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 The present work deals with the thermal characteristics of a single cylinder 4-stroke diesel 

engine powered by regular diesel, 20% biodiesel derived from green spirulina algae, and 

20% biogas, which are examined numerically using Diesel-RK software. The multi-zone 

combustion model is used, which treats each zone as an open thermodynamic system. In 

addition to neat diesel, the biodiesel is blended with conventional diesel and supplied to 

the engine. Another fuel is the 20% biogas is used as a dual fuel. As gas fuel 20% based 

on an energy basis. A combination of diesel, biodiesel, and biogas is called hybrid fuel. 

The outcomes revealed that peak pressures and heat release rates were decreased. Sauter 

mean diameter reduces by 16.2% and 15% for 20% biogas and hybrid forms, respectively. 

There is a slight reduction in brake thermal efficiency for all tested fuels. Using 20% 

biodiesel reported a lower increase in brake-specific fuel consumption by 3.1% compared 

to 8.3% and 5.3% in the case of 20% biogas and hybrid mode, respectively. The operation 

with 20% biogas, 20% biodiesel, and hybrid forms reduces NOX by 27.9%, 16.6%, and 

8.45%, respectively. It can be observed that the utilized of 20% biogas or 20% biodiesel 

separately is preferable to use rather than combining them in hybrid mode. Other 

researchers' findings validate the results.  
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1. INTRODUCTION 

 

The rapid growth of the global population is significantly 

increasing the demand for energy. The vast majority of energy 

consumed today comes from fossil fuels such as coal and 

gasoline [1]. Scientists predict that the world will face 

shortages of oil, gas, and coal resources in the near future [2]. 

It has been noted that internal combustion engines produce the 

most harmful pollution among mechanical engines. Reducing 

emissions from traditional fossil fuels one of the biggest 

threats to the planet remains a serious challenge for fuel 

suppliers and automobile manufacturers [3-6]. Because 

stricter limits on impurities are being adopted globally, 

research on clean fuels has become a crucial area of 

environmental study [7, 8]. The critical literature showed that 

adding 20% biodiesel to diesel fuel can reduce CO and HC 

emissions but slightly increase NOx emissions. On the other 

hand, the biogas is also an active biofuel that shows a 

promising potential for improving engine operation and 

stability under different conditions [9, 10]. Biogas is suitable 

for use in both internal combustion engines because it 

produces fewer emissions than liquid fossil fuels [11]. Many 

studies have investigated biogas in dual-fuel diesel engines. 

These studies focus on particular aspects, mainly engine 

performance, combustion characteristics, and emissions rates 

[12-15]. Yoon and Lee [16] practically investigated 

combustion patterns and diagrams. Their results were similar 

regarding combustion parameters but showed clear differences 

in soot and emission ratios. Qian et al. [17] reached similar 

results patterns and conclusions. The use of biogas combined 

with H₂ at different ratios in a direct-injection, air-cooled, 

four-stroke single-cylinder engine was developed by 

Bouguessa et al. [18]. Hydrogen had a supportive effect on 

reducing NOX emissions and unburned residues in the exhaust. 

Tests were conducted on a turbocharged, direct-injection 

diesel engine using diesel as a pilot fuel and biogas enriched 

with various amounts of hydrogen. However, hydrogen 

addition can increase cylinder pressure at the same load and 

provide more powerful performance, according to many 

researchers [18, 19]. Deheri et al. [20] tested the use of dual-

fuel mode and its effect on engine performance and emissions. 

Nanoparticles were added in small fractions to biodiesel to 

increase thermal efficiency and brake power. In the study by 

Karthik et al. [21], biogas–DME was reported to reduce soot 

formation in diesel engines. Furthermore, the study examined 

the increase in NOX content when DME was dominant. In 

order to identify the combustion by-products (exhaust 

emissions) and their characteristics from both light- and 

heavy-duty diesel cars, Ga and Thai [22] and Singh et al. [23] 

conducted research utilizing a portable emission tester (PET) 

in the city of Imphal, India, across twelve commercial 

locations. Throughout the trial, the outside temperature 

fluctuated between 23.5 and 28℃, and the relative humidity 

was 65 ± 15%. Gürbüz et al. [24] used an ethanol–diesel blend 
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(ED%) in a dual-fuel diesel engine at different load and speed 

