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ABSTRACT-The purpose of this study is to investigate effects of length-to-width (L/W) ratio on cavitation flow inside a
transparent acrylic nozzle orifice, and its effects on spray angle. Three visualization nozzles with different geometries (L/W
=2.0, 2.67, and 4.0) are used, and the working fluid is water. In order to visualize the development process of cavitation, the
injection pressure of the working fluid is changed, and a high-speed camera is used with a metal-halide lamp. From
experiments and analysis, some important facts are determined. As the injection pressure increases, the cavitation length and
thickness increase linearly until the hydraulic flip occurs. Although the cavitation width varies according to the orifice width,
the maximum cavitation thickness relative to the orifice width is almost constant at approximately 25 % ~ 30 %. When the
nozzle shape ratio increases, the discharge coefficient tends to increase because of the decrease in friction area. When entering
the hydraulic flip region, the discharge coefficient decreases due to the reduction of the exit section area. The spray angle is
affected by the cavitation number, cavitation length, cavitation thickness, and Reynolds number. The higher the injection
pressure, the higher the turbulence intensity, and the greater the instability of the fluid flow.

KEY WORDS : Length-to-width ratio, Cavitation, Hydraulic flip, Spray angle, Discharge coefficient, Cavitation number

NOMENCLATURE

CN  : cavitation number

L/W : length-to-width
P : pressure

Re : reynolds number
SUBSCRIPT

inj : injection

1. INTRODUCTION

The formation process and uniformity of the air-fuel
mixture supplied in a combustion chamber greatly affects
its combustion performance and emissions characteristics.
Hence, in order to form a uniform mixture, various
attempts, such as reducing nozzle hole size, and increasing
injection pressure, have been performed. Pang et al. (2017)
reported that large nozzle hole size, such as 100 um, 180
pm, and 363 pum, increase the amount of fuel injected,
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creating a rich equivalence ratio level and, finally,
adversely affecting spray flame retardation due to the
deterioration of uniformity of the mixture. Su et al. (1995)
reported that the Sauter mean diameter (SMD) of a sharp-
edged nozzle is larger than that of a rounded-edged nozzle,
and the higher injection pressure induced a small SMD in
the study on the atomization characteristics according to
the shape of the nozzle inlet and injection pressure.
Meanwhile, as the injection pressure increases, the fluid
flow instability inside the injector nozzle is increased.
When the fluid passes through a narrow-sectional orifice
under the high injection pressure condition, a vena
contracta is formed that fails to flow along the corner shape
of the nozzle orifice inlet and causes the cross-section area
of flow to narrow. As the fluid passes through the area of
the vena contracta of the narrow flow path, the dynamic
pressure increases, and the static pressure decreases. If the
static pressure is lower than the vapor pressure of the fluid,
bubbles in the fluid occur, which is called cavitation.
Depending on the pressure conditions, cavitating flow,
which is a two-phase flow in which bubbles grow and
liquid- and gas-phases coexist, grows along the wall, and
sometimes up to the nozzle outlet. Bubbles grow and
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explode as the pressure changes in the orifice, and shock
energy released outside when bubbles explode is known to
promote liquid atomization (Mauger et al, 2012;
Prabhakar et al., 2013; Wang et al., 2015). As the injection
pressure becomes high, the generation and development of
cavitation flow is inevitable.

