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Abstract 
In diesel engines the fuel injection system produces the spray, which directly affects the combus-
tion of the fuel, which in turn determines the production of pollutants. In spite of this, the details 
of this causal relationship remain unclear. There is, however, a lack of quantitative experimental 
data for determining and visualizing the cavitation inside real size diesel injector nozzle. The 
present work is devoted to analyze analytically the flow pattern inside the nozzle of a diesel en-
gine working with hydrocarbon fuel (Diesel fuel) and to predict the relationship between the var-
ious flow parameters and occurrence of fuel cavitation in such nozzles. Basic physical parameters 
affecting this phenomenon are identified and quantified while the effect of nozzle geometry, fuel 
injection pressure, and engine cylinder temperature upon the flow pattern and occurrence of ca-
vitation in such nozzles are assessed. In this study, a commercial computational fluid dynamics 
(CFD) package (FLUENT-T grid) is used while a computational grid is generated for the real geo-
metry of diesel injector nozzle using (ANSYS). The suitability of the generated computational grid 
to give reliable results is examined using the suitable procedures and techniques. The results in-
dicated that, cavitation modeling has reached a stage of maturity and it can usefully identify many 
of the cavitation structures present in internal nozzle flows and their dependence on nozzle de-
sign and flow conditions. The qualitative distributions and comparison of cavitation inception and 
distribution as well as flow parameters at the nozzle exit are also studied. 
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1. Introduction 
In order to understand the whole breakup process of the diesel spray, it is necessary to determine the phenomena 
which lead to primary and secondary breakup caused by interaction with the dense gas phase and collision with 
other liquid elements. The knowledge of the spray forming phenomena is essential to allow predictions of the 
spray behavior and the mixture preparation during the injection process. To reach future emission standards, the 
fuel distribution in the combustion chamber and the droplet size distribution must be controlled appropriately. 
The different approaches to enhance the diesel fuel spray and reduce the diesel engine emissions while engine 
performance and soot formation remain almost constant have been used [1]-[3]. In which, the use of fuel addi-
tive to enhance the fuel mixture where a low boiling point fuel such as CO2, gas fuel, or gasoline is mixed with a 
higher boiling point fuel such as diesel gas oil. So, the mixed fuel is particularly has the potential to achieve fast 
evaporation and relatively lean and homogeneous mixtures. The combination of the multiple fuel injection 
strategy with the Exhaust Gas Recirculation technique is studied as well [4]. The results from this study have 
demonstrated that the use of the multiple fuel injection strategy can effectively reduce the NOx emission from 
diesel engines. 

CFD calculations of the internal nozzle flow have shown that cavitation strings are formed in the areas where 
large structures [5] [6]. The injection rate is directly affected by the cavitation and the injection nozzle will be 
choked when this phenomenon appears. Thus, the measurement of the momentum flux can be combined with 
the injection rate to derive the velocity at the nozzle exit [7] [8]. Also, the influence of nozzle geometry on the 
internal flow characteristics of a diesel injector has been carried out with a simulation analysis [9]-[12]. The si-
mulation studies confirm the tendency observed in experiments, that the nozzle geometry significantly influ-
ences the inner flow characteristics. In particular, by increasing the hydro-grinding radius of the orifice inlet, the 
mean outlet velocity near the wall and the discharge coefficient are increased, while the zone of cavitating flow 
is reduced. The experimental studies of the effect of various injection parameters on macro characteristics of di-
esel sprays generated by a state of the art common-rail injection system have been reported [13]-[15]. Cavitation 
on the macroscopic spray behavior point of view leads to an increment of the spray cone angle. On the other 
hand, from the point of view of the internal flow, the nozzle outlet velocity increases when cavitation appears. 
This phenomenon can be explained by the reduction in the cross section of the liquid phase in the outlet section 
of the nozzle hole. 

