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Abstract

The diesel combustion process is strongly dependent on the rate of introduction of fuel and hence the quality of the
atomization process, which in turn is significantly influenced by effects caused by the geometry of the fuel injection
equipment itself as well as the potential occurrence of cavitation. In particular, the injector geometry of large marine
two-stroke diesel engines differs substantially from the configurations used in most other diesel engine applications,
as the injector orifices are distributed in a highly non-symmetric fashion. In order to simulate, respectively
experimentally assess the impact of key features of such orifice arrangements on spray morphology, a generic nozzle
design has been introduced in [1]. This specimen consists of an elongated tip with two orifices: The first one for
producing the spray to be observed, the second one significantly far downstream of the first and with a diameter
corresponding to the area of the remaining four orifices in a typical production injector, in order to simulate the same
flow behaviour up to of the spray orifice. It was extended for the purpose of the present study by adding an insert, thus
mimicking the flow conditions inside more recent injector designs. Selected configuration variants corresponding to
isolated variations of key design parameters were investigated experimentally as well as by means of CFD. For this
purpose, the IFP-C3D code, which includes an advanced cavitation model, has been utilised. The results obtained in
those simulations help understanding how fluid-dynamic effects occurring in the injector influence the propagation of
sprays. In particular, the observed non-symmetric spray structure can be clearly attributed to high levels of flow
inhomogeneity at the exit of the orifice, a feature that is even more pronounced with eccentric arrangements of the
orifice and is also to some extent depending on the height of the flow channel leading to the injection hole. For
eccentric orifices, the generation of a swirling flow inside the orifice seems to contribute to clearly wider spray angles
and sprays from such orifices are moreover characterised by non-negligible deflection from their theoretical axis. It
could also be shown that it is essential to properly account for the actual flow conditions inside the injector, as single-
spray tests neglecting the flow through the other orifices of a multi-hole injector yielded distinctly different spray
behaviour, which would lead to erroneous conclusions when applied the results as is to multi-orifice configurations.

Introduction

The diesel combustion process and emission formation are not only highly dependent on hydro-carbon oxidation
kinetics but also strongly influenced by turbulence and two-phase flow effects. In particular, this is related to the rate of
introduction of fuel and the quality of the atomization process, which in turn is significantly affected by the geometry of
the fuel injection equipment itself as well as the potential occurrence of cavitation. The injection system design and its
operational parameters are decisive factors with respect to these processes. Nozzle internal phenomena, their impact
on the fuel flow characteristics at the orifice outlet, and the associated effects on the sub-sequent spray formation and
combustion processes are far from being fully understood today. As a consequence, they are commonly not
accounted for in the spray-related sub-models applied in CFD simulations. An improved understanding of the liquid
break-up physics is highly required and the spray boundary conditions at the nozzle exit in particular are of supreme
importance for spray modelling purposes.

In order to obtain such better understanding of those influencing factors, Wartsila Switzerland Ltd., PSI and the IFPEN
worked together in a project focusing on the investigation of in nozzle flows in generic injector configurations. These
nozzle designs allow the isolated study of the effect of key design parameters of actual large two-stroke engine
injectors on fuel spray characteristics at relevant operating conditions. To this end, extensive computational fluid
dynamic (CFD) investigations of the injection system internal flow have been performed, which help assessing the
liquid conditions at the nozzle exit and, therefore, the boundary conditions for spray development. In parallel, the
same generic injector designs have been applied on the Spray Combustion Chamber (SCC) test facility in order to
characterize the associated spray behaviour by means of Mie-scattering measurements.

First investigations on the basis of generic injector configurations have been presented in [1]. Based on the results
achieved during this first measurement campaign, a second series of nozzle designs has been devised. All those
configurations were specified in order to allow the investigation (by means of both simulation and actual experiments)
of the propagation of a single spray as a function of particular design features or parameters. In particular, five clearly
distinct injector configurations have been selected from a large variety of possible options for investigating the impact
of five key factors on the flow condition at the nozzle exit and the resulting spray characteristics.
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Nozzle configurations

Figure 1 explains the injector design presented in the first measurement series [1], with the fuel exiting the observed
orifice (diameter d) while the fuel amount of another four orifices is bypassed through an additional orifice with
diameter D whereas the area of the bypass-orifice is four times the area of the observed (and partially bypassed)
orifice.

