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ARTICLE INFO ABSTRACT

Keywords: In diesel engines, fuel injection has a commanding effect on combustion. Thus studying diesel spray
Diesel characteristics is beneficial for controlling and improving diesel combustion. However, information on diesel
SP“‘YF " spray characteristics, especially those governed by injector needle lift, is lacking. This study investigates the
Near-fie

near-nozzle spray kinematics for particular nozzle geometries over a range of injection pressures. The nozzles
used in this research include a single-hole off-axis nozzle and a two-hole nozzle with deviated orifices. This
study aims to observe the effect of asymmetrical orifice inlet on the spray kinematics and describe how sensitive
they are to the injection pressure. First, we applied double-pulses time-gated ballistic imaging to obtain well-
defined spray/gas interfaces. Then, by tracking these interface structures, we obtained spray kinematics. The
results show that the two-hole nozzle generates slower sprays than the single-hole nozzle at the beginning
of injection. However, the velocity differences between these sprays become less significant as the sprays
develop to a quasi-steady state. In addition, the velocity diagrams show that the instabilities cause the flow
to experience significant velocity alterations at the beginning of the injection. Moreover, we observed that
the nominal spray axis shifts towards the sharper orifice inlet edge, which will affect the spray targeting.
Finally, the injection pressure seems to have minimal effect on the spray profile, but it certainly changes spray
evolution timing and shortens the transient phase.

Nozzle geometry
Ballistic imaging

1. Introduction will be involved. Although these geometrical parameters have been
studied earlier [10,11], however, little attention has been paid to the

In Compression Ignition (CI) engines, fuel injection has a command- effect of asymmetrical inlet geometries on spray behavior. For this

ing effect on combustion. In other words, controlling injection param-
eters can influence combustion products. However, this is not simple
since the number of parameters affecting fuel spray characteristics is
relatively large. In addition, these parameters are not independent.
Hence, interactions between injection parameters make it complicated
to find the optimum configuration for different operating conditions.
Some sources address the effect of parameters such as injection pres-
sure [1-3] and temperature [4] on spray characteristics. In addition,
experiments with different fuels show that the fuel properties can also
affect spray behavior [2,5,6], mainly due to their physical properties,
such as viscosity and boiling temperature. Furthermore, studies show
that the design of nozzle geometry plays an essential role in spray
break-up [6,7] and even the combustion products [8]. However, the
nozzle geometry itself consists of several parameters such as hole
diameter, orifice length, orifice angle, edge roundness, and conicity
level. Moreover, if the cross-section of the orifice exists in shapes
other than a circle (e.g., elliptical shape [9]), even more parameters
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purpose, we have selected two specially built nozzles to investigate
the effect of asymmetrical inlet geometries. These asymmetries are
usually present in conventional multi-hole injectors used in production.
The asymmetry level of the orifice inlet changes by orifice position or
its inclination angle. In addition, measurements of penetration length
over time [12] show a relation between orifice angle and penetration
velocity. Therefore, the study of spray velocity profile in angled orifices
would be complementary. Hence, we intend to explain spray behavior
by measuring and analyzing near-field spray velocity profile charac-
teristics. According to Zama et al. [13] the spray post-impingement
behavior depends on its velocity profile prior to impingement because
velocity can influence the heat transfer mechanism. Accordingly, it is
possible to predict spray behavior by near-field velocity profile.
Various methods have been used to measure spray velocity for dif-
ferent spray regions and Sedarsky et al. [14] have listed the advantages
and disadvantages of some of these methods including LCV, LDV, PIV,
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Abbreviations

ASOI After the Start Of Injection
ASP Average Spray Profile

BBO Barium Borate

BI Ballistic Imaging

CI Compression Ignition

cs, Carbon di Sulfide

HSOI Hydraulic Start Of Injection
IcCcp Intensified Charge-Coupled Device
cv Image Correlation Velocimetry
LCV Laser Correlation Velocimetry
LDV Laser Doppler Velocimetry
OA Off-Axis nozzle

OKE Optical Kerr Effect

PIV Particle Image Velocimetry
SH Single-Hole, on-axis nozzle
SOoI Start of Injection

TH - A Two-Hole nozzle-orifice A
TH - B Two-Hole nozzle-orifice B
TH Two-Hole nozzle

XPI eXtra high Pressure Injection

and ICV. However, the presence of ultra-dense liquid core in the near-
field does not allow the implementation of most of the mentioned
techniques, especially the PIV [15]. The PIV method requires tracking
particles while no particle can be detected in the near-field, since
the dense liquid core obscures them. Hence, we only track the spray
interfaces as a solution to measure near-field spray kinematics. This
approach requires clear and distinguishable spray structures. In order
to obtain well-defined structures, we apply time-gated ballistic imag-
ing [16], which is a line-of-sight imaging method. This imaging setup
can reduce multiple-scattering noises and provide a high-resolution
spray interface. This method was initially used for medical applications,
but it was also used for study spray after a while.