Various studies have been actively conducted, including
studies on the generation and development of cavitation
flow, and its effect on spray and atomization
characteristics. Sou et al. (2007) studied cavitation
characteristics using a two-dimensional acrylic nozzle and
divided the results into four areas, such as no cavitation /
developing cavitation, super cavitation and hydraulic flip,
according to the characteristics of the cavitation flow. In
addition, Sou ef al. (2008a) reported that the formation of a
ligament, which is an intermediate stage of fluid breakup,
is affected by the collapse of the cavitation cloud on the
nozzle wall from a cylindrical nozzle. They also conducted
a cavitation bubble visualization study using an X-ray light
source (Sou et al., 2015), and found that the cavitation
bubble does not maintain a spherical shape, depending on
the nozzle size and the structure of the flow detachment.
He and Ruiz (1995) measured the speed of cavitating flow
and non-cavitating flow inside a two-dimensional nozzle
using laser Doppler velocimetry (LDV). The results
showed that the average flow rate and turbulence were high
for cavitation flow. Chaves and Schuhbauer (2006)
produced two asymmetrically sized acrylic nozzles of the
same size and an actual diesel injector with valve covering
orifice (VCO) type nozzles and compared them to axial
ball injectors. They revealed that the asymmetry of the
nozzle hole is closely related to the generation of vortexes
and cavitation. Mitroglou et al. (2011) revealed that the
structure of string cavitation is related to injection
instability. Pratama and Sou (2013) analyzed the
occurrence timing of string cavitation in accordance with
the injector needle position. They reported that the lower
the needle position in a cylindrical nozzle, the greater the
injection angle, and the greater the string cavitation. As
shown in the results of the preceding studies, the cavitation
is mainly affected by the nozzle shape (geometry), length-
to-diameter (L/D) ratio, inlet angle of the nozzle orifice,
and the Reynolds number (Sou et al., 2008b), as well as the
nozzle orifice inlet roundness, the behavior of injector
needle, the surface roughness inside nozzle orifice, and fuel
properties.

The purpose of this study is to find out how the
geometric shape of the nozzle affects the generation of the
cavitation and the effect of the cavitation on the fluid
injection. Most cavitation experiments based on L/W
conditions are carried out by changing the nozzle length
conditions. However, in this study, the length of the nozzle
orifice is fixed, and the width is changed in order to change
the nozzle shape ratio (length-to-width (L/W) ratio).
Because the diameter of the injector nozzle gradually
become small in order to improve atomization, the nozzle

width was changed in this experiment. In addition, the
effect of cavitation on spray behavior and spray angle was
investigated by simultaneously visualizing the inside and
outside of the nozzle.

2. EXPERIMENTAL APPARATUS SET-UP AND
PROCEDURE

Figure 1 (a) shows a schematic diagram of the
experimental devices for visualizing the internal- and the
external-flow of a transparent acrylic nozzle. The water
was used as the working fluid, and it was supplied by
adjusting to 0.1 bar using inverter pumps, as shown in
Figure 1 (b). The flow rate of the working fluid was
measured in real time by installing an instantaneous flow
meter (DY-L15, Flstronic) between the pump and the
acrylic nozzle. The fluid passing through the acrylic
nozzles was stored in reservoir tank A and moved to
reservoir tank B for supplying the working fluid through an
underwater pump for the circulation system. An ultra-high
speed camera (FASTCAM Mini AX100, Photron, Tokyo,
JP) was installed on the front of the acrylic nozzle, and a
250W metal-halide lamp (MID-25FC, Kyowa Co. Ltd,
Osaka, JP) and filter paper were installed on the back in
order to visualize the internal and external flow using the
shadow graph visualization technique. Table 1 shows the
experimental conditions and properties of the water.
Figure 2 shows a design sketch of the acrylic (PMMA)
nozzle used in the experiment and the actual acrylic nozzle

Reservoir tank B
Metal-halide lamp

Lamp filter sheet
High-speed camera
Reservoir tank A

(a) Schematic diagram of experimental apparatus for visualization of internal-
and external-flow characteristics

(b} Pump for supplying water and reservoir

Figure 1. Schematic diagram of experimental apparatus
and picture for pump and reservoir.
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Table 1. Experimental conditions and Properties of
working fluid.

40(L =8 W=2)
267 (L =8 W=3)
20(L =8 W=4)

1.0 ~ 3.0 (step 0.1)

Length-to-width (L/W) ratio

Injection pressure (bar)

Ambient pressure (bar) 1
Fluid Tap water
Working Density 998 kg/m’
fluid . S
Kinematic viscosity )
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(b) Picture of three test nozzles

Figure 2. Design sketch and pictures of three test nozzles.

