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Abstract

Sprays are used in a variety of engineering applications, including fuel injec-

tion in heat engines, biomedical aerosols and so on. Spray behaviour is gov-

erned by complex fluid dynamics and multiphase interactions, making it an in-

tense field of study with numerous experimental and numerical investigations.

In this research project, the Eulerian-Lagrangian numerical framework is used

to investigate sprays and a new modelling tool is developed to address limita-

tions in this framework, characterising non-spherical droplets. The Eulerian-

Lagrangian approach tracks droplets’ position, velocity and forces using New-

ton’s second law. The droplets, namely the Lagrangian particles, are then

coupled with the Eulerian fields of the surrounding gas by means of trans-

port equations (for mass, momentum, energy, etc.). However, the standard

Eulerian-Lagrangian approach has limitations due to both the numerical meth-

ods and the physical characterisation of the Lagrangian particles. Available

computational fluid dynamics tools use the Eulerian-Lagrangian formulation

assuming that Lagrangian particles are spherical; in turn, the submodels used

to describe the droplet dynamics are also based on this same assumption.

However, experimental observations indicate that aerodynamic perturbations,

as well as extreme ambient conditions, distort the droplet.

During this project, a range of sprays has been investigated: sprays for in-

ternal combustion engines operating in transcritical conditions, biomedical

sprays and jets in crossflows. These investigations demonstrated the limita-

tions of the standard Eulerian-Lagrangian approach and supported the devel-

opment of a novel Eulerian-Lagrangian model (i.e. ELPSA), to improve the

characterisation of the Lagrangian particles and to achieve a better description

of microscale droplet dynamics. ELPSA aims to provide a physical charac-

terisation of the particles accounting for their distortion, shape and surface,

based on droplet characteristics and the local properties of the gas field at

the particle location. The concept for this novel approach is based on the

Eulerian-Lagrangian Spray Atomisation (ELSA) model, which uses a fully
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Eulerian description to capture the liquid/gas interface. The model makes the

hypothesis that spray particles can be described by three main shapes: spher-

ical droplets, ligaments and lens-shaped particles. Two novel submodels (for

the drag and the vaporisation of the particles) have been developed based on

the shape of the droplets and successfully implemented. The performance of

these submodels is investigated, addressing the physical phenomena involved

and identifying the aspects of the model that need future development (such

as breakup). ELPSA has been primarily implemented for diesel and a gaso-

line sprays, with promising results. The model is shown to be capable of

describing the characteristics of sprays in a range of different conditions.
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1 Introduction

1.1 Motivation and Background

Sprays are widely used in engineering applications. They are applied in indus-

trial processing for surface treatment for cold spray coating [1, 2] and thermal

coating [3]; agriculture and horticultural engineering, food processing, med-

ical sprays and aerosols and so on [4]. Sprays are very relevant for power

generations too, as liquid fuels are injected within heat engines, in the form of

sprays [5]; in these devices the fuel energy is converted into useful work, by

means of mechanical parts (i.e. pistons, turbines). The fuel injection process

plays a key role in Internal Combustion Engines (ICE), as it greatly impacts

the engine thermal efficiency and the pollutant emissions. In diesel direct-

injection systems, for example, the liquid fuel is injected in the combustion

chamber by means of the nozzle at extremely high temperature and pressure

conditions, it undergoes vaporisation and atomisation processes, followed by

fuel-air mixing, ignition, and establishment of a lifted flame in the chamber

[6].

ICEs are still the main devices used in vehicles, although they are slowly be-

ing replaced by electric machines in private transportation. Nevertheless, the

low power densities typical of batteries are not suitable for long range mobile

applications (e.g. trucking industry) [7]. As the concern for the environ-

ment is increasing and the regulations around harmful emissions are becom-

ing more strict, novel strategies are becoming an absolute necessity in order

to keep high thermal efficiencies while reducing the pollutant emissions. In

fact, today’s energy and transport systems are mainly based on fossil energy

carriers, leading to two major issues: fossil fuel depletion and climate change

impacts [8]. In particular the Greenhouse Gas (GHG) emissions are becoming

a crucial topic which affects the energy policies throughout the world, as the

energy demand steadily increases [8, 9]. The strategies to reduce the pollutant

emissions to near zero levels, keeping high thermal efficiency, are two:

· developing new engine designs and combustion strategies [10];
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· using alternative energy carrier rather than fossil fuels.

As regards the first option, it should be considered that more than half of the

input energy is lost as waste heat. Hence, recovering such energy and con-

verting it to useful work would improve the overall engine thermal efficiency

up to 45-50% [11]. Further improvements to efficiencies require a funda-

mental change to the ICE cycle as in the Recuperated Split Cycle Engine

(RSCE) developed by Ricardo in 1908 and currently under research and de-

velopment [12]. Regarding alternative fuels, they are becoming a promising

choice with respect to fossil fuels and hydrocarbon gases.Biofuels, synthetic

carbon based fuels and hydrogen are optimum candidates as clean energy

carriers to be implemented within ICE [13, 14, 15]. Promising results have

been obtained in terms of reduction of GHG emissions, without loss of per-

formances [8, 16, 17]. In the last ten years, alternative fuels are becoming

commonly used in several countries for public transportation and road fuels

[18]. However, the large-scale production of synthetic fuels remains still lim-

ited and cost prohibitive, while biofuels are limited by feedstock availability

[14].

