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H I G H L I G H T S

• An eccentric low-speed marine engine fuel injector nozzle design was investigated.

• In-nozzle flow cavitation was confirmed by visualization via transparent nozzle.

• Swirl cavitation pattern affecting spray morphology/formation shown.

• Hydro-erosive grinding does not completely remove in-nozzle cavitation flow.
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A B S T R A C T

To further increase efficiency as well as to reduce emissions of large two-stroke marine Diesel engines, the
understanding of the fuel injection processes and the resulting spray atomization characteristics is of high im-
portance. The sheer dimensions, the uniflow scavenging design with the central exhaust valve position and the
high swirl motion of the charge air is imposing the need for peripheral multiple fuel injector arrangement. The
two or three fuel injectors are arranged by 180° resp. 120° and hence, a strongly asymmetrical and eccentrical
atomizer design is given as all of the typically five orifices face a similar direction which is defined by the injector
position and swirl flow. Experiments have shown that these characteristic nozzle tip bore arrangements lead to a
strong spray deflection due to inhomogeneous velocity profiles induced by cavitation inside the orifice.
Specifically designed transparent nozzles have been utilized to qualitatively investigate the in-nozzle cavitation
flow phenomena. Furthermore, the influence on the subsequent atomization behaviour by simultaneously ac-
quiring the spray morphology has been studied. A simplified transparent one-hole nozzle was used with a
matching nozzle tip geometry representative for a large two-stroke marine Diesel engine injector. Fuel pressures
of 50 MPa were applied to meet engine realistic injection conditions. Moreover, different degrees of hydro-
erosive grinding were applied to the orifices to investigate the effects on the spray morphology with decreasing
levels of in-nozzle flow cavitation derived by increasing inlet radii between main nozzle tip bore and orifice.

1. Introduction

Large two-stroke marine Diesel engines are widely used to propel
commercial ships like tankers, bulk carriers as well as container and
cargo vessels. Most of the traded goods in the world are transported by
sea as it remains the most efficient means of transportation [1]. To
further increase efficiency and lower emissions, understanding of the
spray formation and its antecedent fuel injection is of high importance
[2–4]. Fuel injector atomizers of large two-stroke marine Diesel engines
have a highly complicated design due to a peripheral multi-injector
arrangement and a strong swirl motion in the cylinder. The two or three

fuel injectors are arranged by 180° resp. 120° around the central ex-
haust valve in the cylinder head. A typical injector nozzle tip has five
different orifices which all face in a similar direction to provide sprays
following the strong swirl motion to ensure efficient combustion. The
nozzle bores have slightly different diameters, horizontal and vertical
angles and eccentricities. A typical fuel injector of large two-stroke
marine Diesel engines is depicted in Fig. 1 together with a detail of the
nozzle tip and its five nozzle bore design. Previous experimental in-
vestigations and CFD simulations at Winterthur Gas & Diesel Ltd.
(WinGD) have shown that the spray formation in large two-stroke
marine Diesel engines is affected by the fuel injector in-nozzle flow due
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to inhomogeneous velocity profiles originating from cavitation effects
[5–7]. These cavitation characteristics can lead to significant influences
on the atomization process such as spray deflections in eccentric noz-
zles [8]. When not considered, this reduces engine efficiency and in-
creases emissions due to fuel spray interactions with the cylinder wall
and/or resulting changes in predicted combustion.

The fuel injection process in modern Diesel engines is based on high
rail pressures and small nozzle bore diameters to enhance the spray
atomization. This conditions however, lead to cavitation in the fuel
injector and nozzles [9,10]. Various experimental as well as CFD studies
have shown that cavitation in the nozzle bore enhances the spray
breakup [11–15,10]. However, the undesirable effects of cavitation like
flow instabilities, excessive noise generation and erosion that can cause
damage to the injector components require detailed understanding of
the complex phenomena [16].