photograph. Three test nozzles having nozzle shape (L/W)
ratios of 4.0, 2.67, and 2.0 were manufactured by holding
the hole length at 8 mm and changing the width to 2 mm ~
4 mm. The criteria of term of “nozzle shape (L/W) ratios”
is as follows. Firstly, we used the average value of the
commercial GDI injector L/D. Secondly, to confirm the
change in the cavitating flow according to the L/W change
by varying the nozzle thickness by 1 mm while holding the
nozzle length as a fixed variable in L/W. Thirdly, due to
limitations in manufacturing technology, the minimum
value of W change was 1 mm. The thickness of the nozzle
was minimized as much as possible to observe the internal
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Figure 3. Sample image (a) and flow chart of image
processing (b).

flow as well as, the generation and development of
cavitation. In addition, to simulate the maximum open
injector needle, a needle was installed 30 mm away from
the acrylic nozzle hole, and fluid was supplied
symmetrically from the left and right sides.

Figure 3 shows the image post-processing process of
acquired cavitation flow and spray images. Figure 3 (a) is
an image showing the inside and outside of the nozzle
taken by the shadow technique, and Figure 3 (b) shows the
sequence diagram showing the post-processing of the
image for analyzing cavitation flow inside the nozzle and
external spray. The images taken with the internal
cavitation and development phenomenon of the nozzle and
external flow were quantified using image processing, such
as removing the background and converting to black-and-
white images through binarization.

Figure 4 describes the definition of the spray angle of the
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(a) Definition and measurement method of spray angle

Spegy dpgle

(b) Definition of cavitation width and length

Figure 4. Definition of spray angle, cavitation width, and
cavitation length.

external spray and the cavitation thickness. Figure 4 (a)
represents the method of measuring the spray angle from
the binarized image, and Figure 4 (b) is intended to
describe the definition of the cavitation length and
thickness. The spray angle of fluid injected from the nozzle
can be obtained from the calculation of angles £ 3 (@),
@™ and £@ (@', @") through the equation of the
triangle function at the end of the nozzle exit (Y0) and at
100 mm (Y,), 200 mm (Y,), and 300 mm (Y;). The
remaining angle of the triangle formed by £ @ and £ @
are defined by the spray angle. The mean value of the three
spray angles, calculated at points 100 mm, 200 mm, and
300 mm, was used. The cavitation length was defined as
the distance from the beginning of the cavitation and the
thickness of the cavitation was defined as the equidistant
measurement point within the nozzle.

This study also used two dimensionless numbers the
cavitation number (CN) and the Reynolds number (Re)
which are defined as follows:

P,—P
— in amb 1
CN Pamb_Pvapor ( )
Re=2YD _VD 2)
M v

where Py, Py, and P, are the injection pressure, the
ambient pressure, and the vapor pressure of the working
fluid (water), respectively; and p, V¥, D, and v are the fluid
density, the fluid velocity, the width of nozzle orifice, and
the kinematic viscosity, respectively. In general, the vapor
pressure can be ignored because it is very small compared
to the injection pressure and the atmospheric pressure. The
cavitation number (CN) is representative of the strength of

Injection
praanie toar) 1 11 15 1.6 28
Flow rate (LPM) 3.6 38 4.2 4.4 4.8
Velocity at exit
(m/s) 15 15.83 17.5 18.3 20
Cavitation
e 30 1 11 15 16 28
(a) L'W =4
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Flow Images
A
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Injection
presuure (bar) 1 11 16 18 28
Flow rate (LPM) 6.9 71 8.5 8.7 2.3
Velocity at exit
(m/s) 12.78 13.15 15.74 16.11 17.22
Cavitation
number (CN) 1 11 1.6 18 2.8
(b) LIW =2.6
Flaw images
Injection
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Flow rate (LPM) 10.5 11 13.2 15 15.1
Velocity at exit
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Figure 5. Cavitation development process according to
injection pressure and L/W (length-to-width) ratio.

