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ABSTRACT

This study considers the effect of Eichhornia Crassipes Biodiesel (ECB) blends on the performances, combustion,
and emission characteristics of a direct injection compression ignition engine operated in a dual-fuel mode
(DFM) and equipped with an Exhaust gas recirculation technique (EGR). In particular, a single-cylinder, four-
stroke, water-cooled diesel engine was utilized and four modes of fuel operation were considered: mode I, the
engine operated with an ordinary diesel fuel; mode II, the engine operated with the addition of 2.4 L/min of lique-
fied petroleum gas (LPG) and 20% EGR; mode III, 20% ECB with 2.4 L/min LPG and 20% EGR; mode IV, 40%
ECB with 2.4 L/min LPG and 20% EGR. The operation conditions were constant engine speed (1500 rpm), var-
iation of load (25%, 50%, 75%, and 100%), full load, with a compression ratio of 18, and a time injection of 23°
BTDC (Before top died center). With regard to engine emissions, carbon dioxide (CO2), carbon monoxide (CO),
hydrocarbons (UHC), and nitrogen oxide (NOX) were measured using a gas analyzer. The smoke opacity was
measured using an OPABOX smoke meter. By comparing the results related to the different modes with mode
I at full load, the BTE (Brake thermal efficiency) increased by 20.17%, 11.45%, and 12.66% with modes II, III,
and IV, respectively. In comparison to the results for mode II, the BTE decreased due to the combustion of
ECB blends by 7.26% and 6.24% for mode III and mode IV, respectively, at full load. In comparison to mode
II, the Brake specific energy consumption (BSEC) increased with the ECB substitution. With ECB blends, there
is a noticeable decrease in the CO, CO2, and UHC emissions at a partial load. Furthermore, the 20% ECB has no
effect on CO emissions at full load. For modes II and IV, the CO2 increased by 33.33% and 19%, respectively,
while the UHC emissions were reduced by 14.49% for mode III and 26.08% for mode IV. The smoke of mode
III was lower by 7.21%, but for mode IV, it was higher by 12.37%. In addition, with mode III and mode IV,
the NOx emissions increased by 30.50% and 18.80%, respectively.
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Nomenclature
a TDC After top dead center
ASTM American Society for Testing and Materials
BSEC Brake specific energy consumption
BTE Brake thermal efficiency
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BTDC Before top died center
DI Direct Injection
DFM Dual fuel mode
EC Eichhornia Crassipes plant
ECB Eichhornia Crassipes Biodiesel
20% ECB 20% Eichhornia Crassipes Biodiesel + 80% IDF
40% ECB 40% Eichhornia Crassipes Biodiesel + 60% IDF
EGR Exhaust gas recirculation
LPG Liquefied petroleum gas
ppm Part of million
IDF Iraqi diesel fuel

1 Introduction

In the 20th century, the utilization of energy in the whole world has inevitably increased due to rapid
demand in sectors of industrialization and transportation [1]. This expansion has resulted in the depletion
of fossil fuel reserves [2]. Such concerns encourage scientists to search for new and renewable sources of
energy that are ecofriendly [3]. Oil shortages and awareness of fossil-based engines’ environmental
impact have made sustainable energy sources more attractive, such as biodiesel and LPG, which can be
blended with other hydrocarbon fuels or used directly [4]. Many studies have been carried out with
different rates of EGR technique and how they affect the performance, combustion and emission
characteristics in a CI diesel engine with biodiesel blends.

The benefits of utilizing biodiesel instead of diesel fuel are numerous; biodiesel is nontoxic and
biodegradable as well as its capability to reduce smoke emissions [1,5–7]. One of attractive biomass
source for the biofuel industry is the Eichhornia Crassipes (water hyacinth) plant [8]. It is considered one
of the fastest and most widespread colonial plants [9]. As a result of this plant’s excessive consumption
of oxygen and water, it negatively impacts fresh water, aquatic life, irrigation of agricultural crops, and
waterways. Recently, these plants have been growing bountifully in the Tigris and Euphrates rivers,
which hinders the flow of water in those rivers and their tributaries in Wasit, Dhi Qar and Maysan.

