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ABSTRACT 

In this paper, the behaviour of the internal nozzle flow and cavitation phenomenon are 

numerically studied for non-conventional Diesel convergent-divergent nozzles in order 

to assess their potential in terms of flow characteristics. The used nozzles differs each 

other in the convergence-divergence level of the orifices but all of them keep the same 

diameter at the middle of the nozzle orifice. The calculations have been performed using 

a code previously validated and able to simulate cavitation phenomenon using a 

homogeneous equilibrium model for the biphasic fluid and using a RANS method (RNG 

k-ε) as a turbulence modelling approach. For the simulations, one injection pressure and 

different discharge pressures were used in order to assess the characteristics of nozzles 

for different Reynolds conditions involving cavitating and non-cavitating conditions. 

The comparison of the nozzles has been carried out in terms of flow characteristics such 

as mass flow, momentum flux, effective velocity and other important dimensionless 



parameters which help to describe the behaviour of the inner flow: discharge coefficient 

(Cd), area coefficient (Ca) and velocity coefficient (Cv). Additionally, the nozzles have 

been compared in terms of cavitation inception conditions and cavitation development. 

The study has shown a high influence on the results of the level of convergence-

divergence used in the nozzles. In these nozzles, the vapour originated from cavitation 

phenomenon came from the throttle of the orifice at the midpoint, and it extended along 

the whole wall of the divergent nozzle part towards the outlet of the orifice. The main 

results of the investigation have shown how the different geometries modify the cavitation 

conditions as well as the discharge coefficient and effective velocity. In particular, the 

nozzle with highest convergence-divergence level showed cavitation for all the tested 

conditions while for the nozzle with lowest convergence-divergence level, the cavitation 

phenomenon could be avoided for high discharge pressures. Additionally, the nozzle with 

highest convergence-divergence level showed the lowest discharge coefficient values but 

similar effective injection velocity than the nozzle with lowest level of convergence-

divergence level despite of its higher orifice outlet area. 

  

Keywords:  cavitation; OpenFOAM; internal flow; diesel injector; nozzle; CFD; 
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1. INTRODUCTION 

One of the most important processes controlling the combustion efficiency and pollutants 

formation in Diesel engines is the air-fuel mixing process. The air-fuel mixing process 

depends on the spray characteristics, which in turn depends on the geometry of the nozzle 

and the injection pressure conditions, among other factors [1–5]. With the aim of studying 



new ways for improving the fuel-air mixing process and, therefore, the combustion 

process, non-conventional nozzle orifices have been studied in the last years [6–11]. 

These studies were conducted in order to study the potential of elliptical nozzles, and in 

general terms, it was demonstrated that air entrainment of jets injected into gas is 

considerably increased if elliptic orifices are used instead of circular orifices [6, 7]. This 

was mainly due to the higher injection velocity related to higher cavitation intensity in 

this type of nozzles in addition to the wider spray cone angle [8]. Nevertheless, the 

investigations in the literature aiming at quantifying the potential of convergent-divergent 

orifices in diesel nozzles are scarce. These geometries have been used for other 

applications different from diesel nozzles such as acoustic [12] and refrigeration systems 

[13].  

The aim of this study is to increase the available information on this type of non-

conventional orifices in diesel injector nozzles in order to assess their potential to enhance 

the air-mixing process by means of Computational Fluid Dynamics (CFD). The 

assessment has been performed by evaluating the inner flow characteristics for three 

different nozzles with different convergence-divergence level. Mass flow, momentum 

flux, effective velocity and other important non-dimensional parameters, which help to 

describe the behaviour of the inner flow, have been used for the nozzles assessment. 

Additionally, the nozzles have been also compared in terms of cavitation inception 

conditions and development, which in turn is strongly related to the flow characteristics. 

The calculations have been performed using a code previously validated and able to 

simulate cavitation phenomenon using a Homogeneous Equilibrium Model (HEM) for 

the biphasic fluid and a RANS (Reynolds Averaged Navier-Stokes) method (RNG k-ε) 



as a turbulence modelling approach. For the simulations, as a first step, one injection 

pressure and different discharge pressures simulating the pressure in the combustion 

chamber were used in order to compare the nozzles for different Reynolds conditions and 

in cavitating and non-cavitating conditions. 

