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ABSTRACT 

The purpose of this work is to investigate the dynamic behaviour of a diesel spray. To this end, the calculation 

code used to simulate the spray is Fluent. The evolution of the jet is simulated using an averaged approach according to the 

Navier-Stokes equations. To complete the system of the averaged equations, we tested many turbulence models. The 

multiphase structure of the spray diesel is modelled within the Volume of Fluid (and its coupling with Level-Set models). 

The comparison of the penetration length of our numerical study by the experiment and by the calculation code AVBP 

gives a good agreement. Finally, we investigate the impact of several parameters (the ambient density, the diameter of the 

injection nozzle…) on the evolution of the diesel jet. The calculation results have contributed to an understanding of some 

physical phenomena governing the evolution of the diesel spray. 
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1. INTRODUCTION 

The current development of diesel engines must 

respond to the need to reduce fuel consumption and 

comply with anti-pollution standards. This objective can 

only be achieved through a thorough understanding of the 

physical phenomena involved in engine functioning 

(cavitation, turbulence, atomisation, mixing, combustion, 

etc.). The injection of fuel into the combustion chamber is 

a spray that interacts with the surrounding air. The 

entrainment of hot air largely favours the vaporisation of 

the fine droplets in the spray and therefore influences the 

initial distribution of the fuel in vapour form. Controlling 

the mixture (fuel-air) in the combustion chamber is 

therefore essential to ensure optimal combustion [1]. 

Recently, the development of innovative 

combustion technologies in engines has accelerated. These 

efforts have led to the development of new concepts such 

as diesel engines with a common rail system, where the 

functioning of this complex system is only possible with 

perfect control of fuel combustion. Understanding the 

physical mechanisms involved in the mixture is therefore a 

major challenge for engine manufacturers. 

To improve these new diesel engines, a detailed 

understanding of the physical phenomena involved is 

required, particularly during injection. Optical diagnostic 

methods are currently used to identify the flows 

encountered in these engines [2-5], but do not yet provide 

a detailed description. In particular, diesel sprays are 

optically very dense and it is still difficult to gain access to 

the zone close to the nozzle where the initial atomisation 

of the fuel takes place. This is all the more true since 

experimental spray analysis must be carried out under 

diesel engine operating conditions. Another way of 

analysing the physics and thus optimising direct injection 

diesel engines is through numerical simulation. 

It provides access to the entire flow in the 

combustion chamber. There are different approaches to 

numerical simulation: 

 

 DNS (Direct Numerical Simulation): This involves 
directly simulating the Navier-Stokes equations, 
without using any modelling. This is a very effective 
tool for understanding physical phenomena, as it 
provides very precise access to all the physical data. 
On the other hand, it requires a very high degree of 
spatial discretization and is therefore restricted, for the 
most part, to academic cases such as the studies by 
Ménard et al [6] and Salvador [7] for an injection 
velocity lower than that found in diesel engines. 
Therefore, this method cannot be used for diesel 
sprays at high injection pressure; 

 LES (Large Eddy Simulation): This involves 
simulating only the large scales of the flow. This 
method requires modelling of the smallest scales, 
which is a little tricky in the case of two-phase and 
turbulent flows. Several studies using this approach 
have been carried out [8-11]. But, they require robust 
computing resources;  

 RANS: the highly turbulent, multiphase character of 
the diesel spray makes it very tedious to study using 
the two previous approaches. Consequently, the use of 
the RANS approach is an alternative for the 
automotive industry. However, it requires a great 
effort in modelling. 

 

It is this latter approach that we have used in this 

work. The aim is, firstly, to validate the numerical models 

with results from the literature and, secondly, to study the 

effect of physical parameters (ambient density, injection 

nozzle diameter…) on the evolution of the spray. 

 

 

mailto:laidi_sou@yahoo.fr


                                  VOL. 19, NO. 5, MARCH 2024                                                                                                               ISSN 1819-6608 

ARPN Journal of Engineering and Applied Sciences 
©2006-2024 Asian Research Publishing Network (ARPN). All rights reserved. 

 
www.arpnjournals.com 

 

 
                                                                                                                                                        258 

2. EQUATIONS 
Using two Reynolds decompositions on the 

instantaneous Navier-Stokes equations for incompressible 

flow, we obtain averaged equations as follows: 

 

 Continuity equation: ∂ui∂xi = 0 

 

 Momentum equations: ∂ui∂t + ∂uiuj∂xj = − 1ρ ∂p∂xi + ∂∂xj [ϑ (∂ui∂xj + ∂uj∂xi − 23 δij ∂ul∂xl)]+  F + ∂∂xj (−ui′uj′̅̅ ̅̅ ̅) 

 ui  and ui′ are, respectively, the main and fluctuating 

velocity components in the xi direction, −ui′uj′̅̅ ̅̅ ̅ is the 

Reynolds stress tensor, p is the pressure, ϑ is the kinematic 

viscosity, ρ is the fluid density, τij is the strain rate tensor 

and F is the external forces in volume. 

