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The emission and combustion characteristics of a four stroke multi fuel single cylin-
der variable compression ratio engine fueled with tamanu oil methyl ester and its
blends 10%, 20%, 40%, and 60% with diesel (on volume basis) are examined and
compared with standard diesel. Biodiesel produced from tamanu oil by
trans-esterification process has been used in this study. The experiment has been
conducted at a constant engine speed of 1500 rpm with 50% load and at compres-
sionratios of 16:1, 17:1, 18:1, 19:1, and 20: 1. With different blend and for selected
compression ratio the exhaust gas emissions such as CO, HC, NO,, CO,, and the
combustion characteristics are measured. The variation of the emission parameters
for different compression ratios and for different blends is given, and optimum com-
pression ratio which gives best performance has been identified. The results indi-
cate higher rate of pressure rise and minimum heat release rate at higher compres-
sion ratio for tamanu oil methyl ester when compared with standard diesel. The
blend B40 for tamanu oil methyl ester is found to give minimum emission at 50%
load. The blend when used as fuel results in reduction of polluting gases like HC,
CO, and increase in NO, emissions. The previously mentioned emission parameters
have been validated with the aid of artificial neural network. A separate model is
developed for emission characteristics in which compression ratio, blend percent-
age and load percentage were used as the input parameter whereas CO, CO,, HC,
and NO, were used as the output parameter. This study shows that there is a good
correlation between the artificial neural network predicted values and the experi-
mental data for different emission parameters.

Key words: biodiesel, tamanu oil methyl ester, emission, combustion, variable
compression ratio engine

Introduction

The development of biofuels can be found from early 19 century. Indeed, the histori-
cal development of Diesel engines and biofuels has continuous technological advancements and
economic struggle. Biofuels provide greater employment opportunities and livelihood genera-
tion, leading to regional as well as national independence [1]. These types of research works are
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expose that different kinds of vegetable oils has been used as an alternative fuel. The engine
showed an better performance with reduction in smoke, HC, and CO emissions and increase in
NO, emission in all these cases. In this way, a articulate image has been formed by seeing the
relative performance and emission characteristics of these fuels [2, 3].

Arul Mozhi Selvan et al. [4] using diesel and biodiesel ethanol blends as fuel related
the combustion characteristics of single-cylinder four stroke direct injection variable compres-
sion ratio (VCR) engine under the compression ratios 15:1,17:1, and 19:1. It has been detected
that the cylinder gas pressure and heat release rate increase with higher ethanol concentration
due to longer ignition delay. The exhaust gas temperature 7, was found to be less. The study
also tested the fuel burning characteristics of the diesel biodiesel ethanol blends under various
compression ratios and loading conditions. The performance and emission tests were carried out
by using the fuel blends on a computerized VCR engine and compared with standard Diesel en-
gine [5]. Gumus and Kasifoglu [6], using apricot seed kernel oil methyl ester and its blends with
diesel, studied the performance and emission characteristics of a compression ignition Diesel
engine without any modification, the lower concentration of apricot seed kernel oil methyl ester
blends gives a larger improvement in the engine performance and exhaust emissions.

Panwar ef al. [7] examined the engine performance of castor methyl ester and potas-
sium hydroxide catalyst in four stroke single cylinder VCR type Diesel engine at various loads
and determined the low blends of bio diesel increases the break thermal efficiency and reduces
the fuel consumption. The exhaust gas temperature 7, has been increased with increasing bio
diesel concentration. Raheman and Ghadge [8], at VCR, injection timing and engine loading,
studied the performance of the engine using biodiesel obtained from mahua oil and its blend
with diesel. The T, and specific fuel consumption increased, whereas brake thermal efficiency
decreased with increase in the percentage of bio diesel in the blends for compression ratios 18:1,
19:1, and 20:1. The researcher concluded that, at any of the compression ratio and injection tim-
ing if the bio diesel could be blended with high speed diesel up to 20% for receiving fairly accu-
rate performance as that of diesel.

