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Abstract

The present study investigates the effect of blending oxygenate namely diethylene glycol dimethyl ether (diglyme) with minor
vegetable oil namely rubber seed oil (RSO), babassu oil (BSO), and their blends in various proportions (R75B25, R50B50, and
R25B75) on NOx-smoke trade-off and other engine characteristics. The tests were conducted on a commercial twin cylinder
compression—ignition (CI) engine commonly used in tractors. The potential of the blends with diglyme is assessed based on
performance, emission, and combustion characteristics of the engine at different load conditions. The tests were conducted at a
constant speed of 1500 rpm maintaining the original injection timing and pressure. Compared to diesel, RSO, and BSO, and their
blends exhibited inferior combustion due to poor physical properties like high viscosity and density. This resulted in a lower
brake thermal efficiency with increase in HC, CO, and smoke emissions compared to diesel at all the load conditions. The
augmented effect is observed with increase in BSO proportion for the blends and neat BSO. The poor combustion of minor
vegetable oil and its blends lead to lower NOx emission as a result of lower in-cylinder temperature. To improve the performance
and NOx-smoke trade-off, diglyme (DGM) was added with all the test fuels with the optimum share of 20% (by volume).
Addition of DGM, increased brake thermal efficiency by 2—7% for all the test fuels due to improved combustion as a result of
additional fuel bound oxygen in DGM and improved fuel blend properties. DGM addition reduced smoke, HC, and CO emission
drastically with a slight increase in NOx emission compared to minor vegetable oil blends. The study shows that addition of
DGM showed a promising note in NOx-smoke trade-off without affecting the other engine parameters.
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Introduction

The transportation sector, agricultural sector, and heavy off-
road vehicles widely employ diesel engines due to their fuel
efficiency and robustness. Exhaust emission from diesel en-
gines is one of the many sources of environmental pollution

Responsible editor: Philippe Garrigues

>4 Thiyagarajan Subramanian
prashanth.86.1 @gmail.com

Department of Automobile Engineering, SRM Institute of Science
and Technology, Kattankulathur, Tamil Nadu 603203, India

Department of Automobile Engineering, SRM Institute of Science
and Technology, NCR Campus, Modi Nagar 201204, India

Department of Mechanical Engineering, University of Valenciennes
(UVHC), Campus Mont-Houy, LAMIH UMR CNRS 8201,
F-59313 Valenciennes Cedex 9, France

causing health problems. Serious efforts have been made to
reduce the effect of emissions generated by combustion of
fossil fuels in the environment. Among the various emissions
from CI engine, NOx and smoke are dominant posing serious
problems to environment and ecosystem. NOx emission is
responsible for smog, acid rain, and ground level ozone for-
mation, while smoke or soot emissions are carcinogenic af-
fecting the human health adversely (Walsh 1999). To abide by
the stringent EURO norms, various after-treatment systems
namely selective catalytic reduction (SCR) (Guan et al.
2014), selective non-catalytic reduction (SNCR)
(Thiyagarajan et al. 2017b), and non-selective catalytic reduc-
tion (NSCR) (Subramanian et al. 2017) were studied to reduce
NOx emissions. Diesel particulate filter (DPF) is presently
employed to reduce soot emissions (Chen et al. 2017).
However, a trade-off exists between NOx-smoke which af-
fects the engine performance to a larger extent (Kumar et al.
2016). Few other methods also aimed at achieving better
NOx-smoke trade-off without compromising the
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Table 1 Properties of RSO, BSO, and diglyme

Parameters Diesel BSO RSO Diglyme
Relative density (g/cm®) 0.830 0.914-0.917 0911 0.945
Refractive index (ng 40 °C) - 1.465-1.467 1.465-1.469 -
Viscosity (kinematic at 40 °C, cst) 3 28 40 1.089
Smoke point (°C) - 200-220 210-230 -

Flash point (°C) 70 172 275 67
Specific heat (J/g at 20 °C) - 1.910-1.916 1.900-1.911 -