Various experimental and numerical studies on cavitation char-
acteristics for fuel injectors are available. Optically transparent nozzles
with identical or scaled geometries allow for experimental in-nozzle
flow visualization and enable characterizing cavitation. Limiting factors
of such devices are high fuel pressures and the refractive index
matching of the fuel and optical material [17]. Lately, a number of
interesting experimental cavitation investigations with transparent
nozzles, scaled and original-sized, at low pressures and towards more
realistic pressures have been reported [18,19,17,20–23]. Kim and Park
provide a current overview of transparent nozzle experiments sum-
marizing the measurement technique, fuel, temperature and pressure
conditions [24]. Unfortunately, most studies are focused on automotive
fuel injectors with limited fuel pressures and scaled nozzles and are
hardly relevant to large two-stroke marine Diesel engine fuel injector
parameters, especially regarding the eccentric nozzle design. As a
consequence, a transparent nozzle holder has been developed based on
[17] to match the conditions of large two-stroke marine Diesel engines.
Using realistic nozzle geometries and fuel pressures, the visualization of
the in-nozzle flow cavitation is very close to the conditions found in
large two-stroke marine Diesel engine fuel injection systems. Simulta-
neous spray morphology measurements were used to further deepen the
understanding of how in-nozzle flow cavitation affects the spray
breakup and to generate valuable validation data for design tools as
well as CFD simulations. The gathered data helps to further deepen the
understanding of the combustion process in the large two-stroke marine
Diesel engine and consequently improves thermal efficiency and
emissions.

2. Experimental setup

2.1. Transparent nozzles

A specially designed nozzle holder has been used to apply defined
forces on all sides of the cuboid transparent nozzles made of polymethyl
methacrylate (PMMA). This installation enables a homogeneous com-
pression of the nozzles allowing for pressurization with engine realistic
rail pressures of 50–80 MPa, typically applied in large two-stroke
marine Diesel engines injection systems. The original nozzle tips usually
have a five-hole configuration with the bores being eccentrically ar-
ranged with respect to the symmetrical axis of the nozzle tip main bore.
However, the transparent nozzles are designed with a single orifice for
simplification reasons regarding optical access, control of the hydro-
erosive grinding process as well as reduced complexity and computa-
tional costs for CFD validations. Nevertheless, the geometrical design of
the atomizer section is identical as found in large two-stroke marine
Diesel engine fuel injectors. Since previous research work indicated
strong spray deflections with eccentrical orifices, the geometry chosen
for this study is a 0.8 mm eccentrically arranged nozzle bore with re-
spect to the 3.5 mm main atomizer bore. The nozzle bore diameter is
0.75 mm. Fig. 2 shows a detailed illustration of the nozzle geometry
used. PMMA as transparent material has been selected as it has an al-
most identical refractive index as Diesel fuel allowing for visualization
of the in-nozzle flow without optical distortions due to the cylindrical
nozzle bore that otherwise would behave like a convex lens and refract
the light away from the optical axis. An alternative material would be
fused silica glass (SiO2) which has a similar refractive index as well, but
showed not to be as pressure resistant as PMMA [19]. An additional
advantage of PMMA is the more cost-efficient machining of the plastic
compared to the glass.

The transparent PMMA nozzles are mounted in a transparent nozzle
holder (TNH) [25] which also has a pressure sensor mounted at the end
of the nozzle main bore and is depicted in a schematic in Fig. 3. The
TNH can be mounted directly on the fuel injector using the injector
mount (7). The side clamps (2) apply force on the transparent PMMA
nozzle (4) via two sapphire bricks (3) that are polished on both sides to
maintain optical access while the top clamps (5) apply force directly on
the transparent nozzle. The main body (6) and sensor body apply force
on the remaining two surfaces of the transparent nozzle cuboid by using
two positioning bolts. The TNH is designed to match the geometrical
properties of fuel injectors nozzles representative for large two-stroke
marine Diesel engines. The installed pressure sensor (1) is a piezo-
resistive, absolute sensor from Kistler (4067C2000) that allows for
highly accurate pressure measurements of the involved phenomena.
Together with a high data acquisition rate, detailed comparisons of
different nozzle geometries are possible and accurate boundary condi-
tions for CFD simulations can be generated. Furthermore, the pressure

Fig. 1. Schematic illustration of a standard common rail fuel injector with
mounted nozzle tip (i) as used in large two-stroke marine Diesel engines and
enlarged (scale 4:1) detail of the nozzle tip with its five orifices (ii).

Fig. 2. Technical drawing of eccentric nozzle geometry used in this study with
front (i), side (ii) and top view (iii), as well as an isometric view (iv). The main
bore diameter is 3.5 mm, the nozzle bore diameter 0.75 mm and the eccen-
tricity 0.8 mm.
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measurement at the TNH is important since fuel injectors usually have a
certain pressure drop across the injection valve. The TNH is described
in more detail in [25,26].

