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Abstract

The gasoline spray characteristics of a pressure-swirl injector were investigated with various exit plane tilts. The analysis focused on
the correlation between tilt angle and flow angle. Mie-scattering technique and phase Doppler anemometry were employed to analyze the
macroscopic spray development and droplet size distribution of the spray. An analytical method for mass flux estimation was applied to
understand the velocity distribution at the nozzle exit. The results showed that the spray shape and velocity distribution of the spray were
more asymmetrical at high tilt angles. In particular, an opened hollow cone spray was formed when the tilt angle is greater than the
complementary flow angle. The pressure drop inside the spray, one of the crucial factors for the swirl spray collapse at various surround-
ing conditions, was attenuated in this opened hollow cone spray since the pressure inside the spray was assimilated to the surrounding air
pressure. The spray collapse at high fuel temperature and back pressure conditions did not appear when the tilt angle is larger than the
complementary flow angle due to the reduced pressure drop inside the spray. However, tilt angle should be optimized to fulfill the
requirements of spray robustness and avoid the locally rich area. The droplet size of 70� tilted nozzle spray shows a value similar to that
of the original swirl spray in the plane that includes nozzle axis and the major axis of exit surface ellipse (Major axis plane) while it shows
an increased value in the plane that includes nozzle axis and the minor axis of exit surface ellipse (Minor axis plane).
� 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Swirling injectors have been commonly used for various
combustion systems such as gas turbine engines, boilers,
and internal combustion engines to successfully mix fuel
and oxidants with relatively low injection energy. For
direct injection (DI) gasoline engines, Zhao et al. (1999)
reviewed that the swirl injector has been dominantly used
because of its enhanced atomization characteristics
through the break-up of a conical liquid film, which is ini-
tially formed inside the nozzle. Zhao et al. (2003) also sum-
marized the researches on DI gasoline engines and revealed
that the DI gasoline engines require a well-atomized and
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well-stratified mixture near the spark plug. Therefore, the
spray characteristics from the swirl injector should be
clearly interpreted for optimal engine combustion. Previ-
ously, the wall-guided combustion system has been used
as the representative combustion system of DI gasoline
engines while the spray-guided combustion system is dom-
inant technology for current DI gasoline engines. The wall-
guided system forms the mixture near the spark plug using
the interaction among spray, piston bowl and airflow while
the spray guided system ignites the fuel around the spray
envelop. The current researches on spray-guided system
(Das and VanBrocklin, 2003; Honda et al., 2004; Drake
et al., 2005) endeavored to clarify the required spray char-
acteristics and mixture properties for spray-guided system.
Although the swirl injector has been prevalently applied for
the wall-guided combustion system of DI gasoline engines,
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it caused problems in spray-guided combustion systems for
DI gasoline engines due to the severe spray changes at dif-
ferent surrounding conditions. Therefore, for the applica-
tion of a swirl injector for each combustion strategy of
DI gasoline engines, the spray characteristics of the swirl
injector, such as spatial velocity distribution, droplet size
distribution, spray robustness and static air pressure inside
the spray, should be easily controllable. There have been
many researches related to the swirl spray development
and atomization process. Lefebvre (1989) reviewed the
researches about the swirl spray development concerning
the effect of nozzle geometry and injector operating condi-
tions, and the experimental and computational analyses
(Han et al., 1997; Cousin and Nuglisch, 2001; Gavaises
and Arcoumanis, 2001; Halder et al., 2002) were developed
based on this review. Furthermore, lots of break-up models
for liquid film have been suggested (Squire, 1953; Hagerty
and Shea, 1955) and the current linear instability analyses
are based on these models to clarify the atomization pro-
cess of swirl spray.

Spray robustness is mainly affected by the spray momen-
tum and static air pressure inside the spray. Generally, the
spray momentum increases when the high injection pres-
sure and smaller nozzle diameter are applied. The static
air pressure inside the spray shows a smaller value com-
pared to the atmospheric pressure as a result of the rota-
tional motion of the air inside the spray. Although lots of
researches observed the pressure drop inside the spray,
most of researches (Chigier and Beer, 1964; Lucca-Negro
and O’Doherty, 2001; Fu et al., 2005) concentrated this
phenomenon itself. Especially for the DI gasoline engine
spray, the pressure drop was not considered as a crucial
factor affecting the swirl spray collapse at different injector
operating conditions, but entrained air motion was consid-
ered as a main factor. However, Williams et al. (2001)
briefly mentioned that the pressure difference between inner
and outer parts of spray could be the reason of spray col-
lapse. Moreover, Moon et al. (2006) measured the pressure
inside the swirl spray and they argued that the pressure
drop inside the swirl spray is one of the main factors related
to the spray collapse.