Iodine value (g/100 g) - 110-126 94-120 -
Calorific value (KJ/Kg) 42,500 35,752 36,892 24,500
Fire point (°C) 80 186 279 73
Cetane number 52 40-42 45 126

performance. Many of these efforts have been aimed at im-
proving the overall combustion efficiency by acting on ele-
ments such as injection systems (Corcione et al. 2001), shap-
ing combustion chamber (Vedharaj et al. 2015), fuel formula-
tion (Thiyagarajan et al. 2017a), and additives (Geo et al.
2017). Others have developed advanced combustion modes
such as homogeneous charge compression ignition (HCCI)
(Zheng et al. 2015), premixed charge compression ignition
(PCCI) (Srihari and Thirumalini 2017), and reactivity con-
trolled compression ignition (RCCI) (Benajes et al. 2015).
Studies were also done in using alternative fuels especial-
ly from plants, which can simultaneously develop power
similar to diesel and reduce exhaust emissions. The methyl
or ethyl ester of vegetable oils commonly known as biodiesel
is one such alternative which is both environment-friendly
and renewable (Joshi et al. 2017). Biodiesel use in diesel
engines reduces hydrocarbon (HC), carbon monoxide
(CO), and smoke emissions, but increases oxides of nitrogen
emission (NOx). Numerous non-edible biodiesel were iden-
tified and tested in CI engine to explore the potential oppor-
tunities in replacing diesel (Subramanian et al. 2018;
Kasiraman et al. 2016; Sajjadi et al. 2016). However, com-
mercial use of these biodiesel in transportation or agriculture
sector is not realized due to high-input cost for
transesterification to convert the high-viscous vegetable oil
to biodiesel (Agarwal et al. 2017). Unless, a government
policy in subsidizing the price of biodiesel is in place, bio-
diesel use especially by farmers in tractors and genset appli-
cation is difficult (de LT Oliveira et al. 2017). Hence, a fea-
sible solution is to use minor vegetable oils available in the
particular region as straight fuel which does not have much
commercial use with less input cost. Among the various mi-
nor vegetable oils available in India, rubber seed oil and
babassu oil were identified and taken for this research study.
Rubber seed oil is mainly available in tropical regions of
India with a production potential of 5000 tons per year
(Ramadhas et al. 2005). Numerous studies were done in
using RSO and improving its performance in CI engine
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(Geo et al. 2008; Geo et al. 2009; Bhovi et al. 2017).
Babassu oil is extracted from babassu palm trees also avail-
able in tropical regions. The production potential is only
1000 tons per year (Demirbas 2009). While, few research
works were done in analyzing babassu oil properties for die-
sel engine application (Oliveira et al. 2013), potential use of
babassu oil in CI engine is not explored in the literature other
than the preliminary work reported by authors previously to
optimize the blend ratio of rubber seed oil and babassu oil
(Varuvel et al. 2017).

Addition of oxygenated additives such as ethanol, dimethy]
carbonate, and diglyme (DGM) can improve the low-
temperature properties of biofuels with an enormous potential
in reducing exhaust emissions. Most of oxygenates have been
widely investigated; however, few investigations exist on the
use of DGM. DGM is a colorless liquid with slight ether-like
odor and relatively low toxicity and reactivity (Di et al. 2010).
It is inter-soluble with diesel fuel, has high cetane number, and
lower soot formation tendency (Bertoli et al. 1998). Use of
DGM as an additive in diesel to reduce smoke or particulate
matter (PM) emissions has generated interest among re-
searchers as this method does not require the engine to be
modified. Ren et al. (2008) observed no influence of oxygen-
ates on NOx emission and thermal efficiency. However, PM
emission from the engine exhaust is reduced considerably.
Miyamoto et al. (1998) observed similar results wherein the
increase in oxygen content in the blend reduced the smoke
emission, and almost all the soot emissions were practically
removed once the oxygen content reached 25-30%. The au-
thors attributed it to the improvement in diffusion combustion
phase along with the post-flame oxidation of soot. The authors
also observed that the trade-off curve between NOx and
smoke emission is flat, indicating that addition of oxygenates
has little effect on NOx emission. Also, oxygenated fuels have
greater tolerance to exhaust gas recirculation (EGR). The
combined effect of diglyme and oxidation catalyst was studied
by Tamanouchi et al. (1999). The authors observed a reduc-
tion in soluble organic fraction caused by oxidation catalyst
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Table 2  Engine specifications

Model Simpsons S 217 tractor engine

Rated power 12.4 kW @ 1500 rpm

Type/configuration Vertical in-line diesel engine
Bore x Stroke 91.44 mm x 127 mm

No. of cylinders 2

Displacement 1670 cc

Compression ratio 18.5:1

and reduction in soot emission by DGM. Ren et al. (2007) in
another study of various blends of diesel and diglyme ob-
served a reduction in ignition delay and amount of heat re-
leased in premixed combustion phase with the increase of
diglyme in the blend. The author also observed the center of
heat release curve moving close to top dead center (TDC)
along with an increase in thermal efficiency with increase in
oxygen content.