2.2. Hydro-erosive grinding

An option to reduce cavitation in the orifices is to remove the sharp
edge between main bore and orifice and hence, optimize flow. In
commercially produced metallic fuel atomizer, this process is usually
performed using electro-chemical machining, where a electrolyte is
pumped through the nozzle tip and removes metal ions due to a set
potential difference. As the nozzle tip has to be an electrical conductor
for this process to be working, it is not applicable for the transparent
PMMA nozzles used in this study. The alternative process is called
hydro-erosive grinding and utilizes a non-Newtonian fluid with small
abrasive particles that is pushed through the nozzle tips. The highly
viscous fluid applies shear forces which allow the abrasive particles to
remove material. In the test rig constructed to hydro-erosive grind the
nozzles, the fluid is pressurized using a standard hydraulic system. A
piston is moved in a cylinder that pushes the abrasive fluid through the
nozzle tip using a special mount made for the PMMA nozzles. The
system is controlled by a time based control unit. The hydraulic pres-
sure of the system defines the velocity of the fluid flowing through the
nozzle tip and therefore, also the rate of material removal. The hydro-
erosive grinding fluid achieves highly repeatable results due to a
homogeneous mixture of the fluid and particles and the relatively long
grinding times at low pressure. The working fluid is a commercially
available product from Gradnings & Maskinteknik AB (EM-70760-W/
120S) and has been forced through the nozzles with a differential
pressure of 1.5 MPa. The set duration for the hydro-erosive grinding of
the transparent PMMA nozzles can be found in Table 1 together with
the resulting nozzle bore exit diameters and evaluated inlet radii. Note
that due to the pronounced level of hydro-erosive grinding of the
nozzles, a complex, flow optimized geometry is generated which con-
sists of multiple interconnected radii that lead to tapered and oval
shaped nozzle bores. Hence, the provided radius in Table 1 serves only
as rough approximation. To quantitatively characterize the hydro-ero-
sive grinding process, the atomizers were analyzed using a nozzle-flow
test rig at WinGD, that allows measuring the mass flow using a

calibration oil with a pressure of 5 MPa. Tests have been performed
where discharge coefficients of the nozzle tips were evaluated and no
significant differences between identically hydro-erosive ground nozzle
tips were found. The measured mass flows and the evaluated discharge
coefficients of the six differently hydro-erosive ground nozzle tips are
shown in Table 1.

2.3. Test facility

The experiments were performed in the constant volume Spray and
Combustion Chamber (SCC) at WinGD in Winterthur, Switzerland. The
SCC represents the combustion chamber of a 50 cm cylinder bore en-
gine at TDC. Engine relevant conditions regarding pressure, tempera-
ture and swirl velocity can be achieved. More information on the test
facility can be found in [27,28]. Due to the temperature limits of ap-
proximately 80 °C [17,29] of the PMMA nozzle tips used, the experi-
ments were conducted under ambient gas temperature and back-pres-
sure conditions. Previous experiments using the transparent nozzles
with the TNH have shown that the back-pressure plays a insignificant
role for the in-nozzle cavitation patterns when relatively high fuel rail
pressures are applied and the cavitation is distinctive [25]. However,
the spray emerging from the nozzle bore exit into the spray chamber is
heavily affected by the surrounding gas density. Hence, the applied
temperature and pressure conditions in this study are not engine-rea-
listic, which is resulting in a not directly comparable spray formation
behaviour as in the engine, mostly related to the spray processes fol-
lowing the primary atomization. Nevertheless, highly valuable in-
formation of the in-nozzle flow phenomena and its effects on the fuel
spray can be obtained.

The fuel used was a standard commercial Diesel from Preem AB
(DMK1UA-SE). It has a density of 815.9 kg/m3, kinematic viscosity of
2.112 mm2/s and net heat of combustion of 43.16 MJ/kg. The fuel was
pressurized using a standard RT-flex common rail system with an in-
jection control unit (ICU) at a rail pressure of 50 MPa. The injection
duration was set to 12 ms for all experiments.

