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Abstract: The occurrence of vortices in the sac volume of automotive multi-hole fuel injectors plays
an important role in the development of vortex cavitation, which directly influences the flow structure
and emerging sprays that, in turn, influence the engine performance and emissions. In this study,
the RANS-based turbulence modelling approach was used to predict the internal flow in a vertical
axis-symmetrical multi-hole (6) diesel fuel injector under non-cavitating conditions. The project
aimed to predict the aforementioned vortical structures accurately at two different needle lifts in
order to form a correct opinion about their occurrence. The accuracy of the simulations was assessed
by comparing the predicted mean axial velocity and RMS velocity of LDV measurements, which
showed good agreement. The flow field analysis predicted a complex, 3D, vortical flow structure
with the presence of different types of vortices in the sac volume and the nozzle hole. Two main
types of vortex were detected: the “hole-to-hole” connecting vortex, and double “counter-rotating”
vortices emerging from the needle wall and entering the injector hole facing it. Different flow patterns
in the rotational direction of the “hole-to-hole” vortices have been observed at the low needle lift
(anticlockwise) and full needle lift (clockwise), due to their different flow passages in the sac, causing
a much higher momentum inflow at the lower lift with its much narrower flow passage.

Keywords: vortex flow; multi-hole injector; sac volume; CFD simulations; RANS model; prediction
validation

1. Introduction

The emergence of direct injection technology has significantly improved IC engines
in terms of performance, efficiency, and emissions [1]. Direct injection technology usually
uses multi-hole fuel injectors due to their geometrical flexibility, which operate at high
pressures over a very short duration. This ensures the injection of precise amounts of fuel
into the combustion chamber for different combustion strategies. However, such massive
fuel acceleration in such a small period within the narrow passages of the injector leads
to the development of localised regions or pockets of low liquid pressure. When the local
pressure in these pockets becomes lower than the saturation pressure of the liquid, it results
in the occurrence of voids or cavities within the liquid—this process is called cavitation [2].

The occurrence of cavitation directly influences the emerging spray [3], and the
development of cavitating structures in fuel injectors is mainly owed to their geometry.
Previous simulations and experimental studies with multi-hole injectors have shown that
the main cavitation occurs at the upper edge of the hole entrance of the fuel injector and is
known as geometrical cavitation [3–8]. This is attributed to the formation of a recirculation
region at the upper edge of the hole entrance due to the detachment of the fluid and abrupt
reduction in the cross-sectional area, which facilitates liquid acceleration. LDV results of
mean axial velocity near the entrance of the injector hole have confirmed the presence
of the recirculation regions in multi-hole injectors [4,8]. Experimental observations have
shown that cavitation enhances the primary break-up and subsequent atomisation of the
liquid due to the perceived enhancement of turbulence, which facilitates mixing, enabling

Fluids 2021, 6, 421. https://doi.org/10.3390/fluids6120421 https://www.mdpi.com/journal/fluids

https://www.mdpi.com/journal/fluids
https://www.mdpi.com
https://doi.org/10.3390/fluids6120421
https://doi.org/10.3390/fluids6120421
https://doi.org/10.3390/fluids6120421
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/fluids6120421
https://www.mdpi.com/journal/fluids
https://www.mdpi.com/article/10.3390/fluids6120421?type=check_update&version=1


Fluids 2021, 6, 421 2 of 19

better combustion [3,9–11]; the same observations have also shown that cavitation can
cause spray instability. Experimental studies on multi-hole injectors have also shown that
when the geometrically induced cavitation reaches the injector hole exit, the air from the
downstream—with higher local pressure than the fuel vapour pressure—enters the injector
hole. This air entrainment replaces the cavitation vapour, leading to the development of
PHP (partial hydraulic flip), which further enhances the spray instability [3]. Moreover,
cavitating bubbly fluid behaves like a compressible fluid—a phenomenon well explained
in the authors’ previous paper [12].

In addition to the main geometrical cavitation, the internal fluid flow in the injector
causes the development of complex vortices. When the local pressure at the core of these
vortices goes below the vapour pressure, the liquid starts to form cavitation pockets. As
explained by Kumar et al. [13], there are two types of such cavitating structures, which have
been observed frequently in several experimental studies: The first type is hole-to-hole
connecting vortex cavitation, which has been noted as an arc-shaped vortex, connecting
two adjacent holes and the recess between the needle and the injector wall. The second
observed type of these cavitation structures is a double counter-rotating vortical cavitation
structure, originating from the needle wall and entering the opposing injector holes.

The presence of vortical cavitating structures is noticed concurrently in the injector
hole with geometrical horseshoe-type cavitating structures. However, such a vortical
structure is frequently seen entering the injector at the bottom of the inlet, consequently
disrupting the spray [3,9–11]. Along with this, vortical cavitating structures are also seen
merging with the geometrically induced cavitating structures, further upsetting the desired
spray—especially in terms of its stability. The observed cavitating structures in multi-
hole injectors are believed to be due to the geometry of the injector’s sac volume and the
arrangement of the nozzle holes. Thus, it is very important to have a good understanding
of how these vortical structures are formed, which was the prime objective of the present
study. Flow field analysis was be performed under non-cavitating flow conditions (very
low cavitation numbers; CN≈ 0.45) in order to identify the mechanisms of the development
of these vortices in the fuel injectors, and to identify the differences in their structures at
low and full needle lifts. The low lift represents the transient flow conditions during the
injection process when the needle is opening or closing; for more details, see Section 2.