The present paper has been divided into 5 sections. First of all, a complete description of 

the computational fluid dynamics approach used to study the inner nozzle flow and 

cavitation phenomenon is performed in Section 2. The geometry characteristics of the 

three convergent-divergent nozzles and the boundary conditions used for the simulations 

are explained in Section 3. The main results are presented and analysed in Section 4, and 

finally, the main conclusions are drawn in Section 5. 

 

2. DESCRIPTION OF THE CFD APPROACH 

2.1 Cavitation modelling 

The code used in the present study for modelling cavitating flows is implemented in 

OpenFOAM ® [14]. This model, validated in calibrated orifices, one-hole and multi-hole 

nozzles by Salvador et al. in its laminar [2, 5, 15, 16], turbulent RANS [4] and LES [17] 

versions belongs to the homogeneous equilibrium models (HEM).  

In HEM models, the assumptions of local kinematic equilibrium (local velocity is the 

same for both phases) and local thermodynamic equilibrium (temperature, pressure and 

free Gibbs enthalpy equality between phases) are made. This kind of model cannot 

reproduce strong thermodynamic or kinetic non-equilibrium effects, but it is often used 

for numerical simulations due to its simplicity and numerical stability. These two 

advantages are the main reasons why this model was chosen by the authors. 



The homogeneous equilibrium model calculates the growth of cavitation using a 

barotropic equation of state (Eq. (1)), which relates pressure and density through the 

compressibility of the mixture, being the compressibility the inverse of the speed of sound 

squared (Eq. (2)):  

(
𝜕𝜌(𝑡, 𝑃(�⃗�, 𝑡))

𝜕𝑃
)

𝑡

= 𝛹 
(1) 

𝛹 =
1

𝑐2
 

(2) 

The amount of vapour in the fluid is calculated with the void fraction γ (Eq. (3)), which 

is 0 in a flow without cavitation and 1 for fully cavitating flows. 

𝛾 = max (min (
𝜌 − 𝜌l,sat

𝜌v,sat − 𝜌l,sat
, 1) , 0) 

(3) 

The compressibility of the mixture (Eq. (4)) is calculated from Ψv and Ψl (vapour and 

liquid compressibility, respectively) using a linear model.  

Despite the fact that there are models which describe the compressibility of the mixture 

in a more physical way like the models of Chung [18] or Stewart [19], a linear model was 

chosen based on the better convergence of the results and their stability [2]: 

𝛹 = 𝛾𝛹v + (1 − 𝛾)𝛹l (4) 

In the case where there is only vapour or liquid, the following linear equation of state 

can be derived from Eq. (1) if the speed of sound is considered constant: 



𝜌v = 𝛹v𝑃 (5) 

𝜌l = 𝜌l
0 + 𝛹l𝑃 (6) 

The linear model has also been used to calculate the density and the viscosity of the 

mixture: 

𝜌 = (1 − 𝛾)𝜌l
0 + 𝛹𝑃 (7) 

µ = 𝛾µv + (1 − 𝛾)µl (8) 

The iteration process to numerically solve the fluid behaviour starts with the continuity 

equation (Eq. (9)) to get a provisional density: 

𝜕𝜌

𝜕𝑡
+ 𝛻 ∙ (𝜌�⃗⃗�) = 0 

 (9) 

According to previous studies performed by the authors [2], the divergence term 𝛻(𝜌�⃗⃗�) is 

discretized in the space by using a Gauss upwind scheme to improve the stability, whereas 

an implicit discretisation in time is used for the density in the divergence term. With 

respect to the partial derivative over time, an Euler scheme is used for time discretisation. 

When the provisional density is computed, preliminary values for γ and Ψ are determined 

using Eqs. (3) and (4).  

The next step is the calculation of a predictor for the velocity from the momentum 

conservation equation (Eq. (10)). The same procedure as before is followed: an Euler 

scheme for the partial derivatives over time and a Gauss upwind scheme for the 

divergence terms. 