The study of the nozzle internal flow and the cavitation in real size injectors is challenging, both theoretically 
and experimentally. In order to obtain the atomization characteristics due to the cavitation in the nozzle flow, the 
visualization of the cavitation need to perform by the flow visualization system, and atomization characteristics 
such as Sauter mean diameter (SMD) and droplet mean velocity is determined by using a particle analyzer sys-
tem [16]-[18]. The pictures of the light sheet experiment taken with a CCD camera were compared with photo-
graphs taken by the shadowgraph technique under the same injection conditions [19]-[21]. As a result the cavi-
tation films could be observed as thin objects which do not extend into the internal flow of the injection nozzle. 
In addition, even under higher injection pressures, no accumulation or foam of bubbles could be noticed in the 
spray nozzle hole. This leads to the conclusion that there is an intact liquid core, leaving the nozzle even at high 
injection pressures. The flow in nozzles of different sizes is also studied by using transparent nozzles of the 
same size as in diesel injectors and refractive index matching. In a steady flow rig, short exposure video pictures 
of the flow were made at injection pressure up to 100 MPa [22]. 

Since the associated two-phase flow field is turbulent and characterized by large pressure gradients with in-
jection duration in order of a few milliseconds. Also, the fluid flows through the holes at very high speeds, on 
the order of hundred meters per second. Furthermore, the nozzles are typically about a millimeter long and a 
fraction of a millimeter in diameter. For that aim, herein we report a computational investigation of the internal 
nozzle flow and cavitation characteristics in a real size diesel injector.  

The present study is based on previous authors’ work in which we introduced a new criteria to identify many 
of the characteristics and strength of cavitation on nozzle performance, and so significantly contribute to nozzle 
design and optimization of cavitation production inside diesel injector nozzle [23]. The cavitation simulation 
model implemented, as well as the suitable turbulence model used in this study is extensively studied and ex-
amined quantitavely in authors’ work [24]. That makes the present study results unrevealing the properties of the 
internal flow patterns of a diesel injection nozzle and in particular the cavitation inside the injector nozzle with 
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high accuracy and dependency. 
This study highlights the importance of cavitation modeling to identify many of the vapor structures that exist 

in internal nozzle flows, and can ascertain their dependence on both nozzle design and flow conditions. The 
present numerical study aims at furthering of the cavitation processes that occurs inside diesel injector, espe-
cially under high-pressure injection conditions. We believe that in the parametric present study it is the first time 
to introduce the originality of cavitation phenomenon inside the real size diesel injector nozzle effectively under 
realistic injection pressures and nozzle geometry as well as the system temperature. 

2. Mathematics and Numerical Method Descriptions 
The basic equations and physical models applied to a single phase flow, which are the continuity and momen-
tum equations, and the turbulence modeling equations. The equation for conservation of mass or continuity equ-
ation is the general form of the mass conservation equation and is valid for incompressible as well as compressi-
ble flows which described by Equation (1) 

( ) mS
t
ρ ρ∂
+∇ ⋅ =

∂
υ                                         (1) 

The source term in the right hand side mS  is the mass added to the continuous phase from the dispersed 
second phase (e.g., due to vaporization of liquid droplets) and any user-defined sources. The applied equation 
for conservation of momentum in an inertial (non-accelerating) reference frame is described by Equation (2): 

( ) ( ) ( )p
t
ρ ρ τ ρ∂

+∇ ⋅ = −∇ +∇ ⋅ + +
∂

g Fυ υυ                               (2) 

where p  is the static pressure, τ  is the stress tensor, and ρg  and F  are the gravitational body force and 
external body forces (e.g., that arise from interaction with the dispersed phase), respectively. The stress tensor 
τ  is given by Equation (3): 

( )T 2
3

Iτ µ  = ∇ +∇ − ∇ ⋅  
υ υ υ                               (3) 

where µ  is the molecular viscosity, I  is the unit tensor. The turbulence model used in the simulation was the 
renormalization-group (RNG) k-ε model which was derived using a rigorous statistical technique. The RNG k-ε 
model is similar in form to the standard k-ε, but includes some refinements which made it more suitable to be 
employed in our simulation analysis. Those modifications enhance the accuracy of swirling and rapidly strained 
flows [25]. 