the cavitation (Lindstrém, 2009).
3. RESULTS AND DISCUSSION

3.1. Effect of Injection Pressure on Cavitation Growth

Figure 5 shows the generation and growth process of the
cavitation according to the injection pressure in three
acrylic nozzles with different nozzle shape ratios.
Depending on the generation and growth of the cavitation,
it can be divided into areas of “No cavitation”, “Growth of
cavitation (including generation)”, “Super cavitation”, and
“Hydraulic flip”. Generally, when defining the cavitating
flow, the “No cavitation”, and “hydraulic flip” are clearly
distinguished. However, the “Growth of cavitation” and
“super cavitation” differ according to the authors’
standards. We defined the “Growth of cavitation” up to
before the “super cavitation” region. Here, the “super
cavitation” is defined as a case where the cavitation has
grown by 70 to 80 %. As shown in Figure 5, under the 1
bar injection pressure condition, there is no cavitation in
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Figure 6. Flow rate characteristics for L/W ratio and
injection pressure.

the L/W = 2 nozzle (Figure 5 (c)), but it was observed that
the cavitation was formed in the L/W = 2.67 and 4.0
nozzles (Figures 5 (a) and (b)). A large nozzle shape ratio
in this study means that the nozzle width (W) is small.
Therefore, even under the same injection pressure
conditions, the fluid will pass through a narrower flow
path, the flow rate will be reduced, and the static pressure
will be reduced faster, resulting in an early formation of
cavitation. In addition, as the injection pressure increases,
the cavitation area within the orifice becomes larger and
continues to grow until both cavitation length and thickness
reach the nozzle exit. When the cavitation reaches the
nozzle exit, it enters the hydraulic flip, reducing the
atomization characteristics of the cavitation flow (Park et
al., 2008), and dramatically reduces the injection angle. As
the cavitation occurs first at nozzles with large nozzle
shape ratios, the growth rate of the cavitation and the
timing of entry into the hydraulic flip area are also rapidly
shown. As the injection pressure increases, the flow rate
and the CN increases, and the cavitation flow become
active by the increase of cavitation length in the nozzle.
When the cavitation flow becomes active, the growth of the
air bubbles and their explosion will have a greater effect on
liquid atomization, which will result in a greater injection
angle of fluid injected from the nozzle exit. Therefore, the
spray angle of fluid injected during the super cavitation
phase is greatest.

Figure 6 shows the flow rate characteristics according to
nozzle shape ratio and injection pressure. While the flow
rate increases linearly as the injection pressure increases in
the areas of cavitation generation and growth (cavitating
flow region), the flow rate decreases slightly in the
hydraulic flip phases because the working fluid (water) in
not reattached to the orifice wall but is injected through the
reduced exit area. When comparing the increasing rate of
flow rate, it was found that the smaller the nozzle shape
ratio, the higher the increasing rate of flow rate. Because
this indicates that the width of the nozzle is larger, the
increase of the flow rate for a nozzle that has a larger cross-
sectional area that passes through the fluid is high.

—W— L/W=4.0 —@— L/W=2.67 —de—L/W=20]

i Transient section
i from cavitating flow
to hydraulic flip

Cavitation length (mm)

08 10 12 14 16 18 20 22 24 26 28
Injection pressure (bar)

Figure 7. Cavitation length for the L/W ratio and injection
pressures.

Figure 7 shows a graph comparing the cavitation length
with the injection pressure. As shown in the figure, the
cavitation length gradually increases as the injection
pressure increases, and as it grows to the end of the nozzle,
it enters the hydraulic flip area and maintains a constant
cavitation length. Specifically, when the injection pressure
was increased from 1.4 bar to 1.5 bar, it was found that the
cavitation length increased rapidly in all three nozzles. In
addition, the larger the nozzle shape ratio, the faster the
cavitation length is growing, with the first growth to the
end of the nozzle, and the result was that it entered the
hydraulic flip phase. As described earlier, because acrylic
nozzles used in this experiment have a fixed orifice length
and change in width to yield various nozzle shape ratios, a
larger nozzle shape ratio means a smaller nozzle width. The
larger the nozzle shape, the larger the pressure drop to
lower pressure than the saturated vapor pressure, and the
greater the cavitation will occur first. In other word, the
larger the nozzle shape ratio, the faster the cavitation
occurs, and the faster it grows to the end of the nozzle
orifice.

