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Abstract 
The impact of transient needle moving on the flow characteristics within a solenoid injector 
using the neat PODE (polyoxymethylene dimethyl ether) was investigated in this work. An 
explicit density-based solver suitable for multiphase flows was implemented into OpenFOAM® 
to solve the compressible Navier-Stokes equations of the Arbitrary Lagrangian–Eulerian (ALE) 
formulation, while the turbulence is resolved using a RNG k-ε model with the Reboud 
correction. Phase change between the liquid and vapor phases was predicted by the variation 
in the density utilizing the homogeneous mixture model. A barotropic equation of state (EoS), 
i.e. the density as a function of pressure, where thermal effects and saturation properties are 
simplified at a constant temperature, is adopted to resolve the thermodynamic model. 
Numerical simulation was carried out on a double-layer multi-hole diesel injector during 
ballistic condition. The results show that cavitation formed on the upper side of both orifices, 
which is attributed to the flow acceleration in the narrow needle seat area, changing the flow 
direction significantly before passing through the two orifices heading to different orientations. 
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Introduction 
Transient flow characteristics of the neat PODE (polyoxymethylene dimethyl ether) within the 
diesel injector are complex, with high velocity magnitude (~700m/s) in a small geometric scale 
(~1mm). Besides, the cavitation phenomena will be induced due to the pressure drop and flow 
direction change. A large amount of numerical and experimental study was conducted based 
on the incompressible URANS method and cavitation visualization techniques[1]. Detailed 
cavitating flow within the nozzle such as geometric induced cavitation and string cavitation 
have been noticed from both simulation and experiments[2]. However, it seems that previous 
study was mainly conducted by an incompressible assumption, which is not very accurate at 
real working conditions, especially at high pressures[3]. Furthermore, the number of orifices 
increases with the growth of the injection pressure, which introduces a double-layer geometry 
to make the spray jets more uniform than the one-layer nozzle[4]. In this study, an explicit 
density-based solver of the compressible Navier-Stokes equations suitable for cavitation 
simulation was utilised to capture the vortex structures and their strong correlation with the 
formation process of vapor[5]. The transient moving of needle was resolved by a cell-based 
cell deformation approach, and the phase change was predicted by the variation of the density 
using the barotropic equation of state (EoS)[6], [7].  
 
Numerical modelling 
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Mathematical model 
The modified in-house code based on the explicit density based solver has been implemented 
into OpenFOAM® to solve the compressible form of the Navier-Stokes equations. The energy 
conservative equation has been neglected in this study by adopting an alternative approach, 
the barotropic equation of the state (EoS). The continuity equation and momentum equation 
employed for the compressible flow of RANS simulations are expressed as: 

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝛻𝛻 ∙ (𝜕𝜕𝑼𝑼) = 0 (1) 

𝜕𝜕(𝜕𝜕𝑼𝑼)
𝜕𝜕𝜕𝜕

+ 𝛻𝛻 ∙ (𝜕𝜕𝑼𝑼𝑼𝑼) = −𝛻𝛻𝛻𝛻 + 𝛻𝛻 ∙ 𝜏𝜏 − 𝛻𝛻 ∙ (𝜕𝜕𝑹𝑹) (2) 

where 𝜕𝜕 is the density of the mixture phase, 𝑼𝑼 is the velocity vector, p is the pressure, 𝜏𝜏 is the 
stress tensor, and R represents the Reynold stresses following the Boussinesq assumption: 
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+ 𝛻𝛻 ∙ (𝜕𝜕𝑼𝑼) = 0 (3) 
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+ 𝛻𝛻 ∙ (𝜕𝜕𝑼𝑼𝑼𝑼) = −𝛻𝛻𝛻𝛻 + 𝛻𝛻 ∙ 𝜏𝜏 − 𝛻𝛻 ∙ (𝜕𝜕𝑹𝑹) (4) 

where μ is the viscosity of the mixture phase and I is the identify tensor. 
The turbulence within the injector is resolved by a modified RNG k-ε model with the Reboud 
correction, taking into account the compressible effects which could capture the self-oscillation 
behavior of cavitating flow[8], [9]. The correction is introduced by reducing the eddy viscosity 
for the mixture phase, expressed as: 

