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Numerical Analysis on the Effect 
of Aspect Ratio in a Diesel Injector Using 
Diesel and Diesel–Ethanol Blend 

Aiswarya A. Satheesan, Nikhil Prasad, Nevin Nelson, S. Niranjan, 
and Anjan R. Nair 

Abstract In direct injection diesel engines, spray optimization greatly enhances 
efficiency and low emissions combustion. The flow inside an injector impacts the 
process of spray, combustion, and exhaust. The nozzle shape and spray determine the 
atomization and the outlet engine emissions. The results were obtained for spray char-
acteristics of diesel and ethanol–diesel blend in a nozzle injector with aspect ratios 
varying from 1, 1.2, 1.4, and 1.6. Parameters, such as spray penetration length, spray 
angle, and spray characteristics including the Sauter mean diameter (SMD), the De 
Brouckere diameter, the mean diameter and volume, and particle velocity, were inves-
tigated and revealed a strong dependence on modifications in the aspect ratio of the 
nozzle orifice. Simulation of atomization model was carried out and compared using 
discrete phase model (DPM) using computational fluid dynamics (CFD) modeling. 
Additionally, validation from the experiment finding results is also provided. Ellip-
tical C was observed to have a minimum SMD up to 28.04% and a minimum De 
Brouckere diameter up to 28.63%. Ethanol–diesel blend showed best spray param-
eters when considering the macroscopic spray properties and the drop size distri-
bution. Moreover, under non-evaporative conditions, the tested fuel ethanol–diesel 
Blend exhibited better spray characteristics and better cavitation phenomenon of 
12.13% at higher aspect ratios than at lower ones. In addition, elliptical nozzle spray 
had a higher spray cone angle than circular nozzle spray. 
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1 Introduction 

Diesel engines are frequently utilized as the primary power source for the road 
transportation sector. Because of their outstanding thermal efficiency, operational 
dependability, and durability, the greater understanding of effective fuel use and auto-
motive pollution reduction, which led to enhanced modern direct injection engines 
like strengthening the spray breakup and generating smaller droplets, has greatly 
assisted research on the fluid behavior of fuel injection nozzles [1]. 

Atomization and fuel spray properties in direct injection engines are critical, 
particularly for gas emissions and combustion efficiency; these factors significantly 
impact the spray’s shape, atomization quality, engine performance, and emission 
characteristics. So, the jet breakup inside the chamber also influences the subsequent 
processes of ignition, combustion, and pollutant generation. Therefore, it’s crucial to 
consider the fuel injector nozzle effect and the features of the spraying technique with 
different fuel types. The injector nozzle is a crucial component in a diesel engine. 
The elliptical orifice diesel nozzle has the potential to improve spray quality and 
air– fuel mixing [2]. 

Liquid sprays have been the subject of extensive research due to their actual 
relevance and the challenges in predicting their behavior from basic principle. While 
some sprays are composed of several short pulses and may never reach a steady state, 
others are continuous and stable, at least after a brief start-up transient. 

Alcohols, like other oxygenated fuels, enhance complete combustion and reduce 
particulate matter (PM), carbon monoxides (CO), and unburned hydrocarbon emis-
sions (HC) [3]. Reduced SMD and larger spray angle was achieved by implementing 
elliptical-shaped sprays. Further study can be done on the impact of alternative fuels 
on the spray, performance, and regarding diesel engines’ emission characteristics, 
which affect engines parameters performance and emissions 

2 Literature Review and Objective 

Many researchers and pioneers worldwide have investigated diesel fuel injectors 
and their influence. The discrete phase model (DPM) was developed to investigate 
the cavitation process in fuel injectors and the macro spray characteristics of three 
different types of nozzle spray shapes using diesel and hybrid biofuel blends at various 
injection pressures and backpressures. The findings of the nozzle simulation study 
showed that the nozzle spray morphology had a greater influence on the cavitation 
area than the fuel type [4]. 

A numerical analysis on the fuel spray behavior and fluctuation of spray character-
istics in internal combustion engines were investigated, and it was observed that the 
fuel spray is impacted by the cavitation phenomena in diesel engines. More bubbles 
are generated when cavitation is severe [5].
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An experimental study on the biodiesel spray liquid-phase behaviors of elliptical 
and circular nozzles revealed that under steady-state conditions, the elliptical nozzle 
spray liquid-phase penetration is smaller than the circular one [6]. The elliptic orifice 
diesel nozzle can improve spray and air–fuel mixing quality, significantly impacting 
diesel engine combustion and emissions. In all view planes, the elliptical spray had a 
wider spread of particles than the circular spray, and the circular orifice’s spray cone 
angle was consistently smaller than that of the elliptical orifice [7]. 