The cavitation model implemented is based on the so-called “full cavitation model”, developed by Singhal et 
al. [23] [25] [26]. In the standard two-phase cavitation model, the model assumes that the system under investi-
gation involves only two phases (a liquid and its vapor), and a certain fraction of separately modeled noncon-
densable gases whose mass fraction is known in advance. Also, both bubble formation (evaporation) and col-
lapse (condensation) are taken into account in the model. Standard governing equations in the mixture model 
and the mixture turbulence model describe the flow and account for the effects of turbulence. A vapor transport 
equation governs the vapor mass fraction, f , given by Equation (4): 

( ) ( ) ( )f f f Re Rc
t υρ ρ γ∂

+∇ = ∇ ∇ + −
∂

υ                               (4) 

where, ρ  is the mixture density, υυ  is the velocity vector of the vapor phase, γ  is the effective exchange co- 
efficient, and Re  and Rc  are the vapor generation and condensation rate terms (or phase change rates). The 
rate expressions are derived from the Rayleigh-Plesset equations and limiting bubble size considerations. 

Significant effect of turbulence on cavitating flows has been reported [23]. Cavitation model accounts for the 
turbulence induced pressure fluctuations by simply raising the phase-change threshold pressure from satp  is 
calculated by Equation (5): 

( )1
2 sat turbp p pυ = +                                             (5) 
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where, 0.39turbp kρ= . Where, k is the local turbulence kinetic energy. 
After accounting for the effects of turbulence-induced pressure fluctuations and non-condensable gases, the 

final phase rate expressions are written as Equations (6) and (7):  

( ) ( )2
1

3l g
l

p pkRe Ce f fυ υ

υ
ρ ρ

σ ρ
−

= − −                               (6) 

When, p pυ<   

( )2
3l

l

p pkRe Ce fυ υ

υ
ρ ρ

σ ρ
−

=                                        (7) 

When, p pυ> , Where, Re is the vapor generation rate term (or phase change rate) derived from the Ray-
leigh-Plesset equations and limiting bubble size considerations (interface surface area per unit volume of vapor), 
the suffixes 


 and υ  denote the liquid and vapor phases, f  is the vapor mass fraction, Ce  is an empirical 

constant its default value is equal 0.02, and σ is the surface tension coefficient of the liquid [25]. 
A computational grid for the real geometry of diesel injector nozzle is generated and the reliability of the ob-

tained mesh is assessed. The mesh adjacent to the wall should be fine enough to resolve the boundary layer flow 
as well as meeting the necessary turbulence modeling requirements. The quality of generated mesh has been in-
vestigated. As can be seen from Figure 1 when the mesh file is just ensued there is approximately more than 70% 
of generated cells have skewness between 0.3 and 0.6. That higher skewness leads to lower mesh quality and 
unreliable CFD simulation results. The right curve of Figure 1 is for the mesh file after the mesh improvement 
process. From that figure, the quality of the mesh after employing the enhancement process is increased by in-
creasing the number of generated cells. Increasing the cell number from 1000 to 4000 cells means more smooth- 
ness for the mesh. Also, we can see that the skewness jumped approximately up to 95% and approximately all 
cells have skewness less than 0.3, and there are no cells have skewness more than 0.5. However, the lower 
skewness for the mesh leads to higher mesh quality and reliable CFD simulation results. 

In this study, stationary diesel, liquid in the nozzle and a sharp liquid interface with the air at the nozzle exit 
are assumed as initial conditions. Both inflow and outflow boundaries are modeled as constant-pressure surfaces. 
The boundary conditions for the inlets are taken to be a specified volume flow rate normal to the boundary and 
enforce the total pressure. The velocities are constrained to be perpendicular to the inlet boundary at each side. 
On the wall, the boundary conditions are the impermeability and no-slip for the velocity, and the normal gra-
dient of pressure is assumed to be zero. The turbulent effect on the nozzle flow has been employed by the utility 
of RNG k-ε turbulent model with near-wall treatment with a standard wall function into the nozzle simulation 
CFD model. The injection rate is assumed to be a steady stream of diesel, liquid with constant flow rate. 

