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Abstract

The exhaust emissions from the compression ignition engines are harmful to both human beings and the environment. After-
treatment devices placed in the exhaust are designed to reduce these emissions. These devices have significant conversion
efficiency but have various drawbacks such as the cost and availability of the precious catalyst for catalytic converters. In this
work, an emission reduction setup was developed that can reduce NO, HC, CO and smoke simultaneously. The emission
reduction setup is based on the concept of an electrostatic precipitator (ESP) and plasma generation by corona discharge
technique. Both diesel and waste cooking oil biodiesel (WCO) were separately used for the test. The results show that HC
emissions at full load with ESP system reduced from 0.71 to 0.27 g/lkWh for diesel and for WCO it reduced from 0.81 to 0.31 g/
kWh. Similarly, the CO emissions reduced from 1.50 to 0.6 g/kWh for diesel and from 1.95 to 0.92 g/kWh for WCO. The smoke
emission and NO emission were also reduced by 30.86 and 29.3% for diesel and WCO and 17 and 18% for diesel and WCO,
respectively. However, the carbon dioxide emissions were found to increase as the HC and CO generated were also converted to
COs,. The study shows that the emission reduction setup can effectively reduce the emissions without any effect on the engine
performance.
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Introduction oxides of nitrogen emissions (NOx), unburnt hydrocarbon

emissions (HC), carbon monoxide emissions (CO) and partic-

The transportation sector and the agricultural sector are depen-
dent upon the diesel engines due to their higher fuel economy,
initial torque and low maintenance cost (Geo et al. 2017).
However, the main problem with the use of diesel engines is
the release of hazardous pollutants in the exhaust namely
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ulate matter. These pollutants not only affect the environment,
they also affect the health of human beings (Subramanian
et al. 2017). The diesel engines emit particulate matter in the
small particle form at a concentration above 10 million partic-
ulates per cm’. The diameter of the primary carbon particles
lies in the range of 0.01 to 0.08 wm, whereas the diameter of
the agglomerated particles is in the range of 0.08 to 0.25 um
with nearly 90% of the particles having a diameter less than
1 um. Several government agencies have classified the partic-
ulate matter as “human carcinogen” or “probable human car-
cinogen”. They increase the risk to the heart and respiratory
diseases such as asthma and bronchitis. Presence of two or
more benzene ring hydrocarbons in the particulate matter also
called poly-nuclear aromatic hydrocarbons (PAHs) are known
human carcinogens. The soluble organic fraction of the par-
ticulate matter containing four and five rings is the most harm-
ful compounds (Losacco and Perillo 2018). To tackle the
problem of pollutants, the emissions norms all over the world
are becoming increasingly stringent. India has also taken a big
leap by migrating from Bharat Stage IV (BS-IV) to BS-VI by
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2020. The Indian automobile industry now has a new chal-
lenge in finding the optimal solution for migrating to BS-VI
norms for its existing portfolio of BS-IV norms engine.

The existing exhaust after-treatment devices can effectively
reduce the regulated emissions, but there are several draw-
backs to their use. The diesel particulate filter placed in the
exhaust pipe is used to trap PM emissions; however, the back
pressure increases due to its use. There are also problems of
regeneration and their efficiency of collecting small particu-
lates is low and the maintenance cost is high (Nguyen Huu
Nhon et al. 2004; Stratakis et al. 2002). Similarly, NOx is
reduced by selective catalytic reduction (SCR) which has is-
sues like catalyst poisoning, slip of ammonia and low collec-
tion efficiency at low loads. These systems are not cost effec-
tive and the catalyst used in these systems is not readily avail-
able in the aftermarket and if available their cost is prohibitive
(Subramaniam et al. 2016).

The electrostatic precipitators (ESP) are used all over the
world to control the fly ash in coal-fired power plants. In
1800s, Oliver Lodge gave the idea of ESP and developed it
with Alfred Walker for a lead smelter. However, due to high
voltage power supply and high resistivity of the lead oxide
fumes, the ESP did not work. Later on, in the 1900s, Dr. F. G.
Cottrell developed an ESP on industrial scale and patented it
(Huang et al. 2015). In ESP a high voltage electric field is
generated between two oppositely charged electrodes. The
ESP works on the principle of plasma reactions by corona
discharge, where electrodes produce high energy electrons
which when collides with the molecules present in the air or
exhaust gas leads to the formation of new species including
ions, atoms and free radicals. The ionized particles migrate
towards the oppositely charged electrode. The most signifi-
cant advantages of ESP is it does not obstruct the flow of air
thereby the back pressure is unaffected, since the ionized par-
ticles are pulled through the system because of the electrostat-
ic force developed (Parker 1997). Moreover, in the mechani-
cal filters, the gas is passed through some porous media and
the gas streamlines are bent based on the separation concept,
resulting in pressure drop as soon as the gas hits the surface of
the filter (Sudrajad and Yusof 2015). Another advantage is the
requirement of less power for operating the ESP (Thonglek
et al. 2011). They are widely employed in the industries to
collect the fly ash particles.