The spray liquid breakdown behavior of a diesel nozzle with non-circular cross-
sectional geometries was investigated experimentally under evaporative conditions, 
and the impact of varied injection pressures and bulk temperatures. In both geometric 
cases, the study demonstrated that injection pressure has less impact on the pene-
tration of liquid spray. Increasing the ambient temperature, on the other hand, can 
reduce spray- liquid penetration [8]. Since ethanol is an oxidized fuel, the oxygen 
level of the mix fuel rises, increasing the thermal efficiency of the engine’s brakes. 
The thermal efficiency increased by 3.63% while the cylinder pressure increased by 
0.46%, when the ethanol content reached 20% at full load [9]. 

An efficient approach for determining the true extent of vapor zones and turbulence 
intensity was devised using a comprehensive model for cavitating flow in conjunction 
with the CFD-ACE+ code was introduced. Cavitation flow involves phase transition. 
And was shown to be sensitive to the development and motion of vapor bubbles, 
turbulent oscillations in pressure, velocity, and the quantity of non- condensable 
gases dissolved or consumed in the operating liquid [10]. 

Numerical simulation of spray was modeled to study the effect of cavitation on 
the quality and characteristics of spray, such as penetration length and Sauter mean 
diameter of the nozzle’s specific geometry. Smaller droplets produced by this spray 
will improve and help accelerate combustion, enhance power and torque, and reduce 
outlet emissions [11]. 

The CFD-programmed software CONVERGE incorporates a recently developed 
primary breakdown model (KH-ACT) for detailed engine simulations. KH-ACT 
takes into account the effects of the turbulence and cavitation created inside the 
injector nozzle. The conical and hydroground nozzle inner nozzle flow impacts of 
orifice geometry were analyzed. The analysis indicated that the reduced vaporization 
rate and air–fuel mixing could cause an earlier ignition of the nozzle downstream 
[12]. 

The aspect ratio of the elliptical nozzle improved the aerodynamic and penetra-
tion characteristics differently, but the optimum/maximum allowable aspect ratio for 
better aerodynamic characteristics was not reported. Only two types of fuel (diesel/ 
biofuel) were used to characterize the fuel injector nozzle effect. The mechanism of 
the liquid fuel breaking up, atomization, and size of the droplet is unclear near the 
nozzle’s exit. 

The objective of the study is to investigate the effect of fuel spray characteristics 
and variation for two types of fuels: Diesel and the combination of diesel and ethyl 
alcohol (ethanol), using numerical simulation approaches and to numerically evaluate 
the relationship between the Sauter mean diameter (SMD), De Brouckere diameter
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D [3, 4], mean diameter, and volume spray parameters relation to the aspect ratio of 
the nozzle and the cavitation phenomenon. 

3 Physical Model and Domain 

The project aims to understand the spray characteristics inside a diesel injector nozzle 
with preliminary assumptions of unsteady 3D incompressible turbulent nozzle flow 
and obeying no-slip conditions (fluid velocity at the walls equals the wall velocity) 
were run with a commercial fluid dynamic code. 

The discrete phase model (DPM) was introduced to study the fuel injector process 
and the macro spray characteristic of the injector. The Ansys Design modeler does 
the 3D model of the elliptical diesel injector. The commercial CFD software Ansys 
Fluent 2020 R1 performs the numerical simulation. The Standard k − ε is chosen as 
the viscous model. 

3.1 Governing Equations 

The problem considered is the spray simulation of a diesel injector by varying the 
aspect ratios of the orifice and also different fuels are used. The analysis is going to be 
carried out on an incompressible fluid with unsteady-state condition. The governing 
equations for the 3D continuous flow of the fuel in the injector consist of the conti-
nuity, momentum, and energy equation that solved the Navier–Stokes equations. The 
equations are listed as follows: 

Continuity equation 

Dρ 
Dt 

+ ρ∇ · �υ = 0 (1)  

Conservation of momentum 

ρ 
D 

Dt 
υ = −∇  p + μ∇2 υ + ρg (2) 

3.2 Geometry Details 

The injector is coupled with an injection chamber (exit diameter = 5.1925 mm) with 
a nozzle hole to length diameter ratio of 0.280. The 3D design was drawn using 
ANSYS Workbench 20.0 using design modeler.
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Diesel fluid with a density of 730 kg/m3 and a viscosity of 0.0024 kg/ms is chosen 
as the fuel. For diesel–ethanol blend, the viscosity is 0.0018 kg/ms, and the density 
is 807 kg/m3. The droplet surface tension is 0.026 and 0.0306 N/m for diesel and 
diesel–ethanol blends, respectively. A singular spray jet is modeled, and the injection 
takes from the center of the inlet. 