As a first step in identifying the relevant physics of injector nozzle flow and cavitation inception, we set out to 
identify what physical processes were important in studying the internal flow of the nozzle and then conclude 
the different prevailing factors affect the nozzle cavitating flow. We have investigated the influence of three pa-
rameters that can affect the internal flow of the nozzle. The examined parameters consist of the following cate-
gories: nozzle geometric parameters which represented by nozzle L/D, nozzle and engine operating parameters 
represented by the fuel injection pressure as well as the system temperature. Table 1 summarizes the values of 
accomplished factors from each category. 

3. Results and Discussions 
3.1. Effect of Nozzle L/D on Flow and Cavitation Inception inside the Injector Nozzle  
Under different effective and proper design of diesel injector nozzle, the establishment of the physical laws go-
verning the fluid flow in such nozzle is required in order to understand the behavior of injector nozzle internal 
flow and fuel cavitation. In fixed operating conditions of injection and cylinder pressure as well as fixed system 
temperature, we implemented the CFD simulation approach at different length to diameter ratios L/D. The mod-
el boundary conditions adjusted with 60 MPa injection pressure, 2 MPa cylinder pressure, and system tempera-
ture of 300 K at three values of L/D ratio 2.5, 5, and 7.5. 

Figure 2 revealed that when the nozzle L/D is relatively small the liquid is surrounded by a vapor annulus or 
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Figure 1. Histograms of the generated computational mesh for the real geometry diesel injector nozzle before and after en-
hancement process.                                                                                          
 
Table 1. The values of examining parameters used in the CFD simulation.                                             

Factor Range of Value 

Nozzle L/D 2.5, 5, 7.5 

Injection Pressure (Pinj) 150, 120, 90, 60, 30, 10 MPa 

System Temperature 300, 350, 400, 450, 500 K 

 
incomplete reattached flow. By increasing the L/D values the liquid phase moving in the nozzle decay with 
higher volume fractions to form a higher vapor phase concentration near the nozzle walls and the flow at the 
nozzle exit is more uniform and accelerated. The increasing rate of forming vapor in the larger L/D values is a 
result of a higher pressure energy loss which occurs due to the high friction losses near the nozzle walls. If the 
vapor penetration of the three nozzles is compared, it can be observed that the vapor penetration for the long 
nozzle is the highest between the three examined nozzles. 

It is evident from Figure 3 that with the increase of the injector nozzle L/D ratio the turbulence level in-
creased because the longer passage, resulting in increasing the flow velocities at the nozzle exit section. The ve-
locity magnitude distribution collapses to a single distribution manner, independent of L/D, except a few varia-
tions in the velocity profile between the L/D 7.5 and the other two values. The boundary layer thicknesses close 
to the wall have a small disagreement, at the three L/D values. This discrepancy leads to a difference in the near 
wall pressure gradient region. The near wall boundary layer pattern is not identical through the different L/D 
values, thus the larger L/D denote the flow more time to expand and change its flow structure according to the 
degree of turbulence and density variation along the nozzle length. 

3.2. Effect of Injection Pressure on Flow and Cavitation Inception inside the Injector  
Nozzle 

The influence of injection pressure on cavitation and flow field features inside the injector nozzle under diesel 
engine conditions was simulated. To perform this task the CFD model is adjusted at a constant cylinder pressure 
of 2 Mpa with the injection pressure values 10 MPa, 30 MPa, 60 MPa, 90 MPa, and 120 MPa at L/D ratio of 5. 
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Figure 2. Distribution of vapor and liquid concentration inside the nozzle at different L/D and fixed injection 
pressure 60 MPa, 300 K system temperature.                                                        

 

 
Figure 3. Distribution of pressure and velocity inside the nozzle at different L/D and fixed injection pressure 
60 MPa, 300 K system temperature.                                                                   

 
The fuel inlet temperature is assumed to be constant at the atmospheric temperature of 300 K. Figure 4 and 
Figure 5 elucidates the effect of injection pressure variation on the vapor and liquid concentration, the total 
pressure distribution (Pa), and velocity magnitude (m/s) inside the injector nozzle at a fixed value of L/D. 

