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ARTICLE INFO ABSTRACT

Keywords: Numerical predictions of the fuel heating and cavitation erosion location indicators occurring during the opening
CaVitaﬁ'O" and closing periods of the needle valve inside a five-hole common rail Diesel fuel injector are presented. These
real-fluid have been obtained using an explicit density-based solver of the compressible Navier-Stokes (NS) and energy
;r(::losn conservation equations; the flow solver is combined with two thermodynamic closure models for the liquid,
VS . vapour and vapour-liquid equilibrium (VLE) property variation as function of pressure and temperature. The first
explicit density-based solver . A R . o
LES is based on tabulated data for a 4-component Diesel fuel surrogate, derived from the Perturbed-Chain, Statistical
ALE Associating Fluid Theory (PC-SAFT) Equation of State (EoS), allowing for the variation of the physical and

transport properties of the fuel with the local pressure and temperature to be quantified. The second thermo-
dynamic closure is based on the widely used barotropic Equation of State (EoS) approximation between density
and pressure only and neglects viscous heating. The Wall Adapting Local Eddy viscosity (WALE) LES model was
used to resolve sub-grid scale turbulence while a cell-based mesh deformation Arbitrary Lagrangian-Eulerian
(ALE) formulation is used for modelling the injector’s needle valve movement. Model predictions are found in
close agreement against 0-D estimates of the temporal variation of the fuel temperature difference between the
feed and hole exit during the injection period. Two mechanisms affecting the temperature distribution within the
fuel injector have been revealed and quantified. The first is ought to wall friction-induced heating, which may
result to local liquid temperature increase up to fuel’s boiling point while superheated vapour is formed. At the
same time, liquid expansion due to the depressurisation of the injected fuel results to liquid cooling relative to the
fuel’s feed temperature; this is occurring at the central part of the injection orifice. The spatial and temporal
temperature and pressure gradients induce significant variations in the fuel density and viscosity, which in turn,
affect the formed coherent vortical flow structures. It is found, in particular, that these affect the locations of
cavitation formation and collapse, that may lead to erosion of the surfaces of the needle valve, sac volume and
injection holes. Model predictions are compared against corresponding X-ray surface erosion images obtained
from injector durability tests, showing good agreement.

and future emission standards, injection pressures beyond 200 MPa and
multiple injections strategies are required, resulting into liquid jet ve-

1. Introduction

Global actions for mitigating the impact of transportation on climate
change have pushed governments and professional bodies to target an
up to 20% reduction in CO4 emissions and further limitation of partic-
ulate matter mass and NOx from heavy-duty Diesel, marine and aviation
engines [1]; such combustion systems are responsible for about 2/ 31ds of
total liquid fossil fuels utilisation in transportation. To achieve today’s
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locities of the order of 700 m/s [2], as they improve mixing and com-
bustion [3]. At such conditions, the Reynolds and liquid-phase Mach
numbers in the nozzle orifices are of the order of 30,000 and around 0.7,
respectively; thus, flow is turbulent and compressible, while depending
on nozzle hole geometry and needle valve motion, phase-change
(cavitation) is typically occurring. On one hand, cavitation collapse
could remove surface deposits [4, 5-7] and enhance primary jet break

Received 8 December 2020; Received in revised form 14 June 2021; Accepted 17 June 2021

Available online 23 June 2021
2666-352X/© 2021 The Authors.

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Published by Elsevier Ltd.

This is an open access article under the CC BY-NC-ND license


mailto:m.gavaises@city.ac.uk
www.sciencedirect.com/science/journal/2666352X
https://www.sciencedirect.com/journal/applications-in-energy-and-combustion-science
https://doi.org/10.1016/j.jaecs.2021.100037
https://doi.org/10.1016/j.jaecs.2021.100037
https://doi.org/10.1016/j.jaecs.2021.100037
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jaecs.2021.100037&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

K. Kolovos et al.

Applications in Energy and Combustion Science 7 (2021) 100037

Nomenclature

English Symbols

A Surface

a blending coefficient

B liquid stiffness/elasticity
C Speed of sound

C Acoustic impedance

Cq Discharge Coefficient

cp Heat capacity

e Internal energy

E Total energy

ho Total Enthalpy

k Thermal conductivity

L. Characteristic length

M Mach number

n Liquid-dependent constant
n Surface normal vector

P Pressure

Re Reynolds number

s entropy

St Strouhal number

T Temperature

t Time

u Velocity vector

ug Grid velocity vector

u, Relative velocity vector
\Y cell volume

\/3 Vapour Volume Fraction

Greek Symbols

Ag Taylor length scale

n Dynamic viscosity

p Density

T Stress tensor

Subscripts

eff effective

f face

in inlet of injector

L Liquid

out exit of the orifice

S Isentropic

sat saturation

t Turbulent

Abbreviations

ALE Arbitrary Lagrangian—Eulerian
EoS Equation of State

HEM Homogenous Equilibrium Model
LES Large Eddy Simulation

NS Navier-Stokes

PC-SAFT Perturbed Chain Statistical Associating Fluids Theory

PVRS Primitive Variable Riemann Solver

R-P Rayleigh-Plesset

SCL Space Conservation Law

URANS Unsteady Reynolds-averaged Navier-Stokes
VLE Vapour Liquid Equilibrium

WALE  Wall Adapted Large Eddy

up [8-11] during nominal operating conditions; on the other hand,
cavitation collapse could cause material erosion [12, 13], and as a result,
affects the durability of various components of the fuel injection
equipment; see selectively [14-17]. The violent change in the cavitation
cloud volume during collapse causes pressures and temperatures that
may even exceed 1 GPa and thousand degrees Kelvin, respectively [18].
Experiments on cavitation in Diesel injection systems have been re-
ported as early as in the ‘50s [19]; different nozzle geometries have been
utilised to reveal its effect on the structure of the injected liquid jets
qualitatively [20]. Advanced experimental techniques, such as
laser-pulsed light transmission measurements give information about
the fluid density and pressure values under overall stationary, highly
turbulent and cavitating flow conditions [21]. Shadowgraph Schlieren
imaging [22,23] applied to cavitating flows in generic geometries can
reveal information for the flow, with pressure waves generated during
bubble collapses. Moreover, the understanding and identification of the
interaction between turbulence and vortex [24] or string cavitation [25]
and their influence on jet and spray characteristics is necessary in order
to understand the subsequent air-fuel mixing.

Detailed numerical studies of multi-phase flows in various fuel in-
jectors have been presented since the ‘90s by solving the incompressible
unsteady Reynolds-averaged Navier-Stokes equations (URANS), see for
example [25-27]. The strong correlation between internal nozzle flow,
string cavitation and primary spray atomization was shown in [28]
while the recent works of the authors have shown the influence of
injector valve movement during the opening, closing and dwell time of
the needle valve [29-32]. Further studies analysed cavitating flows
using high-speed digital imaging to capture the instantaneous spatial
and temporal characteristics of geometric as well as string cavitation
structures [33, 34]; more recent studies employing X-rays [35-37] have
provided quantitative data for the cavitation volume fraction, which
allows thorough validation of the relevant models. The pm-scale of in-
jectors makes experimental flow characterization challenging.