There has been considerable research conducted on the
control of the swirl spray to optimize engine combustion.
Miyajima et al. (2000) and Abe et al. (2004) tested the tilted
nozzle spray for the control of the swirl spray by forming a
spatially non-uniform spray. Their results showed that the
spray shape became asymmetrical and the spray robustness
was improved when a high tilt angle was applied. However,
the spatially non-uniform fuel distribution can cause a
locally rich area and generate unburned combustion prod-
ucts, such as unburned hydrocarbon (UBHC) and particu-
late matter (PM). To compromise the spray robustness and
non-uniform fuel distribution, the mechanism that causes
the spray changes at different tilt angles should be investi-
gated. In this study, it was judged that the correlation of
flow angle and tilt angle is a crucial factor for the spray
alterations at different tilt angles. Flow angle is generally
determined by the swirler geometry. The large flow angle
causes increased radial penetration with the improved
atomization characteristics. The effect of tilt angle on the
fuel flow could be correlated with the complementary flow
angle, the 90� minus the flow angle, rather than the flow
angle itself. When the tilt angle exceeds complementary
flow angle, it is expected that the fuel does not pass some
of the nozzle cut area and U or V shape spray will be
formed. This shape alters the velocity distribution of spray
and air pressure distribution inside the spray.

The aim of this research is to understand the spray
characteristics with various exit tilt angles and determine
the control mechanism of the swirl spray to fulfill the
requirement of engine combustion systems. The analysis
focused on the correlation between tilt angle and flow
angle, which affects the spray development from the tilted
nozzles. The spray characteristics are investigated with
various fuel temperatures, injection pressures, and back
pressures. The velocity distribution of fuel at the nozzle
exit is analyzed using an analytical method for mass flux
estimation. The static pressure drop inside the spray,
which is one of the main factors causing the spray col-
lapse, is also investigated at various tilt angle conditions.
Moreover, the droplet size and velocity distribution of
the tilted nozzle spray are analyzed and then compared
with the original swirl spray.

2. Experimental setup and conditions

2.1. Macroscopic and microscopic spray analysis

To visualize the macroscopic spray development at dif-
ferent nozzle tilt angles, the Mie scattering method is
applied as shown in Fig. 1a. The laser sheet was formed
by a 6 W continuous-wave (CW) Ar-ion laser (Spectra
Physics, Stabilite 2016), a cylindrical lens with a focal
length of 6.5 mm, and a plano-convex lens with a focal
length of 1000 mm. A CCD camera (PCO Inc., Sensicam)
with a resolution of 1280 � 1024 pixels is utilized to cap-
ture the Mie-scattered images. The exposure time was set
to 10 ls.

To measure the fuel droplet size and velocity distribu-
tion at different nozzle tilt angles, a phase Doppler ane-
mometry (PDA) was applied, as shown in Fig. 1b. The
transmitting and receiving optics of a phase Doppler ane-
mometry (PDA) system were fixed onto a 3-dimensional
traverse mechanism moving relative to the injector. The
setup parameters of the PDA system are presented in
Table 1. The applied velocity range was �7.5 m/s to
56 m/s. A low injection frequency at 5 Hz was applied
to ensure that the time delay between two successive
injections was long enough to allow all of the spray
droplets to pass the location of the measurement points
before the second injection started. The spray droplets
at all of the measurement points were collected during
500 injections to obtain less than 10,000 droplets for each
point.



Fig. 1. Experimental setup for Mie-scattering and phase Doppler anemometry (PDA): (a) Mie-scattering and (b) phase Doppler anemometry.