Similar to Sedarsky et al. [14], we have applied cross-correlation on
double-exposure images to measure the gas/liquid interface’s velocity.
However, in the current work, we have focused on the effect of specific
inlet geometries on spray kinematics. In order to measure fluid interface
velocity, we need pairs of images to apply correlation and extract dis-
placement vectors. Therefore, we apply two synchronized laser pulses
to collect a pair of consecutive images of the same injection event. In
Section 2, we have described image acquisition and experimental setup
details. Section 2.5 provides data processing and analysis and explains
how we extracted velocity data. Finally, Section 3 shows the results and
velocity profiles, followed by a discussion about how the spray behavior
and velocity profiles affected by inlet geometries and injection pressure.

2. Experimental setup
2.1. Image acquisition

As mentioned earlier, the main objective of this research is to
measure and compare near-field sprays generated by asymmetrical
orifice inlet geometries. At a very short distance to the nozzle, no or just
a little break-up occurs, and therefore, it is challenging to identify and
track seeding particles. On that account, one can suggest tracking fluid
interface instead of seeding particles; however, this solution requires
high spatial resolution images with well-defined structures. The time-
gated ballistic imaging method filters noise from multiple scattering
and can produce high-resolution images to identify and accurately trace
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fluid interface structures. However, the ballistic imaging setup requires
high-power ultra-short laser pulses.

For this study, we have used two regenerative amplifiers seeded by a
common Ti-Sapphire oscillator. The output beams consist of ultra-short
(femtosecond) pulses with the wavelength of 800 nm. Pulse emission
frequency is 1 kHz, which is insufficient to capture consecutive images
of a whole injection event. Therefore, we use two light sources that are
aligned and synchronized together. As Fig. 1 illustrates, laser pulses
are divided into two parts using a beam splitter. The first portion is
used as the light source for imaging, while the other portion activates
birefringence in a carbon disulfide (CS,) cell. We have evaluated
activation period for CS, to be slightly less than 2 ps. During this
period, the polarization of transmitted photons rotates by 90°. We place
the CS, cell between two polarizers, which are perpendicular to each
other. With this configuration, the photons passing through the first
polarizer can only pass through the second polarizer when the CS,’s
birefringence is active. This configuration allows only the photons with
the least interaction with spray to reach the detector and filters the rest
of the multiple scattering photons. When the imaging beam is transmit-
ted through a Barium Borate (BBO) Crystal, its frequency is doubled,
minimizing the interaction between the imaging and switching beams.
This configuration is known as co-linear ballistic imaging [17].

We have used an ICCD camera featuring double imaging function
(PI-Max 4) for capturing image pairs. The dwell time between each shot
should be set as short as possible to retain the spray structure, but it
should also be long enough to allow the sensor phosphor to decay. The
trade-off between these requirements showed that 560 ns is suitable for
this application. The resolution of the camera sensor is 1024 x 1024
pixels, and the spatial resolution of the optical setup is measured to be
8.33 um per pixel length.

2.2. Hardware

In addition to the optical setup, the test rig includes a fuel supply
system, a constant volume chamber, and a control system. The fuel
pump is driven by an electric motor, delivering fuel to the injector
with pressures as high as 2400 bar. The fuel supply system has two fuel
rails equipped with one pressure sensor on each rail to create a closed-
loop control of the fuel pressure. In addition, the fuel passes through
two filters before entering the fuel rails. Finally, this system has been
equipped with two heat exchangers operated by tap water to keep the
fuel temperature constant. The injections occur in a constant volume
chamber. This chamber is designed for ambient temperature conditions
and can be pressurized up to 30 bar.

The control system consists of a signal generator and a pulse picker
device. The pulse picker can generate signals with the same phase of
the laser pulse as soon as the user triggers it. This pulse is then used
as the input to the signal delay generator device. Finally, we adjust
appropriate time delays on this device to trigger the camera and the
injector driver independently at the right moments.

The injectors used in this study are the XPI (eXtra high-Pressure
Injector), designed and developed by Cummins. These injectors are
side-fed, and due to the geometrical constraints, there is no choice but
to install the injector diagonally on the chamber. In this setup, the
angle between the injector and the horizontal axis is 21°. We perform
experiments on three prototype nozzles with different geometries to
study the effect of inlet geometry on near-field spray velocity. As it
illustrated in Fig. 2, one of the nozzles is a normal single-hole nozzle
and its orifice axis is located in the middle of the sac. The second nozzle
is also a single-hole but with an off-axis orifice. Finally the last one is a
two-hole nozzle with deviated orifices in which their umbrella angle is
146°. Fig. 2 illustrates the schematic half section view of these nozzles.
This Figure shows how the curvature of the sac volume and the position
of orifices can create asymmetrical geometry at the orifice inlet and
outlet. Therefore, it is evident that conditions would be different for the
flow reaching either side of the orifices in the latter two cases. Table 1
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Fig. 1. A schematic view of image acquisition system configuration. M1: 800 nm mirror, M2: 400 nm mirror, BS: beam splitter, P: polarizer, L: lens, DM: dichroic mirror.