A group of researchers [9,10] studied biodiesel blended from Eichhornia Crassipes and mixed with pure
diesel at various ratios (10%, 20%, 30%, 40%, and 100% vol.) using Kirloskar, a single-cylinder, four-stroke,
direct injection, and air-cooled diesel engine. They found that the engine’s thermal efficiency increased while
UHC and CO emissions decreased from the combustion of EC blends. Besides, the additional biodiesel
results in slightly higher NOX and CO2 emissions. Abdul Wahhab et al. [11] examined the effects of
blending 10%, 20%, and 40% Eichhornia Crassipes with pure diesel. Under varied operating conditions,
the performance of the IC engine powered by pure diesel and biodiesel was improved. The engine test
revealed that biodiesel blends increased BTE when compared to pure diesel and a significant reduction in
the exhaust emissions of CO and UHC with an increase in NOx.

The potential benefits of utilizing LPG in diesel engines are both economical and environmentally
benign [12]. It significantly reduces CO and CO2 pollution, particulate matter, and smoke opacity when
compared to diesel engines [13–15]. Ergenç et al. [16] conducted experimental research on the use of
LPG in diesel engines. They tested different LPG ratios (10%, 20%, and 25%) in the diesel. The use
of 25% LPG ratio results in the maximum improvements in engine power, torque, and BSFC. In terms of
exhaust emissions, all LPG ratios reduce NOx and UHC emissions while increasing CO and CO2. In a
direct-injection, single-cylinder, water-cooled diesel engine, Yuvaraj et al. [17] investigated diesel and
LPG fuels. The experiment’s findings revealed a reduction in CO, CO2, UHC, and NOx emissions when
comparing with LPG and diesel modes; the BTE improved by more than 3% with increased load.
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Mahla et al. [18] examined the use of the EGR technique in a diesel engine powered by compressed
natural gas (CNG), using a Jatropha biodiesel (B20) blend as a pilot fuel. Experiments were carried out at
Kirloskar; with single-cylinder, direct injection, compression ignition diesel engine modified to operate in
dual fuel mode with EGR. According to the results, dual fuel mode with EGR reduced BTE, NOx, and
smoke emissions at all load conditions. while causing an increase in CO and UHC emissions. Elkelawy
et al. [19] tested a direct injection, single-cylinder, four-stroke modified diesel engine with a peak power
of 5 kW, constant speed of 1500 rpm, and various loads. Operating in a dual fuel mode with biodiesel as
a pilot fuel and LPG as the primary fuel. EGR at varying ratios (10%–30%) was supplied into the engine
via the intake mixing chamber. Under medium and high engine loads, raising EGR results in a modest
increase in BTE with reduced CO, UHC, and NOx emissions. Increased biodiesel use reduces BTE and
NOx emissions while increasing BSEC, CO, and UHC emissions. Kathirvel et al. [20] investigated 10%
(N10) and 20% (N20) Neem oil methyl ester (NME) blends with 5% and 10% EGR. At full load, BTE
for N20 was found to be 7.2% higher than for diesel, while BSEC was 11.4% lower. Meanwhile, the
addition of EGR degrades the N20 blend’s performance parameters. The emission analysis revealed that
the NOx value increased with biodiesel, whereas the addition of EGR decreased the NOx value for both
biodiesel blends at all loading conditions.

Accordingly, it is evident from the studies in the previous literature that the dual fuel mode for diesel
engines with EGR technology is successful and improves the engine’s performance and emissions.
Therefore, the aim of the present investigation is to study the effects of using LPG (2.4 L/min), ECB
(20%–40%) as a pilot fuel, and 20% EGR on the performance and exhaust emission of a single-cylinder,
Kirloskar-VCR diesel engine at various load conditions (25%–50%–75%–100%) and constant speed
(1500 rpm).

2 Methodology

2.1 Experimental Map
Experimental map is a number of tests were that being carried out for experimental work. All fuels

experimental tests maps are listed in Table 1.

Table 1: Experimental map

Mode of operation Liquid fuel LPG & EGR flow rate Engine parameters

Mode I IDF –

Torque
BSFC
BTH

8>><
>>:

Performance
parameters

zfflfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflfflffl{að Þ

CO
CO2

HC
NOx
Smoke

8>>>><
>>>>:

Emission
Parameters

zfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflffl{bð Þ

8>>>>>>>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>>>>>>>:

Mode II IDF 2.4 L/min, 20%

Mode III 20% ECB 2.4 L/min, 20%

Mode IV 40% ECB 2.4 L/min, 20%
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2.2 Production of Eichhornia Crassipes (Water Hyacinth) Biodiesel
In the beginning, the Eichhornia Crassipes plant is collected from rivers and bodies of water by a special

harvesting machine, then the parts of the plant were separated from each other (leaves, petioles, and roots).
The roots are removed because they absorb heavy metals, then the leaves and petioles are manually washed
with tap water and distilled water. After that, it is dried in the oven so it can be ground. After the sample was
powdered, it was pre-treated with 1% NaOH for 2 h. A total of 10 kg of Eichhornia Crassipes was treated
with a 6% sulfuric acid catalyst and a methanol-to-oil ratio of 5:1 in a hydrodynamic cavitation reactor at
65°C with circulating liquid glycerol for 45 min. After some time, the mixture is divided into two layers:
the upper layer is the liquid fatty acid (biodiesel) [21], and the lower layer is the glycerin collected at the
bottom of the container. There are residues of methanol, sodium hydroxide, soap, and glycerin in
biodiesel. By adding distilled water to the biodiesel and shaking it well for about a minute, this residue
can be removed. After that, the mixture is re-separated into two layers of biodiesel and water. The
washing process was repeated several times, using fresh water each time to ensure the highest purity of
the fuel, as previously recommended. A 50-liter hydrodynamic cavitation reactor was used to produce
Eichhornia Crassipes oil biodiesel. The reactor consists of a double-lever glass and diaphragm pump and
an air compressor to drive the double diaphragm pump, which acts as a power dissipation device in the
hydrodynamic cavitation reactor. All processing sequences are mentioned in Fig. 1.

2.3 Fuels
The fuels that were used in this investigation are as follows:

� Iraqi diesel fuel with the molecular formula (C12.3H22.2) [22].

� The biodiesel was extracted from Eichhornia Crassipes oil (ECB). As pilot fuel, 20% ECB (20%
ECB-80% IDF) and 40% ECB (40% ECB-60% IDF) by mass was used.

� Liquified petroleum gas (LPG) contains a mixture of gases including propane (0.3C3H8), butane
(0.6C4H10), and ethane (0.06C2H6). LPG is used at a constant flow rate of 2.4 L/min. Table 2 lists
the physical properties of the utilized fuels.

Figure 1: The schematic of preparing the biodiesel fuel
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2.4 Experimental Set Up

2.4.1 Experimental Equipment
Experiments were conducted on a VCR diesel engine, as shown in Fig. 2. The main specifications of the

engine are shown in Table 3. Awater-cooled eddy current dynamometer was used in this study to measure the
torque generated by the engine. A box with an orifice system was used to measure the air flow rate.
The intake air manifold was equipped with a gas carburetor for controlling the flow of LPG and mixing it
with the air entering the engine. The amount of LPG was determined by using an LPG flowmeter. The
EGMA-CG-450, a multi-gas emissions analyzer was used to measure the concentrations of CO, CO2,
NOx, and UHC. The smoke was measured and displayed using a TEXA-OPABOX (AUTOPOWER)
smoke meter model. All experiments were carried out in the laboratories of the AL-Musayyib
Engineering Technology College-University of Babylon-Babylon-Iraq.

2.4.2 Exhaust Gas Recirculation System
There are two EGR system supplementation methods employed in diesel engines, which are classified

into hot and cold. In this investigation, a cold EGR system was used with a different rate is continuously
inducted into the air intake manifold. The setup used in this work is depicted in Fig. 3. It includes EGR
copper and steel pipes, a surge tank, a water inlet port, a water flow meter, a rotameter, thermocouple
arrangements, control valves, and an EGR flow line. Water pumped inside the surge tank and extended to
a copper hollow cylindrical pipe cooled the exhaust gases, resulting in a higher rate of heat transfer due

Table 2: The physical properties of IDF, ECB blends, and LPG

No. Property Unit IDF 100% ECB 20% ECB 40% ECB LPG

1 Normal state Liquid Liquid Liquid Liquid Gaseous

2 Density at 15°C kg/m3 823 879.4 832.5 843.8 1.85

3 Carbon residue (on 10% residue) % m/m 0.08 2.145 0.036 ——— ————

4 Flash point °C 62.5 Flammable Flammable Flammable −105

5 Cetane index —— 52.6 44.3 52.2 50.4 <3

6 Calorific value (Net) kcal/kg 10288.6 10129 10262 10228.75 10986.91

7 Stoichiometric air fuel ratio 14.5:1 ——— ——— ——— 15.5:1

Figure 2: The experimental rig
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to the temperature difference between the inside and outside (i.e., the water in the surge tank and the gas in
the secondary manifold). The rotameter was used to regulate the amount of return gas. The exhaust gases
collected at the top of the surge tank seem to be 28°C–30°C, indicating effective reduction. An additional
stomach containing silica gel was added to ensure the system’s effectiveness and water removal from
gases, it is well known that this substance has powerful water absorption properties. The EGR ratio is the
proportion of EGR to the amount of charge aspirated into a cylinder in an engine. In this study, the EGR
ratio was determined at 20% by weight.

