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Abstract 
 

Palm oil diesel blend is being promoted as a practical and greener 

alternative to fossil-based fuels such as petrol and diesel. To be utilised in 

diesel engines, this biofuel, also referred to as biodiesel, is frequently mixed in 

different proportions with petroleum-based diesel fuel. However, the usage 

of biofuel degrades the engine performance due to its poor spray 

characteristics and atomization. The spray characteristics and atomization 

of fuel are important aspects during the combustion process, as they affect 

the combustion efficiency and pollution emissions. In this study, the fuel spray 

model of palm oil diesel blend (PODB) was developed using Ansys Fluent 

software. The initial model was developed based on the diesel injection 

process and then was used for palm oil and its blend with diesel. Further 

investigations were conducted on the effects of nozzle hole size, injection 

pressure, and blend ratio. The validation of the developed spray model was 

conducted by comparing it to previous experimental and simulation studies 

by other researchers. The percentage of error was found to be at about 8.25 

% and 10.64 % compared to experimental and simulation studies, 

respectively. From the analysis, it was found that higher density and viscosity 

PODB would produce longer tip penetration, a narrower cone angle, and a 

larger Sauter mean diameter (SMD). A significant effect was shown where 

higher injection pressure and larger nozzle hole size would produce longer tip 

penetration and smaller SMD. For PODB, the injection pressure and nozzle 

hole size were suggested to be increased by about 25 % compared to the 

standard condition for diesel. 

 

Keywords: Spray characteristics, atomization, droplet size, Sauter mean 

diameter, palm oil diesel blend 

 

Abstrak 
 

Campuran diesel minyak sawit merupakan alternatif yang praktikal dan 

lebih hijau kepada bahan api berasaskan fosil seperti petrol dan diesel. 

Untuk digunakan dalam enjin diesel, biofuel ini, juga dirujuk sebagai 

biodiesel, sering dicampur dalam perkadaran yang berbeza dengan bahan 

api diesel. Walau bagaimanapun, penggunaan biofuel merendahkan 

prestasi enjin kerana ciri semburan dan pengabusannya yang lemah. Ciri-

ciri semburan dan pengabusan bahan api adalah aspek penting semasa 

proses pembakaran kerana ia mempengaruhi kecekapan pembakaran 

dan pelepasan pencemaran. Dalam kajian ini, model semburan bahan api 

campuran diesel minyak sawit (PODB) telah dibangunkan menggunakan 

perisian Ansys Fluent. Model awal dibangunkan berdasarkan proses suntikan 
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1.0 INTRODUCTION 
 

Malaysia's immense supply of palm oil provides a 

tremendous opportunity to be used as an alternative 

and renewable energy resource for diesel engines. 

However, due to different physical properties of the 

fuel, engine performance degrades due to its poor 

injection process. Therefore, the fuel injection process 

needs to be controlled, as the improvement of spray 

characteristics is vital for engine performance [1], 

especially for gas emissions and combustion efficiency. 

Studies on fuel spray performance measurement 

techniques [2] and the atomization and spray 

characteristics of biofuels were reviewed [3], [4], [5], [6] 

in previous publications. As of today, numerous studies 

have been published related to this area. Most of the 

studies were conducted either experimentally or 

numerically or both, with the aim to obtain the correct 

configuration for fast development of the fuel spray 

process. Faster fuel spray development is shown by 

longer tip penetration, wider cone angle, and smaller 

droplet size.  

Based on previous studies, it was found that higher 

injection pressure would produce longer tip penetration 

[7], [8], [9], [10], [11], [12], [13]. Tip penetration would 

also increase with the decreasing of chamber pressure 

due to the less resistance for the fuel during the injection 

process [7], [11], [12], [13]. The density and viscosity of 

fuel also influence the tip penetration development. 

Higher density and viscosity fuel will produce longer tip 

penetration due to the momentum carried out by the 

liquid fuel [12]. Meanwhile, for higher ambient 

temperatures inside the combustion chamber, shorter 

penetration lengths are produced due to air with higher 

temperatures having lower density compared to cooler 

air [11]. The fuel's density, characteristics, and nozzle size 

have an impact on the cone angle [9], [14]. 