Experiments of erosion damage can provide data about the locations of
high structural stresses, which could be linked to cavitation; but they do
not produce insight to all features of the underlying flow and thermo-
dynamic conditions needed for the optimization of the performance of
the injector. Along the lines of these recent developments, the prediction
of cavitation erosion has been also the subject of extensive research.
Indeed, the pm-scale of injectors makes experimental flow character-
ization challenging. Experiments of erosion damage can provide data
about the locations of high structural stresses, which could be linked to
cavitation; but they do not produce insight to all features of the un-
derlying flow and thermodynamic conditions needed for the optimiza-
tion of the performance of the injector. In [1,2] and [38,39] a
methodology employing flow solvers of the RANS equations has been
proposed for cavitating flows; this was found capable of predicting the
flow regions of bubble collapse and the potential aggressiveness to
material damage. In [40] cavitation was modelled with the use of a
barotropic Homogenous Equilibrium Model (HEM) making it suitable
for erosion prediction inside a high-pressure fuel pump. In [41] and [42]
the impact of the large vortical structures within the nozzle flow and the
interaction with incipient and developed cavitation in multi-phase flows
was assessed, highlighting the necessity of employing LES to resolve
such flows; this was combined with both a barotropic and a mixture
model for simulating cavitation. Multi-phase CFD simulations consid-
ering flow compressibility can capture the pressure waves generated by
collapsing vapour clouds and their impact on nearby surfaces. One of the
first studies analysing compressibility effects and wave dynamics in fuel
injectors is [43], where a density-based solver of the 3D inviscid
Navier-Stokes equations was used. Furthermore, a pioneering investi-
gation of cavitation dynamics and erosion in microchannels was [44],
examining different geometries of square orifices, resembling the in-
jection orifice of an actual injector. The focus of the investigation was
the demonstration of the potential of barotropic type cavitation models
in predicting vapor distribution and erosion locations. In [45] the
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turbulence structure was analysed with emphasis put on the interaction
between cavitation and coherent flow motion. The numerical work of
[46] on Diesel injectors involves compressibility effects, injection to
non-condensable gas and an immersed boundary/cut-cell method for
handling the needle motion, compressibility of liquid, vapour and
non-condensable gases. The authors have achieved an impressive
simulation of a complete 9-hole Diesel injector, including injection in
air, aiming to study the influence of cavitation and the transient effects
of the needle on the emerging jets. The study of [47] confirms the
importance of considering local pressure in the improved form of the
Rayleigh-Plesset (R-P) equation and illustrates the influence of the
liquid compressibility for cavity modelling and appropriate capturing of
the collapse pressure. In [48] a fully compressible four-equation model
for multicomponent two-phase flow solver, coupled with a real-fluid
phase equilibrium model employing the Peng-Robinson (PR) EoS for
each phase, is used to demonstrate its capability in predicting phase
change effects in simplified shock tube cases and orifices. In [49] the
flow inside the same heavy-duty Diesel injector as the one studied in the
present work has been performed. In this past work of the authors, the
needle valve motion, compressibility and turbulence effects have been
considered utilising a pressure-based solver. The recorded pressure
peaks obtained have been correlated with the erosion development as
identified from X-ray scans of used injectors. Validation of the numerical
method and cavitation model was performed in, where X-ray CT scans
confirmed the predictions of 3D volumetric cavitation distribution and
erosion locations. LES with the employed cavitation erosion model was
found able to predict the relevant flow and cavitation aggressiveness
features with satisfactory accuracy. More recent works [50-53], have
employed a two-fluid model on the simulation of cavitation, erosion and
atomization effects of sprays; the overall performance of such models
relative to mixture models was assessed revealing little differences for
the flow regimes examined. Also, such two-fluid models have been
employed for investigating the spray formation of various fuels,
including alternative bio-derived variants [54].

Another group of investigations employs the Homogeneous Relaxa-
tion Model (HRM), as a mass transfer model, to capture phase change
effects. The idea behind the model is to relax the metastable liquid state
to reach an equilibrium as liquid/vapor mixture in a finite and often
user-calibrated, time-scale. Applications involve flashing where the
model was initially conceived, but over time, was adapted for cavitation
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as well [55]. Further works in the field of fuel injection involve [56],
where the authors analyse transient phenomena of needle opening or
needle closing with Large Eddy Simulation (LES), as well as the resulting
atomisation patterns, in single hole or multi-hole diesel injectors of the
Engine Combustion Network (ECN) database. Since then, the HRM
model has been used for a variety of applications, including marine in-
jectors for industrial RANS simulations [57] and attempts to devise an
erosion metric criterion have also recently performed [58], whereas it
has proven to have decent agreement against X-ray densitometry of the
spray [59] or the internal flow [60].

For the sake of completeness, it is also worth mentioning a number of
recent works employing HEM models, focusing on cavitation and sprays
at transcritical and supercritical conditions of ECN Spray-A, using LES
and real fluid thermodynamics (Peng-Robinson Equation of State) [61,
62]. The same methodology has also been used to detect cavitation in
internal injector flows [63,64]. However, these investigations did not
involve any attempt to describe erosion.

Despite their complexity, most aforementioned investigations have
ignored viscous heating effects, or at least, did not explicitly discuss
about them. However, the flow during the discharge of the fuel is
characterized by strong velocity gradients, which induce wall friction
and consequently, can result to significant fuel heating. Only limited
number of works address fuel heating/cooling and phase-change in high
pressure Diesel injectors. The first studies [65-69] from the authors have
utilised URANS and have been performed under fixed needle valve
conditions; they revealed two opposing processes strongly affecting the
fuel injection quantity and temperature; the first one, known as
Joule-Thomson effect, is related to the depressurisation of the injected
liquid, which results to fuel temperatures even lower than that of the
feed. On the other hand, the strong heating produced by wall friction
increases significantly the fuel temperature above the boiling point in
the near wall regions, where viscous effects are dominant. In follow up
works, [70,71] the transient effects owning to the needle motion have
shown significant variations in temperature during its opening/closing
phase, suggesting that simulations performed at fixed needle lift cannot
represent the actual phenomenon. Still, these works have utilised fuel
properties from [72] and have not considered the link between cavita-
tion and induced erosion. Recently, new experiments on the properties
of diesel fuel at elevated pressures and temperatures have been reported;
this has allowed for development and calibration of the PC-SAFT EoS, as

Table 1
Summary of models utilised for resolving the flow in diesel injector nozzles.
Reference Pressure/density-based Cavitation model Needle motion Properties Temperature effects Turbulence model Erosion
43 Density HEM Fixed Barotropic No Inviscid No
44 Density HEM Fixed Barotropic No Inviscid Yes
63 Density HEM Fixed Real-fluid No Inviscid No
55, 57 Pressure HRM/ mass transfer Fixed Real-fluid No RANS k-¢ No
51-53 Pressure, Eulerian, R-P Fixed Fixed No LES Multi—fluid Yes
two-fluid
45 Density HEM Fixed Barotropic No LES ALDM Yes
58 Pressure HRM/ mass transfer Fixed Barotropic No LES Dynamic 1-eq Yes
56 Pressure HRM/ mass transfer Cut-Cell Real-fluid No LES Dynamic 1-eq No
41, 49 Pressure Mass transfer Fixed & ALE Barotropic No LES WALE Yes
82 Pressure, Mass transfer ALE Fixed No RANS k-¢ Yes
two-fluid
31 Pressure Mass transfer ALE Barotropic No LES WALE No
46 Density HEM IB/Cut cell Barotropic No LES Implicit Yes
48 Density HEM Fixed Real-fluid Yes Inviscid No
65-68 Pressure Lagrangian R-P Fixed Real-fluid Yes RANS k-¢ No
69 Pressure Mass transfer Fixed Real-fluid Yes RANS k-0 SST No
62,64 Density HEM Fixed Real-fluid Yes RANS k-¢, LES No
99 Density HEM Fixed Real-fluid (PC-SAFT) Yes LES WALE No
61 Density HEM Fixed Real-fluid Yes LES Smagorinsky No
77 Pressure HEM Fixed Real-fluid (PC-SAFT) Yes LES WALE No
81 Pressure Mass transfer ALE Fixed Yes RANS k-¢ / k-¢-f Yes
71 Pressure Lagrangian R-P Fixed & ALE Real-fluid Yes RANS k-¢ No
59 Pressure HRM/ mass transfer Cut-Cell Real-fluid Yes RANS k-¢ No
Current work Density HEM ALE Real-fluid (PC-SAFT) Yes LES WALE Yes
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reported by the authors in [73-80]; tabulated data have been derived for
various fuel surrogates coving the range of properties variation occur-
ring within high pressure fuel injectors and thus allowing for accurate
estimation of the effects of fuel property variation to be considered. Still,
such effects have not been studied in relation to transient effects caused
by the motion of the needle valve.

