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ABSTRACT
The main objective of this present novel work is to investigate the performance, combustion and emission
characteristics of biodiesel derived from the tamarind seed through the transesterification process as
potential alternative feedstock for the diesel engine. The physio-chemical properties of tamarind seed methyl
ester (TSME) were evaluated experimentally and compared with the base fuel. Test fuels were prepared in
3 concentrations such as B10 (10% tamarind seed oil and 90% diesel), B20 and B30.Experiments were
conducted at a constant speed, the injection timing of 23° crank angle and compression ratio 17.5:1 with
varying load conditions to investigate the diesel engine characteristics. TSME 20 shown better thermal
efficiency (34.41%) over diesel which is 1.17 % higher and also it produces lower emissions of CO, HC, and
smoke opacity. N-Amyl alcohol (NAA) is used as a fuel additive for the optimum blend of TSME20; added
in 5% and 10% concentration on the volume basis. From the analysis of experimental data, the use of fuel
additives significantly reduces the smoke opacity by 29.49 % for TSME20 NAA 10% blend in addition to
the reduction of carbon monoxide and hydrocarbons emissions; however, the specific fuel consumption
and the oxides of nitrogen were marginally increased.
Keywords: tamarind seed oil, N-Amyl alcohol, performance, combustion, emission

INTRODUCTION
The demand for energy increases globally at an alarming rate and it creates the energy crisis. In this concern,
tamarind seed oil is considered as one of the promising fuel substitutes for diesel in diesel engines towards the
green environment. Recent few years, Biodiesel has gained the global recognition as a renewable fuel for the
compression ignition engines because of improved performance and lesser emissions. It is apparent that the
selected biomass waste is a more promising feedstock for biofuel production. As the feedstock is available in large
quantity in the world, the production of bio-oil is of great interest for pyrolysis study and is a novel matter of
subject for future research. Kadera et al. (2013) conducted experiments on optimum extraction of tamarind seed
oil from the tamarind seed through the fire tube heating transesterification process and concluded that tamarind
seed oil as one of the suitable alternate fuel for diesel. Shameer and Ramesh (2017) examined the performance
consequences of an eco-friendly substance on the diesel engine and concluded that up to 20% biodiesel blend
showed the close behaviour of BTE, BSFC and tailpipe emissions with greater penalty of NOx when analysed with
base fuel. Dhana Raju et al. (2016) conducted experiments on compression ignition engine with mahua seed oil as
alternate feedstock and reported that the mahua seed bio-fuel blends shown enhanced BTE and lowered exhaust
emissions when analyzed with conventional diesel. Biodiesels contain inherent oxygen content; better lubricity and
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higher Cetane are the main reason for the improvement in thermal efficiency with biodiesel. Shelke et al. (2016)
reported on the use of cottonseed oil as biodiesel and concluded that the cottonseed biodiesel can be used in
blended form as an alternative fuel in any diesel engine without any modification. Ashok et al. (2017) conducted a
novel research on the production of biodiesel from lemon fruit rinds and concluded lemon peel biodiesel and its
blends revealed better performance and lower emissions due to its lesser density and low boiling temperature.
Moshin et al. (2014) reported that the biodiesel could be used directly in a diesel engine without any modifications
as suitable eco-friendly fuel. Pali and Kumar (2016) reported the use of shorea robusta methyl ester as biodiesel
and concluded that combustion study exposed in increasing trend in heat release rate and reduced ignition delay.
Some researchers (Dhana Raju and Kishore, 2017; Yilmaz and Atmanli, 2017) also noticed that significant
reductions in exhaust emissions such as carbon monoxide, hydrocarbons and smoke emissions with the use of
biodiesel over the diesel fuel. This was mainly attributed due to presence of more oxygen and higher Cetane
number of biodiesel. Agarwal et al. (2008) investigated the production of biodiesel using the pyrolysis was the
optimum approach in higher yields of biodiesel with lower viscosity. Ashok et al. (2017) conducted a novel research
on the production of biodiesel from lemon fruit rinds and concluded lemon peel biodiesel and its blends revealed
better performance and lower emissions due to its lesser density and low boiling temperature. Researchers