A previous study also found the smaller nozzle size 

will produce shorter tip penetration [8]. This happens 

due to the smaller nozzle size, which produces higher 

resistance for the fluid to pass through. Furthermore, 

cone angle decreases with increasing velocity and tip 

penetration [13]. The cone angle will also decrease with 

increasing viscosity and density [12]. However, the 

influence of injection pressure towards the cone angle 

is modest between 80 and 250 MPa injection pressures 

for diesel fuel [15]. In the case of biofuel, some studies 

were carried out by utilising computational fluid 

dynamic software such as Ansys Fluent [16], [17] and 

Ansys Forte [18] since fuel spray characteristics studies 

involved the fluid flow and thermal analysis. A study by 

Khalid et al. [16] showed that longer tip penetration 

and a narrow cone angle were produced by higher 

viscosity and density fuel. Meanwhile, another study by 

Kafrawi and Bari [18] on the palm-based biodiesel 

showed that longer tip penetration and larger droplet 

size were produced by fuel that had higher viscosity, 

density, and molecular weight. 

The development of fuel spray and atomization 

using simulation methods is still being studied by many 

researchers, as the spray characteristics of fuel are still 

of research interest due to the unique conditions of 

engines with regard to fuel characteristics such as 

viscosity and surface tension. The study on atomization 

has a significant impact, especially on understanding 

fuel evaporation and droplet formation. Thus, the 

injection process can be controlled to ensure complete 

combustion and lower the emission products. In the 

case of palm oil diesel blend, recent studies conducted 

focus on the performance of the engine in terms of 

power output and emissions. The engine performance 

and its emissions depend on the combustion 

performance, and it can be improved by controlling 

the fuel injection process, especially on the Sauter 

mean diameter. The purpose of this study is to examine 

the palm oil diesel blend (PODB) spray properties in 

terms of tip penetration, cone angle, and Sauter mean 

diameter. The optimum configuration for PODB based 

on different injection pressures and nozzle sizes was also 

studied. 

bahan api diesel, dan kemudian digunakan untuk minyak sawit dan 

campurannya dengan diesel. Kajian lanjut telah dijalankan ke atas kesan 

saiz lubang muncung, tekanan suntikan, dan nisbah campuran. 

Pengesahan model semburan yang dibangunkan telah dijalankan dengan 

membandingkan kerja eksperimen dan simulasi sebelumnya oleh penyelidik 

lain. Peratusan ralat didapati masing-masing kira-kira 8.25% dan 10.64% 

berbanding kerja-kerja eksperimen dan simulasi. Daripada analisis, didapati 

ketumpatan dan kelikatan PODB yang lebih tinggi akan menghasilkan 

semburan yang lebih panjang dan sudut kon yang lebih kecil serta Sauter 

min diameter (SMD) yang lebih besar. Kesan ketara ditunjukkan di mana 

tekanan suntikan yang lebih tinggi dan saiz lubang muncung yang lebih 

besar akan menghasilkan panjang semburan yang lebih jauh dan SMD yang 

lebih kecil. Untuk PODB, tekanan suntikan dan saiz lubang muncung 

dicadangkan dinaikkan pada kira-kira 25% dibandingkan dengan keadaan 

standard untuk diesel. 

 

Kata kunci: Ciri semburan, pengabusan, saiz titisan, Sauter min diameter, 

campuran diesel minyak sawit 

 

© 2026 Penerbit UTM Press. All rights reserved 
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2.0 METHODOLOGY 
 

The fuel injection system's function is to supply fuel to 

the engine cylinders and to carefully monitor the 

injection durations, the atomization of the fuel, and 

other parameters. Very high injection pressures are 

achieved by modern injection systems and advanced 

electronic control methods. In this study, a six-hole 

diesel fuel injector (Delphi CRDI 6650170321) used for 

Ssangyong Rexton, as shown in Figure 1, was chosen 

for the analysis. As measured by the actual diesel fuel 

injector, each injector nozzle was 1.23 mm in length 

and 0.18 mm in diameter. Table 1 shows the injector 

specification, and Table 2 demonstrates the simplified 

geometry of the combustion chamber used in this 

study. 

