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Abstract: Over the past few decades, the use of non-renewable energy has progressively expanded, harming the environment. In this investigation, 4-stroke single-cylinder 
Reactivity Controlled Compression Ignition (RCCI) engine performance and emission behaviour are reduced with the help of running fuel. 20% Juliflora biodiesel and 80% 
diesel are used as high-reactive fuel (HRF) and Ethanol is used as the low-reactive fuel (LRF). The RCCI engine is evaluated at different input conditions by varying engine 
load from 0 to 100 (0, 25, 50, 75, and 100%) and LRF percentage from 30 to 60 (30, 40, 50 and 60%). Additionally Exhaust Gas Recirculation (EGR) is used to enhance the 
RCCI engine emission behaviour and performance.The studied output performance of RCCI engine are cylinder pressure (CP), brake thermal efficiency (BTE), heat release 
rate (HRR), and brake-specific fuel consumption (BSFC) respectively. Also, unburned hydrocarbon (HC), carbon monoxide (CO), nitrogen oxides (NOX), and smoke opacity 
(SO) are calculated on the RCCI engine for all input condition. The test results are further optimized with the help of hybrid deep belief neural network based Aquila 
optimization method. The proposed hybrid DBN-AO has  performed better than conventional DBN method.The predicted optimal value is obtained from the regression and 
average regression coefficients of 0.99961. The predicted optimum values are  load 80%, LRF60%, and EGR 15%, respectively. The confirmatory error analysis has shown 
BTE (3.7%), BSFC (4%), SO (4.7%), HC (7.775%), CO (3.44%) and NOx (3.46%) respectively. The EGR application reduces the RCCI engine emission behaviour in loading 
condition. 
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1 INTRODUCTION 
  

It is estimated that the Global population growth, that 
is increasing day by day, is likely to reach 8.5 billion by 
2030 and 11.2 billion by 2100. The large population 
expansion is pointing to the high amount of energy 
consumption and necessity. Population growth necessitates 
the use of more energy to meet basic needs such as 
cooking, lighting, and transportation etc. More than 80% 
of the energy used globally at the moment comes from 
traditional sources. The automotive sector is one of the top 
energy consumers globally compared to any other sector 
where Oil plays the main role. The demand for fuels is 
rising while the amount of crude oil available is decreasing. 
The availability of crude oil affects not just the 
transportation sector but also the agricultural and industrial 
ones. High demand and high consumption will lead to a 
sharp rise in crude oil prices in the current scenario. The 
demand for diesel in India is five times greater than that for 
gasoline since it is mostly used in the transportation sector 
[1]. 

 
2 RELATED WORKS 

 
Several authors have attempted to replace diesel fuel 

with biodiesel extracted from various edible and non-
edible oils. Vegetable oil-based biodiesel has drawn 
researchers' attention over the past three decades as a 
potential replacement for conventional fuels [2]. The 
performance of juliflora-based biodiesel with the help of a 
direct injection engine (DI) diesel engine. The DI diesel 
engine's combustion and emission behaviour were 
evaluated, and the test result indicated that 20% of 
juliflora-based biodiesel delivered better performance [3]. 
Rajamohan et al. [4] analysed the engine performance, 
oxidation stability, and combustion behaviour of juliflora-
based biodiesel. 20% of biodiesel in 80% diesel improved 
the thermal and emission characteristics. Similarly, the 
existing author has identified castor oil and rice bran oil as 
reliable sources for biodiesel production [5, 6]. The 

performance of biodiesel (cottonseed oil) blended with 
additives was analysed using a self-designed droplet 
combustion [7]. 

The traditional combustion engines are producing 
large amount of emissions, and at the same time, while 
modern-day emission regulation is strong [8]. Due to such 
stringent emission regulation, the low temperature 
combustion (LTC) engine is more popular than the 
traditional engine. The LTC is running on the dual fuel 
mode, namely low reactive fuel and high reactive fuel 
(HRF), for example, reactivity controlled compression 
ignition (RCCI) [9]. In the RCCI engine, low-reactivity 
fuel (LRF) such as gaseous fuels is allowed through the 
intake manifold along with the air. Similarly the high-
reactivity fuel such as diesel and other similar forms of 
diesel fuel is directly injected into the cylinder at the end 
of compression [10].  

Elkelawy et al. [11] have reviewed the impact of 
exhaust gas recirculation (EGR) on reactivity-controlled 
compression ignition engines management. The author 
concluded that the high exhaust gas recirculation reduced 
soot and NOX at maximum loading condition. Elkelawy et 
al. [12] have evaluated the combustion, efficiency, and 
emission behaviour of an EGR-integrated RCCI engine. 
The EGR ratio varied from 10% to 30% as a result, the 
level of emitted NOX was reduced in the EGR integrated 
RCCI combustion process. Zheng et al. [13] investigated 
the performance of dual-fuelled RCCI with different EGR 
ratio varied (0 %, 30% and 50%). 

