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Abstract 

This study concerns an experimental and numerical activity on a prototype of an 

outwardly opening hollow cone injector as a possible application for automotive 

engines. An external supplier provided the prototypal injector, with a dedicated 

piezoelectric actuation system, and with an appropriate choice of geometrical 

design parameters, working at high injection pressure. 

The characteristics of nozzle open spray concept (in terms of spray penetration and 

diffusion) were evaluated in a constant volume combustion bomb and validated by 

numerical simulations with the OpenFOAM libraries in the lib-ICE version of the 

code. The considered injector configuration is proved to be a promising solution 

for the realization of a high-pressure diesel cone spray well atomized. In a previous 

work, it was assessed that spray atomization and penetration are sensible to the 

injection control parameters, in particular to the injection pressure level, and to the 

HV (stationary level of the voltage command at the actuator). This could permit the 

graduation of injection control parameters in order to assure an appropriate control 

of spray penetration and atomization levels in a dedicated engine combustion 

chamber. 

The numerical results show that the code can provide a quite good prevision of the 

radial tip penetration (TP) but a sensible overestimation of axial TP over all the 

injection event. CFD simulation describes a rapid breakup process immediately 

after the fuel discharge providing a finely atomized spray along the whole 

circumference. 

 

Introduction 

The combustion quality in modern diesel engines strictly depends from the quality 

of the air-fuel mixing, and in turn, from the quality of spray atomization process.  

Some characteristics as high injection pressures (pinj), multiple and very near 

injections, as well as high rate of the opening and closure nozzle lift are essential 

for a modern diesel Common Rail (CR) Fuel Injection System (FIS) in order to 

assure a satisfying combustion efficiency. 

However, alternative spray concepts to the conventional Multi-Hole Nozzles 

(MHN) could be considered as solutions to the extremely high Pinj increase to 

assure a high and faster fuel-air mixing in the piston bowl, with the final target of 
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increasing the fuel efficiency and reducing engines emissions. In this sense, a 

diesel HCN (Hollow Cone Nozzle) concept could be an alternative solution. 

Another potential application of a high-pressure HCN could be relative to the 

Gasoline Direct Injection Compression Ignition (GDICI) engines. Research interest 

is growing up on this kind of engine due to their capabilities to produce very low 

Particulate Matter (PM) and Nitrogen Oxides (NOx) emissions with a fuel 

efficiency comparable to diesel’s one [1-3]. 

In this context, a prototypal high-pressure HCN was tested from an experimental 

and numerical point of view to characterize its whole spray behavior. In the 

following paragraphs, the main results on the operating features of the HCN, tested 

preliminarily for diesel fuel applications only, are described together with the 

adopted experimental facilities and numerical tools. 

 

Experimental methodology 

The experimental characterization of the injection process was carried out under 

non-evaporative conditions injecting the fuel in a high-pressure constant volume 

cylindrical vessel in order to measure the spatial and temporal spray pattern at 

engine-like gas densities. Therefore, SF6 gas (density 6.2 kg/m
3
@295K) was used 

in the vessel at room temperature reaching the desired gas densities at lower 

pressures than air. Pressure of 0.25 MPa was set in order to achieve a gas density of 

14.8 kg/m
3
, correspondent to in-cylinder engine conditions of 4.2 MPa at 1000 K. 

Frontal and lateral spray evolutions were acquired for each investigated condition 

by a high-speed C-Mos camera (30,000 fps, 8.37μs shutter time) synchronized with 

both the injection system and a high-intensity flash. A sketch of experimental 

apparatus for tests under non-evaporative conditions and further details were 

described in [4]. 

A complete set of single pulse injection strategies was carried out by varying pinj 

and injection fuel quantity (Qinj) between 30 and 120 MPa and 1 and 60 mm
3
/shot 

respectively. 

 

Experimental results 

The fuel spray evolution was carried out in terms of both radial and axial liquid 

penetration. Figure 1 shows the adopted methodology for the measurements. The 

radial spray TP measurement was acquired by calculating the radial distance 

between the end of the spray and the injector nozzle (Figure 1 on the left). Vice 

versa, for the axial TP was measured the maximum distance of the spray from the 

nozzle along the injector axis direction (Figure 1 on the right). A set of five images 

was captured for each injection condition for evaluating the cycle-to-cycle 

dispersion. As known, maximum TP is a function of pinj, ambient density and 

discharge area. The trends of TP are in agreement with literature for HCN sprays 

under pinj values typical of GDI applications [5]. 
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Figure 1. Experimental methodology for the radial (left) and axial (right) TP  

 

The CFD code 

The OpenFOAM® CFD methodology in the Lib-ICE version [6] was employed for 

the numerical characterization of spray pattern. 