 

 
Figure 1. Delphi CRDI 6650170321 fuel injector 

 

Table 1 Fuel injector specification 

 
Model Delphi CRDI 6650170321 

Working Pressures 30-180 MPa 

Number of nozzles 6 

Size of nozzle 0.18 mm 

 
Table 1 Simplified Rectangular Volumetric Combustion 

Chamber Geometry for Ansys Study 

 
Width 40 mm 

Depth  40 mm 

High 140 mm 

 

 

A six-hole diesel fuel injector formed the basis for 

the CAD model's development. However, only one 

hole out of six nozzles was modelled to reduce 

computing time.  

 

2.1 Modelling Step and Governing Equations 

 
The simulation setup for Ansys Fluent version 23.2 CFD 

software used in this study is shown in Table 3. The 

setups used are the pressure-based type, the absolute 

velocity formulation, and transient time as the solver 

types. In this case, the projection method is the 

algorithm used by the pressure-based solver. The 

projection approach satisfies the velocity field's mass 

conservation (continuity) condition by solving a 

pressure equation. The pressure, which is derived from 

the continuity and momentum equations, corrects the 

velocity field to fulfil the pressure equation. The mixture 

model was used to clarify the multiphase flow, 

considering the uniform mixing of the liquid and 

vapour phases. To determine the right number of 

elements for the analysis, a mesh sensitivity study was 

conducted. For the mesh sensitivity study, quad and 

tetrahedron meshes were tested at various numbers of 

elements ranging from 300,000 to 2,000,000. From the 

analysis, it was found that the quad mesh and 

1,500,000 number of elements converged at the 

shortest time and were selected for this study. 

 
Table 3 Solver, Turbulence Model and Phase Model 

 
Classification Setting of spray simulation 

Flow type Incompressible 

Solver Pressure-Based Type 

Absolute Velocity Formulation 

Transient Time 

Turbulence model Standard k-omega (2 equations) 

Standard Wall Functions 

Phase model Discrete Phase Model 

Type of mesh Quad, Tetrahedron 

Number of elements 300 000, 600 000, 900 000,  

1 000 000, 1 500 000, 1 800 000 and 

2 000 000. 

Time step 1e-5 

No time step 100 

 

 

The continuity, momentum, and energy equations 

are governing the fuel's continuous flow from the 

injector, which solves the Navier-Stokes equations. 

Iterations are used during the process of solving 

governing equations so that all equations are solved 

until the solution converges. In the setup tree for the 

model, viscous was selected. Then the standard 𝑘 − 𝜔 

was selected as the viscous model. The standard 𝑘 −
𝜔, which encompassed modifications of low-Reynolds 

number effects, compressibility, and shear flow 

spreading, was chosen for the turbulence model. The 

standard 𝑘 − 𝜔 is an empirical model based on model 

transport equations for the specific dissipation rate 

and turbulent kinetic energy.  

 

2.2 Species Transport and Discrete Phase Model 

 
Inlet diffusion and diffusion energy source were 

selected for the species transport. The net transport of 

species at inlets was computed using a pressure-

based solver, accounting for both the convection and 

diffusion components. The convection components 

were fixed by the user's input species mass 

percentage, whereas the diffusion component was 

dependent on the gradient of the predicted species 

field at the inlet. The discrete particle model (DPM) 

was used to capture the atomization phase and the 

flow of vapour formation. The particle tracking 

methods used were interaction with continuous 

particles, unsteady particle tracking, and tracking with 

fluid flow time steps. The continuing phase, in which 
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the force balance on the particle was integrated into 

the solver to determine the particle trajectories, was 

calculated by solving the Navier-Stokes equations and 

the continuity equation. The continuous phase in the 

event of a two-way interaction was computed using 

the Eulerian Model. Integrating the force balance on 

the particle, which is expressed in a Lagrangian 

reference frame, yields the track of a discrete phase 

particle.  

 

2.3 Spray and Breakup Simulation 

 
The fuel injection development involved processes 

such as spray breaking up, atomization, and 

evaporation. There are two stages for the breakup 

process: the initial breakup and the secondary 

breakup. In the current simulation, the first drops of 

atomized fuel were created near the nozzle exit. The 

secondary process picked up where the initial small 

droplets continuously atomized into smaller droplets.   