2.4. Optical setup

The optical acquisition of the in-nozzle flow using the TNH and the
spray morphology of the exiting spray have been simultaneously re-
corded by setting up two high-speed cameras (Photron Fastcam SA5)
with a far-field microscope (Questar QM100) and a zoom lens (Nikon)
for the small field of view (FOV) of the in-nozzle flow (approx. 4 ×
2.5 mm) and the relatively large FOV of the subsequent spray evolution
(approx. 150 × 150 mm), respectively. The FOV of the in-nozzle flow is
depicted in Fig. 3 (ii). Two synchronized pulsed diode lasers with a
wavelength of 690 ± 10 nm (Cavitar Cavilux Smart) have been used as
light sources for the two high-speed cameras. Fig. 4 depicts a schematic
of the optical setup for simultaneous acquisition of the in-nozzle flow
and spray formation. Note that the fuel injector (1) with the mounted
TNH (16) are in proportion and indicate the large size of the fuel in-
jectors used for large two-stroke marine Diesel engines. The line-of-
sight optical measurement technique Diffused Back Illumination (DBI)
has been applied for both systems [30]. As the two light sources were
identical regarding wavelength, the two optical axes were slightly an-
gled (not illustrated in Fig. 4). The miss-alignment however is

Fig. 3. Schematic illustration of transparent nozzle holder (TNH) with mounted
PMMA nozzle. Top view (i) and sectional side view (ii) with pressure sensor (1),
side clamp (2), sapphire brick (3), transparent PMMA nozzle (4), top clamp (5),
main body (6) and injector mount (7). The red rectangle in the sectional side
view (ii) indicates the field of view (FOV) used for the in-nozzle flow visuali-
zation. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Table 1
Properties of the six differently hydro-erosive ground nozzles used in this study.

nozzle number i ii iii iv v vi

hydro-erosive grinding time [s] 0 60 120 180 240 300
nozzle bore exit diameter [mm] 0.75 0.76 0.77 0.80 0.86 0.92
inlet radius [mm] 0 0.08 0.16 0.37 0.56 0.69
mass flow at 5 MPa [g/s] 19.9 25.3 28.8 30.7 32.8 36.4
discharge coefficient [–] 0.49 0.62 0.71 0.75 0.81 0.89
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insignificant as the angle between the two axes was kept very small
compared to the distance between cameras and light source. Note that
the SCC is not depicted in Fig. 4 for visibility reasons. To focus the light
for the in-nozzle flow visualization an additional convex lens
(f = 150 mm) has been used (15) behind the collimator (14). A ground
glass has been used as diffuser (2) for the spray background illumina-
tion. The images were simultaneously acquired at a frame rate of
20 kHz with a resolution of 512 × 512 pixel, i.e. every spray image has
the same time stamp as its corresponding in-nozzle flow image. The
images acquired have been evaluated using Mathworks Matlab.

3. Results & discussion

3.1. In-nozzle flow

The in-nozzle flow images have been averaged over the quasi-
steady-state period of the fuel injection between 6 and 14 ms after
triggered start of injection (tSOI) and throughout multiple injections at