Injection rate from EVI measurements and needle lift from AMESim simulation 

were assumed as input data. The mass flow rate profile was corrected with a 

discharge coefficient (Cd) considering the variation of the geometrical discharge 

area due to the needle lift during the injection event. The reduction of the effective 

discharge area of HCN injectors at high injection pressure due to the effects of 

cavitation pockets and/or air bubbles produced by the air entrainment [5] are here 

neglected because information from the flow analysis inside the nozzle was not yet 

available for so high injection pressure values. 

The initial condition of SMD is the most uncertain parameter for HCN spray 

simulation, related to the unknown shape and morphology of fuel structures at the 

nozzle exit [7] from high-pressure HCN spray (above 30.0 MPa) when no 

experiments are available. Here a constant initial SMD of 30 μm was assumed 

corresponding to the highest value of needle lift in the operating conditions.  

The majority of literature information were found about lower injection pressure 

values typical of GDI applications [5, 8]. Only poor studies provide information 

about physical mechanisms involved in the atomization and breakup processes for 

an outwardly HCN injector operating are high injection pressure typical of diesel 

fuel (like CR FIS) [9]. Therefore, the evolution of the spray was simulated through 

the classical models for high pressure spray simulation, adopting a Discrete Droplet 

Model (DDM) based on a Lagrangian approach for the liquid phase, an hollow 

cone injector model with no atomization model and with the KH-RT mechanisms 

for breakup [10]. O’ Rourke collision model was used [11] with ALMR technique 

[12] that refines the mesh only where the total fuel mass fraction is within a certain 

range.  

Table 1 summarizes the set of injection conditions in which the predictive 

capabilities of the code in capturing spray characteristics for HCN injector were 

evaluated comparing numerical spray penetration and diffusion with experimental 

results. 
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Table 1. Set of injection conditions for numerical spray characterization 

Injection Pressure 

[MPa] 

Fuel Delivery 

[mm
3
/shot] 

Cone Angle  

[degree] 

80 30 100 

120 60 100 
 

Results 

Experimental and computed results in terms of frontal and lateral spray evolution 

are reported for the above injection conditions in Fig. 2 at different time after the 

start of injection. The comparison of frontal images evidences a quite good 

agreement in terms of radial shape and radial TP of the spray. On the contrary, 

lateral images show that the calculated axial TP agree with experiments up to 

300µm while after the simulation is not able to predict spray toroidal vortex clouds 

(see the superimposed arrow highlighting this recirculation zone in Fig. 2).  

 

150 μs

50 μs 150 μs 250 μs 350 μs 500 μs

50 μs 250 μs 350 μs 500 μs 650 μs 50 μs 150 μs 250 μs 350 μs 500 μs 650 μs

50 μs 150 μs 250 μs 350 μs 500 μs

 

Figure 2. Exp. vs numerical spray images pinj: 80MPa and Qinj:30 mm
3
/shot (left), 

pinj: 120 MPa and Qinj:60 mm
3
/shot (right).  

 

This reverse flow, typical of HCN sprays, derives from the intense air entrainment 

into the conical spray and from the hydraulic dynamic behavior of the needle lift 

itself both responsible of forming air bubbles and cavitation pockets at the nozzle 

exit in the gap between the pintle and the seat [8,13]. 

Fig. 3 shows the comparison between measured and calculated data in terms of 

radial and axial TP, for the injection strategy at 80 MPa of injection pressure and 

fuel delivery of 30 mm
3
/shot. The comparison highlights a quite good agreement 

for radial TP while the axial one is overestimated after 300 μs, confirming previous 

results of Fig. 2. This initial analysis on spray characteristics show that the adopted 

setup of spray sub-models, well assessed in capturing the whole spray behavior for 
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high pressure MHN injectors [12] indicates a quite good prevision of the spray 

behavior also for the HCN injector prototype. 

 

 
Figure 3. Experimental vs numerical results in terms of axial and radial TP  

Summary 

The present paper was dedicated to an initial analysis of the spray from an 

innovative high-pressure HCN injector for automotive application equipped with a 

dedicated direct piezoelectric actuation system. The HCN spray behavior in terms 

of spray penetration and diffusion in a constant volume vessel was quite 

sufficiently validated by numerical simulations. 

Numerical simulation describes a rapid breakup process immediately after the fuel 

discharge with a final circumferentially finely atomized spray. Experimental results 

show that a critical aspect lies of the prototypal version of the injector concern 

spray tip penetration that appears reduced due to a reduction of spray momentum 

produces. 

Future steps will be the optimization of the spray pattern from the prototype in 

terms of spray penetration and atomization levels for real application in diesel CI 

or GDICI combustion systems.  

 

Nomenclature 

ALMR  Adaptive Local Mesh Refinement 

Cd Discharge Coefficient 

CI Compression Ignition 

CR Common rail 

DDM Discrete Droplet Model 

FIS Fully Injection System 

GDICI Gasoline Direct Injection Compression Ignition 

HCN Hollow Cone Nozzle 

KH RT Kelvin Helmotz Rayleigh Taylor 

MHN Multi-Hole Nozzle 

PM Particulate Matter 

SMD Sauter Mean Diameter 

TP Tip Penetration 
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