The generic nozzle design has been extended by adding an insert in the nozzle bore. This introduced a channel of
height s underneath the orifice as can occur in more recent injector designs [2]. Figure 1 also shows the flow volume
used for the simulations in comparison to the drawings of the experimental setup. Cut A-A explains the tilt of the
channel in case of eccentricity. This was made to ensure a constant channel height. The channel was tilted such that
the crossing point between the surface of the nozzle bore and axis of the orifice was located in the middle of the
channel.
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Figure 1. Schematic overview on generic nozzle design features, simulating the conditions of a single orifice within a serial injector

The geometric features of those five configurations — one reference geometry and four variations — are listed in Table
1: The injector configuration 2 (highlighted in blue) represents the reference injector while the four remaining
configurations are the variations (highlighted in orange) in the nozzle eccentricity, channel height, nozzle bypass and
turbulence generation. They are the configurations number 1, 4, 15 and 34, respectively, the apparently random
numbers labelling the different injector configurations arise from a pre-selection of a large number of injector layouts.
The four variations presented here were chosen to represent a balanced mixture of academic interest (#15 without
bypass and #34 the swirl chamber) and industrial applications (#1 thin flow channel as can occur in more recent
injector designs [2] or #4 with eccentricity [1] in combination with such thin channel). It is worthwhile noting that
eccentricity is a characteristic feature of large two-stroke diesel injectors ([3], [4]).

Table 1. Injector configurations considered. Blue: reference injector. Variations are in orange: Introduction of eccentricity e, reduction
of channel height s, comparison with single-hole nozzle and introduction of swirl.

Nozzle
Nozzle name S
number

Eccentric 4 075 I o7 13

Thin channel 1 0.75 13
Withoutbypass 15 0.75 0 o7s [N

Swirl Chamber 34 0.75 0 0.75

Figure 2 shows the main elements of the generic injector design hardware for the particular configuration number 34,
which involves a swirl-generation chamber underneath the orifice. The insert is fixed with a screw such that the swirl
chamber is located in axis-symmetric position relative to the orifice.
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Figure 2. Nozzle configuration 34 with the insert to position the swirl chamber under the orifice.

Experimental setup

The investigations were performed making use of the Spray Combustion Chamber (SCC), an optically accessible
constant volume chamber of dimensions representative of smaller two-stroke as well as larger four-stroke marine
diesel engines (8500x150mm) [5] and validated at conditions typical of those engines [6]. Figure 3 shows a schematic
of the test facility, illustrating the working principle of the experimental setup: A pressure vessel equipped with fast
opening valves feeds process gas via a heater, the so-called regenerator, into the SCC. Pressure and temperature
levels as well as swirl in the spray combustion chamber are adjustable by changing accumulator pressure and/or
duration of the blow down process and heater core temperature. By starting the injection with sufficient delay after the

end of the blow-down process, due to the continuous decay of the swirl, quasi-quiescent conditions can also be
realised.

compressor Spray Combustion Chamber

air
exhaust valve

i ooties) vy O SJCORN
heat-up O — ) O

windows \ O

injector i ‘

o
=2

filling
(N /air)

«

valves

Pressure Vessel

7/

Regenerator

Figure 3. Spray Combustion Chamber schematics.

Figure 3 also illustrates the specific injector positioning and optical access arrangement options: The injector was
positioned in the back cover, via an adapted dummy device (compare [1]), which was mounted instead of a window.
The photographs in Figure 3 give an impression of the complete assembly and installation of this "injector in dummy"
configuration, including the mounted injector, the nozzle with the eccentric single-hole and the fuel discharge system
for the bypassed amount of fuel.