Table 1
Specifications of the phase Doppler anemometry system (TSI APV)

Measurement maximum diameter 60 lm

Probe beam diameter 2.82 mm
Intersection beam angle 7.9�
Received data range 3–20 MHz
Frequency shift 5 MHz
Scattering angle 30�

Fig. 2. Experimental setup for static pressure measurement.
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2.2. Static pressure measurement inside the tilted nozzle

spray

To measure the static air pressure inside the tilted nozzle
spray, a pressure transducer equipped with an extended
small probe, with an outer diameter of 0.6 mm and an
inner diameter of 0.4 mm, was inserted into the spray cen-
ter, as shown in Fig. 2. The distance from the nozzle was
0.5 mm. The pressure transducer had a response time of
1 kHz and the test range of the pressure sensor was
�5 kPa to 5 kPa. The probe was aligned with the center
of the nozzle hole and spray images were obtained simulta-
neously during the pressure measurements to make sure
that the spray was not disturbed. The spray image showed
that the extended probe can approach within 0.5 mm of the
nozzle without disturbing the spray shape. The transducer
probe orifice faced the vertical nozzle axis to measure the
static air pressure inside the spray. Because the air velocity
at the centerline is very small and its direction is upward
due to the central recirculation zone, the pressure measured
by the probe becomes mainly a static pressure, with a neg-
ligible dynamic component.
2.3. Definition of tilt angle and complementary flow angle

The definition of tilt angle and the cross-sectional view
of the applied nozzles are presented in Fig. 3. The tilt angle



Fig. 3. Definition of tilt angle and cross-sectional view of the applied
nozzles.
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is defined as the angle between the bottom plane of the real
nozzle and the cut plane of the tilted nozzles. The 0� tilted
nozzle represents the original nozzle for the swirl spray and
the 90� tilted nozzle represents the L-step nozzle. The ver-
tical cut length (v) of the L-step nozzle was the same as the
70� tilted nozzle. The original nozzle and tilted nozzles
have the same total length of 8 mm. Fig. 4 shows the defi-
nition of flow angle (a) and complementary flow angle (d)
at the nozzle exit. A flow angle describes the ratio between
the axial velocity and the tangential velocity at the nozzle
exit. The flow angle is generally determined from the swir-
ler geometry and the swirler used in this study forces the
fuel to rotate with an angle of 30�. Therefore, the flow
Fig. 4. Definition of flow angle and complementary flow angle.
angle is considered to be 30� because previous results con-
firmed that the flow angle at the nozzle exit is the same as
the inlet angle of the swirler.

In this study, the complementary flow angle (d) is
defined as the difference between the flow angle and 90�.
It is thought that this angle is suitable for explaining the
reason of spray change at different tilt angles in terms of
the flow angle.
2.4. Experimental conditions

Table 2 shows the experimental conditions. The tilt
angles were set to 0�, 50�, 70�, and 90�. To investigate
the spray development of tilted nozzles at different sur-
rounding conditions, different injection pressures, fuel tem-
peratures, and ambient pressure conditions were applied.
The ambient temperature condition was fixed at an atmo-
spheric temperature and commercial gasoline was used as
a test fuel.
3. Experimental results

3.1. Mass flux distribution from the tilted nozzle

Assuming constant axial and swirl velocities at the noz-
zle exit, it is possible to derive an equation to calculate the
velocity perpendicular to the exit plane, as shown in appen-
dix 1. The axial velocity was estimated using the continuity
equation together with measuring the film thickness. The
swirl velocity was measured by visualizing the trace of
the droplet movement within 1 mm beneath the injector,
by having a longer exposure time. The equation of volume
flux distribution can be expressed by Eq. (1):

dV ¼ RhðU a tan a sin h sin cþ U a cos cÞ

�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cos2 h
cos2 c

þ 4 cos2 h sin2 hðcos2 c� 1Þ2

cos2 cðcos2 hþ sin2 h cos2 cÞ
þ sin2 h

s
dh

ð1Þ

where V = volume, Ua = axial velocity, R = nozzle radius,
a = flow angle, h = film thickness, c = tilt angle and
h = angular position at the nozzle exit. Using Eq. (1), the
fuel volume flux distribution can be estimated for different
tilted angles as shown in Fig. 5. At one side of the nozzle
the mass flow rate decreases while the other side experi-
ences a much higher rate of fuel injection. The hollow cone
spray starts to open up at one side of the nozzle when the
Table 2
Experimental conditions

Taper angle 0�, 50�, 70�, 90�

Injection pressure 5 MPa, 7 MPa
Fuel temperature 298 K, 358 K, 393 K
Ambient pressure 0.1 MPa, 0.5 MPa, 1 MPa
Ambient temperature Atmospheric
Fuel Commercial gasoline



Fig. 5. The mass flux distribution at the nozzle exit for different tilt angles.