𝜕(𝜌�⃗⃗�)

𝜕𝑡
+ 𝛻 ∙ (𝜌�⃗⃗� ∙ �⃗⃗�) = −𝛻𝑃 + 𝛻 ∙ (𝜇(𝛻�⃗⃗� + 𝛻�⃗⃗�T)) 

(10) 

Then the continuity equation (Eq. (9)) is modified with the equation of state and the 

following equation is solved by an iterative PISO algorithm: 

𝜕(𝛹𝑃)

𝜕𝑡
− (𝜌l

0 + (𝛹l − 𝛹v)𝑃vap)
𝜕

𝜕𝑡
− 𝑃vap

𝜕𝛹

𝜕𝑡
+ 𝛻 ∙ (𝜌�⃗⃗�) = 0  (11) 

When the continuity convergence has been reached, the variables ρ, γ and Ψ are updated 

using Eqs. (7), (4) and (3), and the PISO algorithm is started again until convergence. 

The convergence criteria used for all the simulations run in the present study is based on 

the local continuity and the residuals of all the flow variables. The local continuity is 

defined as the sum of all the cell flux imbalances and remains always below 1e-8 for all 

the conditions simulated, which is a clear sign of the good convergence and stability of 

the code. The second criterion used to check the convergence of every simulation is the 

evolution of the residuals for each flow variable. The residuals are evaluated by 

substituting the current solution into the equation and taking the magnitude of the 

difference between the left and right hand sides and are forced to remain constant below 

1e-8. 

2.2 Turbulence modelling 

The turbulence is modelled using a RANS (Reynolds-averaged Navier-Stokes) method. 

In the RANS methods the solution is split into an averaged solution and a fluctuating 

solution. In particular the RNG k-ε model [20] used for the present work uses the 

Boussinesq assumption to model the turbulent viscosity: 



−𝑢′
𝑖𝑢′

𝑗 = 𝜇𝑡 (
𝜕𝑢𝑖

𝜕𝑥𝑗
+

𝜕𝑢𝑗

𝜕𝑥𝑖
−

2

3

𝜕𝑢𝑘

𝜕𝑥𝑘
𝛿𝑖𝑗) −

2

3
𝑘𝜌𝛿𝑖𝑗   

(12)  

   

The eddy or turbulent viscosity is defined as: 

𝜇𝑡 = 𝜌𝐶𝜇

𝑘2

휀
 

(13)  

Where k and ε are the turbulent kinetic energy and the turbulence energy dissipation, 

respectively. Two transport equations are associated with these variables: 

𝜕𝜌𝑘

𝜕𝑡
+ 𝛻 ∙ (𝜌𝑘�⃗⃗�) = 𝛻 ∙ [(𝜇 + 𝜇𝑡𝛼𝑘)𝛻𝑘] + 𝑝𝑘 − 𝜌휀                     (14) 

 

𝜕𝜌𝜀

𝜕𝑡
+ 𝛻 ∙ (𝜌휀�⃗⃗�) = 𝛻 ∙ [(𝜇 + 𝜇𝑡𝛼𝜀)𝛻휀] + 𝐶𝜀1

𝜀

𝑘
𝑝𝑘 − 𝐶𝜀2

𝑜 𝜌
𝜀2

𝑘
               (15) 

with: 

𝐶𝜀2
𝑜 = 𝐶𝜀2 +

𝐶𝜇𝜂3(1−
𝜂

𝜂0
)

1+𝛽𝜂3                     (16) 

The new variables are the production of turbulent kinetic energy (𝑝𝑘), expansion 

parameter (𝜂) and the mean strain modulus (𝑆), defined as: 

𝑝𝑘 = 𝜇𝑡𝑆2                      (17) 

𝜂 =
𝑆𝑘

𝜀
                 (18) 

𝑆 = √2𝑆𝑖𝑗𝑆𝑖𝑗               (19) 

The coefficients used in the RNG k-ε model correspond to the values given by Yakhot 

et al. [20]: 



𝐶𝜀1 = 1.42 

𝐶𝜀2 = 1.68 

𝛼𝑘 = 1.39 

𝛼𝜀 = 1.39 

𝐶𝜇 = 0.0845 

𝜂0 = 4.38 

𝛽 = 0.012 

 

3. GEOMETRY AND BOUNDARY CONDITIONS 

A multi-hole nozzle with 7 orifices has been used as a basis. Due to the symmetry of the 

geometry the full nozzle is reduced to only one of the seven orifices (51.4º). The orifices 

of the three convergent-divergent nozzles used for the present investigation consist in, as 

shown in the Fig. 1, an initial convergent part until the midpoint of the orifice and a 

divergent part from the middle until the outlet. For simplicity, the convergent and the 

divergent parts are selected to be symmetrical, so the inlet and the outlet diameters are 

the same. The geometrical characteristics of the orifices can be found in Table 1. The 

three nozzles have the same diameter value at the midpoint of the orifice. 

