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Abstract

The design and positioning of the needle are crucial factors that determine the morphology and dynamics of the flow
within the nozzle flow of modern fuel injectors. Their optimization is crucial for enhancing the quality of the air-fuel mix-
ture and ensuring compliance with stringent international emission regulations for marine powertrains. This study com-
pares three needle-tip geometries with a reference design utilized in marine injectors. Numerical simulations were
employed to analyze the flow characteristics induced by these needle geometries at two needle-lift positions. These cor-
respond to two operational modes typically employed to ensure fuel flexibility: low-lift for dual-fuel mode and high-lift
for Diesel-only mode. A multiphase model coupled with thermodynamic closure derived via the Perturbed Chain
Statistical Associating Fluid Theory (PC-SAFT) Equation of State (EoS) was utilized. In order to minimize the computa-
tional cost associated with this EoS, the thermodynamic and transport properties of the fuel were computed beforehand
and saved in a structured table. The results demonstrated strong predictive capability with computational costs typically
accepted for industrial design time scales. In low-lift positions, the flow was attached to the inner surfaces, due to the
high velocity imposed by the narrow flow area of the needle seat. The base needle design exacerbates cavitation, but
two of the proposed designs significantly reduce the cavitation intensity. This led to a significant decrease in the amount
of fuel vapor forming inside the injector compared to the base design. Furthermore, one design relocates most of the
cavitation area beyond the spray hole. At higher-lift positions, the designs can be categorized into two groups regarding
the overall flow structure. The first one exhibits flow patterns similar to the base design and the second one exhibits
reduced nozzle flow coefficients.
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Introduction Currently, maritime vessels predominantly operate
with Diesel fuel, while dual-fuel mode with a gas fuel as
primary fuel is also utilized.* This latter allows, under
certain conditions, a smooth transition between the
two modes while the engine is running.’ This versatility
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provides safe operation during dual-fuel operation,
even if issues such as abnormal combustion arise.
Furthermore, it facilitates compliance with emission
regulations in air-quality controlled arcas and fuel
selection according to cost and availability.®’

However, this fully flexible configuration imposes
constraints related to the injection system complexity.®
Specifically, it requires the use of multiple Diesel injec-
tors, with at least one being located in a decentralized
manner in the combustion chamber,” or an injector
with a complex geometric design featuring multiple
nozzles or needles. The optimal solution would be a sin-
gle Diesel direct injector that efficiently delivers fuel for
the entire range of engine operations. This includes deli-
vering small quantities for dual-fuel mode and larger
quantities for Diesel-only mode.

This single Diesel injector architecture presents tech-
nical challenges due to the significant differences in
injection and flow characteristics between the two
modes.'® The injector must guarantee precise spray tar-
geting and penetration for both modes, each of which
has distinct requirements for ignition and flame propa-
gation. In order to accomplish fine atomization and
proper mixing with the gas fuel, dual-fuel operation
often necessitates higher injection pressures in compari-
son to the Diesel-only mode. Nevertheless, the same
injector needs to handle the pressure requirements of
Diesel-only mode while maintaining optimal perfor-
mance. This dual operation requirement poses chal-
lenges in terms of injector design and durability.
Although it is possible to utilize the same Diesel injec-
tor for both modes, it is still necessary to carefully eval-
uate and optimize the injector performance and flow
capacity for each mode.

In the last three decades, extensive research has been
carried out to elucidate in-nozzle flow during fuel injec-
tion. Experiments, facilitated by developments in high-
speed imaging, can provide a representative visualiza-
tion of the two-phase flow field within transparent noz-
zle replicas using optical, X-ray, and, more recently,
neutron measurements.!' "> Nonetheless, such mea-
surements are quite challenging in real injector geome-
tries operating at high pressure/temperature conditions.

Computational Fluid Dynamics (CFD) simulations
can provide complementary information under realistic
operating conditions. Cavitation models suited for fuel
injectors,'*'> as well as modeling closures for high-
order thermodynamics and fuel properties trans-
port'®!” are widely used. Besides, the high injection
pressure necessary to meet emission legislation imposes
significant variations in the fuel properties.'®!? Steep
pressure gradients, particularly at low needle lifts, lead
to cavitation manifested as string (vortex) and
geometry-induced cavitation.?