The term ui′uj′̅̅ ̅̅ ̅ poses a closure problem for the 

system of averaged equations. It is composed of the 

correlation of the fluctuating velocity components 

describing the turbulence phenomenon. Thus, to close the 

system of equations, we need the turbulence models 

describing this term. 

There are several categories of models in the 

Fluent solver: 

 

 Turbulence model with one transport equation: The 
Spalart-Allmaras model [12]; 

 Two-equation turbulence models: variants of the k-ε, 
variants of the k-ω and the SAS (Scale Adaptive 
Simulation) ([13-18]); 

 Turbulence model with 3 equations: the k-kL- ω model 
[19]; 

 Turbulence model with 5 equations in 2D (7 equations 
in 3D): The RSM (Reynolds Stress Model) [20-21]. 

 

In the present work, we have used all the models 

mentioned above. After comparing and analysing the 

calculation results, we deduce the model or models that 

can best characterise the phenomenon of turbulence within 

the flow of a diesel spray. 

To describe the multiphase nature of the flow, we 

have used the VOF and its coupling with the Level-Set, 

which are implemented in the Fluent. To follow the 

interface between the phases of the flow, we need an 

indicator function for each phase: this is the volume 

fraction αk according to the following equation:  

 ∂αk∂t + U. ∇αk = 0 

 

Where U is the average velocity of the control 

volume and k is an index indicating each phase. 

If we only consider the two-phase problem 

(which is our case), we only need to calculate a fraction of 

one phase to find the two fractions of each control volume 

taking into account that the sum is equal to 1. 

 

3. GEOMETRY AND MESH 

We decided to carry out the study in two 

dimensions because we were studying round cylindrical 

jets. Therefore, we used a rectangular geometry with a 

length of 20 cm and a width of 7 cm, intended for free-

surface calculations. We drew edges inside the rectangle to 

refine the mesh in specific areas.  

We tested three types of mesh (rectangular, 

triangular, and hybrid). After these tests, we opted for the 

triangular mesh, whose sensitivity to mesh size will be 

studied in the next section. 

 

4. BOUNDARY CONDITIONS  

They play an important role in determining the 

solution to any fluid flow problem. Various fluid 

mechanics problems are governed by the same equations, 

but the boundary conditions can distinguish them. In this 

study, we have defined two conditions of boundaries: 

“pressure outlet” and “velocity inlet”. 

For the injection of a diesel jet into a free surface, 

we have defined the “pressure outlet” condition at the 

boundaries of the calculation zone (except for the jet 

outlet), where the pressure and temperature are equal to 

those of the ambient environment. 

 

Jet Exit 

In the discharge section, the parameters that can 

be defined are, on the one hand, the injection velocity 

(velocity inlet) and, on the other hand, the volume fraction 

of a liquid. In the present work, we always set the volume 

fraction of the liquid at the nozzle outlet equal to 100% (in 

line with experimental data [22]). We also define "velocity 

inlet" as the boundary condition. But sometimes we have a 

variable velocity as a function of time after injection and 

other times constant. We programmed the time-varying 

velocity profile using the 'C' language and implemented it 

in the Fluent solver. 

For the simulation of the evolution of the spray 

on a free surface, the conditions we have defined at the jet 

exit are those of Verhoeven et al [22]. The profile of the 

velocity at the jet exit (Figure-1) is the one used by 

Martinez [23] and Beau [24]. It corresponds to the flow 

velocity obtained from Verhoeven et al [22] mass flow 

measurements. To validate the model used in this work, 

we considered that the direction of the exit velocity is 

normal to the flowing section. The density of the liquid 

isρl = 780 kg. m−3, and its absolute temperature is T = 

360 K. The temperature in the chamber is T=387 K and 

the diameter of the injection nozzle is d=0.2 mm. 

Concerning the jet exit velocity, the liquid 

introduction rate measured by Verhoeven et al [22] is very 

unsteady. Nevertheless, we can distinguish three main 

periods. The first corresponds to the start of the injection 

with a rapid increase in the introduction rate. It then 

increases progressively. Finally, it decreases during the 

needle closure period. 
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To take account of these instabilities, we 

proceeded, in the same way as Beau [24], as follows: 

 

 For the first phase, we assume that the flow rate varies 
linearly until the second phase. The time taken for this 
phase determines the time slope of the first injection 
period; 

 In the second phase, we assume that the flow rate 
increases linearly, using the same slope as Beau [24] ; 

 For the third phase, we proceed in the same way as in 
the first, with a decreasing rate of introduction. 