 

2.3.1 Primary Breakup 

 

The main breakup model concept follows the KH-RT 

breakup model concept, as shown in Figure 2 as 

published by Ishak et al. [17]. The aerodynamic forces 

produced by Kelvin-Helmholtz (KH) waves and 

Rayleigh-Taylor (RT) instabilities that induce secondary 

breakup are combined to form the model for the main 

breakup. Due to KH instability, the droplet splits apart 

near the nozzle exit in region A. At the same time, the 

secondary breakdown in region B is brought on by the 

RT instability.  

 

 
Figure 2. KH-RT breakup model concept (reproduced from 

Ishak et al. (2019) [17], under the terms of the Creative 

Commons Attribution 4.0 License) 

 

 

2.3.2 Secondary Breakup 

 
To depict the combination of the spray process's 

aerodynamic mechanism, the secondary breakup 

model was constructed. The Stokes number (Stk) is one 

of the factors that has the most impact on how 

discrete particles behave in a continuous-phase 

medium, as shown in Equation (1). 

𝑆𝑡𝑘 =
𝑡0𝑢0

𝑙0

   (1) 

  

Where 𝑢0 is the initial flow velocity, 𝑙0 is the 

characteristic diameter of the obstacle, and 𝑡0  is the 

particle relaxation time. At first, the discrete particles 

followed their initial trajectories due to the high Stokes 

number. Due to decreasing Stoke number values, the 

discrete particles were thereafter maintained on their 

fluid streamlines. Therefore, more tiny particles were 

produced during the breakup process when the Stoke 

number was lower. The commonly used Taylor 

analogy breakup (TAB) was utilised in this study to take 

these breakup forces into consideration. It was based 

on Taylor’s comparison of a spring-mass system and an 

oscillating and deforming droplet. 

 

2.4 Sauter Mean Radius 

 
By converting the energy of the parent droplet to the 

sum of the energies of the child droplets, the size of the 

child droplets can be determined. Based on an 

analysis of the energy conversion between a parent 

and child droplet, the Sauter mean radius of the 

product droplet can be determined by setting as 

follows: 

 

𝑟32 =
𝑟

1 +
8𝐾𝑦2

20
+

𝜌𝑙𝑟3(𝑑𝑦 𝑑𝑡⁄ )2

𝜎
(

6𝐾 − 5
120

)
 

(2) 

 

Where 𝑟32 is the Sauter mean radius of the droplet size 

distribution, 𝑟 is the undisturbed droplet radius, 𝐾 is the 

ratio of the total energy in distortion and oscillation to 

the energy, 𝑦 is the wall distance in the boundary 

layer, 𝜌𝑙 is the discrete phase density, and 𝜎 is the 

droplet surface tension. 

 

2.5 Fuel Properties 

 

The type of fuel used in this study was diesel, palm oil 

and its blends. The physical properties of the palm oil 

and its blends are shown in Table 4. The material 

properties of the diesel are available in the Fluent 

database, as shown in Table 5. While, for palm oil the 

properties are based on calculation. 

 
Table 4 Physical properties of PODB [19] 

 

Fuel 
Density 

(kg/m3) 

Calorific 

Value 

(kJ/kg) 

Viscosity 

(mm2/s) 

Molecular 

weight 

(kg/kmol) 

P20 855 42 840 24.55 283.29 

P40 863 41 558 27.32 424.29 

P60 882 41 184 45.90 565.29 

P80 896 40 165 50.93 706.30 

P100 904 39 027 59.68 847.30 
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Table 5 Material properties of diesel 

 
Fuel Density 

(kg/m3) 

Surface 

Tension 

(N/m) 

Molecular 

weight 

(kg/kmol) 

Viscosity 

(poise) 

Diesel 818.1 0.0264 142.29 0.1395 

Palm 

oil 

(P100) 

904.0 0.0315 847.30 0.5985 

 

 

3.0 RESULTS AND DISCUSSION 
 

3.1 Model Validation 

 

For the model validation, results from Yu et al. [20] and 

Ishak et al. [17] were chosen because of the similarity 

of the boundary condition that proved each other’s 

results. Results of tip penetration for this simulation 

compared to the results obtained by Yu et al. [20] and  

Ishak et al. [17] are shown in Table 6. The average 

percentage difference for tip penetration was 8.25 % 

to 10.64 % compared to the experiment by Yu et al. 