Many researchers have worked upon removal of soot par-
ticles from the diesel engine exhaust using ESP, but no such
product is available commercially due to some inherent draw-
backs. The particulate matter has low resistance resulting in
the particle re-entrainment and hence poor collection efficien-
cy. A two-stage ESP was used by Zukeran et al. (2000). In the
first stage, DC was used for charging the particles, and in the
second stage AC field with trapezoidal waveforms was used
for the collection of particles. Another way of increasing the
collection efficiency is the use of agglomerators. Nakajima

and Sato (2003) used acoustic waves for strong vibration of
the particles along with electrostatic polarization of the parti-
cles. Due to acoustic waves, the smaller particles move rela-
tively higher than coarser particles which increase the chance
of collision, thereby increasing the agglomeration. Ji et al.
(2004) agglomerated the particles by first bipolar charging
and then passing the particles through an AC electric field
and a separate DC electric field. The authors observed 25—
29% reduction in particles smaller than 1 pm with AC fre-
quency. Ozone regeneration by corona discharge is one of the
best methods to incinerate the particles deposited on the elec-
trode (Kuwahara et al. 2013; Umemoto et al. 2008).
Subramaniam et al. (2016) designed an ESP containing
spike-shaped charging electrode and a three-layered collecting
electrode. The authors used a corona discharge technique for
the generation of ozone resulting in the simultaneous reduc-
tion of HC, NOx and smoke.

Many methods have been used for removal of NOx such as
injection of a radical for NOx oxidation and reduction. Some
of the radicals are ammonia (Nishida et al. 2001), ozone
(Okubo et al. 2008; Sano and Yoshioka 2003), methane
(Chang et al. 1998; Kanazawa et al. 1997), etc. Another meth-
od is the use of plasma for reducing NOx in a gas stream. In
one study, a system consisting of plasma and Ag, Au/Al,O;
catalyst was used for reducing NOx (Ryu et al. 2002). With
model exhaust gas, the NOx reduction efficiency varied from
40 to 90% in the temperature range of 250 to 400 °C. With an
engine test, the NOx removal efficiency was 46% at 364 °C.
The system also showed remarkable NOx reduction tendency
at 100 to 250 °C. In another study, non-thermal plasma along
with SCR has been used to enhance the rate of NOx removal
(Sato et al. 2011). The ammonia gas was supplied in the SCR
system. With simulated gas of a diesel engine exhaust, large
NOx reduction was observed. The authors also tested the sys-
tem on a heavy duty engine over JEOS5 Japanese cycle and
observed significant NOx reductions. On the laboratory scale,
also numerous studies were done to reduce the NOx level
(Talebizadeh et al. 2014; Tonkyn et al. 2003; Tran et al.
2004; Ueda et al. 2004). Almost all these studies use plasma
along with lean burn internal combustion engines.

The literature shows that the existing after-treatment sys-
tems are effective in reducing emissions but they have their
own drawbacks. Such as the presence of sulphur in the fuel
poisons the catalysts present in the after-treatment system. The
diesel particulate filter has various issues like high back pres-
sure, regeneration and poor collection efficiency of small-
sized particles. In the present study a plasma-assisted exhaust
after-treatment system was developed for a single cylinder
diesel engine. The system contains one electrostatic precipita-
tor and one non-thermal plasma generator working on pulse
corona discharge technique. The ESP was used for reducing
the exhaust smoke and the plasma generator was used to re-
duce other emissions. The novelty of the work lies in the use
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of Ni/Al,O5 catalyst which has not been used so far by any of
the researchers. The catalyst was coated on the surface of the
negative electrode of the plasma generator for improving the
emission conversion efficiency. The study aims to simulta-
neously reduce the hazardous pollutants from the engine ex-
haust without the drawbacks of the existing after-treatment
systems and without affecting the engine performance. The
engine tests were conducted with diesel, and to ascertain that
the after-treatment system works well with fuels other than
diesel, engine tests were also conducted with neat waste
cooking oil biodiesel.