(a) single-hole, on-axis

b) single-hole, off-axis

) two-hole

Fig. 2. Schematic view of nozzle geometry.

Table 1

Nozzles specifications.
Nozzle SH OA TH-A TH-B
Outlet diameter [pm] 178 224 205 200
Inlet diameter [pm] 198 234 224 219
Orifice length [mm] 1 0.7 1 1
k-factor 2 1.4 2 2
Hydro-grinding level [%] 30 15 15 15

Table 2

Experimental conditions.
Parameter Value Unit
Rail pressure 800, 1200, 1600 bar
Back pressure atm -
Ambient temperature 294
Injection duration 2 ms

indicates specifications for each orifices; To distinguish the orifices of
the two-hole nozzle, we label them with letters A and B. In addition,
we use SH, OA and TH abbreviations for referring to the single-hole
on-axis, off-axis and the two-hole nozzles, respectively.

2.3. Experimental conditions

A high-pressure fuel pump continuously supplies commercially
available diesel fuel to the injector over a range of pressures. This
pump is equipped with a heat exchanger to cool the fuel with open-
loop tap water and keep the fuel temperature constant. We performed
experiments with 800, 1200, and 1600 bar of rail pressure in this work.
Table 2 shows the other details about the experimental conditions.

2.4. Experiment procedure

We set the injector triggering signal to 2 ms. Since laser pulses
frequency is 1 kHz (one pulse per millisecond), we cannot take more
than a pair of images per injection event. Therefore, we estimate
velocities based on a statistical average of several injection events to
cope with this limitation. For this purpose, we took at least 150 image
pairs for each discreet time instants after the start of injection. Studies
include time instants from 20 to 50 ps after Hydraulic Start Of Injection
(HSOI) with increments of 10 ps. HSOI is the reference time and
it is unique for each orifice. HOSI is described as the moment when
the fuel is on the verge of leaving the nozzle. In order to get this
time instant, we take a bunch of images with 1 ps of intervals just
before emergence of fuel until it comes out of the nozzle. At the initial
stage of spray penetration, spray penetration grows linearly with the
time because the momentum exchange rate between the liquid column
and surrounding air is close to zero [18]. Therefore, during the very
early stage of injection, the velocity of spray penetration is calculated
based on spray penetration length. Accordingly, the relative timing for
penetration equal to zero is obtained, and we set other time intervals
according to this point.

2.5. Data processing

As stated earlier, this study aims to obtain the spray velocity based
on tracking the displacement changes of the resolved spray structures.
Here, we define these structures as in-focus concentrated liquid struc-
tures mainly seen at the spray’s edge. In addition, droplets larger than
25 pm can also be considered as such structures that are confined to
the 50 pm object plane created by the light collecting optics.

All images undergo normalization and background subtraction.
Next, we rotate images to align the orifice axis with the vertical axis
for all cases. In some cases, we also flipped images horizontally so that
the sharper edge of the orifice lays on the left side of the vertical axis.
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(a) t1

(b) t1 + 560ns
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(c) Target points

Fig. 3. Example of one image pair taken with a time difference of 560 ns and distribution of target points.

Fig. 4. An example of spray tracking. On the left side, green square shows the position
of the template in the first image and the blue square is the matched template from
the second image. The red box indicates the search field. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

Performing a fast normalized cross-correlation on image pairs provides
displacement vectors across the spray periphery. For this purpose, the
spray edge is detected first by the Sobel algorithm. Then, we randomly
distribute several target points on the spray edge (Fig. 3). The infor-
mation around each target point, including the pattern and intensity,
is captured in the next step. This information is correlated within
a certain distance from the same coordinates on the second image.
Finally, all correlations undergo a validation test, which is done based
on the correlation coefficient or the percentage of similarity as well
as the maximum and minimum anticipated values for displacement.
Fig. 4 visually explains this process, that yields displacement vectors
of the spray periphery on a 2D plane over a specific time. In the last
step, we calculate the velocity magnitude of each point assuming that
the displacement in the direction normal to the plane is equal to the
displacement in the horizontal direction.

Since there are shot-to-shot variations in spray profile, therefore, we
extract velocity data for Average Spray Profile (ASP) at each time in-
stant and injection pressure. For each coordinate on the ASP (Fig. 5(a)),
mean velocity is calculated by averaging the velocity data available in
the vicinity (8 x 8 pixels) of the respective point. The source of this
velocity data is velocity vectors extracted from all individual image
pairs at respective time instant and injection pressure (Fig. 5(b)).

