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The improvement and innovation of internal combustion engines have been
driven to meet stricter emission requirements. Controlling the combustion process is
essential since it plays an important role in improving thermal efficiency andvreducing
exhaust gas emissions. One of the most important parts of a diesel engine is the
injector. That is why fuel injectors that can generate fuel sprays with attractive
characteristics for the combustion process have been developed. As determined by the
stoichiometric air-to-fuel-ratio, sufficient mixing between fuel and oxygen is needed to
obtain clean combustion. Excessive fuel and some leftover droplets in the air-fuel
mixture can cause soot buildup and increase particulate matter emissions.

Without a ‘fully break-up processes, fuel spray atomization can be divided into
two processes, primary and secondary break-up which the mechanism thought to be
aerodynamics atomization theory. The spray atomization is not only affected by the
interaction between gaseous phases and the liquid but also by internal nozzle flow
phenomena like turbulence due to cavitation, even though sometimes cavitation
induces erosion. Cavitation phenomena are known to play a significant role in
improving the fuel spray characteristics to ensure adequate mixing betWeen air and
fuel in the combustion chamber. Therefore, a comprehensive understanding on
cavitation and fuel spray atomization is essential for developing the next-generation
fuel injector. /

Two kinds of cavitation may occur in the diesel fuel injectors. The first is orifice
wall cavitation. This type of cavitation typically occurs at the orifice entrance, where
flow separation occurs due to sudden contraction. Flow disturbance caused by the
collapse of cavitation bubbles near the orifice exit enhances liquid jet atomization. The
second is string cavitation, which a strong vortex flow occurs in the sac and orifices.

Recently, it was pointed out that string cavitation has larger impact on spray
characteristics than that of orifice wall cavitation. String cavitation may appear in
‘multi-hole fuel injectors at low needle lift, which increases spray angle and decreases
droplet diameters. There maybe two different types of string cavitation. Prasetya et al.
(2019) found that two string cavitation with small diameter occurs intermittently. This
type of string cavitation connects between neighboring orifices; and the spray angle
reaches 15 degrees. On the other hand, He et al. (2016) found that only single string
cavitation occurs from an orifice to the needle surface. This type of string cavitation

occurs steadily resulting a very large spray angle which reaches 45 degrees.
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However, the previous researchers have used their own injectors with different
geometries, and the complicated three-dimensional veldcity distributions in the
injectors have not been clarified yet, which make it difficult for us to reveal the overall
string cavitation flow phenomena. Moreover, since the dimensionless parameters
governing string cavitatidn are not known, we cannot quantitatively predict string
cavitation appearance in the injectors with different shapes and sizes as well as the
spray angle.

The main goal of this study is to reveal the various string cavitation phenomena
and propose the model to predict the appearahées of these sfring cavitation and the
resulting spray angles for various diesel fuel injectors with different geometries and
needle lifts. As the first step, to clarify the string cavitation flow patterns ‘in the
multi-hole mini-sac fuel injector with different flow channel shapes and their effects on
spray characteristics, visualization of string cavitation in a transparent three-hole
mini-sac injector at different needle seat gaps Z and spray as well as Particle Image
Velocimetry (PIV) analysis of the flow on a plane not through the central axis but
perpendicular to the axis of an orifice are carried out. The results clarify that there are
two types of string cavitation flows, twin string cavitation flow and single string
cavitation flow. Twin string cavitation flow, which one or two string cavitations occurs
from an orifice to the neighboring orifices at the needle seat gap-to-orifice diameter
" ratio Z/D = 1. Twin string cavitation flow occurs due to twin swirling flow, which the
mag'nitude of circulation in the right is almost equal to that in the left half, and the
sum of two circulations is almost zero. On the other hand, single string cavitation;
which only one string cavitation connects from an orifice to the needle surface at the
very low needle lift of Z7ZD = 0.5, significantly increases spray angle with a hollow-cone
spray. The large magnitude of the total circulation when single string cavitation occurs,

induces a hollow-cone spray‘ by the strong centrifugal force.
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After clarifying the two flow patterns, to develop model to predict the occurrence
of single string cavitation and orifice wall cavitation, visualization of cavitation in
simple rectangular injectors representing the Valve-Covered Orifice nozzles and the
mini-sac nozzles with its needle tip near the orifice entrances is carried out, whose
needle seat gap Z sac width W, orifice diameter D, liquid kinematic velocity v, and
mean liquid velocity V are varied. Based on the ratio among inertia and viscous forces
in the injector, dimensionless parameter of single string cavitation Re;is derived. PIV
analysis is conducted to measure the velocity distribution in the sac, to clarify the flow
structure and to quantify the circulation in the sac. As a result, regafdless of the shape
and size of the fuel injector, the length of cavitation in an orifice can be predicted by
using the modified cavitation number 0c, which based on the local pressure at the vena
contracta of the orifice. The appearance of single string cavitation and circulation in
the sac are possible to be predicted quantitatively by using the dimensionless number
Fe;:, which based on inertia of the liquid flow in the orifice, viscous force to prevent the
bathtub swirling flow in the sac, viscous force caused by the velocity distribution at the
upstream of the orifice inlet and viscous force to weaken the( spiral flow in the orifice.

. Finally, a model to quantitatively predict the formation of single and twin string
cavitations as well as the spray angles in the diesel fuel injectors with various
geometries are developed. High-speed imaging of the cavitating flows in the sac and
orifice in various multi-hole mini-sac injector is conducted to clarify the effect of hole
angle, needle seat gap, needle angle, sac diameter, and orifice number on the
occurrence of down flow, single string cavitation and twin string cavitation and their
effects on spray angles. The results clarify that at the large needle seat gap, the liquid
flows directly to the orifice to form down flow. The close distance between the needle
surface and orifice inlet and the large distance between neighboring orifices induce
single string cavitation by the bathtub flow effect, thereby, leading to a large spray
angle. The small sac with small distance between sac inlet and the orifice enhances a
strong vortex caused> by small diffusion and large momentum in the sac. The
occurrences of down flow, single string cavitation and twin string cavitation can be
predicted using the new flow regime map based on the critical distance between the
needle surface and orifice inlet. Then, the spray angle under variety of geometries can
be quantitatively predicted by using the correlations based on oc, Fes and Re:.

The model proposed to predict string cavitation flow pattern and the resulting
spray angle in this study can greatly contribute to make better design of diesel fuel
injectors that can generate desirable spray characteristics for clean combustion. The

concept of the model can be implemented in different applications.
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