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Abstract
     To improve the fuel consumption and exhaust emission for gasoline engines, Gasoline Direct Injection (GDI) system was spotlighted to solve above requirements. Mixture preparation strategy is intimately related to the fuel injection system. At high strength of swirling motion in pressure swirl atomizers, an air core will appear inside of the atomizer. Thus, a two-phase flow will be present inside of the atomizer. In this study, the volume-of-fluid (VOF) method is used to simulate the internal flow of pressure-swirl atomizers. In order to investigate the effects of orifice geometry and swirl angle on flow characteristics of simplex pressure-swirl injectors, several three-dimensional simulations were done. The effects of length to diameter ratio of the orifice, orifice diameter and swirl angle have been studied on the atomization characteristics such as spray cone angle and discharge coefficient. It was observed that by increasing the orifice diameter and orifice length to diameter ratio, and also by decreasing the swirl angle, the spray cone angle decreases. However the discharge coefficient increases. Monitoring the rate of the variations leads to an approach for optimized geometry of simplex pressure-swirl atomizers.
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- Average swirl velocity at orifice exit, m/s
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- Average axial velocity at orifice exit, m/s
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- Swirl chamber diameter, m
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- Air-core diameter, m
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1. Introduction
The study of Gasoline Direct Injection (GDI) systems used in internal combustion engines is well documented [1 & 2]. The implementation of more stringent legislation for vehicles emissions requires closer control of the combustion processes. GDI is recognized as one of the pioneer methods in automotive technology. In the heart of the problem to approach the lowest fuel consumption and emission levels is the mixture preparation strategy, which is intimately related to the fuel injection system. Swirl atomizers have been prevalently used for various combustion systems such as gas turbine engines, boilers and internal combustion engines to successfully mix fuel and oxidants with relatively low injection energy. Especially for direct injection gasoline engines, swirl injectors have been dominantly used due to their enhanced atomization characteristics through the break-up of a conical liquid film [3]. In the internal combustion engines, pressure swirl atomizers are capable of generating different spray patterns during induction and compression due to the different back pressures present in the cylinder at the time of injection [4]. These spray patterns are also affected by the design of swirl chamber, orifice geometry (discharge hole geometry) and other geometry characteristics of the injector. Atomization characteristics are normally reflected by the spray discharge coefficient and the spray cone angle. The discharge coefficient 
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is defined as the ratio between actual and theoretical mass flow, which passes from the orifice, while the pressure drop is constant, as in equation (1). The actual discharge is the discharge that occurs and which is affected by friction as flow passes through the orifice. The theoretical discharge would be the discharge achieved without friction and is the maximum mass flow which passes through the orifice theoretically. For well-designed injector, the coefficient is very close to unity at high Reynolds numbers [5].
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The spray cone angle (θ) is generally defined by equation (2). As much as the spray cone angle is greater, the atomization quality meliorates.
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The simplest form of a pressure swirl atomizer is the one known as simplex atomizer. Figure 1 shows a simplex atomizer. The Fuel is fed into swirl chamber through tangential ports and finally discharged from an outlet orifice of the atomizer. Due to the tangential entry, if the velocity components of the liquid in the inlet are large enough, an air-cored vortex flow of fuel (liquid phase) takes place in the atomizer and the liquid comes out of the orifice in the form of a thin film which, due to its inherent hydrodynamics instability, disintegrates into ligaments and then to droplets in the form of a well-defined hollow cone spray.
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Figure 1: Simplex atomizer schematic,  a) 2D view,  b) 3D view
There have been several experimental and numerical studies to investigate the effects of geometry on internal and external flow characteristic of pressure swirl injectors [6 & 7]. Doumas and Laster [8] have reported an experimental study of such nozzles, measuring the discharge coefficient and spray cone angle for more than 60 swirl atomizers covering a range of internal dimensions. In this paper, several three-dimensional simulations have been done in order to investigate the effects of swirl angle, orifice diameter and orifice length to diameter ratio variations on flow characteristics of simplex pressure-swirl atomizers. Spray cone angle and discharge coefficient are two important factors that have been calculated for all injectors simulations and the results were compared in order to approach the optimized geometry of injector for any specified injection condition.
2. Governing Equations
Since the aim of the present study is to investigate the internal flow of pressure swirl atomizers in both steady and unsteady cases, Numerical simulations of two-phase flow field in the injector are governed by the continuity (equation 3) and Navier-Stokes (equation 4) equations.
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The additional surface tension model for VOF calculation results in a source term in equation (4) and is expressed as a volume force as in equation (5).
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In equation (5), 
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 is the curvature of the interface and
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 is the surface tension coefficient. As the flow in the liquid phase is turbulent due to the high average velocity, however, within the air core the flow is considered to be laminar due to the higher kinematic velocity of air compared to the liquid phase [9] the 
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 renormalization group (RNG) model is applied for numerical simulations in order to calculate turbulence effects. The RNG-based 
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 turbulence model is derived from the instantaneous Navier-Stokes equations by using a mathematical technique. Transport equations for RNG 
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 turbulence model are as in equations (6) and (7). Equation (6) expresses the turbulence kinetic energy and equation (7) expresses the turbulence kinetic energy dissipation rate.
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In these equations, 
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 represents the generation of turbulence kinetic energy due to the mean velocity gradients. 
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 is the generation of turbulence kinetic energy due to the buoyancy. 
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represents the contribution of the fluctuating dilatation in compressible turbulence to the overall dissipation rate. The quantities 
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 are the inverse effective prandtl numbers for k and 
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, respectively. 
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 are user defined source terms. The model constants are 
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 and have values derived analytically by the RNG theory. These values assumed to be 1.42 and 1.68, based on the computational code default, respectively. 