The presence of a flow regulating valve in fuel injectors poses
important complexities in the modelling of the needle/needle seat gap.
One of the first methods employed was mesh stretching, were the gap is
represented by a fixed cell count which expands and contracts following
the needle motion [65-68,81,82]. Unavoidably, this leads to cell quality
issues, requiring periodic mesh replacement and field interpolations.
Alternative techniques may involve the addition/removal of cell layers
beyond a certain lift [49], which avoid entirely the issue of field inter-
polation. Still, the mesh topology cannot be changed, hence a true
needle closure cannot be achieved. This option can be enabled with
immersed boundary techniques or cut-cell techniques, which either add
source terms to emulate wall presence [29] or actually change the
shape/volume of intersecting cells with the wall to introduce the wall
presence [46,83].Another alternative that has recently emerged for
handling valves is the overset technique [84]; here there are two
meshes, one attached to the moving part and another acting as a back-
ground. Interpolations and activation/deactivation of cells are per-
formed during mesh motion, to account properly for geometric
variations and wall velocity. Further, overset has been also employed in
combination with cavitation effects [68]. It has to be noted however,
that, despite the flexibility of IB / cut-cell/overset techniques, the
needle/needle-seat gap may be represented with very few cells, espe-
cially at low lifts.

The mentioned methods for considering the moving computational
domain are numerically challenging for simulating the thermal effects
for a multiphase compressible flow under 450MPa pressure drop. Higher
Reynolds numbers require high grid resolution while higher order
schemes may lead to numerical oscillations; this is also needed for the
simulation of the boundary layers on surfaces not aligned with the grid
lines without unphysical oscillations in the region of sharp corners. The
ALE method better resolves these drawbacks. Still, it has some disad-
vantages: (i) more complex grid generation and more difficult set up to
move the computational grid is needed; (ii) during the calculations,
large deformations may lead to skewed cells.

For this purpose, the authors have developed and reported recently
in [18], an explicit density-based solver flow solver that has been
implemented in OpenFOAM; moreover, this solver has been coupled
with tabulated fuel property data derived from the real-fluid thermo-
dynamic closure PC-SAFT EoS, as documented by the authors in [73-79]
and [85]. As part of the present work, this solver has been further
modified to include moving meshes using the ALE approach, as pro-
posed in [86], guaranteeing enforcement of the Space Conservation Law
(SCL). Moreover, one of the important features of the developed model is
the combination of the Wall Adaptive Eddy (WALE) [87] LES model. In
addition to the numerical advancements, the literature review (see
Table 1) and to the best of the author’s knowledge, there is no relevant
simulations reported for cavitation and induced erosion in fuel injectors,
while considering variable fuel properties due to temperature/pressure
gradients and incorporating transient effects caused by the motion of the
needle valve. The developed numerical methodology addresses these
phenomena for the first time. Moreover, predictions from this real-fluid
thermodynamic closure are also compared to those obtained using the
isothermal barotropic model, while results from both simulation ap-
proaches are compared against the experimental data reported in [49]
for a 5-hole diesel injector.

The paper is structured as follows: first, the mathematical and
physical models are presented. Then, the discretization and the ther-
modynamic closures are analysed followed by the description of the
Diesel injector geometry, computational setup and erosion patterns.
Then the limitations of the numerical model are discussed, followed by
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the analysis of the three-dimensional flow-field; this includes analysis of
viscous fuel heating and cooling due to depressurisation. Next, the flow-
field for the full injection cycle presented while in the final section, the
results from the computational analysis are compared with the erosion
pattern retrieved from experiments.

2. Mathematical and physical model

The explicit density-based flow solver is based on the works of [18,
49, 88] and [40] but extended here to include moving grids. The
mathematical model employs a set of conservation equations governing
the fluid motion, re-casted in a form of space conservation law suitable
for moving/deforming meshes. The equations with a notation of [86]
and written in weak (integral) form given below; bold denotes vec-
tor/tensor and italic scalar variables:

- Continuity equation:

g/pdv+ /(pu,)~ndA =0 (¢})
v A

Here, p represents the fluid density, u, is the relative velocity of the
fluid in respect to the velocity of the moving grid, ug, defined as u, = u -
ug, n is the surface normal to the local grid face; V index implies volume
integral and A surface integral.

- The momentum conservation equation:

0
E/pudv + /(/)u ®u,)-ndA = —/pndA + /‘r-ndA 2)
v A A A

Here, p denotes the fluid pressure and 7t is the viscous stress tensor,
defined as:

T= [Vu+ (Vu)T} —2/3uV-u 3

where i is the effective viscosity of the fluid, including both turbulent
(ug) and laminar (u) viscosities.
- Energy conservation equation:

% pEdV + /(u,pE)-ndA = —/pu-ndA + /(keffVT) -ndA + /(T~Vu)-ndA
v A A A A

4

where: E represents the specific total energy of the system, defined as
internal energy plus the kinetic energy specific total energy of the sys-
tem, defined as internal energy plus the kinetic energy, T is the tem-
perature of the fluid and k. is the effective thermal conductivity of the
fluid, including both turbulent (k;) and laminar (k) components.

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

0
&/dv + /ur‘ndA =0 (5)
Vv A

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

2.1. Numerical schemes

The speed of sound in a cavitating flow may vary from O(3) to
effectively near zero in the mixture region. Hence, in some parts of the
domain the flow can be considered incompressible, whereas in others it
is highly compressible. This renders calculations problematic with
density based solvers, as they tend to be diffusive in the near incom-
pressible regime, converging to incorrect states [89]. In this work, a
hybrid numerical scheme is used, which has been implemented as dis-
cussed in [18]; this scheme involves blending of the Mach number (M)
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Fig. 1. Illustration of the contribution of the weighted term p (Eq(25) [88]) on
the interface pressure as described in Eq(22).

consistent numerical flux of [90], with a compressible variant based on
the Primitive Variable Riemann Solver (PVRS - see [91]). The blending is
done based on the local Mach number to enhance solver stability; when
the Mach number is small, the scheme reverts to the Mach-consistent
numerical flux, whereas when the Mach number is large, it switches to
the PVRS-variant. Time advancement is performed using a four stage
Runge-Kutta method. The allowable step size is usually determined
based on the following three factors: absolute (linear) stability, robust-
ness (nonlinear stability) and accuracy as described also in [91].
Moreover during this work it was observed that using a weighted term b
Eq(25) [88], for example a blending coefficient « =10 [88], or higher,
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for both thermodynamic models, the compressible-incompressible
contribution at the hybrid flux of the interface pressure Eq(22) [88]
influences vortex origin, size, development and reduces or even elimi-
nates vortex cavitation. Also, it was evident that vortices could dissipate
in the centre of the nozzle’s sac volume, leading to significantly lower
amount of overall vapor in comparison with the case where a =1 was
used.