conditions. Compared to reference diesel and ED95 single-

fuel settings, NOX decreased by around 47–67% at all engine 

speeds during the dual-fuel experimental investigations, while 

smoke opacity remained constant. An overview of earlier 

research indicates that a large number of publications using 

biodiesel have been published. Meanwhile, few studies have 

examined the use of single and dual-fuel modes as well as 

hybrid fuels that include various combinations of other fuel 

sources, such as biodiesel and biogas. This gap can be closed 

by employing Diesel-RK software to quantitatively investigate 

and analyze combustion, performance, and emissions 

characteristics. The present study examines a variety of fuel 

blends as the initial baseline for comparison, starting with pure 

diesel without any additions. In the dual fuel mode, part of the 

DF is replaced by energy of 20% biogas that contains (55% 

CH4, 35% CO2, 10% H2O). After that, the engine is supplied 

with energy substitution of 30% DME rather than biogas. The 

thermal response of the engine for the operation of biogas and 

DME is checked against the original baseline case (DF). 

 

 

2. MATERIALS AND METHOD 

 

Table 1. Properties of research's fuels 

 

Properties 
Iraq Diesel 

Fuel (DF) 

20% 

Biogas 
30% DME 

C% 0.87 0.78 0.77 

H% 0.13 0.12 0.13 

O% 0.004 0.102 0.106 

Molecular mass 

(kg/kmol) 
190 157.21 146.80 

Density (kg/m3) 830 664.23 766.48 

Surface tension 

(N/m) 
0.028 0.023 0.022 

Viscosity (Pa.s) 0.0023 0.0018 0.0016 

Heating value 

(MJ/kg) 
45.83 36.67 40.61 

Cetane number 53.40 42.72 55.38 

 

Table 2. Motor specifications used in experimental tests 

 
Engine Parameter Descrption 

Engine Make Kirloskar diesel engine 

Engine type 4-stroke, single-cylinder 

Bore × Stroke 87.5 mm × 110 mm 

Swept volume 0.553 m3 

Clearance volume 0.03687 m3 

Compression ratio 17.5 

Rated output 3.7 kW @ 1500 rpm 

Injection pressure 160 bar 

Injection timing  20o BTDC  

Discharge Coefficient 0.65 

Nozzle Diameter 0.15 mm 

 

The present study examines a variety of fuel blends as the 

initial baseline for comparison, starting with neat diesel (mono 

fuel) with no additions. The biogas utilized in this work 

contains (55% CH4, 35% CO2, and 10% H2O), which is used 

separately in dual fuel mode for 20% (energy replacement). 

The green algae (spirulina) are used to produce green biodiesel 

via a transesterification process. The production process is 

thoroughly described in the previous studies [24-27]. It is 

blended with diesel at a ratio of 20% by volume. Different 

studies on biodiesel production from microalgae biomass are 

listed in Ebhodaghe et al. [6]. The hybrid fuel combines all the 

mentioned fuels in their percentages and is referred to as (60% 

Diesel+20% Biogas+20% Biodiesel). Table 1 lists the 

chemical and physical properties of Iraqi diesel, biogas, and 

DME. Those results were obtained by tests in Aldoora refinery, 

Baghdad, Iraq. For numerical simulation, Table 2 shows the 

engine's technical specifications. 

 

 

3. NUMERICAL ANALYSIS 

 

3.1 Conservation equations 

 

The mass conservation equation in an open system is: 

 
𝑑𝑚

𝑑𝑡
=∑ᵢ mᵢ (1) 

 

mi: represents each mass of species flow rate  

t: the time  

i: indicates the species number 

The species conservation mathematical equation is given by 

Eq. (2). 

 

𝑌ᵢ = ∑ᵢ 
𝑚ᵢ

𝑚
  (2) 

  

where, Yi, is pointed to specie mass fraction. 