Waste cooking oil biodiesel production

Waste cooking oil is readily available all over the world. It
can be used as an additive for the preparation of fodder and
in the soap manufacturing. However, vast quantities of
WCO are either dumped in rivers or wastelands thus
harming the environment (Senthil Kumar and Jaikumar
2014). In India, there are many roadside shops which use
cooking oil for making food. The shop owners use the oil
two to three times before throwing it in the drains which are
harmful both for the humans by eating the food prepared in
reused oil and the environment as the used oil is thrown in
the drain. Instead, the oil can be converted to biodiesel and
used as fuel in internal combustion engines (Arslan and
Ulusoy 2018).

Waste cooking oil was collected from roadside shop
owners in and around Delhi. The oil was initially filtered to
remove the impurities and heated to 110 °C so that all the
water (if present) is evaporated. The purified WCO was placed
in a batch-type reactor which is a round bottom flask having
three necks. The central neck has a stirrer connected to a DC
motor. One of the necks has a thermometer so that the tem-
perature of the reactants can be continuously monitored. The
flask was placed on a heating jacket for heating the flask so
that the temperature of the reactants was maintained accord-
ingly. A mixture of 185 g of methanol and 4.6 g of potassium
hydroxide (optimized) was prepared separately in a beaker.
The mixture was then added to the reactant under constant
stirring and 65-70 °C was maintained for 45 min. After the
reaction was complete, the mixture was settled for 12-24 h in
a separating funnel. After 24 h, two layers were formed: the
lower layer was darker in colour and it consisted of glycerine
and other products, while the upper layer was light in colour
and consisted mainly of biodiesel. The two layers were then
separated and the methyl ester of waste cooking oil was puri-
fied by washing with water. The biodiesel was heated to above
100 °C, to evaporate any water left. The conversion rate of
waste cooking oil into biodiesel was nearly 92%. Some of the
properties of the obtained biodiesel are shown in Table 1.
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Construction and working of the ESP

The after-treatment setup consists of two electrostatic precip-
itators and a catalyst layer attached to the negative electrode of
the second ESP. A gasket was placed in between the elec-
trodes and the outer pipe. The gasket acts as an insulator.
Figure 1 shows the schematic of the ESP. Nickel supported
on aluminium oxide was used as the catalyst. The catalyst was
made by preparing nickel and aluminium precursor (salt) so-
lutions in ethanol. The nickel-aluminium solution was then
coated on thin aluminium plates pre-coated with silica. The
plates were then dried at room temperature followed by calci-
nation at 350 °C.

The exhaust gas first passes through the wire mesh with
negative potential. The particles become negatively charged
by passing through the electric field of the wire mesh. As the
positive electrode is placed just after the wire mesh, the parti-
cles are attracted to the positive electrode which is cylindrical
in shape. The positive electrode acts as a collector wherein
some of the negatively charged particles are collected. In the
second precipitator, a rod is placed in the centre of the pipe,
and the rod has positive potential. The catalyst is placed on the
surface of the negative electrode. Positive polarity pulse is
used in the present work, since in the earlier works also pos-
itive polarity resulted in higher removal efficiency of gaseous
pollutants (Kinoshita 2002; Thomas et al. 2001). As the
streams take longer time in a positive pulse corona discharge,
the ionization of more substantial volume of gas takes place in
comparison to negative pulse corona discharge resulting in
better performance (Li et al. 2000). A 13-kV AC power was
applied between the two electrodes which helped in the gen-
eration of ozone (for few seconds). As the particles are
attracted towards the negative layer, the catalyst present there
provides the surface area for the oxidation of carbon monox-
ide and particulate matter, and reduction of hydrocarbons and
oxides of nitrogen by ozone.

Experimental setup

In the present work, a Kirloskar make TAF-1 engine is used.
The engine is four-stroke, air-cooled, direct injection, single
cylinder; its specifications are given in Table 2. The engine
was loaded in steps of 25% of full load using a DC generator
connected to a load bank. To switch between diesel and WCO,
a two-position, three-way manually operated directional con-
trol valve was used. An AVL di-gas analyser was used to
measure NO, CO, CO, and HC emissions in the exhaust gas
and an AVL smoke meter was used for measuring the smoke
opacity (Fig. 2).