Fig. 7. The calculated exiting area distribution at different tilt angles
(Flow angle: 30�).
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tilt angle becomes parallel to the flow direction where the
fuel moves parallel to the nozzle edge without exiting the
nozzle. To further explain the variation of the volume flux
distribution at the nozzle exit, the calculated velocity distri-
bution normal to the exiting plane of the nozzle is plotted
for different tilt angles with a flow angle of 30�, as shown in
Fig. 6. This figure shows the velocity becomes negative
when the tilt angle is larger than complementary flow an-
gle. In the negative velocity, there is no fuel mass exiting
the nozzle. It also shows that increasing the tilt angle leads
to a reduction in the flow velocity normal to the exiting
plane. Nevertheless, the exiting area of the liquid becomes
larger due to the increase in the radius and thus the arc
length corresponding to one degree angle, as shown in
Fig. 7.

Fig. 8 shows the side open angle at different tilt angles
calculated based on the Fig. 6. The result showed that once
the tilt angle reaches a value that is parallel to the flow
direction in one direction of the nozzle, it opens up.
Fig. 6. The calculated velocity distribution normal to the exiting plane of
the nozzle at different tilt angles (Flow angle: 30�).

Fig. 8. The opened-side angle for different tilt angles.
3.2. Macroscopic spray development of tilted nozzles

Macroscopic spray development under various tilt
angles is presented in Fig. 9. As seen in Fig. 9a, the spray



Fig. 9. Macroscopic spray images at different tilt angles: (a) front view and (b) bottom view at a plane vertically 40 mm away from the nozzle.
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shape becomes asymmetrical as the tilt angle is increased,
and the left side of the spray almost disappears when the
tilt angle is greater than d = 60�. In particular, a U or V
shape of spray is generated when the tilt angle (c) is larger
than the complementary flow angle (d), as shown in
Fig. 9b. Furthermore, the spatial fuel distribution becomes
non-uniform as the tilt angle increases. Fig. 10 shows the
geometric parameters for the analysis of macroscopic spray
development. Two geometric parameters, main-spray pen-
etration and spray angle, are crucial for quantifying the
axial (Z) and radial (X) momentum for each spray. The
main-spray penetration is defined as the vertical distance
between the nozzle and the lowest location of the spray
on the right side. The spray angle is defined as the angle
between the nozzle axis and the line connecting the nozzle
Fig. 10. Geometric parameters for spray analysis: (a) main-spray pene-
tration and spray angle and (b) cross diameter.
and the lowest location of the spray on the right side. Addi-
tionally, the cross diameter is defined from the bottom
images, as shown in Fig. 10b. It is very useful to quantify
the degree of spray collapse at different surrounding condi-
tions. Fig. 11 shows the quantified geometric parameters
under various tilt angles. The main-spray penetration
shows a higher value at larger tilt angles. This means that
the spray momentum is enhanced in the axial direction
(Z) when a high tilt angle is applied. The spray angle has
a larger value as the tilt angle is increased, and it is clear
that the spray momentum is enhanced in the radial direc-
tion (X). However, the cross diameter results show the
reverse trend, which means that the Y-direction spray
momentum is weakened at high tilt angles. These results
imply that the spatial distribution of fuel and spray
momentum is becoming non-uniform as the tilt angle
increases. This result can be confirmed by the mass flux
estimation and velocity measurement of fuel droplets.
3.3. Static air pressure inside the tilted nozzle spray

Fig. 12 shows the static air pressure inside the original
nozzle and tilted nozzle spray. The result shows that the
pressure drop inside the original swirl spray is observable.
From the results of Moon (2007), it can be found that the
measured value is sufficient to cause the spray collapse.
However, this pressure drop is attenuated when the tilt
angle is increased, as a result of the disturbed swirling
motion. In particular, the attenuation of pressure drop is
conspicuous when the tilt angle is more than d. The assim-
ilation of the air pressure between the inner and outer parts



Fig. 11. Main-spray penetration, spray angle and cross diameter at different tilt angles: (a) main-spray penetration, (b) spray angle and (c) cross diameter.

Fig. 12. Static pressure inside the tilted nozzle spray (distance from
nozzle: 0.5 mm, injection pressure: 5 MPa and injection duration: 4 ms).

Fig. 13. Static pressure of tilted nozzles at different injection durations:
(a) 50� tilted nozzle and (b) 70� tilted nozzle.
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of the spray is the main reason for this phenomenon
because the U or V shaped spray is formed when the tilt
angle is greater than d.

