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a b s t r a c t

In the present study, a jet superposition modeling approach is explored to model group-hole nozzle
sprays, in which multiple spray jets interact with each other. An equation to estimate the merged jet
velocity from each of the individual jets was derived based on momentum conservation for equivalent
gas jets. Diverging and converging group-hole nozzles were also considered. The model was implemented
as a sub-grid-scale submodel in a Lagrangian Drop–Eulerian Gas CFD model for spray predictions. Spray
tip penetration predicted using the present superposition model was validated against experimental
results for parallel, diverging and converging group-hole nozzles as a function of the angle between
the two holes at various injection and ambient pressures. The results show that spray tip penetration
decreases as the group hole diverging or converging angle increases. However, the spray penetration
of the converging group-hole nozzle arrangement is more sensitive to the angle between the two holes
compared to diverging nozzle because the radial momentum component is converted to axial momen-
tum during the jet–jet impingement process in the converging group-hole nozzle case. The modeling
results also indicate that for converging group-hole nozzles the merged sprays become ellipsoidal in
cross-section far downstream of the nozzle exit with larger converging angles, indicating increased air
entrainment.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

The use of the group-hole fuel injector nozzle concept has at-
tracted significant interest in diesel engine research because it
has potential to reduce droplet size without sacrificing spray tip
penetration or mixing with the ambient air. The simplest group-
hole nozzle configuration consists of two parallel injector hole pas-
sages with minimal spacing between the holes (Park and Reitz,
2008, 2009; Tokudo et al., 2005; Nishida et al., 2006; Moon et al.,
2008). The group-hole nozzle is thought to increase the amount
of entrained air, which is important for high equivalence ratio com-
bustion concepts, such as low temperature combustion (Kimura
et al., 2002) and stoichiometric diesel combustion (Lee et al.,
2007, 2006). Therefore, many researchers have investigated the
spray and combustion characteristics of diesel engines equipped
with group-hole nozzles.

The effects of hole spacing and the orientation angles of group-
hole nozzle passages on the spray size distributions and evapora-
tion were studied by Nishida et al. (2006) using laser absorption
scattering methods. Moon et al. (2008) explored the ignition and
combustion characteristics of wall-impinging sprays injected from
a group-hole nozzle for various spray included angles. Park and
ll rights reserved.

: +1 608 262 6707.
Reitz (Park and Reitz, 2008) performed numerical calculations of
the effects of nozzle-hole configurations on fuel consumption and
emission characteristics and found that the group-hole nozzle
has potential benefits for high equivalence ratio operation (e.g.,
high EGR (Exhaust Gas Recirculation)) cases. However, possible ef-
fects of numerical grid-size dependency of the results were not
considered in their study, Numerical parameter effects are an
important consideration in modeling group-hole nozzle sprays
for engine applications since CFD mesh sizes are necessarily much
larger than the nozzle hole sizes, and spray interaction processes
are not resolved.

It is well known that spray characteristics such as spray pene-
tration and size distributions can be highly dependent on the
numerical mesh grid-size and time step (Abani et al., 2008b,c)
and coarse meshes can lead to inaccurate estimates of the drop-
let-gas relative velocity and drop collision processes. In order to re-
duce grid- and time-step dependencies, Abani et al. (2008c)
introduced a so-called ‘‘gas jet submodel” which calculates the
ambient gas velocity as a function of distance from the nozzle tip
in the unresolved near-nozzle region using results from an equiv-
alent gas jet injection, instead of using the CFD-predicted gas
velocities. The equivalent gas jet parameters are those suggested
by Abraham (1996) and Schlichting (1976). In addition, Abani
et al. (2008a–c) used a ROI (radius-of-influence) collision model
and a mean collision time model to reduce numerical dependen-
cies in the collision model (Abani et al., 2008c).
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Nomenclature

dnoz nozzle diameter
dcol mean collision time step
Kentr entrainment gas constant
Ncv number of droplets within the control volume
PDPA phase Doppler particle analyzer
R radial distance from nozzle axis
ROI radius-of-influence