3.3 Grid Independence Study 

The optimum number of grids must be specified in order to execute additional 
research and calculations. The calculated results ought to be grid-independent and 
never fluctuate as the number of cells changes (Table 1). 

For four distinct body sizes, grid independence research was conducted. From 0.2 
and 0.02 body sizing onwards, the penetration length is steady. In the case of SMD, 
there was no significant modification when the number of nodes and elements were 
increased beyond 336,176 and 323,752, respectively. As a result, body sizes of 0.1 
and 0.01 were found to be appropriate (Figs. 1 and 2). 

Table 1 Variation of penetration length and SMD with number of cells 

Body sizing 
→ 1 (mm) 

Body sizing 
→ 2 (mm) 

No. of nodes No. of 
elements 

Penetration 
length (m) 

Overall SMD 
(m) 

0.4 0.025 11,506 10,200 0.008035 2.253e − 7 
0.2 0.02 61,321 57,780 0.00814 2.7743e − 7 
0.1 0.01 336,176 323,752 0.00814 2.971e − 7 
0.05 0.005 2,065,186 2,021,865 0.00814 3.00e − 7 

Fig. 1 Variation of SMD 
with no. of elements
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Fig. 2 Mesh generation 

From the above figures, it is clear that SMD does not vary when number of 
elements is increased from 323,752. Therefore, further calculations and analysis, 
body sizing of 0.1 and 0.01 is taken for the geometry. 

3.4 Mesh Generation 

Mesh is generated using inbuilt meshing program inside ANSYS 20.0 in three dimen-
sions. Cells are used to create a structured mesh that becomes finer as it moves from 
the cylinder’s edge to its core. The mesh quality was found to be 0.95 which implies 
the model is having a good mesh quality. 

The number of nodes and elements in the geometry after meshing are 336,176 
and 323,752, respectively, chosen after obtaining results from the grid independence 
study plotted for penetration length versus the number of elements. 

3.5 Boundary Condition 

In the present geometry, the left side is defined as the inlet and the right side is defined 
as the outlet. The remaining surface is defined as the wall (Tables 2 and 3). 

Table 2 Boundary 
conditions Inlet pressure 100 MPa 

Outlet pressure 1 MPa  

Wall No slip condition 

Working fluid i Diesel 
ii Combination of diesel and ethanol
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Table 3 Settings for spray 
simulation Parameter Quality 

Injection pressure 100 MPa 

Outlet pressure 1 MPa  

Mass flow rate 3e − 6 kg/s 
Injection duration 1 s  

Injection type Surface 

4 Results and Discussion 

See Graphs 1, 2, 3 and 4. 

Graph 1 Comparison of 
SMD for aspect ratio 1 

Graph 2 Comparison of 
SMD for aspect ratio 1.2
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Graph 3 Comparison of 
SMD for aspect ratio 1.4 

Graph 4 Comparison of 
SMD for aspect ratio 1.6 

4.1 Effect on Sauter Mean Diameter (SMD) 

The smaller the SMD, the evaporation and atomization process accelerates also it 
resulting in uniform size distribution and increased number of droplets. Therefore, it 
is of benefit to mixture formation. Due to diesel’s higher density, stronger intermolec-
ular forces produce poor atomization. The difference in fuel viscosity and density is 
mostly responsible for the SMD variations between the fuels. Diesel exhibits larger 
droplet sizes than ethanol–diesel mixtures. Ethanol–diesel blends always have lower 
SMD and De Brouckere values than pure diesel. They get smaller as the quantity of 
diesel increases, while it randomly varies for variation in aspect ratio (Table 4).
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Table 4 Spray angle 
obtained for various aspect 
ratios 

Aspect ratio Spray angle 

1 12.32° 

1.2 14.05° 

1.4 15.33° 

1.6 16.30° 

Fig. 3 Spray angle for 
aspect ratio 1 

Fig. 4 Spray angle for 
aspect ratio 1.2 

4.2 Effect on Spray Angle 

An important parameter of fuel sprays is the angle of the spray’s edge as it leaves 
the injector hole. For single sprays, the two lines tangent to the spray’s margins, 
extending from the injection point, constitute the spray angle. Lower aspect ratios 
result in smaller spray angles, while higher aspect ratios, in comparison, result in 
wider spray angles. The particle residence time is tracked to determine the spray 
angle for the cases of a Circle, Elliptical A, B, And C, respectively is shown in 
Figs. 2, 3, 4 and 5. The circle’s spray angle was found to be 12.32°, whereas the 
maximum spray angle was found to be 16.30° for Elliptical C.

