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Abstract: An investigation of the fuel heating, vapor formation, and cavitation erosion location
patterns inside a five-hole common rail diesel fuel injector, occurring during the early opening
period of the needle valve (from 2 µm to 80 µm), discharging at pressures of up to 450 MPa, is
presented. Numerical simulations were performed using the explicit density-based solver of the
compressible Navier–Stokes (NS) and energy conservation equations. The flow solver was combined
with tabulated property data for a four-component diesel fuel surrogate, derived from the perturbed
chain statistical associating fluid theory (PC-SAFT) equation of state (EoS), which allowed for a
significant amount of the fuel’s physical and transport properties to be quantified. The Wall Adapting
Local Eddy viscosity (WALE) Large Eddy Simulation (LES) model was used to resolve sub-grid scale
turbulence, while a cell-based mesh deformation arbitrary Lagrangian–Eulerian (ALE) formulation
was used for modelling the injector’s needle valve movement. Friction-induced heating was found
to increase significantly when decreasing the pressure. At the same time, the Joule–Thomson cooling
effect was calculated for up to 25 degrees K for the local fuel temperature drop relative to the fuel’s
feed temperature. The extreme injection pressures induced fuel jet velocities in the order of 1100 m/s,
affecting the formation of coherent vortical flow structures into the nozzle’s sac volume.

Keywords: cavitation; real-fluid; 450 MPa injection pressure; erosion; LES; ALE

1. Introduction

Although CO2 emissions during 2020 decreased because of the COVID-19 pandemic,
other global greenhouse gas concentrations (methane (CH4) and nitrous oxide (N2O)) in
the atmosphere continued to rise. Overall, this short-term reduction in CO2 emissions
is expected to have a negligible long-term impact on climate change [1]. At the same
time, the forecasted unprecedented scale of COVID-19 economic recovery measures must
consider sustainable low-carbon technologies that require the implementation of long-
term technology changes for achieving a reduction in emissions. The projected increases
in heavy-duty global transportation-related energy demands through 2040 is driven by
economic activity [2], which leads to increased commerce and movement of goods across
oceans, nations, and cities. For example, a light commercial vehicle (LCV) for intra-city
deliveries has different energy needs versus a heavy commercial vehicle (HCV) for cross-
country shipments of goods. Additionally, truck fleets are often quite different from region
to region. Enhancements in technology and operations will improve the fuel efficiency and
consumption in these diverse sectors, which are dependent on the type of truck and its
use [2]. As electrification technologies and infrastructure continue to be developed, energy
and transportation power system portfolios, consisting of a range of solutions including
efficient engines with ultra-low emissions, will be required to mitigate the environmental
consequences of fossil fuel utilization. High pressure fuel injection, in particular is one of
the key technologies affecting engine efficiency and emissions.
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Diesel surrogates could lead to a decrease in soot formation during combustion
in all types of internal combustion engines [3–8], while multiple injections significantly
reduce both soot and NOx emissions [9]. The increasing consumption of biofuels may
produce a major effect against global warming [5,10,11]. Experimental data have shown
that increasing the injection pressure will cause a reduction in soot formation [12,13]. An
extended experimental study, performed with up to 320 MPa, revealed that if the same
mass is injected at higher injection pressures, the injection and combustion processes may
be optimized significantly. The combustion times are significantly reduced by the increase
in injection pressure, as the atomization and vaporization efficiency are improved [14].
A detailed experimental work analyzed the behavior of the evaporation, mixing, and
combustion of a diesel spray at injection pressures of up to 500 MPa, revealing improved
mixing due to higher spray velocities [15].

However, the µm-scale of injectors makes experimental flow characterization inside
the injector challenging, especially under such high injection pressures. Increasing the
injection pressure results in very high fuel velocities combined with high fuel temperature,
and sharp pressure and temperature gradients, leading to the formation of cavitation.
Although cavitation collapse may remove surface deposits [16,17] and improve primary jet
break-up [18–21], it may also damage the injector material [22,23] and reduce the injector
mass flow rate performance [24–28].