Figure 8 shows a graph comparing the cavitation width,
cavitation width ratio, and length for the condition where
the cavitation has grown to the maximum inside the three
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Figure 8. Cavitation length, cavitation width ratio, and
coefficient of contraction (C,) according to L/W ratio at
super cavitation condition.
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Figure 9. Discharge coefficient (C,) characteristics for L/'W
ratio and injection pressure.

acrylic nozzles. Cavitation width data was acquired with
average value of the acquired 100 images values was used.
Figure 8 (a) is the actual measurement value of cavitation
width and length. The cavitation ratio in Figure 8 (b) means
the relative value of cavitation width for the orifice width.
When comparing the cavitation width, such as in Figure 8
(a), the larger the nozzle width (smaller the nozzle shape
ratio), the greater the cavitation width. However, compared
with the cavitation width ratio relative to the orifice width
of nozzle, the result commonly account for approximately
25 % ~ 30 % of the orifice width. Under high injection
pressure, when the fast fluid enters a rapidly narrowing
flow path, it fails to follow the shape of the corner of the
orifice and forms a vena contracta that narrows the flow
path. The rate at which the orifice width is contracted to the
width of the vena contracta is referred to as the coefficient
of contraction (C,). In general, C, is set at 0.61 ~ 0.64
depending on the orifice entrance slope angle. Therefore,
the width of the vena contracta relative to the orifice width
is generally constant; hence, the ratio of cavitation width is
considered constant regardless of the orifice width. The
maximum cavitation width ratio was found to be greatest at
4 ~ 5 mm (around the center point of the nozzle orifice) in
three test nozzles.

Figure 9 shows the coefficient of discharge (C,) with the
injection pressure. The C, represents the ratio of the actual
flow rate to the calculated flow rate as follows.

m
c AJ2APIp ©)
where A4 is the cross-section area of the nozzle exit, AP is
the pressure difference, p is the density of working fluid,
and m is the actual flow rate. In Figure 9, all three nozzles
show a sharp decrease in flow rate due to the narrowing of
the exit cross section when entering the hydraulic flip area
from the cavitation area. In addition, the higher the nozzle
shape ratio, the higher is C; Due to the nozzle
characteristics used in the experiment, the section area of
the exit is narrow because the width of the orifice is
smaller. Because the friction area that affects flow is
smaller when the exit area is reduced, it is believed that the

Spray angle (degree, °)

0 1 i L 1 L

08 10 12 14 16 18 20 22 24 26 28 30

Cavitation number (CN) (-)

Figure 10. Spray angle characteristics for cavitation
number at different L/W ratio nozzles.

flow coefficient is high. It can be seen that the flow rate
decreases gradually when the injection pressure has
increased after the onset of hydraulic flip. In the hydraulic
flip region, the external air entered the empty space
between the orifice wall and the fluid inside the nozzle.
When the injection pressure increases, the relative velocity
of injection spray for the ambient air also increases. Then,
the air entrainment into the orifice improves, and the
effective exit cross area is decreased. Consequently, the
discharge coefficient will decrease.

3.2. Injection Angle Characteristics according to the
Growth of Cavitation

The cavitation formed and grown inside the nozzle orifice
also has a significant effect on the spray behavior and
atomization. In this section, we analyze how the cavitation
flow characteristics that occur inside the nozzle affect the
spray angle characteristics outside the nozzle.

Figure 10 shows a graph comparing the spray angle with
the variation of the cavitation number in the three test
nozzles. As expressed in Equation (1), the injection
pressure and ambient pressure are important factors in CN;
the increase of injection pressure causes the linear increase
of CN. Comparing the spray angle according to the CN, as
in Figure 10, the spray angle in the region of cavitation
formation increases linearly with the CN, however, when
the phenomenon of cavitation enters the hydraulic flip
region, the spray angle decreases rapidly compared to the
maximum injection angle. After that, it can be observed
that the spray angle does not change significantly, even if
CN increase. In the cavitation region, an increase of the
spray angle resulting from an increase in the velocity of
working fluid (i.e., an increase in the CN) can be explained
as follows. First, the fluid breakup is actively carried out as
the relative velocity between the injected fluid and ambient
air increases with the increase of fluid velocity (Hiroyasu,
2000). Second, during the cavitating bubble explosion
inside the flow, the energy released outward influences the
atomization of the fluid, which results in a larger spray
angle (Magnotti ef al., 2018). As the cavitation develops to
the end of the orifice, it enters the hydraulic flip region
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Figure 11. Spray angle characteristics for cavitation length
at different L/W ratio nozzles.

