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Abstract 
Mass transfer occurrence is investigated in the current manuscript. At the beginning the geometry that is used 

for the simulation of the current study is explained and shown. The effect of turbulence behavior on mass 

transfer is investigated and explained. 
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I. INTRODUCTION 
Improving spray breakup and introducing smaller droplets within the combustion chamber is one of the 

most significant strategies for lowering exhaust emissions from compression ignition engines at the source. The 

spray formation is influenced by the flow inside the fuel injector nozzle. Cavitation happens when the local 

pressure falls below the liquid's vapor pressure at the same temperature [1-3]. The rapid flow of liquid through 

the tiny nozzle pores is accelerated by the substantial pressure drop across the injection nozzle [4-7]. As a result 

of the acceleration of the liquid inside the nozzle, there is a lot of turbulence, which causes the jet leaving the 

nozzle exit to be unstable [8, 9]. The streamlines are constricted at the sharp edges inside the nozzle holes, such 

as the entrance of the nozzle hole, reducing the effective cross section of the flow and causing the liquid to 

accelerate. According to the Bernoulli principle, this results in a decrease in local static pressure, which can drop 

to as low as the liquid's vapor pressure. The cavitation phenomenon causes cavitation bubbles to develop inside 

the nozzle bore. The cavitation bubbles are sucked into the combustion chamber from the nozzle [10]. When the 
bubbles are exposed to the pressure in the combustion chamber, they collapse and help to break up the spray 

even more [11-14]. This results in finer fuel droplets, which assists in quicker fuel evaporation. A critical 

environmental challenge is research into diesel injector systems for boosting combustion efficiency and 

fulfilling emission requirements from all sorts of diesel powertrains. To research and reduce soot emissions, 

several solutions have been proposed, including the use of diesel surrogates, additives in diesel and biodiesel 

mixes, multiple injections per power cycle, and increased injection pressure [15-19]. Upstream pressures in 

modern diesel engines are approximately 200 MPa, but the current tendency is to raise them to 300 MPa, as 

required by upcoming EU pollution rules. High injection pressures, on the other hand, will irreversibly generate 

very high fuel velocities, which, when combined with the rapid geometric changes in the injector passageways, 

will result in substantial pressure gradients and local depressurization [20]. The fuel may then vaporize if the 

pressure drops below the saturation threshold, a condition known as cavitation, which is linked to injector 

erosion and underperformance. High-pressure fuel injection systems are used in modern internal combustion 
engines [21-23]. When this high-pressure injection encounters an abrupt flow route shift, such as when 

approaching the nozzle region from the sac, the pressure lowers even further. These pressure dips can cause 

cavitation, which is predicted to have an effect on the external flow, such as changing the atomization process. 

Many recent investigations have focused on cavitation and atomization [21, 24-26]. Cavitation is the conversion 

of liquid to vapor when the local pressure falls below the saturation pressure and sufficient nucleation sites are 

present. Cavitation modeling has mostly been explored for pure fluids, or when a liquid species is surrounded by 

its own vapor species, such as cavitation in pure water. Cavitation may be simulated in a variety of ways in this 

scenario, and it is a hot field of research. On the one hand, two-phase models exist that simulate the liquid and 

vapor phases independently while taking into account the interaction between them. In cavitating systems, the 

placement of the interface is initially random. It is initially presumed that there are certain nucleation sites that 

will expand when the pressure decreases [27]. The beginning of cavitation and the development of cavitation 
bubbles are predicted using a mass transfer model. In diffused interface models, on the other hand, vapor and 

liquid are always treated as interpenetrating species, therefore there is no such thing as an exact crisp interface. 

One to a few thousand bubbles can be explored via scale resolving or direct numerical simulations (DNS). In 

actuality, millions of bubbles or even clouds of bubble clusters can exist. DNS of two-phase flows without phase 

change is considerably more restrictive than DNS of cavitation flows. To represent two-phase single fluid 
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cavitation, many modeling techniques have been studied. Parcels of cavitation bubbles are monitored using a 

Lagrangian formulation in Eulerian-Lagrangian models, while the main liquid flow field is calculated on an 

underlying Eulerian grid [28]. Each phase is solved with its own matching velocity field in the Euler-Euler (two-
fluid) technique, but in the one-fluid Volume of Fluid (VOF) approach, the same velocity field is utilized for 

both phases [29]. Diffused-interface models (also known as continuum models or homogeneous mixture 

models) involve a mixture of vapor and liquid at the grid cell level and are driven by a specific Equation of State 

instead of tracking the interface (EOS). The thermal equilibrium hypothesis is commonly utilized in these 

models. This hypothesis assumes that phase transitions are endlessly quick and that the thermal equilibrium state 

is reached considerably faster than the time intervals relevant to the flow field [12]. Other formulations, such as 

momentum deficit or stochastic fields formulations, can also be used to simulate cavitating flows. Another 

technique to describe two-phase flow numerical simulations is to count how many equations must be solved to 

arrive at the final answer (terminology more commonly used for diffused interface or continuum type of 

models). These simulations are for any two-phase flow with phase change and/or many components in each 