A Nd:YLF-Laser was used for illuminating the liquid phase of the spray. The scattered light was then captured with
two high speed cameras operated at 20 kHz, which were located in front and on the side of the chamber. Figure 4
shows the optical setup, with the injector mounted on the back side of the SCC and the two cameras observing the
front and the side of the spray. Camera one is flanked by the two illumination beams: With the help of a semi
transparent mirror the laser light was separated into two part-beams which were then guided past both sides of the
front camera. Using such setup resulted in a more homogenous illumination of the spray and therefore an easier
detection of possible asymmetry in the spray pattern.
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Figure 4. Optical setup at the Spray Combustion Chamber: Nd:YIf illuminating the liquid phase in combination with two high speed
cameras recording the scattered light

Simulation setup

Currently, most cavitation models are based either on a single-fluid mixture approach using a homogeneous
equilibrium model (HEM) [7] or a simplified Rayleigh-Plesset (RP) bubble dynamics equation [8]. Both approaches
ignore the thermodynamic processes happening at the liquid-gas interfaces during phase changes. In order to
overcome this deficiency, IFPEN has developed a new cavitation model called GERM based on the equilibrium at
liquid-gas interface of the Gibbs free energy of liquid and gas (IFP-C3D software [9], [10]), in a general framework of
highly compressible, turbulent and multi-species two-fluid models [11]. The applicability of the GERM cavitation model
has been verified using a typical diesel injector for which experimental data is available [12] and the results show a
fairly good qualitative agreement between the numerical and the experimental cavitation regions.

The numerical investigations of the influence of cavitation on the in-nozzle flow have been carried out for the three
different injector configurations 1, 2 and 4 according to Table 1. The layout depicted in Figure 5 presents the
dimensions of the different components of the injector configuration. In particular, the discharge pipe has been
simplified based on its estimated volume.
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Figure 5. Dimensions of the basic computational domain applied for the simulation of the different injector configurations.
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Figure 6 shows different views and details of the mesh of the reference configuration 2. The meshes used in this study
have a minimum cell refinement of 50 microns. The total number of cells is around 1.1 Million. The numerical time
step At is computed automatically with a maximum value of 10 seconds. The simulation has been performed on 254
processors (Intel SandyBridge 3.5 GB RAM) of the ENER110 supercomputer of IFPEN resulting in about five days
computational costs for 1 ms injection duration.
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Figure 6. Mesh of the injector and the abutting volumes of the discharge pipe and the SCC a), magnified image of the mesh in and
around the spray orifice b) and a cut through the latter c)

In order to perform the present cavitation simulations using similar pressure conditions as in the experiments, the
injection pressure (700 bar) is specified at the fuel inlet (compare Figure 5). Moreover, this pressure value has been
specified for the liquid fuel initially inside the nozzle. Initial conditions are furthermore required for the liquid volume
fraction and the temperature by the IFP-C3D two-phase, highly compressible model. Figure 13 (b) shows the initial
gas volume fraction distribution. Initial temperatures of both the liquid and the gas have been assumed at 400 K,
corresponding to non-evaporating conditions and also in order to avoid liquid jet flash boiling in the combustion
chamber. Future work will address this highly complicated process using higher temperature in the combustion

chamber.
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Figure 7. Initial conditions
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Results

Experimental

The five nozzle-hole configurations listed in Table 1 and discussed earlier have been tested under non-evaporating,
no-swirl conditions. The gas pressure was set to 4 MPa and 400 K resulting in a gas density of about 33 kg/m3, rail
pressure was set to 80 MPa: The conditions in the SCC are hence largely similar to those in an engine running at
medium load, except for swirl and temperature.

For the comparison of the different cases, the spray during the steady injection period has been analysed. Note that
this approach was first verified and applied for investigating sprays from traditional injectors without insert and the
results of those earlier investigations [1] serve as additional references in the discussion below. For the analysis of the
results, the individual images acquired during the steady injection period have first been averaged for each
experiment separately. Then, the mean images of the ten experiments of one series have been averaged again and
those averaged images then serve as the basis of the following discussion.

The two images on the left side of Figure 8 show the spray of the reference case of the present measurement series
(image a) compared with the reference case of earlier measurement series [1] without obstacle in the nozzle (image
b). In both cases, the spray propagates without deflection from its nominal spray axis — defined by the orifice.
However, in the case with obstacle, the overall spray angle is apparently increased.