Recently, the researchers optimised the engine 
performance with the help from response surface 
methodology (RSM) and a hybrid optimization method 
(Deep Recurrent Neural Network based Honey Badger 
Algorithm) [14, 15]. Hybrid ANN (artificial neural 
network ) with the fuzzy approach was used to optimized 
the CI engine [16, 17]. 

As for the literature, the RCCI engine-based research 
is very limited, therefore in this investigation, the RCCI 
engine is used and its performance is analysed for juliflora 
biodiesel (used as HRF in this study) with different LRF 
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procedures. Besides, the literature identified with 
efficienty optimization techniques such as RSM, ANN, and 
DNN for RCCI engine optimization; in this sense, a novel 
optimization algorithm called Aquila optimization (AO) 
algorithm is used to achieve extended prediction and 
optimization accuracy from deep belief neural network 
(DBN). The article is structured as follows: the details on 
materials and methodology used in this study are provided 
in section 3. The study conclusion is in section 5, while 
section 4 covers experimentally obtained, DBN-AO 
predicted, and optimum results. 

 
3 MATERIALS AND METHODOLOGY 

 
The performance and emission characteristics of 

RCCI-based single-cylinder engines are determined in this 
study by using various fuel blends.To run the engine in 
RCCI mode, the engine has been precisely changed as 
shown in Fig. 1.   
 

 
Figure 1 Diagram of the RCCI engine's experimental configuration with the EGR 

system  
 

In general, the RCCI engine operates by utilizing two 
distinct fuels namely LRF and HRF. Since the calorific 
value plays a major role in the RCCI engine's performance, 
biodiesel synthesized from juliflora feed stock has shown 
significant improvement in terms of calorific value over 
other existing biodiesel feed stocks [18]. Besides, the 
literature evidences that using 20% juliflora biodiesel 
mixed diesel fuel results in less greenhouse gas emission 
[3, 4]. Therefore, 20% juliflora biodiesel and 80% diesel 
blend is used as HRF in this study. Similarly, ethanol is 
used as LRF in order to achieve minimum emission with 
improved efficiency based on literature review [19, 20]. 
The intake valve of the RCCI engine is modified by 
installing a mixing chamber, which allows for LRF-mixed 
fresh air and EGR. The EGR system lowers combustion 
temperatures and thereby reduces the quantity of emission 
released by returning a small part of exhaust gas to the 
engine's combustion chamber through the intake manifold. 
One end of EGR inlet valve is connected to the RCCI 
engine exhaust while the other end is connected to 
the mixing chamber where the EGR is mixed with pure air. 
Also, the control valve is used to control the EGR flow 
level. The exhaust path is connected to the exhaust gas 
analyser and smoke meter. The photograph of RCCI engine 
experimental setup with the EGR system is shown in Fig. 
2. 

 
Figure 2 RCCI engine experimental setup 

 
In this study, the AVL Austria, model: 444 Digasgas 

analyser having specifications mentioned in Tab. 1 is used 
to evaluate the emission behaviour of RCCI engine such as 
carbon monoxide and unburned hydrocarbon, NOX. 
Similarly, RCCI engine smoke opacity is evaluated with 
the help of AVL 437 smoke meter for all experimental 
conditions. The specification of smoke meter used in this 
study is given in Tab. 2. 
 

Table 1 Specification of exhaust gas analysers 
Exhaust 

gas 
Measurement 

range 
Resolution Accuracy 

CO 0-10 vol% 0.01 vol% 
< 06%. ± 0.03% vol. 

0.6Vol ± 5% 
ofind.val 

HC 0-20000 ppm 
> 2000:1 ppm 

2000 ppm-vol. ± 
10 ppm 

< 200 ppmvol. ± 10 
ppmvol. 

200 ppmovol. ± 5% 
ofind.val 

NOX 0-500 ppm 1 ppm vol 

< 500ppmvol. ± 50 
ppmvol 

500 ppmvol. ± 10% 
ofind.val 

 
Table 2 Specification of smoke meter 

Measurement principle Measurement of filter paper blackening 
Measured parameters Filter smoke number, soot concentration 
Measurement range 0-10 FSN 

Exhaust pressure range ~100 to 400 mbar 
Maximum exhaust 

temperature 
600 °C with standard 340 mm probe 

Power consumption 700 VA 
Dimensions 560 × 620 × 300 mm 

 
The ethanol storage container is connected to the 

mixing system with the help of a pipe line. Ethanol entering 
the mixing unit is controlled by a control valve and 
monitored by an ethanol flow control meter. Filtered 
atmospheric air enters the mixing chamber, and air flow is 
measured using an air flow meter. In the mixing chamber, 
the air and LRF are mixed properly, and the percentage of 
LRF added is also varied (30%, 40%, 50%, and 60%). The 
mixing chamber outlet is linked to the RCCI engine air 
intake valve, which supplies air, ERG, and LRF. The bio-
diesel is stored in the HRF storage tank, and the tank valve 
is linked to the RCCI engine fuel intake. The HRF flow is 
controlled by the HRF valve, and the flow is monitored by 
the flow meter, which regulates the HRF flow.  