[20] and the simulation by Ishak et al. [17], 

respectively. Overall, the tip penetration trends of this 

study are similar to those of other researchers.  

 
Table 6 Validation results of tip penetration for diesel fuel and 

percentage of error 

 
Tim

e 

(ms) 

 

Penetration length Percentage of error 

Yu et 

al. 

[20] 

Ishak 

et al. 

[17]  

Model 

(This 

study) 

Compare 

to Yu et 

al. [20] 

Compare 

to Ishak 

et al. [17] 

0.2 13.00 11.00 13.96 7.3892 26.915 

0.3 16.25 16.25 19.69 21.1385 21.139 

0.4 21.00 20.00 23.62 12.4862 18.111 

0.5 23.00 22.50 25.59 11.2635 13.736 

0.6 27.00 25.00 27.56 2.0707 10.236 

0.7 28.50 28.50 29.53 3.6056 3.606 

0.8 32.00 30.00 30.32 5.2656 1.050 

0.9 32.50 30.50 30.71 5.5117 0.684 

1.0 35.00 33.00 33.08 5.4780 0.251 

   Error 

(%) 
8.2454 10.636 

 

 

3.2 Spray Characteristics of Palm Oil Diesel Blend Ratio 

 

Both macroscopic and microscopic parameters of 

fuel spray were investigated for all fuels (diesel, P20, 

P40, P60, P80, and P100). The macroscopic 

parameters, such as tip penetration and cone angle, 

were measured directly from the spray images, while 

the microscopic parameter, which was the Sauter 

mean diameter, was obtained from the analysis 

report. At the beginning, the characteristics of pure 

palm oil spray were compared to diesel. Palm oil has 

the highest density, surface tension, and molecular 

weight compared to diesel. Figure 3 shows the spray 

development of palm oil and diesel at 0.2 to 0.6 ms 

after the start of injection (ASOI). The longer tip 

penetration was observed for palm oil compared to 

diesel. In terms of cone angle, it showed that diesel 

had produced a larger cone angle compared to 

palm oil. These findings confirmed the physical 

properties affected the fuel spray process; thus, further 

quantitative analysis was conducted based on tip 

penetration, cone angle, and Sauter mean diameter. 

 

 

Figure 3 Spray structure of diesel and palm oil (100 %) at 160 

MPa injection pressure 

 

 

Figure 4 shows a comparison of tip penetration for 

palm oil diesel blends to diesel at a standard nozzle 

size (0.18 mm) and injection pressure of 160 MPa. The 

palm oil was blended with diesel at various volume 

percentages, which were 20, 40, 60, 80, and 100 % 

(pure palm oil), identified as P20, P40, P60, P80, and 

P100, respectively. The tip penetration for all fuels 

increased with time, and the tip penetration pattern 

agreed well with other researchers’ studies [17], [20], 

[21]. As the injection progressed, the tip penetration of 

palm oil and its blends was longer compared to diesel, 

Spray structure 

Palm Oil Diesel 

  

0.2 ms ASOI 

  

0.4 ms ASOI 

 
 

 

0.6 ms ASOI 
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indicating that they developed faster compared to 

the spray development of diesel. Further observation 

found that P100 had the longest tip penetration, 

followed by P80, P60, P40, and P20. The shortest tip 

penetration was produced by diesel fuel. This 

behaviour might happen due to the higher density, 

surface tension, and viscosity for palm oil and its 

blends. The viscosity of palm oil was about 59.68 

mm2/s, which was much higher compared to diesel, 

which was about 13.95 mm2/s only, while the 

molecular weight of palm oil was 847.3 kg/kmol 

compared to diesel’s 142.29 kg/kmol. These properties 

had caused higher spray tip penetration for palm oil in 

spray breakup, resulting in more spray development 

along the axial direction rather than the radial 

direction [22]. The experimental studies by other 

researchers had also found the high-density and 

viscosity fuel would produce the highest tip 

penetration [11], [21], [23], [24]. Lee et al. [25] had 

experimentally investigated the spray characteristics 

of karanja biodiesel and its blends with diesel, and it 

was found that at lower injection pressure, higher 

density, and viscosity, the fuel (karanja fuel) would 

produce lower tip penetration compared to diesel. 

However, at higher injection pressure (more than 50 

MPa), higher tip penetration was produced by the 

higher density and viscosity fuel (karanja fuel).  