In open thermodynamic systems, standard energy equation 

can write as: 

 
𝑑(𝑚𝑢)

𝑑𝑡
=  −𝑝 

𝑑𝑣

𝑑𝑡
+

𝑑𝑄ℎ𝑡

𝑑𝑡
+ ∑ᵢ 𝑚ᵢℎᵢ  (3) 

 

Eq. (3) is the total system energy change time rate.  

u: specific internal energy 

m: specie mass 

p: pressure 

v: specific volume 

Qh: amount of system heat  

H: enthalpy of specie 

 

3.2 The simulation software  

 

In this study, the Russian thermodynamic software Diesel-

RK is used. This model is based on a multi-zone combustion 

process. Zones are treated as open thermodynamic systems. 

This software has an optimization tool that uses the four-stroke 

and two-stroke internal combustion engine to optimize and 

assess using the DIESEL-RK simulation tool.  

 

3.2.1 The spray evaluation modelling 

The model of multi zones fuel spray is implemented in this 

study [28]. Various zones separate the fuel spray injected into 

the combustion chamber of the engine [29].  

The (EFM), which is an abbreviation of (elementary fuel 

mass), is the mass of fuel moving from the fuel injector to a 

spray tip. Eq. (4) gives the mathematical equation of this 

movement. 

 

(
𝑉

𝑉𝑂
)

3

2 = 1 −
𝑙

𝑙𝑚
  (4) 

 

𝑉: represents the measure of the EFM's current speed, 

𝑉𝑂: initial speed of EFM at nozzle injector, 

𝑙 : The space between the elementary fuel mass and the 

nozzle injector. The elementary fuel mass is penetrated for 
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time even before a spray reaches its termination. A simplified 

spray scheme is shown in Figure 1 to solve Eq. (4) as: 

 

3𝑙𝑚[1 − [1 −
𝑙

𝑙𝑚
]0.333] − 𝑉0𝜏𝐾 = 0  (5) 

 

where, 𝜏𝑘: - For the EFM, the travel period equals the distance 

from an injector nozzle. When the EFM of a spray tip ceases 

operation, then 𝑙 = 𝑙𝑚 and 𝜏𝑘 = 𝜏𝑚.  

where, 𝜏𝑚 is a travel period for the EFM to reach the spray's 

front before ending. 
 

 
 

Figure 1. A spray nozzle diagram [27] 

 

The rewriting of formula (5) yield: 

 

𝑙𝑚 = 𝑉𝑜
𝜏𝑚

3
  (6) 

 

In order to determine the speed and length of EFM, Eqs. (3) 

to (6) are used: 

 

𝑉 = 𝑉𝑜 (1 −
𝜏𝑘

𝜏𝑚
) ²  (7) 

 

𝑙 = [1 − (1 −
𝜏𝑘

𝜏𝑚
)³]𝑙𝑚  (8) 

 

3.2 Allocation of fuel to the spray 

 

Seven different zones are the result of spray division, as 

shown in Figure 2.  

 

 
 

Figure 2. Zones of spray fuel [30] 

 

It's notable that the burning and evaporation of each zone 

have their specific requirements.  

Three zones must be considered during the free spray time 

prior to jet impingement. The subsequent enumeration is: 

1. intensive forward front. 

2. thick conical core. 

3. The dilution process happens in outer shell.  

The flow variation properties near the wall make the 

calculation of evaporated fuel complex. Therefore, its primary 

goal is to recognize between parameters for transfer of heat, 

simulate the regions, and fuel mass at the flow boundary by 

free spray calculations. A new set of locations needs to be 

evaluated after contact with the wall. 

4. Highly dense near wall flow (NWF) on the surface of the 

piston. 

5. Dense center of the NWF cone. 

6. A dilution in external region of the NWF. 

7. Densely populated in forward of NWF. 

 

3.3 Model of heat release  

 

The combustion process consists of four-stages, each 

having distinct physical and chemical features. A 

representation of the phases can be estimated below [29]: 

Ignition delay period phase. 

calculation the self-ignition delay by: 

 

𝜏 = 3.8/106 ∗ √
𝑇

𝑃
∗ 𝑒

(
𝐸𝑎

8.312𝑇
−

70

𝐶𝑁+25
)

∗ (𝑛 ∗ 1 −

1.6/104)  

(9) 

 

The premixed combustion phase (combustion resulting 

from air /vapor of fuel being blended) as: 

 
𝑑𝑥

𝑑𝑡
= 𝜑1 {

𝑑𝜎𝑢

𝑑𝜏
} + 𝜑0 ∗ {𝐴0 ∗ (0.1𝜎𝑢𝑑 + 𝑥0)(𝜎𝑢𝑑 −

𝑥0) (
𝑚𝑓

𝑉𝑖
)}  

(10) 

 

Diffusive combustion phase (injected fuel combustion).  