The experiments were conducted at a constant engine
speed of 1500 rpm and the loads were varied in steps of
25% of 100% load. Using a 50-cm® burette and a stopwatch,
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Table 1 Fuel properties

Fuel property ASTM standard Equipment used Diesel WCO biodiesel
Density at 15.5 °C kg/m’ ASTM D4052 Anton Parr DMA 4500 840 857

Kinematic viscosity at 40 °C ¢St ASTM D445 Capillary tube 2-6 5.7

Flash point °C ASTM D93 Pensky-Martens (AD0093-600) 69 110

Gross calorific value in MJ/kg ASTM D240 Parr 6100 Oxygen Bomb Calorimeter 44.8 39.6
Calculated Cetane Index (CCI) - - 47 45

the volumetric fuel flow rate was measured. Brake thermal
efficiency and exhaust emissions were used to compare the
engine performance. In the first phase, baseline was formed by
conducting the experiments without the ESP. In the second
phase, the experiments were conducted with the ESP. Only
when the engine reached steady state condition, the readings
were taken in triplicate and averaged. The uncertainty of the
instruments used in this study is given in Table 3. The total
uncertainty of the experiment was found using propagation of
error techniques and was observed to be +3.2%. Appendix 1
shows the sample calculation for the uncertainty analysis.

Results and discussion

Figure 3 shows the effect of load and electrostatic precipitator
on NO emission. The oxides of nitrogen are formed due to the
high temperature of combustion which facilitates oxidation of
nitrogen present in the air (Varuvel et al. 2018a). The NO
emission level is higher with diesel fuel engine operation as
compared to WCO engine operation at all loads. At full load,
the NO emission with diesel and WCO engine operation is
7.26 and 7.01 g/kWh, respectively. The NO is formed mainly
during the premixed combustion phase. WCO has lower NO
emission since the premixed combustion phase is reduced,
due to poor spray characteristics resulting in low fuel/air mix-
ture. Hence less fuel is prepared for combustion during the
initial phase (Boopathi et al. 2018). When the ESP is placed in

Gasket

Positive
Electrode

Gasket

Negative
Electrode

the exhaust pipe, at full load, the NO emission decreases by
17% with diesel, and 21% with WCO as compared to engine
operation with baseline diesel without ESP. The reduction of
NOx occurs in two steps. First, the plasma oxidizes the NO to
NO, in the presence of hydrocarbons. The reaction for the
oxidation is given by Eq. 1 (Penetrante et al. 1998;
Puchkarev et al. 1999).

plasma + NO + HC + 0,—NO; + HC—products (1)

Here HC refers to hydrocarbons and HC-products refers to
hydrocarbons that are partially oxidized. In the second step, as
the formed NO, and products of HC are attracted towards the
negative potential, the catalyst with the help of hydrocarbons
convert NO, to N, using Eq. 2.

catalyst + NO, + HC—N, + CO, + H,O (2)

Both NO, and HC are absorbed on the surface of the cat-
alyst wherein the hydrocarbon species present near to the sites
where NO, is absorbed chemically removes the oxygen
through the formation of transient species and then the nitro-
gen molecule exits the catalyst. In the process, the hydrocar-
bon is converted to carbon monoxide and carbon dioxide. The
basic chemistry of the reaction is thus confirmed, although
there is no clarity on the possible transient species formed.
The reaction also shows that the presence of sufficient

Positive
Electrode

Catalyst
Layer

Gasket

Negative
Electrode

Fig. 1 The electrostatic precipitator
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Table 2 Specification of the test engine

Make Kirloskar

Type Single cylinder, CI, 4-stroke
Type of cooling Air cooled

Bore x stroke 87.5x 110 mm
Compression ratio 17.5:1

Piston bowl Hemispherical

Rated power 4.4 kW at 1500 rpm
Lubrication oil SAE 40

hydrocarbon level is necessary for the reactions to occur.
Theoretically equal amount of NO and HC are required for
the reaction. However, higher ratios of hydrocarbon will in-
crease the probability of NO reduction (Herling et al. 2000).
Figure 3 also shows a higher reduction of NO emissions with
WCO engine operation as compared to diesel engine opera-
tion mainly due to the presence of higher amount of unburnt
hydrocarbons in the exhaust gas (Fig. 4) which helps in the
reduction of NO by the process previously discussed.