The dynamometer is connected to the engine, which 
helps to measure engine performance like torque and 
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power. In addition, the sensor measures the temperature 
and pressure produced by the engine. The Engine  software 
is used to evaluate the overall efficiency of the RCCI 
engine under various loading and input conditions. The 
overall engine specification and sensor list are discussed in 
Tab. 3. With the help of data acquisition, all input and 
output, including sensor data, are collected. This 
investigation is primarily focused on measuring the 
cylinder pressure (CP), heat release rate (HRR), brake 
thermal efficiency (BTE), and brake specific fuel 
consumption (BSFC). Similarly, the RCCI engine 
emission section includes carbon monoxide (CO), 
unburned hydrocarbon (HC), nitrogen oxide (NOX), and 
smoke opacity (SO). 
 

Table 3 Specification of RCCI engine 
Engine code 240PE 

Engine 

Diesel: power 3.5 KW, speed 1500 rpm,CR range 
12;1-18;1.injection variation:0-25 Deg BTDC 
Specification: 4 stroke single cylinder engine, 
capacity 661cc, bore 87.5 mm, water cooled 

Dynamometer eddy current 
Fuel tank Capacity 15 lit, type:duel compartment 

Piezo sensor 
Combustion: range 5000 PSI, with low noise cable. 
Diesel line: range 5000 PSI, with low noise cable. 

Crank angle 
sensor 

Resolution 1 Deg, speed 550 rpm with TDC pulse. 

Data acquisition 
device 

NI usb-6210,16bit,250kS/s 

Engine control 
hardware 

Fuel injector, fuel pump, ignition coil, idle air 

Temperature 
sensor 

RTD, PT100 and thermocouple 

Load indicator Digital range 0-50 kg, supply 230 VAC 
Load sensor Load cell, type strain gauge, range 0-50 kg 

Software Enginesoft engine performance analysis 
ECU software Pe Monitor &pe viewer software 

 
Experimental Procedure  
The RCCI engine's compression chamber is initially 

filled with LRF, and the HRF is injected toward the end of 
the compression stroke at a recommended compression 
ratio of 16:1 [21]. This dual-fuel procedure helps the fuels 
burn thoroughly inside the combustion chamber. The 
prepared LRF and HRF are tested in the RCCI engine, and 
the efficacy evaluation is conducted under different 
loading and input conditions. The details of the single-
cylinder, four-stroke diesel engine employed in this 
experiment are shown in Fig. 1. In this investigation 
performance and combustion behavious are evaluated at 
five different types of loading conditions and two different 
types of investigations are conducted with varying input 
conditions. The first stage is an EGR-free condition, in 
which the EGR valve is closed and only LRF enters the 
mixing section. The loading levels are 0, 25, 50, 75, and 
100%, respectively, and the LRF ratios are 30, 40, 50, and 
60%. The obtained performance and emission behaviour 
are compared with diesel and biodiesel without LRF 
condition. The second stage is an EGR condition, in which 
the EGR valve is opened and LRF enters the mixing 
section. EGR is added to the mixing chamber with LRF in 
percentages of 10%, 15%, 20%, and 25%. 
 

Uncertainty Analysis  
Environmental variations, equipment calibration 

errors during observation, and human error are all potential 
sources of experiment uncertainty. As a result, as indicated 

in Tab. 5, the uncertainty research was carried out in this 
work for each measurement. The overall uncertainty is 
evaluated with help of Eq. (1) and includes sensor errors 
[22]. 

1 2 3 4 5 6, , , , , ,T T T T T T and 7T  denote the uncertainty of 

engine speed, Sensors, Heat release rate, Cylinder pressure, 
Smoke opacity, Carbon monoxides, and unburned 
hydrocarbon respectively. Similarly, 8 9 10 11 12, , , , ,T T T T T

13,T and 14T are represented by the uncertainty of the 

nitrogen oxides, Thermocouples, Crank angle encoder, 
Load indicator, Smoke meter, Brake thermal efficiency, 
and brake specific fuel consumption respectively.  
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This study's calculated total uncertainty is ±1.039, 

which is less than the allowed threshold (±5). As a 
consequence, the experimental results are trustworthy for 
real-time applications. 