The following is a definition of the heat release rate: 

 
𝑑𝑥

𝑑𝜏
= {(∅ − 𝑥)(𝜎𝑢 − 𝑥) ∗ {

𝑚𝑓

𝑉𝑐
} ∗ 𝐴2} ∗ 𝜑2 + {

𝑑𝜎𝑢

𝑑𝜏
} ∗

𝜑1  
(11) 

 

Phase of late burning (fuel burning after injection). 

Following is a formula for calculating the rate of heat 

release: 

 
𝑑𝑥

𝑑𝜏
= (𝜖𝑏∅ − 𝑥)(1 − 𝑥) ∗ 𝐴3 ∗ 𝜑3 ∗ 𝐾𝑇   (12) 

 

𝜑0 = 𝜑3 = 𝜑2 = 𝜑1, these functions describe fuel vapor's 

total combustion in each zone.  

 

3.4 A model for predicting NOX and smoke formation 

 

The Zel'Dovich extended mechanism is adopted by Diesel-

RK program. This mechanism is used to describe the nitrogen 

oxides composition of diesel engine. NOX emissions are 

presented the NO2 and NO. Zel'Dovich's mechanism has been 

selected: 

 

𝑂2 ↔ 2𝑂 (13) 

 

𝑂 + 𝑁2 ↔ 𝑁𝑂 + 𝑁 (14) 

 

𝑂2 + 𝑁 ↔ 𝑁𝑂 + 𝑂 (15) 

 

The concentration of oxygen, as given in Eq. (15), has an 

effect on the rate of this reaction. The Eq. (16) is used to 

estimate the nitrogen oxide volume concentration [29]: 
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𝑑[𝑁𝑂]

𝑑𝜃
=

2.33∗107∗𝑃{1−(
[𝑁𝑂]

[𝑁𝑂]𝑒
)2}∗[𝑁2]ₑ[𝑂]ₑ∗𝑒

−38020
𝑇𝑧

𝑅𝑇𝑧[1+
[𝑁𝑂]

[𝑂2]ₑ
∗(

2365

𝑇𝑧
)𝑒

3365
𝑇𝑧 ]

[
1

𝑟𝑝𝑠
]  (16) 

 

Eq. (17) to calculate the soot concentration in relation to 

natural conditions: 

 

[𝐶] = ∫
𝑑[𝐶]

𝑑𝜏

480

𝜃𝐵
∗

𝑑𝜃

6𝑛
∗ [

0.1

𝑃
]𝛾  (17) 

 

The Bosch smoke number is used to measure emitted 

particulate matter as in equation below: 

 

[𝑃𝑀] = [ln
10

10−𝐵𝑜𝑠𝑐ℎ
]1.206 ∗ 565  (18) 

 

The combining of NOX and PM emissions is given by Eq. 

(19) which is developed by Kuleshov [29] and known as the 

SE:  

 

𝑆𝐸 = 𝐶𝑁𝑂 [
𝑁𝑂𝑋

7
] + 𝐶𝑃𝑀 [

𝑃𝑀

0.15
]  (19) 

 

 

4. CODE VALIDITY 

 

Numerous studies discuss the simulation, practical tests in 

such types of fuels and engines [30-33]. Under the same 

operating conditions, full load at 1500 rpm and a compression 

ratio of 17.5:1, the current findings are compared with three 

distinct studies conducted by Rajak and Verma [34], Dasari et 

al. [35], and Prakash et al. [36], which were selected for 

validation. Rajak and Verma [34] performed a numerical 

investigation on the impact of various biofuels on diesel 

engine performance, while Dasari et al. [35] and Prakash et al. 