Fig. 13 shows the static pressure inside the spray from
50� and 70� tilt nozzles with variance of the injection dura-
tion. Previous research confirmed that the static pressure
drop inside the spray is reinforced with the increased injec-
tion duration. In the case of a 50� tilt nozzle, the air pres-
sure result follows the previous trend, as shown in Fig. 13a.
However, there is almost no change in the static air pres-
sure at different injection durations when the 70� tilt nozzle
is applied, as shown in Fig. 13b. This means that the static
air pressure inside the spray is not affected by the surround-
ing conditions when the tilt angle is greater than d.
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Therefore, it may be concluded that the spray will be less
affected by the various surrounding conditions when the tilt
angle is greater than d.
3.4. The effect of surrounding conditions on spray

development of tilted nozzles

3.4.1. The effect of fuel temperature

Zuo et al. (2000) and Chang and Lee (2005) found that
the swirl spray has a smaller spray width and a longer axial
penetration at high fuel temperature conditions. This is
supposed to be generated from a smaller droplet size,
reduced liquid film thickness, and the enhanced static pres-
sure drop inside the spray at high fuel temperature
conditions.

Fig. 14 shows the macroscopic spray development of
each tilted nozzle at different fuel temperatures. Contrary
to the original swirl spray, the tilted nozzle spray did not
collapse at the high fuel temperature condition and the
spray on the right side sustained its initial direction, as
shown in Fig. 14a. Until the tilt angle reaches 70�, the spray
volume gets smaller at higher tilt angles, under fuel temper-
atures of 358 K and 393 K. The 70� tilted nozzle spray
Fig. 14. Spray development of tilted nozzles under varied fuel temperatures: (a)
nozzle.
showed the largest spray volume, while a 90� tilted nozzle
(L-step) spray showed less spray volume compared to the
70� tilted nozzle spray. The quantified spray angle, main-
spray penetration, and cross diameter results are plotted
in Fig. 15. When the tilt angle is greater than d, the spray
angle slightly increased at high fuel temperature conditions,
as shown in Fig. 15a. This phenomenon can be explained
by the following discussion. Moon (2007) found that the
swirl spray experiences an increased tangential velocity
and sudden increase in static air pressure at the nozzle exit,
when the fuel temperature is increased. This is caused by
the reduced viscosity and sudden evaporation of the fuel
at high fuel temperatures as explained by Zuo et al.
(2000). Consequently, it makes the spray suddenly expand
at the nozzle exit. However, the expanded spray abruptly
collapses downstream, as a result of the reduced droplet
size and enhanced static pressure drop. The reduced drop-
let size downstream is caused by the enhanced break-up
process, and the enhanced static pressure drop is generated
from the reinforced swirling motion of the swirl spray at
high fuel temperatures.

This theory is also applicable to the tilted nozzle spray.
The initial spray angle of the tilted nozzle spray at the noz-
front view and (b) bottom view at a plane vertically 40 mm away from the



Fig. 15. Quantified geometric parameters for tilted nozzles under various fuel temperatures: (a) spray angle, (b) main-spray penetration and (c) cross
diameter; ASOI: After start of injection.
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zle exit increases at high fuel temperatures, as a result of
increased swirling motion. However, the tilted nozzle spray
does not experience enhanced static pressure drop down-
stream, due to disturbed swirling motion and assimilation
of static pressure between the inner and outer parts of
the spray. Therefore, it sustains its initial direction. That
is why the increased spray angle at high temperatures is
more conspicuous when the tilt angle is greater than d.

The main-spray penetration is increased at high fuel
temperature conditions when the tilt angle is less than d,
while it is reduced when the tilt angle is greater than d, as
shown in Fig. 15b. The spray does not collapse and the
spray volume remains almost constant at high fuel temper-
atures when the tilt angle is greater than d, as shown in
Fig. 15c. In the 70� tilt nozzle, the largest spray volume is
observed in the whole nozzles. This is due to the spatially
uniform fuel distribution compared to the L-step nozzle.
This means that there is an optimal tilt angle between 60�
and 90�, which causes constant spray volume and uniform
fuel distribution at high fuel temperatures. It is expected
that this optimized spray will be suitable for use in an
engine.
Fig. 16. Spray development of 70� tilted nozzle at different back pressure
conditions.
3.4.2. The effect of injection pressure and back pressure on

