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ABSTRACT

Article history:

The atomization of internal-mixing twin-fluid atomizers is highly dependent on the
internal geometry of the mixing chamber. Many studies have been conducted on the
air entrance geometry influencing the air-fuel mixing. This paper aims to determine
the effects of a multi-circular jet (MCJ) plate on the spray formation of twin-fluid
atomizers. Plates 1, 2 and 3 with different open area ratios were used in the
experiments. A swirler was used for comparison. The spray images were captured at
different equivalence ratios using a direct photography method. ImageJ software was
used to analyse the breakup length of spray formation. Results corroborate that, as
the open area ratio of an MCJ plate increases, the break-up length decreases. The
opening area for primary air entrance into the mixing chamber contributes to the airfuel mixing, thereby affecting the spray performance of twin-fluid atomizers.
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1. Introduction
Fuel atomization is a critical process in determining the performance of atomizers in a burner
system. Many atomizers are commercially available for various industrial applications, including
pressure, rotary and twin-fluid type. High quality of atomization ensures the fast evaporation of
fuel and good mixing between fuel and air, thereby resulting in high combustion efficiency and the
reduction of emissions [1-3].
Internal mixing twin-fluid atomization has been studied intensively by many researchers [4-6].
Its advantages include good spray quality at low pressure, easy-to-control spray performance and
low primary air consumption compared with the external mixing of different atomizers [7,8].The
atomizer nozzle geometry plays an important role in the characteristics of spray atomization and
mixture formation of fuel and air which contribute to enhancing the combustion performance [1,9].
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Several studies involving the different operating conditions of atomizers include gas-to-liquid ratio,
air and liquid injection pressure [10].
Many factors influence the spray performance including the liquid properties [11] and geometry
of atomizers [1, 6, 12]. Investigation on geometrical parameters on the spray formation, especially
their effects on the interaction of fuel and air in a mixing chamber, was conducted. In this study,
the diameter of air channel and liquid ports play a major role to influence the Sauter mean
diameter. A decrease in air injection area and injection length can reduce the droplet size [7] of a
spray.
2. Methodology
Table 1 shows the diesel properties used in this experiment. Figure 1 exhibits the equipment
setup and cross-sectional view of twin-fluid atomizers. Diesel fuel entered through the side
channels, whereas the primary air entered through the multi-circular jet (MCJ) plate into the mixing
chamber. The plate functions as a turbulence generator to improve the mixing of fuel and air before
spraying into the atmosphere. The experiments were carried out using four different types of plates
which are plate 1, plate 2, plate 3 and swirl (Table 2). The spray nozzle at the top of the chamber is
1 mm in diameter and has eight holes.
The atomizer was equipped with an air compressor to supply the primary air at 1 bar. The fuel
pump was used to supply diesel to the atomizer. The fuel was controlled by the Ono Sokki mass
flow meter. Table 3 shows the equipment and experimental conditions. The investigation was
conducted at five equivalence ratios (ER) from 0.8 to 1.2.
Table 1
Properties of diesel fuel (No. 2)
Property
Density at 15° C
Flash point
Kinematic viscosity at 40°C

Unit
kg/l
°C
cST

Value
0.8296
62
3.4

Fig. 1. Schematic diagram of the experiment
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Table 2
Specification of the plates
Plate 1
Diameter 2 mm x
8 holes;
Open area ratio,
Ae =17.8

Plate 2
Diameter 2 mm x
6 holes;
Diameter 1.5 mm x
4 holes;
Open area ratio,
Ae =18.4

Plate 3
Diameter 2 mm x
4 holes;
Diameter 1.5 mm x
8 holes;
Open area ratio,
Ae =18.9

Swirl
Slit-width 0.45 mm
Outer diameter 5.5
mm

Table 3
Equipment specifications and operating conditions

Air
Compressor

Fuel Pump

Model

PUMA
XN2040

Plate

1, 2, 3 and
swirl

Capacity, l/min

400

Air pressure, bar

1.0

Pressure, kg/cm²

8

Air density at
30oC, kg/m³

1.184

Ambient
temperature, K

300

Operating
Conditions

Model

CNY-3805

Pressure, bar

3

Fuel mass flow
rate, kg/hr

4.941-7.412

Flow rate, l/hr

115

Equivalence
ratio, ER

0.8 - 1.2

A digital single-lens reflex camera (Nikon D5) with FX-format 20.8 MP CMOS sensor and EXPEED
5 image processor was used to obtain the visual of the spray. It has 12 fps continuous shooting rate
with full time AF and AE, 4K UHD video recording at 30 fps and shutter speed at 1/8000 to 30 s. The
images were focused on the plane of the central nozzle using a 10 cm height scale for image length
calibration from a perpendicular view of a fix side of the chamber. The constant lighting was from
the 6 units of the 20 W spotlight with a dark background of the chamber.
The spray images (Figure 2) were captured using macro 105 mm macro lenses, aperture at 2.8
and ISO 800 at 4 to 10 fps. The camera was located at 0.8 m from the object using a tripod. The
transient images were captured at 30 fps at continuous height with f3 aperture. Eight images were
captured for each reading. The images, which were 60 MB in raw format and 20 MB in JPEG format,
were processed further using Photoshop. Eight images were analyzed using ImageJ for stable spray
formation. The calibration of the images referred to the bar located next to the nozzle, and
measurement was conducted on the break-up length of the spray (Figure 2).
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Fig. 2. Instantaneous and inverted images of spray formation