#2 reference w/0 obstacle #4 eccentric eccentric w/o obstacle

Figure 8. Comparison of the reference case with and without obstacle (left images) as well as the eccentric case with and without
obstacle (right images)

The effect of nozzle-internal geometry features on spray characteristics is even more clearly visible when looking at
the two cases shown on the right side of Figure 8. It shows again a comparison of two cases with and without insert;
however with non-negligible eccentricity of the orifice (0.8) relative to the nozzle axis.

In case of an eccentric nozzle hole, the spray is significantly deflected against the direction of the eccentricity, which is
the case for both sprays. Again, the presence of the insert in the flow passage underneath the orifice leads to an
increased spray angle (comparing Figure 8 c to d), with the increase appearing to be even more pronounced than in
the non-eccentric case. Moreover, the spray becomes clearly non-symmetric.

Figure 9 shows the averaged images for the five investigated cases. The reference case (nozzle #2) shows a
symmetrical jet with a spray angle of about 20°. If the channel height s is reduced, as in nozzle #1, the spray is not
influenced in lateral direction. The introduction of eccentricity on the other hand has a significant influence on the
spray, as already discussed earlier.
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#2 reference #1 thin channel #4 eccentric (0.8) #15 w/o bypass #34 swirl chamber

Figure 9. Spray images of the investigated nozzle designs, taken from the front and averaged during the steady phase.

In case of a nozzle without bypass, as in nozzle #15, the spray angle is increased compared to the reference case. It
has to be stated here that the increase seen is not only the result of a drastically increased spray angle, but a
combination of increased spray angle and an instable spray axis: From shot to shot, the spray axis of nozzle #15
stabilizes at one of two steady positions. Either the spray tilts 2° to the right or the left side of the theoretical spray
axis. Statistically, the spray behaves such that it prefers the position on the right side, which is why the averaged
image is pointing to the right.

The swirl chamber, as in nozzle #34 (Figure 9, right image) leads to a very broad spray. The swirl produced in the
nozzle is transferred through the orifice and the vector components of the flow field pointing in tangential direction lead
to a larger spray angle. Compared to the reference spray, the spray from the swirl chamber also shows a different
spray shape. While for nozzles #2, #1 and #15 the shape is close to a triangle with more or less constant spray angle,
nozzle #34 results in a shape which is very wide close to the nozzle, but with a change in the spray angle after a third
of the total visible length. Note that such change of spray angle can also be observed in case of eccentricity, but here
only on the left side, i.e. in the direction of the eccentricity.

Figure 1 shows the views from camera 2 on the side of the spray. Note that the dark zone in the middle of the spray
is an artefact arising from the post processing of the images.

#2 reference #1 thin channel #4 eccentric 0.8 #15 w/o bypass  #34 swirl chamber

< Fuel flow in the nozzle |

Figure 10. Spray images of the investigated nozzle designs, taken from the side and averaged during the steady phase.

Nevertheless the images allow assessing the characteristics of the spray in axial direction: For the reference case, the
spray is leaning backwards, against the direction of the fuel flow in the nozzle. For the case with a reduced height of
the flow channel (nozzle #1) the spray is slightly wider yet very similar. But if an eccentricity is introduced the spray

7
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becomes wider, with a tendency against the flow direction in the nozzle. Interesting is the case without bypass,
comparable to a single-hole nozzle: The spray becomes considerably wider than in the reference case and is also
more symmetric, the leaning against the flow direction in the nozzle is less pronounced. For the swirl chamber, the
flow becomes very wide, as was already observed from the front side. Moreover, it seems to be leaning more in the
direction of the flow in the nozzle.

Simulations

A selection of the cases shown in the foregoing part has been investigated with help of CFD simulations. Due to
limitations in time and capacity only three cases have been looked at up to now: Nozzle #1 “thin channel’, nozzle #2
“reference case” and nozzle #4 “eccentric case”.

Figure 11 shows the velocity distribution on a cut through the orifice, perpendicular to its axis, viewed from above.
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Axial Velocity [m's] A N SRR O Axial Velocity [m/s]

469

IFP-C3D
Axial Velocity [m/s]
as1

422

383

349

315

#2 reference #1 thin channel #4 eccentric (0.8)

Figure 11. Exit section of the nozzle orifice: Nozzle exit velocity [m/s] and velocity vectors.