Cavitation in fuel injectors can have negative or pos-
itive effects on injector performance. It may contribute
to cycle-to-cycle variations in fuel delivery>' and
enhance spray cone angle, velocity coefficient and ato-
mization.”>** Nonetheless, its collapse near solid

surfaces can inflict damage on the injector walls, lead
to erosion, and in severe situations, cause deterioration
in injector performance and eventual injector failure.>*

In particular, the needle-tip directly influences the
flow structure in the sac volume, especially for low nee-
dle lifts. It also contributes to the effective volume of
the sac, which plays a role in vortex formation, cavita-
tion, and unsteady flow.'*?* A larger sac tends to gen-
erate a more stable flow with less turbulence as pressure
fluctuations are dampened.’® However, the larger sac
volume might lead to the remaining fuel slowly dripping
out into the combustion chamber after an injection
event and contribute to an increase of hydrocarbon
emissions.?’

On the other hand, a smaller sac volume creates a
more confined flow path, accelerating the fuel through
a restricted passage, which might lead to more localized
and intense cavitation near the needle seat.’* The
increased turbulence and cavitation can lead to a more
dispersed spray with a wider cone angle and finer ato-
mization. It also makes the design susceptible to flow
fluctuations, manufacturing tolerances, and needle
misalignment.?®

Salvador et al.>® compared a micro-sac and a Valve-
Covered Orifice (VCO) Diesel injector, where the
micro-sac nozzles demonstrated a superior discharge
coefficient and effective injection velocity relative to
VCO nozzles. The existence of a small volume upstream
of the discharge orifices in micro-sac nozzles influences
the formation and intensity of cavitation. Watanabe
et al.®® compared the recirculation zones of three
needle-tip designs with different seat angles and result-
ing in different sac volumes in a mini-sac nozzle. They
observed that the geometry of the needle-tip affects the
vortex flow in the nozzle sac. The needle with a larger
angle increased vortical cavitation, but the vortex flow
in the sac may be reduced at lower angles. A reduced
needle-tip angle results in increased spray penetration
and a constant injection rate, accompanied by a smaller
spray cone angle. Markov et al.’! examined the influ-
ence of grooves on the needle-tip, which imposed loca-
lized hydraulic resistance in a VCO nozzle. This
resistance amplified flow turbulence, increased the tur-
bulent kinetic energy at the orifice outlet and induced
cavitation within the nozzle. As a result, the fuel atomi-
zation was improved. However, it adversely affected the
mass flow rate and flow velocity.

Although the previous investigations underscore the
importance of nozzle geometrical parameters in the
performance of Diesel injectors. Nearly all investiga-
tions focused on the nozzle geometry,>=>>> with only
a reduced number concentrating specifically on the
needle-tip geometry, and even less focused on their
influence on marine applications. Due to the market
dominance, most of the research topics have histori-
cally focused on light-duty applications over marine
injectors.*® Besides, the needle-tip redesign is often sim-
pler to implement, requiring less extensive re-tooling or
manufacturing changes and is cost-effective compared
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Figure 1. Comparative view of the base design and the three proposed needle-tip modifications.

to the injector modifications. Hence, the aim of the cur-
rent work is to investigate the influence of needle-tip
design on the in-nozzle flow and cavitation for marine
injectors. Furthermore, this study proposes an
improved design suitable for fuel flexibility throughout
the entire engine operation range. This type of injector
is typically used for small-to medium-sized marine
engines, with an average displacement volume of 5L
per cylinder. For that, the potential of needle-tip geo-
metrical modifications is investigated through CFD
calculations, where three needle-tip designs were pro-
posed and compared to a base design. Moreover, dual-
fuel and Diesel-only operation modes were emulated
using a fixed set of needle lifts (54 and 480 pm) to iso-
late the geometrical influence on the in-flow conditions.
However, it should be noted that this does not capture
the full range of dynamic behavior during real engine
operation.

Following this short introduction, the paper is
divided into five sections. The second section gives an
outline of the proposed needle-tip designs. The third
section describes the numerical method, case set-up and
validation of the enhanced CFD model by the inclusion
of NIST and PC-SAFT EoS fluid properties calcula-
tions in a thermodynamic closure. Then, the effects of
the needle-tip on cavitation and flow characteristics for
two operation modes are analyzed in the fourth section.
Finally, the conclusion is presented in the fifth section,
where one of the proposed designs presents a better
trade-off for the studied marine injector.

Needle-tip geometries

The needle-tip geometries simulated correspond to a
marine Diesel injector design provided by Woodward
L’Orange (WLO). The modification of the needle-tip
directly impacts the sac volume. The base design is a
Diesel injector with 7 straight holes (K-factor equal to
0) with a spray hole diameter greater than 300 pm. For
reasons of confidentiality, the specific geometrical val-
ues cannot be disclosed. Figure 1 shows the base design
as well as the three proposed modifications, where the
geometry of the nozzle and needle seat remain identical
in all variations.