 

 
 

Figure-1. Velocity upon time at jet exit [24] deduced from 

measured injection flow rate profile [22]. 

 

To study the effect of nozzle diameter on spray 

evolution, we based ourselves on the study by Martinez-

Martinez et al [25] for all injection and ambient conditions 

(Tables 1 and 2). We used the high-pressure injection 

value of Pi   = 130MPa for three injection nozzle 

diameters (d=0.13 mm, d=0.17 mm, and d=0.2 mm) in the 

present study. 

 

Table-1. Injection and ambient conditions. 
 

Nozzle diameter (𝛍𝐦) 𝟏𝟑𝟎 − 𝟏𝟕𝟎 − 𝟐𝟎𝟎 

Injection pressure (MPa) 130 

Ambient temperature (°C) 70 

Ambient pressure (MPa) 0.13 

 

Table-2. Injection parameters and their corresponding 

discharge coefficients. 
 

Injection 

pressure (𝐌𝐏𝐚) 

Nozzle 

diameter (𝛍𝐦) 

Discharge 

coefficient 𝐂𝐝 130 130 0.733 130 170 0.666 130 200 0.651 

 

5. RESULTS AND DISCUSSIONS 
We will present the results of our numerical 

study, using an averaged approach, of the dynamic 
behaviour of a diesel spray at high injection pressure. 
These results will concentrate on the impact of the 
geometric and physical parameters influencing the 
evolution of the diesel spray. In the first section, we will 
analyse the comparison of our calculations with literature 
results to validate the turbulence models, the numerical 
schemes, and the two-phase models used in the present 
study. The effect of ambient conditions (ambient gas 
density) on the characteristic quantities of the diesel jet 
will be discussed in the second section. In the third 
section, we will study the effect of injection pressure 

(Pi = 80 MPa, Pi = 150 MPa) on the evolution of the 
diesel spray. The effects of the parameters at the outlet of 
the injection nozzle (turbulent intensity and diameter of 
the injection nozzle) will be dealt with in the fourth and 
fifth sections. 
 

5.1 Comparing Turbulence Models 

To highlight the results of the simulations, we 
opted to compare the temporal evolution of the penetration 
length as a quantitative validation criterion. To this end, 
we plotted the simulation curves against those of the 
experiment and those of the filtered calculation. In 
addition, we visualised images of the simulation in 
comparison with previous results for a qualitative 
comparison.  
 

5.1.1 Spray morphology 

The liquid volume fraction field is an important 
parameter in the modelling of two-phase flows. In the case 
of diesel sprays, it gives us information about the 
morphology of the jet and the dispersion of the liquid in 
the gas (the fuel-air mixture). In Figure-2, we have 
visualised the liquid volume fraction field for two instants 
after injection, namely: t1 = 0.3 ms and t2 = 1 ms, for an 
injection pressure (Pi = 80MPa) and ambient density 
(ρa = 25 kg. m−3). 

In the same figure, we compare the different 
turbulence models. The simulation images of all the 
turbulence models show, on the one hand, a symmetrical 
penetration of the diesel spray into the ambient air and, on 
the other hand, a widening at the front of the spray. 

However, for calculations using the models 
(Spalart Allmaras, k-ε, k-ω, SAS), the images show faster 
penetration than those corresponding to the k-kL-ω and 
RSM models. Apart from the jet front, the jet diameter of 
the four models in the axial positions is very small 
compared to that of the k-kL-ω and RSM models. We can 
explain these differences based on the degree of absorption 
of the liquid by the ambient air, fractionating the liquid 
more and influencing the aerodynamic effects thus 
blocking the spray from penetrating the ambient 
environment [26]. 
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Figure-2. Liquid volume fraction field (jet morphology): Pi = 80 MPa , ρa = 25 kg. m−3. 

 

5.1.2 Potential core of the spray 
The liquid core or potential core is the part of the 

jet very close to the injection nozzle, which is very dense 

in the liquid. It is highlighted, firstly by the volume 

fraction of the liquid, which must be very close to 1, and 

secondly by its length through the average velocity of the 

mixture. This length is the distance where the average 

velocity curve remains constant along the axis of the jet 
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and is equal to the velocity at the outlet of the injection 

nozzle. 

The liquid core is a very important parameter to 

study numerically and to model in diesel sprays. This 

importance stems from the difficulties encountered on an 

experimental scale [27]. Optical measurement techniques 

are unable to detect it. Therefore, methods based on the 

electrical conductivity of the liquid are used and are easier 

to develop. However, the accuracy of these measurements 

is very low [28]. 