Celikten et al. [9] compared the performance and emissions of diesel fuel from soy-
bean oil and rapeseed methyl esters injected at different pressures (250, 300, and 350 bars). It
has been found that the torque and power of diesel fuel engine reduced with increasing injection
pressure. Smoke level (%) and CO emission also reduced while NO, emission increased as the
injection pressure is increased. Jindal ez al. [10] studied the engine design parameters such as
fuel injection pressure, compression ratio, and the performance parameters such as brake ther-
mal efficiency, fuel consumption, emissions of CO,, CO, NO,, HC, and smoke opacity with
Jjatropha methyl ester as fuel. A comparison of performance and emission for various compres-
sion ratios along with injection pressure and the feasible blends for operating engine with
Jjatropha methyl ester has been found. It is found that the increase in injection pressure and com-
pression ratio increases the brake thermal efficiency and reduces the brake specific fuel con-
sumption while reducing the emissions.

Anand et al. [11] considered the combustion performance and exhaust emission char-
acteristics of turpentine oil fuel blended with conventional diesel fuel in a diesel engine.
Saravanan ef al. [12] examined the combustion characteristics of crude rice bran oil methyl es-
ter blend in a direct injection compression ignition engine and found that the cylinder pressure
was comparable whereas the delay period were lower than that of diesel. Muralidharan and
Vasudevan et al. [13] studied the performance, emission, and combustion characteristics of a
single cylinder multi fuel four stroke VCR engine when fuelled with waste cooking oil methyl
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ester and it blends with diesel and compared with SD. It is evident that the blend B40 is found to
give maximum thermal efficiency, reduction in HC, CO, and increase in NO,.

Pachbhai et al. [ 14] to acquire data for training and testing the proposed artifical neural
network (ANN), a single cylinder, four-stroke compression ignition (CI) engine was fuelled
with diesel and exhaust gas temperature operated at different loads. Using 60% experimental
data for training, an (ANN) model based on back propagation neural network for the engine was
developed. The performance of the ANN predictions were observed that the ANN model can
predict the engine brake thermal efficiency, brake specific fuel consumption, and exhaust gas
temperature quite well with correlation coefficients of about 0.96198, 0.96237, and 0.94702 and
the mean square error (MSE) values were within 1.885%. This study shows that, as an alterna-
tive to classical modeling techniques, the ANN approach can be used to accurately predict the
performance parameters of internal combustion engines. Kumar ef al. [ 15] experimental investi-
gations on the performance parameters from the engine were done. The ANN were used to pre-
dict the engine performance. To train the network compression ratio, blend percentage, percent-
age load were used as the input variables where as engine performance parameters were used as
the output variables. The ANN results showed good correlation between the ANN predicted val-
ues and the desired values for various engine performance values. The coefficient of multiple
determination R?, values were very close to 1 and the mean relative error values were less than
9%.

Numbers of experiments are conducted in various types of engines with bio diesel pre-
pared from different oils. The effect of parameters on the performance of the engine with emis-
sion characteristics and combustion characteristics of the biodiesel has been emphasized in
many studies [12, 16-18]. Very few experimental analyses have been done by varying the com-
pression ratio of bio diesel in VCR engine [4, 10, 12]. The effects of emission and combustion
characteristics have not been studied extensively. Hence this study has been dedicated to find
suitable compression ratio which gives optimum performance.

In this study, tamanu oil (methyl esters of tamanu oil) and its blends with diesel is cho-
sen as a fuel for VCR multi fuel engine. The various blends of tamanu oil and SD fuel are pre-
pared and the following testes are carried out.

The emission and combustion characteristics of VCR engine using various blends at
compression ratios 16:1, 17:1, 18:1, 19:1, and 20:1 for 50% load and its comparison with the re-
sults of SD fuel.

The combustion characteristics such as variation of cylinder pressure, mass fraction
burnt and heat release rate are discussed with
reference to the crank angle (CA) for various
compression ratios.

Experimental set-up

The experimental set-up for this study is
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shown in fig. 1. The set-up consists of a VCR
multi fuel engine coupled with eddy current dy- o
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are mounted on the engine head. The pressure transmitter type 6613CA contains an integrated
charge amplifier and a piezoelectric sensor. The fuel flow quantity is measured by 20 cm® bu-
rette and stopwatch with lever sensors. The airflow rate is measured by the mass air flow sensor.
To measure engine exhaust gas temperature, water inlet and outlet of calorimeter, ambient tem-
perature, engine cooling water outlet, and calorimeter exhaust by type K-chromel
thermocouples are used. A small shell and tube gas to liquid heat exchanger is used as a calorim-
eter for conducting the heat balance. With the help of various sensors a computerized data acqui-
sition system, the data are collected and analyzed the data during the experiment.