70� tilted nozzle spray
Fig. 16 shows the macroscopic spray images of a 70�

tilted nozzle at different injection pressure and back pres-
sure conditions. The injection pressure is set to 5 MPa
and 7 MPa, and the back pressure is varied from
0.1 MPa to 1 MPa. The 70� tilted nozzle is only tested as
a representative nozzle because of this nozzle’s enhanced
spray momentum, reduced static pressure drop inside the
spray, and spatially uniform fuel distribution compared
to the L-step nozzle. The results show that the spray did
not collapse at high back pressure conditions, owing to
the attenuated static pressure drop inside the spray and
enhanced spray momentum in the X- and Z-direction.
The spray penetration increased at high injection pressures,
while it decreased at high back pressure conditions. The
spray angle remained almost constant when the high injec-
tion pressure and back pressure conditions are applied, as
shown in Fig. 17. It is clear that the 70� tilted nozzle spray
is strong enough to endure high density conditions,
although the applied injection pressure is relatively low
compared to the multi-hole injector and outwardly open
injector that are representatives of high pressure injectors
for spray-guided systems. Considering that the applied
nozzle length is 8 mm, the spray robustness of the 70� tilted
nozzle will be enhanced if a smaller tilted nozzle length is
applied.
3.5. The droplet velocity and size distribution of 70� tilted

nozzle

3.5.1. Droplet velocity distribution

Fig. 18 shows the measurement points for phase Dopp-
ler anemometry (PDA). The Major axis plane represents
the plane that includes nozzle axis and the major axis of
exit surface ellipse while Minor axis plane represents the



Fig. 17. Spray angle of 70� tilted nozzle at different back pressure
conditions.

Fig. 19. Velocity distribution of original swirl spray and 70� tilted nozzle
spray at Major axis plane.
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plane that includes nozzle axis and the minor axis of exit
surface ellipse. Both measurement planes are streamwise.
The measuring points of each nozzle spray were set differ-
ently because the original spray and 70� tilted nozzle spray
have different spray shapes and pass different spatial loca-
tions. Due to the spatially non-uniform fuel distribution of
the 70� tilted nozzle spray, the droplet size and the velocity
distribution of the 70� tilted nozzle spray were measured at
the Major axis and Minor axis planes, respectively. The
measurement plane was vertically 40 mm away from the
nozzle along the nozzle axis.

Fig. 19 shows the temporal velocity distribution of the
original swirl spray and the 70� tilted nozzle spray in the
Major axis plane. The maximum velocity location was cho-
sen as the representative point for comparison of each noz-
zle spray. The maximum velocity location was 21 mm from
the nozzle axis in the original swirl spray and was 26 mm
from the nozzle axis in the 70� tilted nozzle spray. As
expected from the mass flux distribution and macroscopic
spray results, the velocity of the 70� tilted nozzle spray
Fig. 18. Measuring points for PDA [A plane vertically 40 mm away from
the nozzle along the nozzle axis, (a) original swirl spray and (b) 70� tilted
nozzle spray].
showed an increased value compared to the original swirl
spray at the Major axis plane. The velocity difference
between the original nozzle and the 70� tilted nozzle is
about 5 m/s. This result confirms that the spray momentum
is reinforced in the X–Z direction by the tilted nozzle spray.

The velocity distribution of the 70� tilted nozzle in the
Minor axis plane is plotted in Fig. 20. The droplet velocity
at the Minor axis plane was almost half of that at the
Major axis plane and it is even less than that of the original
swirl spray. It demonstrates that the distribution of the
droplet velocity is spatially non-uniform, although the total
spray momentum is conserved.
3.5.2. Droplet size distribution

The atomization characteristics of a tilted nozzle spray
are very important for the improved mixture formation
near the spark plug, especially for the spray-guided com-
bustion system. As seen from the previous results, the
robust spray is formed by the 90� tilted nozzle (L-step noz-
zle). This type of spray is like a non-swirl injector spray,
which has a strong linear momentum with little rotational



Fig. 20. Velocity distribution of 70� tilted nozzle spray at Minor axis
plane.

Fig. 21. Droplet size profile of 70� tilted nozzle and original swirl spray at
Major axis and Minor axis planes: (a) Major axis plane and (b) Minor axis
plane.
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momentum. When the rotational momentum is weakened,
the spray atomization characteristic is deteriorated and the
vapor phase near the liquid spray is diminished. Therefore,
the spray robustness should be obtained with minimal sac-
rifice of the swirling motion of the spray. In this section, the
atomization characteristics of the 70� tilted nozzle spray
were analyzed and then compared with the original swirl
spray. The 70� tilted nozzle spray is chosen as a representa-
tive tilted nozzle spray because it generates a robust spray
and has better rotational momentum than the L-step
nozzle.