 

The average velocity of the mixture 

In Figure-3, we present the curves of the mean 

velocity of the mixture on the jet axis (y = 0) at a given 

instant during injection (t = 0.6 ms) for all the turbulence 

models mentioned above. The simulation curves 

corresponding to k-ω SST, k-ε and SAS show that from x = 0 to x ≅  15 d, the average velocity stays constant 

along the jet axis, after this distance the velocity starts to 

decrease slightly. This result shows that the potential core 

can have a length of the order of Lno = 15 d which is 

relatively large compared to literature results [26]. 

 

 
 

Figure-3. The average velocity of the mixture on y = 0 at t = 0.6 ms. 

 

For the curve according to the Spalart allmaras, 

the velocity remains constant up to x ≅  28 d. This may 

inform us that the length of the potential core is of the 

order of Lno = 28 d, which is an overestimate compared 

to the literature results. 

As far as the RSM model is concerned this length 

is of the order of Lno = 5 d. We can also see that after this 

distance the mean velocity along the axis of the jet 

decreases very slowly. 

Finally, for the k-kL-ω model, the length of the 

potential core is of the order of Lno = 10 d. After this 

distance, the average velocity along the axis of the jet 

decreases very rapidly. This can be explained by the 

increase in liquid-gas interfaces, which generate 

significant aerodynamic forces. 

 

5.1.3 Penetration length 
In Figure-4, we have plotted the penetration 

length upon time of the diesel spray of Pi =  80 MPa and ρa = 25 kg. m−3, for the turbulence models mentioned 

previously. The simulation results are compared with 

those from Verhoeven [22] and Martinez [23], to select the 

model that best characterises the behaviour of the diesel 

spray at high pressure [26]. 

 

 
 

Figure-4. Penetration length upon time: Pi =  80 Pa, ρa =  25 kg. m−3[26]. 

 

After analysing the several turbulence models 

used to complete the system of averaged equations to 

study the behaviour of the diesel spray dynamics in terms 

of the diesel spray penetration length [26], we can deduce 

that k-kL-ω is the model that may be valid in our work 

[26]. 

 

5.1.4 Sensitivity of selected models to injection pressure 

Engine manufacturers always think in terms of 

high injection pressures to ensure good atomisation of the 

fuel. In practice, they use very sophisticated injection 

systems (Common Rail). To respond numerically to this 

trend, we carried out the calculation by increasing the 

injection pressure. 

In Figure-5, we have plotted the penetration 

length upon time of the diesel jet for an injection pressure Pi = 150 MPa and an ambient density ρa = 25 kg. m−3, 

adopting the models (k-kL-ω; VOF). The simulation 

curves are compared with those of Verhoeven [22] and 

Martinez [23]. 

The simulation curve of our calculation agrees 

with the filtered calculation of Martinez [23]. The 

simulation curves agree with the experimental results of 

Verhoeven et al [22] after the instant t = 0.2 ms from the 

start of injection. The difference that existed before this 

time (the experimental tests give a large penetration 

compared with the calculation) can be explained by the 

choice of velocity profile at the outlet of the injection 

nozzle, which assumes that the discharge section is equal 

to the geometric section. 
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Figure-5. Penetration length upon time: Pi = 150MPa , ρa = 25 kg. m−3. 

 

 

5.1.5 Field of the average velocity of the mixture 
The experimental tools used to measure the mean 

velocity of the diesel spray (optical in general) are very 

tricky to implement, given the high velocity of the flow 

and the high density of the liquid near the outlet of the jet. 

They are also unable to give the full field of the average 

velocity of the spray. On the other hand, the numerical 

simulation can visualise this field throughout the 

calculation domain at each instant, particularly in the 

zones where the liquid is located.  

In Figures 6 and 7, we present the average 

velocity of the mixture in the zones where the liquid is 

located (liquid volume fraction 10−7 < αl < 1) for 

different instants after injection (t = 0.2 ms ; t = 0.4 ms ; t = 0.6 ms ; t = 0.8 ms ; t = 1 ms ; t = 1.2 ms) for two 

injection pressures (Pi = 80MPa, Pi = 150MPa) and an 

ambient density ρa = 25 kg. m−3.  

 

 t = 0.1ms 
 t = 0.4ms 

t = 1ms 
 t = 1.4ms 

 

Figure-6. Field of the average velocity of the mixture: Pi = 80MPa et ρa  = 25 kg. m−3. 
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 t = 0.1 ms t = 0.4 ms 

t = 1 ms 
 t = 1.4 ms 

 

Figure-7. Field of the average velocity of the mixture: Pi = 150MPa, ρa = 25 kg. m−3. 