B=1—ccM (6)

The further reduction of the a coefficient does affect the amount of
vapor in the injector volume or vortex behaviour attached on solid
boundaries or forming closed loops, as expected from the Helmholtz
second theorem. The reason is that the high a coefficient influences the
momentum numerical flux by rendering the numerical solution much
more diffusive. Using an a coefficient very close to zero (e.g. 0.01), the
expected vortex behaviour is recovered, but solution stability is
adversely affected. Hence, a modification of the blending is proposed
here in equation (6) below:

A= Qi + (Mf - Mmin) * (amax - amin) / (Mmax - Mmin) (7)

where Mg, Mphax and My, denote the Mach number of the surface of the
computational cell and its upper and lower limits, respectively; if the
Mach number is higher than the corresponding upper limit value, the @
coefficient is set equal to this value. In this way, the amount of vapor in
the injector volume or the origin and size of vortices is not influenced,
while also renders the solver stable especially during the early opening
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Fig. 2. Illustration of variation of density, heat capacity and dynamic viscosity of the 4-component Diesel fuel surrogate utilised; both two- and three- dimensional

plots are shown.
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Table 2
Thermophysical properties.
Inlet pressure [10° 180 Speed of sound Saturation 950
Pa] Liquid [m/s]
Density Inlet [kg/m®] 860 Saturation density, Vapor[kg/ 0.1
m?]
Speed of sound Inlet 1700  Viscosity, Liquid [Pa s] 0.000859
[m/s]
Outlet pressure [10° 5 Viscosity, Vapor [Pa s] 7.49%107°
Pa]
Density Outlet [kg/ 733 Inlet Temperature 350
m?] (Thermodynamic closure 1) [K]
Speed of sound 1070  Inlet Density (Thermodynamic 885.5
Outlet [m/s] closure 1) [kg/ms]
Saturation pressure 3600 Inlet Temperature 396
[Pa] (Thermodynamic closure 2) [K]
Saturation density, 727 Inlet Density (Thermodynamic 863.5

Liquid [kg/ms] closure 2) [kg/m3]

and closing phases. The modified numerical flux based on Eq(25) [88] is
shown in Fig. 1;arange of a coefficients from 0.01 (for low Mach number
regions) to 5 (for high Mach number regions can be used.

2.2. Thermodynamic closure 1: Thermodynamic properties derived from
the PC-SAFT EoS

To address the dependency of physical and transport properties on
pressure and temperature, as well as the phase-change characteristics
among different fuel components, a technique employing thermody-
namic tables is adopted, as described by the authors in [18]; to give an
example, the variation of fuel density, dynamic viscosity, heat capacity
and conductivity with respect to P-T conditions in the fuel injector is up
to 30%, 10° %, 40% and 60%, respectively. The advantage of using a
table is that it offers flexibility, since a wide range of data can be easily
exchanged, while achieving accuracy and low computational cost; this is
particularly true when considering complex real-fluid EoS, such as the
libraries of NIST [92] or the PC-SAFT EoS [93]. The table is two
dimensional, expressed in terms of the decimal logarithm of density and
internal energy, over an interval of p:0.001 to 1100kg/m> and e:
-1455kJ/kg to 5000kJ/kg, corresponding to min/max T of 275-2027K
and p of 1Pa to 3420 MPa; Maximum rail pressure is 450MPa, and
maximum pressures during collapse do not exceed ~1000MPa. Thus,
the upper limit used is sufficient; this space is discretised with 500 points
for both density and internal energy. Values are stored for all thermo-
dynamic, physical and transport properties, such as pressure (p), tem-
perature (T), enthalpy (h), entropy (s), heat capacity at constant
pressure (cp), speed of sound (c), thermal conductivity (k), dynamic
viscosity (p) and vapour volume fraction (v¢); intermediate values are
found using bilinear interpolations.

In combination with this EoS, transport properties such as viscosity
and thermal conductivity can be calculated using an entropy scale
approach with a good degree of accuracy as reported in [94, 95], while
surface tension is modeled using the density gradient theory [96].
Indicatively, the three-dimensional phase diagram derived from the
above PC-SAFT EoS for the 4-component surrogate Diesel fuel utilised
here, is shown in Fig. 2.

2.3. Thermodynamic closure 2: Barotropic EoS

A two-step barotropic EoS has been used by the authors in [49]; the
modified Tait EoS was employed for the liquid phase and the isentropic
approximation proposed in [45] was used for the liquid-vapour mixture,
as shown by equation (7). In this relationship, C1 is a coefficient that
emulates isentropic vaporisation of the liquid; n=7.15 (see [97]) is a
liquid-dependent constant while pgy. 1, is the saturation density of the
liquid at saturation pressure pgy. The properties of the liquid are
considered at 396K [49], which is the average temperature between the
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Moreover, in equation (7) the coefficient B indicates the liquid
stiffness/elasticity. In Table 2, the numerical values for the reference
state for computing the Tait parameters are provided. The saturation
point properties for the liquid and the vapour phases are provided in
Table 2 while Fig. 3 illustrates the variation of density with pressure at
the reference temperature of 396K.

3. Description of the examined injector and testing conditions

The simulated geometry is presented in Fig. 4, while specific di-
mensions of the injector featuring slightly tapered holes are given in
Table 3. The injector consists of five orifices, but only the 1/5% of the full
injector was simulated, employing symmetry boundary conditions. The
computational mesh used consists of a hexahedral block-structured
zone, while an unstructured tetrahedral zone is used in the sac volume
upstream of the orifice entrance. Mesh motion is performed with a cell-
based deformation algorithm, which moves the computational points
and cells and stretches them uniformly. The needle lift was initially set at
0.5 pm with 5 cells placed in the needle seat flow passage. The initial
flow field was obtained from a steady-state simulation performed at the
minimum lift at 0.5 um in order to have a smoother pressure field from
the inlet pressure at the inlet of the injector until the outlet pressure at
exit of the orifice. The computational mesh of the sac volume and in-
jection hole, which do not change throughout the simulation, are shown
in Fig. 4b and Fig. 4c, respectively. Fig. 5 shows the inlet pressure and
needle valve lift, as predicted using the 1-D system performance analysis
software, and used as boundary conditions in the CFD simulations. The
needle motion is assumed to be in the axial — z direction only; no ec-
centricity effects are considered. 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 [98]. Based on the
cell sizes indicated in Table 3 and the flow conditions, it is possible to
make an estimate of the Kolmogorov and Taylor scales of fluid motion
for this case, also shown in Table 3. The Taylor length scale gives a
characteristic size of inertial scales transitioned to viscous scales and can
be used as a resolution target that is respected in the LES. The time step
used is 0.5 ns, which corresponds to an acoustic Courant number (CFL)
of 0.7 using the speed of sound of liquid; this is also smaller than the
Kolmogorov time scale throughout the computational domain.

As shown in Table 4 the injector geometry has been divided in three
topologies with different characteristics. The Reynolds number into the
injector varies significantly between the needle seat, sac and orifice
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Fig. 4. Naming convention of injector surfaces (top) and 3D view of the computational domain at 70 pm needle lift (bottom).

Table 3
Geometric dimensions of the examined injector.

Max. Needle radius [mm] 1.711  Orifice diameter Outlet [mm]  0.359

Sac volume [mm°] 1.19
K-factor (Dip -Doyt)/10 [pm] 1.1

Orifice length [mm] 1.262
Orifice diameter Inlet [mm] 0.37

volume. Given the flow conditions inside the injector the Reynolds
number is ~60,000 for the needle and orifice region and ~45,000 for
the sac volume. The following values correspond to Taylor length scales,
Agt

|2, = VI0Re " L (10

In [99] (Table 2), 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 pm; therefore, the 1.5 M cells mesh was used
for all of the following simulations. The integral quantities of mass and
energy balance for every injection pressure, including thermal effects
are indicated. The smallest difference of the mass flow at the exit is
found for the foremost refined mesh. However, there the difference from
the intermediate 1.5M cells mesh is 0.1542% for the 450MPa case; thus,
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Fig. 5. Injection pressure and needle lift utilised as boundary conditions. The
has been predicted using the 1-D system performance analysis model, devel-
oped internally by Caterpillar Inc. The input parameters of the 1-D model
include engine speed, fuel pressure and temperature, injection duration and
regulator back pressure and also incorporate the hydraulic circuit of the
endurance bench fuel systems and the electronic control system.
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Table 4
Taylor microscale of fluid motion for the injector’s different part.

Region Taylor length Minimum cell Kolmogorov time
scale size scale
Needle 3 pm 0.1 pm 1.5ns
Seat
Sac 9 pm 7 pm 8 ns
Volume
Orifice 4.7 pm 3 pm 2.2 ns

this was used for all following simulations.