the same condition. Fig. 5 depicts the averaged in-nozzle flow visuali-
zations with different levels of hydro-erosive grinding of the trans-
parent nozzle and a rail pressure of 50 MPa. Five different levels of
hydro-erosive grinding have been investigated together with a sharp-
edged, i.e. non hydro-erosive ground, reference atomizer tip (see
Table 1). Note that the image of the in-nozzle flow has only been
processed by intensity level adjustment/correction, rotation and map-
ping. The first image in Fig. 5 shows the sharp-edged (reference) orifice
without fuel injection (bg), i.e. the nozzle bore is filled with fuel, but as
there is no mass flow there is no cavitation. This image serves as
background reference. Due to the not perfectly identical refractive in-
dices of PMMA and the Diesel fuel used, the edges of the nozzle bore
(vertical) and main bore (horizontal) are still visible as the light is re-
fracted away from the optical axis towards the camera. The other six
images (i to vi) in Fig. 5 depict the in-nozzle flow with increasing levels
of hydro-erosive grinding towards the right side, i.e. the nozzle in Fig. 5
i) is sharp edged (non hydro-erosive ground) and the nozzle in Fig. 5 vi)
is maximally hydro-erosive ground. The level of hydro-erosive grinding
could not be extended because the PMMA nozzle failure probability
increased significantly after the grinding level of the nozzle vi). The fuel
enters the nozzles depicted in Fig. 5 from the left side of the horizontal
main bore and enters the nozzle bore from the top side of the images.
Dark areas indicate gaseous flow, i.e. cavitation, since the light is re-
fracted off the optical axis, while bright areas, in the limits of the nozzle
bore walls, indicate flow of the liquid fuel. As expected, the nozzles
without or with less inlet radii due to limited hydro-erosive grinding,
show a significantly higher lever of cavitation. The flow patterns for the
nozzles depicted in i) to iii) can be clearly characterized as super-
cavitation [31] since the cavitation emerges over the whole nozzle bore
length and reaches the nozzle bore exit. The last three nozzles (iv - vi)
have a distinct different cavitation pattern than the previous ones: a
strong cavitation swirl motion of the fuel vapour evolves with in-
creasing level of hydro-erosive grinding. This swirl motion is, according
to literature, not clearly characterized, but one can argue that it is a
combination of string cavitation, cloud cavitation and supercavitation.
Fig. 6 presents single shot images of the in-nozzle flow taken at 8 ms
after triggered start of injection (tSOI) with the hydro-erosive ground
transparent nozzles. Note that the background image with no mass flow
as shown in Fig. 5 bg) is not included in Fig. 6 and hence, the labelling
in Fig. 6 is kept consistent to ensure comparability between the single
shots and averaged images in Fig. 5.

After the cavitation breakup between images (iii) and (iv) in Fig. 6,
motion blur appears as the diode laser pulse width and the minimal
exposure time of the high-speed camera are too long for the velocities of
a couple hundred meters per second in the nozzle bore. This is clearly
visible with the slightly drawn-out cavitation patterns. The high fluid
velocities and the low acquisition rate of 20 kHz limit the evaluation of
quantitative data from the in-nozzle flow images. However, the images

Fig. 4. Schematic of optical setup (diffuse back illumination) for simultaneous
acquisition of the in-nozzle flow and spray formation consisting of fuel injector
(1), diffuser plate (2), mirror (3, 12), collimator (4, 14), light guide (5, 13),
diode laser (6, 9), high-speed camera (7, 10), far-field microscope (8), lens (11),
focusing lens (15) and TNH (16).

Fig. 5. Background (bg) and averaged in-nozzle flow images during quasi-steady-state fuel injection condition for different levels of hydro-erosive grinding (i - vi)
and a rail pressure of 50 MPa. Level of hydro-erosive grinding increases from left to right (i - vi). Dark areas indicate gaseous flow, i.e. cavitation.
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still reveal high-quality qualitative in-nozzle flow cavitation data. The
strong swirl motion that evolves with increasing hydro-erosive grinding
levels are plausible given the closed geometry of the nozzle main bore
(sensor mounted at the end, see Fig. 3) and the eccentricity of the
nozzle bore. It also becomes clear from the single shot images in Fig. 6
that the strong swirl motion shapes the geometrical cavitation char-
acteristic in the nozzle bores of the more distinct hydro-erosive ground
nozzles (iv -vi). Although hardly visible, the left and right walls of the
less hydro-erosive ground nozzles ii) and iii) are cavitation free towards
the exit of the orifice, indicating a cavitation pattern similar to the swirl
cavitation in nozzles iv) to vi), but more pronounced.

3.2. Fuel injection

The increase of inlet radii through hydro-erosive grinding does not
only affect the in-nozzle flow cavitation, but also the pressure measured
in the different atomizers. Fig. 7 depicts the measured and averaged
fuel pressures of the differently hydro-erosive ground nozzles. The
normalized pressure refers to the set rail pressure of 50 MPa and the
nomenclature of the different hydro-erosive ground nozzles match the
ones in Fig. 5 & 6 and Table 1. It is clearly visible that the sharp-edged
nozzle (no HG i) has the steepest pressure rise after the injector needle
opening at around 2 ms after triggered start of injection and that the
pressure rising gradient decreases with increasing level of hydro-erosive

grinding. This can be explained with the reduced flow resistance inside
the nozzle tip due to hydro-erosive grinding. The increased nozzle bore
diameters and inlet radii between main bore and nozzle hole due to
increased levels of hydro-erosive grinding also lead to a different fall
time of the pressure after the injector needle closes at around 15 ms
after tSOI. The pressure characteristic during the quasi-steady-state fuel
injection between around 5 and 15 ms after tSOI remains fairly iden-
tical although slightly shifted in x- and y-axis due to delayed pressure
build up time and lower static pressure levels with increased level of
hydro-erosive grinding. Note that the characteristic injection pressure
behaviour is given by the fuel injection system (rail, ICU, fuel pipes,
injector, etc.) and is highly reproducible.