Many previous simulations efforts have been made to facilitate a sound understanding
of internal flows in multi-hole fuel injectors. LDV (Laserdoppler velocimetry) experimental
results have often been used to assess and validate different CFD modelling approaches.
Full details are given by the authors in their previous paper [13], and a brief summary
is given below. The first such attempt was by Arcoumanis et al. [4], who used their in-
house CFD solver to simulate non-cavitating conditions in mini-sac injectors, and achieved
reasonably good agreement with experimental measurements of mean velocity and RMS
(Root mean square) velocity using a low-resolution mesh. They later included cavitation
simulation in their CFD code [14], treating liquid as a continuous phase in the Eulerian
frame and cavitation vapour bubbles as a disperse phase (with many submodels), and
tracked them in a Lagrangian frame. They checked the validity of their model by comparing
predicted mean and RMS velocities with the experimental values, and also by comparing
the predicted void fraction with high-speed digital images; both comparisons achieved
fairly decent agreements. They further added more features to their dispersed-phase model,
such as bubble breakup and coalescence [15]; they assessed their model quantitatively
by comparing predicted voids with CT (computed tomography) measurements of the
same geometry for the single-hole nozzle, and predicted mean and RMS velocity with
LDV measurements for the multi-hole injector, for which they achieved reasonably good
accuracy. Papoutsakis et al. [16] also used LDV measurements to validate their CFD results
for the multi-hole injector; they performed single-phase simulations and compared RANS
(Reynolds-averaged Navier–Stokes) and LES (Large-eddy simulations) predictions with
experimental measurements. They achieved comparable results and fairly good agreement



Fluids 2021, 6, 421 3 of 19

with experimental data using both approaches; however, the advantages of one approach
over the other in a similar mesh could not be established.

LDV measurements have also been used to assess CFD simulations in single-hole
nozzles. Sou et al. [17] performed CFD simulations of cavitating flow in a rectangular
single-hole nozzle geometry using in-house LES CFD code, and assessed their predictions
by comparing the predicted mean and RMS velocity with LDV results, and cavitation with
captured still images. They achieved decent agreement for mean velocity but were far off
from experimental values of RMS velocity at positions where cell size was not sufficiently
fine. Koukouvinis et al. [18] used the experimental data of Sou et al. to assess their CFD
simulations; they performed RANS and LES simulations, achieving more accurate results
using the LES method than RANS; however, they could not justify the suitability of LES
over RANS, due to the high computational cost of the former. A recent experimental
work [19] investigated vortical flow structure in a single-nozzle injector using high-speed
combined diffuse backlight illumination and schlieren imaging, and showed that the
presence of coherent vortical structures has a measurable influence on the dynamics of the
emerging spray, leading to distinct variation in spray cone angle. Meanwhile, the latest
CFD simulation [20] showed that the origin of in-nozzle vortex cavitation structures can be
traced back to the sac volume and on-needle surface, and that the nonuniformity of the
oil viscosity (due to viscous heating) gives rise to vortex formation. LDV data [8] have
been recently used by Kumar et al. [13] to assess CFD simulations in a multi-hole fuel
injector; they used the RANS modelling approach to approximate turbulence, and the
Eulerian–Eulerian cavitation modelling method to reproduce cavitation; they achieved
reasonably good agreements with experimental data for mean and RMS velocity with LDV
counterparts, and for cavitation structures with experimental high-speed digital images.

The present study focuses on the accurate prediction of flow field structures for non-
cavitating conditions at partial (lower) and full needle lifts. This project aims to enrich
the research community’s understanding of internal flows in fuel injectors via accurate
prediction and thorough analysis of the flow field at low cavitation numbers. Through this
case study, we aim to identify the most probable location of cavitation inception in fuel
injectors, as we believe this will help engineers and researchers to improve contemporary
injector design.

The reference injector geometry [8] for the present simulation was a 20-time replica of
a Bosch vertical axis-symmetric fuel injector fixed on a steady-state test rig representing
quasi-steady conditions at lower and full needle lifts. We acknowledge that the transient
effects of needle opening and closing on the internal flow have not been modelled in this
study. Although this transient effect is present for a very short period, it has a huge impact
on internal flow structure—especially at high injection pressures with diesel injectors—
which influences the near-field emerging spray, atomisation, and combustion. This subject
has recently been experimentally investigated by Mamaikin et al. [21], using X-ray imaging.
Strotos et al. [22] recently conducted a computational investigation of the transient effects
of needle opening and closing; they simulated the effects of transient heating in a high-
pressure diesel injector; their study showed that increasing the injection pressure from
2000 to 3000 bar caused a considerable increase in fluid temperature above the boiling
point, thus leading to fuel boiling and instability. Nevertheless, as mentioned above, the
present study is focused on gaining a fundamental understanding of internal flow in fuel
injectors, which requires some features to be kept constant.