4.3 Effect of Cavitation 

Figures 6, 7, 8 and 9 show the variation of pressure contour for circular injector 
nozzle and Elliptical A, B, and C cases, respectively. The pressure contour shows
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Fig. 5 Spray angle for 
aspect ratio 1.4

that in all cases of aspect ratio, cavitation bubbles first have been generated, close 
to the nozzle inlet’s sharp corners. Then, the flow of spray transfers these bubbles 
downward in both an axial and radial direction. The main cause of this phenomena 
is the development of low-pressure zones. Because of the abrupt change in flow 
direction near sharp corners, even negative values were detected (Fig. 10). 

Fig. 6 Spray angle for 
aspect ratio 1.6 

Fig. 7 Pressure contour for aspect ratio 1
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Fig. 8 Pressure contour for aspect ratio 1.2 

Fig. 9 Pressure contour for aspect ratio 1.4

The formation of cavitation inside the nozzle can be enhanced by an increase in 
aspect ratio. The cavitation intensity was more intensive for Elliptical B and C as 
compared to other nozzle shapes for the same injection time
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Fig. 10 Pressure contour for aspect ratio 1.6

5 Conclusions 

The present study aims to investigate the spray characteristics and fuel droplet atom-
ization performance of the test fuels—diesel and biodiesel, by varying the aspect 
ratios. The spray characteristics of diesel and ethanol–diesel blend were determined 
numerically. 

The investigation led to the following conclusions: 

i. The variation of aspect ratio in diesel injector is recognized to play an important 
role in spray characteristics and formation. 

ii. Increasing the aspect ratio enhances turbulence, which causes cavitation in the 
chamber, hence, increasing the spray angle. 

iii. Due to lower viscosity and density, a lower SMD reduction of up to 28.04% 
for the ethanol–diesel blend is observed. De Brouckere Diameter also showed 
a similar trend, declining by 28.63%. 

iv. The spray cone angle was observed to be influenced by the aspect ratio of the 
elliptical nozzle shape with minimum spray angle in circle being 12.32° and 
maximum spray angle of 16.30° in case of Elliptical C. 

v. Fuel with higher viscosity, i.e., diesel, does not easily breakup in to smaller 
droplets. The smaller size of the droplet can improve spray atomization and 
air–fuel mixing, which is possible in the case of ethanol–diesel blend.
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Numerical Simulation of Gasification 
and Plasma Pyrolysis Process for Lignite 
Coal: A Comparative Study 

Sidhartha Sondh, Darshit S. Upadhyay, Sanjay Patel, and Rajesh N. Patel 

Abstract Computational fluid dynamics is a special tool for modeling thermochem-
ical processes for process parameter optimization. The present study is a comparative 
study of the gasification and plasma pyrolysis process of lignite coal. Three temper-
atures (1023, 1123, 1223 K) are selected for the gasification process and a similar 
is done for the plasma pyrolysis (1223, 1323, 1423 K). The obtained results are 
compared with the experiment literature available. The RMSE approach was used 
for checking the accuracy of the model. The accuracy was observed to be appreciable. 
The composition of the syngas is compared for all the cases. It was observed that 
the concentration of hydrogen and carbon monoxide is found to be rich in plasma 
pyrolysis with an average of 43.4% as compared to 13.5% for gasification. The 
plasma pyrolysis process offered better results compared to the gasification process 
as it offered a higher H2/CO ratio and (H2 + CO) factor. The CO/CO2 ratio also 
increased for the plasma pyrolysis process with an increase in temperature. 

Keywords Computational fluid dynamics · Gasification · Pyrolysis · Plasma 
pyrolysis · Thermochemical process 

1 Introduction 

Thermochemical processes such as gasification and pyrolysis are commonly known 
for energy generation and waste treatment. Due to the huge initial investment and 
complex process, it is not feasible to carry out experimental research on all the ther-
mochemical processes together. In such an instance, computational fluid dynamics 
(CFD) emerges as a potential tool for researchers [1]. It also helps in optimizing
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the designs and other parameters for such processes without involving any major 
investments [2]. The CFD can also be a useful tool in making the thermochemical 
processes environment-friendly. Different cases can be simulated to find an effec-
tive method for limiting pollutant emissions and improving the overall health of the 
environment. 