[36] experimentally examined the effects of using castor 

methyl ester (bioethanol and CME) on diesel engine 

parameters. Table 3 provides a technical summary of the 

engines used for validation. Common diesel fuel is considered 

for powering the engines in all cases, as it is consistent across 

the literature, and the same approach applied to diesel is 

extended to other fuel mixtures. Figure 3 illustrates the 

progression of spray penetration at full load for diesel. 

Injection starts at 20° before top dead center (BTDC). In this 

study, the maximum penetration of 84.91 mm was recorded at 

a crank angle of 372°, compared with 81.9 mm reported by 

Rajak and Verma [34], while the lowest penetration of 73.4 

mm was at the same crank angle [35, 36]. Injection pressure 

plays an important role in determining spray penetration, and 

the current study exhibits comparable behavior with 

acceptable variance. Figure 4 shows the development of diesel 

cylinder pressure over 140° of crank angle, spanning from 60° 

BTDC to 80° ATDC, as this range exhibits the most significant 

changes in pressure history. The peak pressure is observed 

between 3° and 5° ATDC in all examined models, with values 

ranging from 95.5 bar to 100 bar. The comparison shows 

strong convergence with only slight differences; a small 

discrepancy of approximately 4% is noted. Further validation 

of the obtained results was performed by comparing with the 

studies of Barik and Sivalingam [37] and Feroskhan et al. [38]. 

Engine dimensions, test conditions, and fuel properties were 

incorporated into the software database library. For volumetric 

efficiency (shown in Figure 5), the deviation is around 1.7% 

in the case of Barik and Sivalingam [37] and 1.13% in the case 

of Feroskhan et al. [38] compared with the results of the 

present work. The low deviation percentages demonstrate that 

Diesel-RK is a reliable tool for simulating the combustion 

process in internal combustion engines. 

 

 
 

Figure 3. Validation of spray diffusion versus crank angle 

 

 
 

Figure 4. Validation of cylinder pressure versus crank angle 

 

Table 3. Specifications of three engine setups used for validation 

 
Test Facility Kirloskar as Setup 1 Kiroskar TV1 as Setup 2 Legion Brothers as Setup 3 

Engine type CI, 1 cylinder, 4 stroke CI, 1 cylinder, 4 stroke CI, 1 cylinder, 4 stroke 

bore× stroke 87.5 × 110 mm 87.5 × 110 mm 80 × 110 mm 

Cooling system air air water 

Comp. ratio 17.5: 1 17.5: 1 17.5: 1 

Rated ou power@ 1500 5.22 kW 5.2 kW 3.7 kW 

Inject. Pressure 200 bar 160 bar 200 bar 

Inject. timing 23° BTDC 20° BTDC 23° BTDC 
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Figure 5. Validation of the model's volumetric efficiency 

 

 

5. RESULTS AND DISCUSSION 

 

5.1 Combustion study 

 

Engine cylinder pressure is the pressure generated inside a 

diesel engine during its four strokes. It indicates the efficiency 

of air–fuel mixing and the quality of combustion [25]. 

Cylinder pressure strongly influences both the engine’s power 

output and the emission characteristics of the fuel. Figure 6 

presents the variation of cylinder pressure with crank angle at 

100% load for the tested fuels at corresponding cylinder 

pressures and heat release rates. The interval between 40° 

BTDC and 40° ATDC shows the most clear differences, 

facilitating a direct comparison among the fuels under 

investigation. 

 

 
 

Figure 6. Pressure development per crank angle 

 

In the initial phase of combustion, the rate of heat release 

governs the peak cylinder pressure. This phenomenon mainly 

arises from the intake of fuel components that release heat 

uncontrollably [39]. All fuels show smooth and uniform 

pressure profiles. For pure diesel, the peak pressure reaches 

10.07 MPa. For a blend of diesel with 20% biodiesel, the peak 

decreases to 9.89 MPa, while dual-fuel operation with 20% 

biogas yields a lower peak of 9.10 MPa. Hybrid fuel records a 

peak pressure of 9.54 MPa. Generally, single or hybrid fuel 

blends result in lower cylinder pressures compared with net 

diesel, mainly due to their lower heating values. Specifically, 

20% biogas reduces pressure by 9.6%, while 20% biodiesel 

and hybrid fuel reduce it by 1.73% and 5.17%, respectively. 