4. Injector endurance tests and X-ray erosion patterns testing
conditions

Accelerated cavitation erosion durability tests have been performed
in an endurance test rig, located at Caterpillar US research and devel-
opment centre. Endurance testing is conducted for several thousand
hours, with injection pressure at 1.1-1.5 times the injector rated oper-
ating pressure. The testing fuel is periodically replaced to maintain
quality. The injectors are mounted on the head block of the test rig and
the injected fuel is collected by the collector block and the rate tube; the
downstream pressure adjusted by the pressure regulator at the end of the
rate tube. The test rig has a heat exchanger to keep Diesel fuel temper-
ature controlled at 40+1°C in the fuel tank and a computer which col-
lects the data and controls the injection frequency. After the
pressurization of the fuel at the nominal pressure of 180 MPa, the fuel
reaches 350K, which is the feed temperature at the inlet of the injector.
The erosion patterns from the endurance tests have been reported in
[49] and they are consistent for all injectors tested at the same time
intervals. The needle valve but not the needle seat is affected by erosion
as reported in previous work for the so-called ‘Design B’ in [49], since a
deep erosion ring with mean radius of 0.75 mm is visible; for compari-
son, the larger radius of the nozzle’s sac volume is 0.75 mm and the
radius of the needle is 1.71mm, as shown in Fig. 4. As reported in [49],
the difference between the different Diesel injector designs A and B on
erosion on the needle surface is significant. In the nozzle holes, the
injector is generally less prone to erosion damage; surface pits have been
observed only on the hole’s top side. Finally, only minor signs of erosion
damage inside the sac volume have been observed, that become
apparent after thousands of hours of continuous operation.

5. Limitations and link to previous works

Limitations arising from both the validity of the models themselves
utilised and the selection of the specific conditions investigated, include:
(1) the dependency/accuracy of the simulations on the equations
describing the fuel properties as function of pressure and temperature;
(2) the assumption of local mechanical and thermal equilibrium, i.e.
vapour and liquid have, locally, the same velocity (no slip) and same
temperature, utilised in order to predict the amount of fuel that cavi-
tates; (3) the assumption of adiabatic nozzle walls and (4) the lack of
detailed validation against experimental data. A short evaluation of
those factors is provided below, before the presentation of the results.

(1) The dependency/accuracy of the simulations on fuel properties as
function of pressure and temperature is considered by utilising
the PC-SAFT EoS. This EoS [93,94] has been previously used with
the Diesel surrogates [100] of this work and compared with
experimental results up to 500MPa and 600K for density, vis-
cosity and volatility, [80] with an accuracy of 1.7% for density,
2.9% in volatility and 8.3% in viscosity. Other Diesel properties,
such as thermal conductivity, at extreme conditions up to
450MPa and 360K can also be found accurately predicted by
PC-SAFT [75, 74, 80] with an accuracy of 3%. It can thus be

(2

—

(3)

(€Y
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claimed that the selected EoS is a good compromise for studying
such effects in high pressure fuel injectors.

One of the main assumptions in the described methodology is the
mechanical and thermodynamic equilibrium between the liquid
and the vapour phases. With regards to the mechanical equilib-
rium assumption, the recent study from the authors using a two-
fluid model has confirmed that differences between liquid and
vapour velocities are less than 10% and only in localised locations
of the flow [51]; they have been found not to affect the overall
growth rate and production of vapour. With regards to thermo-
dynamic equilibrium, a metastable, i.e. non-thermodynamic
equilibrium, state occurs when the pressure of the liquid drops
below the saturation pressure and no vapour is formed, leading to
liquid tension, due to the rapid expansion of the liquid [101,102].
The relaxation time of the tensile stresses, i.e. those acting in the
metastable state, was numerically estimated to be of the order of
10ns for a vertical tube filled with liquid, impacted vertically and
producing an expansion wave of 30MPa [103], however this
applies for water in ultra-clean conditions. It is questionable if
these scales apply for other fluids and for practical/industrial
conditions, where fluids are full of nuclei and surfaces have
considerable roughness. Hence, given the uncertainty in nucle-
ation phenomena in industrial applications, where external ex-
citations (turbulence, vibrations), impurities, surface roughness
etc., we prefer to avoid ad-hoc assumptions about nuclei content
and we prefer to use the HEM model, as it simplifies greatly
modelling.

In the absence of information of either the internal (i.e. in contact
with the fuel) or the external surface of the injector as well as its
detailed geometry and assembly on the cylinder head, any
assumption for estimating the heat transfer between the metallic
nozzle and the fuel practically is not meaningful. Nevertheless,
older studies [70] have estimated the heat transfer based on some
gross approximations of those parameters; it clearly suggests that
due to the very short time scale of the injection event relevant to
the time it takes for wall heat transfer to give an appreciable ef-
fect: less than 0.2% variation in the amount of cavitation forming
and 0.07AT degrees in the mean fuel exit temperature, where
stands for the temperature difference when adiabatic walls are
considered. Thus, the adiabatic wall assumption is a good
approximation for this specific case.

Quantitative experimental data (i.e. vapour volume fraction and
velocity flow field) are available only for enlarged nozzle replicas
operating at significantly lower pressures. Such validation works
have been thoroughly reported from the authors utilising similar
models to those reported here. More specifically, the barotropic
homogeneous mixture model has been have been validated
against the 3D distribution of vapor fraction within the validation
uncertainty (+£7%, including both numerical and experimental
uncertainties) [41, 104]. Further validation has been obtained for
the flow field distribution, cavitation frequency shedding and
turbulent velocities in the same single-hole injector against high
energy X-ray phase contrast imaging (XPCI) measurements for
conditions covering a range of cavitation regimes (incipient, fully
developed and vortex/string cavitation) [35, 105]. Additionally,
validation against Laser Doppler Velocimetry (LDV) measure-
ments has been also reported [41]; this study has also utilised the
WALE LES model for turbulence, as it has been proved that can
reproduce accurately the turbulent structures found in Diesel
nozzles. These studies suggest this model is capable of capturing
both incipient and developed cavitation turbulent features. In the
present study, the Reynolds number is ~[900-15,000] and thus,
it is within the range of applicability of the selected model. As the
vaporous core of cavitating vortices has been found to be in the
order of 20pm [106], the smallest cell size of ~2pum used is small
enough to capture the smallest scales present in the flow that can
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Fig. 6. Nozzle discharge coefficient and fuel exit temperature during the opening (left) and closing (right) phase during injection.

potentially lead to vortex cavitation. Inspection of the calculated
flow fields for the tested conditions here suggest that there are no
under-resolved vortical structures that may cavitate and signifi-
cantly influence the obtained results. Moreover, for injection
pressures in the range of 180MPa, the same simulated injector
geometry was previously validated for predicting cavitation
erosion damage utilising the barotropic model. Turning to ther-
mal effects, there are no experiments for real size high pressure
Diesel injectors for the temperature variation that can be used for
validation. However, a recent study for high-pressure closed loop
test bench for fuels temperatures up to 160°C is used to erode
micro-channels made of Al 99.0 at a maximum pressure of 500
bar. The temperature of maximum erosion correlates with the
temperature dependence of the maximum collapse pressure
[107]. Here results will be presented against 0-D predictions of
the mean fuel heating up as it discharges through the fuel injector
while predictions against the erosion data available are further
utilised for the validation of the model.

6. Results
6.1. Comparison against 0-D thermodynamic model predictions

Due to lack of experimental data, a 0-D thermodynamic model is
used to estimate the fuel temperature variation between inlet and outlet

using equation (10); adiabatic nozzle walls and no work exchange under
fixed lift conditions have been assumed, while the generation of

turbulence has been ignored. The comparison against the CFD pre-
dictions is shown in Fig. 6 as a function of the nozzle discharge coefti-
cient, which is also presented on the same plot; as mentioned earlier, this
has been predicted by utilising the two thermodynamic closures. It is
reminded that the nozzle discharge coefficient is defined as the ratio
between the actual injected fuel mass over the ideal one that would have
been obtained without any pressure losses. For fuel injectors, the
discharge coefficient changes from zero when the needle valve is closed
and takes its maximum value at full lift.