 



 

Figure 1: Nozzle´s geometry. 

 

No 𝜃 [º] 𝐷mid [µm] 𝐷O [µm] 𝑘 − 𝑓𝑎𝑐𝑡𝑜𝑟con [−] 

CD-2.5 2.5 124.6 156.3 3.2 

CD-3.5 3.5 124.6 169.0 4.4 

CD-4.5 4.5 124.6 181.7 5.7 

Table 1: Geometrical characteristics of the nozzle´s orifices. 

 

For the nozzle conicity factor, the standard definition of k-factor normally used in conical 

nozzles has been used [21]. So, for each part of the orifice, the conicity k-factor is defined 

as follows:  



𝑘 − 𝑓𝑎𝑐𝑡𝑜𝑟con =
𝐷𝑖−𝐷mid

10 𝜇m
          (20) 

𝑘 − 𝑓𝑎𝑐𝑡𝑜𝑟div =
𝐷mid−𝐷𝑂

10 𝜇m
         (21) 

As the inlet and the outlet diameters are the same both k-factors have the same absolute 

value but different sign. For that reason, any reference to the k-factor will be in absolute 

value. 

The meshing process of the geometries has been performed according to the conclusions 

obtained from previous sensitivity studies in similar nozzles performed by the authors 

[2,4,15–17, 22]. These studies established that the cell size in the orifice must grow from 

1.15 µm in the vicinity of the wall up to 7 µm in the centre of the orifice. For the rest of 

the domain (upstream of the orifice) a cell size of 22.5 µm is enough to ensure the 

coherence and accuracy of all the flow variables calculated (velocity, pressure, density, 

turbulent kinetic energy, energy dissipation, etc.). The meshes have been constructed 

following these recommendations. As example, the mesh for the nozzle CD-2.5 is showed 

in Figure 2. The resulting meshes have around 240 000 hexahedral cells. 



 

Figure 2: Example of the mesh structure for CD-2.5. 

For the simulations, as displayed in Fig. 1, a fixed pressure condition has been used at the 

inlet where the injection pressure (Pin) is set, whereas a mean pressure conditions has 

been established for the outlet, where the back-pressure is set (Pb). This mean pressure 

condition in the orifice outlet keeps the mean desirable value, allowing zones with very 

low pressure because of the presence of vapour in the flow. At the walls, a non-slip 

condition has been used for the velocity. The study has been performed at an injection 

pressure of 40 MPa and over a backpressure swept from 1 MPa to 25 MPa, as displayed 

in Table 2.  

Injection pressure [MPa] Backpressure [MPa] 

40 1, 3, 5, 7, 9, 11, 13, 15, 17, 19, 21, 23, 25 

Table 2: Test matrix. 



4. RESULTS AND ANALYSIS. 

4.1 Flow parameters 

The nozzles have been compared by using the following flow parameters:  mass flow Eq. 

(22), momentum flux Eq. (23) and effective velocity Eq. (24). All of them have been 

evaluated at the nozzle exit: 

�̇�f = ∫ 𝜌 (�⃗⃗� · �⃗⃗�) 𝑑𝑆          (22) 

�̇�f = ∫ 𝜌(�⃗⃗� · �⃗⃗�)2𝑑𝑆          (23) 

𝑢eff =
�̇�f

�̇�f
           (24) 

where 𝜌 is the density, �⃗⃗� the velocity and �⃗⃗� the normal vector to the surface S (in this 

case the outlet section). 

4.2 Mass flow analysis and cavitation inception detection. 

Fig. 3, in the upper part (left), shows the mass flow against the square root of the pressure 

differential for the three tested nozzles. Each point corresponds to a different 

backpressure. As can be seen, the nozzle CD-4.5, with highest convergence-divergence 

level according to Table 1, presents the highest mass flow for all the injection conditions, 

whereas, the nozzle with lowest convergence-divergence level has the lowest mass flow. 