Fig. 21 presents the droplet size profile of the original
nozzle and 70� tilted nozzle sprays. The X-axis represents
the radial distance from the nozzle axis. The droplet size
of each location is represented by the arithmetic mean
diameter (D10) and Sauter mean diameter (SMD). SMD
represents the volume to surface area ratio and it is a very
important factor for spray and combustion analysis. The
result showed that the D10 of the 70� tilted nozzle spray
in the Major axis plane is smaller than the original swirl
spray, as a result of increased injection velocity, while the
SMD of the 70� tilted nozzle spray is similar to the original
swirl spray as shown in Fig. 21a. This is supposedly due to
the increased droplet velocity of the 70� tilted nozzle spray,
although a larger portion of the fuel is located near the
Major axis plane. However, the 70� tilted nozzle spray
shows higher D10 and SMD values compared to that of
the original swirl spray in the Minor axis plane. It is judged
that this result is generated from a reduced droplet velocity
in the Minor axis plane.

To further understand the droplet size results, the prob-
ability density functions (PDF) for the Major axis and
Minor axis planes of the 70� tilted nozzle spray and origi-
nal swirl spray are plotted in Fig. 22. The data obtained
from all of the test points are merged and the frequency
of droplet size is calculated for each nozzle. In the Major
axis plane of the 70� tilted nozzle spray, the proportion
of small droplets less than 20 lm has increased compared
to the original swirl spray, as a result of the increased fuel
velocity in the Major axis plane. However, the 70� tilted
nozzle spray showed an increased proportion of large drop-
lets whose diameter is more than 50 lm compared to the
original swirl spray, owing to an increased fuel concentra-
tion. In the Minor axis plane of the 70� tilted nozzle spray,
the proportion of large droplets with a diameter of more
than 40 lm is significantly increased compared to the origi-
nal swirl spray, due to the reduced droplet velocity.

From the above results, it was concluded that the atom-
ization characteristics of the 70� tilted nozzle spray have
slightly deteriorated compared to the original swirl spray.
However, considering that the fuel is generally ignited near
the main spray in spray-guided combustion, the larger por-
tion of smaller droplets in the Major axis plane of the 70�
tilted nozzle spray provide advantages for spray-guided
combustion compared to the original spray. Furthermore,
the 70� tilted nozzle spray does not collapse at high fuel
temperature conditions; it has more advantages at normal
engine operation conditions, in which the operating tem-
perature is generally 353–393 K.



Fig. 22. Probability density function of droplet size of original nozzle and
70� tilted nozzle spray.
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3.6. Speculations about the generation of robust and well-

atomized swirl spray from tilted nozzle spray

It was found that the tilted nozzle spray generates robust
spray when the tilt angle is greater than d. However, the tilt
angle should be optimized so that the formation of the
locally rich area, which is shown in the L-step nozzle spray,
is limited. The 70� tilted nozzle spray showed robust and
relatively well-distributed spray compared to the L-step
nozzle with a larger spray volume at high fuel temperature
conditions. This larger spray volume reduces the phase gra-
dient of the fuel and has the benefit of a well-distributed
mixture formation. The droplet size of 70� tilted nozzle
spray in the Major axis plane is similar to the original swirl
spray and can generate even smaller droplet sizes and wider
vapor distributions at high temperature conditions without
severe spray collapse. Furthermore, the vapor phase area
of the 70� tilted nozzle spray can be enhanced compared
to the conventional sprays from non-swirl injectors because
it still contains rotational momentum, although the rota-
tional momentum is weakened compared to the original
swirl spray. Therefore, it is concluded that the robust and
well-atomized spray could be generated when the tilt angle
is larger than d, although the tilt angle should be optimized.
4. Conclusions

The spray and atomization characteristics of the tilted
nozzles were analytically and experimentally investigated
based on the correlation between the exit tilt angle and
the flow angle in a pressure-swirl injector.

The opened swirl spray and attenuated pressure drop
inside the spray was observed at the tilt angles of more than
the complementary flow angle. The fuel distribution
becomes non-uniform and the spray momentum is
enhanced as the tilt angle is increased. The closed spray
shape is changed to an open shape when the tilt angle is
greater than the complementary flow angle, and this result
is also confirmed by the mass flux distribution at the nozzle
exit obtained by analytic equation. The static pressure drop
inside the spray becomes attenuated as the tilt angle
increases and this static pressure drop suddenly recovers
to atmospheric conditions when the tilt angle is bigger than
the complementary flow angle.