On the other hand, the application of novel engine design has been limited

to prototypes and experimental apparatus. Moving towards novel combus-

tion concepts comes also with the lack of knowledge and understanding of

the physical phenomena involved. Experimental activities have high cost and

time implications; moreover, because of the harsh and extreme environment

within the combustion chamber, experimental tests and direct observations

are not always feasible.

Thanks to the increasing computing capabilities, numerical simulations

are the most promising way to study the ICEs’ dynamics, being also cost

and time effective. In the last twenty years, Computational Fluid Dynamics

(CFD) tools have became a standard in the industry for engines design de-

velopment. The challenge for CFD is that the simulation accuracy depends

on the reliability of the virtual tools, requiring rigorous validation over a wide
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range of operating conditions. The experimental data used for numerical mod-

elling, both in terms of code validation and/or model development, are based

on lab-scale experiments representing isolated operating conditions, at fixed

pressures and temperatures. In a real engine, where the piston is moving, a

wide range of conditions in terms of temperature, pressure and fluid compo-

sition are present simultaneously. Also, there are several physical phenomena

occurring all together in extremely short time intervals: turbulence, chemical

reactions, multi-phase interactions. All the above implies that several time

and space scales need to be resolved, accounting for the fuel used, the injec-

tion strategy, the combustor geometry and so on. The complex fluid dynamics

and multi-phase interactions that characterise sprays makes spray dynamics

an intense field of study in numerical investigations.

1.2 Spray injection in a combustion device

The fuel injection strategy has a pivotal role in the whole combustion process,

as the achievement of well atomised liquid fuel spray, the effectiveness of its

evaporation and the fuel–air mixing determine the chemical kinetics within

the combustion chamber, in terms of reactions and chemical species involved

in such a process. The injection of the liquid fuel in the form of a spray, in

particular the numerical modelling of the spray, is the subject of this research

project. The objective is to develop a comprehensive and flexible numerical

model for the spray behaviour, able to account changes in input conditions,

in particular as regards the ambient temperature and pressure as well as fuel

properties. Note that a numerical model able to simulate the droplets’ size and

distribution of the spray should be also able to represent the actual physics

affecting the droplets dynamics. The main parameters affecting the spray

characteristics are its liquid properties and the injection conditions. In terms

of liquid properties, the most important characteristics are:

• density;

• viscosity;
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• surface tension.

The liquid density affects the mass flow rate through a pressure nozzle, but

has small effects on the atomisation performance [19]. Instead, the ambient

density plays a major role in the droplet size formation [20]. Viscosity af-

fects the droplet size distributions in the spray and also the nozzle flow rate

and spray pattern. An increase in viscosity lowers the Reynolds number and

also hinders the development of any natural instability in the jet or sheet [19].

Surface tension and viscosity are the most important liquid properties in de-

termining the jet and the spray formation [21]. Surface tension represents the

force that resists the formation of new surface area, affecting the atomisation

process. The Weber number, which is the ratio of the inertial force to the

surface tension force, is a useful dimensionless parameter to determine the

droplets’ disruption due to the breakup phenomena [19].

The spray characteristics also depend on the injection conditions, such as:

• the initial velocity of the spray droplets;

• the injector geometry (hole size and shape);

• the ambient conditions (in terms of pressure, temperature, chemical

compositions, etc.);

• other physical phenomena which affect the spray topology (e.g. cavita-

tion effects within the nozzle).

The ambient gas into which sprays are injected can vary widely in pressure,

temperature and density, affecting the fuel mixing and the combustion mech-

anism. In diesel engines, critical and super-critical pressure and temperature

conditions are encountered. In gas turbine combustors, fuel sprays are in-

jected into highly turbulent, swirling recirculating streams of reacting gases.

At elevated pressure, the mixture properties exhibit liquid-like densities and

gas-like diffusivities, and the surface tension and enthalpy of vaporisation

approach zero [22]. Close to the nozzle exit, the two-phase interface is un-

affected by the ambient conditions, showing a clear distinction between the
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gas and the liquid phase; further downstream once the ambient pressure ap-

proaches the critical pressure of the liquid, diffusion-dominated mixing oc-

curs prior to atomisation with a diminishing number of drops present in the

flow field. In ICEs such process become extremely complex as it involves

the complex two-phase transient along with elevated velocities and turbulent

flows, with a wide range of temporal and spatial scales. A comprehensive the-

ory of spray breakup would be very complex and, although some understand-

ing has been achieved, further investigations are needed to address practical

spray combustion processes [23]. Accurate and robust simulation tools are re-

quired for the characterisation of super-critical and trans-critical flows where

large density gradients and thermodynamic anomalies occur. The fundamen-

tal mechanisms and processes which cause the change from classic spray

atomisation to diffusion-dominated mixing are still not well understood and

different approaches have been developed to investigate such phenomenon

[24].