 
 

Figure 4 Comparison of tip penetration for all PODB to diesel 

at nozzle size 0.18 mm and injection pressure of 160 MPa 

 
 

Faster tip penetration and a wider cone angle will 

demonstrate better fuel evaporation [26]. With better 

fuel evaporation, it will contribute to a better air-fuel 

mixing process. Figure 5 shows the comparison of the 

cone angle for PODB to diesel fuel at a 0.18 mm nozzle 

size and an injection pressure of 160 MPa. The cone 

angle for both fuels was found to be almost constant 

after the early spray development, in agreement with 

the same results by Delacourt et al. [15]. The highest 

cone angle was produced by diesel fuel, followed by 

P20, P40, P60, P80, and P100. P20 had also shown an 

almost identical cone angle when compared to 

diesel. The average percentage difference between 

diesel and all blends was found to be 6.96, 22.28, 

38.68, 53.19, and 56.53 % for P20, P40, P60, P80, and 

P100, respectively. The lowest percentage difference 

for P20 was probably due to its lower value of viscosity 

when compared to other blends. A lower value of 

viscosity would improve the spray breakup process 

and ensure a wider cone angle for P20. The main 

reason for this behaviour was the higher viscosity and 

surface tension of palm oil that contributed to the 

spray development being more on the axial direction. 

The cone angle was highly affected by the spray 

breakup process, and its difficulties produced a 

narrower cone angle. These findings are consistent 

with the experimental studies conducted by various 

researchers. They found that higher density, viscosity, 

and surface tension fuels would produce narrower 

spray cone angles [11], [21], [23], [24], [25].  

 

 
 

Figure 5 Comparison of cone angle for PODB at 0.18 mm 

nozzle size and injection pressure of 160 MPa 

 
 

The SMD value will represent the mean droplet size, 

and it is one of the microscopic parameters that 

indicate the quality of spray atomization and the air-

fuel mixing process. Smaller droplet size is desired, as it 

will increase the area of fuel in contact with air, and 

smaller droplet size is easier to evaporate compared 

to a large droplet size [21]. The comparison of SMD for 

PODB to diesel fuel at a 0.18 mm nozzle size and 

injection pressure of 160 MPa is shown in Figure 6. It was 

found that the SMD of the fuel spray increased with 

the increasing of palm oil volume in the blended fuel. 

The smallest droplet size for PODB was produced by 

P20, followed by P40, P60, P80, and P100. The 

percentage of difference of SMD compared to diesel 

for all blends was at about 20.75, 37.98, 108.66, 174.36, 

and 238.98 % for P20, P40, P60, P80, and P100, 

respectively. Once again P20 had shown the closest 

spray characteristics when compared to diesel. This 

trend can be traced back to the less restrictive flow of 

fuel through the nozzle, making its velocity faster and 

able to break up into smaller particles. The fuel 

viscosity and surface tension had affected the mean 

droplet size, whereas high viscosity and surface 

tension fuel would produce larger SMD [21].  
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Figure 6 Comparison of SMD for PODB at 0.18 mm nozzle size 

and injection pressure of 160 MPa 

 
 

3.3 Effect of Different Injection Pressures  

 

This study also investigated the effects of injection 

pressure. Injection pressure employed for this 

simulation analysis was in between 120 and 200 MPa. 

The tip penetration, cone angle, and SMD comparison 

for PODB are shown in Figures 7, 8, and 9, respectively. 

Although all PODB were tested, only the P20, P60 and 

P100 results are shown. Analysis has shown that the tip 

penetration will increase with the increasing injection 

pressure. Increasing the injection pressure to 200 MPa 

would produce longer average tip penetration at 

about 11.01, 11.99, 16.55, 14.36, and 11.60 % for P20, 

P40, P60, P80, and P100, respectively. 