These findings align with Barik and Sivalingam [37]. 

The heat release profiles at full load are shown in Figure 7. 

Combustion behavior is governed by the air/fuel mixing rate 

and the calorific value of the fuel. Dual-fuel operation presents 

a more complex combustion process than single-fuel operation 

because both liquid and gaseous phases combust 

simultaneously. In such systems, the heat release rate (HRR) 

depends strongly on the quality of the intake charge blend [17]. 

Compared with net diesel, all fuel blends—whether used 

separately or in hybrid form—exhibit lower heat release due 

to lower calorific values. Combustion begins earlier, and 

ignition delay shortens with 20% biodiesel or 20% biogas. The 

maximum HRR for diesel is 69 J/deg, compared with 56, 67.5, 

and 61.5 J/deg for biogas, biodiesel, and hybrid fuels, 

respectively. 

 

 
 

Figure 7. Heat release profile per crank angle 

 

Measuring combustion temperature inside the combustion 

chamber is technically challenging and often requires 

specialized equipment. For example, studies modified a fast-

response thermocouple to measure instantaneous gas 

temperature [40-42]. Figure 8 shows the mean zonal 

combustion temperatures. Diesel yields the highest 

temperatures due to its higher energy release. The maximum 

average temperatures for 20% biodiesel, 20% biogas, and 

hybrid fuel are 2740 K, 2840 K, and 2800 K, respectively. 

Because combustion temperature drives NOx formation, 

decreases in temperature directly reduce NOx emissions. 

Figure 9 presents the effect of different fuel blends on free-

spray tip penetration length, starting at 20° BTDC and ending 

at 13° ATDC. Several factors influence spray dynamics, 

including in-cylinder pressure, injection pressure and timing, 

air density, viscosity, surface tension, and nozzle diameter, 

with injection pressure having the strongest effect [12]. Hybrid 
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fuel shows the longest penetration length, followed by biogas, 

biodiesel, and diesel. For 20% biodiesel, 20% biogas, and 

hybrid fuel, penetration increases by 1.56%, 4.2%, and 6.1%, 

respectively. Differences in surface tension, density, and 

viscosity distinguish biogas and biodiesel from diesel and 

affect atomization and spray behavior. 

 

 
 

Figure 8. Zonal temperature distribution per crank angle 

 

 
 

Figure 9. Free spray penetration per crank angle 

 

Biodiesel typically has higher surface tension and viscosity, 

causing larger droplets and a higher Sauter Mean Diameter 

(SMD). By altering fuel properties, adding biogas or biodiesel 

influences combustion characteristics, engine performance, 

emissions, thermal efficiency, and ultimately SMD. As shown 

in Figure 10, SMD is presented as a bar chart for the tested 

fuels. SMD increases as saturated FAME content increases. 

Due to its higher viscosity and surface tension, biodiesel 

increases SMD by 1.45%. Larger droplets burn more slowly 

and at lower velocities. Replacing 20% biodiesel with 20% 

biogas reduces SMD by 16.18% due to lower viscosity. 

Combining biogas, biodiesel, and diesel reduces SMD by 

about 15%. 

 
 

Figure 10. The comparison between baseline DF, 30% DME, 

and 20% biogas pressure distribution 

 

 
 

Figure 11. Average temp. distribution comparison for diesel, 

30% DME, and 20% biogas 

 

Ignition delay (ID) consists of physical delay and chemical 

delay. The physical delay is the time needed for fuel injection, 

atomization, vaporization, and mixing. Factors such as boiling 

point, latent heat, injection pressure, and chamber temperature 

affect it [43]. The chemical delay is the time needed for pre-

combustion chemical reactions. It is governed by reaction 

kinetics, temperature, pressure, and fuel composition [44-47]. 

Figure 10 also shows combustion pressure development 

over a 100° crank-angle interval (320°–420°), where major 

changes occur. Diesel, biogas, and dimethyl ether (DME) 

follow similar trends with differences only in peak pressure. 

Diesel reaches 100.7 bar, while 20% biogas and 30% DME 

reduce pressure by 2.45% and 9.6%, respectively, due to their 

lower heating values. 