3.3. Spray penetration

Fig. 8 shows the evaluated spray penetration of the six hydro-ero-
sive ground nozzles. The data points have been interpolated and plotted
as lines for visibility reasons, but for the sharp-edged nozzle (i), the data
points are depicted as well to indicate the high-speed camera frame rate
of 20 kHz or 50 μs time steps. The x-axis has been adjusted to the hy-
draulic start of injection (hSOI) and the spray penetration on the y-axis
is limited to 120 mm by the optical access through the windows at the

Fig. 6. Single shot in-nozzle flow images at 8 ms after tSOI for different levels of hydro-erosive grinding and a rail pressure of 50 MPa. The hydro-erosive grinding
degree increases from left to right (i - vi). Dark areas indicate gaseous flow, i.e. cavitation.

Fig. 7. Averaged fuel pressures measured in the nozzle main bore during in-
jection for different levels of hydro-erosive grinding.

Fig. 8. Spray penetration for the differently hydro-erosive ground nozzles over
time after hydraulic start of injection (hSOI). Note that the points depicted for
the sharp-edged nozzle (i) indicate the frame rate of 20 kHz of the high-speed
camera.
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SCC. The bend of the penetration curves between around 0.7 ms after
hSOI originates from the pressure rise after the injector needle opening.
When the two plots in Fig. 7 and 8 are compared, one can see that the
fastest pressure rise of the non hydro-erosive ground nozzle (i) also
leads to the highest penetration velocity. By increasing the degree of
hydro-erosive grinding, the bend in the penetration data extenuates,
leading to a significant reduced penetration time of more than 0.5 ms at
120 mm between the non and maximal hydro-erosive ground nozzle (i
and vi) or a spray length difference of approximately 52 mm at 1.4 ms
after hSOI. However, the data presented in Fig. 8 has to be interpreted
with care since the flow resistance and mass flow through the nozzles
significantly change with increasing level of hydro-erosive grinding: the
nozzle vi) almost doubles the injected amount of fuel compared to the
sharp-edged nozzle i) (see Table 1). Furthermore, the spray penetration
at ambient gas densities cannot be directly compared to engine relevant
conditions with gas densities around 35 kg/m3.

3.4. Spray morphology

Typical spray images acquired using the line-of-sight optical mea-
surement technique DBI are depicted in Fig. 9. The raw images have
been background adjusted to correct inhomogeneities of the illumina-
tion. The processed images have then been rotated according to the
nozzle bore axis angle and cropped. The shown sprays match the dif-
ferently hydro-erosive ground nozzles as presented in Fig. 5 & 6. The
spray images were acquired 8 ms after triggered start of injection (tSOI)
and are therefore matching the time stamp of the in-nozzle flow single
shots shown in Fig. 6. The acquired spray images have been evaluated
to generate quantitative data to link with the only qualitative in-nozzle
flow data available. A threshold has been applied to the processed spray
images to separate the spray contour from the background according to
[32–35]. The evaluated spray contours have been averaged over the
quasi-steady-state fuel injection period and a number of injections and
are depicted in Fig. 10. Note that the axes in the plot have different
scales and that the standard deviation has not been plotted for visua-
lization purposes. The dashed vertical line represents the geometrical
nozzle bore axis and the steps in the contours result from the limited
image resolution of only 512 × 512 pixels. With increasing level of
hydro-erosive grinding of the eccentric nozzles, the spray disintegrating
becomes more unstable. This can be seen in the spray image vi) in Fig. 9
where a higher degree of interaction between spray and ambient gas
occurs on the left side of the spray. To visualize the spray contour and
its fluctuations, the averaged spray circumference has been plotted
together with the standard deviations in Fig. 11. Only the spray con-
tours of the two nozzles (i) and (vi) have been plotted in Fig. 11 for
visualization reasons. The averaged spray contours are depicted as solid
lines while the according standard deviations are dashed lines. The
asymmetrical behaviour of the hydro-erosive ground (vi) in comparison
with the sharp-edged (i) spray contour indicate the influence of the in-
nozzle cavitation swirl motion on the atomization of the spray. The
widening up of the spray angle due to increased atomization caused by