Figure 1 shows the spray structure and the different phases that can be

ideally distinguished. At the injector nozzle the fuel is inside at high pres-

sure and it is subject to cavitation. Cavitating flow could cause the erosion

of the nozzle itself modifying the orifice geometry and in turn the injection

condition. Hence, cavitation should be accounted in the nozzle design and

for the spray formation. Right at the exit of the nozzle the fuel forms a liq-

uid column (or liquid core), which undergoes breakup. The breakup process

is ideally separated in two stages: primary and secondary breakup. Primary

breakup is the breakup of the continuous liquid core jet into several discrete

drops enforced by the flow condition inside the nozzle holes. The secondary

breakup describes the separation of smaller droplets from the initial drop, oc-

curring because of aerodynamic instabilities acting on the drop surface, up to

fuel atomisation. While there have been extensive studies of the primary and

secondary atomisation, fundamental processes associated with these phenom-

ena are still not well understood [26, 21]. Finally, the droplets are transported

downstream and eventually evaporate. The spray formation region (see Fig.1)
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Figure 1: Liquid spray structure [25]

is also known as dense spray region, while dilute spray region indicates where

the spray is completely atomised.

1.2.1 Spray Atomisation

Spray atomisation plays a pivotal role in determining the spray and com-

bustion characteristics in ICEs [27] Several mechanisms cause the primary

breakup of the liquid jet into droplets, in particular: the turbulence of the

liquid phase, the cavitation and the aerodynamic forces acting on the liquid

jet. The contribution of such mechanisms depends on the injection param-

eters (eg. the relative velocity between liquid and gas, the liquid and gas

thermophysical properties). Several secondary breakup regimes have been

experimentally observed and they are typically classified in terms of the We-
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ber number (We), a dimensionless parameter which relates the fluid’s inertia

to the surface tension:

We =
ρgu

2
slipl

σ
(1.1)

where ρg is the gas density, uslip is the relative velocity between the liquid

droplets and the gas phase, l the characteristic length (usually the droplet di-

ameter, dp) and σ the surface tension. The breakup regimes are identified as

[28]:

vibrational breakup We ≤ 12,

bag breakup 12 < We ≤ 50,

bag-and-stamen breakup 50 < We ≤ 100,

sheet stripping 100 < We ≤ 350,

catastrophic breakup We > 350.

Figure 2: Breakup mechanisms, adapted from [28]

Figure 2 shows the different secondary breakup mechanisms. The fuel prop-

erties play an important role for the breakup mechanism. In [21, 29] it has

been found that the fuel viscosity and surface tension have a stabilising effect

on the jet, lowering also the atomisation rate as they get higher. Also, the

injection pressure affects the turbulence of the jet [21]. Figure 3 shows the
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influence of fuel on primary atomisation at the injection point.

Figure 3: Influence of fuel type on the initial jet formation of kerosene, fossil diesel
and RME fuels injected at 40 MPa into atmospheric pressure and temperature condi-
tions. The kerosene jets exhibit primary atomisation within 2mm of the nozzle exit.
The fossil diesel, and to a larger extent the RME jets, resist deformation due to their
higher surface tension and viscosity [21]

Figure 4: Evolution of individual n-dodecane droplets at different ambient pressure
and temperature [30]

Breakup phenomena are affected by the ambient conditions as well [30]; Fig.4

shows the results for diesel engine-like operating conditions (Tamb = 700-

1200 K and pamb = 2-11 MPa [21]). In subcritical conditions (see Fig.4a) the

droplet remains spherical with a continuous reduction in diameter, indicating
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a classical evaporation process. In trans-critical and super-critical condition

(second and third row of Fig.4) the droplet gets deformed, and the fuel appears

to stretch and diffuse, mixing with the surrounding gas without evidence of

surface tension. This indicates a transition to different breakup regimes. The

ambient conditions affect the liquid phase characteristics in terms of density,

surface tension, droplets shape and atomisation, etc. To fully characterise

sprays both the primary and the secondary breakup must be modelled and

implemented in the numerical code. Comparison and validation against the

experimental data are crucial to assess the spray model robustness and relia-

bility.

1.3 Objectives of the research project

The purpose of this project is to develop a spray model able to capture the

spray morphology at microscopic and macroscopic level to predict the dy-

namics of non-spherical droplets. This novel spray model is based on the

Lagrangian Particle Tracking (LPT) method. In this approach the liquid spray

is not treated as a Eulerian field but it is considered as an agglomerate of in-

dividual particles whose motion is governed by Newton’s second law. The

particles are coupled to the Eulerian field by means of the mass, momentum

and energy exchange. In this project, the development of such a model has

focused on turbulent sprays, typical of ICE; however, it can be also imple-

mented to other cases, where the liquid in a two-phase flow can be described

as a spray, such as in medical application (see Paper III).

