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Combustion, Performance, and

Tail Pipe Emissions of Common
Rail Diesel Engine Fueled With
Waste Plastic Qil-Diesel Blends

The demand for plastic is eternally growing in urban areas and producing enormous
quantity of plastic waste. The management and disposal of plastic waste have become a
major concern worldwide. The awareness of waste to energy retrieval is one of the prom-
ising modes used for the treatment of the waste plastic. The present investigation evalu-
ates the prospective use of waste plastic oil (WPO) as an alternative fuel for diesel
engine. Different blends (WPOO, WPO30, and WPOS50) with diesel are prepared on a
volume basis and the engine is operated. Experiments are conducted for various injection
timings (9deg, 12 deg, 15 deg, and 18 deg BTDC) and for different exhaust gas recircula-
tion (EGR) rates (0%, 10%, 15%, and 20%) at 100 MPa injection pressure. Combustion,
performance, and tail pipe emissions of common rail direct injection (CRDI) engine are
studied. The NO,, CO, and Soot emissions for waste plastic oil-diesel blends are found
more than neat diesel. To reduce the NO,, EGR is employed, which results in reduction
of NO, considerably, whereas other emissions, i.e., CO and Soot, get increased with
increase in EGR rates. Soot for WPO-diesel blends is higher because of aromatic com-
pounds present in plastic oils. Brake thermal efficiency (BTE) of blends is found to be

higher compared to diesel. [DOI: 10.1115/1.4039965]
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1 Introduction

Plastics are produced in ubiquitous quantities due to the great
demand of their use in farming [1], housings [2], vehicles [3],
packing materials [4], toys [5], electronics [6], and a variety of
other applications (plastic card board, plastic books) [7]. The
demand for plastics has increased by 5% every year since 1990
[8]. The surge in plastics usage increases the extent of plastic
wastes being produced. Plastic waste can be categorized into two
groups, i.e., municipal and industrial [9]. Industrial plastics are
usually more homogeneous, whereas municipal plastics are more
heterogeneous and contain extraneous materials [10,11]. The
plastic waste disposal is a key environmental risk due to its nonde-
gradability [12-14], its potential threat to aquatic and terrestrial
animals [15], and its impact on environmental pollution [16].
The plastic footprint is considered more hazardous than carbon
footprint [17,18].2 Some of the solutions for plastic waste man-
agement are incineration. However, incineration contributes to
pollution by producing dangerous and toxic emissions [19]. Apart
from the challenge of plastic waste disposal, another worldwide
concern is the energy crisis. The core energy sources for transpor-
tation are fossil fuels. Today, these fuels are being consumed at an
unsustainably high percentage all over the globe [20]. The chal-
lenges of plastic waste management and energy demand can con-
currently be addressed by the production of fuel from plastics.
The fuels produced from plastics can have properties comparable
to fossil fuels [21]. The absence of water content makes the fuel
nonacidic and noncorrosive compared to other fuels [21-24].
Therefore, conversion of these plastic wastes to usable oil is
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increasing and important field of study that can possibly mitigate
the energy crisis.

Investigation on the performance and emission characteristics of
diesel engine fueled with WPO100 was carried out by Mani and
Nagarajan [25]. They reported improvement in brake thermal effi-
ciency (BTE) and decrease in NO,, HC, and CO with increase in
soot. Mani et al. [26] observed the effect of WPO-diesel blends and
exhaust gas recirculation (EGR) on performance and emission of a
diesel engine. They noticed that as blends and EGR rates increase,
the BTE and NO, decrease with penalty in CO, HC, and Soot.
Study of combustion characteristics of a diesel engine using waste
plastic oil and its blends was experimentally carried by Kaimal and
Vijayabalan [27,28]. Heat release rate and peak pressure for blend
are higher than neat diesel operations and marginally decrease in
BTE. WPO-Diesel blends in combination with diethyl ether were
studied by Devaraj et al. [29], and found the reduction in emission
and improvement in performance with diethyl ether combination.