As can easily be seen, the two cases without eccentricity are characterised by a velocity distribution, which is
symmetric with respect to the nozzle axis, also characterised by non-zero velocity components against the direction of
the flow in the injector. If the orifice is in an eccentric position relative to the nozzle axis this symmetry pattern is no
longer observed. The region with high axial velocity (pointing out of the plane) is moved to the side. Additionally we
see a swirl pattern with its centre shifted to the region with lower velocities. A qualitative comparison of the averaged
axial velocity component shows that with the thin channel, the exit velocity is clearly reduced compared to the
reference case. For the eccentric case, a similar reduction of the averaged velocity can be observed, but not to the
same extent as for the situation with reduced channel height.

The velocity distribution on a cut through the orifice along its axis is shown in Figure 12. Clearly visible are the
geometric changes due to the different installation situations: The reduced channel height in nozzle #1 and the slightly
longer orifice caused by the eccentric position of the orifice in nozzle #4.
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Figure 12. Cut through the orifice along its axis (similar to cut B-B in Figure 1)
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These plots illustrate the different processes in the orifices leading to the velocity fields shown in Figure 11. Due to the
velocity of the fuel, entering from the right side of the image section, passing through the nozzle underneath the orifice
and entering it, a recirculation zone is formed, which is associated with lower axial velocities on the right side of the
orifice. This is the case with all configurations; however, the size of this zone is clearly largest with the thin channel
case. Obviously, the length of the orifice is not sufficient for achieving complete re-equilibration of the flow before the
orifice exit, such that the velocity on the side of the recirculation zone is still lower at this point (as can be seen in the
upper parts of the corresponding velocity distributions in Figure 11). In the eccentric orifice case, the recirculation
zone size is smaller than in the other cases. At the same time, however, the flow pattern in the orifice seems to be
more complex in general. In contrast to the other cases, the minimum velocity at the exit is now on the opposite side
of the recirculation region, respectively on the bottom of the velocity distribution plot for this case in Figure 11.

Discussion

We can identify a few general features of the morphology of sprays originating from the orifices of such generic nozzle
configurations modelling typical injector arrangements applied on large Diesel engines, which the detailed CFD
simulations help to understand on the basis of the in-nozzle flow characteristics.

Sprays from non-eccentric orifices are propagating symmetrically with respect to the axis of the injector; however,
when viewed from the side, a non-negligible deflection against the direction of the fuel flow inside the injector can be
observed, and the spray is wider in this view. The velocity distributions at the orifice exit are also symmetric with
respect to the injector axis; it is, however, also characterised by a significant velocity gradient between the side in
direction of the flow inside the nozzle and the side downstream of the recirculation zone formed at the orifice inlet.
One may assume that the non-zero velocity components in this direction are promoting the more pronounced
expansion or leaning of the spray against the flow inside the injector.

In the case of non-eccentric orifices, the height of the channel in the injector seems to have only moderate impact on
the spray — though, when comparing with the case without insert (hence with maximum possible channel height),
there is a trend towards wider sprays with decreasing channel height. Also, when considering the side views, the
lower channel height seems to be associated with a slightly larger spray angle, which would be in line with what one
would expect on the basis of the velocity distribution at the orifice exit, where the non-orifice-axial velocity components
appear to be slightly more pronounced than in the reference case. It is worthwhile noting that the rather large
recirculation zone in this case, which is inevitably also associated with occurrence of cavitation, not only yields a
reduced velocity uniformity at the orifice exit but also contributes to the higher pressure loss with this configuration,
arising from the smaller cross-section of the channel. As a consequence, for the same boundary conditions at the
injector inlet, the spray tip penetration is reduced compared to the reference case.