For the present case study, two reference cases were simulated, with CN (cavita-
tion number) = 0.44 and Re (Reynolds number) = 18,000 at a low needle lift of 1.6 mm, and
CN = 0.45 and Re = 21,000 at full needle lift (6.0 mm), under steady -low conditions; the
flow was wall-bounded and non-cavitating. Thus, steady-state RANS appeared to be the
most suitable turbulence modelling approach to simulate the aforementioned reference
cases, due to its ability to predict such flows efficiently and with sufficient accuracy [23].
Amongst the turbulence models, we opted for a realisable k-epsilon turbulence model [24],
as in the author’s previous comparative assessment [25], it was established that the realis-
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able k-epsilon model provided the most accurate prediction for this class (internal flows
in multi-hole injectors and nozzles) of flows. Thus, the main contributions of the current
research paper are to simulate complex vortical flow within a multi-hole diesel injector
using RANS with a realisable k-epsilon turbulence model, in order to validate prediction
results with accurate LDV measurements and show the usefulness of the simulation model
for such applications; to identify mechanisms of the formation of different types of vortex
structures, and their developments that are responsible for the formation of vortex cavita-
tion; and to differentiate the vortical flow field structures at low (1.6 mm) and full (6.0 mm)
needle lifts. Details of the flow configuration are provided in the next section, followed by
simulation methodology and numerical methods. The results are presented and discussed
in the subsequent section, and the paper ends with a summary of the main findings.

2. Flow Configuration

The simulation was conducted on a model injector 20 times larger than the real
size, with the same geometry and setup as used by the authors of [8], who performed an
extensive experimental work; a summary of the experiment is given below (for more details,
see [8,13]). The 3D model geometry represents a multi-hole axisymmetric fuel injector
nozzle of a Bosch conical mini-sac type six-hole (60◦ apart) vertical diesel fuel injector, as
shown in Figure 1. The injector/needle assembly for three different needle lifts of full
(6 mm), low (1.6 mm), and closed (0.0 mm) is also shown in Figure 1, where the annular
flow passage (between the needle and the injector body), sac volume, nozzle, and other
key flow features within the mini-sac configuration are highlighted. It should be noted that
the needle lift is a measure of offset distance from the needle seat (full shut-off point), and
varies from zero—when the needle is at seat position—to full lift, when the needle is fully
open. The needle opening/closing durations are very short—around 0.1 ms—and much
shorter than the full lift duration (1.0–2.5 ms, depending on engine load). The fuel flow
during needle opening/closing events is transient, while at full needle lift it is considered
to be steady and stable. The sac volume is a small cavity between the needle seat and the
end of the injector, where different vortical flows take place during the injection process,
the formation and development of which were the focus of our simulations.

Figure 1. Representation of the simulated 3D model geometry of the injector and the needle/injector
assembly at different needle lifts.

The highlighted prediction locations of mean and RMS velocities on Figure 1 are
given in detail in Figure 2a, which are the same locations as those shown in Figure 2b,
where the measurements were made, and under the same operating conditions in order
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to allow for accurate validation of the CFD model. The experimental model was set up
on the steady-state test rig (i.e., a fixed needle with no transient movement) to measure
axial mean and turbulence velocities at different axial locations within the nozzle hole,
and to capture in-nozzle cavitation and its development (Figure 2b) by using a high-speed
imaging technique. Additionally, the same working fluid with the same properties as used
in the experiment was used for the simulations. The experimental working fluid was a
mixture of tetralin (32%) and turpentine (68%) with a density, kinematic viscosity, and
vapour pressure of 895 kg/m3, 1.64 × 10−6 m2/s, and 1 KPa, respectively. The choice of
this mixture was to use the refractive index matching technique [26] to ensure that the
refractive index of the working fluid was the same as that of the Perspex (the material used
to manufacture the model injector) and also to provide full optical access—especially near
the walls of the nozzle and the sac volume, with steep curvatures. The operating conditions
for the present CFD simulations are listed in Table 1.

Figure 2. (a) Sketch of the needle and injector assembly, and the positions where the predictions of
mean and RMS velocity were made; (b) recorded locations in the experimental data [8].

Table 1. Operating conditions.

Case Series Needle Lift
(mm) CN = Pinj−Pback

Pback−Psat
Re= 4Qt

πνlnD
Pinj

(bar)
Pback
(bar)

Uinj
(m/s)

Volumetric Flow Rate
Qt (L/s)

Temperature
(◦C)

1 1 1.6 (low) 0.45 18,000 2.55 1.80 8.43 0.487 25 ± 0.5

2 1.6 (low) 0.45 18,000 2.55 1.80 8.43 0.487 25 ± 0.5

2 1 6.0 (full) 0.44 21,000 1.80 1.27 9.84 0.568 25 ± 0.5

2 6.0 (full) 0.44 21,000 1.80 1.27 9.84 0.568 25 ± 0.5

3. Methodology
3.1. Governing Equations

Steady-state incompressible RANS (Reynolds-averaged Navier–Stokes) Equations
were employed, with the following form:

∂ui
∂xi

= 0 (1)