 

 
 

Figure 7 Comparison of tip penetration for P20, P60 and P100 

at various injection pressure and nozzle size of 0.18 mm 

 

 

The effect of injection pressure on cone angle is 

shown in Figure 8 for P20, P60, and P100. The fuels were 

tested at various injection pressures that are 120 to 200 

MPa. From the analysis, it was found that the average 

cone angle improvement was at about 7.27 % for P20 

for higher injection pressure. However, for other 

blends, the average cone angle degraded at about 

4.82, 6.17, 10.91, and 0.91 % for P40, P60, P80, and P100, 

respectively. Comparing the average cone angle for 

all blends to the diesel average cone angle as the 

selected standard configuration (injection pressure of 

160 MPa), it was found that the P20 and P40 had 

produced wider cone angles at about 21.89 and 5.70 

%, respectively. Meanwhile, narrower cone angles 

were still produced by P60, P80, and P100, at about 

16.09, 37.18, and 44.79 % compared to diesel. A slight 

improvement on cone angle may contribute to better 

fuel combustion, although the injection pressure did 

not show drastic spray characteristics on cone angle.   

 

 
 
Figure 8 Cone angle comparison for P20, P60 and P100 at 

different injection pressure and nozzle size of 0.18 mm 

 

 

The comparison of SMD for PODB at different 

injection pressures to diesel fuel at the selected datum 

condition (red line) is shown in Figure 9. Based on the 

analysis, it was found that the droplet size of the fuel 

spray increased with increasing palm oil volume in the 

blended fuel. The smallest droplet size was produced 

by P20, followed by P40, P60, P80, and P100. At higher 

injection pressure, the SMD was reduced at about 

42.92, 44.25, 39.40, 38.81, and 38.62 % for P20, P40, P60, 

P80, and P100, respectively. Comparing the SMD at 

higher injection pressure with diesel at standard 

configuration, it was found that P20 had produced 

smaller SMD compared to diesel at about 8.55 %. For 

other blends, the SMD was still larger, which was at 

about 5.92, 67.48, 121.07 and 173.44 % when 

compared to diesel at 160 MPa. Although the SMD for 

other blends remained larger than that of diesel, 

increasing the injection pressure would enhance the 

droplet size. 
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Figure 9 SMD comparison for P20, P60 and P100 at different 

injection pressure 

 

 

3.4 Effect of Nozzle Size 

 
Since the spray characteristics and SMD were 

improved at higher injection pressure, further 

investigation on the effect of nozzle size was 

conducted at 200 MPa injection pressure. The PODB 

was tested at various nozzle sizes from 0.14 to 0.22 mm. 

Figure 10 shows the comparison of PODB tip 

penetration at 0.14 and 0.22 mm nozzle sizes and 200 

MPa injection pressure. Based on the results, it was 

found that the tip penetration for all blends increased 

with the increasing of the nozzle size. For all blends, a 

nozzle size of 0.22 mm had produced the longest tip 

penetration. The percentage of tip penetration 

increase when a 0.22 mm nozzle size is used is at about 

18.78, 31.67, 43.15, 46.40, and 45.27 % for P20, P40, P60, 

P80, and P100, respectively. From these findings, it can 

be concluded that the largest nozzle size and highest 

density fuel would produce the longest tip 

penetration, and it may improve one side of the spray 

characteristics. 

 

 

Figure 10 Comparison of P20, P60 and P100 at various nozzle 

size and injection pressure of 200 MPa 

 

 

 

Figure 11 shows the comparison of cone angles of all 

blends at 0.14 and 0.22 mm nozzle sizes for P20, P60, 

and P100. From the analysis, it was found that P20 had 

improved by 5.89 % with the usage of a larger nozzle 

size. However, for other blends, the cone angles were 

narrower at about 7.55, 16.01, 49.47, and 45.48 % for 

P40, P60, P80, and P100, respectively. The main reason 

to the smaller cone angle for PODB was most probably 

due to faster tip penetration, which would affect the 

development of spray in an axial rather than radial 

direction. Comparing the results at 200 MPa and 0.22 

mm nozzle size with diesel at standard configuration, it 

was found that only P20 had improved on the cone 

angle by 15.46 %, while for other blends, the cone was 

still smaller compared to diesel at about 28.67, 63.09, 

113.65, and 130 % for P40, P60, P80, and P100, 

respectively. 

 

 
 

Figure 11 Comparison of cone angle for P20, P60 and P100 at 

various nozzle size and injection pressure of 200 MPa 

 

 

Figure 12 shows the comparison of SMD for PODB 

at 0.22 mm nozzle sizes and an injection pressure of 200 

MPa. In general, the SMD decreases with the 

increasing nozzle size to about 46.59, 13.29, 18.81, 

17.30, and 26.43 % for P20, P40, P60, P80, and P100, 

respectively, when compared to PODB injected using 

a 0.18 mm nozzle size and 180 MPa injection pressure. 