SMD Sauter mean diameter
U velocity vector of droplet
Uinj instantaneous injection velocity
Umax,cell maximum drop velocity within the cell
Vaxis gas jet velocity in spray axis
Z axial distance from nozzle tip
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Fig. 1. Superposition of two parallel jets. Jet 1 and jet 2 are merged into jet 3 and _m
and v represent the mass flow rate and velocity of each jet.
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Park et al. (2009) used the new spray models of Abani et al.
(2008b) (i.e., the gas jet model, ROI collision model, and the mean
collision time model) to reduce numerical dependencies in model-
ing group-hole nozzles. They validated the models using experi-
mental spray penetration and SMD (Sauter mean diameter)
distributions and successfully demonstrated reduced numerical
dependencies in comparison to conventional spray models. Fur-
thermore it was shown that hole-location dependency with re-
spect to the position of the nozzle within the injection cell itself
is also an important issue in modeling group-hole nozzles, and it
was also reduced with new spray models. They assumed that the
equivalent gas jet velocity of a group-hole nozzle is identical to
that of single-hole nozzle with the same nozzle cross-sectional
area. This assumption is reasonable because previous studies had
shown that sprays issuing from group-hole nozzles have very sim-
ilar tip penetrations to those from a single-hole nozzle with equiv-
alent hole area (Tokudo et al., 2005; Nishida et al., 2006; Zhang
et al., 2003). However, this assumption is clearly only applicable
to the parallel group-hole nozzle configuration with very small in-
ter-hole spacing. It has been shown by Zhang et al. (2003) that the
spray characteristics of a converging or diverging group-hole noz-
zle depend on the angle between the two hole passages. In order to
apply the gas jet submodel methodology to converging/diverging
group-hole nozzle sprays, it is necessary to describe the flows
resulting from merged jets. Accordingly, in the present study, a
superposition methodology is proposed for use with the gas jet ap-
proach that is based on momentum conservation. The submodel
was implemented in a CFD code, and validated using experimen-
tally measured spray tip penetrations.

2. Model formulation

In the present study a modified version of the KIVA-3V release 2
code (Amsden, 1999) was used as the CFD model. In addition, the
gas jet submodel, radius-of-influence collision model, and mean
collision model were applied in order to reduce grid-size and
time-step dependencies of the CFD code predictions (Park et al.,
2009). For modeling converging and diverging group-hole nozzles,
a gas jet-based superposition submodel was formulated, and was
implemented and tested for use in CFD codes.

2.1. Grid-size and time-step independent spray models

As mentioned above, in order to reduce numerical dependen-
cies, the new spray submodels proposed by Abani et al. (2008c)
were used. In the gas jet submodel (Abani et al., 2008c; Park
et al., 2009), the axial component of the gas phase velocity in
the droplet momentum equation in each computational cell is
specified using gas jet theory (Abani and Reitz, 2007; Abani et al.,
2008a) instead of using the CFD solution in unresolved regions
near the nozzle exit. This sub-grid-scale modeling methodology re-
duces the grid-size dependency which comes from inaccurate
specification of the relative velocity between the gas and liquid
phases. The gas jet velocity in the spray direction is given by
Vaxis ¼
3Uinjdnoz

ffiffiffiffi
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where, Uinj is instantaneous injection velocity at the nozzle exit, dnoz

is the nozzle exit hole diameter, and Kentr is an empirical gas
entrainment constant determined to be 0.5, based on comparisons
to experimental spray penetrations (Park et al., 2009). Z and R are
the distance from the nozzle along the spray axis and the radial dis-
tance from the spray axis, respectively. When Vgas is higher than
Uinj, Vgas is assumed to be equal to Uinj. The gas jet model is applied
only during the injection event and the ambient gas velocity is gi-
ven by the CFD prediction before or after injection.

The other source of grid-size dependency is inaccurate calcula-
tion of drop collision and coalescence processes because conven-
tional collision models only consider drop parcels in the same
computational cell as collision partners (Abani et al., 2008c). In
the present study, the ROI (radius-of-influence) model was used
that searches for collision partners such that if the distance be-
tween two droplets is shorter than a specified cut-off distance
(i.e., the radius-of-influence), they are also considered as potential
collision partners. In the present study, the radius-of-influence was
selected to be 2 mm as suggested by Munnannur (2007) who noted
that diesel spray simulations, the results are relatively insensitive
to the cut-off distance once a large enough ROI is selected. In addi-
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tion, since the ROI is independent of the CFD mesh size, the grid
dependency of the collision model is effectively eliminated.