In the first needle-tip variation, NV-01, a deflection
angle was incorporated on the first third of the needle-
tip through a minor elevation. This angle creates a
diverging section between the needle-tip and needle
seat, increasing the cross-section downstream of the
throat. In addition, the needle-tip was extended into a
conical form, thereby reducing sac volume variation.
After these alterations, the sac volume is reduced by
7.5% compared to the base design.

The second variation, NV-02, focuses on the impact
of a reduced sac volume. Therefore, the shape and
angles of the base design were kept constant. To achieve
a volume decrease, the needle form was elongated along
the vertical axis, resulting in a 21.5% reduction.
Finally, the third variation, NV-03, integrates the pri-
mary features of the two previously described designs:
divergent section, volume reduction, and needle-tip
elongation. The deflection angle remained constant in
the initial third of the needle-tip, resulting in a signifi-
cant volume reduction of 27.5% due to the needle’s
elongation into a spherical form. In addition, rounding
was included in the transition areas to avoid sharp
corners.

Simulation framework

Numerical method

A numerical approach for the in-nozzle two-phase flow
is applied; the three working media present in a fuel
injection process include the liquid fuel, fuel vapor, and
ambient gas (nitrogen). Fuel and ambient gas are mod-
eled as homogeneous mixtures in mechanical and ther-
mal equilibrium.”” In addition, a diffuse interface
approximation is assumed at the liquid-gas interface. A
pressure-based flow solver is employed using the finite
volume method. The numerical framework comprises
the governing equations described below, along with
the thermodynamic closure.

e Mixture mass conservation

o y.

a7 (pv) =0 (1)
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where p is the mixture density and v is the velocity vec-
tor field.

e Mixture momentum equation

Apy)

PE AV (o) =~V + V(@) (2)

where p is the static pressure and 7 is the stress tensor
representing the moment transfer due to all the turbu-
lent fluctuations for Reynolds-Averaged Navier-Stokes
(RANS) equations.

® Species transport equation

9P 1Y fuel o
M —+ V . (PIVJ/_/ilel)

- = vJ (3)

where yj; the fuel mass fraction and J the mass diffusion
flux.

e Mixture energy equation

PV DlpE+p)] = V- "

((keyV'T) + (h]) + (7 7))

where T is the temperature and h is the specific enthalpy
as a function of pressure and temperature.

RANS and Unsteady Reynolds-Averaged Navier-
Stokes (URANS) can predict cavitation in high- pres-
sure operating conditions.”?**® The turbulence closure
employed here is the Shear-Stress Transport (SST) k
—o model. In addition, a correction is applied to tur-
bulent viscosity to account for the two-phase mixture
compressibility effects, as shown in equation (5).

alk
max(ayw, SF>)

()

K, = flp)

where the density p is replaced by a function f{p)

n
described as f{p) = p, + (ﬁ) (p;—p,), a1 is a

constant equal to 5/9, S represents the strain tensor
magnitude (S = ,/25;S;) with S; the components of
the strain tensor and the additional functions are calcu-
lated as F, = tanh(arg%), arg, = max (0%\9/5},, 5}2?:).
The phase change due to cavitation was included via
the Zwart-Gerber-Belamri** model. The model is based
on a simplified form of the Rayleigh-Plesset equation®!
and the source terms R, and R, corresponding to cavi-

tation bubble expansion and collapse are respectively
shown in equations (6) and (7).

3anuc 1 — v 2 v .
RB = Fv(lp (Rb )p gp p p lj‘p < pV (6)
V /

3ayp, [2py — )
Re = Feona R[f) §pp—lp lf P> Dy (7)

where F,,, and F,,,q are the evaporation and condensa-
tion coefficients. Both are empirical calibration factors
with default values of 50 and 0.01, «,,,. is the volume
fraction associated with the nuclei contained in the
liquid taken as 5 X 10”* and R, is a representative
bubble radius equal to 10~ °m.

The thermodynamic properties of the gas phases
were derived using NIST REFPROP*? to include com-
pressibility effects. The properties of the liquid phase
were predicted using the PC-SAFT EoS,* in which
thermodynamic properties can be defined as functions
of the residual Helmholtz energy and its derivatives.
The transport properties were estimated using the resi-
dual entropy scaling method for dynamic viscosity**
and thermal conductivity.* In order to reduce the com-
putational cost associated with property calculations
using the PC-SAFT EoS, the thermodynamic and
transport properties of the fuel were calculated prior to
the CFD simulations and stored in structured tables,
thereby decoupling the evaluation from the flow calcu-
lation and accelerating the simulation.*® The temporal
and spatial discretization was performed with a second-
order and first-order differencing scheme, using an
implicit, pressure-based, fully coupled solver.