A limited number of studies have addressed fuel heating/cooling and phase-change
in high pressure diesel injectors. Early studies [28,29] utilized URANS, and were performed
under fixed needle valve conditions with up to 300 MPa of injection pressure. In follow
up work [26,30], the transient effects resulting from the needle motion showed significant
variations in temperature during the opening/closing phase, suggesting that simulations
performed at a fixed needle lift cannot represent the actual phenomenon. Furthermore,
these works utilized the fuel properties from [31] and did not consider the link between
cavitation and induced erosion. Recently, new experiments on the properties of diesel fuel at
elevated pressures and temperatures have been performed, allowing for the development
and calibration of perturbed chain statistical associating fluid theory (PC-SAFT) EoS,
as reported by the authors in [32–39]. Another study accurately predicted the thermal
conductivity of fuels at high temperature and 450-MPa pressure conditions using entropy
scaling [34]. Relevant to this study, the thermophysical properties, such as density and
viscosity, were modelled using the PC-SAFT theory for pressures up to 450 MPa [39].
Theoretical predictions were made for up to 400 MPa pressures, resulting in satisfactory
accuracy for the density, isothermal compressibility, and volumetric thermal expansion.
Tabulated data were derived for various fuel surrogates covering the range of properties
occurring within high pressure fuel injectors, and thus allowing for an accurate estimation
of the effects of the various fuel properties to be considered. The recent publication [40]
described a more accurate way to predict the effects of various properties of a realistic
multicomponent diesel surrogate at different conditions using PC-SAFT. The aim of that
work was to investigate the in-nozzle flow and cavitation formation in a heavy-duty diesel
injector under fixed needle valve conditions at up to 450 MPa injection pressure. Recent
works [41–44] have investigated the effect of cavitation and fuel properties on nozzle flow,
spray formation and induced erosion in fuel injectors using a two-fluid approximation in
AVL Fire.

Concerning works considering the movement of wall boundaries, Koukouvinis et al. [45,46]
implemented a layering algorithm, adding/removing a layer of cells in FLUENT Ansys [46].
The transient effects due to the needle movement have been also taken into account by
Devassy et al. [47] and Batistoni and Grimaldi [48]. In the literature [49], the moving
needle effects of a diesel injector on the development of the cavitating flow and spray flow
characteristic parameters were investigated [50]. A significant contribution in the field of
mesh motion in pistons and Gasoline Direct Injection (GDI) injectors has been also made
in [51]; they implemented a parallel algorithm for layer addition–removal in OpenFOAM
and performed LES studies. Wu et al. [52] expanded on the idea of a dynamic length-scale
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resolution model (DLRM), which includes an adaptive rescaling procedure for both tur-
bulent length and time scales for a simplified square-piston engine. The latest state of the
art study for moving-needle diesel injectors is [53]. In [54], the authors implemented Im-
mersed Boundary Method (IBM) in OpenFOAM® coupled with a multiphase compressible
solver suitable for cavitation. Örley et al. [53] employed a conservative cut-element-based
IBM for modelling the needle motion, and took into account the vapor and gas phases
and also incorporated the LES turbulence model. They employed a barotropic two-phase
two-fluid model, where all phases are represented by the homogeneous equilibrium model
(HEM). An overset method was used for resolving challenging problems like a bullet fling
through the muzzle flow field [55]. Khaware et al. [56] validated the accuracy of the overset
method for cavitating flow problems using a multi-phase RANS flow solver and HEM
in [56]. Koci et al. [57] used the dynamic Cartesian cut-cell mesh moving method in the
CONVERGE® v2.3 CFD package for simulating the fuel injector nozzle flow using the finite
volume methodology combined with the VoF method for simulating the multiphase flow.
An arbitrary Lagrangian–Eulerian (ALE) framework with geometric conservation laws was
used by Guventurk et al. [58] for simulating a single rising bubble in a Newtonian fluid.

Still, the transient effects caused by the motion of a needle valve for up to 450 MPa of
injection pressure are not yet available in the literature. From the above review, it seems
that there are no relevant simulations or experiments reported for cavitation and induced
erosion while considering variable fuel properties due to temperature/pressure gradients,
and incorporating the transient effects caused by the motion of the needle valve. The aim
of the current work is to address these phenomena and to simulate the flow inside a high-
pressure diesel injector discharging at 180 MPa, 350 MPa, and 450 MPa of pressure. For
this purpose, the explicit, density-based flow solver reported in [59] has been implemented
in OpenFOAM and has been coupled with the tabulated fuel property data derived from
PC-SAFT EoS, as documented in [34–41]. All of the phases are represented by the HEM
approach; the cavitation model is based on a thermodynamic multiphase equilibrium
assumption. The injector needle valve movement is represented by the ALE approach,
as proposed in [60], guaranteeing the enforcement of the space conservation law (SCL).
One of the important features of the developed model is the incorporation of the wall
adaptive eddy (WALE) [61] LES model. Model predictions are also compared against the
experimental data reported in [46] for a five-hole diesel injector.