Gasification is a widely used thermochemical process for energy production using 
biomass, coal, municipal solid waste (MSW), etc. [3]. The pyrolysis process also 
offers the option of energy generation from the above-mentioned feedstocks [4]. The 
absence of oxygen in the pyrolysis process makes it a more suitable option due to 
the limited formation of harmful products such as carbon dioxide (CO2), SOx, NOx, 
PAHs. ANSYS Fluent V17.0 software is used to carry out the simulations of the 
lignite coal gasification and pyrolysis at different temperatures. The experimental 
results of lignite gasifications are compared with the CFD simulation results for both 
processes. 

The syngas or producer gas obtained from these thermochemical processes is a 
mixed gas comprising carbon monoxide (CO), hydrogen (H2), CO2, methane (CH4), 
etc. This mixed gas is very valuable and can be used as fuel for cooking and energy 
generation in the form of electricity and heat [5]. 

2 Literature Review and Objective 

Thermochemical processes are the new way of handling wastes and obtaining useful 
products. The processes are effective options for meeting the energy demand of the 
country. Gasification is a globally used technology for generating energy from coal 
[6]. In the gasification process, the coal is partially oxidized due to the controlled 
presence of air, oxygen, steam, and CO2. Since the presence of oxygen is limited, 
the process is always under the control and can be solved for different equivalent 
ratios [7]. The other process considered in this research is pyrolysis. The process 
of pyrolysis is a new technology that is used for purposes such as waste treatment, 
energy generation, and oil generation. Pyrolysis is majorly subdivided into three 
major categories: slow pyrolysis, fast pyrolysis, and flash pyrolysis [8]. However, 
another category of thermal plasma pyrolysis is also practiced in the industry [9]. 
The type of feedstock and reactor also influences the thermochemical process. The 
feedstock can be any waste, biomass, coal, plastics, etc. There are many types of 
reactors which include downdraft, updraft, fluidized bed, etc. [10]. In this research, 
fixed bed downdraft reactor is chosen for the analysis. 

CFD is an effective tool that is widely used to predict the results of thermochemical 
processes. Much research focusing on thermochemical processes has been effectively 
modeled using the CFD tools for optimizing various process parameters. The present 
research is focused on modeling the two thermochemical processes—gasification and 
plasma pyrolysis of lignite coal. The processes are modeled for three temperatures 
1023, 1123, and 1223 K for gasification whereas that of plasma pyrolysis is 1223, 
1323, and 1423 K. The operating temperature range of plasma pyrolysis is higher than
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the gasification due to the high working temperature. The mixed gas obtained from 
both processes is analyzed and compared with the experimental data available. The 
study highlights the importance of CFD in the optimization of process parameters. 

3 Materials and Methods 

The fuel for the gasification process was chosen to be lignite coal. The ultimate 
and proximate analysis for the coal was also conducted and it is mentioned in 
Table 1. The experiments on lignite coal gasification were carried out at three different 
temperatures 1023, 1123, and 1223 K. 

The composition of the syngas was analyzed using the gas chromatography facility 
for the syngas sample for each temperature run. These sample data are used to 
compare and verify the simulation results obtained from the ANSYS Fluent software. 

3.1 CFD Modeling 

The geometry of the reactor was modeled using the Parametric CREO 3.0 software. 
The next step in the simulation process is to create the mesh in the reactors. The 
meshing is done on the model to make a problem more approachable and conve-
nient using the finite element techniques. It breaks the whole domain into small 
elements and solves the problem at each node. The meshing of the reactor is done 
in ANSYS ICEM software. For the surface mesh, all triangular elements are used 
(23,256 elements) Fig. 1, whereas, for the volume generation, hexahedral elements 
are used (179,821 elements) Fig. 2. The orthogonal quality of all the elements was 
duly found to be acceptable (> 0.3).

Table 1 Lignite coal: 
ultimate and proximate 
analysis data 

Ultimate analysisa Proximate analysisb 

Carbon 37.80 Volatile matter 42.07 

Hydrogen 4.93 Ash 15.11 

Nitrogen 1.625 Moisture 11.79 

Sulphur 0.141 Fixed carbonc 31.03 

Oxygen 40.394 

a Test method IS 1350 (Part II)-1970 
b Test method IS 1350 (Part I)-1984 
c By difference 