𝜇𝜇𝜏𝜏 =
𝜕𝜕𝐶𝐶𝜇𝜇𝑘𝑘2

𝜀𝜀
 (5) 

where k is the turbulent kinetic energy, ε is the dissipation rate, 𝐶𝐶𝜇𝜇 =0.085 and 𝜕𝜕(𝛼𝛼)  is 
expressed as: 

𝜕𝜕(𝛼𝛼) = 𝜕𝜕𝑣𝑣 + (1 − 𝛼𝛼)𝑛𝑛(𝜕𝜕𝑙𝑙 − 𝜕𝜕𝑣𝑣) (6) 

where α is the volume fraction; the subscript l and v indicate the liquid and vapor phase 
respectively, and n is a constant taking the value at ~10.  
Cavitation model 
The HEM, i.e. homogeneous equilibrium model was utilized in this study to resolve the phase 
change. For the HEM, each phase shares the same pressure and temperature, and the phase 
change between the liquid and the liquid-vapor mixture is predicted by the corresponding EoS. 
The barotropic EoS, as one of the most simplified approach in HEM, which strongly links the 
density variations to the pressure evolution was adopted[10]. 
The modified Tait EoS was utilised for the liquid phase, while the isentropic-resembling 
process was employed for the liquid-vapour mixture: 
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where B is the bulk modulus of liquid, exponent n represents the stiffness which is usually set 
as 7.15 for the weakly compressible liquid[9], [11], 𝛻𝛻𝑠𝑠𝑠𝑠𝑠𝑠 is the saturation pressure of the liquid 
and 𝜕𝜕𝑠𝑠𝑠𝑠𝑠𝑠,𝑙𝑙 is the density of the liquid at saturation pressure. 
The thermophysical properties of the neat PODE was measured by Flucon Fluid Control 
GmbH at the temperature of 323K, while the vapour pressure was calculated from the Antoine 
equation, presented in the Table 1[12]. 

Table 1 Thermophysical properties  

Liquid properties Vapour properties 
B 170.864 MPa    

𝛻𝛻𝑠𝑠𝑠𝑠𝑠𝑠 1000 Pa    
𝜕𝜕𝑠𝑠𝑠𝑠𝑠𝑠,𝑙𝑙 1029.45 kg/m3 𝜕𝜕𝑠𝑠𝑠𝑠𝑠𝑠,𝑣𝑣 0.1 kg/m3 
𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠,𝑙𝑙 1055.29 m/s 𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠,𝑣𝑣 225 m/s 
𝜈𝜈𝑠𝑠𝑠𝑠𝑠𝑠,𝑙𝑙 1.1∗10-6 m2/s 𝜈𝜈𝑠𝑠𝑠𝑠𝑠𝑠,𝑣𝑣 4∗10-5 m2/s 

Geometry model and mesh topology 
An eight-hole double layer solenoid injector was used in this study. In view of the 
computational cost, a quarter of the injector was adopted as the numerical geometry. Table 2 
presents the detailed geometric parameters of the quarter model in terms of the hole lengths, 
inlet rounding corners, inlet and outlet diameters. The lower layered orifice is specified as 
orifice 1, while the upper layered hole as 2. 

Table 2 Geometric parameters 

Nozzle holes Lower layered Upper layered 
Orifice inlet diameter /µm 180.2 180.1 

Orifice outlet diameter /µm 180.2 180.2 
Rounding diameter /µm 31 32 

Orifice length /mm 0.65 0.65 
Figure 1 represents the boundary naming of the model. The numerical model was discretized 
into ~400,000 hexahedral cells. In order to capture the transient cavitating flow within the 
nozzle, the mesh resolution was increased in critical areas, such as nozzle hole inlet and the 
needle seat. With the mean fuel flow velocity being around 500 m/s, an estimation of the Taylor 
length scale yielded around 2.1µm. The inlet pressure and outlet pressure were set as 150 
MPa and 5 MPa respectively. The needle moving was represented by a cell-based mesh 
deformation method uniformly, and the time step was 0.2 ns corresponds to the CFL number 
of 0.7.  