 
Hybrid DBN-AO Based Predication Optimization  
Using neural network methodologies, the 

experimentation cost of biodiesel optimization was greatly 
lowered. In this study, a novel hybrid deep belief neural 
network based Aquila optimization method (DBN-AO) 
was used to predict and optimize the features of RCCI 
engine. However, specifically the different LRF, HRF 
levels, with and without EGR condition. The AO algorithm 
is applied in DBN as weight optimizer to improve training 
efficiency.  The reason for choosing AO as weight 
optimizer for DBN is because of its outstanding 
optimization performance over existing optimization 
algorithms such as particle swarm optimization, 
equilibrium optimizer, grey wolf optimizer, ant lion 
optimizer, etc., Also, the mathematical model of AO 
consists of both expanded as well as narrowed exploration 
and exploitation techniques to solve complex calculations 
to achieve high efficiency in the best or optimum 
engineering solutions. The DBN-AO structure typically 
consists of three levels: input, output, and hidden layers. 
There is a link between the neurons in hidden and visible 
input layers, but not between the neurons inside the hidden 
and visible layers. Fig. 3 and Tab. 4 provide an outline of 
the DBN-AO model and its explanation. The hybrid DBN-
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AO inputs are EGR, LRF, HRF,  load and the outputs are 
BSFC, BTE, CP, HRR, CO, HC, SO, and NOX. The output 
of each input neuron of the deep belief network (DBN) 
model was calculated using the Boltzmann network. 

 
Training and Testing of DBN and Hybrid DBN-AO 
In this study, experimentally obtained dataset is used 

to test and train the developed DBN-AO neural network 
model. The optimization algorithm was trained and tested 
with a ratio of 3:1, and DBN and hybrid DBN-AO were 
trained using approximately 75% of the test data. Similarly, 
DBN and hybrid DBN-AO were tested with approximately 
25% of the data obtained in the experiment. 

 

 
Figure 3 General structure of developed DBN-AO 

 
Table 4 Discretion of DBN and AO 

Elements Specifications 
Input and output layer one 
Input and output nodes 2 and 6 

Hidden layers two 
Weight updating method Aquila  Optimization algorithm 

Learning algorithm 
Restricted Boltzmann Machines and 

Back propagation 
Learning rate 0.01 

Transfer function Sigmoid 
Maximum number of 

iterations 
1000 

 
4 RESULTS AND DISCUSSION 
 

In this experiment, the RCCI engine heat release rate, 
combustion, and emission behaviour are evaluated under 
different LRF, HRF, EGR, and loading conditions. The 
collected experimental results for each test fuel mix were 
evaluated side by side in the following manner: 

 
Cylinder Pressure and Heat Release Rate  
RCCI engine heat release rate and cylinder pressure 

were compared with respect to the crank angle in the first 
stage without EGR condition based on different loading 
and input conditions.  Comparing diesel performance with 
different loading conditions (25%, 50%, 75%, and 100%) 
and evaluating different input LRF percentage such as 0%, 
30%, 40%, 50%, and 60%. In the RCCI cylinder pressure 
and heat release rate are clearly shown in Fig. 4. After top 
dead center (TDC), the greatest or peak pressure was noted 
between 362° and 368°. At 20% load, the pure diesel's CP 
rises rapidly when compared to other fuel combinations. 
Maximum CP is achieved with 50% load condition 60% 

LRF. According to Fig. 3, the load plays an important role 
in CP. If the load increases, CP increases gradually for the 
prepared LRF and HRF fuel intake. A maximum of 56.329 
bar CP is achived for a 25% loading condition, whereas CP 
is further increased to 64.684 bar at a 100% loading 
condition. The maximum HRR is achieved in all loading 
conditions at a crank angle of 360° to 365°. This fall in 
HRR is mainly due to the lower calorific value of LRF and 
HRF blend. In the compression process, compared to fuels 
with a higher calorific value, fuels with a lower calorific 
value produce less heat when burned. 50% LRF achieves 
maximum HRR when compared to other combinations at 
20% loading levels. Higher HRR is achived at 50, 75 and 
100% load with 60% of LRF. 56.171 J/degree HRR is 
achived in the 25% load condition, and 56.453 J/degree 
HRR is achived in the 50% load condition. Load plays an 
important role in HRR, and the load increases the HRR.  