The variation in HC emission with load for the test fuels is
portrayed in Fig. 4. The HC emission with WCO engine op-
eration is higher than diesel operation due to incomplete com-
bustion. The density and viscosity of WCO are higher than
diesel resulting in improper penetration of the spray thereby
causing poor mixing of fuel and air and formation of partially
burnt hydrocarbons (Geo et al. 2018). The HC emission level
at full load without the electrostatic precipitator for diesel and
WCO is 0.71 and 0.82 g/kWh, respectively. With ESP in
place, the emission level reduces for both the test fuels. The
HC emissions with ESP reduced to 0.27 and 0.31 g/kWh for
diesel and WCO engine operation, respectively. The emission
reduction with ESP can be attributed to the use of HC emis-
sions for converting NO to N5, as previously discussed. Also,

the emissions are oxidized during the ozone regeneration pro-
cess in the plasma along with the catalyst, which speeds up the
oxidation process, to carbon monoxide according to Eq. 3
(Subramaniam et al. 2016).

2HC + 50—2C0; + H,0 (3)

The CO emissions are generally lower in CI engines as
compared to SI engines as the CI engines run on lean mix-
tures. Partial oxidation of the fuel molecules and reduced
flame temperatures are the primary reasons for the formation
of the intermediate carbon monoxide (Thiyagarajan et al.
2019). The variation in CO emission with load for the con-
ducted tests is shown in Fig. 5. At 100% load, the CO emis-
sion is 1.5 and 1.95 g/kWh for diesel and WCO, respectively.
The fuel molecules unburnt during the initial stages are
surrounded by their own products of combustion in the later
stages of combustion thus they do not have enough oxygen for
their oxidation. Also, by the end of the expansion stroke, the
CO that has formed does not have enough time for its oxida-
tion along with lower temperature (Geo et al. 2017). As the
ESP is placed in the exhaust pipe, the carbon monoxide emis-
sion levels reduced. At full load, as compared to diesel oper-
ation without ESP, the emission levels reduced by 60 and 40%
with diesel and WCO engine operation, respectively. In the
plasma, generated by the corona discharge, the ozone is
formed according to the Eqs. 4 and 5. The ozone reacts with
the carbon monoxide present in the exhaust gas according to
the Egs. 6 and 7 (Li et al. 2000), thus forming carbon dioxide.
Figure 5 confirms that the complete conversion of carbon
monoxide is not possible probably due to less residence time.

02 + 67—>20 + 67 (4)

0, + 0—0;3 (5)

CO+0;—-CO+0,+0 (6)
TN

Battery

High pulse voltage

High pulse voltage -ator ter
generator (booster) generator (booster)
Exhaust
Out
I
ot —
| I — I
Load | OO O
Inlet Outlet
b Bank| OO O Fuel
Consumption
o [a] Burette
Engine

Electrical

Dr

Control Panel

Fig. 2 Schematic of the experimental setup
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Table 3 Uncertainty of different instruments

Measurement Accuracy % Uncertainty Measurement technique
Voltage +1V +0.2 Voltmeter

Ammeter +0.1 A +0.3 Ammeter

Speed +10 rpm +0.1 Magnetic pickup

Burette for fuel measurement +0.1 cc +1 Volumetric measurement
Time +0.1s +0.2 Manual stop watch

CO emission +0.02% +0.2 NDIR principle

HC emission +20 ppm +0.2 NDIR principle

CO, emission +0.03% +0.15 NDIR principle

NO +10 ppm +1 Electrochemical measurement
Smoke +1% +1 Light extinction method
Exhaust gas temperature +1°C +0.15 K-type thermocouple
CO + O—CO, (7)

The variation in carbon dioxide emissions with load is
shown in Fig. 6. Carbon dioxide is formed when the fuel
containing hydrocarbons is completed burned. The amount
of carbon that the fuel contains and the fuel consumption play
a significant role in the formation of CO, (Thiyagarajan et al.
2018a, b). The carbon dioxide emissions are lower with waste
cooking oil biodiesel. Although WCO has higher oxygen con-
tent and the fuel consumption is also higher, the CO, emis-
sions are lower on account of slower combustion due to high
viscosity and lower combustion temperature. The CO, emis-
sions at full load for diesel and WCO engine operation without
ESP are 8.19 and 7.28 g/kWh, respectively. Whereas, with
ESP placed in the exhaust pipe, the carbon dioxide emission
at full load is 9.42 and 8.86 g/kWh with WCO and diesel
engine operation, respectively. The carbon dioxide emission
without the emission reduction setup is lower than with the
setup in place. The plasma generated in the corona discharge
setup and the catalyst placed on the negative electrode of the