(ho.m - hO.nur)

0,in

Tourop = Tour + Tow 11)

These estimations have been obtained assuming an initial fuel tem-
perature of 350K. An increase in temperature is observed, particularly
during the needle opening and closing periods, where an increase up to
100 degrees is estimated by both the CFD and the 0-D models. Overall, it
can be seen that almost identical predictions from both models have
been obtained for the mean temperature variation between the inlet and
the outlet as function of the needle valve movement. Some differences
observed during the very early stages of the needle valve are attributed
to transient effects, which are not considered by the 0-D model. Peak
values are mainly concentrated into the needle seat passage, starting
from its narrowest gap and extending well inside the nozzle’s sac vol-
ume. Liquid expansion compensates some of the expected fuel heating
while cooling is predicted for Cd values higher than 0.8. After the first
and second stage of the needle valve opening, the average fuel tem-
perature is very close to the value estimated assuming isentropic
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Fig. 7. Temporal evolution of maximum velocity magnitude and vapour volume percentage at the narrowest point at the needle seat passage; lift increase from 12
pm to 35 pm during the plotted time. The points (a) to (d) are indicated as a reference to following figures.



K. Kolovos et al.

Time (us): 71.22
Re-entrant jet

initial length
i) ’ Film-like

cavitation

Time (us): 71.61

Applications in Energy and Combustion Science 7 (2021) 100037

Time (us): 72.03
L. =1100 pm

Time (us): 72.93
Re-entrant jet

final lengt|

“]  Film-like
‘\6 cavitation on

"""" = N the needle
VCS{"'Q seat surface
(a) 27.2 um (b) 27.43 um (c) 27.55 um (d) 28.0 um =
Temperature (K)
300.0 350. 400. 450.0

Fig. 8. Snapshots of vapour iso-volume coloured by fuel temperature with vapour volume fraction a = 0.01-1.0 of a representative vapour shedding cycle during the

opening of the needle valve from 26.2 pm to 27.2 pm. The selected time insta

expansion of the injected fluid, which justifies the use of the barotropic
model at sufficiently high needle lifts. Finally, the average fuel tem-
perature seems to be noticeably higher during opening (up to ~470K)
when compared to closing (up to ~440K). Finally, the 0-D model seems
not to follow the maximum and minimum locals of fuel temperature as
predicted by the CFD simulations, especially for the early opening and
closing; this is because the 0-D model does not take into account the
strong vortex produced into the sac volume that influences the fuel
temperature.

6.2. Cavitation development during the opening and closing phases

The opening period of the injection event can be divided into three
stages. During the first stage, cavitation appears at the needle seat pas-
sage, inside the sac volume and in the nozzle hole. During the second
stage, a transition of cavitation from the lower to the upper orifice
surface is predicted. Unstable vortex (or string) formations initiate from
the needle tip, travel into the orifice inlet and cavitation occurs only in
the nozzle hole; sheet cavitation formation is observed at the upper
orifice surface and large stable vortical and vapour structures, aligned
with the flow direction, dominate. During the third stage, the flow is
attached at the vertical wall of sac volume while fully developed cavi-
tation formation is observed at the upper orifice surface. The first stage
lasts between 0-150 ps (60 pm), followed by the second stage realized
during 150-500 ps (315 pm); and finally, the third stage lasts between
500-985 ps (350 pm). During stage 1, the Cd values are lower than 0.4.
During this stage, both thermodynamic closure models predict similar
trends for the Cd, vapour volume fraction and turbulence formation.
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nces from (a) to (d) correspond to those indicated in Figure 7.

Fig. 7 shows the maximum velocity and the vapour volume formed in
the needle seat passage during this time period; a clear vapour formation
and shedding pattern can be observed. Vapour formation blocks the
liquid fuel through the needle seat passage which results to a decrease in
the velocity.

One representative vapour shedding cycle during the opening phase
of the needle valve is shown in Fig. 8. The cavitation formation and
development at the needle seat passage is closely related to the unsteady
recirculation zone and the vortex-cavitation shedding in the sac volume
intake or close to vertical sac wall, indicated as VCS;. Cavitation appears
at the needle seat, inside the sac volume and in the orifice, as shown in
Fig. 8(a-c). The initial length of the re-entrant jet and the initial length of
the detached cavity from the surface increase until they reach their
maximum values, as shown in Fig. 8(d). In order to define the frequency
of the cavitation cloud shedding, the Strouhal number is calculated
based on [108]. As observed from these consecutive instances, vortex
cavitation appears within the sac volume; a wall-attached sheet cavity is
also observed at the periphery of the nozzle orifice. In Fig. 8(a), the
sheet-to-cloud cavitation transition originates.

The mean length of the attached cavity on the needle surface was
chosen for the characteristic length L, as depicted in Fig. 8(c), while the
average velocity U, is estimated to be ~650m/s. The number of the
repeating shedding events during the opening phase is 28 and their
duration is ~160ps. Using equation (11), the Strouhal number is ~0.3.

12

The normalised volume of cavitation formed during the injection
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Fig. 9. Vapour volume fraction in the injector volume during the opening and closing phase of the needle valve. Before 150 ps (60 pm) and after 2950 ps (63 pm) the

vapour volume is normalised with the sum of the injector’s needle seat passage,

sac and orifice volumes. In between these times, normalisation only with the orifice

volume is performed. It is noted that at zero needle lift the sac volume is 3.1 times larger than the volume of the orifice.
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Fig. 10. Instantaneous tangential velocity and density distribution on slices normal to the orifice and at the midplane of the injector, at time instant 248ps (132 pm

needle lift) using (a) full thermodynamic model and (b) barotropic model.

period is shown in Fig. 9. During the opening and closing of the needle
valve, where cavitation dominates in the needle seat area and the sac
volume, the vapour volume is normalised with the sum of the injector’s
needle seat passage, sac and orifice volumes; while for the period of the
injection cycle, where cavitation only appears inside the nozzle hole,
normalisation is done using only the volume of the injection hole.
During the early opening stages of the needle valve, the amount of the
vapour does seem to be noticeably higher for the full thermodynamic
closure than that predicted from the barotropic model. This trend also
persists over the whole simulation period.

During the early stage of closing, which lasts from 2500 ps (350 pm)
to 2750 ps (257 pm) and denoted as ‘stage 3’ in Fig. 6 and Fig. 9, similar
flow and cavitation patterns to those predicted during opening are
realised. Differences are realised during the following two stages; ‘stage
2’ lasts between 2750 ps (257 pm) and 2970 ps (63 pm) followed by
‘stage 1° lasting from 2970 ps (63 pm) to 3015 ps (1.6 pm). The amount
of cavitation vapour formed shows noticeable differences, up to 12%
especially for lower than 35 pm needle lift and up to 15% between 120
and 140 pm needle lift. The amount of the vapour does seem to be
noticeably different between opening and closing; calculated differences
are 2%-3% for the same needle lift.