3. Numerical Methods

For both 2D and 3D modeling, the second order upwind scheme has been employed to discrete momentum equations and they have been solved implicitly. SIMPLE algorithm substitutes the flux correction equations into the discrete continuity equation to obtain a discrete equation for the pressure correction in the cell. In this study, VOF method, implemented in the commercially available CFD code is used to simulate the flow of liquid fuel and air in the pressure swirl atomizer. For each phase that is modeled, a volume fraction for that phase is determined in each cell by the solution of a transfer equation. When the volume fraction is between zero and one, there exists a fluid interface within the computational cell. The volume fraction equation can be solved using standard upwind differencing techniques, which tend to smear the surface over a few cells, or by Geometric Reconstruction (GR) of the two-phase interface, which ensures that the two-phase boundary is captured within one computational cell [10]. In this work the GR scheme computed in a time-accurate manner is used to keep the interface sharp. To compare the computational results with experimental measurements in 2D models, the assumption of axisymmetric requires determination of an equivalent annular inlet slot instead of the finite number of slots present in the real atomizer. The width of a annular slot, also tangential and radial velocities at the inlet, are calculated by equating the angular momentum, total mass flow rate and the kinetic energy of the liquid at the inlet ports with those in the experimental study. Therefore the radial and swirl components of the velocity are obtained from equations (8) and (9).
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4. 2D and 3D Modelling Code Verification