phase [30]. The most complex technique in this nomenclature is the so-called seven equation model, which 
involves solving three equations for velocity, pressure, and temperature for each phase, as well as a single-phase 

transport equation to get the volume fraction of one of the phases. The five-equation model simplifies things 

even more. Each phase is in mechanical and thermal equilibrium in this model, and they share a common 

pressure and temperature field [31]. The four-equation model is a simplified version of the three-equation 

model, in which three equations for mixture mass, momentum, and energy are solved together with a partial 

density (or phase transport) equation with a sufficient mass transfer factor to allow for phase change. Because 

the process is assumed isothermal in many circumstances involving cavitation, the energy equation is often 

ignored, resulting in a three-equation model. Models with five and four equations offer a lot of possibilities for 

dealing with two-phase flows with phase change and phases with many components (e.g. when the gas phase 

consists of vapor and any other non-condensable gas). The primary challenge here is choosing the right EOS, 

which should be capable of handling both pure species and the transition or mixed area. The generic formulation 

to model two-phase flows with phase change that only included pure fluids (water and oxygen) with phase 
transformation between liquid and vapor was provided with a diffused interface and completely compressible 

system [32, 33]. The study advocated using a calibrated EOS, particularly the Noble-Able-Stiffened-Gas 

(NASF) EOS, that was tailored to a specified temperature range. The use of a diffused interface technique 

combined with a compressible formulation shown that such a formulation may replicate liquid cavitation in a 

multi-component gas system [34]. The vapor formed by the liquid plus any additional non-condensable gases 

present in the system make up the multi-component gas phase. The mass transfer rate was predicted using the 

difference in Gibbs energy between the liquid and vapor phases. The liquid phase in this scenario was always 

made up of a single species, and the effects of dissolved gas in the liquid were ignored [35]. It is well known 

that cubic equations of states may accurately predict the true fluid behavior of two-phase flows. In most 

circumstances, the above-mentioned continuum (diffuse interface) formulations are applicable for liquid jets that 

atomize but can cavitate during the acceleration phase inside the injector. The liquid-gas interface, on the other 
hand, is not implicitly considered in continuum models. Realistic scale resolving techniques for modeling 

atomization, on the other hand, have historically been based on interface resolving procedures, which presume a 

crisp contact between liquid and gas. It's still a difficult challenge to connect a diffuse interface strategy for 

internal cavitation to an interface re-solved approach. Methods utilizing both interface resolution and mixing 

techniques have been employed to mimic industrial scale problems including cavitation and atomization [36]. 

Liquid, vapor, and ambient gas (air) are thoroughly mixed at each cell level in a mixture-based formulation 

suggested before. For the liquid and vapor mixing, a barotropic equation of state is utilized, and the gas is 

assumed an isothermal ideal gas. The dispersed interface method restricts the prediction of atomization once 

more in this formulation. Due to the diffuse interface method's limitations, the formulation of the 

aforementioned phenomena takes into account surface density transfer to describe atomization and a 

homogeneous relaxation model to forecast vaporization [37, 38]. 

 

II. RESULT AND DISCUSSION 

Figure 1 shows the geometry of the nozzle used for simulation in this study. The mentioned figure 

shows that the left and right reservoirs have equal dimensions to have symmetric behavior in the whole 

simulations. The middle narrow region is showing the orifice area in which cavitation phenomenon has a high 

potential to occur. The current geometry is derived from [39]. 
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Figure 1: Geometry of the Wink nozzle used in this study. 

 

Figure 2 shows distribution of the turbulent intensity along the nozzle geometry. In this figure the highest 
amount of turbulence occurs in the regions that mass transfer has high tendency of occurrence. Also, a high 

amount of turbulence intensity is visualized at the outlet of the orifice which is showing formation of spray 

phenomenon. 

 

Figure 3 shows distribution of the turbulent kinetic energy as accumulation of numerous vectors. In this figure 

the highest amount of turbulent kinetic energy is seen mostly inside the orifice area which is due to mass 

transfer. 

Figure 4 shows formation of dissipation in our simulation. In this figure the highest amount of dissipation is 

showing that a significant amount of energy is transferring and the only region that is showing the mentioned 

phenomenon is the regions that mass transfer occurs inside. The current results are comparable with what has 

been obtained earlier [40]. 

 
Figure 2: Turbulent intensity distribution shown as combination of vectors when cavitation starts. 
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Figure 3: Turbulent Kinetic energy distribution shown as combination of vectors when cavitation starts. 

 

 
Figure 4: Turbulent dissipation rate distribution shown as combination of vectors when cavitation starts. 

Figure 4: Strain rate distribution shown as combination of vectors when cavitation starts. 
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Figure 5: Strain rate distribution shown as combination of vectors when cavitation starts. 

 

III. CONCLUSION 
In the current study, using CFD method and finite volume method the flow inside a nozzle is investigated and 

the following conclusions has been made:  

1) Turbulent dissipation rate increases significantly when mass transfer has tendency to occur.  

2) Turbulent intensity also increases significantly in the orifice area.  

3) Turbulent kinetic energy increases not only in the orifice area but also in the outlet reservoir. 
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