The mean collision time submodel further reduces the numeri-
cal time-step dependency. Spray characteristics such as the mean
droplet size can be significantly dependent on the time step be-
cause the collision and coalescence processes are calculated at each
hydrodynamic time step in the conventional KIVA code, and
Munnannur (2007) showed that SMD (Sauter mean diameter) in-
creases as the time step decreases. Accordingly, a mean collision
time step was introduced as

dtcol ¼
0:4

umax;cell

ROI

N1=3
cv

 !
ð2Þ

where, Rinf is the radius-of-influence, Ncv is the number of droplets
within the control volume considered for resolution improvement
and umax;cell is the maximum drop velocity within the computational
domain. If the hydrodynamic time step is shorter that the mean col-
lision time step, the collision calculations are by-passed until the
elapsed time equals the mean collision time. If the hydrodynamic
time step is longer that the mean collision time, the collision model
is subcycled at the mean collision time step.

For the calculation of spray atomization and breakup, the KH
(Kelvin–Helmholtz) breakup model was used for modeling the
detachment of droplets from the intact liquid core. The RT
(Kelvin–Helmholtz) breakup model was also used to describe sec-
ondary drop breakup in conjunction with the KH model, as sug-
gested by Beale and Reitz (1999).
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Fig. 2. Superposition of two converging jets. Jets collide at a distance of LIMP from
the nozzle tip.

Fig. 3. Configurations of test nozzles (not to scale). In the case of group-hole nozzles, cent
areas of all nozzles are the same.
2.2. Gas jet superposition model

In the group-hole nozzle concept, two holes are located closely
spaced (e.g., 0.15–0.3 mm hole-to-hole centerline distance) and
the two jets interact with each other right after emerging from
the nozzles. Therefore, application of the gas jet model methodol-
ogy to modeling group-hole nozzles requires superimposing the
two flows. Fig. 1 depicts the superposition of two parallel gas jets.
In this figure, jet 1 and jet 2 are merged to become jet 3 where the
combined jets flow through the area, A.

In order to apply gas jet model to model gas jet spray, gas jet
velocity of merged jet (v3) is required. From momentum
conservation,

_m3v3 ¼ _m1v1 þ _m2v2 ð3Þ

where _m and v indicate the mass flow rate and gas jet velocity,
respectively, and subscripts 1 and 2 are the properties injected from
nozzles 1 and 2, respectively. The fluid density and merged jet area
are assumed to be the same at station 3. In this case, the emerged
jet velocity, v3; is derived in terms of v1 and v2 as

v3 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2

1 þ v2
2

q
ð4Þ

For applying this model in a CFD code, the gas jet velocities from
each hole (i.e., v1 and v2) at the injector nozzle exit must be sup-
plied, as in modeling single-hole nozzles. Eq. (4) also can be derived
from the Bernoulli equation by assuming that the superimposed jet
pressures and potential energies at the impingement location are
identical.

In cases of a diverging group-hole nozzle with angle between
the two jets of h, the effective jet velocity acting on the other jet
can be estimated by multiplying by the component cos h. There-
fore, the jet velocity can be calculated as,

v3 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2

1 þ ðv2 cos hÞ2
q

ðfor fluid issuing from nozzle 1Þ ð5:1Þ

v3 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðv1 cos hÞ2 þ v2

2

q
ðfor fluid from nozzle 2Þ ð5:2Þ

For converging group-hole nozzle, impingement of two gas jets
needs to considered in the model as shown in Fig. 2. In Fig. 2, jet 1
and jet 2 are issued from nozzle 1 and nozzle 2, respectively and
they are impinged at the distance of LIMP from nozzles. If parcel is
located above LIMP , that is, before impingement, the gas jet velocity
for the parcel (vGAS) is calculated by

vGAS ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2

1 þ ðv2 cos hÞ2
q

ðfor parcels issued from nozzle 1Þ
ð6:1Þ

vGAS ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðv1 cos hÞ2 þ v2

2

q
ðfor parcels issued from nozzle 2Þ

ð6:2Þ
er-to-center distances between holes are 0.3 mm at the nozzle exit and the total hole
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Eqs. (6) have the same form as Eqs. (5) because there no physical
interaction (e.g., collision/coalescence) occurs between the two jets
above the impingement point (LIMP).

