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Abstract..The needle tip geometry at low needle lift plays an important role on in-nozzle flow morphology and dynamics. Therefore, their optimization is relevant to improve the fuel mixture formation characteristic for Dual-Fuel Internal Combustion Engines and fitting the strict emissions legislation. This work focuses on the comparison of three proposed needle tip geometries to a base industrial design. Those comparisons are carried out via numerical simulations, where the variation of the physical and transport properties of the liquid fuel is done via Perturbed Chain Statistical Associating Fluid Theory equation of state. The results showed good prediction capabilities with a reasonable computation cost and one of the proposed designs attenuate the cavitation inside the spray holes in contrast to the base one.


1. Introduction
The substitution of the conventional Diesel engine for Dual-Fuel (DF) operation is a short-term answer for strict emission legislations[1]. In DF strategy, the primary fuel with a high-octane number provides most of the energy power and designs the combustion characteristics [2]. The secondary one, usually Diesel in small amount, acts as an ignition source,also named as pilot injection [3]. Conversely, even not being a new technology, DF combustion engines still raises important questions due to the heterogeneous character of the entire process [4].

Currently diesel engines use high-pressure injection systems, operating around 200MPa, and can even reach 300MPa [5]. This high injection pressure in association to sharp geometric changes in the nozzle design impose significant variations in the fuel distribution properties due to high fuel velocities, local depressurization and pressure gradients [6], where those effects may be more pronounced in low needle lift positions. Those factors impose challenges regarding the reproduction of the injection process via numerical simulations [7]. This initial study aims to understand the needle tip geometry effects during pilot injection where the needle lift is minimal opened, since it plays a major role in in-nozzle flow morphology and dynamics. In addition, a methodology for spray modelling is proposed, including in the solver the Perturbed Chain Statistical Associating Fluid Theory (PC-SAFT) equation of state (EoS) via Tabulation [8].

2. Numerical Method
In this work a multi-fluid model is applied to the three components existing in Diesel injection: liquid fuel, fuel vapor and ambient gas (nitrogen). The fuel and ambient gas are treated as homogeneous mixture under mechanical and thermal equilibrium [9]. As a consequence, all phases and components share the same velocity, pressure and temperature fields in each computational cell. In addition, a diffuse interface approximation is assumed at the liquid-air interface. Following the multi-fluid approach, four partial differential equations are solved in conjunction to the thermodynamic closure: mass conservation, momentum, transport and energy. Those equations are solved iteratively with a pressure-based solver using the Pressure-Velocity Coupled algorithm. In addition, the commercial software ANSYS Fluent© is supplemented with external user-defined functions [10] to incorporate the variation of the physical and transport properties of the liquid fuel via PC-SAFT. Furthermore, in order to reduce to computational cost realted to EoS calculations, the thermodynamic and transport properties of the fuel

were calculated prior to the CFD simulations and stored in structured tables, decoupling the evaluation during flow calculation and, thus, speeding-up the simulation [11].

3. Results
The current study examines the impact of the needle tip geometry in an industrial injector design provided by Woodward L’Orange. The base design (needle tip 01) consists of a 7 holes Diesel injector with 0 conicity and 319𝜇𝑚 spray hole diameter and was compared with three proposed ones, named: needle tip 02, needle tip 03 and needle tip 04. In order to save computational resources, only one hole is modelled (1/7 sector). The computational domain consists of different surfaces: needle, housing, inlet, side surfaces and outlet. The outlet is a 1.5mm long conical volume and the needle was placed at 54𝜇𝑚, the minimal lift measured for injection. In all simulations, a pressure boundary condition of 1600bar was applied to the inlet of the domain. The 𝑛-dodecane at 343k was chosen for the fuel entering the domain without taking into account the non-condensable gas in the fuel. A symmetry boundary condition has been applied to the side surfaces and fixed pressure outlet was applied to the outlet surfaces, with pressure 50bar and temperature 780K and nitrogen volume fraction prescribed as 1 in the case of back-flow. The four needle tip geometries are illustrated in Figure 1. At low needle lift, the fuel is under higher deflection and consequently higher acceleration. In the entrance of the spray hole, the base design (needle tip 01) enhances cavitation, where the n-dodecane vapor is mainly located in the upper part along the spray hole and induces a higher amount of vapor. Needle tip 03 follows the same behaviour with a slight reduction of the vapor volume. The proposed geometries needle tip 02 and 04 soften the cavitation intensity, reducing the n-dodecane vapor formed inside the injector considerably compared to the base design (needle tip 01). Furthermore, needle tip 02 relocates the low pressure region mainly inside the sac hole instead of the spray hole as illustrated in the others geometries.
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Figure 1 𝑛-dodecane vapor volume fraction at the plane perpendicular to the orifice for the four needle geometries tip at 54𝜇𝑚 needle lift (pilot injection configuration)

4. Conclusions
The fuel properties predicted via PC-SAFT EoS were incorporated on the commercial software ANSYS Fluent© via tabulated thermodynamic approach. Then, this methodology was applied in an industrial injector design to predict the in-nozzle flow and understand the impact of the needle tip geometry at Diesel pilot injection conditions. Starting from a base design, three geometries were proposed in order to mitigate the vapour formation inside the spray hole. Those geometries were qualitative compared at 54𝜇𝑚 needle lift, where needle tip 02 presents the best performance to attenuate the cavitation inside the spray hole.
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