This paper is structured as follows: first, the mathematical and physical model is
presented. Then, the discretization and the thermodynamic closure are analyzed, followed
by the description of the diesel injector geometry and the computational setup, followed
by the analysis of the three-dimensional flow-field for the early opening injection phase;
this includes an analysis of the viscous fuel heating and cooling due to depressurization.
Next, the flow-field for the early opening injection phase is presented, while in the final
section, the results from the computational analysis are compared with the erosion pattern
retrieved from the experiments. Limitations such as (i) the lack of detailed validation
against experimental data, (ii) the assumption of local mechanical and thermal equilibrium
adopted and (iii) the assumption of adiabatic nozzle walls have been evaluated in detail
in [40], and thus they are not repeated here.

2. Materials and Methods
2.1. Mathematical and Physical Model

The explicit density-based flow solver is based on the works of [45,59,62]. The math-
ematical model employs a set of conservation equations governing the fluid motion, re-
casted in the form of the space conservation law, suitable for moving/deforming meshes.
The equations, with notations from [60] and written in weak (integral) form, are given
below (bold denotes vector/tensor and italic denotes scalar variables):

- Continuity equation:
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∂

∂t

∫
V

ρdV +
∫

A
(ρur) · ndA = 0 (1)

Here, ρ represents the fluid density, ur is the relative velocity of the fluid with respect
to the velocity of the moving grid, ug is defined as ur = u − ug, n is the surface normal to
the local grid face, V index is the volume integral, and A is the surface integral.

- Momentum conservation equation:

∂

∂t

∫
V

ρudV +
∫
A

(ρu⊗ ur) · ndA = −
∫
A

pndA +
∫
A

τ · ndA (2)

Here, p denotes the fluid pressure and τ is the viscous stress tensor, defined as follows:

τ = µe f f

[
∇u + (∇u)T

]
− 2/3µ∇ · u (3)

where µeff is the effective viscosity of the fluid, including both the turbulent (µt) and
laminar (µ) viscosities.

- Energy conservation equation:

∂

∂t

∫
V

ρEdV +
∫
A

(urρE) · ndA = −
∫
A

pu · ndA +
∫
A

(
ke f f∇T

)
· ndA +

∫
A

(τ · ∇u) · ndA (4)

where E represents the total energy; T is the temperature of the fluid; and keff is
the effective thermal conductivity of the fluid, including both the turbulent (kt) and
laminar (k) thermal conductivity.

- The volume change of cells due to mesh motion can be expressed as:

∂

∂t

∫
V

dV +
∫

A
ur · ndA = 0 (5)

For the system closure, expressions for pressure and temperature are necessary in
order to complete Equations (2) and (4). These are obtained from the thermodynamic
closure or from the Equation of State (EoS) employed, which enables defining the relations
of T = f(ρ, e) and p = f (ρ, e).

2.2. Thermodynamic Model: Thermodynamic Properties Derived from the PC-SAFT EoS

Instead of solving the EoS for each time step, a technique similar to that described
by the authors in [59] was employed. A structured thermodynamic table containing the
thermodynamic properties of a multicomponent diesel fuel surrogate, as explained in [40],
derived from PC-SAFT EoS [63], was utilized, as explained in [64].

2.3. Description of the Examined Injector and Testing Conditions

The simulated geometry is presented in Figure 1, while the specific dimensions of the
injector featuring slightly tapered holes are given in Table 1. The injector consisted of five
orifices, but only 1/5th of the full injector was simulated, employing symmetry boundary
conditions. The computational mesh used consisted of a hexahedral block-structured zone,
while an unstructured tetrahedral zone was used in the sac volume upstream of the orifice
entrance. The mesh motion was performed with a cell-based deformation algorithm, which
moved the computational points and cells and stretched them uniformly. The needle lift
was initially set at 2 µm, with five cells placed in the needle seat flow passage. The initial
flow field was obtained from a steady-state simulation performed at the minimum lift. The
computational mesh of the sac volume and injection hole, which did not change throughout
the simulation, are shown in Figure 1b,c respectively.



Energies 2021, 14, 2923 5 of 18

Figure 1. Naming convention of injector surfaces and 3D view of the computational domains at a 70 µm needle lift, utilized
for resolving the flow for the different injection pressures considered. The computational mesh of: (a) needle-needle seat
passage, (b) injection hole and (c) sac volume; grids (b,c) do not change throughout the simulation.