(Nagaraja et al., 2016; Kumar and Loganathan, 2014) examined the corn seed oil as biodiesel on diesel engine and
they were concluded that the corn oil methyl ester 20% blend has the potential to utilize as an alternative fuel for
CI engines with no mechanism alteration, and also from the emission analysis they were concluded that the
hydrocarbon and carbon monoxide decreases. Theansuwan and Triratanasirichai (2011) reported about the
extraction of biodiesel by using the transesterification process yields quality biodiesel in terms of fuel properties.
Li et al. (2015) investigated the effects of ternary fuel blend on the emission and combustion characteristics and
noticed that the superior spray characteristics & better air-fuel mixture formation ability of n-Amyl alcohol content
in the ternary blend yields in higher efficiency and lower exhaust emissions. Kumar et al. (2016) investigated the
use of advanced oxygenated fuel additives to reduce the oxides of nitrogen and other emissions from the engine
exhaust of diesel engine. It was found that for 15% DMC blend, oxides of nitrogen was reduced by 46.1% and
39.3% reduction of Nox for the 45% pentanol blend. Imdadul et al. (2017) investigated the different oxygenated
fuel additives to reduce the SFC and the oxides of nitrogen with 70% diesel-20% biodiesel-10% pentanol ternary
blend on single cylinder diesel engine and concluded that the addition of 1-pentanol as fuel additive to biodiesel
blend shown marginal improvement in brake thermal efficiency and considerable reduction of smoke and the
emissions. Dhana Raju and Kishore (2017) reported that higher brake thermal efficiency obtained for 10%
dimethyl carbonate addition to the tamarind seed methyl ester blend over diesel fuel. Yamini et al. (2017) examined
the effect of fuel additive on biodiesel and found that significant reduction in Hydrocarbon and smoke emissions
and enhanced oxides of nitrogen emissions along with the improved thermal efficiency of diesel engine.
Dhanasekaran et al. (2017) conducted experimental work by using the restaurant yellow grease, n-pentanol and
diesel as ternary blend showing the lower viscosity and density with the reduction in net energy content and noticed
that the smoke intensity was decreased with the rise in 1-pentanol quantity in the ternary blended fuel. Wei et al.
(2014) investigated the influence of various concentrations of pentanol/diesel blends on diesel engine performance
and their outcomes indicated that the BSFC improved with more concentration of pentanol in diesel and also
noticed that oxides of nitrogen were increased by 8% at maximum load condition. Harveer et al. (2015) reported
the use of Sal methyl ester as the biodiesel feedstock in diesel engine and experimental results revealed that the
brake thermal efficiency was decreased with all the biodiesel blends when analysed with diesel fuel.
From the experimental research studies suggested that, n-Amyl alcohol (NAA) or 1-pentanol as a better fuel
additive which can be blended with biodiesel to enhance the engine performance and lower the exhaust emissions.
Therefore, current study exploits the influence of tamarind seed oil methyl ester biodiesel blends and also the
addition of NAA at 5% and 10% on the volume basis in 20% tamarind seed methyl ester biodiesel blend to
investigate the compression ignition engine characteristics without any modifications.

MATERIAL METHODS
Tamarind tree or Tamarindus indica is mainly belongs to the place of Africa; however, it has been grown in
Indian and other subcontinents from many years. Presently, India is the biggest supplier of tamarind fruit in the
globe, which is popularly consumed for the various cuisines preparations. It was largely available in the states of
Madhya Pradesh, Andhra Pradesh, Karnataka, west Bengal, and Tamilnadu. Tamarind seed is a by-product
obtained from the processing of tamarind fruit. The tamarind seed used in the current investigation for the
production of biodiesel were collected from locally available trees. It may contain the oil yield of 18-26%. Tamarind
seed oil was generally extracted by means of hexane over the tamarind seed. The different steps involved in
tamarind seed biodiesel production is shown in Figure 1. It is a by-product of the commercial or non-commercial
use of the tamarind for various purposes. Free fatty acid or oil comprise of 4.5-16.2% of the total composition. It
2
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Figure 1. Various steps involved in Tamarind seed biodiesel production
Table 1. Properties of Diesel, Tamarind biodiesel blends and NAA
Properties
Calorific value(kJ/kg)
Specific gravity
Kinematic viscosity (cst)
Flash point(°C)
Fire Point (°C)
Cetane number