Computational setup

Taking advantage of the symmetry in the injector
design in order to reduce the computational overhead,
only one injector hole was included in the computa-
tional domain (1/7 sector of the nozzle tip). The com-
putational domain consisted of the inlet, housing wall,
needle wall, side surfaces, and discharge volume as
shown in Figure 2. The outlet domain or discharge vol-
ume was a 1.5mm long conical volume to reduce the
influence of the outlet boundary condition on spray
propagation.

The computational domain was discretized using a
fully hexahedral mesh to control the number of ele-
ments and accelerate the convergence. Furthermore, to
better capture small-scale cavitation structures, some
strict quality criteria were defined to ensure the cell
quality, minimizing discretization and model errors.*’
The volume-change ratio between neighboring cells
was kept below 5, with a minimum cell angle of 22.5°
and 3D determinant (normalized triple product of the
vectors starting from each cell node) above 0.5 for both
key-grids.

The Taylor micro-scales were considered for the cell
size definition in the bulk flow region. In this study, the
needle position and shape lead to different in-flow velo-
cities. Hence, the Reynolds number based on the spray
hole diameter can be estimated to between 61,000 and
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Figure 2. (a) Schematic of the computational domain. (b) Section view of the grid topology in the injector hole and downstream-
chamber regions. The final grid corresponds to the base design at low-lift position.

Table |I. Geometry annotation and mesh metrics for the
examined designs.

Case Needle Lift Cell Min. Orth.
design (m) count Quality
| Base 54 3.29M 0.325
2 NV-01 54 34IM 0.381
3 NV-02 54 3.28M 0.291
4 NV-03 54 3.15M 0.291
5 Base 480 4.16M 0.251
6 NV-01 480 4.15M 0.250
7 NV-02 480 4.18M 0.285
8 NV-03 480 4.02M 0.248

92,000 for the four geometries at the two lift positions.
The Taylor micro-scales can be estimated between 4.1
and 3.3 wm. The maximum mesh resolution was defined
based on those criteria and the grid independence study
is presented in Appendix 1. The mesh inside the injector
spray hole had a maximin cell size of 4.2 um to avoid
an excessive cell count. Further away from the nozzle
exit, the mesh becomes coarse with a maximum resolu-
tion of 46.3 wm at the outlet region. Under these con-
straints, the mesh comprises around 4M elements at
480 wm needle lift and 3M at 54 pm. This mesh strategy
and final resolution has been verified at full lift for a
different injector from Woodward L’Orange and is able
to predict the mass flow rate with a difference below
3% in comparison to the experimental measurements.
In addition, for each geometry, the needle was simu-
lated in two positions: high lift at 480 wm and pilot lift
at 54 pm. In total, 8 geometries were generated and

Table 1 summarizes the nomenclature used as well as
the numerical grid metrics for each one of them.

The boundary conditions were kept constant in all
simulations. The in-nozzle region was initialized to con-
tain pure n-dodecane while the chamber downstream
of the injector nozzle contained nitrogen. At the inlet,
fixed pressure and temperature values of 1600 bar and
343K were imposed, while the outlet conditions were
set to 50 bar and 780 K. A symmetry boundary condi-
tion was applied to the side surfaces. Additionally, the
nozzle walls were considered adiabatic. Figure 2 depicts
the computational domain, boundary conditions and
grid topology.

Validation

The implemented numerical methodology was validated
via flow rate measurements and X-ray phase contrast
radiographies, which highlighted the extent of cavita-
tion in the single-hole Spray C (serial 210037) injector
reported in the ECN (Engine Combustion Network)
database.*® The Spray C nozzle has nominal inlet and
outlet diameters of 185 and 208 wm, respectively. The
orifice length is 1.0mm and the injector K-factor is
—2.5. The orifice was drilled off-center with a sharp
inlet corner to disturb the flow, thereby inducing cavita-
tion up to the flow separation.

The injector flow was simulated under steady state
at a needle lift of 271 pm to match the experimental
conditions. The injection pressure was kept constant at
1500 bar as the inlet boundary condition and the ambi-
ent pressure was 20 bar, once again, in consistency with
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Figure 3. Validation of the numerical methodology against
X-ray data for the axial development of the two-phase flow field
in the Spray C benchmark injector: (a) X-ray phase contrast
radiography, (b) contour plot of gas fraction at the orifice mid-
plane.

the X-ray experiments. The working medium, dode-
cane, was modeled at 343 K, while the ambient tem-
perature was set to 303K. The presence of non-
condensable gas was not included in the model. The
computational mesh was a three-dimensional domain
with a structured hexahedral topology.