3. Results and discussion

The main results of the experiments are statistical velocity maps
of the near-field spray periphery. We have combined these velocity
maps in Figs. 7, 8 and 9. In these images, each column represents the
time instant after HSOI, and each row belongs to particular injection
pressure. In each plot, a set of points indicate the approximate spray
interface at the corresponding time instant, which mostly involved with
air entrainment. The vertical and horizontal axes show the coordinates
of each point relative to the nozzle tip, and the color of each point
indicates the average spray velocity magnitude around that point. In
the image processing stage, we have rotated or flipped all the images
so that all orifice axes coincide with the vertical axis, and the sharper
edge of the orifice inlet has been placed on the left side.

This research is based on the statistical measurement of spray
kinematics. In addition, the spray has a variable nature, and we have
witnessed shot-to-shot variation. Therefore, it is necessary to test the
reliability of the results using statistical methods. As mentioned earlier,
we sampled at least 150 image pairs per injection case, resulting in 100
to 200 validated velocity vectors near (within 8 x 8 pixels) each local
target point. Hence, each mean velocity value has been obtained by
a variable amount of samples and standard deviations. Using Eq. (1)
and the t-distribution table, we can determine the confidence interval
of the actual mean value for any points on the spray edge based on the
available sample population and their standard deviation.

y- fa/z,n_l(s/\/;) SHoST+ ta/2,n—l(S/\/;)’ €y

where y is the sample mean, g, is the actual mean value, S is the
sample’s standard deviation for the sample size of n, and a determines
uncertainty level.

Fig. 6 shows velocity distribution diagrams for two particular cases
and the confidence intervals for corresponding cases. For each target
point on the spray periphery, we calculated the confidence interval
and deviation from the actual mean with the certainty of 95%. The
diagrams show that at 800 bar, the measured mean values look con-
vergent with a maximum deviation of +12 m/s. However, this value
is slightly larger for the case with 1600 bar injection pressure and is
equal to =18 m/s. In addition, higher injection pressure creates more
turbulence and more shot-to-shot variation. Therefore, it is evident that
the standard deviation is higher at 1600 bar.

3.1. Nogzzle geometry
These images show that the velocity magnitudes of TH nozzle’s

sprays are considerably lower than for the OA. According to continuity
in fluids, the increase in cross-sectional area under constant pressure is
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Fig. 5. Example of one image pair taken with a time difference of 560 ns and distribution of target points. (a) Target point representing average spray profile, (b) all measured

velocity data, (c) average velocity profile on average spray profile.
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inversely proportional to the velocity of the fluid; therefore, it seems
that the larger total cross-sectional area at the TH nozzle outlet lowers
the velocity in both TH nozzle’s orifices. However, the difference be-
tween velocity magnitudes becomes less significant at the quasi-steady
state (800 ps). Therefore, the position of the injector needle seems to
be important in this case. We assume that the needle is still at a low lift
at the beginning of the injection, which delivers a very low incoming
flow rate to the sac volume. On the other hand, the total cross-sectional
area of TH nozzle is larger than the OA. Therefore, it will take longer
for the TH nozzle to recover its sac pressure.

Fig. 10 shows the distribution of the spray velocity at specific
distances from the nozzle tip at two time stages with the injection
pressure of 1600 bar. The deceleration of spray at 40 ps after the
start of the injection is evident for all three orifices. According to the
diagrams, on the positive X-axis, the velocity goes down from 420 m/s
(at 1 mm) to about 380 m/s (at 3 mm) for the OA nozzle. However, the
highest deceleration can be seen for the TH-A orifice, so that velocity
reduction from 400 m/s to 150 m/s occurs within a 2 mm distance.
Nevertheless, deceleration is insignificant at 800 ps within the first
3 mm downstream. Perhaps less interaction with the surrounding air
and higher interaction with the liquid core could be a possible reason.
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referred to the web version of this article.)
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referred to the web version of this article.)

However, the results show that spray velocity increases on the left side
at 3 mm from the nozzle tip, which happens for all three orifices. The
deviation of the liquid core to the left side seems to transfer some
energy to this spray region.

Unlike other nozzles, the spray of the SH nozzle is formed at a
slower speed and is narrower in its shape. In this nozzle, there is no
change in the direction of the internal flow as severely as in the other
nozzles since there is no orifice inclination nor the asymmetry that
exists in the OA nozzle. These two critical factors, and possibly the
smaller diameter of the orifice, cause significant differences in spray
behavior and velocity distribution for SH nozzle. Figs. 11 and 12 display
the average radial and axial velocity distribution for the SH nozzle,
respectively. These diagrams shows that the spray initially has a low
axial velocity. However, the axial velocity gradually increases over
time from the start of the injection. Radial velocities are very close
to zero, which indicates a minimal amount of expansion in the radial
direction of the spray. As stated earlier, we hypothesized the possible
reason for the lower spray velocities in the TH nozzle, which is the
larger cross-sectional area. Accordingly, we expected to see higher axial
velocities in the spray of the SH nozzle. However, despite the smaller
diameter of the SH orifice, the axial velocities of the spray are less
than for the OA’s. Analyses show that the SH nozzle’s spray penetration
is approximately equal to that of the OA. Thus, this indicates that
the velocity of the liquid core is equal to or greater than the OA’s
spray centerline. Nevertheless, there seems to be more friction around
the SH’s orifice wall, which dissipates the flow energy on the spray
periphery.