Diesel
42,500
0.830
3.05
56
63
43

TSME
38,703
0.884
7.27
159
170
52.4

TSME10
42,128
0.839
3.45
66
74
44

TSME20
41,769
0.843
3.86
74
83
45

TSME30
41,360
0.848
4.33
86
96
46

NAA
34,650
0.815
2.89
49
54
20

is having higher amounts of unsaturated fatty acids. Every year in India, the available tamarind seed is in the range
of 2, 00,000- 2, 50,000 tonnes was generated in tamarind fruit processing. From the dry seeds of tamarind, oil was
obtained by means of solvent extraction technique. The physio-chemical properties of the biodiesel sample were
determined experimentally and analysed with base fuel and presented in Table 1. The heating value of tamarind
seed oil was 92.5 % on volume concentration of diesel.
n-Amyl Alcohol as Fuel Additive
In recent years the use of fuel additives with diesel and biodiesel blends are gaining interest to enhance the
engine characteristics and rapid reductions in exhaust emissions. The variety of ignition improvers used by the
researchers in their experimental works are Dimethyl carbonate ,Diethyl ether, Diethylene glycol , dimethyl ether
, Di-n-butyl ether , Dimethoxymethane, Ethyl hexyl acetate ,Methyl tert-butyl ether , Ethylene glycol mono-n butyl
ether , Dimethoxy propane ,methoxyethyl acetate ,Methanol and Ethanol. The fuel additives are mainly used to
improve the fuel properties up to certain extent for various fuels due to more stable, low viscosity value, higher
cetane value and rich inherent oxygen concentration produces the clean combustion of fuels in the engine cylinder
and lower the tailpipe exhaust emissions. In this current experimental work, n-Amyl alcohol also known as 1pentanol (C5H12O2) is chosen as the oxygenated fuel additive to the 20% tamarind seed methyl ester to know the
engine characteristics and exhaust emissions.

EXPERIMENTAL SETUP AND PROCEDURE
The experiments were performed on kirloskar TAF1, 4-stroke, single cylinder vertical water cooled diesel
engine at constant speed and for varying load conditions and it is shown in Figure 2. Necessary instruments were
provided after inspection and calibration to estimate the engine parameters and exhaust emissions. The engine was
run with diesel fuel to provide the baseline data, and then it was fuelled with different blends of TSME (10%, 20%,
and 30%) and finally for the optimum blend of TSME20, ignition improver as NAA (n-Amyl alcohol) was added
at various concentrations (5%, and 10%) on volume basis .The detailed engine specifications are represented in
Table 2. Under uniform steady conditions, the mass of fuel consumption rate, emission levels, pressure & net heat
generation at every crank angle were recorded.
AVL DI GAS 444N was employed to measure the exhaust emissions, AVL 437C smoke device was employed
to gauge the concentration of intensity of smoke available in the engine tailpipe emissions. Combustion parameters
were measured with AVL combustion analysis engine software. The pressure inside the cylinder and the heat
produce rate were measured with AVL IC engine software. Various combustion thermal parameters of the diesel
engine were recorded. The list of instruments and their range, accuracy and uncertainty are represented in Table
3.
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Figure 2. Shows the layout of kirloskar TAF1diesel engine set up
Table 2. Diesel engine specifications
Engine type
Rated power/speed
Cylinder bore
Stroke
Stroke volume
Compression Ratio
No. of cylinders
Inlet valve open before TDC
Inlet valve closes after BDC
Exhaust valve open before BDC
Exhaust valve closes after TDC
Fuel Injection timing bTDC

Kirloskar TAF1 four stroke, CI engine
5.2 kW/1500 rpm
87.5 mm
110 mm
661CC
17.5
01
4.5°
35.5°
35.5°
4.5°
23°

Table 3. List of Instruments and their Range, Accuracy & Uncertainties
Instrument

AVL DI Gas 444 Five Gas Analyzer
AVL 415 Smoke Meter
AVL GH14d/AH1 Pressure transducer
AVL 365C Angle encoder
Data acquisition system
Temperature indicator

Measurement
CO
CO2
HC
O2
NOX
FSN
Pressure
Crank angle
Combustion characteristics
Temperature