Figure 3 shows a comparison of the line-of-sight
radiography (Figure 3(a)) against a contour plot of the
gas volume fraction at a plane passing through the ori-
fice axis of symmetry (Figure 3(b)). The X-ray image
illustrates a strong flow separation at the upper region
of the spray hole, accompanied by the formation of a
cavitation sheet attached to the wall. Vapor starts form-
ing at the sharp hole entrance and is convected down-
stream all the way to the orifice outlet. In addition, a
minor gas pocket can be seen at the lower part of the
hole entrance. The numerical results are able to repro-
duce the two-phase flow topology arising in the injector
hole.

Furthermore, the numerical data have been com-
pared against X-ray images at six cross-sectional planes
along the orifice length, as shown in Figure 4. Overall,
the numerical simulation was able to accurately predict
the shape of the vapor region along the injector hole
periphery, including the thin liquid film observed in the
upper part of the plane at —134 pm. Some observed dif-
ferences may be attributed to shot-to-shot variability
and temporal fluctuations during the experimental mea-
surement. The X-ray phase contrast image represents a
time-averaged measurement and the numerical simula-
tion is a steady-state flow.

& o/(/b

“max

(b) Gas volume fraction

0 01 02 03 04 05 06 07 08 09 1

O""’

Figure 4. Validation of the numerical methodology against
X-ray data for the radial development of the two-phase flow
field in the Spray C: (a) X-ray radiographies at different cross-
flow planes and (b) Cross-flow contour plots of the vapor field.

Finally, to complement this qualitative validation,
Payri et al.* measured the mass flow rate of the Spray
C injector under the present operating conditions and
reported a value of (10.07=0.11)g/s. The respective
value predicted by the numerical simulation was
10.47g/s. In summary, the CFD simulation results
show good consistency with the experimental data,
reproducing the main flow characteristics as well as the
in-nozzle gas distribution.

Results

In order to facilitate the interpretation of the designs,
the comparison of the four needle-tip designs was struc-
tured into two parts, focusing on the dual-fuel opera-
tion (low-needle position or pilot injection) and Diesel-
only operation (high-needle position). The parameters
analyzed included mass flow, cavitation morphology,
velocity, pressure, and three flow coefficients. The mass
flow and flow coefficients were determined at the exit
of the injector spray hole.
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Figure 5. Vector-over-contour plots showcasing the velocity field in the nozzle spray hole mid-plane for the four needle-tip designs

examined at pilot injection condition.
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Figure 6. Pressure distribution in the nozzle spray hole mid-plane for the four needle-tip designs examined at pilot injection

condition.

In-nozzle flow characteristics during pilot injection
(dual-fuel mode)

Figure 5 shows the influence of the needle-tip design on
the velocity field at the spray hole mid-plane. The low
needle position generates a constricting zone between
the needle and the injector seat, which accelerates the
flow in this region, causing it to enter the orifice at high
velocities along the lower half of the spray hole. This
restricted passage has an impact on fluid redirection
and varies significantly based on the needle-tip design.
In the base and NV-02 designs, the fluid flows closer
to the needle and seat walls. The flow remains attached
to the sac wall in the base design until a boundary layer
separation from the wall occurs due to the redirection
of the high-velocity flow at the spray hole inlet. This
separation causes a flow contraction that results in a
pressure drop within the spray hole, as depicted in
Figure 6. The pressure threshold plotted in the contours
is limited to Sbar in order to emphasize the reduced
static pressure regions. Conversely, the needle elonga-
tion on NV-02 results in flow separation from the sac’s

side wall, as the flow tends to remain attached to the
needle wall. The reduced static pressure zone is reposi-
tioned within the sac, resulting in a more uniform velo-
city distribution within the spray hole exit.

In the NV-01 and NV-03 designs, the fluid flows
closer to the injector seat wall and is detached from the
needle wall due to the deflection angle incorporated in
those designs. Despite the deflection angle being minor
(below 10°), boundary layer separation can be observed
due to the low-pressure zone created at both valve seats
in Figure 6. In both designs, the high-velocity flow
remains adjacent to the wall in the sac. Nonetheless,
the elongation and roundness transitions of the needle
in NV-03 lead to a flow deceleration as depicted in
Figure 5, reaching the spray hole with lower velocity
than NV-01. Additionally, a vena contracta is gener-
ated in the spray hole, which further enhances the flow
acceleration and reduces the pressure in the upper part
of the spray hole.

These low-pressure zones are critical for cavitation
onset, occurring when the static pressure drops below
the vapor pressure of the continuous fluid.>® They
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Figure 7. Contour plots of the vapor volume fraction at different axial and cross-flow planes in the injector hole for the four

needle-tip designs examined at pilot injection condition.

Table 2. Normalized vapor volume and mass flow rate for
different needle-tip designs at pilot injection condition.

Table 3. Dimensionless flow coefficients for different needle-
tip designs at pilot injection condition.