in-nozzle flow cavitation seems less dominant than the influence of the
in-nozzle swirl motion: although the level of geometrical cavitation is
clearly reduced with hydro-erosive grinding, the emerging in-nozzle
swirl motion significantly enhances the spray widening. In addition, the

Fig. 9. Single diffused back illuminated spray
recordings at 8 ms after triggered start of injec-
tion (tSOI) for the differently hydro-erosive
ground nozzles (i - vi). Note the vertically
flipped coordinate system and the cut-off areas
at the bottom due to limited optical access. The
nozzle bore exit is at the top of the images and
the spray emerges towards the bottom.

Fig. 10. Averaged spray contours of sprays emerging from nozzles with dif-
ferent levels of hydro-erosive grinding (i - vi). Note that the origin on the x-axis
represents the geometrical nozzle bore axis and that the axes have different
scales.

Fig. 11. Averaged spray contour and according standard deviations of sprays
emerging from nozzles with sharp-edge, i.e. non (i) and maximal hydro-erosive
grinding (vi). Note that the origin on the x-axis represents the geometrical or-
ifice axis and that the axes have different scales.
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swirl motion in combination with the cavitation results in a non-sym-
metric primary breakup that shows distinctively more instabilities on
one side (positive x-axis, see Fig. 11). Although investigated at lower
pressures, the spray contours of swirl atomizers show very similar, non-
symmetrical shapes affirming the strong swirl motion in the nozzle
bores [36].

The standard deviation and hence, the contour fluctuations are
significantly larger on the positive x-axis side of the spray. The en-
hanced atomization leads to a bend in the right sided spray contour in
Fig. 11 above around 80 mm from the nozzle bore exit. The data shows
that the shape of the spray plume is affected by the location where there
is no cavitation at the nozzle bore exit. Larger fuel vortices and fluc-
tuations are present compared to the spray side where the velocity
profile and geometrical cavitation occurs remains fairly stable. This
direct comparison might be deceptive regarding the existing strong
swirl motion of the in-nozzle flow together with the relatively slow
image acquisition rate of 20 kHz. Moreover, the optical measurement
technique chosen delivers a two-dimensional information and hence, it
still can be assumed that the spray fluctuations, although on the dif-
ferent side, are directly triggered by the cavitation at the nozzle bore
exit.

The spray angle and axis have been evaluated using the spray
contour data of the various nozzles and standard spray morphology
analysis methods [33–35]. Fig. 12 shows the spray axis and spray angle
of the six nozzles investigated as a function of the mass flow through the
nozzles. Note that the increase in mass flow is due to the higher degrees
of hydro-erosive grinding of the atomizer: the sharp-edged, i.e. non
hydro-erosive ground nozzle (compare with Fig. 5 i) is on the left side of
the x-axis around 20 g/s mass flow while the maximal hydro-erosive
ground nozzle (compare with Fig. 5 vi) is on the right side at a around
36 g/s (see Table 1). The dashed horizontal line indicates the geome-
trical axis of the orifice and is set at 0°. The spray angle is massively
widening up with increasing level of hydro-erosive grinding as also
visible in the averaged spray contours depicted in Fig. 10. By comparing
the spray angles in Fig. 12 with the averaged in-nozzle images in Fig. 5
it becomes clear that the spray angle is widening up distinctively after
the in-nozzle flow pattern changes between iii) and iv) where the strong
cavitation swirl motion appears: the three first nozzles (i - iii) have a
very similar spray angle of around 10° while the nozzles (iv), (v) and
(vi) widen up distinctively. Compared to the sharp-edged nozzle, the
maximal hydro-erosive ground nozzle almost doubles the spray angle.
The main reasons for this phenomena are the strong swirl motion of the
in-nozzle flow that enhances the spray atomization significantly and the
increased nozzle hole diameter due to extensive hydro-erosive grinding.