Range
0 to 10 % vol
0 to 20% vol
0 to 20000 ppm
0 to 22% vol
0 to 5000 ppm
0-99.9
0-100bar
0-720°
12 bit
0-900 °C

Accuracy
± 0.03%
± 0.5%
± 10ppm
± 0.1%
± 50 ppm
± 1%
± 0.1bar
± 1%
± 0.01 bit
± 1 °C

Uncertainty
±0.2%
±0.15%
±0.2%
±0.5%
±1%
±1%
± 0.15%
±0.2%
±0.01%
±0.2%

RESULTS AND DISCUSSION
The experiments were conducted on four stroke compression ignition diesel engine using different blends of
biodiesel (10%, 20% and 30%) and diesel to estimate and analyze the engine characteristics at varying load
conditions. Experimental outcomes revealed that 20% blend generates better engine characteristics which are
favorably compared with that of diesel and also with other biodiesels. N-Amyl alcohol (NAA) was added to
Tamarind seed methyl esters (TSME20) in different proportions (5% and10% on the volume basis) as ignition
improver to know the effects on engine performance and emission characteristics as discussed below. Important
engine performance parameters of TSME blends along with ignition improver addition were evaluated, analyzed
and compared with diesel in the normal operating conditions of the diesel engine.
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Figure 3. Brake thermal efficiency variation with load

Figure 4. Brake specific fuel consumption variation
with engine load

Performance Characteristics

Brake Thermal Efficiency
Figure 3 indicates the deviation of brake thermal efficiency (BTE) with the engine load for the tested fuels.
The BTE for all tested tamarind seed oil and along with diesel fuel increases with increase in load and followed
the same trend. The maximum brake thermal efficiency was observed for the TSME20 blend was 34.41% and for
diesel was 34%.TSME 20 biodiesel blend was 1.2% higher thermal efficiency than base oil at peak load
condition.NAA addition to TSME 20 at various concentrations indicates the slight reduction in BTE when
compared with diesel and also with 20% biodiesel blend. The maximum brake thermal efficiency for TSME 20
NAA 5% biodiesel was 33.65%, which is 1.01% lower than the diesel fuel. The marginal decrease in brake thermal
efficiency was mainly attributed due to the lower energy content of the n-Amyl alcohol. The authors (Das et al..
2016) also reported that the performance and emission characteristics of castor oil were much closer to diesel and
sometimes even better than base fuel.

Brake Specific Fuel Consumption
The variation of BSFC with engine load is shown in Figure 4. The specific fuel consumption of any fuel mainly
depends on the heat energy content, density, and viscosity. The specific fuel consumption of tested biodiesels
decreases with increases in load and found a minimum value at full load condition. The BSFC initially decreases
sharply with an increase in load up to 50% and then decreases marginally with an increase in load; however, TSME
20 showed the least value of 0.25 kg/kWh. The addition of NAA as ignition improver results in better combustion
leads to decrease the BSFC with the load as shown in Figure 5. The brake specific fuel consumption values were
0.252 kg/ kWh and 0.255 kg/ kWh for TSME20 5% NAA, and TSME20 10% NAA, and with diesel fuel it was
0.25 kg/kWh at maximum load. The reason for the marginal increase in BSFC of TSME20 NAA biodiesel blends
is mainly due to the lower heating value of NAA. It was concluded that the least value of BSFC for TSME20 blend
was found to be 0.25 kg/kWh which is similar to the pure diesel.
Combustion Characteristics
The combustion of a fuel is one of the vital aspects which are to be analyzed in a diesel engine, as it directly
deals with the specific fuel consumption, thermal efficiency, and steadiness of an engine. The phenomenon of
combustion in an engine was clearly analyzed with the help of Pressure-Crank angle diagram, Heat release rate and
the delay period. Combustion parameters were measured with AVL Pressure transducer GH14d/AH1 fixed at
Cylinder head and AVL 365C Angle encoder was fixed on the crankshaft of an engine. The Pressure of cylinder
and heat generation was measured by using AVL engine software. The Mathematical equation was (1) developed
by Heywood (1984) for the evaluation total heat release rate during combustion phenomenon according to the
First law of Thermodynamics.
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Figure 5. Variation of cylinder pressure with crank angle
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Figure 6. Heat release rate variation with crank angle
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where
is heat release rate in J/θ, 𝑃𝑃 indicates the pressure inside the cylinder in Pascal, 𝛾𝛾 denotes the adiabatic
𝑑𝑑𝑑𝑑
index, 𝑉𝑉 represents the volume of combustion space in m3.