Available CFD tools, in open source and commercial software, use the Eulerian-

Lagrangian approach relying on the assumption of spherical Lagrangian parti-

cles. In turn, also the submodels that describe the physical phenomena affect-

ing the droplets dynamics (such as the phase change, the forces, the collisions,

the breakup, etc.) are based on that same assumption. However, experimen-

tal observations suggest that several aspects affect the droplet shape in the

combustion chamber environment, both in the dense and diffuse spray re-

gions. In the dense spray region, ligaments and other non-spherical liquid
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structures are present [21] (see Fig.3); whereas in the diffuse spray region,

dispersed droplets tend to distort as the ambient conditions become trans or

super-critical [30] (see rows b and c in Fig.4). In addition, one of the most

critical aspect for the application of the LPT method to sprays is that each

submodel describes an unresolved physical process based on some empiri-

cism [31]. This is at the expenses of the submodel flexibility, as it is often

optimised for a particular fuel. Therefore, in the common approach in La-

grangian simulations, based on numerically tuning each individual submodel,

it is unclear if the accuracy of the results in the literature is indicative of the

good model performance (in terms of physical representation) or rather the

result of coefficient tuning and/or numeric coding [32].

The objective of this research project is to improve the physical charac-

terisation of the particles (i.e. the computational representation of a droplet),

mathematically modelling the deformation, the shape and in turn the surface

area of the droplets. The computation of these parameters is based on the ther-

mophysical properties of the droplet (density, surface tension and viscosity),

as well as the local gas condition at the particle location. In terms of droplets’

shape, the basic assumption made here is to group the spray particles in three

categories:

· spherical droplets;

· ligaments, which also account for elongated drops;

· lens-shaped droplets, which also account for flattened liquid structures,

”bag-shaped” and oblate spheroid droplets.

Using the particle shape, the surface area is computed by means of a geo-

metrical model. The geometry of the particle, in terms of shape and surface,

affects the time evolution of the droplets in terms of mass, temperature and

velocity: dmp
dt

, dTp
dt

and dup
dt

, respectively. For numerical modelling, the ge-

ometrical characteristics of the droplet are used as input parameters for the

Lagrangian submodels, such as:
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· the phase change model, dmp
dt

and dTp
dt

;

· the forces models (in particular the drag), dup
dt

;

· the atomisation and breakup models, dmp
dt

.

As for the turbulence modelling Large Eddy simulations (LES) are used.

In fact, LES are able to capture the instantaneous local gas features at the

particle location, as required by the model.

Moreover, regarding ICE applications, a spray model taking into account

droplet shape would better predict the fuel-air mixing and, eventually, the fuel

combustion in future numerical applications. The computation of the droplet

distortion does not require any model tuning, as it is based solely on the local

characteristics of the droplet and the flow. Potentially, such characteristic

makes the model flexible in terms of:

· fuel thermophysical properties;

· ambient conditions (sub-critical, trans-critical and super-critical);

· injector geometry (e.g. number of injection port, nozzle geometry, etc.);

· flow configuration (e.g. liquid spray in a crossflow impinging jet con-

figuration).

This CFD tool has been developed using the OpenFOAM software and the

simulations outcomes have been compared to the experimental data provided

by literature, especially by the Engine Combustion Network [33].

1.3.1 The development software: OpenFOAM

Simulations have been performed with OpenFOAM (Open-source Field Op-

eration and Manipulation) software. OpenFoam is a C++ object-oriented

library, containing numerous solvers and utilities covering a wide range of

problems, and it allows the user to manipulate governing expressions intu-

itively when accessing the source code [34]. Each solver determines a specific
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problem of continuum mechanics problem, including CFD. Pre-processing

and postprocessing utilities are available to support the framework. The math-

ematical models, together with the choice of spatial and temporal differen-

tial schemes makes OpenFOAM an attractive platform for research [35, 36].

OpenFOAM solvers, such as sprayFoam and reactingFoam, are able to ad-

dress the modelling of turbulent sprays both in inert and reacting environment.

The standard release of OpenFOAM 5.0 was the starting point for this work,

with changes to the source code implemented throughout the research project.

1.3.2 The Engine Combustion Network database

A invaluable archive for the experimental data is provided by the Engine Com-

bustion Network (ECN), that is an international collaboration among experi-

mental and computational researchers in engine combustion [33]. The ECN

sets the standards for the experimental conditions to be used by the partici-

pating institutions, in order to build and share a wide spray database of ex-

perimental and numerical data, as well as to provide a framework for collab-

orative comparisons of measured and modelled results. The universities and

laboratories, participating to the ECN programs, experiment and simulate real

combustors conditions, in a wide ambient temperature range (up to 1400 K),

pressure range (up to 35 MPa) and densities (from 1 to 60 kg/m3) [33]. Table

1 provides information on ECN sprays A and G.

Spray Fuel Chemical Tamb and pamb Tinj and pinj
Formula

A n-dodecane C12H26 900 [K], 6 [MPa] 363 K, 150 [MPa]
G iso-octane C8H18 573 [K], 600 [kPa] 363 K, 20 [MPa]

Table 1: Properties of the ECN sprays studied in this research project (from [33])

These sprays have been simulated during this research project, to validate the

Lagrangian model proposed here. Tamb and pamb are the ambient temperature

and pressure, respectively, while Tinj and pinj are the injection temperature

and injection pressure, respectively. Sprays A is a diesel-like fuel from a

single hole injector, it has been tested in both reactive and non-reacting case.
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Spray G is a gasoline-like fuel using a 8-hole injector, which has been tested

for the non-reactive case only.