     To ensure accurate results, it is important to validate the results with experimental measurements. In this study, the 2D simulation results were compared with Arcoumanis’s experimental data [4] and another numerical data [11] in order to validate the code. Next, the two-dimensional modelled simple atomizer (with needle) was exactly converted to three-dimensional model of a simple atomizer with one inlet according to equations (8) and (9) and then the results are compared. There was a good agreement between two and three dimensional models results. Also the results showed an impressive improvement compared with [10] numerical data. In the numerical simulations the liquid phase assumed to be n-heptane 
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 at constant temperature of 300 K. To validate the code with grid independent computational domain, the 2D case was analysed with several numbers of grids (11017, 24662, 100570 and 121802) to study mesh independency. The values of discharge coefficient and spray cone angle were compared for different grid numbers. For 24662 and higher number of grid nodes, the discharge coefficient and spray cone angle did not change significantly and kept constant values. To check mesh independency for 3D model 72238, 241700 and 301881 grid nodes were generated and the model with 241700 grid nodes selected based on what was said above. All 3D simulations have been checked to satisfy mesh independency appropriately. Critical dimensions of the model which has been analysed to validate the code are as follows: ds =5 mm, lo/do=1, 
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 and the needle cone angle is equal to 
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. Mass flow rate boundary condition was set to the inlet passage of the injector and its value was equal to 0.01 kg/s. Pressure outlet was set to the orifice face/line as another boundary condition. Relative injection pressure was 7MP at the inlet boundary surface/line as the injection process started. Table 2 shows the results for 2D and 3D models.
As it is evident, the 2D axisymmetric results are in reasonable agreement with the 3D one and in comparison to the experimental results the errors are negligible. 
Table 1: Comparison between present numerical results and experimental data [4]
	2D simulation

	Extracted result source
	Discharge coefficient, 
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	Spray cone angle (deg), 
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	Experimental [4]
	0.1200
	90.00

	CFD [10]
	0.1150
	92.66

	This study
	0.1187
	91.90

	3D simulation

	Extracted result source
	Discharge coefficient, 
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	Spray cone angle (deg), 
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	This study
	0.1134
	92.70


Figure 2 (a & b) shows contours of volume fraction for 2D simulation after 0.452ms and 1.589ms respectively. As it is shown in figure 2, in addition to the injector internal space, some fields of the discharge space have been modeled in order to visualize spray cone formation just after the orifice plane.
[image: image52.png]prossure

500000
50000
300000
350000
300000
250000
200000
150000
100000
50000

pressre

500000
50000
200000
30000
250000
22057
200000
190652
18782
150012
150000
119539
10911
100000
763411
a3001
591258
sa00
334114
25932
178115
0

(®)




Figure 2: contours of volume fraction for 2D simulation, a) After 0.452 ms, b) After 1.589 ms
5. Simplex pressure-swirl Atomizer 3-D Modeling

To investigate the effects of swirl angle, orifice diameter and orifice length to diameter ratio variations on spray characteristics in simplex pressure swirl atomizers, 12 different models have been analyzed in this study. The schematic of the models is as shown in figure 1(b). Table 2 shows the critical dimensions for analyzed models. The liquid phase is assumed to be n-heptane 
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 at constant temperature of 300 K. Mass flow rate was constant and equal to 0.001 kg/s during the injection process. Inlet mass flow boundary condition was applied for inlet face and 7MPa relative pressure loaded for the atomizer at the start of the injection.
Table 2: critical dimensions for simulated simplex pressure swirl injectors 

	Section of the Atomizer
	Value

	Number of inlet ports
	1

	Inlet port diameter (mm)
	0.2

	Inlet port Length (mm)
	1

	Swirl chamber diameter (mm)
	2

	Swirl chamber angle (deg)
	30 ; 35 ; 40 ; 45 ; 50

	Swirl chamber length (mm)
	0.7

	Orifice diameter (mm)
	0.5 ; 0.6 ; 0.7 ; 0.8

	Orifice length to diameter ratio
	0.25 ; 0.5 ; 0.75 ; 1 ; 1.5


6. Results and Discussion
To investigate the effect of the orifice length to diameter ratio on atomization characteristics of simplex pressure-swirl atomizers, 5 simulations were done. For all models the atomizer geometry was as is given in table 2 and the flow conditions were as is described above. Swirl angle was 45 degrees and orifice length to diameter ratio was 0.5. 
Table 3 shows the variation of discharge coefficients which are calculated form equation (1) and the spray cone angle, for different orifice length to diameter ratios.
Table 3: Variation of spray cone angle and discharge coefficient for different orifice length to diameter ratios