Experimental methodology

The Kirloskar single cylinder VCR multi-fuel engine (VCR 5 to 20) of constant speed
1500 rpm water cooled loaded with eddy current dynamometer is started by using the standard
diesel and it is allowed to reach the operating temperature. The compression ratio is achieved by
raising the bore and head of the engine . The warm up period for engine is awaited till cooling
water temperature reaches 60 °C. Then the 50% load is applied. The tests are conducted at the
rated speed of 1500 rpm. In each test, the exhaust gas emissions such as CO, CO,, NO,, and HC
are measured with respect to compression ratio 16:1, 17:1, 18:1, 19:1, and 20:1 for different
blends of tamanu oil methyl esters are calculated and tabulated. The characteristics of combus-
tion and exhaust emission levels are also calculated and stored in personal computer for every
operating condition for further processing of results. The viscosity, fire point, flash point, actual
density, and gross calorific value were measured in the laboratory. Table 1 shows the properties
of the diesel fuel and biodiesel blends.

Table 1. Fuel properties of diesel and biodiesel blends

Standards
Properties Diesel | B10 B20 B40 B60 Biodiesel ASTM D

6751-02
Calculated cetane index 45-50 55 52 49 45 31 41 minimum
Gross calorific value [kJkg™'] | 45.240 | 44.070 | 42.793 | 42.295 | 40.608 40.055 -
Density [kgm] 0.835 |0.8413 | 0.8527 | 0.8676 | 0.8906 0.9322 0.86
Viscosity at 40 °C [mm?s™'] 1.382 | 1.407 | 2.970 | 3.670 4.560 5.720 1.9-6.0
Flash point 42°C | 52°C | 62°C | 96°C | l14°C 204 °C >130°C
Fire point 68°C | 70°C | 85°C | 114°C | 162°C 212°C -
Water content, [%] 0.02 0.02 | 0.025 0.03 0.03 0.04 <0.03

Emission analysis
Procedure

For measuring the exhaust gas emissions, an AVL DIGAS 2200 five gas analyzer was
used. The probe of the analyzer was inserted into the exhaust pipe of the engine before taking the
measurements. Once the engine has been steadied at working condition, the exhaust emissions
were measured. With the help of this analyzer, O,, CO, CO,, HC, and NO, were measured for
different blends of tamanu oil methyl ester with SD and examined for different compression ra-
tios. The various Indian standards used for emission analysis are given in tab. 2 [19]. The results
of tamanu oil methyl ester and blends of bio diesel are within the acceptable limits.
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Table 2. Indian standards used for emission analysis

~+—50 -+ B1) —— B20 —=—B40 ——B&0

Standards
IS 13270:1992 (reaffirmed 1999)
IS 13270:1992
IS 11255 — (PART 7) — 2005

Elements

Carbon dioxide

Carbon monoxide

Nitrogen oxides

Hydrocarbon -

16 17 18 19 20
Compression ratio
Results and discussion

Hydrocarbon emission Figure 2. Variation of HC emission for different

blends of tamanu oil methyl ester and SD at

The variation of HC emission for different various compression ratios

blends and diesel at different compression ratios

for different blends is given in fig. 2. It states that the HC emission of various blends is higher at
higher compression ratios. The effects of viscosity on the fuel spray quality are expected to produce
some HC increase with vegetable oil fuels [20]. From this study, it shows that the increase in com-
pression ratio increases the HC emission especially for B40 at compression ratio 19:1. The other
blends B10, B20, and B60 emit lesser HC at higher compression ratio than the SD. The accumula-
tion of fuel in the combustion chamber may increase HC emission due to longer ignition delay. The
amount of HC emitted for diesel and B40 at compression ratio 19:1 are 70 g/kW, and 80 g/kW, re-
spectively.

Nitrogen oxide emission

Figure 3 shows the variations of NO, emis- 350
sion of the different blends and diesel for com-
pression ratio. From the figure it is evident that
with increase in compression ratio the NO, emis-
sion for diesel and other blends increase. Also, it
is noticeable that NO, emission for the tamanu
oil blend B40 is higher than that of diesel at com-
pression ratio 19:1. The cause for the higher NO, 50|

o . . 16 17 18 19 20
emission for blends is due to higher peak temper- Compression ratio
ature but the reduction in NO, is the prime aim of

—+—5D - §10 —— B20—u—B40 —— BED

the engine researchers. The NO, emission for
blend B40 for compression ratio 19:1 is 180 ppm
and for diesel is 220 ppm, respectively.