3.2. Spray development

The results show that the velocity is very low in the region close
to the nozzle outlet, especially at the beginning of the injection. The
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flow accelerates within a short time after the start of injection and
reaches a maximum relative value when it goes to the quasi-steady
state (800 ps). Therefore, it is supposed that the initial velocity of
the primary fuel portion that leaves the nozzle is close to zero just
at the beginning of the injection, and the velocity at the orifice exit
increases over time. This could be because as the needle lift increases,
it creates a higher mass flow rate, meaning that the flow inside the
injector cavity will accelerate for a few microseconds after the start of
injection. Therefore, the fluid velocity exceeds the initial value when
departing the nozzle at later time instants. It should be noted that this
acceleration is referenced to the velocity changes of the same spray
location over the next time stages. However, considering the same
time instant, the velocity distribution is not uniform at different axial
and radial coordinates. The results show that in the middle of the
early transient phase (from 30 or 40 ps), the spray decelerates as
it moves downward. However, at the beginning of the injection, the
spray tip velocity appears higher than its upstream flow. As mentioned
earlier and according to the injection rate diagrams in Fig. 13, the flow
accelerates sharply in the first 50 ps of the injection. Therefore, the
flow that comes out of the nozzle at 20 ps has a higher velocity than
the flow that has been exited a few microseconds in advance. It seems
that the momentum exchange between high-speed and low-speed flows
leads to such velocity distribution during the transient startup of the
injection event. Nevertheless, the leading edge slows down as the spray
penetrates, which can have various reasons, such as induced drag force
or the rise of instabilities. In addition, Tang et al. have also noticed a
slight deceleration in spray tip penetration which they believe is caused
by the break-up of a mushroom-shaped mass fraction [11]. Similarly,
we can observe such a shape in the spray evolution pattern at the
beginning of injection. As Crua et al. have identified [19], perhaps this
fraction is a mixture of residual liquid fuel and gas trapped in the sac
volume between the injections.



M. Nikouei and D. Sedarsky

t=40 us

Fuel 333 (2023) 126219

t=800 us

600 T T 600 T T
= e OA =
E0F wimha Ciaay ¢ '
2 TH-B 4 3
g 2400 ° 0 - 2 400 1 !
g | g H
—| @ s
n| g g ' =
b 2 300+ % = > 300 [ | e OA
3 g g ® TH-A
o 200 5 200
> > + TH-B
100 100
-5 -10 -05 0.0 05 1.0 1.5 -15 -10 -05 0.0 0.5 1.0 1.5
Distance from nozzle axis [mm] Distance from nozzle axis [mm]|
600 600
= e OA 7
ESO oA £ 50 i e &
2 + TH-B H 3 ¢ ’
Z 400+ & 2 400
E. s
5| E ' 3 £
- L]
o | 2 300 . O} > 300 : ® OA
2 ’ 4 u TH-A
3 200 = . £ 20
- . - + TH-B
N .
M
100 100
-1.5 -10 -05 0.0 0.5 1.0 1.5 -15 -10 -05 0.0 0.5 1.0 1.5
Distance from nozzle axis [mm] Distance from nozzle axis [mm]
600 600
- e OA = ]
ESOF o rha g0 " i
L3 o
= TH-B 2
g 2 a00p ° o Z 400 L] i
| & ¢ 2 ¢ ] : e
] E 300k £
5,300 ! > 00 ® 0A
g g u TH-A
o 200 Y 3 200
= - +« TH-B
100 100 N
-5 -1.0 -0.5 0.0 0.5 1.0 1.5 1.5 -1.0 -0.5 0.0 0.5 1.0 15

Distance from nozzle axis [mm]

Distance from nozzle axis [mm]

Fig. 10. Average velocity magnitude for OA and TH nozzles at specific axial locations and time-stages with the injection pressure of 1600 bar.