In the present investigation, plastic oil is used to find its
suitability as alternative fuel in common rail direct injection
(CRDI) system. The existing engine is operated without any modi-
fication for various operating parameters to get optimized perform-
ance with WPO-diesel blends. Literature on the optimization of
injection timing and high injection pressure (CRDI) for WPO-
diesel blends is not available; hence, this research work aims to
optimize injection timing as a key parameter at an injection pres-
sure of 100 MPa, which is five times higher than conventional
injection pressure. In the present experimental study, two different
WPO-diesel blends (WPO30 and WPOS50) are considered. Per-
formance and tailpipe emissions (NO,, CO, and soot) at various
injection timings (9 deg, 12deg, 15 deg, and 18 deg) are measured
for the WPO-diesel blends. Further, EGR technology is employed
to overcome NO, emission. Engine is operated for different EGR
rates (0%, 10%, 15%, and 20%) for all injection timings and WPO-
diesel blends. Such experimental studies are scant in open
literature.
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Table 1 Properties of plastic oil

S. no. Test parameters Unit Test method WPO
1 Total acidity mg KOH/g ASTM D 664 1.36
2 Ash content wt % IS 1448 (P4) 2008  <0.01
3 Gross calorific value kcal/kg IS 1448 (P8) 2008 10,442
4 Sediment % 2.53
5 Copper strip corrosion IS 1448 (P15) 2004 1B
for3h at 100°C Passes
6 Flash point °C IS 1448 (P20) 2007 42
7 Kinematic viscosity mmz/s ASTM D445 2.41
(v)at40°C
8 Density (p) g/ec? IS 1448 (P32) 2008 905
9 Sulfur content ppm ASTM D 5185 355

2 Fuel Properties and Operating Range of Parameters

In the present research, the WPO is blended with the neat diesel
to obtain different WPO-diesel blends. WPOO, WPO30, and
WPOS0 represents 0%, 30%, and 50% waste plastic oil in neat
diesel by volume. Basic physical properties of the WPO employed

Table 2 Range of engine operating parameters

Parameters Range
Blend (% of WPO) 0, 30, and 50
Injection timings (CA BTDC) 9deg, 12deg, 15deg, and 18 deg

EGR (%) 0, 10, 15, and 20
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Fig. 1 Fourier transform infrared spectroscopy spectrum of
waste plastic oil

Table 3 Fourier transform infrared spectroscopy analysis of
waste plastic oil indicating functional groups

Functional Wave
group Assignment number (cm ™)

—CH3;, branched alkane Methyl C-H stretch 2957.5

1. Airline, 2. Fuel line, 3. EGR Valve, 4. Common Rail, 5. Pressure control valve, 6. Pressure transducer,
7. Vacuum pump, 8. Exhaust line, 9. ECU, 10. Gas analyzer, 11.Smoke meter, 12. Dynamometer, 13.

Encoder, 14. Speed and load display unit, 15. Throttle control unit, 16. Load control unit, 17. Rota meters,
18. Computer display

(b)

Fig.2 (a) Schematic diagram and (b) experimental facility

in this investigation are provided by fuel supplier (powerol energy
systems, Chennai, India), which are listed in Table 1 and range of
experimental parameters considered for study are listed in
Table 2.

2.1 Fourier Transform Infrared Spectroscopy. The chemi-
cal structure of WPO is studied using Fourier transform infrared
spectroscopy as shown in Fig. 1. This method categorizes the
chemical bonds in a molecule by generating an infrared absorp-
tion spectrum results for several functional groups present in
the waste plastic oil. It has absorption bands in the region of

Table 4 Engine specifications

CH,, branched alkane Methylene C—H stretch 2920.8 and
2859.6
C=C, alkene Alkenyl C=C stretch 1652.1
C=C Conjugated C=C 1650
CH,, alkane Methylene C—H bend 1460.4
—CHs;, alkane Methyl C-H stretch 1378.8
Cc-C Skeletal C—C vibrations 1268.6
C-0, alcohol Tertiary alcohol, C-O stretch 1154.1
=C-H, alkene Trans-C—H out-of-plane bend 964.7
C-H, alkene Vinylidene C—H out-of-plane bend 887.2
CH, Methylene -(CH,),—rocking 748.5
C-H cis-C H out-of-plane bend 699.6