Figure 3. Variations of NO, emission for
different blends of tamanu oil methyl ester and
SD at various compression ratios

Carbon monoxide emission

The variation of CO emission for different blends of tamanu oil methyl ester and SD at
various compression ratios are shown in fig. 4. At compression ratio19:1 the CO emission for the
blend B40 is found to be higher than that the other blends B10, B20, B60, and SD. The percentage
of CO emission for B40 and SD are 0.5% and 0.3%, respectively. Due to rising temperature in the
combustion chamber, physical and chemical properties of the fuel, air-fuel ratio, shortage of oxy-
gen at high speed, and lesser amount of time available for complete combustion the percentage of
CO increases [21]. The viscosity of vegetable oil fuels on quality of fuel spray might increase
some CO [22].



Perumal, N. K., et al.: Experimental an Analytical Investigation on the Emission and ...

S1104 THERMAL SCIENCE: Year 2016, Vol. 20, Suppl. 4, pp. S1099-S1109
0.9
08! —+— SD-e B10 —w— B20—a— B40—e— BEO .

fo7 e

8 os/ 8

e 17 18 19 20
Compression ratio

Figure 4. Variation of CO emission for different
blends of tamanu oil methyl ester and SD at
various compression ratios
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Figure 5. Variation of CO, emission for different
blends of tamanu oil methyl ester and SD at
various compression ratios

Carbon dioxide emission

Figure 5 shows the variation of CO, emission for different blends of tamanu oil methyl
ester and diesel at different compression ratios. It is clear that, at low compression ratios the
blends produce low percentage of CO, than diesel and vice versa. When the amount of CO,
emission increases, it indicates the complete combustion of fuel in the combustion chamber. It
also relates to the exhaust gas temperature. The CO, emission for the blend B40 at compression
ratio 19:1 is found to be higher due to better combustion and enough supply of oxygen to the
combustion chamber. The increase of CO, in the atmosphere leads to many environmental pol-
lution and creates environmental problems like ozone depletion and global warming by green-
house effect. The CO, emission from the combustion of bio fuels can be absorbed by the plants
and its level can be maintained constant in the atmosphere.

Artificial neural network approach

In ANN approaches, the back propagation learning algorithm is used in this study.
This system has one input layer, one hidden layer, and one output layer. To train and test the
neural networks, input data and corresponding targets are required. From the available data 80%
of the data to be used for training of the network and the remaining data is used to verify the ca-
pability of the network. To minimize the error between the network output and actual value the
weights are adjusted in the input and output pairs are given to the network. Once training is com-
pleted, a new set of data will be available using the already trained network. The inputs are load
in percentage, compression ratio, and blends and the output is CO, CO,, HC, and NO,. The neu-
ral networks toolbox of MATLAB R2013a is used to form the ANN. Input layer of network has
three neurons and the output layer has four neurons. Twelve neurons are used in hidden layer
[23].

The Levenberg-Marquardt algorithm is very well suited to neural network training,
where the performance index is the MSE. In order to understand whether an ANN is making
good predictions, test data that has never been presented to the network are used and the results
are checked at this stage. The statistical methods of root MSE, the coefficient of multiple deter-
mination, R? values have been used for making comparisons [24, 25].

Figures 6 and 7 shows that each predicted CO, CO,, HC, and NO, values of the ANN
are very close to the experimental results.
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Combustion analysis