However, literature shows that increasing nozzle diameter only slightly
increases the spray angle at identical fuel pressures [37] and hence it
can be stated that the dominant effect for the widening of the spray is
the cavitation swirl motion.

Although the nozzle (i) is supercavitating and has by far the most
developed geometrical cavitation pattern, the spray angle remains
among the narrowest. Reducing cavitation with a first level of hydro-
erosive grinding shows a small decrease in spray angle (ii) which is in
agreement with literature that indicates narrower spray angle with less
in-nozzle flow cavitation [18,38–40]. However, after a certain amount
of hydro-erosive grinding (iii -iv), where the cavitation pattern sud-
denly changes (compare with in-nozzle flow images in Fig. 5) from
slightly diverted supercavitation to swirl cavitation, the increase in
spray angle strongly ascends. Such a strong spray angle increase due to
string cavitation which describes the here presented cavitation phe-
nomena the best, has also been reported by [39,23]. The axis of the
spray behaves differently. While the sharped-edge nozzle (i) is already
off-axis (compare with horizontal dashed line at 0°), increasing the
level of hydro-erosive grinding first changes the axis to the negative
(compare with coordinate systems depicted in Fig. 3). While further
hydro-erosive grinding returns the axis towards the geometrical origin.
The increased vertical error bars of the nozzle vi) also indicate the
strong fluctuation of the spray contour during the quasi-steady-state
fuel injection which can be seen on the spray images in Fig. 9 and the
spray contour plot showing the standard deviation in Fig. 11.

The spray evolution during start of hydraulic injection for the dif-
ferently hydro-erosive ground nozzles is shown in Fig. 13. The spray
develops from the left to the right side where a quasi-steady-state
condition is reached (compare with enlarged, single spray images in
Fig. 9). The Figure shows 40 single spray images per nozzle (i - vi) with
a time-step of 50 μs, showing a time series between 0 and 2 ms after
start of hydraulic injection. The developed sprays on the right side are
cut-off due to limited optical access. The spray angle behaviour of first
narrowing and then widening up with increasing level of hydro-erosive
grinding (i - vi) is already visible during the transient spray evolution
(compare with data in Fig. 12).

Due to the limiting thermal durability of the transparent nozzles, the
influence of the cavitation could not be linked to the combustion which
plays an enormous role on engine efficiency and emissions. However,
the investigations of the non-reactive sprays show significant influence
of the in-nozzle flow cavitation and hence directly indicate a strong
influence on the combustion process since spray atomization and spray
combustion are heavily interdependent. The newfound swirl cavitation
pattern enhances the spray atomization significantly and allows to de-
sign better nozzles with defined cavitation patterns to increase the
engines thermal efficiency by improving the spray breakup and the
subsequent combustion process.

4. Conclusions

The in-nozzle flow visualizations show a highly dominant role of
cavitation regarding the injection processes of large two-stroke marine
Diesel engines. Even an extensive level of hydro-erosive grinding of the
nozzles cannot completely remove cavitation effects investigated with
nozzle tips of relevant geometrical dimensions and applied injection
pressures. However, the degree of geometrical cavitation can clearly be
reduced through widening up of the nozzle bore and increasing the inlet
radii between main bore and nozzle bore through hydro-erosive
grinding.

Through the eccentrical arrangement of the nozzle bore, a specific
cavitation swirl pattern occurs at higher levels of hydro-erosive
grinding. This composition between geometrical and string cavitation
leads to one-sided spray contour fluctuations that affect the emerging
spray significantly. The spray angle increases with increasing level of
hydro-erosive grinding and resulting level of cavitation swirl pattern.
The simultaneous acquisition of in-nozzle flow and spray images reveals

Fig. 12. Spray angle and axis of the differently hydro-erosive ground nozzles (i -
vi). The error bars indicate the standard deviations.
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that the spray fluctuations occur on the side where the in-nozzle images
indicate no cavitation. However, due to the strong swirl motion given
by the eccentric arrangement of the nozzle bore and the limited image
acquisition resolution in time and space it seems more likely that the
cavitation at the nozzle bore exit is responsible for the one-sided spray
fluctuations.

The experiments have also shown that measuring the fuel pressure
in the nozzle main bore allows to characterize the nozzle flow accu-
rately, especially by evaluating the pressure rise and fall times after the
needle movement of the injector.
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