 

 
Figure 4 RCCI engine cylinder pressure and heat release rate at different 

loading conditions 
 

 
Figure 5 RCCI engine brake thermal efficiency at different loading conditions 

 
Fig. 5 shows the BTE for the chosen mixtures under 

various loads. Generally, the high oxygen content is 
improving the RCCI engine's combustion performance. 
The BTE is being improved by the prepared LRF and HRF 
combination when compared to diesel and biodiesel, as 
indicated by the test results. The main factor influencing 
the RCCI engine's BTE performance is the load. The BTE 
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increases when the load increases, and it gradually 
decreases when the load decreases. The maximum BTE is 
obtained in the 30% load condition LRF 30%, while the 
minimum amount of BTE is obtained in the 25% load 
condition. All fuel combination the maximum BTE is 
obtained by the 100% loading condition. gradually in the 
prepared LRF and HRF composites. 

 
Brake Thermal Efficiency 
LRF 60% fuel based operation gives lower BTE 

(20.12%) at 100% loading condition and slightly higher 
BTE (21.852%) at 75% loading condition compared to 
100%. 

 
Brake Specific Fuel Consumption 
Fig. 6 illustrates the changes in Brake Specific Fuel 

Consumption (BSFC) of the RCCI engine when operating 
with different LRF ratios and pure diesel fuel for variable 
loads. Lower caloric value of fuel increases BSFC, and as 
the load increases, it gradually decreases. The lowest BSFC 
is achieved in diesel under 0% load condition, while the 
highest is achieved in 100% load condition. For all fuel 
combinations, the maximum BSFC is obtained at 100% 
loading condition. 

 

 
Figure 6 RCCI engine brake specific fuel consumption at different loading 

conditions 
 

The test results indicate that the prepared LRF and 
HRF combination is improving the BSFC when compared 
to  diesel and biodiesel. The BSFC decreases when the load 
increases and it gradually increases when the load 
decreases. The maximum BSFC is obtained in the 30% 
load condition with 30 % LRF, while the minimum amount 
of BSFC is obtained in the 25% load condition. In all fuel 
combinations, the minimum BSFC is obtained by the 100% 
loading condition. LRF 30% fuel based operation gives 
higher BSFC (345 g/kWh) at 100% loading condition and 
diesel gives the maximum BSFC (574 g/kWh) in 0%. 
Similarly, the minimum amount of BSFC (502 g/kWh) 
level at LRF 40% is specified at 0% loading condition. 
 

Exhaust Gas Emission Analysis with Different 
Proporions of Fuels: 

The test result is shown in Fig. 7, and it compares the 
exhaust gas emissions at different combinations of LRF. 
The maximum CO (0.05%) is obtained in diesel with 100% 
load condition, while the minimum amount of CO (0.04%) 
is obtained in the 0% load condition in bio-diesel. For all 

fuel combinations the maximum CO is obtained by the 
100% loading condition. The minimum CO is obtained in 
the 0% loading condition in LRF. Fig. 7c displays the HC 
emission and compares the outcomes of various loading 
conditions. When the RCCI engine is driven by diesel, the 
HC level increases gradually, especially as the load 
increases, but it decreases from 20% to 0% load. The 
maximum HC (37 ppm) is obtained in the 100% load 
condition with diesel, while the minimum amount of HC 
(LRF 30% = 19 ppm) is obtained in the 25% load condition 
in LRF. The RCCI engine smoke opacity is measured at 
different loading conditions, as shown in Fig. 7b. The 
smoke opacity emission rate reduced gradually as load 
increases; this indicates that the fuel is burning clearly. The 
60% LRF shows the lowest NOX emission for loading 
conditions above 25%. As a result, 60% LRF is selected as 
suitable LRF condition for further experiments on different 
EGR percentages in this study. 

 

 
Figure 7 RCCI engine emission behavior at different loading conditions 

 
Exhaust Gas Emission Analysis of Different EGR 

Condition  
Fig. 8a  illustrates the carbon monoxide emissions 

percentage with different EGR and LR conditions. The 
maximum NOX is obtained in the 100% load condition with 
diesel, while the minimum amount of NOX is obtained in 
the 0% load condition. All fuel combination maximum 
NOX is obtained by the 100% loading condition. The test 
result clearly shows that EGR reduces NOX emissions and 
outperforms diesel and LRF by 60%. The percentage of 
EGR reduces NOX emissions, especially as it gradually 
decreases with increasing load conditions. The combustion 
performance of the RCCI engine with LRF and HRF  is 
being improved by the EGR, as indicated by the NOX 
reduction. Fig. 8b illustrates the carbon monoxide 
emissions percentage with different EGR and LRF 
conditions. The minimum CO is obtained in the 0% loading 
condition with and without EGR. It should be noted that 
CO emissions increase steadily after LRF 60% + 15% EGR 
at 25% load, demonstrating that EGR has an effect on the 
combustion process. Fig. 8c illustrates the unburned 
hydrocarbon emissions percentage with different EGR and 
LRF conditions. The test result clearly indicates the EGR 
is reducing the HC emission but not beating the diesel and 
LRF 60 %. Fig. 8d illustrates the emission smoke opacity 
percentage with different EGR and LRF conditions. The 
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test result clearly shows that EGR reduces SO emissions 
and equal to the diesel. The percentage of EGR reduces SO, 
especially as it gradually decreases with increasing load 
conditions. The combustion performance of the RCCI 
engine with LRF and HRF is being improved by the EGR, 
as evidenced by the SO reduction. Overall, as per the 
emission results presented in Fig. 8, the RCCI engine, 
which operates with 60% LRF and EGR up to 15%, could 
provide the desired emission control, which is within the 
range of Bharat Stage-VI (BS-VI) emission norms at lower 
loading conditions. In contrast further increase in EGR % 
will lead to higher levels of CO and HC emissions. 
Therefore, 15% EGR substitution is suggested for the 
proposed 60% LRF and HRF (20% Juliflora biodiesel + 
80% diesel blend) fuelling conditions of RCCI engine. 
 