Combustion pressure

Figures 8-12 show the variation of combus-
tion pressure with respect to CA for different
blends and for different compression ratios. It
has been observed from the variation of cylin-
der pressure for various compression ratios
16:1,17:1, 18:1, 19:1, and 20:1 that the tamanu
oil blends give high combustion pressure but lit-
tle less than that of SD due to the lower cetane
number of the blend and may be due to longer
ignition delay of tamanu oil. The fuel absorbs
more amount of heat from the cylinder immedi-
ately after injection resulting in longer ignition
delay [22]. It is observed that 56.79088 bar,
56.13575 bar, 56.48208 bar, 56.11176 bar, and
55.56685 bar for SD and tamanu oil blends
B60, B40, B20, and B10. The combustion pres-
sure for blends are higher for higher compres-
sion ratios and the combustion pressure for die-
sel is higher for lower compression ratios. The
increase in combustion pressure is at maximum
rate with increase in the compression ratio. The
reason behind the increased pressure rise is the
oxygen enrichment in the blend due to the addi-
tion of bio diesel [4]. This is due to the complete
and faster combustion of fuel inside the com-
bustion chamber. At lower compression ratios,
the maximum combustion pressure for diesel is
higher than that of diesel biodiesel blends. The
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Figure 7. Variation of target with output
ratio for ANN
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maximum rate of increase in pressure is increas-
ing with increase in compression ratio for dif-
ferent blends.

Heat release rate

Figures 13-17 shows the variation of heat re-
lease rate with respect to CA for different
blends and for different compression ratios, re-
spectively. Based on the changes in CA varia-
tion of the cylinder, the heat release is exam-
ined. It has been detected that the heat release
rate increases at the lower compression ratios
and slightly decreases at higher compression ra-
tios. This may be due to the lower air-fuel mix-
ing rate and viscosity of the blends. Due to its
reduced viscosity and better spray formation the
heat release rate of oil blend is lower than SD
[20]. For increase in compression ratios, the
heat release rate of tamanu oil blends decreases
compared to diesel. This may be due to the re-
duction in viscosity and good spray formation
with increase in compression ratio in the engine
cylinder. The mass fraction burnt of blends is
slightly higher at lower compression ratio and
closely follows the SD at higher compression
ratio. Combustion is sustained in the diffusive
combustion phase due to the oxygen content of
the blend. At higher compression ratios, the en-
gine reaches stoichiometric region. More fuel is

accumulated in the combustion stage and it causes immediate heat release [4]. At lower com-
pression ratio, the tamanu oil blends causes longer duration for combustion and at higher com-
pression ratio it causes lesser duration for combustion.
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Conclusions

The emission and combustion characteristics of a four stroke multi fuel single cylinder

VCR engine fueled with tamanu oil methyl ester and its blends 10%, 20%, 40%, and 60% with

diesel (on a volume basis) are examined and compared with SD. It is clear from the experimental

results that the HC, CO, CO,, NO, are a function of biodiesel blend, load and compression ratio.

For the same operating conditions, increase in bio diesel percentage in the blend the exhaust

emission gets reduced B40 blends. By varying the compression ratio, the engine exhaust emis-

sion varied and it becomes comparable with SD. The following conclusions are drawn from this
experimental analysis:

e At higher compression ratio the HC emission of various blends is higher. In blend B40 the
increase in compression ratio increases the HC emission. This is due to the effect of fuel
viscosity on the fuel spray quality. The CO emission of the blend B40 is closer to the
standard diesel and it is very higher at compression ratio 20:1. The CO, emission is also
lesser at the same conditions due to incomplete combustion and inadequate supply of
oxygen. The emission of NO, from the tamanu oil blend B40 is higher than diesel. The NO,
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emissions are sensitive to oxygen content, adiabatic flame temperature and spray
characteristics. Due to the higher peak temperature of blends the emission of NO, is higher.
At higher compression ratio tamanu oil blends gives higher combustion pressure. It is due to
longer ignition delay, rate of pressure rise and lower heat release rate when compared to
diesel.
It is conclude that the ANN values are very close to the experimental results. The MSE is
0.00095 and the R, value is 0.9882%. It may be used as a good alternative for the analysis of
the effects of emission parameters.

From the previous interpretations, it is clear that at compression ratio 19:1 the emission

of the blend B40 is better than the SD. When compare with the SD the NO, emission is slightly in-
creased but still it is in the acceptable range. The experimental analysis result gives that the lower
and medium percentages of tamanu oil methyl ester can be used for diesel fuel.

List of abbreviations

ANN - artificial neural network MSE — mean square error

ASTM — American society for testing and materials R’ — coefficient of multiple determination
B10  — 10% biodiesel+90% diesel RMSE — root mean square erro

B20 - 20% biodiesel+90% diesel SD — standard diesel

B40  — 40% biodiesel+90% diesel TME - tamanu oil methyl ester

B60  — 60% biodiesel+90% diesel VCR - variable compression ratio
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