 
Figure 1. Boundary surfaces indicated in the quarter model 

Model validation 
The measurement of injection rates within nozzle holes were conducted on a customized test 
rig based on the theory of the momentum flux. Selected force sensors used for data acquisition 
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were one of the integral parts of the set-up. The experiment was conducted at the same 
working condition of the numerical simulation. Validation was carried out by comparing 
experimental and simulation injection rates at the exit of the orifices; the comparisons are 
presented in Figure 2. 

 
Figure 2. Comparison between experimental and numerical results 

 
Results and Discussion 
The evolution of vapor phase with the time is presented in Fig. 3. It could be seen from the 
figure that there is a recurrent process of cavitation occurring from 0.065ms to 0.09ms, located 
at the inlet of the orifices and the needle seat passage. This recurring phenomenon is caused 
by the periodic formation of vapor in the needle seat passage area and the strong vortex and 
shedding in the sac volume. Besides, cavitation appears earlier in the orifice 2 and develops 
faster as compared to cavitation development in the orifice 1. The cavitation in both the upper 
and the lower layered holes start from the entrance of the orifice and develop in the upper part 
of the orifices, extending to the exit of the orifices over time. 

    
0.065ms 0.068ms 0.073ms 0.074ms 

    
0.075ms 0.079ms 0.082ms 0.085ms 

    
0.09ms 0.095ms 0.1ms 0.106ms 
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0.115ms 0.125ms 0.135ms 0.143ms 

    
0.147ms 0.154ms 0.23ms 0.285ms 

 

Figure 3. Vapour volume with the time (iso-surface from 0.4 to 1) 
The 3D flow streamlines indicating the vapor and vortex shedding are visualized in the Figure 
4. Three small scale vortices and one large scale vortex are emerged with the evolution of 
injection time, identified as V1 to V4 respectively. The core of V4 is located at the bottom of the 
SAC, where the fuel jets injected from the upper orifice and lower orifice collide and interact 
with each other. The vortex structure V3 located before the entrance of the orifices reveals the 
recurring process of fuel accelerating and decelerating in the needle seat passage area, 
leading to the regeneration of sheet cavitation. The strong recirculation structures in the orifice 
1 and orifice 2 produce the coherent vortex structures at the upper part of the orifices, and 
dissipate at the time of 140μs. 

   

   
Figure 4. Streamlines with the time 
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Figure 5 and Figure 6 present the snapshots of transient velocity magnitude and pressure field. 
As shown from Figure 3 to Figure 6, cavitation occupies a relative larger area in the orifice 2 
than the orifice 1. Furthermore, the acuteness of the orifice 2 means that cavitation 
development at their entry sections will be more developed than those at the less acute orifice 
1. 
 
 
 

 
 
 
 
 

Orifice1 

   
 
 
 
 
 
 
 
 

Orifice2 

   
Figure 5. Velocity slices of the upper layered orifice and lower layered orifice 
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0.065ms 0.125ms 0.190ms 0.300ms 

    
0.410ms 0.600ms 0.640ms 0.860ms 

 

Figure 6. Pressure slices with the time 
Conclusion 
Numerical simulation within a double-layer nozzles using the neat PODE was conducted in 
the study. The following conclusion were made: 
1) Due to the different location of the double layered orifices, the acuteness of the upper layer 
orifice is conductive to the formation of a higher degree of cavitation development in them.  
2) The flow re-circulation occurred in both the upper part of the orifices and SAC volume 
specify two different vapor-vortex shedding process. 
3) The cycle fuel injection quantities of the lower orifice is higher than the upper one by 6%. 
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