 

The simulation images in the two figures show a 

symmetrical evolution of the spray and also show the 

widening as a function of time after injection. This 

symmetry is noticeable both in the shape of the spray and 

in the iso-surfaces of the average velocity field of the 

mixture. 

 

Summary 

In this paragraph, we have visualised results 

found using several turbulence and two-phase models for Pi = 80MPa. The models that give results in agreement 

with the literature are the k-kL-ω turbulence model and the 

VOF and CLSVOF two-phase models. Again using the 

same models validated at Pi = 80MPa, but changing the 

injection pressure to Pi = 150MPa, we find that the 

simulation calculation results are still in agreement with 

the literature. 

 

5.2 Sensitivity to Numerical Schemes and Coupling  

      Algorithms  

This paragraph is intended, on the one hand, to 

study the sensitivity of the space-time numerical schemes 

to the parameters to be solved and, on the other hand, to 

study the sensitivity to the coupling algorithms (pressure-

velocity). This study is carried out using the same models 

validated in the previous paragraph. 

 

5.2.1 Spatial discretisation schemes 

 

5.2.1.1 Volume fraction schemes 

In Figure-8, we present the liquid volume fraction 

field for different spatial discretization schemes of the 

liquid volume fraction advection equation. The simulation 

image that gives the correct shape of the diesel jet is the 

one corresponding to the "First order upwing" spatial 

discretisation scheme for the liquid volume fraction.

 

 

 
(a): Quick-Second order upwing 

 
(b): Compressive (c): Modified HRIC 

 
(d): First order upwing 

 

 

Figure-8. Liquid volume fraction field: sensitivity to volume fraction schemes. 

 

5.2.1.2 Pressure schemes 

The liquid volume fraction field is highlighted in 

Figure-9 for two pressure discretisation schemes: the 

"PRESTO" scheme and the "Body Force Weighted" 

scheme. The simulation images corresponding to the 

"PRESTO" show jet asymmetry after t = 0.2 ms. On the 

other hand, when we use the "Body Force Weighted" 

scheme, the jet retains its symmetry. We can say that this 

last scheme is valid, as its name indicates when we have 

important volume forces (aerodynamic effects in the 

context of this study). 
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(a) : PRESTO (b): Body Force Weighted 

 

Figure-9. Liquid volume fraction field for two pressure schemes. 

 

5.2.1.3 Schemes of the momentum equation 

Figure-10 shows the liquid volume fraction field 

for five spatial discretization schemes of the momentum 

equation. We can see from the simulation images 

corresponding to the "Power Low", "Quick" and Third 

Order MUSCL schemes that the jet is non-symmetrical 

and blocked. On the other hand, when we use the "First 

order upwing" and "Second order upwing" schemes (used 

for the calculation validated by the literature), we can see 

the correct morphology of the jet. However, the "First 

order upwing" scheme underestimates penetration. We can 

deduce from the results of these four schemes that the 

"Second order upwing" scheme is the most suitable for the 

present numerical calculation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

t = 0.2ms t = 0.2ms 

t = 0.4ms t = 0.4ms 

t = 0.6ms t = 0.6ms 
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(a): First order 

upwing 

  

(b): Power low 

  

(c): Quick et  

Third order 

MUSCL 

  

(d): Second 

order upwing 

  
 t = 0.2ms t = 0.5ms 

 

Figure-10. Liquid volume fraction field for different momentum equation schemes. 

 

5.2.1.4 Schemes of the scalar equations of the  

            turbulence model 

In Figure-11, we visualise the liquid volume 

fraction field for the scalar turbulence quantities: 

turbulence kinetic energy and laminar kinetic energy using 

two discretisation schemes while fixing the "First order 

upwing" scheme for the specific dissipation rate. We 

tested the "Second order upwing" scheme for this last 

parameter, but the calculation diverges. We can deduce 

that the scheme that should be used for these turbulence 

quantities is the "First order upwing" scheme. 

 

 

 

 

 

 

 
(a): First order upwing 

 
(b): Second order upwing 

 

Figure-11. Liquid volume fraction field for two spatial 

schemes of laminar and turbulent kinetic  

energy equations. 

 

5.2.2 Temporal discretisation schemes 

The liquid volume fraction field is shown in 

Figure-12 for three time-discretization schemes. The 

schemes which give a symmetrical and conical 

morphology are: "First order implicit" and "Bounded 

second order implicit". However, the "First order upwing" 

scheme underestimates spray penetration (we used the 

"Bounded second order implicit" scheme to validate the 

calculation results in the first paragraph). 
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(a) : Bounded second order implicit (b) : First order implicit (c) : Second order implicite 

 

Figure-12. Liquid volume fraction field: sensitivities to time-discretisation schemes. 