2.4.3 Test Procedure
In this study, four modes of fuel (IDF, 2.4 L/min LPG, 20% ECB, and 40% ECB) were tested. They were

started on mode I (IDF) and warmed up to 1500 rpm under various loads. After that, parameters such as
operation speed and load were measured. In mode II, the engine was started with a pilot fuel in dual fuel

Table 3: The specifications of the test’s engine

Engine model VCR, Diesel engine

Engine type Single cylinder, four stroke

Combustion type Compression ignition (CI)

Cooling system Water cooled

Fuel system Direct injection

Time injection 23° BTDC

Bore 87.5 mm

Stroke 110 mm

Compression ratio 18

Speed 1500 rpm

1 EGR port 4 Temperature recorder 7 EGR +intake port 10 EGR cooling water out

2 Surge tank 5 EGR valve 8 EGR cooling water in

3 Silica gel bottle 6 EGR flow meter 9 EGR cooling water flowmeter 

Figure 3: Exhaust gas recirculated system
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mode of operation, (2.4 L/min of LPG were added to the engine by the carburetor in the intake air manifold,
The LPG flow rate was adjusted at 2.4 L/min to ensure smooth engine operation and the absence of knock,
and after a steady state, 20% EGR was added to the engine intake air manifold. Fuel consumption and
temperatures were measured using an instrument of measurement. Smoke opacity and exhaust emissions
were measured with an exhaust gas analyzer and a smoke meter. The same testing procedure was
followed for the ECB blends in mode III and mode IV. For more accuracy, each reading was repeated
three times to obtain the mean value.

2.4.4 Mathematical Relations
1. Mass flow rate of fuel (kg/h)

_mf ¼
_v � qf
1000

(1)

2. Brake specific energy consumption (kg/kW.h)

BSFC ¼ _mf Diesel þ _mf LPG

BP
(2)

3. Brake power (kW)

BP ¼ 2p � N � T
60 � 1000 (3)

4. Brake thermal efficiency (%)

gbth ¼
BP

ð _mf � LCV ÞDiesel þ ð _mf � LCV ÞLPG � 100% (4)

5. Mass flow rate of air (kg/h)

_mair ¼ Cd:Aorf :
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2:g:DPa

p
� rair (5)

6. EGR percentage

EGR% ¼ mass of air without EGR�mass of air with EGR

mass of air without EGR

� �
� 100 (6)

2.4.5 Uncertainty Analysis
Errors and uncertainty in the investigations are caused by the apparatus choice, conditions, calibration,

configuration, observations, measurement, and standardized testing. Errors can occur during any study,
irrespective of how precisely it is conducted. Estimation is required to confirm the accuracy of the tests.
From the main measures, the outcome is obtained in an experiment. The following general equations are
used for calculating uncertainty:

Diesel Engine Efficiency Measurements Uncertainties:
A- Brake power (BP):

BP ¼ 2 � p � N � T
60 � 1000 (7)

Uncertainty in the brake power is given via:

eB:P ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2p � T
60 � 1000

eN

� �2
s

(8)

Relative error = Error/Exact value
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Uncertainty for the B.P is ±0.09.

B- Brake specific energy consumption (BSEC):

The error in Brake specific energy consumption is given by:

eB:S:F:C ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�60000 � _mf

2p � N2 � T eN

� �2
s

(9)

Relative error = Error/Exact value

Uncertainty for the BSEC is ±0.09.

C- Brake thermal efficiency (ηBTE):

ehB:T:E ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2p � T
60000 � _mf � L:C:V eN

� �2
s

(10)

Relative error = error/exact value

Uncertainty for the ηB.T.E is ±0.09.

Measurements with a Gas Analyzer Uncertainties:
Table 4 lists the percentage of uncertanity for the gaseous emissions that measured by exhust gas

analyzer according to the manufacturing company (EGMA Garage Equipment, Korea).