ρ
∂ui
∂t

+ ρuj
∂ui
∂xj

= ρ f i +
∂

∂xi

[
−pδij + 2µSij − ρu′iu

′
j

]
(2)

where Sij =
1
2

[
∂ui
∂xj

+
∂uj
∂xi

]
is the mean rate of the strain tensor, ui is the mean fluid velocity

in the ith direction, ρ is the density of the fluid, p is the mean pressure, µ is the dynamic
viscosity, f i is the source term for body forces such as gravity, δij is the Kronecker delta,
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which is 1 when i = j and 0 when i 6= j, and −ρu′iu
′
j is the apparent stress owing to the

fluctuating velocity field, and is generally referred to as Reynolds stress.
The Reynolds stress in the present study was modelled using Boussinesq approxima-

tion, as follows:

− ρu′iu
′
j = 2µt

[
1
2

(
∂ui
∂xj

+
∂uj

∂xi

)]
− 2

3
ρkδij (3)

which can be shorthanded as:

− ρu′iu
′
j = 2µt

[
Sij
]
− 2

3
ρkδij (4)

where k is the turbulent kinetic energy defined by the following equation:

k =
1
2

[
(u′i

2) + (u′j
2) + (u′k

2)
]

(5)

As mentioned above, a constant temperature was maintained in the test rig in the
experimental study; therefore, the process is considered to be isothermal and, hence, no
energy equation is used. The derivations of the above equations can be found in [27,28].

3.2. Turbulence Model

The realisable k-epsilon turbulence model proposed by Shih et al. [24] has the follow-
ing form:

∂ρk
∂t

+
∂

∂xj

(
ρkuj

)
=

∂

∂xj

[(
µ +

µt

σk

)
∂k
∂xj

]
+ 2µtSij · Sij − ρε (6)

where k is the turbulent kinetic energy, µt is the turbulent viscosity or eddy viscosity, and ε
is the turbulence dissipation rate, which is defined by the following term:

ε = 2νs′ijs
′
ij (7)

The following is the transport equation of ε:

∂ρε

∂t
+

∂

∂xj

(
ρεuj

)
=

∂

∂xj

[(
µ +

µt

σε

)
∂ε

∂xj

]
+ ρC1Sε− ρC2

ε2

k +
√

νε
(8)

where C1 = max
[
0.43, η

η+5

]
, η = S k

ε , S =
√

2 Sij · Sij.
The constants are as follows:

σk = 1, C1ε = 1.44, σε = 1.2 & C2 = 1.9

The Eddy viscosity is assumed to be isotropic, and is computed using the follow-
ing equation:

µt = Cµρ
k2

ε
(9)

For this to be realisable, the model requires maintaining non-negativity of normal
stress, u′i2 ≥ 0, and “Schwarz inequality” [29,30]. The Schwarz inequality is defined by
the following term: (

u′i u′j
)

u′i
2 u′j

2

2

≤ 1 (10)
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The realisability is achieved by formulating the Cµ in Equation (9) by the following
equation:

Cµ =
1

A0 + AS
kU∗

ε

(11)

where:
U∗ ≡

√
Sij · Sij + Ω̃ ij Ω̃ ij (12)

and:
Ω̃ij = Ω ij −∇×ωk (13)

where Ω ij is the mean rate of the rotation tensor, = 1
2

[
∂ui
∂xj
− ∂uj

∂xi

]
, viewed in a moving

reference frame with angular velocity ωk. The model constants A0 and As are given by:

A0 = 4.04, As =
√

6cosφ, φ =
1
3

cos−1(
√

6W), W =
Sij SjkSki

S̃3
, S̃ =

√
SijSij

4. Numerical Methods

In this study, ANSYS Fluent v14.5 [31] was employed to solve the governing equations
using the finite volume method [27]. Since the flow regime is quasi-steady, steady-state simu-
lations were performed, and the pressure–velocity coupling was achieved using the SIMPLE
algorithm [32]. Only one-sixth of the flow domain was numerically simulated, due to symmetri-
cal nozzle geometry, so as to reduce computational effort, as shown in Figure 3a. Unstructured
grids were used—the same as those of [13], as shown in Figure 3b,c—with tetrahedral cells and
five layers of prism cells on the walls in order to accurately resolve near-wall turbulence. The
maximum aspect ratio and skewness of all grids were 11.2 and 0.759, respectively.

Figure 3. (a) One-sixth of the flow domain at the full needle lift, with periodic (cyclic) boundary conditions (the numbers
represent the boundaries of flow domains: (1) inlet flow, (2) outlet flow, (3) injector and needle walls, and (4) periodic (cyclic)
interface); (b) mesh of the flow domain; (c) axial plane mesh of the nozzle and sac volume flow domain.

The mesh convergence was performed until comparable profiles of mean velocity
and RMS velocity profiles were achieved, as shown in Appendix A for the low lift; the
mesh convergence for the full lift was presented in [13]. Thus, the results of grid 6,
with 21,216,968 cells, were used for pre-processing at low needle lift, while grid 2, with
13,016,832 cells, was used for the full needle lift. The turbulence was modelled using the
realisable k-epsilon model [24]. The near-wall turbulence was simulated using the EWT
(enhanced wall treatment) method, which is a near-wall modelling approach that blends
linear (laminar) and logarithmic (turbulent) laws-of-the-wall using a joining function [33].
As mentioned above, the simulations were steady-state, and they were stopped at the
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convergence criteria of 1 × 10−4. The boundary conditions that were used to simulate
operating conditions presented in Table 1 are presented in Table 2.