Figure 11 shows the variation in average combustion 

temperature. The lowest temperature is observed for 20% 

biogas, and the highest for diesel. Lower combustion 

temperatures produce lower flame temperatures and thus 
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reduce NOx emissions. Differences in density, viscosity, and 

heating value contribute to this behavior. Using 30% DME 

with diesel reduces peak temperature by 3.9%, whereas 20% 

biogas reduces it by 11.75%. 

Figures 12 and 13 display ignition delay as a function of fuel 

type. ID is defined as the time between the start of injection 

and the start of combustion. Engine characteristics such as 

cetane number, injection pressure, compression ratio, and 

intake temperature strongly influence ID. A higher cetane 

number means shorter ID and better ignition quality. Diesel 

has an ID of 9.37°, while biogas, biodiesel, and hybrid fuel 

have IDs of 8.06°, 8.93°, and 9.00°, respectively. 

 

 
 

Figure 12. SMD values for different fuel blends 

 

 
 

Figure 13. ID values for different fuel blends 

 

 
 

Figure 14. SOC values for different fuel blends 

 

High temperatures can cause thermal cracking in biodiesel, 

forming lighter compounds that ignite sooner, decreasing ID. 

Figure 14 highlights the start of combustion (SOC). Longer ID 

leads to later SOC. For diesel, SOC occurs at 10.62° BTDC, 

while for biogas and hybrid fuels, SOC occurs at 11.93° and 

11.07° BTDC, respectively. The ID for biodiesel is nearly 

identical to hybrid fuel. These results agree with Murad and 

Al-Dawody [25]. 

 

5.2 Performance study 

 

Brake Thermal Efficiency (BTE) and Brake Specific Fuel 

Consumption (BSFC) are considered the primary performance 

parameters. Figure 15 presents BTE values for all engine 

loads. BTE decreases when biogas, biodiesel, or their 

combination is used. Due to tested differences in heating 

values, the use of 20% biogas reduces BTE by 4% compared 

with reductions of 1.3% and 0.87% for hybrid fuel and 

biodiesel, respectively. Figure 16 shows the BSFC values for 

the selected fuels. To produce the same power output, more 

fuel is required as density and viscosity increase, which 

significantly impacts BSFC. The use of biodiesel and 

biogas/diesel blends increases BSFC because the heating 

values of methyl esters are approximately 12.4% lower than 

those of pure diesel. Similar trends were reported by Barik and 

Sivalingam [37]. Biogas consumes 8.35% more fuel than 

conventional diesel, while the BSFC of the engine increases 

by 3.1% and 5.2% when powered by biodiesel and the 

biodiesel/biogas blend, respectively. These findings indicate 

that operating an engine with biodiesel or biogas individually 

is preferable to combining them into a hybrid fuel. 

 

 
 

Figure 15. BSFC values for different fuel blends 

 

 
 

Figure 16. BTE values for different fuel blends 

 

5.3 Emission study 

 

To compare pollutant emissions, full-load conditions 
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representing the lowest air–fuel ratio are considered, as this 

point makes differences between fuels more apparent. Figure 

17 shows the NOx emissions for the tested fuels. The 

formation of NOx is promoted by three parameters: Rising 

temperatures (which provide the energy needed to react), an 

oxygen rich environment (which supplies the required 

reactants), and sufficient time (this sufficient time allows the 

reaction to reach the end completely). Those parameters help 

to reduce NOx emissions [48, 49]. 

It can be noted that NOx emissions are highest for diesel, 

while biogas, biodiesel, and the biogas/biodiesel hybrid 

produce lower NOx emissions by 27.9%, 16.54%, and 8.5%, 

respectively. Reduced combustion temperatures and oxygen 

content are primarily responsible for this reduction, directly 

decreasing NOx formation. Similar findings were reported by 

Rajak et al. [31]. To avoid the trade-off between particulate 

matter (PM) and NOx emissions, one emission parameter 

often increases as another decreases. Based on the obtained 

results, there is a clear trade-off between NOx and PM 

emissions. This is primarily attributed to oxygen content, 

which can simultaneously reduce carbon (PM) emissions 

while increasing NOx formation, or vice versa. Researchers 

have been working to reduce both PM and NOx emissions 

through multi-parametric optimization. The summary 

equation relating PM and NOx is denoted as the SE equation 

(Eq. (19)), which serves as the goal optimization function. 