Make Mahindra Maximmo
Number of cylinders 2

Piston Re-entrant bowl
Bore (mm) 83

Stroke (mm) 84
Connecting rod length (mm) 141

Swept volume (cm®) 909
Compression ratio 18.5
Maximum power 14.4kW at 3600 rpm
Maximum torque 50 N-m at 2000 rpm
Injection type Common rail
Number of nozzle holes (mm) 7
Spray-hole diameter (mm) 0.130

Cone angle 153
Injection pressure (MPa) 100

Injection timing

Variable (9—18 deg BTDC)
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Table 5 Details of the engine instrumentation

Instrument

Functional use

Measuring technique

Saj test—eddy dynamometer

PCB piezotronics, pressure transducer
Piezo charge amplifier

Angle encoder

AVL Di-gas 444 exhaust gas analyser

AVL 415SE

Load
Pressure
A/D converter
Crank angle
NO,

CcO

HC emissions
Soot

Load cell
Piezo-electric sensor
Piezo-electric sensor
Magnetic pickup type

Chemi-luminescence detector
Nondispersive infra-red
Flame ionization detector
Opacity

Table 6 Operating range with percentage of uncertainties of instruments used during experiments

Instrument Measured quantity Range Uncertainties (%)
Dynamometer Load 0-50kg 0.1
AVL Di-Gas 444 analyzer NO, 0-5000 ppm 0.1
CO 0-10 vol % 0.1
Smoke opacimeter Smoke opacity 0-100% 1.7
Speed measuring unit Engine speed 0-9999 rpm 0.1
Pressure transducer Cylinder pressure 0-345 bar 0.1
Crank angle encoder Crank angle 0-360 deg 0.2
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Fig. 3 In-cylinder pressure versus crank angle for WPOO and various EGR rates at (a) 9deg BTDC, (b) 12deg BTDC, (¢)

15deg BTDC, and (d) 18 deg BTDC

Journal of Thermal Science and Engineering Applications

OCTOBER 2018, Vol. 10 / 051007-3

d-ajone/uoneslddesousios|ewsayy/bio swse: uoios|ooe)bipswse//:dny wols papeojumoq

010 ©9S)/6556.£9/L001.50/S/0L/4P

0Z0z Jequieidag pz uo Jesn [exyjeins -ABojouyos] jo symusu| [euoneN Aq jpd° 200150 GO



T T T

——9°BTDC, EGR 0%

o
=]
* T

80 || —=— 9°BTDC, EGR 10%
| ——9°BTDC, EGR 15% i
70 F| —— 9° BTDC, EGR 20%

—+—9°BTDC,EGR 0%, WPO(

(=)
(=)

n
=]

w
]

In-Cylinder Pressure (bar)
N I
S )

10

1 " 1 L 1 s 1 " 1 L 1 " 1

0L— .
320 330 340 350 360 370 380 390 400
(a) Crank angle (Degree)

90 T T T T u T T T
—=—15° BTDC, EGR 0%

80| —— 15° BTDC, EGR 10%
—— 15° BTDC, EGR 15%
—+— 15° BTDC, EGR 20%
—— 15° BTDC, EGR 0%, WPO0

3
>

wW s N
[

In-Cylinder Pressure (bar)

[
=]

320 330 340 350 360 370 380 390 400

(c) Crank Angle (Degree)

L T ¥ L T L T
l| —=—12° BTDC, EGR 0%
——12° BTDG, EGR 10%
| ——12° BIDC, EGR 15%
—~— 12° BTDG, EGR 20%
[| —— 12° BTDC, EGR 0%,WPO0

o
=

=]
=]
T

X
]
T

(=)
(]

-
>

linder Presuslure (bar)
[—]

In-
o o
[—J [—J

0 L 1 L 1 L 1 2 1 L 1 ) 1 L 1 2
320 330 340 350 360 370 380 390 400
(b) Crank Angle (Degree)

—=— 18° BTDC, EGR 0%
g0 | —— 18° BTDC, EGR 10%
—+— 18° BTDC, EGR 15%
—— 18° BTDC, EGR 20%
—+— 18° BTDC, EGR 0%, WPO0

3
(=)

(=)
(=)