The tilted nozzle spray does not collapse from surround-
ing conditions at the tilt angles of more than the comple-
mentary flow angle. At high fuel temperatures, spray is
not collapsed while slightly increased spray angle was
observed when the tilt angle is more than the complemen-
tary flow angle. It was found that an optimal tilt angle
exists between 60� and 90�, which leads constant spray vol-
ume and uniform fuel distribution at high fuel tempera-
tures. The tilted nozzle spray does not collapse at high
back pressure conditions when the tilt angle is greater than
complementary flow angle, as a result of the enhanced
spray momentum and attenuated static pressure drop
inside the spray.

The 70� tilted nozzle spray shows similar atomization
characteristics with original swirl spray. At the Major axis
plane that includes nozzle axis and the major axis of exit
surface ellipse, the droplet velocity of the tilted nozzle is
greater than that of the original swirl spray while it gets
slower at the Minor axis plane that includes nozzle axis
and the minor axis of exit surface ellipse. The SMD of
the 70� tilted nozzle spray is similar to that of the original
swirl spray at the Major axis plane. However, it shows a
deteriorated atomization characteristics at the Minor axis
plane compared to the original swirl spray. These results
originate from the spatially non-uniform velocity distribu-
tion. The tilted nozzle spray shows the possibility of gener-
ating robust, well-atomized and spatially uniform spray
with increase in vapor phase near the main spray.
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Appendix. Analysis of the fuel flow flux along the

circumference of tilted nozzle

Assume the axial and tangential velocities at the nozzle
exit are constant:

U a ¼ �U z; and U t ¼ U a tan a

where a is the flow angle that has been measured from the
images.

To calculate the mass flow rate at different locations, the
velocity perpendicular to the nozzle exit plane has to be cal-
culated for different angles, h, in the N-direction, as shown
in the figure.

The axial and tangential velocity can be calculated in x–
z coordinates as follows:

Ux ¼ U t sin h and U z ¼ �U a
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The velocity components in the N–P coordinate that is ro-
tated by an angle, which is equal to the tilt angle is:

U P ¼ Ux cos cþ U z sin c ¼ U t sin h cos c� U a sin c

and

U N ¼ �Ux sin cþ U z cos c ¼ �U t sin h sin c� U a cos c

The volume flow rate through an angle dh can be calcu-
lated as follows:

dV ¼ UNhds

where h is the film thickness and ds is the arc length.
An approximate calculation to the arc length ds corre-

sponding to an angle dh could be deduced from the follow-
ing equation:

ds ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2

2 þ
dR2

dh

� �2
s

dh

where R2 is the radius of the ellipse at any angle h which
could be calculated from the geometry from the following
equation:

R2
2 ¼

R2 cos2 h
cos2 c

þ R2 sin2 h

Therefore,

ds ¼ R

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cos2 h
cos2 c

þ 4 cos2 h sin2 hðcos2 c� 1Þ2

cos2 cðcos2 hþ sin2 h cos2 cÞ
þ sin2 h

s
dh

The volume and mass of injected fuel at an angle h within a
step of dh becomes:

dV ¼ RhðU a tan a sin h sin cþ U a cos cÞ

�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cos2 h
cos2 c

þ 4 cos2 h sin2 hðcos2 c� 1Þ2

cos2 cðcos2 hþ sin2 h cos2 cÞ
þ sin2 h

s
dh

dm ¼ qRhðU a tan a sin h sin cþ U a cos cÞ

�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cos2 h
cos2 c

þ 4 cos2 h sin2 hðcos2 c� 1Þ2

cos2 cðcos2 hþ sin2 h cos2 cÞ
þ sin2 h

s
dh

The above equation estimates the volume and mass distri-
bution of the liquid injected from the nozzle with angle for
different nozzle tilt angle, flow angle, and axial velocity.

The side-opened angle could be deduced by assuming
the mass flow rate is equal to zero. Solving this equation
will lead to an equation as below which identify the angle
at which the mass flow rate reaches to zero.

sin h ¼ �1

tan a tan c
where c P ð90� aÞ

Accordingly, the relationship between the flow angle and
tilt angle for different open side angles can be established.

Side-opened angle ¼ 2ð90� hÞ
This equation is only valid for the tilt angles larger than the
complementary flow angle.
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