2.5 Results and Discussion

2.5.1 Brake Thermal Efficiency (BTE)
Under various loads, Fig. 4 shows the influence of ECB blends 20% ECB, and 40% ECB as pilot fuel to

the DFM with 20% EGR on BTE. In modes II, III, and IV, the BTE improved by 20.17%, 11.45%, and
12.66%, respectively, compared to mode I. By creating a homogeneous mixture inside the combustion
chamber, LPG reduces the fuel ignition delay and promotes a more thorough combustion process. In
addition, high EGR percentages result in a greater admission of active radicals and unburned
hydrocarbons into the cylinder. As a result of the partially-cooled EGR, the intake charge was preheated,
enhancing combustion conditions. For mode III and mode IV, the BTE decreases by 7.26% and 6.24%
respectively with ECB blends at full load compared to mode II. Due to the ECB’s higher viscosity,
greater volatility, and lower calorific value, BTE has decreased. As a result of 40% ECB’s higher oxygen
content, BTE was significantly higher than 20% ECB. This result is agrees with previous studies [23,24].

2.5.2 Brake Specific Energy Consumption
The BSEC is an important parameter of an engine because it takes care of both the mass flow rate and

heating value of the fuel [25]. The effect of DFM with 20% EGR with different blends of ECB on BSEC for
various loads is presented in Fig. 5. There is a clear reduction in BSEC at mode II by 19.48% in comparison

Table 4: Measurements uncertainties

ID Item Percent error

1 Carbon monoxide (CO) ±0.01

2 Carbon dioxide (CO2) ±0.1

3 Unburned hydro carbon (UHC) 1 ppm

4 Nitrogen oxidation (NOx) 1 ppm
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with mode I, owing to the high temperature, homogeneous LPG and air mixture, a high calorific value of
LPG, and unburned fuel participates in the combustion process. In comparison to mode II, the BSEC
increased with the ECB substitution; and adding EGR contributing in reducing the oxygen concentration
of fresh air into the combustion chamber. The mixing time between the direct-injected fuel and the fresh
oxygen increased. The, low heating value of ECB reduced the burning rate upon the start of the diffusion
combustion, thus making the stable combustion more difficult to achieve and indicating a BSEC increase.
In comparison to mode II, the ECB blends showed the fowling, and at the partial loads, the increase in
the BSEC was 17.94% and 14.10% for mode III and mode IV, respectively the BSEC of mode IV was
lower than mode III by 3.26%. At full load, the increase was 8.82% and 5.88% for mode III and mode
IV, respectively. The BSEC of mode IV is lower than mode III by 0.8%. The current results are in
agreement with [26–28].

Figure 4: The variation of brake thermal efficiency with variation of load

Figure 5: The variation of brake specific energy consumption with a variation of load
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2.5.3 Carbon Monoxide Emission (CO)
Fig. 6 depicts the CO emissions of a DFM with 20% EGR and variable ECB substitution. Due to the

lower combustion temperature and lack of oxygen at partial (low) load, CO emissions increased at mode
II compared to mode I. With additional loading, at full load, the LPG and EGR contribute to a 77.7%
reduction in CO emissions. This could be due to the enhancement effect of LPG in the combustion
strategy. EGR allows for the re-combustion of a portion of the unburned hydrocarbons, increasing the
possibility of complete combustion. Also, the active radicals improved the combustion conditions which
are present in EGR. At a partial (low) load, ECB blends reduce CO emissions by 12.5% when compared
to IDF as a pilot fuel (mode II). At full load, there is no change in CO emissions for mode III, but the
change at mode IV is lower than mode III and mode II by 16.66%. These results are in agreement with
[20,27,29].

2.5.4 Carbon Dioxide Emissions (CO2)
CO2 emissions increased with load in general due to improvements in the combustion process. Fig. 7

depicts the CO2 emissions of a DFM with 20% EGR at various ECB substitution and loads. At full load,
CO2 emissions were reduced by 44.4% with mode II compared with mode I. This is due to the fact that
LPG has a lower carbon-to-hydrogen ratio than diesel. In comparison to mode II, at partial (low) load,
ECB reduced CO2 by 20%, 27% for mode III and mode IV, respectively. However, at partial (high) load,
ECB increases CO2 by 33.33% and 19% for mode III and IV, respectively. This result agrees with [27,30,31].