	lo/do
	0.25
	0.5
	0.75
	1
	1.5

	θ (deg)
	-
	34.125
	38.209
	-
	-

	Cd
	-
	0.133638
	0.135900
	-
	-


As is evident from the table 3, simulations results show that there is a severe limitation for orifice length to diameter ratio’s variations in order to achieve high quality atomization. For orifice length to diameter ratios equal to 0.25, 1 and 1.5, liquid spray cone and air core inside the atomizer were vanished and atomization phenomena didn’t occurred. Besides, the results show that as the lo/do value is increased from 0.5 to 0.75, spray cone angle and discharge coefficient have increased and the atomization quality has enhanced. Figure 3 (a and b) shows the variation of discharge coefficient and spray cone angle, versus different orifice diameters. As is evident from figure 3, atomizer with the maximum orifice diameter produces the widest spray and it has the minimum value for discharge coefficient. Moreover, the rates of the variations are remarkable, as is evident from figure 3. Discharge coefficient decreased by 45.2% and spray cone angle increased by 25.8%, while the orifice diameter increased from 0.5 mm to 0.8 mm. Figure 4 shows steady atomization formation process since the start of injection till the steady atomization. As it is shown in figure 4, during steady atomization, an asymmetry is observable for liquid flow at the orifice exit face which can cause an asymmetry in spray cone. This is directly related to the number and location of the inlet ports. Effect of inlet slot number on the spray cone angle and discharge coefficient of swirl atomizers is discussed thoroughly [12]. 
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Figure 3: Variation of the atomizer’s characteristics for different orifice diameters, a) Variation of spray cone angle, b) Variation of discharge coefficient 
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Figure 4: 3D view of Phase distribution contours for modeled simplex atomizer with lo/do=0.5,  a) 0.032 ms       b) 0.39 ms, c) 6.515 ms
Figure 5 shows the static pressures contour in an isometric and longitudinal section through the center of the atomizer for an injector with lo/do= 0.5 during its steady injection period. Air core zone is clearly distinguishable from the contours. Static pressure for gas component of the flow has zero value and is marked with blue in figure 5. Figure 6 (a and b) shows the variation of discharge coefficient and spray cone angle, versus different swirl angles. As is evident from figure 6, atomizer with the maximum swirl angle produces the narrowest spray and it has the maximum value for discharge coefficient. The rates of the variations are remarkable, but not as much as the orifice diameter variations effects which discussed above. Discharge coefficient increased by 6.29% and spray cone angle decreased by 30.1%, while the orifice diameter increased from 30 to 50 degrees. By comparison of table 3 and figures 3 and 6 we can conclude that the rate of the variations is the key factor to understand the impact of atomizer’s geometrical characteristics on its spray quality. The optimized atomizer can be chosen by considering all of the above parameters, based on the atomizer’s application.
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Figure 5: Relative static pressures contour of a simplex atomizer with lo/do=0.5, a) Isometric view,                     b) Longitudinal section through the center of the atomizer
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Figure 6: Variation of the atomizer’s characteristics for different swirl angles, a) Variation of spray cone angle, b) Variation of discharge coefficient
7. Conclusions 

This paper has presented results from an investigation of the internal flow structure of GDI injectors, using CFD techniques. Simulations were mostly focused on a type of pressure swirl atomizers, which is named simplex pressure-swirl atomizer. Results were presented for varying swirl angle, orifice diameter and orifice length to diameter ratios. It was observed that by changing any of the geometrical parameters, flow characteristics were affected significantly. Severe limitation observed for orifice length to diameter ratio, hence the liquid spray cone formed for specific interval of lo/do and the best flow characteristics were obtained with lo/do= 0.75. Swirl angle and orifice diameter variations had counter effects on flow characteristics. By increasing the orifice diameter, spray cone angle increased and discharge coefficient decreased dramatically. Besides, by increasing the swirl angle, spray cone angle decreases and discharge coefficient increases. Rate of the variations is the key factor to understand the impact of atomizer’s geometrical characteristics on its spray quality. The optimized atomizer can be chosen by considering all of the above parameters, based on the atomizer’s application.
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