Table 1. Geometric dimensions of the examined injector.

Unit Value

Max. Needle radius mm 1.711
Orifice length mm 1.262

Orifice diameter of the inlet mm 0.370
Orifice diameter of the outlet mm 0.359

Sac volume mm3 1.190
K-factor (Din − Dout)/10 - 1.1

Figure 2 shows the inlet pressure and needle valve lift used as the boundary conditions
in the CFD simulations. Both the 350 MPa and 450 MPa cases used the same needle
lift. However, it is noted that this lift profile was optimized for the 350 MPa case, as
indicated using 1D hydraulic system performance analysis software. The needle motion
was assumed to be in the z-axial direction only. No eccentricity or residual fuel effects were
considered; such effects have been investigated in [65–69]. In Table 2, the numerical values
for the reference state for the inlet and outlet, respectively, are provided. The simulations
were carried out using the WALE model [70]. In [40] (Table 4), a mesh independency
study showed the differences in the mass flow rate at the exit for the most refined mesh,
decreasing the smallest cell sizes to 1.06 µm; therefore, the 1.5 M cells mesh was used for
all of the following simulations.
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Table 2. Boundary conditions at the inlet and outlet.

Property Unit 180 MPa 350 MPa 450 MPa

Inlet Temperature [K] 350 350 350
Inlet Density [kg/m3] 885.5 948.7 979.8

Outlet pressure [MPa] 5 5 5

The following values correspond to the Taylor length scales (λg):

λg =
√

10Re−0.5L (6)

As shown in Table 3, the injector geometry was divided into three topologies with
different characteristics. The Reynolds numbers for the injector did not vary significantly
between the needle seat, sac, and orifice volume.

Table 3. Numerically estimated Reynolds numbers.

Test Case Reynolds Number
Needle Seat

Reynolds Number
Sac Volume

Reynolds Number
Orifice Volume

180 MPa ~55,000 ~40,000 ~50,000
350 MPa ~63,000 ~50,000 ~61,000
450 MPa ~72,000 ~60,000 ~70,000

Figure 2. Injection pressure and needle lift profile utilized as the boundary conditions.

Based on the cell sizes indicated in Table 4 and on the flow conditions, it was possible
to make an estimation of the Taylor scale of fluid motion for this case (also shown in
Table 4). The Taylor length scale gave the characteristic sizes of the inertial scales that
transitioned to viscous scales, and was used as a resolution target for the LES. The time
step used was 0.5 ns, which corresponded to an acoustic Courant number (CFL) of ~0.7 for
the 180 MPa case and (CFL) ~0.5 for the 350 MPa and 450 MPa test cases. This was also
smaller than the Kolmogorov time scale throughout the computational domain.

Table 4. Taylor microscales of the fluid motion for the injector’s different part.

Region
Taylor

Length Scale
180 MPa

Taylor
Length Scale

350 MPa

Taylor
Length Scale

450 MPa
Smaller Cell

180 MPa
Smaller Cell
350/450 MPa

Needle Seat 3 µm 1.6 µm 1.4 µm 1 µm 1 µm
Sac Volume 9 µm 6.2 µm 5.5 µm 7 µm 5 µm

Orifice 4.7 µm 3.8 µm 3.4 µm 2 µm 1.8 µm
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3. Results
3.1. Cavitation Development during the Early Opening Phase

During the early opening stage, which lasted between 2–80 µm, cavitation appeared
at the needle seat passage and inside the sac volume. Gradually, cavitation disappeared
from the needle valve seat and was established only in the orifice volume; the transition of
cavitation formation from the lower to upper side of the orifice entrance was predicted. As
shown in Figure 3, the mass flow rate values were lower than 0.17 kg/s for the 180 MPa
case and lower than 0.25 kg/s and 0.3 kg/s for the other two cases, respectively. Using
the theoretical mass flow rate from Table 5, the numerical model predicted discharge
coefficients (Cd) at a 80 µm needle lift of ~0.89, ~0.78, and ~0.72, for the three injection
pressures simulated, respectively.

Figure 3. Mass flow rate at the orifice exit for all of the simulated cases.

Table 5. Theoretical mass flow rate at an 80 µm needle valve.