where the outer gas fills the area occupied by the
cavitation, disintegrating and leaving only the cavitation on
one-side wall. This reduces the effect of cavitation on
atomization, resulting in longer breakup lengths and
reduced spray angle. As shown in Figure 8, although the
cavitation width is constant against the nozzle width, the
lower the nozzle shape ratio, the thicker the cavitation
width becomes and the larger the area the cavitation takes.
Therefore, the lower the nozzle shape ratio, the higher the
instability of the shrinking area and fluid flow caused by
the cavitation, and the greater the spray angle and the
greater the refinement. Meanwhile, the spray angles were
found to decrease as the nozzle shape ratio increased under
the same CN.

Figure 11 shows the variation in the spray angle along
the cavitation length. The longer the cavitation length, the
greater the degree of atomization caused by the cavitation
phenomenon, indicating a greater injection angle. When
the cavitation is 8 mm long and reaches the end of nozzle
orifice, the fluid enters the hydraulic flip region, and the
injection angle decreases rapidly. The longer the cavitation
length, the longer the fluid passing through the nozzle is
expected to be affected by the cavitation for a significant
time, and the greater the injection angle. In addition, as the
cavitation is extended near the nozzle exit, the area of the
vena contracta is also extended, extending the distance
through the constricted passage and increasing the speed. It

50 P——————
——LwW=40
Lw=2 87
Lw=20
4t

30
20p

',

0
20,000 25000 30,000 35000 40,000 45000 50,000
Reynolds number (Re)(-)

Spray angle (degree, ®)

Figure 12. Relationship between spray angle and Reynolds
number for three different test nozzles.

is believed that rapid discharge of fluid from the outside
resulted in increased friction with the surrounding
atmosphere, resulting in improved atomization.

Figure 12 shows a graph that analyzes the spray angle
according to Re at each nozzle. Comparing the spray angle
according to Re, it was found that the spray angle increased
as Re increased, regardless of the nozzle shape ratio. Even
under the same injection pressure conditions, the
distribution range of Re for each nozzle is clearly distinct
because the orifice width and the injection velocity are
different. The smaller the nozzle shape ratio, the greater the
distribution range of Re for the formation and growth of
cavitation. It is well known that the turbulence intensity is
to be stronger and fluid flow unstable as Re increases.
Therefore, it is considered that the increase in Re shortened
the breakup length and increased the spray angle.

4. CONCLUSION

In this paper, the characteristics of cavitation flow
(generation and growth) and their effect on spray angle
were investigated under various injection pressure
conditions by using transparent rectangular acrylic nozzles
with different nozzle shape ratios (L/W ratio). From the
experimental results and discussion, we derived the
following conclusions.

(1) In the cavitation flow region, the flow rate increases
linearly with an increase in the injection pressure.
When the flow enters the hydraulic flip region, the flow
rate decreases due to the reduction of the exit cross
section. Next, the flow rate increases along with the
injection pressure.

(2) The larger the nozzle shape ratio, the larger the
pressure drop due to a change in the section area. This
results in lower pressures for the generation of
cavitation and entry into the hydraulic flip region.

(3) As the injection pressure increases, the cavitation
length and width increase linearly until the hydraulic
flip occurs. Although the cavitation width varies
according to the orifice width, the maximum cavitation
width relative to the orifice width is almost constant at
approximately 25 % ~ 30 %.

(4) When the nozzle shape ratio increases, the discharge
coefficient tends to increase because of the decrease in
friction area. When entering the hydraulic flip region,
the discharge coefficient decreases due to the reduction
in the exit section area.

(5) The spray angle is affected by the cavitation number,
cavitation length, cavitation width, and Reynolds
number. The higher the injection pressure, the higher
the turbulence intensity, and the greater the instability
of the fluid flow. In addition, the greater the length and
width of cavitation, the larger the area of the fluid
exposed to the cavitation bubble explosion, and the
better the atomization by the cavitation.
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