Figure 18 shows the SE values for the fuels under 

consideration. Using 20% biogas with diesel reduces SE 

emissions by 5.4%, while 20% biodiesel and hybrid fuel 

reduce SE emissions by 33.26% and 5.62%, respectively. A 

decrease in SE values indicates that the increase in PM is 

smaller than the decrease in NOx, and vice versa. 

 

 
 

Figure 17. NOX values for different fuel blends 

 

 
 

Figure 18. SE values for different fuel blends 

6. CONCLUSIONS  

 

The following conclusions are addressed: 

1. All fuel results showed a minor reduction in-cylinder 

pressure, combustion zone temperature, and heat 

release rate. 

2. The combustion of biogas and biodiesel begins earlier 

as a result of the shorter delay period as compared with 

standard diesel. 

3. The SMD is lowered by 16.18% when 20% biogas is 

substituted for 20% biodiesel. SMD may be reduced by 

15% by mixing diesel (hybrid fuel), biogas, and 

biodiesel. This has happened due to the decrease in 

viscosity. 

4. Higher BSFC is observed for biogas and biodiesel 

when used separately or combined to gather.  

5. The BTE is reduced slightly by 0.87% with the 

operation of 20% biodiesel, while the use of 20% 

biogas and hybrid mode reports a reduction of 4.12% 

and 1.3%, respectively.  

6. The use of biogas or biodiesel alone caused a reduction 

in NOX by 27.89% and 16.54%, respectively. In 

meanwhile, the hybrid mode (doing together) resulted 

8.44% reduction in NOX. 

7. In terms of the summary emission, the 20% biodiesel 

beat biogas and hybrid mode. Because emissions are 

notably decreased by 33.26% when 20% biodiesel is 

used as fuel alone, they are increased by 5.40% and 

5.62% when using 20% biogas or hybrid mode, 

respectively. 

8. It might be concluded from the overall findings from 

this study that using 20% biodiesel or 20% biogas 

separately is preferable to using both simultaneously. 

An experimental investigation is recommended under 

different conditions, such as compression ratio, load, and 

engine speed, to validate the numerical results. As well as, 

feasibility study of using renewable fuel as a substitute for net 

diesel. 
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NOMENCLATURE 

 

A0, A2, A3 Constants 

A Empirical factor 
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BSFC Brake specific fuel consumption, kg/kWh 

BSN Number of Bosch smoke meter 

BTDC Before top dead center 

BTE Brake thermal efficiency, % 

C The cylinder's current soot concentration, m3 

CI Compression ignition type 

CN Cetane number of fuels 

CNO Empirical factor for NOX emission 

CPM Empirical factor for PM emission 

CR Compression ratio 

DI Direct injection 

Ea Apparent activation energy for the auto 

ignition process, kJ/Kmol. 

EFM Elementary fuel mass, kg 

hwfr Height of the dense front of the NWF, m 

h Enthalpy, kJ/kg 

IC Internal combustion 

l The distance between the EFM and nozzle

injector, m

lm The length of EFM penetration in front of

spray till end, m

NOX Nitrogen oxides, ppm

NWF Near wall flow

P Current pressure in the cylinder, Pa

PM Particulate matter, g/kWh 

rpm Revolution per minute, 1/min 

rps Revolution per second, 1/s 

rv Relative evaporation in the different 

environmental zones, % 

rvi The relative evaporation rate within different 

sections of the wall, % 

S The stroke of the piston, m 

SE Summary of (PM & NOX emission), g/kWh 

SI Spark-ignition 

SMD Sauter mean diameter, micron 

T Temperature in the cylinder, K 

t Time, s 

TDC Top dead center 

Tz Zonal temperature, K 

U Specific internal energy, kJ/kg 

V The current speed of the EFM, m/s 

Vm Velocity of the spray front, m/s 

V Specific volume, m3/kg 

X Fraction of heat release 

XC Substitute ratio of diesel fuel 

X0 Fraction of the fuel vapor formed during 

ignition delay and burnt 

1919