1.4 Thesis structure and highlights

Figure 5 shows the flowchart of the research process undertaken during this

doctoral project, providing also a visualisation of the structure of this the-

sis. The most important aspects and outcomes of this research project can be

summarised as follows:

� application of the Lagrangian model to a range of different cases;

� extension of the Lagrangian model to biomedical sprays;

� development of a novel modular Lagrangian model to describe the par-

ticles deformation and shape, based on the thermophysical properties

of the droplets and the local condition of the surrounding gas;

� analysis of the numerical effects of the modelled physical phenomena,

using the new approach.

As regards the extension of the E-L approach to biomedical sprays, this re-

search work has been done during the outbreak of Covid-19 pandemic. This

study investigate on the airborne route transmission of pathogens by means of

expiratory droplets, using the LPT method. The outcomes of this work have

been published in a indexed journal (Paper II).

The thesis is structured as follows: the next section describes the Eulerian-

Lagrangian framework, addressing its shortcomings; Section 3 indicates the

research approach undertaken for the selection of the cases investigated dur-

ing this project, showing the results for each one of them. Then, Section 4

provides the mathematical and numerical descriptions of the new model and

the following section describes the application and the results obtained with

this model.
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Figure 5: Process flowchart of this research project; in brackets the reference sections.



2 The Eulerian-Lagrangian Approach

To model the liquid spray injection within a quiescent gas chamber it is nec-

essary to analyse two-phase flows. Two different approaches have been used

to model these types of flow. The first one is the Eulerian–Lagrangian ap-

proach, in which the dispersed liquid phase is solved using a Lagrangian for-

mulation, tracking individual droplet parcels and interpolating the gas-phase

properties at the parcels locations [37]. The second approach follows the

Eulerian–Eulerian two-fluid methodology, treating different size classes of

droplets as separate and inter-penetrating phases and solving conservation

equations for each one of them [38]. Though the Eulerian-Eulerian (E-E)

framework could provide more accurate results, it requires a excessive com-

putational effort, then, the need to keep an acceptable compromise in terms of

computational time and accuracy justifies the use of the Eulerian–Lagrangian

approach. The Eulerian-Lagrangian (E-L) offers a compromise in terms of

computational cost and accuracy which justifies their widespread (and almost

exclusive) use for industrial ICE [39] and gas turbine simulations [40], repro-

ducing the global spray behaviour reasonably well. Its main limitation is the

spherical droplet assumption, which can lead to inaccuracies in the predictions

of trans-critical conditions where highly distorted droplets are present [41] or

in setups such as crossflow jets where non-spherical ligaments are present

[42]. For both the E-E and the E-L approaches, the simulations accuracy de-

pends upon additional phenomenological submodels, required to describe the

various physical processes taking place in the sub-grid length scales, in order

to represent the various dispersed phase processes, in particular, the breakup

model.

This research project is based on the E-L approach, in which the spray

is described by a discrete number of computational parcels, each one repre-

senting droplets with the same properties. The spray parcels moves into the

computational domain according to Newtons’ second law and are coupled
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with the continuous gas phase (that is discretised with the Eulerian method)

by the mass, momentum and energy exchange. In such a framework the mo-

mentum transfer between liquid droplets and gas phase is strongly affected

by the cell size. Furthermore, the accuracy of the E-L approach is strongly

related to two important aspects. First, the use of the Lagrangian submodels,

needed to characterise the physical behaviour of the spray droplets (vaporisa-

tion, collision, breakup, etc.); second, the spatial resolution which affect the

coupling between the two phases [43].

The discretisation of the domain, in terms of grid resolution plays a signif-

icant role in model accuracy [44, 45] and is particularly critical for transi-

tioning flows or specific regions of a turbulent flows (e.g. near wall region)

[46]. Mesh properties play a fundamental role in spray simulations and CFD

investigations still commonly focus on the best compromise between results

accuracy and computing time. In [47], Abraham suggests that the resolution

is adequate when the grid size is at least the size of the injector outlet diame-

ter. Computing time is dependent on grid resolution as the time-step at each

iteration is based on the Courant–Friedrichs–Lewy condition for numerical

convergence [48]. The Courant number (Co) is defined as:

Co =
δt · |Umax|

δx
(2.1)

where δt is the time-step, δx the cell size, and Umax the maximum velocity.

Setting a maximum value of Co for numerical convergence (Comax), the time-

step during the simulation will be equal to:

δt =
Comax · δx
|Umax|

(2.2)

Notice: the Courant–Friedrichs–Lewy condition provides a reliable criterion

for the simulation setup; however, it can be useful to impose a further con-

dition on the minimum δt, to avoid numerical instabilities, that are likely to

occur in simulation transients. This is particularly true for E-L simulations, as

the injection of the particles could dramatically increase the velocity within
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the computational cells, thus decreasing abruptly the simulation time-step. In

such a case, numerical instabilities arise, leading to the divergence of the Eu-

lerian fields (usually the pressure). Imposing a δtmax can avoid such an issue,

promoting a smoother transition even if a strong velocity gradient arises.

