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Continuous consumption of petroleum fuels and atmospheric pollution, have fascinated the development
of clean alternative fuels using additives in fuels for better combustion in CI engine. In the current study,
diethyl ether and nitromethane were used as oxygenated additives for finding the replacement of diesel

with a suitable diesel-diethyl ether—nitromethane blend. For this, experimental investigations were
carried out on a VCR diesel engine using diesel-diethyl ether—nitromethane blend in varying
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concentrations to determine the optimum blending ratio for enhancing performance and reducing
exhaust emissions. The considerable performance and exhaust emissions were observed with D-DEE10-
NM2.5 (diesel 87.5%, diethyl ether 10%, and nitromethane 2.5%) blend at standard engine parameters.
The improvement in engine performance and reduction in emissions was found using D-DEE10-
NM2.5 blend as compared to pure diesel at 100% rated power.
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Nomenclature:
BP Brake power
BTE Brake thermal efficiency
CAbtdc Crank angle before top dead centre
CI Compression ignition
cO Carbon monoxide
Co, Carbon dioxide
CR Compression ratio
DEE Diethyl ether
DME Dimethyl ether
DI Direct injection
HC Hydrocarbons
HSU Hartridge smoke units

1P Injection pressure

1T Injection timing

kg Kilogram

kJ Kilojoule

kW Kilowatt

NE Nitroethane

NM Nitromethane

Nm Newton—meter

NOx Nitrogen oxides

PM Particulate matter

ppm Parts per million

rpm Revolution per minutes
VCR Variable compression ratio
v/v Volume by volume

1. Introduction

Energy plays a significant role in maintaining and improving the
economic growth (Celebi and Aydin 2019, Kumar et al., 2018a).The
diesel engine is continuously dominating in agriculture and transportation
sector, due to their beneficial characteristics in terms of fuel economy,
durability, reliability, specific power output (Kumar et al., 2019;
Moghaddam et al., 2012). However, its use is increasing emissions (i.e.,
Smoke, CO, CO,, HC, NOx, PM, etc.) rapidly. For improving the
economic growth and controlling pollution, it is essential to improve the
combustion characteristics of diesel engine (Huang et al., 2016; Johnson,
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2008; Maricq, 2007).Combustion characteristic may be enhanced by
altering the existing engine design parameters such as injection pressure
(IP), injection timing (IT), compression ratio (CR), etc. However due to
complex design characteristics of the engine, it is quite difficult and
expensive (Robert, 2003; Sayin and Uslu, 2008; Zheng et al., 2007).
Therefore, use of blended diesel is a better option to enhance the engine
performance and reduce emission simultaneously. Alternative fuel/
additives like biodiesel/vegetable oil can be an excellent option to improve
the combustion characteristics of the engine, though it may lead to the
slight increment in NOx emission (Ameer and Gopal, 2012; Behcet,
2011; Giakoumis et al., 2013).
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A chemical substance which can be added to the diesel in appropriate
quantity to improve its combustion properties is known as additive.Many
additives (i.e., methanol, ethanol, n—butanol, DEE, DME, NM, NE and
n-heptane, etc.) are readily available for blending with diesel and can be
used in compression ignition (CI) engines (Hellier et al., 2013;Karabektas
and Hosoz 2009; Nabi and Hustad, 2010; Sukjit et al., 2012). Additives
include various advantages (Goyal et al., 2015; Kumar et al., 2014) such
as:

*  High oxygen content in their molecular structure.

. Can be mixed easily in diesel without any reagent.

+  Can be used without any engine modifications.

. Don’t damage the parts of the diesel engine generally.

*  No safety and health issue during the preparation of diesel-additives
blends.

*  May improve the cetane number of the diesel-additives blended
fuel.

*  Improve the physicochemical properties of the diesel-additives
blended fuel, as it is an oxygenated fuel.

*  May enhance the BTE of an engine up to 18% without affecting the
other parameters.

*  May reduce the exhaust emissions up to 50% or more.

Among the variety of additives, oxygenated additives are mostly used
because of their better combustion quality and reduced exhaust emissions
(Kumar et al., 2018a; Kumar et al., 2018 b; Padwa et al., 2016). Diethyl
ether (DEE) and nitromethane (NM) have superior combustion
characteristics (high oxygen content, high cetane number (CN), high
latent heat, low boiling point, miscible characteristics, etc.) as compared
to other additives and diesel (Kumar at al., 2015; Rakopoulos et al.,
2013). Therefore in the current study, diesel-diethyl ether-nitromethane
(D-DEE-NM) ternary blend was used to examine the performance and
exhaust emission characteristics of engine experimentally at various
concentrations and loads, as the performance of this ternary blend has
not been investigated in previous research studies of reported literature.