Table 2. Boundary conditions.

Case Needle Lift (1) * Inlet
(Mass Flow Rate)

(2) * Outlet
(Constant Pressure) (3) * Walls (4) * Interface

(Rotational Periodic)

1 1.6 mm (lower) 0.0726 kg/s 180,000 N/m2 No-slip 60◦

2 6.0 mm (full) 0.0847 kg/s 127,000 N/m2 No-slip 60◦

* The numbers represent the boundaries of the flow domain, as indicated in Figure 3a.

5. Results and Discussion

First, a comparison between the simulation and experimental results is made, and
then the results of the flow field are presented and discussed.

5.1. Validation of Simulation Results

The CFD predictions of mean velocity and RMS velocity were compared with the
experimental predictions in Figure 4 for both low and full lifts at x = 10.5 mm from the
nozzle entrance, where the flow is the most complex, with steep mean velocity gradients
and the presence of the full flow recirculation near the upper nozzle wall. Overall, the
results show good agreement with the experimental data. Interestingly, by observing the
experimental data of RMS velocity, noticeable differences can be observed when comparing
the RMS velocity at low and full lifts, suggesting higher velocity fluctuations at the lower
needle lift. This trend, as explained by experimentalists [8], is expected at the lower needle
lift, due to the increased bottleneck effect at the needle seat. Hence, the liquid needs to
squeeze through a smaller area and, therefore, is locally accelerated, with a higher mean
velocity gradient that increases the turbulence level from this point onwards into the sac
volume and the nozzle holes. The comparisons at the axial locations of x = 9.5, 13.5, and
16.5 mm—not presented here—showed similar agreement, and even better at locations
further downstream, along with higher RMS predictions at all locations for the lower lifts.
The comparisons between the predictions and the experimental results have been presented
comprehensively in our previous works [13,25]; readers are hence advised to refer to those
works for more details.

Figure 4. Normalised mean axial velocity (left column) component and the corresponding RMS velocity (right column) of
non-cavitating nozzle flow at low lift (1.6 mm) CN = 0.44 and full lift (6.0 mm) CN = 0.45, and at x = 10.5 mm from the
nozzle entrance; experimental data from [8].
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5.2. Flow Field Analysis

As mentioned above, experimental studies have recorded the occurrence of vortices
in the injector volume, which are mainly of two types: one is a “hole-to-hole” connecting
vortex, and the second type consists of double “counter-rotating” vortices emerging from
the needle wall and entering the injector hole facing it. These vortices are considered
prerequisites for the formation of vortex-type cavitation within the sac volume and nozzle
holes (some examples of experimental observations are shown later in this section). In this
study, possible mechanisms of formation of these vortices are discussed, and differences in
the flow fields at low and full needle lifts are examined. The results of this study will lead
to a better understanding of flow at different needle positions of the fuel injector, as they
will help design engineers to produce improvements in the design of fuel injectors.

To analyse the flow field, we created planes in the injector geometry for predictions of
both lift cases, as shown in Figure 5. The first plane, or plane 1 (P1), lies on the x–y plane at
0 degrees; i.e., the predicted plane goes through the axis of the nozzle hole. The second
plane (P2) is 15 degrees anticlockwise, and the third plane (P3) is 15 degrees clockwise; i.e.,
two symmetrical planes on either side of the nozzle hole. Plane 4 (P4) is the predicted plane
between the needle and the injector walls, as indicated in Figure 5. Cyclic1 and cyclic2
are the rotational periodic (cyclic) interface planes between the two adjacent symmetrical
sections.

Figure 5. Planes and surfaces in the flow domain for flow-field analysis.

The velocity vectors on plane 1 in the sac region are compared in Figure 6a,b. The
recirculation region due to fluid detachment at the upper entrance of the injector hole
is highlighted by an orange circle in both panels. The vectors encircled in the yellow
circle show fluid exiting the injector hole and entering the backflow hole, which has a step
entrance that promotes the formation of the ring recirculation region at the injector hole
exit. From the velocity vectors in the sac region, it can be seen that a large proportion of
the liquid is drawn towards the injector hole due to lower local pressure in the injector
hole. It is also evident that the incoming flow velocity vectors upstream of the nozzle
hole between the needle and injector body are much higher with lower lift, due to its
smaller flow passage downstream of the needle seat, which forces the fluid to accelerate;
as mentioned before, this promotes the turbulence level with lower lift, which cascades
downstream into the nozzle hole and the sac volume. On further observation of the sac
region at lower and full needle lifts in Figure 6a,b, the development of vortices can be seen,
as shown in the blue circle in the anticlockwise direction at low needle lift in Figure 6a, and
in a clockwise direction at the full needle lift. In addition, there is another vortex near the
bottom of the sac at the lower needle lift in Figure 6a, encircled in black, in a clockwise
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direction, which makes the flow in the sac volume more complex at the lower lift.

Figure 6. Distribution of velocity vectors on plane 1 for the (a) low lift and (b) full lift; the vortices are encircled.