In-Cylinder Pressure (bar)
R R
s & = &

10 L pppetet?

0 L " " " 1 " 1 L 1 L 1 L
320 330 340 350 360 370 380 390 400
(d) Crank Angle (Degree)

Fig. 4 In-cylinder pressure versus crank angle for WPO30 and various EGR rates at (a) 9deg BTDC, (b) 12deg BTDC, (c)

15deg BTDC, and (d) 18 deg BTDC

4000-400cm ™" with several peaks. The chemical bond will
stretch, contract, and absorb infrared radiation in a precise wave-
length range during the interaction of infrared light with the oil.
Bruker series Fourier transform infrared spectroscopy was used to
record the spectra. Table 3 shows the functional groups present in
the WPO which were obtained by matching the peak wave num-
bers with standard data given by Coates [30].

3 Experimental Setup

Schematic diagram and photographic view of experimental
facility are shown in Figs. 2(a) and 2(b). Twin cylinder, CRDI
engine with open electronic control unit (ECU) developed by
NIRA Control AB, is used to study the engine performance, emis-
sion, and combustion characteristics. The specifications of the
engine are listed in Table 4. The fuel from the tank is supplied to
the accumulator (common rail) by high pressure fuel pump at con-
stant injection pressure of 100 MPa.

Common rail pressure is maintained by pressure control valve
and required fuel supplied to injector is controlled by solenoid
valve. Operating parameters of engine are controlled by an open
ECU developed by NIRA Control AB. Pressure versus crank
angle data are measured by using piezoelectric-based pressure
transducer. The signal of cylinder pressure is acquired at every
1 deg crank angle for 100 cycles, and average value of 100 cycles
is considered for combustion analysis. The pressure signal is fed

051007-4 / Vol. 10, OCTOBER 2018

into the NI USB-6210 DAQ, then to a data acquisition card linked
to the computer. Exhaust gas recirculation is activated by ECU
with vacuum pump, solenoid valve, and vacuum modulator. Input
EGR set point value is set in ECU maps, which monitors the vac-
uum pump to maintain required vacuum and solenoid valve oper-
ates accordingly. Further engine tail pipe emissions are measured
by exhaust gas analyzer (AVL 444) with diesel probe to measure
the concentrations of HC, CO, NO, CO,, and O,. The details of
the engine instrumentation and range are presented in Tables 5
and 6. Soot emission is measured by opacity meter (AVL 415SE).
Experimentally, maximum torque is obtained at 2000 rpm for neat
diesel and the same engine speed is considered for study. Further
at 12deg BTDC and at 80% load, highest BTE was observed in
the case of neat diesel. Hence, these engine operating parameters
are fixed for all experiments including blends.

3.1 Error Analysis. Assessment of uncertainties and error is
necessary while conducting any experimental study. Uncertainties
may appear because of numerous reasons like: environmental con-
ditions, calibration, observation, instrument selection, and incor-
rect reading. Error analysis quantifies the accuracy of the
experiments being performed. The uncertainties of dependent
parameters like brake power and fuel consumption are computed
by partial differentiation method using the uncertainty percentages
of various instruments as shown in Table 6. The uncertainties for
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Fig. 5 In-cylinder pressure versus crank angle for WPO50 and various EGR rates at (a) 9deg BTDC, (b) 12deg BTDC, (c)

15deg BTDC, and (d) 18 deg BTDC

independent parameters were found by calculating the mean,
standard deviation, and standard error for the repeated set of 20
readings. The total uncertainty of the experimental investigation is
=/{(uncertainty of CO)? + (uncertainty of NO)? + (uncertainty of
soot)” + (uncertainty of load)* + (uncertainty of speed)2 + (uncer-
tainty of time)® + (uncertainty of brake power)” + (uncertainty of
fuel consumption)® + (uncertainty of brake thermal efficien-
cy)® + (uncertainty of cylinder pressure)® 4 (uncertainty of crank
a\ngle)2 + (uncertainty  of manometer)z} = (0‘1)2 + (0.6)2 +
(0.1)* 4+ (1.3)* 4+ (0.1)* + (0.2)° + (0.8)° + (0.2)" + (0.8)°+(0.9)
+(0.1)* +(0.2)*} = £2.076%.