Song et al. (2016) compared the combustion and emission
characteristics of a multi-cylinder diesel engine fueled with
blends of diesel with rapeseed methyl ester, diglyme, and
butyl diglyme in various quantities. The authors found
improvement in smoke emission with a penalty in NOx
emission and fuel consumption. Also, no change in fuel
spray development was observed; however, the ignition
delay shortened. Gill et al. (2012) used diesel, 100% rapeseed
methyl ester, 50% blend of diesel, and 50% rapeseed methyl
ester, and 85% diesel and 15% diglyme in a single cylinder
diesel engine. Authors extensively studied the particle number
concentration and particle mass concentration at different
loads. They observed lower particle number and mass
concentration and a shift in size distribution to smaller mean
diameter particles for oxygenates, with rapeseed methyl ester
producing lowest particle number and mass concentration.

Barrios et al. (2014) used a Volkswagen Euro 4 engine for
comparing ethyl tert-butyl ether (ETBE) and diglyme blended
in commercial diesel. Dramatic reduction in the total number
of particles is observed for both oxygenates, especially when
the ratio reaches 15%; however, ETBE is slightly better than
DGM. DGM, on the other hand, is slightly better in reducing
NOx emission as compared to ETBE maintaining similar fuel
consumption.

Physical and chemical properties of a fuel play a major role
in the formation of either type of particle during combustion
(Puzun et al. 2011), suggesting that addition of oxygenates
leading to increase in oxygen in the air-fuel mixture can sig-
nificantly change the size distribution and number of emitted
particles. Engine and emission characteristics for blending
jatropha biodiesel and diglyme with diesel was studied by
Nabi and Hustad (2012). Blending biodiesel and DGM with
diesel resulted in higher brake-specific fuel consumption com-
pared to diesel due to their lower energy content. The author
also observed both nucleation mode and accumulation mode
particles for jatropha biodiesel, whereas only accumulation
mode particles were observed with DGM biodiesel.

The literature clearly indicates that few experimental works
were done with rubber seed oil as fuel in CI engine, with
limited research done using babassu oil. The literature also
shows that DGM is favorable for NOx-smoke trade-off char-
acteristics due to higher oxygen content. The purpose of the
study is to clarify the behaviors of the combustion and emis-
sion characteristics of a twin cylinder tractor engine fueled
with blends of rubber seed oil and babassu oil with DGM as
an oxygenate, whose properties are given in Table 1.
Experiments were carried out using R75B25 (blend of 75%
rubber seed oil and 25% babassu oil on volume basis),
R50B50, R25B75, neat RSO, and BSO and diesel as a base-
line. Tests were also conducted by adding 20% DGM to the
abovementioned fuels and its blends.
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Fig. 1 Schematic diagram of test engine
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Table 3  Fatty acid composition of babassu and rubber seed oil
Fatty acid Composition (%)
babassu oil (Atabani et al. 2013) rubber seed oil (Ramadhas et al. 2005)
Octanoic acid Cg.q 0.5 —
Capric acid Cyg.o 3.8 -
Lauric acid C,. 48.8 -
Myristic acid Cy4.9 17.2 -
Palmitic acid C,¢.q 9.7 10.2
Stearic acid Cg.o 4 8.7
Oleic acid Cyg. 14.2 24.6
Linoleic acid Cg.» 1.8 39.6
Linolenic acid Cg.3 - 16.3

Experimental setup

Tests were conducted on a Simpsons make S217 model twin
cylinder compression—ignition engine employed in tractors,
whose specification is given in Table 2. An eddy current dyna-
mometer was used for loading the engine. AVL 5 gas analyzer
was used to measure HC, CO, and NOx from the engine ex-
haust. Figure 1 shows the schematic representation of the ex-
perimental setup. The engine exhaust smoke opacity was mea-
sured using AVL 432c¢ smoke meter based on light extinction
technique. A three-way, two-position directional control valve
was used for rapid switching between diesel and the test fuel.