After impingement, the momentum loss due to impingement
must be considered in calculating the merged jet velocity. In the
present model, it is assumed that the momentum loss is propor-
tional to the radial momentum component, as shown in Fig. 2. This
is believed to be reasonable because thew axial momentum is con-
served even during the impingement process. Considering the
momentum lost by jet–jet impingement, the jet velocity loss is ex-
pressed as

vGAS;Loss ¼ v IMP � sinðh=2Þ � CCONV : ð7Þ

where v IMP is the jet velocity at the impingement point and CCONV is
a momentum conversion coefficient from radial to axial momentum
flow components.

In order to estimate the jet velocity at a specific point (e.g., point
P in Fig. 2), two jet velocities are calculated, one from jet 1, and the
other from jet 2. For calculating each jet velocity, it is assumed that
the axial distance from the nozzle exit is the length of the path
travelled (i.e., LIMP þ LZ), and the radial distance is the distance to
the spray axis after impingement (i.e., LR). With these axial and ra-
dial distances and equivalent gas jet velocity equation of Eq. (1),
the jet velocity effecting point P (vGAS;t) can be calculated. Note that
the momentum loss due to jet–jet impingement is not considered
in vGAS;t . By considering the loss in jet velocity using Eq. (7) and
superimposing the two jet velocities from jet 1 and jet 2 using
Eq. (4), the jet velocity at point P is

vGAS;P ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2ðvGAS;t � vGAS;LossÞ

q
ð6Þ
2.3. Calculation conditions

A uniform Cartesian hexagonal three-dimensional mesh was
used for modeling group-hole nozzle sprays with a numerical
grid cell size of 2.0 � 2.0 � 2.0 mm3. The sides of the calculation
domain were equal to 150 mm in length and 60 � 60 mm2 in
plane area.

For the validation of the present jet superposition model, spray
tip penetrations were compared to experimental results. Four dif-
ferent nozzle layouts were considered in the validations; a single-
hole nozzle with 0.128 mm hole diameter, a parallel group-hole
nozzle with two holes each of 0.09 mm hole diameter, a 3� con-
verging, and a 3� diverging nozzle, as shown in Fig. 3. All nozzle
layouts have the same total hole flow area. Ambient gas pressures
were varied from atmospheric to 1.5 MPa with injection pressures
ranging from 80 MPa to 150 MPa. In addition, the effect of converg-
ing group-hole nozzle configurations on spray shapes were studied
over wide ranges of converging angle (up to 40�) to assess the ef-
fects of converging angle. Further details of the calculation condi-
tions are listed in Table 1.
Table 1
Test conditions.

Fuel Diesel fuel no. 2

Time step (s) 1.0 � 10�6

Injection pressure (MPa) 80, 150

Ambient conditions
Pressure (MPa) 0.1 0.5 1.0 1.5
Density (kg/m3) 1.12 5.61 11.23 16.85
Ambient gas Nitrogen
Discharge coefficient 0.8
3. Experiments for model validation and CFD model inputs

For validating the present superposition model, jet tip penetra-
tions were obtained from images from a spray visualization sys-
tem, which consists of an Ar-ion laser, an ICCD camera, and a
time delay generator. The Ar-ion laser illuminated the spray
through the side window of the chamber and the camera captured
bottom-viewed images of the spray. The spray tip penetration data
were determined from the average of 100 injections.

A Bosch injection rate meter (Bosch, 1966) was used to provide
the time-resolved injection profile and injection delay data. The
measured pressure profiles were converted into injection mass
profile with measurements of the total injected mass measured
by a precision scale. The measured rate of injection data was used
for specifying the injection velocities and for determining the noz-
zle discharge coefficients.

4. Results and discussion

The present superposition model was validated against spray
penetration experimental data at various injection and ambient
pressures, and the effect of nozzle converging or diverging angle
on spray penetration and mean droplet size distributions were
investigated.
Fig. 4. Injection rate and fuel mass per injection. Energizing durations of the
injectors are the same up to 0.3 ms.
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4.1. Effect of nozzle layout on rate of injection and determination of
CCONV

Fig. 4 shows measured rate of injection profiles for the various
nozzle layouts, which have the same overall hole areas. With an
energizing time of 3 ms, the real injection duration is around
0.9 ms at 150 MPa injection pressure. It can be seen that nozzle
layout has little effect on the injection rate since the nozzles have
the same overall hole area. The conversion coefficient (CCONV ) of Eq.
(7), which controls the transfer of radial to axial momentum, was
determined using experimental data of Iwabuchi et al. (1999). They
investigated the effect of converging angle on spray penetration, as
shown in Fig. 5. By comparing the normalized spray penetration to
that of a parallel group-hole nozzle the conversion coefficient was
determined to be 0.1.