4 Results and Discussion

4.1 Variation of In-Cylinder Pressure Versus Crank
Angle. Figures 3-5 show the variation of in-cylinder pressure
with crank angle at various injection timings (9deg, 12deg,
15deg, and 18 deg BTDC) for WPOO (neat diesel), WPO30, and
WPOS50, respectively. Effect of various EGR rates (0%, 10%,
15%, and 20%) on in-cylinder pressure is presented. Results show
that as injection timing advances, the in-cylinder peak pressure
increases. It occurs because charge gets sufficient time to diffuse
throughout the combustion chamber, thereby reducing the hetero-
geneity of the mixture. The low temperature combustion (EGR)
results in marginally drop in in-cylinder pressure and more

Journal of Thermal Science and Engineering Applications

ignition delay as expected. Higher EGR rate results in larger igni-
tion delay, which is reflected as less average area in pressure ver-
sus crank angle graphs resulting in the drop in performance of
engine.

4.2 Effect of Various Waste Plastic Oil-Diesel Blends and
Injection Timings on Nitrogen Oxide. Figures 6(a) and 6(b)
show the illustration of the NO, emissions for various injection
timings at various EGR rates and different WPO-diesel blends.
Oxides of nitrogen at tail pipe decrease with increase in EGR rates
and increase with advance injection timing. Similar observation is
found for all WPO-diesel blends (WPO30 and WPO50) consid-
ered in the study. The NO, is greatly dependent on in-cylinder
temperature, oxygen, and residence time for the reactions to take
place. Compression ignition engines always run with lean fuel-air
mixtures and emit higher amounts of NO,. Figure 6(c) shows the
NO, emission for various WPO-diesel blends at 20% EGR. It is
observed that NOy is found to be less for diesel compared to the
WPO-diesel blends and similar trends were observed by Mani
et al. [26].

Waste plastic oil comprises certain oxygenated hydrocarbons,
which stimulate combustion and thus the formation of NO, in
exhaust [31]. NO, emission gets increased with advanced injec-
tion timing due to increased ignition delay because of more air
and fuel mixture burns in premixed combustion. At 9deg BTDC

OCTOBER 2018, Vol. 10 / 051007-5
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Fig. 6 Nitrogen oxide versus injection timing for (a) WPO30 at
various EGR rates, (b) WPO50 at various EGR rates, and (c)
EGR20 for various blends

injection timing, the NO, emission gets reduced from 7.4 g/kWh
to 3.17 g/kWh and 7.6 g/kWh to 3.12 g/lkWh as EGR rate increases
from 0% to 20% for WPOP30 and WPOPS50, respectively.

4.3 Effect of Various Waste Plastic Oil-Diesel Blends and
Injection Timings on Carbon Monoxide. Figures 7(a) and 7(b)
show the illustration of the carbon monoxide emissions for

051007-6 / Vol. 10, OCTOBER 2018
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Fig. 7 Carbon monoxide versus injection timing for (a) WPO30
at various EGR rates, (b) WPO50 at various EGR rates, and (c)
EGR20 for various blends

various injection timings at different EGR rates and for different
WPO-diesel blends. CO at tail pipe increases with increase in
EGR rate and declines with increase in injection timing for all the
cases of blends (WPO30 and WPO50). At 20% EGR rate, the CO
emission gets reduced from 24.2 to 12.2 and 27.2 to 13.3 g/kWh
as injection timing changes from 9 deg BTDC to 18 deg BTDC for
WPOP30 and WPOP50, respectively. Figure 7(c) shows the CO
emission for various WPO-diesel blends at 20% EGR. It is
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Fig. 8 Smoke opacity versus injection timing for (a) WPO30 at
various EGR rates, (b) WPO50 at various EGR rates, and (c)
EGR20 for various blends

observed that CO is found to be less for diesel compared to the
WPO-diesel blends. Since calorific value of WPO is lesser than
diesel, rich mixture of WPO is required to meet same engine load
condition, which results in higher CO formation. In advance

Journal of Thermal Science and Engineering Applications

injection timing, the increase in cylinder temperature leads to
early start of combustion due to increase in the chemical reaction
speed and oxidation process between carbon and oxygen mole-
cules in the combustion chamber region [32].