Property Unit 180 MPa 350 MPa 450 MPa

Mean pressure in sac volume [MPa] 150 270 350
Mean density in sac volume [kg/m3] 853 872 890
Theoretical mass flow rate [kg/s] 0.19 0.31 0.39

Figure 4 shows the maximum velocity developed in the needle seat passage during
this time period. For instance, at 20 µm, the velocity for the 180 MPa case was ~750 m/s
and increased up to 850 m/s and 1100 m/s (Mach number = 0.96 for liquid phase) for the
350 MPa and 450 MPa cases, respectively. The normalized volume of the cavitation vapor
during this injection period is shown in Figure 5. Th vapor volume was normalized by the
sum of the injector’s needle seat passage, sac, and orifice volumes. Cavitation dominated
in the needle seat area and the sac volume. The increased pressures found overall also
affected the amount of vapor volume. Differences were realized during the following two
stages: “stage 1”, lasting between 2 µm and 20 µm, followed by “stage 2”, lasting between
20 µm to 60 µm. The instantaneous total amount of vapor in the domain showed noticeable
differences, especially for a lower than 20 µm needle lift, up to 60%, 45%, and 43% for
the 450 MPa, 350 MPa, and 180 MPa cases, respectively. During stage 1, the amount of
vapor was not noticeably higher for the 450 MPa case; however, this trend was seen only
during that short period, where the needle valve lift was below 20 µm. During the early
stage of the needle valve opening, similar flow patterns for all injection pressure cases were
predicted. Figure 6 shows local pressures developing into the sac volume; clearly higher
pressures develop with increasing injection pressure.

Figure 7 shows the vapor volume inside the injector at different injection pressures,
with the cavitation cloud colored by both the vapor volume fraction and the local tempera-
ture. In Figure 7a, at 20 µm, needle lift sheet cavitation formed in the needle seat passage.
Part of the sac volume was occupied by a vortex cavitation pattern, while cavitation was
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also formed inside the injection hole. Vapor appeared on the needle surface wall, and the
vapor temperature exceeded the fuel boiling temperature (520 K) for both the 350 and
450 MPa cases. Fully developed cavitation and a cavitating vortex were formed for the
higher injection pressures, while cavitation formed at the periphery of the entrance nozzle
orifice for the 180 MPa case.

Figure 4. Temporal evolution of the maximum velocity magnitude at the narrowest point of the
needle seat passage indicating the lift increase from 2 µm to 80 µm over the simulated time.

Figure 5. Vapor volume fraction in the injector volume during the early opening phase of the needle
valve. The vapor volume is normalized by the sum of the needle seat passage volume below the
narrowest point, the injector’s sac, and the orifice volumes. It is noted that at zero needle lift, the sac
volume is 3.1 times larger than the volume of the orifice.

Figure 6. Temporal evolution of fuel pressure in the injector’s sac volume for lift increases from 2 µm
to 40 µm during the plotted time.
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Figure 7. Snapshots of cavitation formation colored by both the vapor volume fraction and temperature during the opening
of the needle valve. The time instants correspond to needle lifts of: (a) 20 µm, (b) 40 µm, (c) 60 µm, (d) 70 µm, and (e) 80 µm.

As seen in Figure 7b, cavitation in the needle seat passage was reduced significantly
for all of the cases when compared with Figure 7a. The vapor volume inside the injector’s
sac volume almost disappeared for the 450 MPa case compared with the previous needle
lift for the same injection pressure. However, at 180 MPa, the cavitation was more extended
compared with the 450 and 350 MPa cases for the same needle lift. In Figure 7c, cavitation
remained on the needle upper surface for the 350 and 450 MPa cases because of the higher
jet velocity developing in needle seat passage. There was no vapor formation inside the
injector’s sac volume for the 350 MPa and 450 MPa cases. However, for the 180 MPa case,
vortex cavitation appeared, despite the fact that the vortex coherent structure was smaller
than in the other two cases.
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In Figure 7d, cavitation formed close to the upper orifice surface and the cavitation
structures spanned the whole orifice length, forming a thinner string cavitation for the
450 MPa case. As seen in Figure 7e, fully developed cavitation formation was observed at
the upper orifice surface and an unstable streamwise aligned vortex cavitation structure
appeared in the orifice volume. As seen in Figure 7e, at the 80 µm lift, the amount of vapor
was almost identical between the 180 MPa and 450 MPa cases because of the pressure
distribution inside the orifice; as the injection pressure increased, so too did the pressure
inside the orifice volume, confirming that the location of the cavitation formation was
restricted to the smaller volume attached to the upper part of orifice. Thus, cavitation
growth was restricted, as shown by the patterns depicted in Figure 5, at an 80 µm lift.
Moreover, the increase in saturation pressure as the injection pressures increased was
another significant factor [40].