t=20ps t=30ps t=50ps
Y——rFr 5 v o : , !
75 [mis) ! i [mis) Imis) Imis)
£7 i B
L ¥ F B } \
— 1000 »e 50 1000 ~.,\ :. 50 1000 50 1000 : \ 50
£ 4 s “ ¢
i S “ a 3 ! i ? H i
5] = : 2 e : o2 | B ¥ : 2
= 8 . ¢ *
=3 £ N 1 <
2000 2000 ¥ N 2000 2000 s i
3 s o b 0 0 ¥ i 0
I s ¥
- &
= = 25 S 25 25 ¥ * 25
= = V-
& < 0 3000 3000 3000 - {
50 50 -0 3 4 -0
k 3
' £
bt 1000 ° 1000 0 1000 o 1000 A0 1000 ° 1000 S T T 1000
0 o o o
() s " i i)
o . - e ol E -
~ £ ! \
I " i ¥
S = ¢ » » § »
) 3
=] 2 . J
=1 £ 200 2000 2000 ¢ 2000
o g ) 0 § % 0
Il kSl % ‘i,
2 = -2 25 X L1 -2
& Z w0 3000 3000 K 3 3000
-50 50 Ey ] -50
% £
o » - ‘ - b VI 4 -
~1000 0 1000 ~1000 0 1000 ~1000 0 1000
Distance from nozzle axis [um] Distance from nozzle axis [um] Distance from nozzle axis [;m] Distance from nozzle axis [um]

Fig. 11. Radial velocity distribution for single hole, on-axis orifice over two different injection pressures.

It seems that velocity differential at upstream and downstream
could also contribute in forming the mushroom-shaped mass at the
beginning of the injection. This mass forms and grows near the nozzle
and travels downstream. The amount of surface expansion of this mass

depends on the geometry of the nozzle, but the results show that it is

not very sensitive to the injection pressure. Comparison of spray pro-
files shows that the extent of this mass is the greatest in the OA nozzle,
and the SH nozzle creates the least expansion. In addition, the growth
rate of this mass is almost at the same level in both orifices of the TH

nozzle. According to the geometry of these nozzles, it is presumed that
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they are mainly different potentials for generating cavitation. In addi-
tion, the internal flow streamline of each nozzle is distinct. However,
since cavitation is associated with the injection pressure, thus cavitation
cannot be the main reason for the formation of this mushroom-shaped
mass; otherwise, the size of this mass should have changed significantly
by increasing the injection pressure. Therefore, to find the root cause
of the formation of this mass and the factors affecting it, we must pay
attention to other factors, including the internal flow streamline.

According to Figs. 8 and 9, the formation of this mass is similar
in both TH orifices but slightly different than other nozzles. For these
orifices, an arc is formed on the right side of the spray. Inspection of
orifice walls on the left and right sides of the spray shows that the
flow on the right side exits slightly earlier than on the other side; the
spherical outer surface of the nozzle created uneven orifice walls so that
the right wall is shorter than the left one. In addition, at the orifice inlet,
the left edge looks sharper. However, neither of these two points can
explain such spray behavior reasonably because these features are also
present in the OA nozzle, while no asymmetrical arc forms within the
spray of this nozzle. Nevertheless, the main difference between the OA
and TH nozzles is the inclination of the orifices from the injector axis.
This inclination appears to create momentum in the flow, which leads
to forming an arc on the right side of the spray. In both cases, the arc
is formed on the lower wall, making this conclusion more sensible.

As mentioned earlier, the extent of the mushroom-shaped mass in
the OA nozzle is the highest and formed differently from the other
two nozzles. Analysis of velocity components in the radial direction
expresses an outstanding behavior. As Fig. 14 shows, at the beginning
of injection, the radial velocities on the right side of the spray are
pointing towards positive values of the transverse axis, while on the
other side velocities are negative, meaning that the mushroom-shaped
mass volume expands to the sides. However, an interesting point arises
in later time instants: at 30 and 40 ps radial velocity components at
the top of this mass have an inverted direction while the bottom of
this mass keeps the same radial velocity direction as at the beginning
of injection. This process is independent of injection pressure, and
according to Fig. 14, such a case is observable in all studied injection
pressures. This result suggests that vortices are likely to form inside the
mass fraction, creating a tumble that is reflected in the radial velocity
profile. Assuming that the accelerating flow in the center of the spray
penetrates into this mass at high relative velocity, it probably creates
a relative vacuum inside the mass upstream which can be explained
graphically by Fig. 15. However, the axial velocity of the liquid core
and the mass downstream get synchronized. It is thought that this
mechanism improve the air entrainment, but on the other hand, it
induces a loss in the axial flow and impedes acceleration in the axial
direction.
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/ Spray liquid core
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Fig. 15. A graphical representation of the hypothesis of induced tumble in the
mushroom-shaped mass by the spray liquid core.

