
molecular structure in POME biodiesel leads to improper
mixing strength. Mainly, MIS couple with higher IOP ensures
improved air utilization leads to combustion charge particles
continue their combustion process in power stroke later also.
Hence, MIS showed lower smoke than SIS operated with
POME. The results of smoke level in engine operated with 4020-40 combination of POME fuel are 43, 41, 38, 34, 38 HSU for
600, 700, 800, 900, 1000 bar respectively. Similarly, for 40-3030 combination of POME operated fuel are 45, 43, 40, 36, 40
HSU for 600, 700, 800, 900, 1000 bar respectively. The MIS of
40-20-40 combination of POME has showed 5.5% lower smoke
intensity as compared to other combination at 900 bar in
modified CRDI diesel engine. Mainly the presence of oxygen
component in biodiesel helps to reduce the emission
characteristics in engine [15].
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increase in IOP. The CO emissions may be significantly affected
by cylinder temperature and enhanced IOP. However, both the
emissions were minimized by enhancing injection pressure due to
proper air fuel mixing in combustion chamber. This is also due to
better atomization ensured stoichiometric air and fuel mixture and
improved combustion at higher IOP. The association of higher
BTE at higher IOP ensured lower HC and CO emissions for MIS
than other. This may due to improved fuel consumption during
combustion process at higher IOP. Hence, MIS found lower
emission particle than other strategy. However, diesel was
showing lower emissions as compared with other MIS
combinations due to lower viscosity of DF could be the reason.
The results of HC emission for 40-20-40 MIS combination of
POME fuel were 42, 39, 36, 30, 37 ppm for 600, 700, 800, 900,
1000 bar respectively. Similarly, for 40-30-30 combination of
POME operated fuel are 44, 41, 38, 33, 39 ppm for 600, 700, 800,
900, 1000 bar respectively. The results of CO emission for 40-2040 combination of POME fuel are 0.145, 0.14, 0.135, 0.12, 0.13%
for 600, 700, 800, 900, 1000 bar respectively. Similarly, for 4030-30 combination of POME operated fuel are 0.15, 0.145, 0.14,
0.125, 0.135% for 600, 700, 800, 900, 1000 bar respectively. The
MIS 40-20-40 MIS combination of POME showed 10% lower
HC and 2.3% lower CO emissions as compared to other
combination at 900 bar in modified CRDI diesel engine. The
similar results reported by Khandal SV et al. [24].

Figure 17. Variation of HC emission with IOP for multiple and single
injection strategies.

Figure 16. Variation of smoke with IOP for multiple and single injection
strategies.

3.2.4. Effect of HC, CO Emissions with IOP on Multiple
Injection Strategy
Figure 17 and 18 are showed IOP effect on both HC and CO
emissions for diesel, POME. The both HC and CO emissions are
decreases as increase in IOP for all injection strategies. This may
be attributed that, the entire combustion process get enhanced by

Figure 18. Variation of CO emission with IOP for multiple and single
injection strategies.
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3.2.5. Effect of NOx Emissions with IOP on Multiple
Injection Strategy
The NOx emissions are formed in the combustion chamber
due to presence of air during combustion at higher temperature.
There are many factors affect for NOx formation like air and
fuel ratio, combustion temperature and excess temperature etc.
The NOx levels are increased by enhancing IOP due to speedy
combustion and higher temperature during combustion cycle
[39]. The figure 19 showed the variation of NOx emissions on
IOP at 80% load. The higher levels of NOx are formed at IOP
due to reduced fuel droplet particle size leads to improve the
combustion process in combustion chamber. However, DF
yielded higher NOx levels than POME fuel at 900 bar. This is
due to speedy combustion of mineral diesel fuel leads to higher
premixed combustion phase. The biodiesel fuel found lower
energy density and higher viscosity could be the reason to
reduce in NOx emissions. In case of POME fuel, NOx level
improved at higher IOP due to more free oxygen atoms
combined with nitrogen atoms. The NOx levels decreased
trend for both MIS combination as compared to SIS due to
better air utilization. The results of NOx emissions for POME
operated 40-20-40 MIS combination are 722, 731, 750,
811,762 ppm for 600, 700, 800, 900, 1000 bar respectively.
Similarly, for 40-30-30 combination of POME operated fuel
are 726, 735, 754, 825, 768 ppm for 600, 700, 800, 900, 1000
bar respectively. The 40-20-40 MIS combination of POME
showed 1.7% lower NOx emissions as compared to other
combination in modified CRDI diesel engine due to better air

utilization. The 40% emissions can be reduced and
improvement of combustion characteristics by MIS [51].

Figure 19. Variation of NOx emission with IOP for multiple and single
injection strategies.

3.3. Results of Comparisons Between 600 bar IOP and 900
Bar IOP for Multiple Injection Strategies
From the below Table 4 showed that, POME operated MIS of
40-20-40 gave improved in performance and combustion
characteristics and reduced emissions characteristics except
NOx emission at 900 bar and10o BTDC fuel IT.

Table 4. Comparison of multiple injection strategy between 600 bar IOP and 900 bar IOP at -10o BTDC.
Engine Parameters
BTE (%)
smoke level (HSU)
CO (%)
HC (ppm)
NOx (ppm)
ID (oCA)
CD (oCA)
PP (bar)
HRR (J / o CA)

Results for 40-20-40combination
at 600 bar and 10 o BTDC
30.25
43
0.14
42
726
13.5
29
73
68

Results for 40-20-40combination at 900
bar and 10 o BTDC
31
34
0.12
30
811
9.5
25
83
80

4. Conclusions
From the exhaustive experimental research work carried
with POME and diesel fuels powered in modified CRDI
diesel engine the following conclusions enumerated at 80%
load:
In the first phase of work, the POME operated MIS of 4020-40 gave slightly improved in performance and
combustion
characteristics
and
reduced
emission
characteristics except NOx emission as compared to SIS at 10o BTDC and 600 bar in modified CRDI diesel engine.
In the second phase of work, the POME operated MIS of
40-20-40 gave percentage of increase in BTE by 2.47%, PP
by 13.69%, HRR by 17.64%, NOx by11.70% and percentage
of decreased in ID by 29.62%, CD by 13.79%, HC by
19.04%, CO by 14.28%, smoke level by 20.93% at 10oBTDC and 900 bar IOP as compared to first phase in

Percentage of increase or decrease in
engine parameters
2.47%increase in BTE
20.93% decrease in Smoke
14.28%decrease in CO
19.04%decrease in HC
11.70%increase in NOx
29.62%decrease in ID
13.79%decrease in CD
13.69% increase in PP
17.64% increase in HRR

modified CRDI diesel engine. The performance of CRDI
diesel engine is improved and reduces the emissions except
NOx emission at MIS of 40-20-40 by increasing the IOP from
600 bar to 900 bar due to better atomization and improved
mixing quality of air – fuel mixture in the modified
combustion chamber. The higher injection pressure reduces
viscosity of POME biodiesel could be the reason to improve
the performance of engine.
However, diesel fuel showed higher performance than
lower emissions except NOx emission as compared to POME
operated multiple and single injection strategies in modified
CRDI diesel engine. This is due to higher calorific value and
lower viscosity of diesel fuel. The higher BTE may be the
reason to increase in the NOx emission.
On the whole, the POME operated MIS of 40-20-40
showed overall better performance in terms of higher BTE
with reduced emissions at -10o BTDC and 900 bar IOP in
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modified CRDI diesel engine. The huge burden on the
foreign exchange can be saved by using alternative fuel as
POME to meet the energy requirement of India and become
self sustainable in energy production as well.
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