3.2. Analysis of Fuel Heating and Cooling

CFD predictions were obtained by assuming an initial fuel temperature of 350 K.
As shown in Figure 8, the comparison between the temporal evolution of the fuel

temperature at the exit of the injector’s orifice and at the sac volume entrance revealed
that the temperature profiles showed different trends, even for the same injection pressure.
An increase in temperature was observed, particularly during the early needle opening,
at 0–15 µm, where an increase up to ~80, ~110 and ~180 degrees was estimated for the
180, 350, and 450 MPa injection pressures, respectively. This pattern after the needle seat
passage may have been caused by the presence of the cooling effect for all of the cases after
the 60 µm lift.

Figure 8. Temporal evolution of the fuel temperature at the exit of the injector’s orifice (solid lines)
and at the sac entrance (dashed lines) for lift increases from 0 µm to 80 µm for the plotted time.

At a higher needle lift of 40 µm, as shown in Figure 9b, both viscous heating and
cooling of the fuel took place for the 180 and 350 MPa cases, but for the 450 MPa case, there
was an absence of fuel cooling until this needle lifted. Predictions indicated that the liquid
fuel temperatures in the needle seat passage were 10–15 K lower than that of the inlet fuel
temperature. As seen in Figure 9c,d, the cooler fuel jets were more extended and 25–30 K
lower than that of the feed fuel temperature. The downwards displacement of the needle
valve pushed the fuel from the sac volume towards the injection hole.
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Figure 9. Snapshots of the instantaneous temperature field on the mid-plane of the injector. The time instants correspond to
needle lifts of: (a) 20 µm, (b) 40 µm, (c) 60 µm, and (d) 80 µm.

3.3. Analysis of the Flow Field and Vortex Structures

In Figure 10, the velocity magnitude fields revealed a similar behavior during the
opening period of the needle valve under different injection pressures; however, some
significant differences were realized near the vertical sac wall. The unsteady flow of the
fuel jet and the strong turbulence inside the sac volume made the jet detach from the needle
seat surface for the 450 MPa case, while for the other two cases, the jet remains attached
during the early opening phase, as depicted in Figure 10b,c. In addition, at a 80 µm needle
lift, as shown in Figure 10d, the flow was attached to the vertical wall of the sac volume
only for the 450 MPa case.

In Figure 11, focus was placed on the visualization of the vortex formation and its
evolution into the sac volume. The depicted time instances highlight the interaction of
this vortex structure with the flow inside the sac volume up to the needle wall surface, as
illustrated in Figure 11a,b. One part of the fuel moved backward into the passage close
to the curved needle surface. At the same time, part of the fuel moved parallel to the sac
vertical wall, and, as a result, the upwards flow collided with the high velocity jet, which
came through the needle seat passage at the sac inlet and changed the direction of the jet.
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Figure 10. Snapshots of the instantaneous velocity magnitude and flow field vectors plotted at time instances corresponding
to: (a) 20 µm, (b) 40 µm, (c) 60 µm, and (d) 80 µm.

In Figure 11, a large unstable vortex structure occupied the region close to the sac
wall and before the orifice entrance, while a smaller vortex structure developed at the
lower surface of the center region of the sac volume. One significant observation is that the
vortices’ locations were the same for all of the cases. However, their growth was different;
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the higher the injection pressure, the stronger the upper vortex, with velocity magnitudes
(close to sac vertical wall) reaching 300 m/s, 380 m/s, and 500 m/s for the three injection
pressures, respectively, as shown in Figure 11a,b.

Figure 11. Snapshots of the predicted flow field and flow streamlines at selected time shots (a,b).

3.4. Analysis of Analysis of Erosion Pattern and Erosion Assessment

The mitigation of possible erosion areas during the design process of diesel fuel
injectors is a significant factor for efficient operation and durability. In Figure 12, potential
erosion areas due to local the maximum accumulated pressure peaks on the injector surfaces
are shown. From the experiments, a clear pattern was identified with erosion formation
on the needle surface in the form of a deeply engraved ring shape, as analyzed in [46].
The pressure peaks were predicted in the needle seat passage region between a 10 µm and
45 µm needle lift.
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Considering the other surfaces of the nozzle, the sac was less affected by erosion very
close to the orifice inlet. In the nozzle holes, the injector was generally less prone to erosion
damage, where minor pits on the top side of the injection hole entrance were observed.
Moreover, some signs of erosion damage inside the sac volume existed. The value of
the pressure peaks and the location of the erosion ring on the upper orifice surface were
strongly corelated with (1) the vortex pattern in the sac volume and (2) with the velocity
of the fuel jet, from the needle seat passage to the sac volume. As reported in [46] these
locations of cavitation erosion for the 180 MPa case have been confirmed experimentally.
However, under higher injection pressures, there are no experimental data.