The in-cylinder pressure was measured using a piezoelec-
tric pressure sensor mounted on the engine cylinder head.
Crank angle with the one-degree resolution was obtained
using an optical shaft position encoder. The signal from both
the sensors was acquired using a data acquisition system and
stored on a personal computer using analog to digital convert-
er. From the acquired data, peak pressure, occurrence of peak
pressure, and heat release rate were calculated.

The tests were conducted at a constant speed of 1500 rpm
with the load varying in steps of 25%. Volumetric air flow rate
and fuel flow rate were measured using a U-tube manometer
and a 50 cm® burette/stopwatch, respectively. The engine was
initially started with diesel and after attaining stable condition
the fuel was switched to the test fuel using the three-way
valve. The engine’s performance was evaluated in terms of
brake thermal efficiency, exhaust gas temperature, and emis-
sion characteristics. All the tests were conducted three times
and the average values are taken for analysis.

Results and discussion
Experiments were performed at a rated engine speed of

1500 rpm and at engine loads of 2.9 kW, 5.9 kW, 8.8 kW,
and 11.8 kW. At each engine load, experiments were carried
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out using R75B25, R50B50, and R25B75, neat RSO, and
BSO and diesel as a baseline. The effect of adding DGM to
the blends on performance, emission, and combustion charac-
teristics are analyzed.

Fatty acid composition of babassu and rubber seed oil

The properties of the vegetable oil are determined by the pres-
ence of each fatty acid in its molecule. The carbon chain length
and the number of double bonds (unsaturation) affects the phys-
ical properties of the oil (Pinzi et al. 2013). Some of the prop-
erties significantly affected are viscosity, calorific value, and
cetane number. The fatty acid composition of babassu and rub-
ber seed oil is shown in Table 3. Viscosity of the fuel plays a
major role in its atomization and proper mixing with the air. If
the viscosity is more then the atomization will not be proper and
more fuel will burn in premixed combustion phase resulting in
high-combustion temperature. The viscosity of rubber seed oil
is higher than babassu oil since more amount of fatty acids with
longer chain lengths is present in RSO. Also, due to the pres-
ence of large amount of longer chain fatty acids, the calorific
value of rubber seed oil is higher than BSO. The cetane number
determines the ignition delay and combustion quality of the
fuel. The higher is the cetane number, the lower is the ignition
delay resulting in lower premixed combustion and lower com-
bustion temperature. The cetane number is higher for the fuels
with longer chain length and presence of more amount of sat-
urated molecules (Ramos et al. 2009). RSO has a large amount
of longer chain molecules; however, the degree of unsaturation
is more. Whereas, BSO has large amount of saturated mole-
cules but their chain length is smaller than RSO. Therefore,
both the fuels have similar cetane number as shown in Table 1.

Performance and emission characteristics

Figure 2 shows the brake thermal efficiency (BTE) with load
for various blends of rubber seed oil and babassu oil, neat
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Fig. 2 Variation of brake thermal efficiency with load for diesel (black
line), fuel with DGM (red line), and fuel without DGM (green line)

rubber and babassu oil with and without DGM, and base die-
sel. BTE is lower for neat RSO and BSO as compared to
diesel; this can be attributed to higher viscosity and density
resulting in poor atomization and slower heat release. Also,
lower calorific value for RSO and BSO compared to diesel
demands more fuel to be burnt for producing same power
output. BTE increases with increase in load for all the fuel
samples. Engine operation with diesel has the highest thermal
efficiency for all loads, and the maximum efficiency achieved
is 32.24%. Addition of DGM to the blend increased the BTE
for all the blends at all loads, however, it is lower than diesel.
At full load, due to the addition of DGM, BTE increased by
2.1%,2.5%,3.35%, 5.57%, and 6.78% for R75B25, R50B50,
and R25B75, neat RSO, and BSO, respectively. The increase
in BTE is due to the addition of DGM which further increases
the oxygen content of the blends, thereby improving combus-
tion, especially during diffusion combustion phase. It was also
observed that with the increase of BSO in the blend the BTE
decreased at all the loads, but the addition of DGM slightly
improved the BTE.