Aside from the differences found between nozzles in terms of mass flow, a different 

behaviour can be observed when comparing the nozzles. Taking the nozzle CD-2.5 as a 

reference, the mass flow increases linearly with the square root of the pressure differential 

until a point where it stabilizes. At this point, a flow chocking occurs, which means that 

it remains unchanged whichever the backpressure. Pressure conditions needed to reach 

this situation are called critical cavitation conditions (CCC). The detection of the 



beginning of mass flow chocking is often used to experimentally detect cavitation in real 

nozzles [5]. The critical cavitation conditions are represented in Fig. 3 as CCC for the 

three nozzles. The CCC is related to the critical backpressure needed to induce the nozzle 

to cavitate. The higher the backpressure needed for cavitation inception (critical 

backpressure), the more likely the nozzle is to cavitate. In fact, it cavitates for 

backpressures equal or lower than the critical backpressure. Obviously, from that value, 

the lower the backpressure, the higher the cavitation intensity. 

 According to this, the nozzle with highest level of convergence-divergence (CD-4.5) is 

the most prone to cavitate, followed by the one with an intermediate level of convergence-

divergence (CD-3.5) and finally, the one with the lowest level of convergence-

divergence. In fact, the nozzle CD-4.5 is cavitating for all backpressures tested, i.e., the 

mass flow is always chocked, whichever the backpressure.  

4.3 Comparison in terms of momentum flux and effective velocity. 

In the upper part of Fig. 3 (right) the momentum flux for the analysed injection pressure 

and all the tested backpressures is depicted against the square root of pressure drop for all 

the nozzles. As can be seen, in all the cases, the momentum flux increases with the square 

root of pressure drop. Nevertheless, unlike previous mass flow results, momentum flux 

does not suffer any collapse with cavitation inception and development [2, 4, 8]. With the 

values of mass flow and momentum flux, the effective velocity can be obtained dividing 

the momentum flux by the mass flow according to Eq. (24). The effective velocity 

obtained by this way is displayed in the bottom part of Fig. 3. Taking as a sample the 

nozzle with lowest convergence-divergence level (CD-2.5), it is easy to appreciate an 

increase in the slope in the velocity points when cavitating conditions are reached. For 



this nozzle, the CCC point is located around 4600 Pa0.5. It means that the backpressure 

for reaching cavitation inception is around 19 MPa. Thus the value of √∆𝑃 =

√(𝑃in − 𝑃b) = √(400 − 190) ∙ 105 ≈ 4600  Pa0,5. For higher values of √∆𝑃, the nozzle 

cavitates and the change in the slope means that the increment in effective velocity is 

higher than expected if only the increment of pressure drop was considered. This fact is 

shown in the velocity graph by the deviation between continuous line and points for 

√∆𝑃 > 4600. This result is well known in literature and it is one of the most important 

consequences of cavitation ([2], [4], [8], [10], [15], [24]). It is due to the viscosity 

reduction in the zone occupied by the vapour phase along the orifice wall, which reduces 

the friction zone in the channel [2]. If a comparison of the nozzles is made in terms of 

effective velocity, it can be observed that, in general terms, for the conditions tested, the 

highest effective velocities are achieved for the nozzle with the lowest level of 

convergence-divergence. Nevertheless, the differences between nozzles are reduced at 

high pressure drops (i.e. low backpressures) for which cavitation intensity is higher in the 

nozzles with higher level of convergence-divergence. The higher increase in the injection 

velocity due to the higher cavitation intensity in these nozzles compensates to a certain 

degree the small velocities expected due to the higher geometrical area at the nozzle 

outlet.  



 

Figure 3. Flow parameters  

4.4 Cavitation morphology 

To compare the morphology of the cavitation pattern in the three nozzles, mean images 

of the vapour distribution along the orifices of the different nozzles are displayed in Fig. 

4. In the Figure, the zones with vapour mas fraction () between 0 and 1 are represented. 

The results belong to three different backpressures (1 MPa, 13 MPa and 25 MPa). As it 

can be observed in this Figure, cavitation zones are mainly located in the divergent part, 

after the throttle in the midpoint of the orifice. In the first convergent part, cavitation is 

mainly avoided, except for the nozzle with lowest level of conicity. It is well known that 

convergent (conical) orifices prevent nozzles from cavitating due to the smoother 

pressure change along the orifice induced by this geometry compared to cylindrical ones 

[1].  



 

Figure 4. Cavitation morphology.  

This remark is consistent with the cavitation pattern in the first convergent part of the 

nozzle for the nozzle CD-2.5. In this nozzle, with lowest conicity level, cavitation 

phenomenon occurs as well in the rounding radius at the orifice inlet, but it does not 



spread along the wall. In the other cases (CD-3.5 and CD-4.5) cavitation is totally avoided 

in this first convergent part of the nozzle due to the higher degree of conicity. 