On observing the velocity vectors for the lower needle lift case on plane 2 (15 degrees
anticlockwise from plane 1) in Figure 7a, it can be seen that a large proportion of liquid is
drawn towards the injector hole, while the remainder goes into the sac volume. However,
the lower pressure in the injector hole creates a negative pressure gradient and influences
the flow field in the sac volume. Hence, fluid is further drawn towards the injector hole
from the sac volume. In this process, the proportion of fluid that fails to enter the injector
hole, impacting on the injector wall below the nozzle hole, is marked by a red circle. This
leads to the development of a hole-to-hole connecting vortex; a similar phenomenon can be
seen at full needle lift in Figure 7b. The majority of the fluid tends to enter the injector hole,
whilst the remainder enters the sac volume. The part of the liquid that fails to enter the
injector hole collides with the nozzle wall below, forming a hole-to-hole connecting vortex,
as marked by the red circle. Moreover, further away from the hole, additional vortices can
be seen in the sac volume at both needle lifts, as marked by the blue circles in Figure 7a,b.
Furthermore, near the bottom of the sac volume, there is another clockwise vortex at the
lower lift, encircled in black, as shown in Figure 7a—the same as that mentioned above
in Figure 6a.

Figure 7. Distribution of velocity vectors on plane 2 for the (a) low lift and (b) full lift; the vortices are encircled.

In Figures 8 and 9, velocity vectors are plotted on the cyclic interface (cyclic1) at both
needle lifts. The vectors at low needle lift in Figures 8a and 9a clearly show hole-to-hole
connecting vortices, along with additional vortices near the bottom of the sac volume,
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as discussed previously. In addition, the presence of a double counter-rotating vortex
at the entrance of the nozzle and inside the nozzle is evident. To detect further vortices
in the injector, the zoomed isosurface of vorticity (1% of the vorticity magnitude) was
generated, as presented in Figure 10a,b for the low lift. These plots also clearly show the
presence of “hole-to-hole” connecting vortices, as well as detecting the double “counter-
rotating” vortices emerging from the needle wall and entering the opposing injector hole,
as previously shown in Figures 8a and 9a.

Figure 8. (a) Distribution of velocity vectors on cyclic interface 1 for the (a) low lift and (b) full lift; the 3D isosurface of
vorticity (1% of the vorticity magnitude) is also plotted.

Figure 9. (a) Distribution of velocity vectors on cyclic interface 1 for the (a) low lift and (b) full lift; the 3D isosurface of
vorticity (1% of the vorticity magnitude) is also plotted.

Similarly, at full needle lift in Figures 8b and 9b, the velocity vectors on the cyclic
interface (cyclic1) show a hole-to-hole connecting vortex. Similar isosurface of vorticity
plots to those of the low needle lift case were also generated for the full needle case, as
plotted in Figures 8b and 9b. Again, the results clearly detect hole-to-hole connecting
vortex, along with double vortices emerging at the needle surface and entering the injector
holes facing it. It should also be noted that the predicted double “counter-rotating” vortices
tend to merge into one another and disintegrate as they move further into the nozzle hole,
as can be seen in Figures 8b and 9b at full needle lift. The aforementioned vortices are in
accordance with the experimental observations presented in Figure 11a,b.

To further analyse the flow field, velocity vectors were plotted on plane 4 and the
cyclic interfaces of cyclic1 and cyclic2 in Figure 12a,b at both needle lifts, along with the
bottom isosurface of vorticity views of the injector, as shown in Figure 13a,b for low and full
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lifts, respectively. The velocity vectors in Figure 12a,b, along with the vorticity isosurfaces
in Figure 13a,b, clearly show the prediction of double vortices emerging at the needle
wall and entering the injector hole. Moreover, the velocity vectors on the cyclic interfaces
in Figure 12a,b also indicate the prediction of hole-to-hole connecting vortices at both
needle lifts. The predicted “hole-to-hole” vortices and double “counter-rotating” vortices
emerging from the needle wall and entering the injector hole facing it are comparable to
those detected in experimental studies of bottom-view [7] and nozzle hole [11] images of
vortex cavities, as presented in Figure 11a,b.

Figure 10. (a) Zoomed 3D isosurface of vorticity (1% of the vorticity magnitude) of the sac region at low needle lift,
generated to detect the presence of vortices; (b) 2D vectors of velocity are also plotted on the cyclic interface, in order to
further detect vortices.

Figure 11. High-speed digital images of cavitation in the fuel injector: (a) from the bottom, showing
“hole-to-hole” connecting string cavitation and vortex cavitation structures emerging from the needle
wall [7]; (b) from the side of the nozzle hole, showing two “counter-rotating strings cavities” inside
the nozzle at full lift [11].
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Figure 12. Distribution of velocity vectors on plane 4 and cyclic1 and -2 for the (a) low lift and (b) full lift.

Figure 13. Isosurface of vorticity (1% of the vorticity magnitude) viewed from the bottom of the injector to show the
formation of the double-rotating vortices emerging from the needle wall and entering the injector hole at the (a) lower
needle lift and (b) full needle lift.