1.1 Diethyl ether

Diethyl ether is an organic compound which is produced by the
condensation of alcohols and commonly used as a starting fuel for some
engines. DEE has a low latent heat of vaporization, which provides
charge cooling and may responsible for NOx reduction. The performance
improvement and emission (CO and HC) reduction can be possible with
DEE-diesel blends due to the presence of high oxygen content, higher
cetane number and volatility (Anand and Mahalakshmi, 2007; Patil and
Thipse, 2014). Physico-chemical properties of DEE may play a significant
role to know exhaust emission characteristics and decide the appropriate
proportion of additives for blending with diesel, which may enhance the
performance of the engine. The chemical structure of DEE is as shown in
Figurel.
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Figure 1. Chemical structure of diethyl ether

Mohanan and Kapilan (2003) calculated the performance and emissions
characteristic of a single cylinder, four stroke, CI engine with diesel-DEE
(5, 10, 15, 20 and 25% by vol.) fuel blend. DEE5 was found to be best
option among them to improve the performance and reduce emission
simultaneously. Subramanian and Ramesh (2002) performed experiments
with DEE (5, 10 and 15% by weight) diesel blend on a single cylinder CI
engine and reported DEE10 as best blend. Kapilan et al. (2008) performed
experiments with increasing the percentage of DEE by 1% (up to 10%)
and found significant enhancement in BTE and reduction in CO,
hydrocarbon and smoke emissions using DEES.

1.2 Nitromethane

Nitromethane (NM) additives also have the high oxygen content in
their molecular structure, which may improve the combustion
characteristics of additive—fuel blends and reduce the soot, however it
may increase CO and NO,_ emissions (Kumar et al., 2018c). The structure
of nitromethane is shown in Figure 2.
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Figure 2.Chemical structure of nitromethane

Performance characteristics of NM-Diesel blends were evaluated in
our previous studies (Kumar et al., 2014; Kumar et al., 2015) using
vertical, single cylinder, 4-stroke, direct injection (DI), naturally aspirated,
variable compression ratio (VCR) CI engine. The results showed the
increased BTE with NM-diesel blend at CR 17.5 as compared to pure
diesel at CR 17.5 and NM-diesel blend at CR 16.5. The highest BTE
(25.15%) was achieved at 100% rated power. NOx emission also reduced
using NM-Diesel blend as compared to pure diesel at CR 17.5. NOx
emission reduced to a great extent for all loads while reducing the CR
(16.5).

For further improving the performance and reducing the emission,
ternary additives i.e., Diethyl ether (DEE), Nitromethane (NM) may be
tested with diesel in different blend ratios. Experimental investigation of
DEE-NM ternary blends have not been addressed in the reported literature.

2. Experimental facility, material and methods

2.1. Fuel preparation and physico-chemical properties

Fuel preparation was primary step for the experiments in which 99.0%
pure diethyl ether and nitromethane were mixed with diesel fuel. Table 1
shows the various physico-chemical properties of diethyl ether,
nitromethane and diesel fuel separately.

Table 1. Physico-chemical properties of DEE, NM and diesel fuel
(Anand and Mahalakshmi, 2007; Kumar et al., 2015; Subramanian

Properties o uﬁjibelthy‘iu Nitrom Diesel
ether ethane

Calorific value (MJ/kg) 36.8 11.3 44.8
Cetane number 125 - 55
Boiling point (°C) 34 162 195
Density (kg/m?) 713 1138 829
Latent heat (kJ/kg) 350 561 250
Auto-ignition temperature (°C) | 160 418 315
Viscosity (cSt) 0.23 0.62 2.45
Oxygen content (%) 22 53 00

Concerning above combustion properties, following points should be
kept in mind while selecting additives.
»  Additives with lower density may help in preparing stable and soluble
blend with diesel.
+  Lower value of boiling point helps in reducing the ignition delay of
combustion stage.
*  Highlatent heat of evaporation results in more cooling intake process,
thereby improves volumetric efficiency of the engine.
*  Lower viscosity helps in ease the pumping of diesel-additives blend.
Diesel—diethyl ether—nitromethane concentration was taken on v/v
percentage for preparation of all D-DEE-NM blends. First, the diesel
fuel was taken (as per blending ratio) in the glass container, then diethyl
ether (as per blending ratio) was poured drop by drop in diesel as well as
homogenized by magnetic stirrer as shown in Figure 3(a). After that
nitromethane (fixed amount 2.5%) was mixed in diesel-DEE blend in
the same manner. Above procedural steps were repeated for each fuel
blend.