12
—o—Diesel
=1+ ——WCO
= Diesel + ESP
= 10 + WCO + ESP
&0
ST
2 3
E
=
2 o
5 $ $ $ $
0 1 2 3 4 5

Brake Power (kW)

Fig. 3 Variation in oxides of nitrogen emission with engine load

corona discharge setup facilitate the conversion of unburned
hydrocarbons and carbon monoxide to carbon dioxide, ac-
cording to Egs. 2, 3 and 7, thereby increasing the CO, emis-
sion levels.

The modulation in smoke opacity with various engine
loads is shown in Fig. 7. The combustion in diesel engines
is heterogeneous resulting in air-fuel ratio being rich in some
parts of the combustion chamber. The fuel molecules in these
regions do not get enough oxygen and are thermally cracked
resulting in the formation of large amount of smoke (Edwin
Geo etal. 2019). Waste cooking oil biodiesel engine operation
resulted in higher smoke opacity than diesel on account of
large quantity of fuel injected into the combustion chamber
due to its lower calorific value. Also, the viscosity of the fuel is
high and its volatility is poor which makes the combustion
inferior. Combining these two effects results in the partial
oxidation of the carbon atoms thereby increasing the forma-
tion of particulate matter. The smoke opacity is lower with the
emission reduction system in place. The first electrostatic pre-
cipitator tends to reduce the particulate emission by charging

5
—eo—Diesel
= ——WCO
E 4T Diesel + ESP
= WCO + ESP
N’
= 3T
S
2z
E 27
£
=
O 1t
=
0 $ $ $ $
0 1 2 3 4 5

Brake Power (kW)

Fig. 4 Variation in unburned hydrocarbon emission with engine load
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Fig. 5 Variation in carbon monoxide emission with engine load

the particles which are collected on the positive electrode of
the electrostatic precipitator. When the exhaust gas moves
further into the second ESP, the ozone generated in the plasma
oxidizes some of the carbon particles according to Eq. 8.

1
C + 03—-CO, + 502 (8)

Figure 7 also shows that the particulate reduction efficiency
is high at higher loads in comparison to lower loads. It is
observed that at 25% load the particulates reduction efficiency
is 30.7 and 30.3% for diesel and WCO, respectively. Whereas
at full load the reduction efficiency increases to 37.3 and
38.2% for diesel and WCO, respectively. With varying load
conditions, a significant change occurs in the concentration of
mass and composition of the particles. The particle mass con-
centration at high loads is less, but the number concentration is
high resulting in a shift of size distribution towards smaller
sized particles (Subramaniam et al. 2016). The data observed
shows that the efficiency of ESP in collecting the small-sized
particles is more in comparison to relatively bigger sized
particles.

25
—_ —o—Diesel
§ 20 | —-WCO
= Diesel + ESP
50 WCO + ESP
=15 +
=
2z
£10 +
=]
=
S 5t
O

0 1 1 } }

0 1 2 3 4 5
Brake Power (kW)

Fig. 6 Variation in carbon dioxide emission with engine load
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Fig. 7 Variation in opacity of the smoke with engine load

The engine efficiency is expected to decrease with catalytic
converter placed in the exhaust pipe due to the back pressure
caused by the obstruction to the flow of the exhaust gas. The
advantage that the emission reduction setup used in the pres-
ent work has over conventional catalytic converter is that the
exhaust gas is not obstructed and the engine efficiency is the
same, shown in Fig. 8. Moreover, the brake thermal efficiency
with waste cooking oil engine operation is lower than that of
diesel. At full load, the efficiency is 30.86 and 29.3% for
diesel and WCO, respectively. The decrease in efficiency is
due to poor spray characteristics caused by high viscosity
resulting in poor mixing leading to inferior combustion
(Varuvel et al. 2018b). Therefore, the heat released in
premixed combustion is less due to longer ignition delay
resulting in slow combustion and the flame front reaching
the exhaust valves (Thiyagarajan et al. 2018a, b).

