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A methodology for droplet size prediction for sprays generated through muti-hole
type nozzles which are equipped on direct injection gasoline (DIG) engines has been
established. The DIG engines are known as low fuel consumption with high output
power ones, in which the droplet size as atomization quality contributes engine
performance significantly. The authors proposed a hypothesis of the methodology and
concluded that the validity of the hypothesis was confirmed by experiments and
simulations.

The purpose of this research is to enable the pre-design of atomization performance,
which 1s one of the core performance indicators, while ensuring the industrial
feasibility of injectors for DIG engines using multi-hole nozzles. To confirm the validity
of the prediction methodology to realize the pre-design of nozzles, we investigated the
correlation between the average flow velocity and the average droplet size using
several injectors that adopted a mechanism to prevent ejected coarse droplets by
bounce motion of the valve. After clarifying the relationship between the geometric
parameters and the droplet size, determine the specifications of the nozzle used to
validate the prediction methodology. We assumed the existence of a master curve of
relation between velocity distribution and droplet size distribution, finally
demonstrated it by associating the flow velocity distribution by CFD with the droplet
size distribution by measurement.

To prevent the transient coarse droplet ejection, we developed a new actuation
mechanism that suppresses the bouncing behavior of the needle valve inside the
injector when the valve i1s closing. The mechanism is characterized in that its
magnetic armature and the valve body, which are integrated in a normal solenoid
valve, are separated. The magnetic force acting on the armature is transmitted to the
valve body when the valve is opening and pulls the valve to the open state, but when

the valve 1s closing, the stopped needle valve and the armature can move relative to



each other without forming a spring mass system. The needle valve can maintain a
closed state without bouncing by a spring. In a normal solenoid valve, a thin needle
valve contracts and repels due to the spring mass system formed by the armature and
the needle valve, causing bouncing behavior. But the developed mechanism can
prevent this. In this study, we manufactured an injector incorporating this anti-bound
mechanism and experimentally confirmed that it is possible to suppress the transient
coarse droplets ejection.

The investigation of the correlation between the average flow velocity and the
average droplet size was carried out by making prototypes of eight injectors with
different orifice diameter of the nozzle and different stroke displacement of needle
valve, and by measuring the droplet size and the flow velocity. LAWS (Low Aromatic
White Spirit) was used as a simulated fuel in the test, and the droplet size was
measured by laser diffraction particle analyzer. The averaged flow velocity was
calculated the flow rate value measured by the displacement flow meter was divided
by the cross-sectional area of the orifice hole. According to the experimental result,
which measured the multi-hole nozzles used for DIG engines using the droplet size
and flow velocity value measured, the droplet size is in the region proportional to the
exponential power of the average flow velocity, in which its index of -1.5. This index
was same for both Sauter averaged droplet diameter and 90% cumulative volume
droplet size, and it has been shown that it can be an index for predicting the
representative droplet size.

The effect of the geometric design parameters of the injection nozzle on the average
droplet size was investigated by using a theoretical approach to formulate the
pressure drop equation around the orifice hole. As a result of rearranging the
equations by adopting two geometric parameters as typical narrow portion, which are
the injection hole cross-sectional area and the valve-seat cross-sectional area as flow
path. It was shown that the flow velocity at the orifice outlet can be expressed by the
ratio between seat and orifice area, and this was formulated. It was shown that this
formula i1s valid experimentally by comparing the flow velocity obtained from the
measured flow rate and the sheet area ratio. By using both this formula and the
relationship between flow velocity and droplet size, it was confirmed that the average
droplet size can be expressed by the seat-orifice area ratio.

The study of predicting droplet size distribution is based on outlet flow velocity
distribution (volume-based histogram) in the cross section of the orifice outlet obtained
by CFD and the droplet size measured by the laser diffraction method. We proposed a

hypothesis that there exists a master curve which associates the droplet diameter



distribution with the outlet velocity, and experimentally demonstrated the master
curve. In CFD, the flow velocity distribution of the cross section of the orifice outlet is
calculated by modeling around the orifice hole and the valve seat area, which are
known to have a large effect on the atomization. Two types of nozzles with seat-orifice
area ratios of 0.75 and 2.7 were used as prototype nozzles, both calculated and tested
under two conditions of 5/10 MPa of rail-pressure. Correspondence of the cumulative
distributions that velocity and droplet size showed the demonstration of the master
curve, where the horizontal axis is the value normalized by the 0.5th power of the
pressure, and the vertical axis is the droplet size normalized by the exponential power
of the pressure (-0.75th power). As a result, it was shown that the experimental /
analytical data with different seat-orifice area ratios and different pressures are
shown as almost single curve, hence there exists a master curve that associates the
particle size with the flow velocity.

According to the results mentioned above, it was concluded in this study that the
representative droplet size and droplet size distribution of the spray nozzle of DIG

Injector can be predicted.