4.4 Effect of Various Waste Plastic Oil-Diesel Blends and
Injection Timings on Smoke Emission. Figures 8(a) and 8(b)
represent the smoke opacity emissions for various injection tim-
ings at different EGR rates and WPO-diesel blends. The exhaust
smoke emission at tail pipe increases with increase in EGR rates
and declines with advance injection timing for all blends (WPO30
and WPOS50). Smoke number represents solid unburned hydrocar-
bon particles in exhaust emission in CI engine combustion. For-
mation of soot occurs in rich-fuel and moderate temperature
zones. Advancing the injection timing decreases the formation of
soot due to more homogeneous mixture [33]. Higher temperature
promotes oxidation of the nucleated soot.

Retard injection results in inadequate time for soot oxidation
(exhaust valve opens before the completion of soot oxidation) and
augments smoke formation. At 20% EGR rate, the soot emission
gets reduced from 13.7% to 9% and 15.5% to 8.8% smoke opacity
as injection timing changes from 9 deg BTDC to 18 deg BTDC for
WPOP30 and WPOP50, respectively. It is also observed that emit-
ted smoke was less in the case of without EGR compared to EGR
case. Also, smoke increases significantly with increase in EGR
because of less oxygen [34]. Figure 8(c) shows the smoke opacity
emission for various WPO-diesel blends at 20% EGR. It is
observed that smoke opacity is found to be less for diesel com-
pared to the WPO-diesel blends. Soot for WPO-diesel blends is
higher because of aromatic compounds present in plastic oils [35].

4.5 Effect of Various Waste Plastic Oil-Diesel Blends and
Injection Timings on Brake Thermal Efficiency. The effect of
injection timing and EGR rates for various WPO-Diesel
blends ratio on performance of CRDI engine is demonstrated in
Figs. 9(a) and 9(b). Results show the increase of BTE with WPO-
diesel; it occurs due to lower calorific value of waste plastic oil
compare to diesel. The optimum BTE is observed at 9deg and
12deg BTDC for WPO30 and WPOS50, respectively, as shown in
Fig. 9(c). Further for advancing up to 18deg BTDC, BTE is
reducing. With EGR percentage, BTE is reduced due to insuffi-
cient oxygen in combustion process and more replacement of air
by the exhaust gases. Higher EGR rate tends more decrease in the
performance of engine.

5 Conclusion

In the present study, experimental investigations are carried out
to determine the effects of WPO-diesel blends, EGR rates and
injection timing on the performance, combustion and exhaust
emission characteristics of CRDI engine. Based on obtained
results, following conclusions are made:

e As injection timing advances, the in-cylinder peak pressure
increases.

e The optimum BTE is observed as 9deg and 12deg BTDC
for WPO30 and WPOS50, respectively.

e At 9deg BTDC injection timing, the NO, emission gets
reduced from 7.4 g/kWh to 3.17 g/kWh and 7.6 g/lkWh to
3.12g/kWh as EGR rate increases from 0% to 20% for
WPOP30 and WPOPS50, respectively.

e [t is observed that NO, is found to be less for diesel com-
pared to the WPO-diesel blends.

e At 20% EGR rate, the CO emission gets reduced from 24.2
to 12.2 and 27.2 to 13.3g/kWh as injection timing from
9deg BTDC to 18deg BTDC for WPOP30 and WPOP50,
respectively.

e At 20% EGR rate, the soot emission gets reduced from
13.7% to 9% and 15.5% to 8.8% smoke opacity as injection
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Fig. 9 Brake thermal efficiency versus injection timing for (a)
WPO30 at various EGR rates, (b) WPO50 at various EGR rates,
and (c) EGR20 for various blends

timing from 9 deg BTDC to 18 deg BTDC for WPOP30 and
WPOP50, respectively.

e Waste plastic oil is better alternative to diesel engine fuel as
it gives solution to multiple problems in concern to environ-
ment. Along with EGR and suitable after treatment techni-
ques, all the emissions can be controlled simultaneously.

051007-8 / Vol. 10, OCTOBER 2018
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