6.3. Differences between the thermodynamic closure 1 and 2

Fig. 9 revealed that the vapour volume fraction values vary signifi-
cantly during the injection event. At some local points the amount of the
vapour shows noticeable increase with fluctuations for the full ther-
modynamic closure case when compared to the barotropic model. This is
due to both viscous heating and the formation of different vortical and
vapour structures into the sac and orifice volume, forming during the
first and the second phases of the needle valve, respectively. As shown in
Fig. 10, the comparison between the different thermodynamic models
reveals that the velocity, dynamic viscosity and temperature profiles
show different trends; this explains the difference in the percentage of
vapour volume fraction. The plotting slices into the orifice shown in
Fig. 10 are placed at the hole inlet, middle and just before the exit of the
orifice. Comparison between Fig. 10(a) and Fig. 10(b) reveals that by
neglecting the temperature variations in the case of the barotropic
model leads to a more uniform density distribution; as a result, this leads
to the suppression of the swirling flow developing inside the nozzle’s sac
volume. Another reason for the differences between the full thermody-
namic and barotropic model is the effect of the baroclinic torque, which
cannot be included in a barotropic model, as it is by default zero when
the barotropic assumption is utilised. The total derivative of vorticity ®
for compressible non-barotropic flow is given, according to [109], by
equation 11. The first term on the RHS of the equation is the
compressibility term; compressibility increases vorticity, while the
following term represents the change in vorticity from vortex stretching

11

and tilting [110]. The third term is the rate change of vorticity due to
baroclinicity effect [110]; this term is zero for a barotropic flow, since
pressure and density spatial gradients are aligned; the last term repre-
sents the change from viscous dissipation.

Dw
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As shown in Fig. 10(a), the injector’s sac volume and orifice exhibit
different temperatures. Some regions are at inlet temperature (350K) or
even lower, while others have temperature higher than 390K, due to
viscous heating on the needle surface and on the orifice upper wall. As a
result, the viscosity field is not uniform; that gives rise to vortex for-
mation, which, in turn leads to formation of cavitation. These strong
coherent large-scale vortices underlie on the needle tip surface or the sac
volume, causing strong string cavitation that extends into the orifice
volume. Furthermore, in Fig. 10(a), three different cavitation structures
are evident, which have complex shapes. The first one is the fully
developed cavitation at the upper surface of the orifice wall, which is
detached from the wall after slice 2. The other two cavitation structures
are the two counter rotating vortices indicated as string cavitation S;
and Sy in Fig. 10(a). S; and S; are long and narrow extending to the exit
of the injection hole. The S; and S, are results of the strong swirl of the
flow into the sac volume and due to acceleration of the flow as the cross-
sectional area of the orifice decreasing.

6.4. Analysis of the flow field and vapour structures

At the first time instant, a highly fluctuating transition from sheet to
cloud cavitation, creates a well-established vapour structure into the
needle seat passage, as explained in Fig. 8, forming a recirculation zone;
next depicted time instant highlights the interaction of vortex cavitation
with the flow inside the sac volume up to the needle wall surface, as
illustrated in Fig. 11(b), while in Fig. 11(c) the unstable cavitation
structure occupies the region close to the sac wall and before the orifice
entrance. One part of the fuel is moving backward into the passage close
to the needle surface. At the same time, part of the fuel moves parallel to
the sac vertical wall. As a result, the upwards flow collides with the high
velocity jet, which comes through the needle seat passage at the sac inlet
and changes the direction of the jet, as shown in Fig. 11(b-d). The third
column shows the detaching cloud sequence, which is a consequence of
the vortex shedding. The vortex structure VC; gains rotation due to the
vortex stretching. The size and circulation may be connected with the
sheet length and the vapour cloud detachment [111].

In Fig. 12, focus is placed on the visualisation of the swirl formation
[112] and the evolution of vortex cavitation along the orifice length.
During the second opening and closing phases, the flow is characterized
by sheet-like cavities at the upper wall of the orifice and by aligned
vortical vapour cavities into orifice volume. Coherent longitudinal
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Pressure (MPa) U Magnitude (m/s) Temperature (K)
0.0 50.0 100.00.0 200. 400. 650.0 300.0 350. 400. 450.0

Time (us): 72.93

Time (us): 73.94

Time (us): 74.72

Time (ps): 75.86

Fig. 11. 3D visualization of the flow during the needle movement from 28 pm to 29.2um corresponding to; a representative vapour and vortex shedding cycle.
Snapshots are presented at time instants (a)-(d) as indicated on the symmetry plane, showing the instantaneous pressure (first column), velocity field (second
column); vapour volume fraction coloured with fuel temperature (third column) and flow streamlines (forth column) are also plotted.
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vortical structures in the sac volume cavitate into the orifice volume.
These vortices (C; and C3) originate from the needle tip as depicted in
Fig. 12 (a) as strong unstable spiralling tip needle vortex and (c) or from
the possible interaction with the other orifices like Cy, Fig. 12(b). This is
in agreement with the Helmholtz second theorem stating that vortices
cannot terminate in the bulk of a fluid; they must attach on a solid
boundary or form closed loops [113]. One significant observation is that
at the centre of the initial core of these vortexes, C;, C2 and Cs, the Mach
number is even lower than 0.1 because the velocity is too low. Due to the
acceleration of the fuel into the orifice, the resulting streamwise velocity
gradient stretches these vortices, the streamwise vorticity increases and
when the pressure drops below the vapour pressure, vortex cavitation
appears.

In Fig. 13(a) and (b) the pressure and velocity magnitude fields

Spiralling rope

300.0

Applications in Energy and Combustion Science 7 (2021) 100037

Fig. 12. 3D visualization of a representative
vapour and vortex shedding cycle at time in-
stances correspond to (a) 140 pm opening
phase, (b) 310 pm, opening phase and (c) 104
pm, closing phase. First column: The iso-
surfaces of q criterion with ¢ = 2.2 x 10'2 are
colored by the velocity magnitude; Second
column: flow streamlines at the midplane of the
injector coloured by the velocity magnitude;
Third column: vapour volume fraction coloured
by fuel temperature and flow streamlines.

Temperature (K)

350. 400. 4500

o

Nozzle interaction vortex

Spiralling rope
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vortex
’

reveal a different behaviour during the opening and closing phases.
During the closing phase, higher fuel mass flow quantities are injected
from the nozzle, due to the higher velocity magnitude; the descent of the
needle pushes forcefully the fuel mass through the injector and therefore
higher Cd is calculated.

Also, the unsteady flow of the fuel jet and the turbulence inside the
sac volume create pressure variations in the sac volume which explain
the different pressure field between the opening and closing phases at
this low lift. At 105 pm needle lift during the closing phase, the down-
ward needle displacement pushes the fuel, having feed temperature,
through the needle into the sac volume and then towards the injection
hole. The pressure inside the sac volume is ~150 MPa, while during the
opening is approximately 5 MPa lower. The differences between the
opening and the closing phase progressively disappear near full lift as
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Fig. 13. Snapshots of instantaneous pressure and velocity magnitude at time instances corresponding to (a) 37 pm, (b) 105 pm and (c) 340 pm.

illustrated at 340 pm.

6.5. Analysis of fuel heating and cooling

The fuel heating and cooling is shown on the mid-plane of the
injector in Fig. 14. As seen in Fig. 14(a), at 30 pm, the strong viscous
heating produced by wall friction leads to higher fuel temperature
during the opening of the needle valve than during its closing. At a
higher needle lift of 63 pm, shown in Fig. 14(b), both viscous heating
and cooling of the fuel take place. Predictions indicate that the liquid
fuel temperatures in the needle seat passage are 15K degrees lower than
that of the inlet fuel temperature. The cooler fuel jet is more extended
during the closing phase than in opening phase. Moreover, during the
needle valve closing, the downwards displacement of the needle valve
pushes the fuel from the sac volume towards the injection hole, resulting
to a decrease of the average fuel temperature at the exit of the nozzle.
With regards to the temperature of the vapour, at sufficiently high
needle lift, the fuel temperature at the upper surface of orifice can
exceed the fuel boiling temperature, resulting to superheated vapour.

Two additional processes affect the temperature of the formed
vapour. During cavitation formation, the expansion of the vapour results

in temperature decrease, while during vapour collapse, occurring
further down inside the hole orifice, significantly higher temperature
compared to the surrounding liquid are observed. Moreover, the faster
closing phase plays a significant role on the development of different
thermal boundary layer into the needle seat passage, as depicted in
Fig. 14(b) and (c). This fuel cooling process is related to the de-
pressurisation of the fuel; the low pressure due to fuel acceleration
and the absence of high-pressure gradients and velocity gradients at the
centre of the needle seat passage. As seen, the cooler region in the orifice
volume extends and covers a larger region of the orifice volume at
higher Cd values. At a higher lift, the strong viscous heating produced by
wall friction increases significantly inside the injection hole. The fuel
temperature at the upper orifice surface can exceed the fuel boiling
temperature. Fig. 14(c)-(d), superheated vapour appears on the injector
wall, close to the inlet.