 
Figure 8 RCCI engine emission behavior at different EGR conditions 

 
Prediction and Regression  
The optimisation algorithm is trained and evaluated to 

find the best prediction; this is compared with the 
experimental result. The hybrid DBN-AO is compared 
with DBN prediction result, which concludes that the 
hybrid DBN-AO is closely predicting the experimental 
result. The regression is used to find the accuracy of DBN-
AOꞌs predictions, based on the actual result. The regression 
for engine performance is shown in Fig. 9 (a and b) and the 
regression for the emission characteristics of the engines is 
shown in Fig. 10 (a, b, c and d).  
 

 
Figure 9 Combustion prediction performance of hybrid DBN-AO 

 
Confirmatory Experiment 
In this investigation, a confirmatory test is conducted 

to find the error or defence of the obtained result. The 
confirmatory test result is shown in Tab. 5, and it includes 
deviations from the predicted and experimental values. The 
optimal performance and emission behaviour are obtained 
with the LRF fuel type condition of 60% + 15% EGR and 
the 80.23% load condition. The optimum BTE and BSFC 

are 20.983 % and 448 g/kWh, respectively, and obtained 
errors (%) are 3.7 and 4. The optimum Smoke opacity, CO, 
HC and NOx are 36.12% 0.261%, 40 ppm and 318 ppm, 
respectively are obtained at 4.7, 3.44, 7.775, and 3.46% 
error. 

 

 
Figure 10 Emission prediction performance of hybrid DBN-AO 

 
Table 5 Confirmatory test 

Engine 
characteristics 

Optimal value 
Confirmatory 

value 
Error / 

% 
Load / % 80.23 80 0.286 

Fuel type 
LRF 60% + 15% 

EGR 
LRF 60% + 15% 

EGR 
- 

BTE / % 20.983 20.188 3.7 
BSFC / g/kWh 448 468 4 

Smoke opacity / % 36.12 37.28 4.7 
CO / % 0.261 0.270 3.44 

HC / ppm 40 43.11 7.775 
NOx / ppm 318 329 3.46 

 
5 CONCLUSION 

 
In this investigation the RCCI engine performance is 

evaluated with the help of different LRF, HRF and EGR in 
different loading condions. The obtained performance and 
emission behaviour are summarized below: the maximum 
performance is achived at 100% loading condition in all 
LRF conditions. Maximum CP is achieved by 60% of LRF 
in 50% of loading conditions, and minimum CP is achieved 
by 60% of LRF in 75% of loading conditions.  The 
maximum BTE is obtained in the 30% load condition 
LRF30%, while the minimum amount of BTE is obtained 
in the 25% load condition.  All fuel combination the 
minimum BSFC is obtained by the 100% loading 
condition. LRF 30% fuel-based operation gives higher 
BSFC (345 g/kWh) at 100% loading conditions, and diesel 
obtains the maximum BSFC (574 g/kWh) at 0%. The 
smoke opacity emission rate reduces gradually as load 
increases; this indicates that the fuel is burning clearly. The 
EGR and without EGR test results are compared and the 
test data show the EGR is reducing  the RCCI engineꞌs 
exhaust emissions. The EGR is reducing the RCCI engine 
NOX and CO in all loading conditions in such a way that if 
the load is increased the NOX and CO emission is gradually 
reduced. Besides, the hybrid DBN-AO prediction result is 
compared with the experimental results, and over 99% 
overall prediction accuracy is achieved. Also, the optimum 
conditions of 60% LRF + 15% EGR and 80.23% load is 
obtained from the proposed optimization model. Further 
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the confirmatory analysis show BTE, BSFC, SO, HC, CO 
and NOx are 2.188%, 468 g/kWh, 37.28%, 43.11 ppm, 
0.270% and 329 ppm respectively. Finally, the experiment 
resulted 15% EGR and 60% LRF substituted RCCI engine 
could maintain lower NOX, CO, smoke and HC emissions 
with marginal compromise in BTE than normal diesel. 
Thus, the study may help in the future improvement of 
Bharat Stage (BS) emission norms. However, the 
experiments in this study are conducted at a constant 
compression ratio of 16:1, but there is scope for further 
enhancement of results by manipulating the compression 
ratio of the RCCI engine fuelled with the proposed fuel 
combinations. Also, various LRF fuels such as, gasoline, 
compressed natural gas, and other alcohol fuel additives 
can be tested and compared with the proposed study for 
accademic purpose. 
 