Design Normalized vapor volume (%) mg(g/s)  Design Cy C, Ca

Base 13.58 14.30 Base 0.396 0.478 0.828
NV-01 9.60 15.96 NV-01 0.443 0.520 0.853
NV-02 5.77 13.03 NV-02 0.363 0.363 0.999
NV-03 5.98 14.03 NV-03 0.387 0.391 0.989

increase the hydraulic resistance and may cause violent
collapse of cavitation structures, generating high-
pressure peaks that can erode injector surfaces.”* At
the same time, the cavitation structures can enhance
fuel atomization and spray formation.'**" Therefore, a
balanced approach is essential to harness the benefits
of cavitation while mitigating its adverse effects.

The phase transition from the liquid to vapor is illu-
strated in Figure 7. The contour plots of the vapor vol-
ume fraction are presented at the orifice plane of
symmetry and five equidistant cross-flow planes.
Cavitation can be closely associated with the low-
pressure zones depicted in Figure 6. Furthermore, no
significant vapor was observed in the lower pressure
zone of the valve seat for NV-01 and NV-03 designs.
Consequently, the contour plots focus exclusively on
the sac and spray orifices.

As expected, the base, NV-01 and NV-03 designs
exhibit cavitation at the spray hole inlet, with vapor for-
mation along the upper surface of the spray hole. NV-
02 is the only design in which cavitation is mitigated
within the spray hole by relocating it into the sac vol-
ume. Cavitation in the sac volume can disrupt the inter-
nal flow, resulting in irregular fuel delivery and reduced
mass flow rates.’>> This location presents considerable
risks in comparison to cavitation occurring in the spray
hole. In contrast, regulated cavitation in the spray hole
can enhance atomization and improve combustion effi-
ciency.®> Qualitatively, all proposed designs reduced
the cavitation intensity and the vapor content within
the nozzle as detailed in Table 2. To facilitate the

comparison of the designs, the vapor volumes were nor-
malized by the total of the sac and spray hole volumes.

The base design induces a higher amount of vapor,
followed by NV-01, whereas designs NV-02 and NV-03
exhibit comparable vapor volumes. Nonetheless, cavita-
tion intensity and mass flow rate do not follow a linear
relationship. The magnitude and location of cavitation
are crucial. The vapor bubbles reduce the flow area and
can increase the flow resistance, typically resulting in a
reduction of the mass flow rate.*’ In some cases, prop-
erly controlled cavitation can increase the mass flow and
consequently the discharge coefficient of the injector,
thereby enhancing fuel flow rate and improving overall
efficiency of the injection process.** The onset of cavita-
tion and its impact on mass flow rate are also affected by
the fuel saturation pressure and heating value.'® Because
the four designs are under the same operation conditions
and were computed with the same fuel, the geometry is
primarily responsible for the correlation between cavita-
tion and mass flow rate in this study.

In complement, Table 3 shows the injector flow
behavior in terms of flow coefficients. The discharge

; i = (" .
coefficient C,, described as Cy <Aa m), repre

sents the ratio between the theoretical mass flow and
the actual mass flow, indicating the injector’s capability
to deliver the required fuel quantity.

Since the pressure difference (AP) between inlet and
ambient pressure remains constant among all cases, the
Cy is mainly a consequence of the mass flow rate (rir)
and the liquid density (p;). Cavitation in the region
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Figure 8. Average pressure distribution along the needle seat
and sac volume for the four needle-tip designs at pilot injection
condition.

upstream of the spray hole induces flow acceleration,
resulting in an increase of the discharge coefficient of
NV-01 design in comparison to the base design. For
the NV-02 and NV-03 designs, the discharge coefficient
is slightly reduced, despite exhibiting a decreased vapor
volume. The C,; can also be described in terms of the
velocity coefficient C, and the area coefficient C,, as
they are related by the equation C; = C,C,,.

The velocity coefficient C, = (M) represents the

Uy

ratio of the actual flow velocity to the theoretical velo-
city, signifying the kinetic energy of the fuel jet as it
exits the nozzle. The same positive impact of NV-01's
flow acceleration can be seen in terms of the velocity
coefficient (C,) and a reduction of this value for the
other designs in comparison to the base design.

The third non-dimensional flow parameter is the

area coefficient C, = (%), which correlates the effec-

tive flow area to the geometric orifice area and consid-
ers the contraction of the flow streamlines as the fuel
passes through the orifice. This metric also takes into
account the flow separation areas. The base design, fol-
lowed by NV-01, has the lowest effective area, which
correlates with the normalized vapor volume in the
injector hole in those designs.