However, opposite of what happen in the first convergent part, the higher the divergence 

level in the second part of the orifice, the higher the intensity of cavitation. This result 

can be clearly seen in Fig. 4, especially for the backpressure of 25 MPa, at which 

cavitation is avoided in the nozzles CD-2.5 and CD-3.5, but it remains in nozzle CD-4.5. 

4.5 Comparison in terms of flow coefficients. 

Flow coefficients are useful to analyse the flow behaviour. The first one, the discharge 

coefficient, is representative of the global losses in the nozzle. It is obtained dividing the 

mass flow by a theoretical mass flow (Eq. (25)). The theoretical mass flow in the 

denominator takes into account the theoretical velocity according to Bernoulli’s equation 

Eq. (26): 

𝐶d =
�̇�f

𝜌𝐴O𝑢th
                                    (25) 

𝑢th = √
2(𝑃in−𝑃b)

𝜌
                             (26) 

The second non-dimensional flow parameter is the velocity coefficient, 𝐶v, which relates 

the effective velocity to the maximum theoretical Bernoulli´s velocity, 𝑢th: 

𝐶v =
𝑢eff

𝑢th
           (27) 

where the effective velocity can be calculated by dividing the momentum flux by the mass 

flow as was established by Eq. (24).  



The third flow coefficient, the contraction coefficient, 𝐶𝑎, is used to evaluate the reduction 

of the effective area with regard to the geometric one due to the presence of vapour 

bubbles (originated by cavitation) into the flow that reach the orifice outlet: 

𝐶a =
𝐴eff

𝐴0
=

�̇�2

𝜌�̇�𝐴0
           (28) 

These flow parameters are related to each other by means of Eq. (29): 

𝐶d = 𝐶v𝐶a                                     (29) 

Fig. 5 displays the discharge coefficient, velocity coefficient and area coefficient for all 

nozzles against the square root of the pressure drop. 

With regard to the discharge coefficient, in the cavitating zone, due to the mass flow 

collapse, the discharge coefficient experiences an abrupt drop. This drop starts at the point 

corresponding to the cavitation inception (recall CCC in Fig. 3). A lower critical 

cavitation conditions (in terms of square root of pressure drop) means that, for the 

considered injection pressure, the backpressure needed to produce cavitation inception is 

higher. A lower critical pressure drop implies that the discharge coefficient fall due to 

cavitation begins at lower pressure drops. Thus, if the discharge coefficients are compared 

for a given pressure drop in cavitating conditions, the lowest values are obtained for 

nozzle CD-4.5, and the highest for CD-2.5 which is compatible with higher cavitation 

intensity showed by the nozzle CD-4.5, followed by CD-3.5 and finally CD-2.5. This 

behaviour will have an impact on the area and effective velocity coefficients, as it will be 

seen next. 



As seen in the bottom part of Fig. 5, the area coefficient takes values equal to one in non-

cavitating conditions. Therefore, for these conditions, the velocity coefficient values, 

displayed in the upper part of Fig. 5 (right), equal the discharge coefficient ones. As was 

the case for the discharge coefficient, the area coefficient falls once the cavitation starts. 

The fact that the nozzle differ on the critical pressure conditions from which this 

phenomenon starts to occur, makes that as it happened to the discharge coefficient, for a 

given pressure drop higher than the critical one, CD-4.5 followed by CD-3.5 nozzles 

exhibit the lower values of this coefficient. The velocity coefficient behaviour is in 

agreement with the results just analysed (recall Eq. (29)). Its value equals the discharge 

coefficient for non-cavitating conditions, since the area coefficient equals the unity. In 

cavitating conditions, its increase is greater the higher the cavitation intensity is. 

Therefore, as commented for the effective velocity, as the cavitation phenomenon 

develops, the values of the velocity coefficient for the nozzle with the highest 

convergence-divergence level (CD-4.5) reach almost the ones observed for the lowest 

level (CD-2.5). 

 

 



 

Figure 5: Dimensionless flow coefficients. 