The basic features of the cavitating nozzle flow are shown in Figure 4, and Figure 5, which represent the 
vapor and liquid concentration inside the injector nozzle at different injection pressures. From Figure 5 it is dis-
tinct that for a continuous spray condition (steady state), when the injection pressure is 10 MPa, there were some  
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Figure 4. Distribution of pressure (Pa) and velocity magnitude (m/s) inside the nozzle at different injection 
pressures and fixed L/D = 5.                                                                               

 
emerged vapor distributions at the vena contracta region. The vapor concentration decreased when the flow 
leaves the wall, but the vapor formed is recondensed with the flow moving down away from the Vienna con-
tracta region and finally the fully developed diesel flow at the nozzle exit was nearly 100% liquid phase. This 
effect was studied and traced through the results obtained when the injection pressure increased to reach 30 Mpa 
except that the formed vapor phase continued to exist and increase in its concentration near the walls, but before 
the nozzle exit suddenly the vapor recondensed and formed a liquid phase with 100% concentration at the nozzle 
exit section. By increasing the injection pressure more than 30 MPa, exactly at 60 MPa, the continuous liquid 
phase decayed in its volume fraction near the wall inside the nozzle due to cavitation and the formed vapor 
presents with a higher percentage until the nozzle exit region. The vapor phase existence at the nozzle exit is 
more pronounced at higher injection pressures of 90 and 120 MPa. It is clearly shown that cavitation occurs at 
the entrance region of the injection hole and a larger cavitation region is established on the right-hand side of 
Figure 5 where the pressure drop from flow deflection and the acceleration are most pronounced. Vapor content 
is reduced again towards the orifice exit section due to the pressure recovery which may cause condensation. 
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Figure 5. Distribution of vapor and liquid concentration inside the nozzle at different injection pressures and 
fixed L/D = 5.                                                                                      

3.3. Thermodynamics/Thermal Effect of Cavitation in Diesel Injector Nozzle 
It is widely known that, cavitation in a liquid occurs by lowering the system pressure at an approximately con-
stant temperature. Also, at a constant ambient pressure an increase in the fluid temperature results in a greater 
aptitude to cavitate. Increasing the temperature of the system will increase the vapor pressure so dramatically 
because the fraction of the molecules in the fluid sample with sufficient energy to escape as the shackles of their 
intermolecular forces depends on the energy distribution. Surface tension is caused by the effects of intermole-
cular forces at the interface. In general, surface tension decreases with temperature as cohesive forces decrease 
with an increase of molecular thermal activity. So, the effects of temperature on cavitation and flow field cha-
racteristics are hereby investigated in this part of our study by applying our simulation CFD model at different 
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values of system temperatures, assuming isothermal flow with no heat transfer, with fixed injection pressure 10 
MPa and L/D value 5. As evident from Figure 6, the diesel, liquid surface tension decreases in first order linear 
manner, while vapor pressure increasing in a second order polynomial manner as the temperature increased. 