2.1 Turbulence modelling

The governing equations may be expressed as the transport equation for over-

all continuity, momentum, energy (known as Navier-Stokes equations) and

additional scalars that can be used to spatially resolve the thermodynamic

state of the mixture; these equations are augmented by initial and boundary

condition, as well as constitutive relations for atomistic processes (e.g. reac-

tion, molecular diffusion, equations of state) [49]. There are several different

approaches to model turbulent combustion flows involving different mathe-

matical and computational frameworks, which address the discretisation of

the governing equations. The model adaptivity strategy, is concerned with

modifying the governing equation to a reduced order or a statistical form,

eliminating ranges of scales from the solution vector. There are three princi-

pal strategies for model adaptivity corresponding to Direct Numerical Simu-

lations (DNS), Reynolds Averaged Numerical Simulations (RANS) and LES.

· DNS correspond to the solution of the 3D unsteady governing equa-

tions, accurately integrating them in time, thus predicting the details of

velocity and scalar field. DNS offers the best resolved framework for

the study of turbulent combustion flow, being able to solve the physics

at every flow scales. This method requires a high degree of detail in

terms of spatial and time resolution, increasing drastically the comput-

ing time.

· RANS formulation is based on time averaging of the instantaneous

transport equations for mass, momentum and reactive scalars, impact-

ing all scales, hence all unsteady turbulent motion along its coupling
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with the combustion processes are unresolved. Then closure models

are needed to represent the unsolved physical scales.

· LES approach is based on spatially filtering the instantaneous equations

to capture the contribution of large scales on the flow field, while the

effect of smaller scales has to be modelled.

DNS remains largely CPU-limited and cannot be implemented for real-scale

ICE geometries. The RANS method has been widely used in turbulent spray

modelling and it is the best choice in the industrial context. However, RANS

could introduce considerable errors when complex transient behaviour is in-

volved, the analysis removes the fluctuating part and the model is not able

to capture the unsteady feature of a turbulent flow. On the other hand, LES

is capable of providing a more realistic representation of the ICE turbulent

flow compared to RANS, being able to resolve vortices, eddies and flow

structures which are experimentally observed [50]. The capability to predict

the flow structures might imply that LES methods are more suitable to study

more complex phenomena due to turbulence, occurring in diesel engines [51].

However, one of the main issues on the application LES in engine simulation

is the computational cost, as theoretically LES require a grid size down to the

Kolmogorov scale to validate the modelling of uniform sub-grid turbulence

structures. In fact, the Kolmogorov microscale, η, determines the smallest

scale present in a turbulent flow, that is the scale of smallest vortex which

could possibly develops within the flow. At this scale the viscosity forces dis-

sipate the turbulent kinetic energy into heat. The Kolmogorov microscale is

defined as [52]:

η = (
ν3

ε
)1/4

where ν is the kinematic viscosity of the fluid and ε is the energy dissipation

rate per unit mass. Nevertheless, such a scale is still too small for the discreti-

sation of real engine geometries in numerical simulations. In such a case, the

Taylor microscale, λ, is used:
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λ =

√
15νu’2

ε

where u’ is the root mean square of the velocity fluctuations

u’ =
1√
3

√
u′2x + u′2y + u′2z .

The Taylor microscale resides in a wavelength range between the large eddies

and the small eddies. At such a scale, the size of the turbulent motions is

smaller than the size of larger eddies, but they still have a sufficiently large Re

and as such, are not significantly affected by viscosity [53].

The following paragraphs describe the basics of the RANS and LES tur-

bulence models.

2.1.1 RANS - k-epsilon model

In the classical RANS approach, any quantity φ is decomposed on a mean

value φ and the instantaneous fluctuation from the mean φ′, so that:

φ(x, t) = φ(x) + φ′(x, t)

with φ(x) defined as:

φ(x) =
1

TRANS

∫ TRANS

0

φ(x, t)dt

where TRANS is the timescale for averaging. In principle no length scale is

favoured over any other. Though, the nature of turbulence means that flow fea-

tures that are uncorrelated with each other are averaged out, and only features

that are well-correlated over the averaging timescale are retained. Hence,

turbulent eddies of all scales are removed leaving only the mean flow field.

The Reynolds averaged transport equations of mass, momentum and energy

are then resolved for the mean quantities, while the velocity fluctuations are

modelled by the k-epsilon model. The k-epsilon model is the most often used

to simulate the mean flow characteristics for turbulent flow conditions. It is

19



a two-equation model describing the turbulence by means of two transport

equations, which accounts for the convection and the diffusion of turbulent

energy. The two variables in the partial differential equations are the turbu-

lent kinetic energy k and turbulent dissipation ε. The turbulent kinetic energy

is the kinetic energy per unit mass of the velocity fluctuations u′i defined as:

k =
1

2
u′u′ =

1

2
(u′2x + u′2y + u′2z ) =

3

2
u′2

Then, the first equation describes the energy due to turbulence:

D

Dt
(ρk) = ∇ · (ρDk∇k) +Gk +Gb + Sk − ρε (2.3)

where ρ is the density and the terms on the right-hand side are respectively:

· ∇ · (ρDk∇k) - convective diffusion;

· Gk - turbulent generation;

· Gb - buoyancy effects;

· Sk - viscous dissipation;

· ρε - turbulent dissipation effect.