 

4.6 Air-fuel mixing process estimation. 

In previous results, it has been seen that the cavitation provokes a substantial increase on 

the effective velocity. As a result, the effective injection velocity for the nozzles with 

higher convergence-divergence level, despite of their higher outlet geometrical area, 

could take similar values than those observed for the nozzle with lower convergence-

divergence level. On the other hand, it is well known from previous studies in the 

literature that cavitation produces an important increase of the spray spreading angle [23–

25]. Additionally, aside from the influence of cavitation on the spray cone angle, the 

nozzles with higher convergence-divergence level are supposed to have higher spray cone 

angle due to the divergence in the final part of the orifice. Attending to the “similar” 



injection effective velocity observed for the nozzles, the cavitation susceptibility and its 

consequences on the spray spreading angle and this last remark, a qualitative order on the 

mixing process quality could be established. This can be done since the air-fuel mixing 

process depends on the injection velocity and the spray cone angle [5]. Taking into 

account all the results, in general terms, everything seems to point to a better mixing 

process for the nozzle with highest convergence-divergence level and a worse process for 

the nozzle with lowest convergence-divergence level. Nevertheless further experimental 

characterization of these nozzles is needed in order to confirm the results obtained from 

this computational research. Furthermore, from the point of view of numerical 

simulations, further investigations aiming at evaluating these kind of nozzles in more 

realistic transient conditions are also needed to verify whether the conclusions obtained 

here could be extrapolated to such conditions. For that, simulations at partial needle lifts 

[4] or moving mesh algorithm simulating needle lift profiles are essential. 

 

5. CONCLUSIONS 

 

The main conclusions of this study are drawn in the following points: 

 The higher the convergence-divergence level of the nozzle, the higher the mass 

flow and the momentum flux. 

 The nozzles with higher convergence-divergence level are more prone to cavitate 

and in these nozzles the cavitation vapour is generated in the throttle of the orifice 

(at midpoint), spreading along the wall of the divergence part. 

 Despite of their higher outlet geometrical area, the nozzles with higher 

convergence-divergence level present slightly smaller effective injection velocity 



than the nozzles with lower convergence-divergence level for the injection 

conditions analysed (injection pressure of 40 MPa and different backpressures) 

 Attending to the injection effective velocity values for the different nozzles and 

the cavitation susceptibility and its consequences on the spray spreading angle, a 

better mixing process is expected for the nozzle with highest convergence-

divergence level and a worse mixing process is expected for the nozzle with 

lowest convergence-divergence level. 
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NOMENCLATURE 

Aeff  outlet effective area 



Ao  outlet area 

Ca  area coefficient 

Cd  discharge coefficient 

Cv  velocity coefficient 

Cε1  constant for ε transport equation calculation 

𝐶𝜀2
𝑜     variable for ε transport equation calculation 

Cε2  constant for ε transport equation calculation 

Cμ  constant for turbulent viscosity calculation 

c  speed of sound 

Di  diameter at the orifice inlet 

Dmid diameter at the middle of the orifice 

Do  diameter at the orifice outlet 

K  cavitation number 

k turbulent kinetic energy 

k-factor conicity factor 

L  orifice length 

𝑀f
̇   momentum flux 

𝑚ḟ   mass flow 



P  pressure 

Pb  discharge back pressure 

Pin  injection pressure 

Pvap  vaporisation pressure 

pk  production of turbulent kinetic energy 

r  rounding radius at the inlet orifice 

t  time 

�⃗⃗� velocity  

ū averaged velocity 

𝑢′ fluctuating velocity 

ueff  effective velocity 

uth  theoretical velocity 

S   mean strain 

Sij strain tensor 

GREEK SYMBOLS: 

ΔP  pressure drop, ΔP=Pin -Pb 

Ψ  fluid compressibility 

Ψl  liquid compressibility 



Ψv  vapour compressibility 

𝛼ε  constant for ε transport equation calculation 

𝛼k  constant for k transport equation calculation 

𝛽     constant for the turbulence model 

γ  vapour mass fraction 

ε turbulence dissipation rate 

µ  fluid viscosity 

µl liquid viscosity 

µT turbulent viscosity 

µv vapour viscosity 

𝜂 expansion parameter 

𝜂0 constant for the turbulence model 

ρ  fluid density 

ρl  liquid density 

ρl,sat  liquid density at saturation 

ρl
o  liquid density at a given temperature condition 

ρv,sat  vapour density at saturation  

ρv  vapour density 



 nozzle angle 
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