Comparing the SMD for blends to diesel at standard 

injection configuration, it was found that P20 had 

produced a smaller SMD at about 35.51 % compared 

to diesel. However, for P40, P60, P80, and P100 the 

blends had produced larger SMD at about 19.65, 

69.41, 126.91, and 149.38 %, respectively, compared to 

diesel. Even though the SMD for other blends was still 

larger compared to diesel, the values were 

significantly reduced with the larger nozzle size and 

higher injection pressure.   
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Figure 12 Comparison of droplet size for P20, P40, P60, P80 

and P100 at 0.22 mm nozzle size and injection pressure of 200 

MPa 

 
 

Based on spray characteristics analysis at various 

PODB ratios, injection pressures, and nozzle sizes, it 

revealed various information on tip penetration, cone 

angle, and SMD. Higher injection pressure and larger 

nozzle size would improve the spray characteristics, 

especially for tip penetration and SMD. The aim of the 

study is to find the optimised configuration for PODB 

that can match with diesel at the selected standard 

configuration. It was found that the tip penetration 

and SMD will significantly improve with higher injection 

pressure and larger nozzle size.  

 
Table 7 Suggested configuration of injection pressure and 

nozzle size for each blend and percentage different 

compared to diesel. 

 

Fuel 

Injection 

pressure 

(MPa)/ 

Nozzle Size 

(mm) 

Average tip 

penetration 

/ 

% different 

Average 

cone 

angle / 

% different 

SMD / 

% 

different 

Diesel 160/ 0.18 
65.10 mm / 

- 
38.71° / - 

9.55 x 

10-9 mm 

/ - 

P20 200/ 0.22 

77.00 mm / 

15.46 % 

longer 

41.40° / 

6.50 % 

wider 

6.16 x 

10-9 mm 

/ 

35.51 % 

smaller 

P40 200/ 0.20 

91.48 mm / 

28.84 % 

longer 

30.08° / 

28.67 % 

narrower 

1.14 x 

10-8 mm 

/ 19.65 

% larger 

P60 200/ 0.20 

111.07 mm 

/ 41.38 % 

longer 

23.74° / 

63.09 % 

narrower 

1.62 x 

10-8 mm 

/ 69.41 

% larger 

P80 200/ 0.20 

117.27 mm 

/ 44.49 % 

longer 

18.12° / 

113.66 % 

narrower 

2.17 x 

10-8 mm 

/ 126.91 

% larger 

P100 200/ 0.20 

124.61 mm 

/ 47.76 % 

longer 

16.82° / 

130.10 % 

narrower 

2.38 x 

10-8 mm 

/ 149.38 

% larger 

However, in terms of cone angle, only P20 can 

supersede the cone angle of diesel at standard 

configuration. For other blends, the cone angle 

improved, but it was still lower compared to diesel. The 

suggested configuration for each blend is shown in 

Table 7.  

 

 

4.0 CONCLUSION 
 

The macroscopic and microscopic spray 

characteristics of PODB and the effect of blend ratio, 

nozzle size, and injection pressure were successfully 

studied. The model of fuel injection spray based on the 

diesel injector system has been developed using Ansys 

Fluent software, and the percentage of error was 

found to be 8.25 % and 10.64 % compared to 

experimental and simulation studies, respectively. 

A parametric study on different blend ratios, nozzle 

sizes, and injection pressures shows that higher 

injection pressures result in longer tip penetration and 

smaller SMD. Meanwhile, increasing the nozzle size 

also will produce longer tip penetration and smaller 

droplet size. The most identical blend to diesel is P20. 

As for the other blends, the spray characteristics can 

be improved by using higher injection pressure, which 

is at 200 MPa. 

The tip penetration, cone angle, and droplet size 

were significantly improved at higher injection 

pressure and larger nozzle size. The injection pressure 

and nozzle size were suggested to be increased by 

about 25 % from the standard condition for diesel. 

Altering the injection timing was also suggested for 

higher injection pressure for PODB to avoid wall 

impingement. 
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