6 REFERENCES  
 
[1] Saluja, R. K., Kumar, V., & Sham, R. (2016). Stability of 

biodiesel - A review. Renewable and Sustainable. Energy 
Reviews, 62, 866-881. https://doi.org/10.1016/j.rser.2016.05.001 

[2] Sajjadi, B., Raman, A. A. A., & Arandiyan, H. (2016). A 
comprehensive review on properties of edible and non-edible 
vegetable oil-based biodiesel: composition, specifications 
and prediction models. Renewable and Sustainable Energy 
Reviews, 63, 62-92. https://doi.org/10.1016/j.rser.2016.05.035 

[3] Asokan, M. A., Prabu, S. S., Bade, P. K. K., Nekkanti, V. 
M., & Gutta, S. S. G. (2019). Performance, combustion and 
emission characteristics of juliflora biodiesel fuelled DI 
diesel engine. Energy, 173, 883-892. 
https://doi.org/10.1016/j.energy.2019.02.075 

[4] Rajamohan, S., Gopal, A. H., Muralidharan, K. R., Huang, 
Z., Paramasivam, B., Ayyasamy, T., Nguyen, X. P., Le, A. 
T., & Hoang, A. T. (2022). Evaluation of oxidation stability 
and engine behaviors operated by Prosopis juliflora 
biodiesel/diesel fuel blends with presence of synthetic 
antioxidant. Sustainable Energy Technologies and 
Assessments, 52, 102086. 
https://doi.org/10.1016/j.seta.2022.102086 

[5] Yuvaraj, S., Renald, C. T., Kumar, A. S., Sadesh, K., & 
Promoth, D. N. (2021). Certain investigation on RC aircraft 
engine to identify the suitability of Methanol and Castor oil 
Alternative fuel. IOP Conference Series: Earth and 
Environmental Science, 850(1), 012010. 
https://doi.org/10.1088/1755-1315/850/1/012010 

[6] Muthukumar, M., Ap, S. K., Sasikumar, C., Yuvaraj, S., & 
Singh, T. S. (2021). Effect of nanoparticles on the droplet 
combustion of rice bran oil biodiesel. Biomass Conversion 
and Biorefinery, 1-19. 
https://doi.org/10.1007/s13399-020-01209-8 

[7] Yuvaraj, S., Ap, S. K., Muthukumar, M., Sadesh, K., & 
Janaki, S. (2022). Certain studies on influence of nano 
catalysts Co3O4, SiO2 blended with CME-diesel in 
combustion. Materials Today: Proceedings, 51, 1612-1618. 
https://doi.org/10.1016/j.matpr.2021.10.469 

[8] Soloiu, V., Gaubert, R., Moncada, J., Wiley, J., Williams, J., 
Harp, S., Ilie, M., Molina, G., & Mothershed, D. (2019). 
Reactivity controlled compression ignition and low 
temperature combustion of Fischer-Tropsch Fuel Blended 
with n-butanol. Renewable Energy, 134, 1173-1189. 
https://doi.org/10.1016/j.renene.2018.09.047 

[9] Sonachalam, M. & Manieniyan, V. (2021). Optimization of 
critical angle, distance and flow rate of secondary fuel 
injection in DI diesel engine using computational fluid 
dynamics. SN Applied Sciences, 3, 1-13. 
https://doi.org/10.1007/s42452-020-04138-3. 

[10] Wategave, S. P., Banapurmath, N. R., Sawant, M. S., 
Soudagar, M. E. M., Mujtaba, M. A., Afzal, A., Basha, J. S., 
Alazwari, M. A., Safaei, M. R., Elfasakhany, A., & Sajjan, 
A. M. (2021). Clean combustion and emissions strategy 
using reactivity controlled compression ignition (RCCI) 
mode engine powered with CNG-Karanja biodiesel. Journal 
of the Taiwan Institute of Chemical Engineers, 124, 116-131. 
https://doi.org/10.1016/j.jtice.2021.04.055 

[11] Elkelawy, M., El Shenawy, E. A., Mohamed, S. A., Elarabi, 
M. M., & Bastawissi, H. A. E. (2022). Impacts of EGR on 
RCCI engines management: A comprehensive 
review. Energy Conversion and Management: X, 100216. 
https://doi.org/10.1016/j.ecmx.2022.100216. 