Using eccentric orifices changes the character of the spray significantly: It is getting wider, not only in the side view
but specifically in the lateral direction. At the same time, it is strongly deflected, against the direction of the
eccentricity. This latter effect can again be explained on the basis of the velocity distribution at the orifice exit, with two
factors possibly contributing:

e Firstly, there is again a very pronounced variation of the (orifice-axial) velocity; however, with the maximum
shifted (or rotated) to the side of the eccentricity. Hence, following the same line of argument as above, the
gradient of the axial velocity should be associated with non-zero velocity components against the direction of
the eccentricity, which could be expected to lead to a stronger expansion toward this side of the spray.

An in-depth investigation with focus on cavitational effects can be found in [13].

e However, similar considerations should be valid in the perpendicular direction: The lower axial velocities on
the side in direction of the flow inside the nozzle should, if this were the governing factor, also trigger a large
angle to this side — the spray should be leaning towards this side instead of against the direction of the flow
inside the injector. In fact though, the behaviour is very similar to the cases without eccentricity. This is not
well understood and will require further investigations.

e Secondly, the flow at the orifice exit is characterised by a swirl-like pattern, specifically in the region of lower
axial velocities. The effect of such swirling motion is clearly visible when looking at the results of the special
case #34, with the integrated swirl chamber: The corresponding spray seems to exhibit some similarity to the
characteristics of a hollow-cone spray generated by a pressure-swirl atomiser — the spray angle is
considerably increased in all directions. In that particular case, the orientation of the spray in the side view is
moreover shifted in the direction of the flow inside the injector, which is also not fully understood and might
call for more thorough investigations, including CFD studies. Nonetheless, the results support the
consideration that the creation of swirling motion inside the orifice tends to increase the width of the spray.

The special case of the injector without bypass underlines the importance of applying realistic flow conditions inside
the injector for studying the characteristics of single sprays. Not only may random flow stabilisation effects as
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observed with this particular setup and described above lead to erroneous interpretations of test results. But, well
more importantly, the flow into the orifice may also be altered in such a way that any results obtained are actually far
from representative. For the size of orifice considered here, the spray angle would be significantly overestimated when
neglecting the fuel flow past the other orifices.

Conclusions and outlook

The work shows the results of investigations performed in the so called Spray Combustion Chamber at Wartsila
Switzerland Ltd. in Winterthur. It is the logic consequence of earlier investigations [1] and uses the experimental setup
introduced in that work to investigate phenomena of large injection systems. Situations which can occur due to the
special geometric situation in large marine 2-stroke diesel engines have been modelled with the help of generic
nozzles which allow the investigation of the occurring effects separated from other influences. The experiments were
conducted under conditions close to those in real engines, applying a rail pressure of 80 MPa and a gas density of
about 33 kg/ma.

In parallel, extensive CFD simulations using an advanced cavitation model allowing the description of the two-phase,
highly compressible flow inside the injection nozzle have been performed in order to enable a better understanding on
how fluid-dynamic effects occurring in the injector influence the propagation of sprays. The results obtained indicate
that injectors of this size are characterised by high levels of non-uniformity of the axial velocity at the orifice exit. As a
consequence, the spray is not propagating symmetrically into the combustion chamber, but is rather characterised by
different angles in the direction of the nozzle-internal flow and perpendicular to it. Moreover, the spray may actually be
deflected from its theoretical (orifice) axis. Applying eccentric arrangements of orifices clearly enhances this
pronounced three-dimensional spray structure: On the one hand, the velocity distribution at the orifice exit is
substantially modified, which results in a strong deflection of the spray against the direction of the eccentricity. On the
other hand, this creates a swirling flow pattern in the orifice, which in turn tends to lead to larger spray angles, as it
has been demonstrated experimentally by investigating a special design with incorporated swirl chamber. It could also
be shown that such effects are further enhanced with reduced channel height below the orifice inlet.

Not all the observed effects have been fully understood and further investigations, both on the experimental and the
simulation side, are needed in order to establish a better insight into the governing phenomena and the (also
quantitative) impact of key parameters of injector geometry and injection system operation. This includes also
investigations into possible effects of ageing of the main components.

It could be clearly shown that it is essential to simulate the actual flow conditions inside the injector properly in order to
achieve relevant results. Single-orifice experiments yielded distinctly different spray behaviour than those where the
actual flow distribution in the injector had been taken into proper account.
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