5.3. Discussion

These vortices in multi-hole injectors—particularly in the present geometry—are
mainly formed due to the geometry of the injector. The injector’s cavity, or the hollow
volume where liquid flows, is shaped like a hollow section of two cones stacked on one
another, with some specified clearance (as seen in Figures 3a and 5) to accelerate the
fluid in six symmetrically placed holes for the fluid to exit. As the liquid convects, the
relatively lower local pressure at the injector holes attracts the most volume towards them
and assists in its transport towards the exit. Nevertheless, not all of the fluid enters the
injector holes; the proportion of liquid whose streamline does not lie on the injector hole
path interacts with the surrounding wall below it, as well as with the fluid that already
exists in the sac volume, thus forming vortices. At the same time, the relatively lower local
pressure at the injector hole continues to attract fluid towards it, leading to the formation of
hole-to-hole connecting vortices (as seen in Figures 8a,b, 9a,b, 10a,b and 12a,b). However,
some portion of the fluid penetrates and enters the sac volume further downstream,
due to its higher momentum, but the already-present fluid in the injector sac volume
causes resistance to more fluid entering the limited sac volume. The interaction between
these flow streams leads to the formation of additional vortices in the sac volume (see
Figures 6a, 7a, 8a, 9a and 12a), especially at the lower needle lift.
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Now, regarding the double “counter-rotating” vortices that emerge from the needle
wall and enter the injector hole facing it, as previously mentioned, due to the high mo-
mentum of the inflow above the needle seat, some proportion of the liquid enters the
injector sac, but the higher local pressure in the sac resists the further entrance of liquid,
due to the liquid already present within it. Thus, liquid at the proximity of the needle
wall and injector hole begins to form counter-rotating vortices due to the symmetry in
the nozzle geometry around this area; hence, the counter-rotation of vortices can also be
the result of symmetry. As the local pressure at the injector hole is still relatively lower, it
then draws further liquid towards the hole, leading to the formation of double counter-
rotating vortices emerging from the needle wall and entering the injector hole facing it (see
Figures 8a,b, 9a,b, 10a,b, 12a,b and 13a,b).

To identify differences between flow fields at the low and full needle lifts, velocity vec-
tors are compared in Figures 6a,b, 7a,b, 8a,b, 9a,b and 12a,b, while isosurfaces of vorticity
are compared in Figures 8a,b,9a,b and 13a,b. The velocity vectors in Figures 6a,b and 7a,b
indicate the differences in the direction of rotation of hole-to-hole vortices at the lower nee-
dle lift compared to the full needle lift. The “hole-to-hole” connecting vortices are predicted
in an anticlockwise direction at the lower needle lift, while the same is predicted with a simi-
lar magnitude but in the clockwise direction at the full needle lift. This noticeable difference
can be attributed to the narrower clearance between the injector wall and needle wall at the
lower needle lift, facilitating higher local fluid acceleration. Hence, at the lower needle lift,
the portion of the fluid that enters the sac volume has more momentum than at the higher
needle lift and, therefore, penetrates deeper into the sac. However, the already-present fluid
in the injector sac volume resists the fluid entering into the sac. The interaction of those
two flow streams with one another—and also with the injector walls within the limited sac
volume—causes the formation of two vortices: one clockwise vortex near the bottom of the
sac (black circles in Figures 6a and 7a), and one anticlockwise hole-to-hole vortex above
the first one, which extends up to the nozzle hole (Figures 6a, 7a, 9a, 10b and 12a). At the
full needle lift, clearance is greater than at the low needle lift; hence, the fluid does not
accelerate locally as much as at the low needle lift. Therefore, the proportion of fluid that
does not enter the injector hole interacts with the fluid inside the sac with less resistance,
and follows the rounded wall of the injector to develop into a single clockwise vortex
(Figures 7b, 8b, 9b and 12b). Therefore, the hole-to-hole connecting vortex is predicted to
be clockwise at the full needle lift.

Finally, good quantitative and qualitative agreement between the predicted and
experimental results shows the usefulness of the RANS modelling approach for such
applications; however, there are limitations to this approach, as these models are derived
based on assumptions that can lead to uncertainties and, therefore, the models may not
be able to reproduce the entire flow field accurately. They may be quite accurate at some
locations, while less so at others. Hence, RANS models often need to be tuned for specific
cases using model constants. An alternative approach to address such problems is to use
LES. The LES resolve most of the eddies (ideally up to the Taylor microscale), and model
the smaller eddies using subgrid-scale models [34]. However, LESs are not recommended
for this study, due to their high computational cost, because they require a significantly
finer mesh than RANS. Moreover, the accuracy of LES depends on the timestep size, which
is required to be smaller than the timescale of the smallest resolved motion. Furthermore,
LES must run for a substantially long flow time in order to obtain stable statistics of the
flow being modelled, which also increases the computational requirements. The hybrid
RANS approach DES (detached-eddy simulation) offers a good compromise between LES
and RANS in terms of computational requirements and result details; in this approach,
the unsteady RANS models are employed at the boundary layer, while the LES treatment
is applied to the separated region. This approach has been developed for wall-bounded
flows with high Reynolds numbers and is therefore recommended for future research on
the present class of flows (internal flows in fuel injectors), which are wall-bounded and
have high Reynolds numbers.
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6. Conclusions

Single-phase simulations were performed in a vertical axis-symmetrical six-hole diesel
fuel injector, using the RANS approach with the realisable k-epsilon turbulence model.
The main objective of this study was to gain insights into the flow fields related to the
development of vortices, which decidedly influence the development of vortex cavitation.
The following is a summary of the main findings and contributions of the present study:

The predictions were first assessed by comparing predicted mean and RMS velocities
with experimental LDV data at both lower and nominally full needle lifts, which showed
good agreement. The flow field analysis—in particular, the vortical structures—showed
good similarities with the experimentally recorded high-speed images of the vortical
cavitating structure in a multi-hole injector nozzle, confirming that these vortical structures
are prerequisites of vortex cavitation in these injectors.