Previous studies have shown that the spray tip penetration gets
shorter and the spray cross-section becomes ellipsoidal as the con-
Fig. 5. Determination of conversion coefficient (CCONV ). Spray penetrations are
normalized to that of the parallel nozzle at the end of injection (tasoi = 0.9 ms).

Fig. 6. Effect of group-hole nozzle converging angle on spray development (Pamb = 1
verging angle increases due to the interactions between the two
jets (Nishida et al., 2006; Gao et al., 2007). Therefore, the perfor-
mance of the superposition model and its ability to predict spray
shapes properly for converging group-hole nozzles was of interest.
Fig. 6 shows effect of varying the converging angle from 0� to 40� in
side- and bottom-view spray images at the end of injection for a
150 MPa injection pressure, 1.5 MPa ambient pressure injection.
It is seen that the spray tip penetration is reduced, and the cross-
section becomes ellipsoidal as the group-hole nozzle converging
angle is increased, in agreement with experimental trends. The in-
creased spray area indicates increased air entrainment into the
spray.

4.2. Validation of the gas jet superimposition model and effect of angle
between holes on spray characteristics

Fig. 7 shows the effect of inter-hole angle on spray tip penetra-
tions for more modest converging and diverging angles with vari-
ous injection and ambient conditions. The four nozzle layouts are
referred to as the: single-hole nozzle (SHN), parallel (P-GHN), 3�
diverging (D-GHN), and 3� converging (C-GHN) group-hole noz-
zles. The calculated tip penetrations are compared to the experi-
mental data in Fig. 7, and can be seen to closely follow the
experimental results. For both predicted and experimental results,
the parallel group-hole nozzle has similar spray tip penetration to
a single-hole nozzle with the same overall hole area, consistent
also with previous studies (Tokudo et al., 2005; Nishida et al.,
2006; Moon et al., 2008; Gao et al., 2007). The total injected
momentum from the parallel group-hole nozzle is the same as that
from the single-hole nozzle.

For all conditions in Fig. 7, the penetrations of the converging
group-hole nozzle are also similar to those of the parallel group-
hole nozzle, in spite of the momentum loss due to impingement.
Considering that the inter-hole angle is minimal (i.e., 3�), the
momentum loss by jet–jet impingement is also small. Therefore,
the spray from a converging group-hole nozzle maintains similar
momentum to that of the parallel nozzle. However, the diverging
group-hole is seen to have a shorter spray penetration compared
to either the parallel or converging group-hole nozzles. The fact
50 MPa, Pamb = 1.5 MPa). Spray images shown at end of injection (tasoi = 0.9 ms).



Fig. 7. Effect of group-nozzle layout on spray penetration for different injection and ambient pressures. Symbols and lines indicate experimental and calculation results,
respectively.

1198 S.W. Park, R.D. Reitz / International Journal of Heat and Fluid Flow 30 (2009) 1193–1201
that there is no momentum transfer from the radial to the axial
direction in the diverging group-hole nozzle explains the shorter
spray tip penetration seen in Fig. 7.

Calculated mean droplet size distributions for the various noz-
zle layouts are shown in Fig. 8. In this figure, overall SMD indicates
the mean droplet size for all spray parcels in the calculation do-
main. Although there is no measured droplet size for validation,
SMD distributions have been validated for parallel group-hole
and single-hole nozzles in a previous study (Park et al., 2009)
and showed reasonable agreement with measured data. At the
low injection pressure and high ambient pressure of Fig. 8a, all
the group-hole nozzle configurations feature a larger SMD distri-
bution than the single-hole nozzle. It is evident that there is more
active interaction between the droplets in the dense spray, near-
nozzle region of a group-hole nozzle. Hence, coalescence collisions
are expected to be more dominant than grazing droplet separa-
tions (Park et al., 2006; Lee and Reitz, 2001) at low Weber numbers
(i.e., low injection pressure and high ambient pressure). Therefore
active interaction between the droplets from group-hole nozzles
increase SMD.