 

5.2.3 Coupling algorithms 

Figure-13 represents the liquid volume fraction 

field for different pressure-velocity coupling algorithms 

((a): the "SIMPLE" algorithm, (b): the "Coupled" 

algorithm, (c): the "PISO" algorithm). The image taken at 

t = 0.6 ms for the SIMPLE algorithm shows a slight jet 

asymmetry. On the other hand, the images corresponding 

to the other two algorithms show a correct Spray 

morphology. However, the Coupled algorithm 

overestimates spray penetration. 

 

(a) 

SIMPLE 

 

  

(b) 

Coupled 

  

(c) 

PISO 

  
 

Figure-13. Volume fraction field for three coupling algorithms. 

 

We can therefore deduce that the pressure-

velocity coupling algorithm best suited to calculating 

diesel sprays is the PISO algorithm. 

 

 

Summary 

In this paragraph, we have presented results 

found using several space-time numerical schemes and 

several coupling algorithms between hydrodynamic 

variables. The simulation calculations were carried out 

t = 0.4ms 

t = 0.2ms t = 0.4ms t = 0.6ms 

t = 0.2ms t = 0.4ms t = 0.6ms 

t = 0.6ms t = 0.2ms 

t = 0.3ms t = 0.3ms t = 0.3ms 

t = 0.5ms t = 0.5ms t = 0.5ms 
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using the same models and conditions as previously 

validated. The following table summarises the numerical 

schemes and the coupling algorithm used for the 

simulation calculation results obtained throughout the 

work carried out as part of this study: 

 

Table-3. Numerical schemes and coupling algorithms are valid for our work. 
 

Coupling algorithm PISO 

Numerical spatial schemes 

Pressure Body Force Weighted 

Velocity Second order upwing 

Liquid volume fraction First order upwing 

Energy Second order upwing 

Turbulent kinetic energy First order upwing 

Laminar kinetic energy First order upwing 

Specific dissipation rate First order upwing 

Numerical time scheme Bounded second-order implicit 

 

5.3 Mesh Sensitivity 

After specifying the models and schemes to be 

used in this work, we studied the sensitivity of the 

calculation to the mesh size by adopting two parameters: 

the volume fraction of the liquid, which highlighted the 

total morphology of the jet, and the penetration length. 

Figure-14 shows the liquid volume fraction field 

for three meshes: coarse (231987 cells), reference (371979 

cells), and refined (449668 cells). The reference mesh is 

the mesh we used to validate the computational results 

with the literature in the first paragraph. The simulation 

images show a similarity (a conical shape and symmetry 

concerning the jet axis) between the results of the different 

meshes, except for a slight asymmetry of the jet in the 

third image concerning the refined mesh. 

 

   

   

   

(a): Coarse mesh (231987 cells) (b): Reference mesh (371979 cells) (c): Refined mesh(449668 cells) 
 

Figure-14. Evolution of the Spray over time for three mesh sizes. 

t = 0.08ms t = 0.1ms t = 0.1ms 

t = 0.2ms t = 0.2ms t = 0.2ms 

t = 0.3ms t = 0.3ms t = 0.3ms 
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Using the simulation images, we measured the jet 

penetration length for the three meshes (Figure-15). The 

curves show that the calculations for the refined case and 

the reference case coincide. However, for a coarse mesh, 

we can see a faster penetration from t = 0.2 ms after 

injection. 

 

 
 

Figure-15. Penetration length upon time: Mesh sensitivity. 

 

We can deduce from the above results that we 

need to stay within a given interval of mesh sizes used in 

this study to have a correct jet morphology and penetration 

that follows that of the experiment. The reference mesh 

used in this study falls within this interval. 

 

5.4 The Effect of Ambient Density and Injection 

Pressure on Spray Evolution 
 

5.4.1 Impact on penetration length 

In Figure-16, we have plotted the penetration 

length upon time of the diesel jet for two injection 

pressures and three ambient densities (ρa = 15 kg. m−3, ρa = 25 kg. m−3et ρa = 35 kg. m−3). We can see that as 

the density of the ambient air increases, the penetration 

length of the spray decreases. Also, the two curves 

corresponding to ρa =  25 kg. m−3 and ρa =  35 kg. m−3 

indicate that there are two phases in the evolution of the 

penetration length. In the first (from t =  0 ms to t =0.25 ms), penetration is rapid, and after t = 0.25 ms, it 

becomes slow. However, for the two curves corresponding 

to ρa = 15 kg. m−3, the two phases of the penetration are 

not noticeable for the two injection pressures.  

This reduction in penetration length can be 

explained by the increase in aerodynamic effects, which 

are proportional to the density of the ambient air. 