2.2. Test engine

The experiments were conducted on single cylinder, 4-stroke, constant
speed, water cooled, direct injection, variable compression ratio,
compression ignition engine attached with eddy current dynamometer
(air cooled). For varying the CR, lifting and lowering cylinder block
arrangement was used without altering the geometry of combustion
chamber and stopping of engine. The pictorial view and layout of
experimental facility are as depicted in Figure 3(a) and 3(b). Table 2
demonstrates all technical specifications of the engine and other measuring
equipment.
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Figure 3.(a) Pictorial view and (b) Layout of experimental setup

Table 2. Test engine specification

Particulars Specification

Engine —make Diesel-Kirloskar (TV1)
No. of cylinders 01

Stroke 4 stroke

Cooling Water cooled

Rated Power 3.75 kW

Max. rpm 1500

Capacity 660 cubic centimeter
Stroke and bore 110 mm and 87.5 mm

Before conducting the experiments, clean and brand new lubricating
oil was filled in the oil sump of engine. The experimental result data were
monitored and stored in the computer-based LABVIEW software.

2.3. Test procedure

The experimentations on engine were carried out by varying the load
from 0 (no load) to 100% of rated power (full load) at constant speed
(1500 rpm) using pure diesel and D-DEE-NM blends at normal engine
test conditions (CR 17.5, IT 23° CA btdc and IP 210 bar). Each test was
carried out for half an hour to achieve steady—state condition before
taking the final readings. Once a test is completed with one fuel blend, the
remaining fuel blend available in fuel tank and fuel pipeline was eliminated
to prevent the alteration of genuine blend ratio.

For all fuel blends, exhaust emissions i.e., HC and smoke density
were measured by exhaust gas analyzer (make: AVL-DIGAS) and AVL
smoke meter respectively as shown in Figure 3. The non—dispersive
infrared radiation principle is used for measurement of HC emissions.

3. Result and Discussion
3.1. Performance characteristic of D-DEE—-NM blends:

The performance of engine tested at standard CR (17.5) of engine
with different blends of D-DEE-NM is as depicted in Figure 4.
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Figure 4. Variation in BTE with
BP for D-DEE-NM blends and diesel

It was observed that best BTE values are obtained with D-DEE10—
NM2.5 blend among all fuel blends and pure diesel. Diethyl ether has the
lower density as compared to the diesel, which helps to make a stable
solution of blends. Diethyl ether and nitromethane have higher oxygen
content and at the same time diethyl ether has higher cetane number as
compared to diesel. Both the properties helps in completing combustion
in time as well as higher BTE is obtained.

3.2. Exhaust emission characteristic of D-DEE-NM blends:

The exhaust emission of engine tested at standard CR (17.5) of engine
with different D-DEE-NM blends. Using D-DEE-NM blends,
considerable reduction in smoke quantity and HC were obtained as
indicated in Figure 5 and Figure 6 respectively.

It is mainly due to the lower boiling point of DEE and nitromethane
as compared to diesel, helps to improve the combustion quality. Another
aspect for a better result is due to high oxygen content which provides
sufficient oxygen to the fuel rich region and oxidizes the smoke. Minimum
HC emissions were obtained with D-DEE10-NM2.5 exhibited the best
results among all fuel blends as shown in Fig. 6.

Figure 7 shows the values of BTE, smoke and HC for all D-DEE—-
NM fuel blends and pure diesel at full load condition.

Figure 5. Variation in smoke with BP for D-DEE-NM blends and diesel
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Figure 6. Variation in HC with BP for D-DEE-NM blends and diesel
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It can be concluded that 10.82 % increment in BTE, 29.14% reduction
in smoke and 47.36% reduction in HC were found with D-DEE10-
NM2.5 blend with respect to diesel as summarized in Figure 7. From
performance and exhaust emission results as summarized in Figure 7, D—
DEE10-NM2.5 was found to be most favorable blend among all fuel
blends and diesel for CI engine.

4. Conclusions

The experimental study was carried out to determine the performance
and exhaust emissions of VCR stationary CI engine fuelled by diesel-
diethyl ether—nitromethane blends. D-DEE-NM blends were tested at
normal engine test conditions and compared with diesel to obtain best
suitable blending ratio. At normal engine test conditions (CR 17.5, IT 23°
CA btdcand IP 210 bar), D-DEE10-NM2.5 blend was found to be the
best suitable blend which provides the better combustion characteristics
due to rich oxygen content and improved cetane number. D-DEE10-
NM2.5 blend improved the engine performance (10.82% increment in
BTE) and controlled emissions (Smoke and HC reduced by 29.14%, and
47.36% respectively) simultaneously as compared to pure diesel at 100%
rated power.

If we are able to use the ternary blend (D-DEE10-NM2.5)
successfully, it will be a great help to the nation and society by replacing
scarce diesel with an environment friendly substitute.
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