The latter term in the previous equation is accounted by the second equation

of the model, which represents the dissipation rate:

D

Dt
(ρε) = ∇ · (ρDε∇ε) +

C1ε

k
(Gk + C3Gb)− C2ρ

ε2

k
+ Sε (2.4)

Where C1, C2 and C3 are model constants. The turbulent viscosity is then

obtained as:

µt = Cµ
k2

ε
. (2.5)

In OpenFOAM these two equations are implemented as:

D

Dt
(ρk) = ∇ · (ρDk∇k) +Gk −

2

3
ρ(∇ · u)k + Sk − ρε (2.6)
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D

Dt
(ρε) = ∇·(ρDε∇ε)+

C1Gkε

k
−(

2

3
C1−C3)ρ(∇·u)ε−C2ρ

ε2

k
+Sε (2.7)

Note that the buoyancy contributions are not included.

Table 2 reports the model coefficients suggested by Pope in order to account

for the round-jet anomaly [54]. The turbulence dissipation is initialised as:

Cµ C1 C2 C3 σk σε
0.09 1.6 1.92 0 1 1.3

Table 2: Default coefficients for the standard k-epsilon model [54]

ε =
C0.75
µ k1.5

Lref
(2.8)

where Cµ=0.09 and Lref is a reference length scale.

2.1.2 LES - Dynamic k-equation model

In LES the flow variables are decomposed into resolved (filtered) terms for

the large scales and Sub-Grid-Scale (SGS) terms for smaller scales. Any flow

variable can be decomposed as:

φ(x, t) = φ(x, t) + φ′(x, t)

where

φ(x, t) =

∫
φ(x′, t)F (x− x′,∆)dx′

denotes the spatial filtering of φ(x) and F (x−x′,∆) is the filtering function (F

is often chosen to have a simple top-hat form in either physical space or wave-

number space). The filtering operation is applied in space only and the spatial

filter width is ∆. Hence in the transport equations (for momentum, mass and

energy) the Favre-filtered quantities are resolved, while fluctuations need to

be modelled (as in RANS) by a SGS model. The dynamic k-equation model

is based on the compressible version of the dynamic Smagorinsky model [55].

It is a one equation eddy viscosity model for compressible flows, describing
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the SGS turbulence kinetic energy as:

D

Dt
(ρk) = ∇ · (ρDk∇k) + ρG− 2

3
ρk∇ · u + Sk −

Ceρk
1.5

∆
(2.9)

This equation is formally similar to eq.2.6. Although, in this case G = 2νtSij

is the production rate, where Sij is the resolved scale strain rate tensor and νt

is the SGS eddy viscosity defined as νt = Ckk
0.5∆; Ceρk1.5

∆
is the dissipation

term, where ∆ is the grid scale filter.

µt = Ckk
0.5∆ρ (2.10)

The constants Ce and Ck are dynamically derived from local flow proper-

ties.The dynamic derivation of these coefficients has the advantage to make

no assumption of local equilibrium between the subgrid-scale energy produc-

tion and dissipation rate. Hence, the direct computation of the subgrid-scale

kinetic energy implemented in this model can account for some non-local and

history effects which are completely neglected in the dynamic Smagorinsky

model [55].

2.2 Lagrangian Particle Tracking (LPT) method

In the Lagrangian description of fluid flow, individual fluid particles are de-

scribed by means of their properties (position, velocity, etc.) as a function of

time. Position vectors and velocity vectors are shown at one instant of time

for each of these particles. As the particles move in the flow field, their posi-

tions and velocities change with time. The LPT technique is commonly used

in spray simulation. The spray is considered as a discrete phase comprising

of a large number of parcels that are transported using Newton’s second law.

The individual liquid particle positions and velocities can be obtained by:

dxp
dt

= up and
dup
dt

=
ΣFi
mp

(2.11)
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where xp and up are respectively the particle position and velocity, ΣFi is the

sum of all the relevant forces acting on the particle and mp is its mass. The

gas velocity ug at the particle location is calculated by interpolation between

adjacent cells. Newton’s second law of motion presupposes the consideration

of all relevant forces acting on the particle (e.g. drag, gravity, buoyancy, pres-

sure). In ICE sprays, the drag (FD) is the most relevant force, as the other

forces are negligible during the injection transient [56]. FD is defined as:

FD = CD(Re)
πd2

p

8
ρg(ug − up)|ug − up| (2.12)

where dp is the droplet diameter, ρg is the gas density, ug and up are the

velocities of the gas and the particle, respectively, and CD(Re) is the droplet

drag coefficient for spherical particle, which is a function of the Reynolds

number, Re, [57]:

CD(Re) =

{ 24
Rep

(1 + 1
6
Re

2/3
p ) if Rep ≤ 1000

0.424Rep if Rep > 1000
(2.13)

where Rep is the particle Reynolds number, Rep =
ρguslipdp

µg
. The contribu-

tions of gravity, Fg, and pressure, Fp, (usually neglected in sprays) are defined

as:

Fg
mp

= g(1− ρg/ρp) (2.14)

where g is the gravity and ρg the gas density (note that in this definition the

contribution of buoyancy is included). The pressure contribution, Fp is calcu-

lated as:

Fp
mp

=
ρg
ρp

Dugas
Dt

(2.15)

here Dugas
Dt

is the total derivative of the local velocity of the carrier (the gas

phase) at the particle position, which account for the pressure gradient at such
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location.