Cylinder pressure-crank angle diagram

The cylinder pressure variation with respect to crank angle for the tested fuels of tamarind seed methyl ester
and the base fuel at maximum load condition is shown in Figure 5. The rise of pressure in the cylinder mainly
depends on mixing ability of fuel with air and also the nature of combustion phenomena. All tested fuels were
followed the same nature of pressure variation at maximum load. The higher rate of pressure rise indicates the
better burning ability of the A/F mixture. It was observed that maximum gas pressure in the cylinder has occurred
9°–11° after TDC for the tested fuels and the maximum cylinder pressure was noticed for diesel, TSME 20, TSME
20 NAA 5 and TSME 20 NAA 10 was 68.18 bar, 68.14 bar and 68.12 bar respectively and from this results, the
maximum pressure rise found for TSME 20 biodiesel blend, which is 68.18 bar and it is slightly higher than diesel
fuel.

Cycle to cycle variation and Coefficient of variation (COV):
The cylinder pressure data are considered over certain number of cycles at each crank angle in order to observe
the effects of cycle variation on combustion characteristics. Cyclic variations can easily be seen from the above
Figure 5 of cylinder pressure with respect to crank angle. Figure 5 indicates the cylinder pressure data for the
tested fuels during compression, combustion/expansion strokes. It is observed that there is a marginal variation
in cylinder pressure particularly during combustion periods. Coefficient of variation (COV) of cylinder pressure is
used to investigate the cyclic variability. Coefficient of variation is the standard deviation of the cylinder pressure
to the mean of the cylinder pressure and generally Coefficient of variation of cylinder maximum pressure expressed
as
𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚 =

𝜎𝜎𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚
× 100
𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚

where 𝜎𝜎𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚 is the standard deviation in 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚 and 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚 is the mean of the cylinder pressure.
The Coefficient of variation (𝐶𝐶𝐶𝐶𝐶𝐶 ) is determined for diesel fuel operated compression ignition engine for 50
consecutive cycles and it is found as 𝐶𝐶𝐶𝐶𝐶𝐶𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚 = 0.141. This tendency shows that the increase in the number of
cycles decreases the effects of cyclic variability on the averaged pressure data.

H eat release rate

Figure 6 shows the heat release rate variation of tested fuels with crank angle at maximum load condition of
the diesel engine. It shown useful data related to the burning process of fuel in the combustion space and delay
period. Heat release rate of tamarind seed methyl ester along with NAA additive blends and diesel fuel followed
the same nature of heat generation during the period of combustion process was noticed in Figure 6. The amount
of heat generation for the TSME 20 NAA 10% blend was marginally higher than the diesel fuel at maximum load
condition and the maximum heat release rate occurred for tamarind seed methyl ester 20% with the 10% addition
6
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Figure 7. Ignition delay period variation with crank
angle

Figure 8. Carbon monoxide variation with engine
load

of n-Amyl alcohol blend and It was found that 71.16 kJ/ crank angle at -1° before TDC and it was 1.86% higher
than diesel at maximum load condition. It is mainly attributed due to better mixing nature and more oxygen
presence of NAA fuel additive. It was observed that the maximum heat release rate for all tested fuels occurred at
–1° before TDC and the corresponding maximum heat release rate was obtained for diesel, TSME 20, TSME 20
NAA 5% and TSME 20 NAA 10%.

Delay period
The variation of ignition delay period (IDP) at different engine loads for diesel, TSME blends and TSME 20
with 5% and 10% concentrations of NAA is presented in Figure 7. The addition of n-amyl alcohol at different
concentrations to the 20% tamarind seed methyl ester significantly decreases the delay period when compared to
the diesel at all operating conditions. Due to enhanced fuel-air mixing and availability of inherent oxygen in the
biodiesel and the NAA fuel additive results in reduction of delay period. The reduced in ignition delay period of
TSME NAA 10% biodiesel blend leads to an increase in the peak cylinder pressure in the combustion process. It
is noticed that 20% tamarind seed methyl ester biodiesel blend is shorter delay period than other tested fuels at all
load conditions. The minimum ignition delay period for the TSME 20 blend is found to be 18° crank angle.
Emission Characteristics