6.6. Analysis of cavitation pattern
Fig. 15(a) shows the vapour volume inside the injector at 15 pm

needle lift during both the opening and closing phases; the cloud is
additionally presented coloured by the local temperature. Part of the sac
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Fig. 14. Snapshots of instantaneous temperature field on the mid-plane of the injector. The time instants correspond to needle lifts (a) 30 pm, (b) 63 pm, (c), 150 pm

and (d) 207 pm.

volume is occupied by a symmetric vortex cavitation pattern. The
vapour inside the injector at this needle lift during opening is up to 27%
of the nozzle’s sac volume, while during closing even higher values up to
34% are calculated. At the same time, sheet cavitation is forming in the
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needle seat passage, while cavitation is also forming inside the injection
hole. Until the 214.82 ps and 105 pm lift, cavitation inception forms at
the entrance of the orifice, as seen in Fig. 15(b). Before that injection
time, cavitation forms close to the lower orifice surface and cavitation
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Fig. 15. Snapshots of cavitation formation coloured by the temperature and vapour volume fraction during the opening and closing of the needle valve. The time
instants correspond to needle lifts (a) 15 pm, (b)105 pm, (c)174 pm and (d) 340 pm.

structures span in the whole orifice length forming thin string cavitation
that may even exit from the orifice. Following, a transition of the cavi-
tation from the lower to upper orifice surface is predicted while during
most of the remaining injection time cavitation inside the orifice pri-
marily originates from the top corner of the hole entry, while vortex (or
string) cavitation is also observed. Although these patterns are present
during both the opening and closing periods, some differences can be
observed. In Fig. 15(b) transition from sheet to fully developed cavita-
tion formation is observed at the upper orifice surface and unstable
streamwise aligned vortex cavitation structure appear in the orifice
volume.

The differences on location, growth and appearance of vapour
structures in Fig. 15(b) are related to the higher Cd, around 0.1, pre-
dicted during closing and less to the level of heating because the tem-
perature difference is only 20K. At 174 pm lift, coherent cavitation
structures appear in the whole nozzle hole, as seen in Fig. 15(c). Fully
developed sheet cavitation formation is observed at the upper orifice
surface and large scale vortical and vapour structures in the axial di-
rection now dominate the flow. Due to the tapered shape of the nozzle
holes, these vortices are further stretched and cause vortex cavitation.
The difference on location, growth and appearance of string cavitation
in Fig. 15(c) is connected to the higher level of fuel cooling at the centre
of the orifice during the closing phase. As seen in Fig. 15(d), at 340 pm
lift, the amount of vapour is almost identical during opening; the same
applies to the value of the Cd, average fuel temperature and the identical
pressure, temperature and velocity magnitude fields.

16

Max Pressure (MPa) ¢
00 50 100 150 200.0
' v

Fig. 16. Spatial distribution of accumulated pressure peaks on the surfaces of
the needle valve, sac volume and injection hole; the black line denotes a radius
of 0.75 mm where the erosion damage on the needle surface occurs.

6.7. Analysis of erosion pattern and erosion assessment

The determination of possible erosion areas during the design pro-
cess of Diesel fuel injectors is a significant factor for efficient operation
and durability. In Fig. 16, the development of the potential erosion due
to local maximum accumulated pressure peaks on the injector surfaces is
shown. From the experiments a clear pattern is identified with erosion
formation on the needle surface in the form of a deeply engraved ring
shape. The pressure peaks are predicted in the needle seat passage re-
gion between 13 pm and 40 pm. Considering the other surfaces of the
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Fig. 17. Peak collapse detector pressures during the needle opening phase (right) and during the needle closing phase (left), recorded during the period when the

needle lift moves between 14pm to 40pum.

nozzle, sac is less affected by erosion very close to orifice inlet. In the
nozzle holes, the injector is generally less prone to erosion damage,
where minor pits on the top side of the injection hole entrance are
observed. Moreover, some signs of erosion damage inside the sac volume
exist. At the hole inlet, the two locations with potential erosion are
predicted very well from the simulation results.

The following Fig. 17 depicts the pressure peaks pattern predicted
during the opening and closing at the needle seat region. It is reminded
that this small part of the closing phase lasts ~19ps, while the opening
lasts ~80 ps. As it can be seen, high frequency local pressure fluctuations
take place on the needle seat during the opening period. These fluctu-
ations are the result of the sheet to cloud cavitation transition. However,
strongest collapse events are located on the needle surface at the end of
the injection phase. High frequency pressure peaks reaching levels of
300MPa and 990MPa during opening and closing, respectively. Based on
the combined data of the collapse pressures and the distribution of
maximum wall pressures, a significantly higher risk of cavitation erosion
on the needle valve surface can be expected during the closing phase.
The pressure peaks on the upper orifice surface, starts to form during the
transition of cavitation from the lower to the upper orifice surface, as
well as during the second stage of the opening, due to cavity shedding
developing near this region at the same stages of closing phase. The scale
of collapse pressures, like those on orifice entrance, may not be high
enough to cause changes to injector material, but the high boiling
temperatures, around 660K, with exposure time duration of 2ms at 340
pm lift potentially could potentially contribute to that [114]. The
confirmation and noticeable observation for the erosion pattern into the
needle seat passage is that erosion is predicted only on the needle surface
at radius 0.75mm, in agreement with the experiments.

7. Conclusions

A compressible explicit density-based solver of the Navier-Stokes and
energy conservation equations has been employed for simulating the
development of cavitation in a five-hole common rail Diesel injector
geometry. Two thermodynamic closure models for the liquid, vapour
and vapour liquid equilibrium (VLE) property variation as function of
pressure and temperature were examined. The first is based on tabulated
data for a 4-component Diesel fuel surrogate, derived from the PC-SAFT
EoS; the second was based on the widely used barotropic EoS approxi-
mation between density and pressure and neglects viscous heating.
Model predictions were found in perfect agreement against 0-D esti-
mates of the temporal variation of the mean fuel temperature difference
between the injector’s inlet and outlet during the injection period. Two
mechanisms affect the temperature distribution within the fuel injector.
The first is ought to the strong viscous heating produced by wall friction,
leading to significant increase of the fuel temperature at the upper
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orifice surface, where local temperatures can exceed the fuel’s boiling
temperature and superheated vapour is forming. At the same time, due
to Joule -Thomson effect liquid expansion due to depressurisation re-
sults to liquid cooling relative to the fuel’s feed temperature; this is
observed at the central part of the injection orifice. These temperatures
gradients induce significant variation of the fuel physical properties
locally, which in turn, affect the formed flow structures and in particular
the interaction between coherent vortical structures. While the sub-
cooled region into the injector is more evident during the closing
phase of the needle valve, the heated region is more pronounced during
the opening phase; it is evident that the needle motion affects the
thermal boundary layer and possibly the inception and cavity sheet
growth and transition, especially at low lifts due to different needle
velocity between opening and closing phases. The origin of these vortex
cavitation structures was traced into the sac volume and on needle tip
surface. Predictions from the full thermodynamic closure model for the
peak pressures on the walls of the nozzle were also compared against
corresponding X-ray derived surface erosion images obtained from
durability tests. Locations of erosion on the surfaces of the needle valve,
sac volume and injection holes were in good agreement with the rele-
vant observations.

Overall, the comparison between those two thermodynamic closure
models discloses that there are minor differences in the predicted nozzle
discharge coefficient but significant differences in the temperature dis-
tribution and the vapour volume fraction inside the injector’s volume
inside the fuel injector as well as the mean injection temperature.
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