Figure 7 revealed that the higher temperature of the system at constant pressure, where the vaporization is an 
endothermic process, the liquid phase vaporization takes place on a large and steady downstream part of the 
flow. The expecting behavior of cavitating flow inside the injector nozzle with the increase of the degree of 
thermodynamic effect on the cavity length, particularly increases of its size and existence over the exit section of 
the nozzle. While, the degree of thermodynamic effect is defined as the reduction of vapor pressure due to the 
temperature increasing in the system. In addition, the cavitation inside the injector nozzle is more developed and 
a higher vapor phase concentration appears at the nozzle exit uniformly. Further analytical study of the thermo-
dynamic effect of cavitation is prevailed in Figure 8. It is obviously concluded that the higher degree of ther-
modynamics in the system leads to a higher flow velocity at the nozzle exit. The zone of strongest depression 
where cavitation is going to start is located in the separation zone at the upper side of the nozzle. In which, for 
the small degree of thermodynamics, where the system temperature 300 K, the cavitation zone at the centerline 
of the nozzle reaches to the highest flow velocity 150 m/s. When cavitation zones decayed, at further length 
from the nozzle entrance, the flow velocity reduced again at nozzle exit to reach 140 m/s. While, near the nozzle 
inner boundaries there were larger amount of velocity gradient as a result of friction loss, refers to the portion of 
pressure lost by fluid while moving through the nozzle. Increase in the system temperature results in a fully de-
veloped high velocity fuel flow when exit from the nozzle. Furthermore, there is no pronounced increase in the 
exit flow velocity as well as the cavitation susceptibility when the system temperature increasing more than 450 
K. 

4. Conclusions 
In this study, the inception of fuel cavitation inside the diesel injector nozzle for a steady state continuous spray 
condition has been evaluated. The commercial CFD simulation tools (FLUENT-T grid) with the basic governing 
equations of mass balance, momentum balance, and energy conservation have been utilized. A turbulent, multi 
phase cavitation CFD simulation approach assigned to investigate the cavitation phenomenon at different oper-
ating and geometrical conditions of the diesel injector nozzle. The structured mesh, which can be recognized 
with all interior nodes of the mesh having an equal number of adjacent elements, is not suitable for relatively 
complex geometries. While the unstructured mesh, which relaxes the node valence requirement and allowing 
 

 
Figure 6. Diesel surface tension and vapor pressure as a function of tempera-
ture [27].                                                            
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Figure 7. Distribution of vapor and liquid concentration inside the nozzle at different system temperatures, 
nozzle L/D = 5 and injection pressure 10 MPa.                                                         

 
any number of elements to meet at a single node, provides higher quality, adaptively, and parallelizability for 
complex geometries such as the diesel injector nozzle. The lower skewness for the mesh leads to higher mesh 
quality and reliable CFD simulation results. Furthermore, after we converted the generated structured mesh to an 
unstructured mesh the skewness of the mesh cells reduced approximately 80%. The calculations confirm that by 
increasing the injection pressure the cavitation occurs at the entrance region of the injector’s hole. Also, a larger 
cavitation region is established on the nozzle upper side where the pressure drop from flow deflection and the 
acceleration are most pronounced. 

When the nozzle L/D is relatively small the liquid is surrounded by a vapor annulus or incomplete reattached 
flow. While, by increasing the L/D values the liquid phase moving in the nozzle decay with higher volume frac-
tions to form a higher vapor phase concentration near the nozzle walls and the flow at the nozzle exit is more 
uniform and accelerated. With the increase of the injector nozzle L/D ratio the velocity magnitude distribution  
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Figure 8. Pressure (Pa) and velocity magnitude (m/second) distributions inside the nozzle at different system 
temperatures, nozzle L/D = 5 and injection pressure 10 MPa.                                              

 
collapses to a single distribution manner, independent of L/D, except a few variations in the velocity profile be-
tween the L/D equal 7.5 and the other tested values. It is obviously concluded that the higher degree of thermo-
dynamics in the system leads to a higher flow velocity at the nozzle exit. Also, increasing the system tempera-
ture results in a fully developed high velocity of the fuel flow when exit from the nozzle. However, there is no 
pronounced increase in the exit flow velocity as well as the cavitation susceptibility when the system tempera-
ture increasing more than 450 K. In addition, vapor formations within the nozzle exhibits oscillatory behavior 
depending on the nozzle geometry, fuel injection pressure, and system temperature. 
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