Variation of exhaust gas temperature (EGT) with engine
load for different blends of RSO and BSO, neat RSO, and
BSO with and without DGM, and baseline diesel is shown
in Fig. 3. EGT increases with increase in load for all the

Fig. 3 Variation of exhaust gas temperature with load for diesel (black
line), fuel with DGM (red line), and fuel without DGM (green line)

blends. At full load, EGT is 406 °C for diesel and 432 °C
and 490 °C for RSO and BSO respectively without DGM.
With the addition of 20% DGM, it reduces to 417 °C and
451 °C for RSO and BSO respectively. Neat RSO and BSO
have poor volatility and higher viscosity resulting in the fuel
burning in the later stage of combustion leading to inferior
engine performance and higher exhaust gas temperature.
Addition of DGM to the blends helps in reducing the EGT
and improves engine performance. The higher cetane number
of DGM reduces the ignition delay, thereby improving the
premixed combustion phase which reduces the fuel burnt in
the later stage of combustion thus reducing EGT. Also, the
faster burning rate associated with DGM addition aided in
reduced combustion phasing leading to lower EGT. In addi-
tion, BTE increases with the addition of DGM resulting in less
use of fuel energy input for a given output.

The modulation of unburned hydrocarbon (HC) emission
with engine load for various fuel blends is represented in
Fig. 4. It is observed that HC emissions increase with an in-
crease in engine load for all the tested fuel blends and it is
lowest for engine operation with diesel at all loads. HC emis-
sions at full load are 19 ppm, 32 ppm, and 49 ppm for diesel,
neat RSO, and BSO respectively. Higher emissions of straight
vegetable oils can be attributed to high viscosity and poor

@ Springer



35720 Environ Sci Pollut Res (2018) 25:35715-35724
2 4 6 8 10 12 2 4 6 8 10 12
— : : : = 0.252 —
41 R i IR n— u

284+ RSO | . 0.189 1 RSO =
a3t = e o126f __———™
1421 " 0.063 4 ="
-+ ./ + .//.
71 %= + : + I } : + } } } 0.000 + { + } t } + { u :
T BSo . 0.294 1. BSO .
1 = Tl n— f——"
*71 H;'/"/”'-/=/ 0196+ g — -
24+ & T =
T A 0.008 - I

— i . _ T

g 12 m— N 1 L S o000 —0—fF—+

& 4001 R75825 L ! " < 237 1 R75B25 =

= 1 . -+ § ; ]

= 300 I ,,./. é 74 _/H/

S st . ™ . iR

é; 15.0 L I///./l/ LIEJ 0.079 + .- ™ "

wogsl T Q 0000 —F——+—+—+—+—+—+—+—1

O . . 1res I ' I I I l I ——u O 1 R50B50 B

0.249 , —
T 24 R50B50 e T .- A=
24.3 1 - 0.166 =//'/'-
T s——— T
16.2 1+ ././. 0.083 <+ ./. n
+ — T & | | ]
81-L l I . } . = . } , { 0.000 1 — A -
30 L - P E— 0.176 4 i,/'/
20 T ././——l 0.088 4  m——n
— + g— ™
0 &/ | | | 0.000 —t—t—+—+—+—+—+—+
T 1 2 4 6 8 10 12
2 4 6 8 10 12
Load (KW) Load (kW)

Fig. 4 Variation of unburned hydrocarbon emission with load for diesel
(black line), fuel with DGM (red line), and fuel without DGM (green line)

atomization characteristics causing incomplete combustion
thus masking the oxidation of hydrocarbons. It is also ob-
served that neat BSO engine operation resulted in the highest
HC emissions at all loads. Increase in percentage of BSO in
the blend also leads to increase in HC emissions at all loads.
Addition of DGM to the blend leads to decrease in HC emis-
sion for the fuels at all loads. At full load, HC emissions for
engine operation with diglyme decreased by 22.2%, 22.4%,
22.85%, 10.81%, and 9.5% for neat RSO and BSO, R75B25,
R50B50, and R25B75 respectively as compared to engine
operation without diglyme. Diglyme has high cetane number
and low auto-ignition temperature causing shorter ignition
delay, which improves combustion during premixed phase
causing oxidation of the hydrocarbons. Also, availability of
addition oxygen atoms in DGM aided in oxidation of HC
emissions at high-combustion temperature.