Finally, a smooth and higher-pressure build-up
inside the sac volume is a relevant characteristic that
may contribute to a stable and consistent injection.>
Elevated sac pressures create a better outward momen-
tum that aids in preventing the ingress of external gases
into the nozzle holes.”> However, injector components
may be susceptible to wear and tear as consequence of
excessive high pressure, thereby potentially reducing
their lifespan and increasing maintenance costs.>®

The progression of the average pressure in the needle
seat and sac volume is quantified in Figure 8, illustrat-
ing the pressure variation exerted on the fluid before
reaching the spray hole. The planes 1-12 denote the
average pressure in the seat region, where the deflection
angle from NV-01 and NV-03 designs is located
between planes 7 and 8. The sac region is covered from
plane 12 to 18 and shortly before the spray hole inlet.

The base and NV-02 designs exhibited the highest
pressure up to the 10th probing plane with intensity
progressively diminishing toward the needle-tip. After
the 12th section, the base design facilitates pressure
recovery within the sac volume. The pressure recovery
in NV-02 design occurs only after the end of the needle-
tip elongation and was further delayed due to flow
separation and the low-pressure areas in the sac vol-
ume. Despite those impacts, the base and NV-02
designs maintain the same pressure close to the spray
hole inlet. The deflection angle on NV-01 and NV-03
designs results in a pressure drop along the needle seat
compared to the previous designs. Subsequent to the
sixth section, the pressure began to recover, resulting in
an elevated pressure within the sac volume, which is
nearly double that of the base design in the spray hole
inlet area.

In-nozzle flow characteristics at high needle lift
(Diesel-only mode)

The impact of the needle-tip design on the velocity field
is shown in Figure 9 at the spray hole mid-plane.
Unlike the low needle position, the region between the
needle and injector seat forms a larger flow passage,
resulting in reduced constriction. This passage acceler-
ates the flow, directing it through the sac volume and
into the spray hole with elevated velocities compared to
the low needle lift cases. However, the redirection of an
accelerated flow is less abrupt and as a consequence a
boundary layer separation is not created from the wall
in the seat and sac walls.

In all designs, the spray hole inlet acts as the primary
flow constraint, imposing an abrupt deflection that
causes flow detachment from the upper wall inside the
spray hole. The separated boundary layer forces the
main flow to redirect, creating a turbulent, low-pressure
region behind the separation point. These separation
points can be verified via the adverse pressure gradients
shown in Figure 10. Similar to the low lift investigation,
the pressure distribution was also limited to 5 bar.

This adverse pressure gradient further retards the
already slow-moving boundary layer. The flow stream-
lines converge downstream of the separation point, cre-
ating a vena contracta in all four simulated geometries.
Nonetheless, the influence of the additional flow accel-
eration and the formed low pressure region is manifest-
ing with different intensities. All proposed designs
qualitatively result in an expansion of the vena con-
tracta relative to the base design, which expands
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Figure 9. Vector-over-contour plots showcasing the velocity field in the nozzle spray hole mid-plane for the four needle-tip designs
examined at Diesel-only injection condition.
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Figure 10. Pressure distribution in the nozzle spray hole mid-plane for the four needle-tip designs examined at Diesel-only
injection condition.
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Figure 11. Contour plots of the vapor volume fraction at different axial and cross-flow planes in the injector hole for the four
needle-tip designs examined at Diesel-only injection condition.
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toward the spray hole exit. The larger vena contracta The vapor volume fraction is shown in Figure 11 for
accelerates the flow in the lower part of the spray hole, all four designs simulated. In all cases, cavitation
intensifying the pressure decrease and enhancing the occurs at the upper region of the hole entrance within
cavitation phenomena. the low-pressure zones. The base design exhibits a
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Table 4. Normalized vapor volume and mass flow rate for
different needle-tip designs at Diesel-only injection condition.

Table 5. Dimensionless flow coefficients for different needle-
tip designs at Diesel-only injection condition.

Design Normalized vapor mg (gfs)
volume (%)

Base 1.59 31.08

NV-01 1.6l 3113

NV-02 2.07 28.82

NV-03 2.17 27.35

lower amount of vapor compared to the other design
modifications. Subsequently, NV-01 exhibits a more
dispersed vapor cloud along the spray hole. NV-02 and
NV-03 designs demonstrate an increased vapor volume
at the spray hole.

The volume vapor volume is quantified in Table 4.
This value was normalized by the sum of the sac and
orifice volumes. As anticipated from the qualitative
images analyses, the base design presents the lowest
volume of vapor and the NV-01 does not present a
meaningful difference to the base design. An similar
conclusion can be drawn for NV-02 and NV-03 designs
as the normalized vapor volume are equivalent between
those designs.

Similar to Tables 3 and 5 presents the flow behavior
in terms of flow coefficients. At a high lift, the influence
of the needle on flow rate is less pronounced than dur-
ing pilot injection.