3.3. Hole-to-hole variation

Studying the TH nozzle and its spray velocity distribution dia-
grams can provide information regarding hole-to-hole variation and
interaction. In addition, that will help investigate the effect of orifice in-
clination. Analysis of eccentric needle movement addresses that sprays
of a multi-hole injector are not identical, while their axial velocities
fluctuate over the injection period. In other words, the dynamics of
each spray fluctuate under a particular frequency, and that frequency
is independent of injection pressure, and the number of holes [20].
According to this study, the primary cause of this fluctuation is the
eccentric movement of the needle. In addition, since there is no phase
lag in axial velocity oscillation, thus the variation in sac pressure is
the main contributor to that matter rather than hole-to-hole variation.
In the current study, since the TH nozzle has only two holes, the

10

sac pressure variation is expected to be less than the conventional
injectors with nozzles of 8 to 12 holes. This study shows that the sprays
of TH-A and TH-B undergo their unique evolutionary path, although
both orifices have a similar rate of development. However, the radial
velocities are higher in TH-B, which has led to a more significant
radial expansion during the early transient phase as it is evident in
Fig. 16. This behavior could be primarily due to the minor geometrical
differences between orifices.

Moreover, due to the geometrical constraints of the chamber and
injector fuel line, we had to mount the injector body diagonally. The
angle between the injector axis and horizontal plane in this configura-
tion becomes 21°. Consequently, the angle between the vertical axis and
TH-A orifice will be 4° while this value is equal to 142° for the case of
TH-B. Therefore, the fluid inside the nozzle experiences a more severe
change in its direction to exit TH-B. This rotation in the flow direction
induces centrifugal and centripetal forces on the spray periphery, which
results in more spray expansion. In addition, with higher injection
pressures, radial velocities also increase in both TH-A and TH-B orifices.
It is evident by comparing sprays of TH-A and TH-B at 50 ps at every
injection pressure.

Another point worth noting is the differences in average penetration
and overall velocities in TH-A and TH-B cases. Comparing these sprays
within the same time frame and pressure indicates that TH-B’s overall
velocity magnitude is slightly smaller at every injection pressure. A
potential reason could be related to the installation angle of the injector
body. As mentioned earlier, the internal flow is likely to experience
more bends, which induces a loss in the flow. Therefore, we suspect
that the injector orientation might contribute to hole-to-hole spray
variation in multi-hole injectors. Hence, the installation angle is likely
to influence the internal flow and the near-field spray velocity. We can
easily verify this hypothesis in the future by rotating the injector by
180° and exchanging the position of each orifice. However, the minor
geometrical differences between these orifices might also contribute to
this matter.

Spray profiles in Figs. 7, 8 and 9 show another debatable issue; after
40 or 50 ps, the left side of the spray inclines towards the negative side
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Fig. 16. Radial velocity distribution for the two-hole nozzle over a range of timings at 1600 bar injection pressure.

of the horizontal axis. In addition, the right side of the spray also tends
to incline towards the left side and forms a small arc on the right side of
the spray. Deviation towards the left side is even more evident in the
quasi-steady state. Although this is not the case in orifice TH-A, it is
visible in the other two orifices (OA and TH-B), regardless of injection
pressure. In addition, the velocity profiles at 800 ps, indicate that the
velocity magnitudes on the left side of the spray are lower than on the
right side. It becomes more interesting when we realize that sharper
orifice inlet edge is also located at the left side. Increasing the pressure
seems to exacerbate this velocity asymmetry. Therefore, we expect that
the increase in injection pressure boosts the deviation angle, although
this change seems negligible according to the results. However, to find a
more accurate answer in this regard, investigation in the far-field might
be required.

3.4. Injection pressure

The injection pressure directly influences the timing of spray evo-
lution because it reduces the nozzle opening delay and consequently
shortens the transient phases. In addition, injection rate profiles in
Fig. 13 show that the average injection rate at 800 bar is 1 mg/ms,
increasing to 1.4 and 2.2 at 1200 bar and 1600 bar, respectively.
Therefore the average velocity would increase significantly by injection
pressure. However, as Fig. 17 depicts, the velocity magnitudes at spray
periphery are just slightly higher at 1600 bar. This is in accordance
with previous studies by Payri et al. [21], and Moon et al. [22] that
have shown that the injection pressure mainly increases the velocity of
the central spray and has the least influence at farther locations from
the spray axis. Fig. 17 also shows an apparent velocity asymmetry on
the opposite sides of the spray. This asymmetry increases by injection
pressure so that the velocity of the left side of the spray, where there is
a sharp edge at the orifice inlet, is higher at lower injection pressures. In
other words, the sharp edge induces more significant losses as pressure
increases.