Figure 5 portrays the variation of carbon monoxide (CO)
emission for the tested fuel blends at various loads. CO emis-
sions increased with increase in load for all the tested fuels.
Diesel-fueled engine operation resulted in the lowest CO
emissions at all loads. At full load, CO emissions are 0.08%,
0.24%, and 0.32% for diesel, neat RSO, and BSO respective-
ly. CO emissions without DGM at full load are 0.27%, 0.27%,
and 0.31% for R75B25, R50B50, and R25B75 respectively. It
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Fig. 5 Variation of carbon monoxide emission with load for diesel (black
line), fuel with DGM (red line), and fuel without DGM (green line)

can be observed from Fig. 5 that increase in the percentage of
BSO in the blend resulted in an increase in CO emissions. The
blending of DGM resulted in a decrease in CO emissions for
all the fuels at all loads. At full load, CO emissions observed
are 0.21%, 0.28%, 0.24%, 0.25%, and 0.27% for RSO, BSO,
R75B25, R50B50, and R25B75 respectively. The reason for
the decrease in CO emission is the same as HC emissions.
Another reason for the reduction of emissions could be the
increased oxygen content caused by the addition of DGM
which further oxidizes carbon monoxide.

The variation of oxides of nitrogen (NOx) emission from
the engine exhaust with engine load is shown in Fig. 6. The
major cause of increased NOx emissions is high gas temper-
ature in the combustion chamber and presence of oxygenated
fuel. From Fig. 6, it is observed that the NOx emissions in-
crease with increase in engine load, as more fuel is burnt to
produce the required power which increases the combustion
temperature. Engine operation with diesel resulted in highest
NOx emissions at all loads. However, engine operation with
neat BSO resulted in the lowest NOx emissions at all loads,
and as compared to diesel, it reduced by 25% at full load. In
spite of inherent presence of oxygen in the fuel structure, the
reduction in emissions is due to reduced premixed burning
rate which tends to slow the heat release rate causing lower
combustion temperature. As for the blends of RSO and BSO,
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it is observed that the increase in percentage of BSO in the
blend resulted in the decrease in NOx emissions at all loads.
NO emission at full load for R75B25, R50B50, and R25B75
are 934 ppm, 912 ppm, and 897 ppm respectively. Addition of
diglyme to the blends increased NOx emission as evident in
Fig. 6. However, with a blend of ultra-low sulfur diesel and
diglyme, Di et al. (2010) observed NOx reduction. Similarly,
Subramanian et al. (2018) also observed NOx reduction with
camphor oil and diglyme blend. The authors based the
reduction in NOx emissions on the fact that due to high
cetane number of DGM, the ignition delay is reduced thus
the amount of fuel burning in premixed phase is reduced;
meanwhile, due to low heating value of DGM the heat
released in premixed combustion phase is reduced resulting
in lower combustion temperature. However, Gill et al. (2012)
reported an increase in NOx emissions which is consistent
with the results of this study. As stated earlier, with the addi-
tion of DGM the heat released is less and the combustion
temperature is low, but the increase in the NOx emissions is
mainly due to the increase in availability of oxygen in the
combustion chamber.

The effect on smoke opacity under the influence of engine
load and with and without DGM is depicted in Fig. 7. Smoke
opacity increases with increase in engine load for all the fuels

Fig. 7 Variation of smoke opacity with load for diesel (black line), fuel
with DGM (red line), and fuel without DGM (green line)

and it is lowest for diesel-fueled engine operation. At full load,
smoke opacity for diesel, neat RSO, and BSO is 60.2%,
81.5%, and 91.2%, respectively; the increase in emissions is
due to poor atomizing and mixture-forming tendency of the
vegetable oils. Engine operation with blends of RSO and BSO
resulted in smoke opacity lying between smoke emissions
emitted during neat RSO and neat BSO engine operation.
Also, addition reduced by 11%, 9.48%, 8.7%, 4.7%, and
3.3% for RSO, BSO, R75B25, R50B50, and R25B75 as com-
pared to engine operation without diglyme addition. Soot par-
ticles are mainly formed during diffusion phase combustion
and addition of DGM to the blends provides additional oxy-
gen for combustion, which decreases the rich mixture regions
and improves diffusion phase combustion resulting in oxida-
tion of the already formed soot.