The results of Fig. 8b–d further explore the effect of ambient
pressure on the overall SMD distribution. At 0.5 MPa ambient
pressure (Fig. 8b), the converging group-hole nozzle shows simi-
lar SMD to the single-hole nozzle because separations and graz-
ing collisions are promoted compared to case of Fig. 8a.
However, as the ambient pressure increases, which promotes
lower Weber numbers due to higher droplet drag effects, the
SMD of the converging group-hole nozzle droplets becomes lar-
ger. In addition, that the collision impact parameter also has sig-
nificant effect on droplet size distributions. Generally, impact
parameters of parcels for converging group-hole nozzle are ex-
pected to be greater than those for parallel group-hole nozzle
since the droplet streams are targeted toward each other. Colli-
sions tend to separations rather than coalescences with greater
impact parameters. In the diverging group-hole nozzle configura-
tion, the droplets do not collide as frequently as in the converg-
ing group-hole nozzle case.

Fig. 9 shows the predicted spray shapes at the end of injection
(tasoi = 0.9 ms) for 150 MPa injection pressure and 1.5 MPa ambient
pressure. It can be seen sprays issuing from parallel or diverging
group-hole nozzles have fewer small droplets at the outer edge re-
gions of the sprays due to active coalescences. However, in the con-
verging group-hole nozzle, many small droplets are observed at
the outer edge regions of the spray. This trend agrees with the
overall SMD result seen in Fig. 8d.

Spray penetrations of diverging and converging group-hole noz-
zles with larger angles are shown in Fig. 10. Although there is no
experimental data for these group-hole nozzles, the effect of
diverging/converging angle on spray penetrations is predicted. As
can be seen, spray penetration decreases as the diverging or con-
verging nozzle angle increases. Furthermore, the spray penetra-
tions of the diverging group-hole nozzle are more sensitive to
angle between the two holes than those of the converging group-
hole nozzle. In the present gas jet superposition submodel, most
of the radial momentum is converted to axial momentum in the
converging group-hole nozzle, which leads to longer spray pene-
tration compared to that of the diverging group-hole nozzle with
the same angle.



Fig. 9. Effect of group-hole nozzle layout on spray shape at the end of injection (tasoi = 0.9 ms). Injection and ambient pressure are 150 MPa and 1.5 MPa, respectively.

Fig. 8. Effect of group-hole nozzle layout and injection and ambient pressures on calculated overall SMD distributions.
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Fig. 10. Effect of diverging/converging angle on spray penetration for 150 MPa
injection pressure and 1.5 MPa ambient pressure (calculated results).
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5. Conclusions

In the present study a jet superposition submodel is proposed
for modeling group-hole nozzles in CFD simulations. This model
is formulated based on momentum conservation, and was vali-
dated using experimental spray tip penetration data at various
injection and ambient pressures. Using the model, the effect of
group-hole nozzle diverging and converging angle on spray charac-
teristics was investigated numerically. The following conclusions
were drawn based on the results.

1. The merging of group-hole nozzle jets can be modeled by con-
sidering the superposition of the jet momenta. The model
exploits the analogy that exists between gas jets and sprays
with the same injected mass and momentum. When imple-
mented in a CFD spray code, the proposed submodel provides
good agreement with experimental spray tip penetration mea-
surements at various injection and ambient pressures.

2. The present superposition submodel makes it possible to
account for sub-grid-scale jet interaction processes that charac-
terize parallel, converging and diverging group-hole nozzle
configurations.

3. For converging group-hole nozzles, the spray tip penetration is
decreased and the spray cross-section becomes ellipsoidal in
shape as the converging angle is increased due to the effect of
the interactions between the two jets, and this indicates
increased air entrainment.

4. Based on the predicted drop sizes (SMD) of the group-hole noz-
zle sprays, it was seen that a converging group-hole nozzle pro-
vides similar drop sizes to a single-hole nozzle because
separation collisions are promoted instead of coalescences as
the injection pressure increases. However, as the ambient pres-
sure is increased (leading to reduced drop Weber numbers due
to higher drop drag), the drop SMD of the converging group-
hole nozzle is increased compared to that of the diverging hole
nozzle due to increased drop coalescence.

5. The converging group-hole nozzle has a longer spray tip pene-
tration than the diverging group-hole nozzle due to the conver-
sion of radial to axial momentum that occurs when the two jets
impinge.
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