2.5.5 Unburned Hydrocarbons (UHC)
The UHC emissions are composed of unburned or partially burned fuel [32]. Fig. 8 depicts the UHC

emissions of a DFM with 20% EGR at various ECB substitutions and loads. The LPG and EGR at mode
II increased the UHC emissions. Because the quantity of pilot fuel is small at partial (low) loads, the
flame cannot propagate quickly and far enough to ignite the entire mixture, and some fuel escapes into
the exhaust without being burned. Furthermore, the reduction in fresh air caused by LPG and EGR
substitution results in incomplete combustion with a rich mixture. At high load, the quantity of a pilot
fuel increased, which effectively burnt the surrounding fuel-air mixture and reduced the UHC emission.
Because of the oxygen content in the biodiesel blend, which helps to promote better combustion, there is
a clear reduction in UHC emissions with ECB blends at all loads. At partial (low) load, the UHC

Figure 6: The variation of CO emission with variation of load
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emission of mode IV is 12% higher than that of mode III. At full load, UHC emissions decreased as ECB
percentage in the fuel increased, with reductions of 14.49% and 26.08% for mode III and mode IV,
respectively, in comparison to mode II. This result is agree [18,27,30,33].

2.5.6 Oxidizes of Nitrogen (NOx)
Fig. 9 shows the NOx emission of DFM with 20% EGR for various ECB substitutions and loads. It can

be observed that there is a reduction in NOx emissions with EGR substitution at all loads, because the use of
EGR is an efficient strategy in the dual fuel engine for decreasing NOx emissions for all loading conditions.
Diluting the mixture and increasing its heat capacity, EGR replaces some of the O2 with CO2 and a small
amount of H2O. As a result of the decreased oxygen concentration, the combustion temperature drops.
When compared to mode I, the reduction in NOx emissions with mode II is 23.07% at full load.

Figure 7: The variation of CO2 emission with variation of load

Figure 8: The variation of UHC emission with variation of load

FDMP, 2023, vol.19, no.9 2339



Additionally, with the ECB, it is evident that NOx emissions are rising, due to high oxygen content of ECB.
At full load, NOx emissions increase by 30.50% and 18.80% for mode III and mode IV, respectively in
comparison to mode II. This result is in agreement with [27,31,34,35].

2.5.7 Smoke Opacity
The amount of smoke opacity emitted from a CI engine’s exhaust was measured for all tests. Fig. 10

illustrates the smoke opacity of DFM with 20% EGR at various ECB substitutions and loads. The opacity
of the smoke increases with load due to an increase in the amount of fuel. In addition, when compared to
mode I, smoke for mode II was reduced. This could be because LPG’s C/H ratio was lower than IDF’s
[36]. At partial load, it can be seen that as ECB increased, smoke opacity increased as compared to mode
II. However, at full load, the smoke of mode III was 7.21% lower than mode II’s, while mode IV’s
smoke was 12.37 and 15.55% higher than mode II and mode III, respectively. This result agrees with
[37,28,34,38].

Figure 9: The variation of NOx emission with variation of load

Figure 10: The variation of smoke opacity with variation of load
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2.6 Conclusions
Experimental work was carried out in the current study to investigate the effects of ECB blends on dual-

fuel engines using the LPG and EGR techniques. The following can be deduced from the examination of the
experimental work:

1. At maximum load, it can be obtained that the BTE falls with the ECB by 7.26% for mode III and
6.24% for mode IV, respectively. Additionally, the BTE of mode IV is a little bit greater than
mode III.

2. With the ECB substitution, BSEC grew. At partial loads, the BSEC increased by 17.94% for mode III
and 14.10% for mode IV, respectively.

3. Engine emission parameters showed that using ECB blends results in a 12.5% reduction in CO
emissions when compared to mode II, at a partial (low) load. At full load, the CO emissions of
mode III do not change. However, mode IV has a change that is 16.66% less than mode III and
mode II.

4. For ECB, CO2 emissions are reduced by 20% and 27% for mode III and mode IV, respectively, at
partial (low) load. However, under partial (high) load, ECB causes an increase in CO2 of 33.33%
for mode III and 19% for mode IV, respectively.

5. Additionally, it is evident that ECB blends at all loads significantly decrease UHC emissions. The
UHC emission of mode IV is 12% greater than that of mode III at a partial (low) load. As
the engine was running at full capacity, the UHC emissions reduced as the ECB increased; the
reduction of UHC was 14.49% for mode III and 26.08% for mode IV, respectively, when
compared to mode II.

6. With an increase in ECB, smoke opacity increased. However, at full load, the smoke of mode III was
less than mode II by 7.21%, while the smoke of mode IV was greater than both mode III and mode II
by 12.37% and 15.55%, respectively.
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