Carbon monoxide emissions
The carbon monoxide deviation with engine load for different tamarind seed biodiesel blends and diesel fuel is
shown in Figure 8. It was mainly formed due to the incomplete combustion and also the CO formation depends
on factors such as air-fuel ratio, injection pressure and fuel injection timing and the nature of the fuel. It was
noticed that CO emissions of biodiesel blends and diesel followed the same trend with respect to increasing in
load but the CO emissions were maximum at peak load condition due to incomplete combustion. When the
additions of NAA at various concentrations to TSME 20 biodiesel blend, it was found that the formation of CO
decreases with increase in load and least CO formed at full load. The CO formed for TSME 20 with NAA 5% and
10% addition as 0.17%, and 0.15% whereas for the diesel fuel at full load was 0.162%. From the above Figure 8;
the experimental results revealed that the addition of n-Amyl alcohol to the biodiesel reduces the carbon monoxide
formation with increasing the engine load and minimum at the full load condition.

H ydrocarbon emissions
The variation of hydrocarbons for diesel and tamarind biofuel blends with respect to engine load is shown in
Figure 9. The hydrocarbon emissions for tested tamarind biodiesel fuels were lower over the diesel fuel in the
entire load operation and also for the addition of n-Amyl alcohol, the hydrocarbon emissions were significantly
decreased when compared with the diesel at full load. The HC emissions for the diesel and TSME biofuel blends
(10%, 20%, and 30%) were 45 ppm, 28 ppm, 31 ppm and 36 ppm at maximum load condition. The minimum HC
emission was found for TSME20 NAA 10% of 24 ppm and there was a reduction of 46.6% HC for this fuel
additive blend over diesel fuel. This is due to inherent more oxygen presence in tamarind seed oil leads to better
combustion. It was found that the HC emissions were increases with increase in blend concentration and HC
formation was higher for TSME 30% biodiesel blend. It was mainly due to higher viscosity and weak mixture
© 2018 by Author/s
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Figure 9. Hydrocarbons (HC) variation with engine
load

Figure 10. Nitrogen oxide (NOX) emissions variation
with load

formation of diesel and the biodiesel. It was also noticed that the addition of NAA was reduced the HC formation
at part load condition up to 75% when compared with the biodiesel blends of TSME and also with diesel. From
the below, it was concluded that significant reduction in HC emissions for the biodiesel blends with NAA addition
when compared to the diesel fuel. Tamilselvan and Nalluswamy (2015) reported the use of pine oil biofuel blends
on diesel engine characteristics results in lower emissions of HC at full load condition when compared to diesel.

Nitrogen oxide emissions
The nitrogen oxide mainly generated in diesel engine due to the presence of elevated temperature and
accessibility of oxygen during the combustion process. The variation of nitrogen oxide (NOX) emissions of
tamarind seed methyl ester and base fuel with respect to engine load is shown in Figure 10. The availability of
oxygen and higher exhaust gas temperature in biodiesel blends produces the higher NOX formation. It was also
found that the NOX level increases with increasing the engine load for all the experimentally tested fuels. The diesel
engine rated capacity is 5.2 kW. It was shown that NOX emissions were marginally lower for TSME20 biodiesel of
2026 ppm as compared to diesel fuel of 2056 ppm. It was mainly attributed due to the low energy content of the
tamarind seed oil. The addition of NAA for the TSME20 with concentration 5% and 10% increases the NOX
emissions. The maximum NOX emissions were found with the TSME 20 NAA 10% at full load condition of 2109
ppm and it was 2.5 % higher than the diesel fuel and it was also noticed that NOX formation for NAA added
biodiesel blends were marginally higher than diesel. Similar results were reported by other researchers (Kumar et
al., 2016; Singh, 2016). The higher NOX emissions generated by the TSME 20 biodiesel blend could be effectively
reduced by the use of 10% exhaust gas recirculation approach reported by Dhana Raju and Kishore (2018).