However, for these forces to have a significant effect, 

giving rise to the second phase of penetration mentioned 

above, the density of the gaseous environment must 

exceed a certain limit. 

 

 
 

Figure-16. Penetration length upon time. 

 

If we fix the ambient density, the simulation 

curves for the injection pressure Pi = 150MPa show rapid 

penetration compared to that using the pressurePi =80MPa. We can therefore deduce that the pressure at the 

jet outlet has a major effect on spray penetration. The 

injection pressure is linked to the inertia it gives to the 

liquid to penetrate the gas. 

 

5.4.2 Effect on cone angle 

The spray cone angle tells us about the processes 

that occur in spraying, such as atomisation and air 

entrainment. Indeed, it is closely linked to the overall 

behaviour of the spray, and in particular its penetration. 

However, it should be noted that the cone angle is 

calculated taking into account only the spray cone formed 

between the spray outlet and 60% of the penetration 

length [28].  

In Figure-17, we have plotted the curves of the 

cone angle upon time for two injection pressures. We 

performed the calculation for each case by changing the 

density of the ambient air (ρa = 15 kg. m−3, ρa =25 kg. m−3, ρa =  35 kg. m−3). The simulation curves 

show that, as the ambient air density increases, the cone 

angle increases for both injection pressures. We can also 

see that the injection pressure has little impact on the cone 

angle. This last result is in agreement with that of Naber 

[30]. 

 

 
 

Figure-17. Cone angle upon time. 
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For each cone angle curve in Figure-17, we can 

notice that the cone angle is unstable at the beginning of 

the injection. But, after a certain time (t ≅ 0.45 ms), the 

cone angle retains a constant value. This last result has 

been demonstrated by many research studies. In our case, 

and for the injection conditions mentioned above, the 

approximate correlation for the steady-state cone angle is: 

(see Figures 18 and 19) tan (θ) ≅ 0.7 (ρgρl )0.43
 

 

It is similar to many correlations, the closest of 

which is that of Reitz [31]: tan (θ) ≅ 0.7 (ρgρl )0.5
 

 

 
 

Figure-18. Evolution of the cone angle: Pi = 800 bar. 

 

 
 

Figure-19. Cone angle evolution: Pi = 1500 bar. 

 

5.5 The Effect of Turbulence Intensity at the Jet Exit 

The intensity of turbulence at the injection nozzle 

outlet can be affected by the development of turbulence 

inside the diesel injector hole: the liquid flows at high 

velocity in high-pressure injectors (Common Rail), which 

means that the Reynolds number is very high. This results 

in a turbulent flow regime; the ratio (orifice length/nozzle 

diameter) and the cavitation phenomenon that occurs 

inside the injector hole, can give rise to fully developed 

turbulence at the outlet of the liquid injection nozzle. So, 

we can say that the turbulent intensity and discharge 

coefficient we took into account when establishing the 

velocity profile at the jet outlet to make the simulation 

calculations can include the physical phenomena that 

develop inside the diesel injector. For this reason, we are 

going to study the effect of turbulent intensity at the jet 

outlet on the characteristic variables of the diesel spray. 

 

5.5.1 Penetration length 

In Figure-20, we plot the evolution of penetration 

length as a function of time after injection for two values 

of turbulence intensity at the jet outlet (I = 1% and I = 10%). The curves show the effect of turbulence 

intensity at the jet exit on penetration length. When the 

time after injection is between t = 0 ms and t = 0.3 ms, 

the two curves coincide. After t = 0.3 ms, we can see a 

decrease in penetration length for I = 10% compared with I = 1%. We can therefore deduce that as intensity 

increases, penetration decreases. This last result can be 

explained by the fact that turbulence influences the 

deformation of the liquid-air interface, which increases 

aerodynamic effects, further blocking jet penetration. 

 

 
 

Figure-20. Penetration length upon time:   Pi = 150MPa , ρa = 25 kg. m−3. 

 

5.5.2 Cone angle 

In Figure-21, we plot the evolution of the spray 

cone angle upon time after injection for four values of 

turbulence intensity at the jet outlet (I = 1%, I = 10%, I =  20% and I =  30%). The simulation curves show a 

negligible effect of turbulence intensity on the spray cone 

angle. 
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Figure-21. Spray cone angle upon time: Pi = 150MPa,  ρa = 25 kg. m−3. 

 

5.6 The Effect of Nozzle Diameter on Diesel Spray  

      Evolution 

Generally, technological developments in diesel 

injection always tend to increase injection pressure and 

reduce the diameter of the injector nozzle to ensure good 

atomization of the diesel spray in the combustion chamber. 

As a result, we have made calculations for diameters 

below d = 0.2 mm for high-pressure sprays. 