3. Results and Discussion
3.1 Spray Observation of Multi-Hole Nozzle
The atomization process must successfully break up all particles to make them fine for a
complete combustion to occur. This study involves an introduction of diesel into the gaseous
environment through an eight-hole nozzle of a twin-fluid internal mixing atomizer. The diesel
interacts with the surrounding air and breaks up into droplets. Figures 3 to 6 show the inverted
images of instantaneous spray dispersion from plate 1 to swirl at increasing ER from 0.8 to 1.2.
Observation affirms that the spray formation occurs when the droplets detach from the outer
surface of liquid core extending from the orifice of the nozzle. In all nozzles, primary breakup occurs
when the liquid core disintegrates into the ligaments or large droplets. The liquid ligaments and
large droplets break further into small droplets as a secondary breakup. The density of droplets
near the nozzle produces the high-density region, which enters the dilute spray region as it travels
further away from the nozzle. It agrees with the spray characteristics of the near nozzle flow
described by a single nozzle [9,13]. However, each nozzle produces different break-up lengths at
different ERs. The results of analysis are discussed further in the next sub section.

Fig. 3. Instantaneous images of spray generated using plate 1
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Fig. 4. Instantaneous images of spray generated using plate 2

Fig. 5. Instantaneous images of spray generated using plate 3

Fig. 6. Instantaneous images of spray generated using swirl

3.2 Effects of Equivalence Ratio and Open Area Ratio
Figure 7 illustrates the break-up length of plate 1, plate 2, plate 3 and swirl at different ERs. The
break-up length of nozzle 1 slightly increases from ER 0.8 to 1.2. However, the break-up length of
plate 2, plate 3 and swirl decreases from ER 0.8 to ER 1.2. The overall comparison depicts that at
low ER, a large difference of break-up length is observed for all plates. As the ER increases, the
difference is reduced significantly until it reaches the range within 5 to 7 mm for all plates. At the
initial stage of ER, the primary atomization occurs as the gas liquid interacts and momentum
exchanges between the fuel and air. The formation of liquid films near the nozzle is caused by fierce
interactions in this area. As the liquid exits the orifice, the gas expands and creates unsteady flow.
This condition generates fine and large droplets.
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Nevertheless, as the ER increases, the diesel mass flow rate also increases. This will increase
interaction and momentum exchange between the liquid and gas particles, thereby producing high
kinetic energy of sprayed particles for all nozzles. The break-up length then decreases, thereby
producing several droplets in this area which agrees with findings by other researchers [1,9,7].
Low break-up length shows the good atomisation of a spray. Figure 7 shows that plate 1
produces the lowest break-up length at an open area ratio of 0.178. As the open area ratio
increases, the break-up length also increases. This is displayed by the plates 2 and 3 with open area
ratios 0.184 and 0.189, respectively. An increase in an open area ratio reduces the air velocity into
the mixing chamber because of less restrictions or blockages imposed by the plate. A reduction in
air velocity also reduces the shear force that it exerts upon the liquid, delaying the formation of
droplets from the liquid. Consequently, a reduction in the kinetic energy of air and liquid are
observed, resulting in long break-up lengths which agrees with the related work by Kushari [7] on
the twin-fluid atomizer. However, at high ER, the effects of a jet plate open area are reduced on the
break-up length formation. At this stage, a high diesel flow rate produces high kinetic energy of air
and liquid, which accelerate the droplet formation of all nozzles, reduce the break-up length and
significantly improve the spray atomization [13-15].
Plate 1: Ae=17.8
Plate 2: Ae=18.4
Plate 3: Ae=18.9
Swirl
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Fig. 7. Breakup length of multi-hole nozzle

4. Conclusions
The effects of using a MCJ plate as a turbulence generator for air fuel mixing in twin-fluid spray
atomization were investigated experimentally. Plate 1 with the lowest open area ratio produces the
lowest break-up length compared with plate 2, plate 3 and swirl. A low open area ratio produces
short break-up lengths and improves the spray atomisation of twin-fluid atomisers at a low range of
ER. However, the effects of an open area ratio on the break-up length formation decrease at high
ER (ER 1.1 and 1.2).
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