Figure 12. Spatial distribution of the accumulated pressure peaks on the surface of the needle valve.
Strongest collapse events are located on the needle surface, reaching up to 550 MPa for the 450 MPa
injection pressure case.

4. Discussion

Two mechanisms affect the temperature distribution within the fuel injector. The
first is as a result of the strong viscous heating produced by the wall friction, leading
to a significant increase in the fuel temperature at the upper orifice surface, where local
temperatures could exceed the fuel’s boiling temperature and superheated vapor forms. At
the same time, liquid expansion due to depressurization results in liquid cooling relative to
the fuel’s feed temperature. This is observed at the central part of the injection orifice. The
results indicate that when increasing the injection pressure, an unprecedented decrease of
the cavitation volume inside the fuel injector occurs. This has been attributed to the shift
in pressure drop from the feed to the back pressure within the injection orifice as the fuel
discharges. Moreover, a significant increase in temperature in the needle seat passage takes
place during the early stages of the needle valve opening, because of the very high velocity
magnitude, in the of order 1000 m/s. Additionally, stronger fuel cooling at the bulk of the
flow is predicted. It is evident that the needle motion affects the thermal boundary layer, as
well as the inception and growth of the formed cavity sheet, especially at low needle lifts.
Finally, the size and growth of strong vortices inside the sac volume influence the locations
expected to be more vulnerable to cavitation erosion. Overall, the comparison between
these injection pressures shows that there are minor differences in the predicted mean fuel
temperature and vapor volume after 60 µm, but significant differences in the temperature
distribution and vapor volume inside the sac, needle, and orifice injector regions from 0
to 60 µm. In the present study, the effect of non-condensable gas has not been considered.
As an extension of this work, it will be helpful to consider the link between cavitation
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and vortex cavitation patterns and the near nozzle primary breakup, spray angle, and
fuel atomization.

5. Conclusions

A compressible explicit density-based solver of the Navier–Stokes and energy con-
servation equations has been employed for simulating the development of cavitation in a
five-hole common rail diesel injector. For the multiphase solver developed in OpenFOAM®,
the HEM approach, extended by the arbitrary Lagrangian–Eulerian (ALE) formulation,
is used for modelling the injector’s needle valve movement. The thermodynamic closure
model is based on the tabulated data for a four-component diesel fuel surrogate, derived
from the perturbed chain statistical associating fluid theory (PC-SAFT) EoS, which en-
abled the strong variation of fuel properties with injection pressure to be quantified. The
employed numerical model has, for the first time, considered the variation of the fuel’s
physical properties up to 450 MPa and their effect on the flow inside the diesel injector
during the opening phase of the needle valve. Moreover, LES has resolved the in-nozzle
flow for the real-world fuels considered here, utilizing the upcoming injection conditions
for heavy duty engines. It is evident that prediction cavitation erosion-sensitive areas are
affected by including the unsteady needle valve motion.
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60. Demirdžić, I.; Perić, M. Space conservation law in finite volume calculations of fluid flow. Int. J. Numer. Methods Fluids 1988, 8,
1037–1050. [CrossRef]

61. Ducros, F.; Franck, N.; Poinsot, T. Wall-Adapting Local Eddy-Viscosity Models for Simulations in Complex Geometries. Numer.
Methods Fluid Dyn. 1998, 6, 293–299.