The simulated flow within the sac volume showed the presence of a complex, 3D,
vortical flow structure. Two types of vortices were predicted: the first type was the “hole-
to-hole” connecting vortices, while the second was double “counter-rotating” vortices
emerging from the needle wall and entering the injector hole facing it.

The CFD predictions also indicate a difference in the flow pattern of the rotational
direction of the “hole-to-hole” vortices between the low lift (anticlockwise) and the full
needle lift (clockwise). This was argued to be due to their different flow passages between
the injector wall and the needle, as explained in the Discussion section.

The predicated velocity vector results upstream of the nozzle hole between the needle
and the injector walls showed that incoming flow velocities are much higher with lower lift,
as expected, due to the smaller flow passage forcing the fluid to accelerate. This increases
the turbulence level with the lower lift, which cascades downstream into the nozzle hole
and the sac volume.

Good quantitative and qualitative agreement between the predicted and experimental
results showed the usefulness of the RANS modelling approach for such applications.
The limitations of RANS compared to LES models are discussed in Section 5.3, and it is
recommended that the DES approach offers a good compromise between LES and RANS in
terms of computational requirements and result details, making it ideal for wall-bounded
flows at high Reynolds numbers, such as in the present application.
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Nomenclature

CN = Cavitation number = Pinj−Pback
Pback−Psat

Non-dimensional number
D = Diameter of an injector hole Mm
k = Turbulent kinetic energy m2s−2

n = Number of injector holes Non-dimensional number
p = Pressure Pa
p = Mean pressure Pa
pinj = Injection pressure Pa
pback = Back (downstream) pressure Pa
psat = Saturated vapour pressure Pa
Qt = Volumetric flow rate m3s−1

Re = Reynolds number Non-dimensional number
Sij = Mean rate of strain tensor s−1

s′ij = Fluctuating rate of strain tensor s−1

T = Temperature K
ui = Velocity in the ith direction ms−1

ui = Mean velocity in the ith direction ms−1

u′i = Fluctuating velocity component in the ith direction ms−1

Greek Symbols
ε = Epsilon m2s−3

δij = Kronecker delta Non-dimensional number
µ = Molecular viscosity of the fluid Pa·s−1

µt = Turbulent viscosity Pa·s−1

ν = Kinematic viscosity of the fluid m2s−1

νl = Kinematic viscosity of the liquid m2s−1

ρ = Density kg·m−3

Ωij = Mean rate of rotation tensor s−1

ωk = Angular velocity rad·s−1

Abbreviations
CT Computed tomography
CCD Charge-coupled device
DES Detached-eddy simulation
LDV Laser Doppler velocimetry
LES Large-eddy simulation
RANS Reynolds-averaged Navier–Stokes
RMS Root mean square

Appendix A. Grid Independence Study at Low Lift

The mesh convergence study was performed by comparing the mean velocity and
RMS velocity of the current grid with those of the subsequent grid of higher cell density at
the low lift; the grids are presented in Table A1. The turbulence was simulated using the
realisable k-epsilon model [24]. The near-wall turbulence was simulated using the EWT
(enhanced wall treatment) method [33]. Steady-state simulations were performed, and
were stopped at the convergence criteria of 1 × 10−4.

Table A1. Grid used at low needle lift.

Grid Number of Cells Max y+

1 1,792,278 17.7

2 6,892,758 10.44

3 11,049,454 9.54

4 19,023,384 7.5

5 16,410,517 7.21

6 21,216,968 7.14

7 33,446,472 7.16



Fluids 2021, 6, 421 17 of 19

It can be seen from Figures A1 and A2 that the velocity profiles begin to approach
convergence with grids 6 and 7. The RMS velocity profiles in the same figures show
an increase in RMS magnitude with the increase in mesh density in subsequent grids.
This is because as the grid density increases, more accurate resolution in mean velocities
across the finer grids can be achieved, resulting in a higher magnitude of mean velocity
gradients. The RMS velocity is computed using the Boussinesq formulation [27], as shown
in Equation (3); in this method, the RMS velocity magnitude depends directly on the mean
velocity gradients. Therefore, as the mean velocity gradients increase, the RMS magnitude
consequently increases. Here, from the RMS velocity magnitude results obtained using
grids 6 and 7, it can be seen that grid independence is being approached; therefore, grid 6
was used for further assessment and analysis in the present study.

Figure A1. Normalised mean axial velocity (left column) component and the corresponding RMS velocity (right column)
of non-cavitating nozzle flow at CN = 0.44: (a) x = 9.5 mm and (b) x = 10.5 mm from the entrance.
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Figure A2. Normalised mean axial velocity (left column) component and the corresponding RMS velocity (right column)
of non-cavitating nozzle flow at CN = 0.44: (a) x = 13.5 mm and (b) x = 16.5 mm from the entrance.
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