[12] Elkelawy, M., El Shenawy, E. A., Mohamed, S. A., Elarabi, 
M. M., & Bastawissi, H. A. E. (2022). Impacts of using EGR 
and different DI-fuels on RCCI engine emissions, 
performance, and combustion characteristics. Energy 
Conversion and Management: X, 15, 100236. 
https://doi.org/10.1016/j.ecmx.2022.100236. 

[13] Zheng, Z., Xia, M., Liu, H., Shang, R., Ma, G., & Yao, M. 
(2018). Experimental study on combustion and emissions of 
n-butanol/biodiesel under both blended fuel mode and dual 
fuel RCCI mode. Fuel, 226, 240-251. 
https://doi.org//10.1016/j.fuel.2018.03.151 

[14] Reddy, S. R. & Sarangi, S. K. (2023). Optimizing the effect 
of using novel hydrogen enriched nano particles added 
emulsified waste mango seed biodiesel in diesel 
engine. Fuel, 342, 127783. 
https://doi.org/10.1016/j.fuel.2023.127783 

[15] Dey, S., Reang, N. M., Majumder, A., Deb, M., & Das, P. K. 
(2020). A hybrid ANN-Fuzzy approach for optimization of 
engine operating parameters of a CI engine fueled with 
diesel-palm biodiesel-ethanol blend. Energy, 202, 117813. 
https://doi.org/10.1016/j.energy.2020.117813 

[16] Kokabi, H., Najafi, M., Jazayeri, S. A., & Jahanian, O. 
(2023). Performance optimization of RCCI engines running 
on landfill gas, propane and hydrogen through the deep 
neural network and genetic algorithm. Sustainable Energy 
Technologies and Assessments, 56, 103045. 
https://doi.org/10.1016/j.seta.2023.103045 

[17] Kumar, A. S., Yuvaraj, S., & Janaki, S. (2020). Experimental 
investigations of Co3O4, SiO2, cotton seed oil additive 
blends in the diesel engine and optimization by ANN-SVM 
process. Journal of Ceramic Processing Research, 21(2), 
217-225. https://doi.org/10.36410/jcpr.2020.21.2.217 

[18] Kukana, R. & Jakhar, O. P. (2021). Synthesis of biodiesel 
from prosopis juliflora and using MCDM analytical 
hierarchy process technique for evaluating with different 
biodiesel. Cogent Engineering, 8(1), 1957291. 
https://doi.org//10.1080/23311916.2021.1957291 

[19] Venu, H. & Madhavan, V. (2017). Influence of diethyl ether 
(DEE) addition in ethanol-biodiesel-diesel (EBD) and 
methanol-biodiesel-diesel (MBD) blends in a diesel engine. 
Fuel, 189, 377-390. https://doi.org//10.1016/j.fuel.2016.10.101 

[20] Sathish, T., Mohanavel, V., Arunkumar, M., Rajan, K., 
Soudagar, M. E. M., Mujtaba, M. A., Salmen, S. H., Al 
Obaid, S., Fayaz, H., & Sivakumar, S. (2022). Utilization of 
Azadirachta indica biodiesel, ethanol and diesel blends for 
diesel engine applications with engine emission profile. 
Fuel, 319, 123798. https://doi.org/10.1016/j.fuel.2022.123798 

[21] Aydın, H. (2021). An innovative research on variable 
compression ratio in RCCI strategy on a power generator 
diesel engine using CNG-safflower biodiesel. Energy, 231, 
121002. https://doi.org/10.1016/j.energy.2021.121002 

[22] Rajendran, S. & Ganesan, P. (2021). Experimental 
investigations of diesel engine emissions and combustion 
behaviour using addition of antioxidant additives to jamun 
biodiesel blend. Fuel, 285, 119157. 
https://doi.org/10.1016/j.fuel.2020.119157 
 



Manivannan RAMACHANDRAN, Neelakrishnan SUBRAMANYAN: Study and Optimization of Ethanol (LRF) Juliflora Biodiesel (HRF) Fuelled RCCI Engine with and … 

Tehnički vjesnik 31, 3(2024), 784-791                                      791 

Contact information: 
 
Manivannan RAMACHANDRAN, Head of the Department 
(Corresponding author) 
Department of Automobile Engineering,  
Nachimuthu Polytechnic College, Pollachi 
E-mail: manivanan.r134@yahoo.com; manivanan.r134@gmail.com 
 
 
Neelakrishnan SUBRAMANYAN, Professor 
Department of Automobile Engineering,  
PSG College of Technology, Coimbatore 
E-mail: neelpsg@gmail.com 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