62. Kolovos, K.; Kyriazis, N.; Koukouvinis, P.; Gavaises, M.; Li, J.Z.; McDavid, R.M. Large-eddy simulation of friction heating and
turbulent cavitating flow in a Diesel injector including needle movement. Appl. Energy Combust. Sci. 2020, under review.

http://doi.org/10.1016/j.fuel.2020.117871
http://doi.org/10.1021/acs.jced.9b00652
http://doi.org/10.1021/acs.iecr.8b05952
http://doi.org/10.1177/1468087418801712
http://doi.org/10.1016/j.ijheatmasstransfer.2020.120744
http://doi.org/10.1021/acsomega.9b03623
http://doi.org/10.1016/j.apm.2019.09.002
http://doi.org/10.1177/1468087417708137
http://doi.org/10.1016/j.fuel.2016.02.037
http://doi.org/10.1088/1742-6596/656/1/012092
http://doi.org/10.1016/j.apenergy.2011.11.080
http://doi.org/10.1016/j.applthermaleng.2013.01.024
http://doi.org/10.1016/j.mcm.2010.03.018
http://doi.org/10.1016/j.egypro.2016.11.073
http://doi.org/10.1007/s10494-017-9881-3
http://doi.org/10.1177/1468087416643901
http://doi.org/10.1016/j.ijmultiphaseflow.2019.03.001
https://www.researchgate.net/publication/292558457_Study_and_application_of_overset_unstructured_grid_method
https://www.researchgate.net/publication/292558457_Study_and_application_of_overset_unstructured_grid_method
http://doi.org/10.1177/1468087418821827
http://doi.org/10.1002/nme.5598
http://doi.org/10.1016/j.ijmultiphaseflow.2017.04.004
http://doi.org/10.1002/fld.1650080906


Energies 2021, 14, 2923 18 of 18

63. Kyriazis, N.; Koukouvinis, P.; Gavaises, M. Modelling cavitation during drop impact on solid surfaces. Adv. Colloid Interface Sci.
2018, 260, 46–64. [CrossRef]

64. Gross, J.; Sadowski, G. Perturbed-Chain SAFT: An Equation of State Based on a Perturbation Theory for Chain Molecules. Ind.
Eng. Chem. Res. 2001, 40. [CrossRef]

65. Gavaises, M.; Murali-Girija, M.; Rodriguez, C.; Koukouvinis, P.; Gold, M.; Pearson, R. Numerical simulation of fuel dribbling and
nozzle wall wetting. Int. J. Engine Res. 2021. [CrossRef]

66. Gold, M.; Pearson, R.; Turner, J.; Sykes, D.; Stetsyuk, V.; De Sercey, G.; Crua, C.; Murali-Girija, M.; Koukouvinis, F.; Gavaises, M.
Simulation and Measurement of Transient Fluid Phenomena within Diesel Injection. SAE Int. J. Adv. Curr. Pract. Mobil. 2019, 1,
291–305. [CrossRef]

67. Santos, E.G.; Shi, J.; Gavaises, M.; Soteriou, C.; Winterbourn, M.; Bauer, W. Investigation of cavitation and air entrainment during
pilot injection in real-size multi-hole diesel nozzles. Fuel 2020, 263, 116746. [CrossRef]

68. Santos, E.G.; Shi, J.; Venkatasubramanian, R.; Hoffmann, G.; Gavaises, M.; Bauer, W. Modelling and prediction of cavitation
erosion in GDi injectors operated with E100 fuel. Fuel 2021, 289, 119923. [CrossRef]

69. Wang, C.; Adams, M.; Jin, T.; Sun, Y.; Röll, A.; Luo, F.; Gavaises, M. An analytical model of diesel injector’s needle valve eccentric
motion. Int. J. Engine Res. 2021, 1468087420987367. [CrossRef]

70. Jaberi, F.A.; Colucci, P.J. Large eddy simulation of heat and mass transport in turbulent flows. Part 1: Velocity field. Int. J. Heat
Mass Transf. 2003, 46, 1811–1825. [CrossRef]

http://doi.org/10.1016/j.cis.2018.08.004
http://doi.org/10.1021/ie0003887
http://doi.org/10.1177/1468087420985189
http://doi.org/10.4271/2019-01-0066
http://doi.org/10.1016/j.fuel.2019.116746
http://doi.org/10.1016/j.fuel.2020.119923
http://doi.org/10.1177/1468087420987367
http://doi.org/10.1016/S0017-9310(02)00484-2

	Introduction 
	Materials and Methods 
	Mathematical and Physical Model 
	Thermodynamic Model: Thermodynamic Properties Derived from the PC-SAFT EoS 
	Description of the Examined Injector and Testing Conditions 

	Results 
	Cavitation Development during the Early Opening Phase 
	Analysis of Fuel Heating and Cooling 
	Analysis of the Flow Field and Vortex Structures 
	Analysis of Analysis of Erosion Pattern and Erosion Assessment 

	Discussion 
	Conclusions 
	References