A trade-off exists between NOx and smoke emissions for
conventional compression ignition engines. Oxygen deficien-
cy in the combustion chamber results in increase in smoke
emissions, whereas oxygen enrichment tends to increase
NOx emission resulting in a trade-off between NOx and
smoke emissions. DGM addition to the tested fuels influences
the trade-off curve as shown in Fig. 8. It can be seen that
addition of diglyme to the tested fuels lead to increase in
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NOx emissions and simultaneous reduction in smoke opacity.
Similar trend was observed for all engine loads. The probable
reason for the trend could be the high availability of oxygen
present in both the vegetable oil and diglyme, which increases
NOx emissions and simultaneously oxidizes soot particles.
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Exhaust gas recirculation is one such viable method which
can reduce NOx emissions without much affecting other pa-
rameters as oxygen required for combustion is provided by the
fuel.

In summary, the poor performance and emission character-
istics of neat RSO and BSO and its blends were improved with
DGM addition. It is observed that among the various blends,
RSO-BSO (50-50) blend with DGM is optimum in terms of
performance and emission characteristics. The combustion
parameters for the optimum blend combination compared to
base fuels are presented in the following section.

Combustion characteristics

The combustion characteristics of diesel, RSO, BSO, and
RSO50 + BSO50 with and without diglyme at full load are
shown in Fig. 9. The poor combustion of RSO and BSO
resulted in lower peak pressure compared to diesel. Peak pres-
sure for diesel, RSO, and BSO are 91 bar, 84.7 bar, and 81 bar
respectively. Peak pressure for both RSO and BSO occurred
late compared to diesel with BSO in the farther end. The
reason is due to longer ignition delay for these fuels due to
poor atomization and vaporization which led to more heat
wasted to exhaust than converted to useful energy as justified
from previous studies (Geo et al. 2017) and performance re-
sults as seen in Figs. 2 and 3. Peak pressure for RSO50-
BSO50 is 81 bar at full load which is similar to RSO and
BSO. This is improved with addition of DGM. Peak pressure
of RSO50-BSO50 + DGM20 is 85 bar and the peak occurred
early. This is due to better atomization and vaporization lead-
ing to a more fuel-air mixture prepared for combustion. Also,
the high cetane number of DGM aided in slightly early occur-
rence of peak pressure.

Heat release rate curve in Fig. 9 shows that compared to
diesel, combustion is poor for RSO and BSO. It is clearly
observed that for RSO and BSO, diffusion phase is dominant
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rather than premixed combustion phase. Generally, more heat
is converted to energy in premixed combustion phase. Due to
the slower start of combustion, the combustion phasing is
shifted which reduced the BTE for both RSO and BSO.
Peak heat release for diesel, RSO, and BSO is 74 J/°CA,
63 J/°CA, and 54 J/°CA at full load respectively. The high
viscosity of both RSO and BSO increased the physical delay
causing a delayed start of combustion. Peak heat release for
RSO50-BSO50 is 60 J/°CA at full load. The peak heat release
rate for blend occurs between RSO and BSO and about 19%
less compared to diesel. Addition of DGM improved the com-
bustion of RSO and BSO blend due to better atomization,
vaporization, and mixing with air along with improved cetane
number, the peak occurred much early, and combustion is
faster as compared to other fuels as seen from the combustion
phasing. Peak heat release for RSO and BSO blend with DGM
addition is 65 J/°CA at full load.

Conclusions

The present study shows that compression ignition engines
used in the agricultural sector can be operated with neat
RSO and BSO available commonly in the tropical regions.
Engine performance with RSO and BSO is poor as compared
to diesel. BTE reduced by about 9—15% at full load for RSO,
BSO, and their blends without DGM as compared to diesel. At
all loads and for all the tested fuels without DGM, HC and CO
emissions were higher as compared to diesel. NOx emissions
are lower for the tested fuels without DGM due to inferior
combustion leading to higher smoke opacity. Compared to
RSO, the performance of BSO is poor and the performance
improves with an increase in the concentration of RSO in the
blend. Addition of DGM improved the combustion for all the
test fuels. BTE is improved with reduced HC, CO, and smoke
emissions. There is a slight penalty of NOx emissions with
DGM addition for all the fuels. It is observed that considering
NOx-smoke trade-off and other performance parameters of
the engine, RSO50 + BSO50 + DGM20 is identified
optimum.

This study shows that, instead of laborious transesterifica-
tion process, a proven technique to improve the performance
of vegetable oil, diglyme blending showed promising results.
This study will aid the rural people to use the minor vegetable
oil available in their region to replace conventional diesel.
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