In this section, we present the results of our 

calculations on the effect of injection diameter on diesel 

spray evolution. For the injection conditions, we referred 

to the article by Martinez-Martinez et al [25], choosing the 

outlet velocity corresponding to the injection pressure 

(Pi = 130MPa) for three injection nozzle diameters 

(d = 0.13 mm, d = 0.17 mm, d = 0.2mm). 

In this respect, we'll look at the effect of this geometric 

parameter on penetration length and potential core. 

 

5.6.1 Penetration length 
In Figure-22, we have plotted penetration length 

upon time for three diameters (d = 0,13 mm, d =0,17 mm, d = 0,2 mm) for Pi = 1300 bar. The 

simulation curves show that as we reduce the diameter of 

the injection nozzle, penetration also decreases. 

 

 
 

Figure-22. Penetration length upon time; Pi = 130MPa. 

 

5.6.2 Potential core 
In this section, we'll study the impact of injection 

nozzle diameter on the potential core, using the two 

physical quantities that define this zone of the jet: the 

liquid volume fraction and the average velocity along the 

jet axis. 

 

Liquid volume fraction 

In Figure-23, we have plotted the liquid volume 

fraction along the spray axis for three injection nozzle 

diameters (d1 = 0.13 mm, d2 = 0.17 mm, d3 = 0.2 mm). 

The injection pressure used is Pi = 130MPa. 

Assuming that if the volume fraction of the liquid αl > 0,9 in a given zone, we can say that this zone is very 

dense. From this, we can deduce from the three graphs that 

as the diameter of the injection nozzle increases, the length 

of the dense zone becomes greater. This is one reason why 

engine manufacturers always try to minimise this diameter 

to avoid the liquid reaching the wall, leading to incomplete 

combustion. 

 

 
 

Figure-23. Liquid volume fraction at t = 0.6 ms in y = 0. 

 

The average velocity of the mixture 
In Figure-24, we have plotted the curve 

representing the axial evolution, on the jet axis, of the 

average velocity of the mixture for the three diameters. 

We can see from the curves corresponding to 

diameters d = 0.17 mm and d = 0.2 mm that the average 

velocity remains constant up to x = 10 d. This means that 

the length of the potential core is proportional to the 

injection nozzle diameters by a coefficient of ten. For 

diameter d = 0.13 mm, the zone where the average 

velocity remains constant does not exist. 
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Figure-24. Evolution of the average velocity along the jet 

axis at t = 0.6 ms. 

 

5.6.3 Cone angle 

Figure-25 shows the effect of injection diameter 

on the cone angle for an injection pressure Pi = 130MPa. 

The simulation curves show a negligible effect of the 

injection diameter on the spray cone angle. 

 

 
 

Figure-25. Cone angle upon time: Pi = 130MPa ; ρa = 25 kg. m−3. 
 

6. CONCLUSIONS 
In the present article, we studied the dynamic 

behavior of a diesel jet at high injection pressure using 

two-dimensional geometry by numerical simulation. The 

results obtained have contributed to a better understanding 

of the phenomena governing the evolution of diesel sprays 

in the combustion chamber of a diesel engine. The 

simulation was carried out using averaged Navier-Stokes 

equations. The non-linear component in the averaged 

momentum equations (Reynolds stress term) was 

modelled using several turbulence models. Two-phase 

modelling was carried out using a VOF method and its 

coupling with the Level-Set method. The turbulence 

model that gave us results according to the literature was 

the k-kL-ω model. However, the RSM model remains 

close. For the VOF and CLSVOF two-phase models, we 

found no difference between these two approaches. 

A sensitivity study to mesh size, space-time 

numerical schemes, and coupling algorithms between 

pressure and velocity was carried out in this work. 

The computational results of simulations made 

using the k-kL-ω and VOF models enabled us to draw the 

following conclusions: 

 

 Increasing injection pressure leads to faster 
penetration; 

 For a given injection pressure, increasing ambient gas 
density delays spray penetration; 

 The impact of ambient pressure becomes very 
important when the injection time exceeds a certain 
limit, which we call: transition time, from an 
evolution close to √t to an evolution close to t; 

 Spray cone angle increases with ambient density and 
nozzle diameter; 

 Spray cone angle does not depend on injection 
pressure or injection nozzle diameter; 

 The volume fraction field near the injection nozzle 
and the average velocity along the jet axis indicate the 
existence of a potential core; 

  The length of the potential core depends on the 
injection diameter. It increases as the diameter of the 
injection nozzle increases; 

 The impact of turbulence intensity at the injection 
nozzle outlet on the cone angle is negligible. On the 
other hand, it does have a slight effect on penetration 
length: as intensity increases, penetration length 
decreases. 
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