The variation in exhaust gas temperature (EGT) with en-
gine load is shown in Fig. 9. It is seen that the EGT increases
as the load on the engine increases. WCO engine operation
resulted in higher exhaust temperature than diesel engine op-
eration. The increase in EGT with WCO is due to higher heat
release in the diffusion combustion phase which is not utilized
in useful work but leaves the engine as waste heat (Boopathi
et al. 2018). The exhaust temperature was similar with after-
treatment system and without the system for both the fuels.

—~ 33
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2 5,1 WCO + ESP //
=
S
B 251
=
g 234
E 21 ¢
2 191
=
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15 : : : :
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I

ig. 8 Variation in brake thermal efficiency with engine load
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Fig. 9 Variation in exhaust gas temperature with engine load

This shows that the after-treatment system has no effect on the
EGT. However, as shown in Fig. 3, the NO removal efficiency
of the system decreases as the load on the engine increases.
This effect is mainly attributed to the reduction in HC emis-
sions at high loads (and high EGT), since HC emissions play a
role in the reduction of NO emission. It is also seen that there
is some improvement in the conversion efficiency of other
emissions, since the catalyst efficiency improves with the in-
crease in temperature. Therefore, it can be considered that
temperature of the exhaust gas plays minuscule role in the
working of the after-treatment system.

Conclusions

In the present work, the ESP was developed to reduce the
pollutants namely HC, CO, NO and smoke from the exhaust
of a compression ignition engine fuelled with diesel and
WCO. The results show that NO emission is reduced by
20.8 and 16.9% for WCO and diesel, respectively, with ESP
placed in the exhaust line. The plasma formed in the ESP
along with unburnt hydrocarbons in the exhaust gas helps in
the conversion of NO to nitrogen. The catalyst placed on the
negative electrode of the ESP facilitates the faster conversion
of NO to N,. The HC emissions are reduced by 61.9 and
62.5% with diesel and WCO engine operation. The ozone
present in the plasma oxidizes the unburnt hydrocarbon to
carbon dioxide along with the use of HC emissions in
converting NO to N,, thereby reducing the HC emissions.
The ozone and the catalyst also facilitate the faster conversion
of CO to CO,. At full load, the CO emission reduced by 60.4
and 52.89% with diesel and WCO engine operation, respec-
tively. Since the unburnt hydrocarbons and carbon monoxide
are converted to CO, by the emission reduction setup, the
emission level at full load increased by 9.18 and 9.89% with
WCO and diesel engine operation, respectively. The particu-
late matter emission is also reduced by the ESP. The removal
efficiency is higher at high loads when the particle size is

small. The brake thermal efficiency with and without the
ESP shows that the ESP does not affect the engine perfor-
mance. Thus it can be concluded that the ESP can reduce
the pollutants from the exhaust gas of an engine without any
modifications of the engine.

Future scope and limitation

In an electrostatic precipitator, due to the deposition of the
smoke particles on the electrodes, its efficiency starts decreas-
ing after certain hours of running. Therefore, it is necessary to
regenerate the electrodes so that the ESP works with the same
efficiency. In the present study, the efficiency of the ESP was
not affected as after every test the electrodes were cleaned.
Similarly, the efficiency of the catalyst can reduce after certain
period of time. The future scope of the study is to devise a
mechanism through which the electrodes of the ESP can be
regenerated after certain hours of running of the vehicle. Also,
the amount of energy required for operating an ESP is gener-
ally high. Therefore, a study can be carried out for finding the
energy spent on operating the ESP and the optimization of the
power required so that a balance exists between the emission
reduction efficiency and the energy requirement of the system.
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Appendix 1

Sample calculation for the uncertainty analysis

Uncertainty in brake power = \/ =12%
Uncertainty in fuel consumption = \/ — =1.5%

Uncertainty in brake thermal efficiency = (W) + (AFF—CC)
=1.12%

W) -

Uncertainty in oxides of nitrogen =/ (42f s

1.1%
L . 2 2
Uncertainty in carbon monoxide = (AB—?) + (%) =
1.12%
Uncertainty in unburnt hydrocarbon = (%)2 + (APII{—CC)Z
=1.14%

Uncertainty in carbon dioxide =

1.15%

Uncertainty in smoke = 1.0%

Where V—the voltage available from the generator, —the
current available from the generator, A—graduated burette,
—time, BP—Dbrake power, FC—fuel consumption, NO—

() (6) -
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oxides of nitrogen, CO—carbon monoxide, HC—unburnt hy-
drocarbon, and CO,—carbon dioxide.
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