The analogous behavior of base and NV-01 designs
is reflected in the C; and C,, which exhibit comparable
orders of magnitude. The relocation of flow separation
inside the spray hole lowers the performance in terms of
Cy and C, for NV-02 in comparison to the base design.
The curved needle surface of NV-03 design also induces
a reduction of both coefficients but performs slightly
better than the NV-02 one.

Furthermore, the reduction in effective liquid-phase
area is negligible across all designs as indicated by C,.
In the high lift position, cavitation at the exit of the
spray hole is minimal and neither flow separation nor
hydraulic flip is observed at the spray hole exit in these
designs. Consequently, the effective area of the liquid
phase approaches values near 1.

Finally, the pressure in the needle seat and sac vol-
ume can be quantified prior to the fluid reaching the
spray hole, as shown in Figure 12. The NV-01 design
enhances pressure maintenance in the needle seat and
sac volume from the first to the ninth segment, outper-
forming the base design. The NV-02 design exhibits
comparable performance to base design for the average
pressure. Both designs restrict the pressure drop in the
sac volume to approximately 300 bar lower relative to
the rail pressure. The NV-03 design presents the highest
pressure in the needle seat area, from the first to the
ninth section. After the ninth section, the pressure
drops considerably, reaching its lowest value in the sac
volume.

Design Cq C, Ca
Base 0.832 0.835 0.996
NV-01 0.833 0.837 0.995
NV-02 0.739 0.741 0.997
NV-03 0.777 0.781 0.995
oI =
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FEEEg

(i

-
(o]

160

m

N W
o o

Mean pressure [MPa]

e e
N 0 O O =
o ©O O O ©o

D
o

0 3 6 9 12 15 18
Sections

—Base Design —NV-01 —NV-02 NV-03

Figure 12. Average pressure distribution along the needle seat
and sac volume for the four needle-tip designs at Diesel-only
injection condition.

Conclusion

This paper presented numerical simulations revealing
the impact of needle-tip design on internal nozzle flow
and cavitation in marine Diesel injectors. The numeri-
cal model has been enhanced by incorporating NIST
and PC-SAFT EoS calculations through a tabulated
thermodynamic method. The inclusion of NIST and
PC-SAFT EoS provides a good prediction as evaluated
against experimental data regarding mass flow and
cavitation regions under typical operating conditions of
Diesel engines. In order to enhance the base design geo-
metrical features that lead to under-performance dur-
ing dual-fuel operating conditions, and to ensure fuel
flexibility across the complete engine operation range,
three needle-tip designs were proposed.

The redesign of the needle-tip was selected for its
simplicity and cost-effectiveness compared with nozzle
design modifications. The base design was evaluated
against three proposed alternatives to assess perfor-
mance in two operational modes: Diesel-only and dual-
fuel. At low needle lifts (dual-fuel mode), the three pro-
posed needle-tip designs reduced vapor formation
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within the injector, but NV-02 shifted the vapor-
generation region into the sac rather than the spray
hole in contrast to the other designs. In addition, NV-
01 and NV-03 designs promoted a better pressure
recovery in the sac volume, a crucial factor for pilot
injection conditions.

In high needle lifts (Diesel-only mode), the base and
NV-01 designs exhibited comparable performance
regarding cavitation location, fuel delivery and flow
coefficients. NV-02 and NV-03 designs slightly
increased the amount of vapor generated inside the
spray hole, also reducing the performance as indicated
by the flow coefficients. NV-01 is the only design that
increases the sac pressure compared to the base design.
Finally, focusing on the fuel flexibility for marine appli-
cations, the NV-01 design enhances pilot injection
operation without compromising the high lift perfor-
mance, offering the best trade-off in terms of flow
assessment for both operational modes.
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Appendix |
Grid independence study

The mesh sensitivity study was carried out for a 1/7 sector
of the base design at an injection pressure of 1600 bar and
an outlet pressure of 50 bar. The effect of the mesh resolu-
tion and the impact on the velocity at the spray hole exit
are presented in Table 6. A slight variation can be
observed between Grid 3 and Grid 4, demonstrating a rea-
sonable achievement of grid convergence. Based on these
results, the Grid 3 with a maximum mesh resolution of
4.2 wm inside the injector spray hole was selected in this

Table 6. Velocity sensitivity at the exit of the spray hole for the
different grid resolutions.

Grid Lift (um) Cell count  Min. Orth.  Velocity
quality (m/s)

I 480 1.42M 0.366 551.59

2 480 2.98M 0.256 554.25

3 480 4.16M 0.251 556.51

4 480 5.76M 0.248 557.38

study, where the other geometries presented an equivalent
mesh resolution and quality.