Regarding the physical characteristics, the effect of pressure on the
average spray profile is negligible at the quasi-steady state. We also
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observed a similar spray evolution pattern during the early transient
phase; however, these similar patterns appear at earlier time stages
when pressure is higher. To clarify this statement, we can compare the
average spray profile at 30 ps & 1600 bar with the one at 40 ps &
800 or 40 ps & 1200 bar. Nevertheless, overall velocity magnitudes
are much different in these cases. In other words, comparing two
cases with the same penetration length but different injection pressure,
the velocity is higher in the case with higher pressure. Therefore,
higher injection pressure raises the spray acceleration during the early
transient phase. On the other hand, the nozzle opening delay becomes
smaller with pressure rise, indicating a higher acceleration of needle
motion. Therefore, one can conclude that the spray acceleration is
primarily a function of the needle acceleration in the transient phase.
However, the overall force acting on the needle is proportional to the
injection pressure; thus, increasing the injection pressure transforms
into a higher acceleration in the needle.

The analysis of the effect of injection pressure on TH-A and TH-B
shows a surprising point. As Figs. 8 and 9 depict that velocities and
penetration at 1200 bar are unexpectedly lower or relatively equal to
the 800 bar condition. This effect is less likely to result from error or
accident because we performed the image acquisition for each time
instant/pressure over different days with the same setup. Nevertheless,
by increasing the injection pressure to 1600 bar, the flow accelerates
and penetration at respective time instants improves. In near-field
spray evolution, there might be a critical injection pressure so that
the turbulent interactions and instabilities suppress the growth in spray
velocity. However, elevating the injection pressure beyond that critical
value would overcome the losses induced. By the way, to justify this
hypothesis, we need more statistics. In addition, the nozzles’ internal
flow characteristics can also provide a window to the correct answer.
In addition, it should be noted that these experiments were conducted
in ambient conditions. Payri et al. [21] show that increasing the density
will reduce the spray velocities non-linearly. However, its effect on the
outer spray surface seems insignificant, similar to the effect of injection
pressure.
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4. Conclusion

This study visualized the kinematics of near-field diesel spray for
asymmetrical nozzle geometries. In this study, we measured and col-
lected velocity information for 45 sprays in total, which belong to three
orifices, three injection pressures, and five time-instants. In addition,
more than 150 image pairs were taken and processed for each of
these sprays to statistically investigate the effect of asymmetrical orifice
inlet on the spray kinematics. We also have shown that the calculated
mean velocities are convergent with 95% certainty and the maximum
confidence interval is +18 m/s.

The results show that the spray of the single-hole off-axis nozzle
moves faster than for both orifices of the two-whole nozzle. In addition,
injection rates of the whole two-hole nozzle are lower than the single-
hole off-axis nozzle up to the 50 ps after the start of injection.
However, they show less significant velocity differences as the needle
lift increases and the flow reaches a quasi-steady state. Since the outlet
cross-sectional area of the two-hole nozzle is 1.6 times larger than the
off-axis one, we suspect that initial velocity in a multi-hole injector
will be reduced by increasing the number of holes, even though the
injection rate of the nozzle is increased.

Regarding the general spray development, we observed in all cases
that the spray periphery has a near zero velocity just after the hydraulic
start of injection. This initial low-velocity is probably because the first
portion of the fuel exiting the orifice often contains residual fuel and
air trapped in the sac volume from the previous injection. Since the
velocity of the residuals is close to zero, they lead to slight resistance
against the fresh incoming flow. However, as the needle rises further,
the momentum and velocity of the flow increase, causing the spray
acceleration for a few microseconds depending on the injection pres-
sure. The acceleration is due to mixing and momentum exchange with
the upcoming flow. However, velocity magnitudes become smaller at
downstream due to energy dissipation shortly after that.
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At the same time frame, a fraction of fuel is formed, which re-
sembles a mushroom shape. Analyzing the radial velocity components
shows that the upstream parts of this mass fraction are moving towards
the spray center while the downstream part is expanding. This condi-
tion suggests that a circular motion is created when the upstream flow
— which is moving faster — mixes with the slow-moving flow, which has
been exited at an earlier time stage.

In the case of asymmetrical inlet geometry, the average spray axis
deviates from the center towards the side with a sharper orifice inlet
edge. This phenomenon is more remarkable for the off-axis nozzle
and will affect spray targeting. In addition, the velocity distribution is
not symmetrical on the two opposite sides of the spray. As injection
pressure increases, losses will become more significant on the side with
a sharp edge, and thus velocities become less than measured values
at lower injection pressures. Therefore, the restrictions to the flow by
sharp orifice will become more significant as the injection pressure
rises. According to this study, velocity asymmetry grows linearly by in-
jection pressure. Accordingly, increasing the injection pressure reduces
the velocity at the side with a sharp orifice edge as much as the velocity
increases on the other side.

Finally, the injection pressure impacts nozzle opening delay and can
increase the needle acceleration, directly affecting spray acceleration
and evolution. Therefore, higher injection pressure reduces the time for
spray evolution by increasing the flow’s velocity and acceleration and
shortening the transient phase by accelerating the needle movement.
However, in this study, injection pressure does not influence the overall
spray profile. In addition, although the injection rate increases linearly
by pressure, the velocity at the spray periphery increases marginally.
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