Smoke opacity
The smoke opacity is a measure of soot content or soot concentration in the exhaust emissions. Figure 11
indicates the variation of soot concentration or smoke opacity for tested tamarind biodiesel blends and diesel fuel.
The soot content of the exhaust gas was determined from the blackening of sample paper and the effective length.
The smoke opacity was measured as the percentage. From the Figure 11, it is noticed that smoke opacity decreases
for all biodiesel blends when compared to diesel at maximum load condition. The smoke concentration for the
biodiesel blends (TSME 10, 20 and 30) were 59.3%, 61.4% 62.3 %, respectively and for diesel, it was 76.6% at full
load. The smoke opacity level for TSME 20 is 19.84 % lesser than the diesel fuel at maximum load condition. The
early start of combustion for biodiesel blends and advanced injection timing can further reduce the formation of
smoke emission. The addition of small concentration of NAA to the TSME 20 blend, there was a significant
reduction in smoke opacity when analyzed with biodiesel blends and the diesel fuel.

8
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Figure 11. Smoke opacity (SO) variation with engine load
It was mainly due to higher volatility and oxygen enrichment provided by n-Amyl alcohol in enhancing the fuel
evaporation and leads to better combustion. The smoke intensity of TSME 20 NAA 10 was 54.01% and it was
29.49 % lower than the diesel fuel at the maximum load. Therefore small volumes of NAA addition to the TSME
fuel could effectively reduce the smoke concentration.

CONCLUSION
In this experimental study, tamarind seed oil was considered as potential alternate fuel for diesel in compression
ignition engine. The performance, combustion, and emission characteristics of tamarind seed biodiesel blends
along with n-Amyl alcohol as an oxygenated fuel additive for TSME20 are evaluated and compared with base fuel.
From the experimental outcomes, the following conclusions are drawn.
• The novel use of Tamarind seed methyl ester (TSME) is an important source of green fuel for the diesel
engine towards the sustainability of energy and the environment.The TSME-NAA biodiesel blends shown
improved engine characteristics when analyzed with diesel and also other blends of tamarind seed methyl
ester.
• Among all the tested fuels, TSME 20 showed better performance and lower emission characteristics. The
maximum brake thermal efficiency is 34.4% when compared to diesel of 34%, which is 1.17 % higher.
• The maximum heat release rate occurred for tamarind seed methyl ester 20% with the 10% addition of nAmyl alcohol blend and It is found that 71.16 kJ/ crank angle at -1° before TDC and it is 1.86% higher than
diesel at maximum load condition. It is also observed that maximum gas pressure in the cylinder has
occurred 9°–11° after TDC for the tested fuels and the maximum cylinder pressure is found for TSME 20
biodiesel blend, which is 68.18 bar and it is slightly higher than diesel fuel
• The CO, HC, and Smoke opacity emissions are lower in the case of TSME and NAA blends than that diesel.
However, the NOX emissions are higher for NAA blended fuel as compared to other blends and also with
diesel.
• The addition of small concentration of NAA to the TSME 20 blend, there was a significant reduction in
smoke opacity when analyzed with biodiesel blends and the diesel fuel. The smoke intensity of TSME 20
NAA 10% is 29.49 % lower than the diesel fuel at the maximum load.
From the experimental findings, it is concluded that TSME 20 with NAA 10% biodiesel blend gives better
performance and lower emission characteristics when analyzed with diesel. Finally, the tamarind seed oil is a
suitable and potential alternate fuel for replacing the diesel partially or completely in diesel engine towards the
energy sustainability and eco-environment.

NOMENCLATURE
TSME- Tamarind seed methyl ester
BSFC - Brake Specific fuel Consumption
BTE - Brake Thermal Efficiency
CO - Carbon monoxide
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NOX- Nitrogen oxides
HC - Hydrocarbon
NAA- n-Amyl alcohol
kWh - Kilo Watt Hour
HRR - Heat release rate
TDC-Top dead center
CA-Crank angle
TSME 10 - 10% Tamarind seed methyl ester &90% diesel
TSME 20- 20% Tamarind seed methyl ester & 80% diesel
TSME 30- 30% Tamarind seed methyl ester & 70% diesel
TSME 20 NAA 5% -Tamarind seed methyl ester & 80% diesel with n-amyl alcohol 5%
TSME 20 NAA10% - Tamarind seed methyl ester & 80% diesel with n-amyl alcohol 10%
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