With the LPT technique the particles are injected directly at the nozzle exit

and the in-nozzle dynamics is not treated explicitly. In-nozzle effects are

accounted for indirectly through the use of the assigned initial droplet size

Particle Distribution Functions (PDFs). The velocity magnitude of the parti-

cles is a function of the mass flow rate profile, which is provided as boundary

condition from the experimental data.

2.3 The EL method in OpenFOAM

In this section the file structure for the OpenFOAM E-L solvers is described,

by also providing a description of the coupling between the Lagrangian parti-

cles and the Eulerian cell volumes. Figure 6 shows the basic directory struc-

ture for a OpenFOAM case, that contains the minimum set of files required to

run an application:

– system provides the setting parameters associated with the solution pro-

cedure itself. It contains (at least) the following 3 files: controlDict

where run control parameters are set; fvSchemes to set the discretisa-

tion schemes; and fvSolution to set the equation solvers and algorithm

controls for the run.

– constant contains a full description of the case mesh in the polyMesh

subdirectory and files specifying physical properties for the application

implemented;

– time directories are written during the case run and contain individual

files of data for particular fields. The user must specify the initial values

and the boundary conditions at the start time (usually 0).

Within constant there are several files with *Properties suffix, these are the

dictionaries to set the SGS models required by the solver, as well as the set-

tings and the physical properties for each submodels’ parameters. In par-

ticular, the turbulenceProperties dictionary sets the turbulence model to use
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Figure 6: Case directory structure in OpenFOAM

(RANS, LES) and the numerical coefficients for such a model; it is read by

any solver that includes turbulence modelling. The dictionary of main inter-

est for this research project is sprayCloudProperties (see Appendix A) that

contains the spray thermophysical properties, as well as the spray submod-

els and parameters. The main features set in sprayCloudProperties for the

Lagrangian particles are:

• coupled: for a one-way or two-way coupling simulation;

• constantProperties: to specify the fuel thermophysical proper-

ties;

• particleForces: to selects the relevant forces on the particles (see

eq.2.11);

• injectionModels: to set the injector characteristics (in terms of

geometry and fuel flow);

• sizeDistribution: for the initial size distribution (it is a subdic-

tionary of injectionModel);
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• SGS models: to select the subgrid models, each one of these requires a

subdictionary to specify the model parameters. Among these, phaseChange

Model accounts for the vaporisation of the liquid phase and breakupMo-

del accounts for the secondary breakup.

As for the E-L coupling, uncoupled simulations (one-way coupling) only ac-

counts for the effects of the carrier phase on the Lagrangian particle. To pre-

dict the effects of the Lagrangian particles on the carrier phase the simulation

must be coupled (two-way coupling). In this case, a source term due to the

particle presence (SUp) is included in the transport equations of the Eulerian

fields. All the simulations performed during this research project were two-

way coupled.

Figure 7 shows how the particle forces are implemented in the code: the

velocity and position of the particles are calculated based on the forces consid-

ered, using Newton’s second law; then, the particle source term is computed

for the Eulerian velocity field.

Figure 7: Operation diagram of the Lagrangian solvers in OpenFOAM (notice: the
purple squares reporting OF in the right-upper corner show the actual OpenFOAM
code).

Since the chemical description of sprayFoam is based on CHEMKIN©

[58], another folder, chemkin, is necessary within the main case alongside

constant, system and 0 (see Fig.6). The chemkin folder contains the CHEMKIN©
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files, including the description of the chemical chain reaction, by means of

a reduced skeletal mechanism. In inert conditions, a one-reaction skeletal

mechanism is enough to run the simulation; however in reacting environments

this degree of accuracy is not sufficient. Several reduced skeletal mechanism

can be found in the literature for the n-alkane hydrocarbon (used by ECN

sprays [33]) involving hundreds or thousands reactions and species [59, 60].

2.3.1 An insight into the code

OpenFoam takes advantage of the C++ object-oriented programming, which

is based on three pillars:

• encapsulation,

• inheritance,

• polymorphism.

Encapsulation allows the programmer to work with “black box”, that is an ob-

ject having the property of being a self-contained unit. Encapsulating has sev-

eral advantages for a programmer. Everything is in one place, which makes

it easy to refer to, copy, and call on functions that manipulate the data. C++

supports encapsulation through the creation of user-defined type, called class.

A class is a collection of variables (often of different types, member variables

and/or data members) combined with a set of related functions, that deter-

mines what the class can do (typically manipulate the member variables).

Inheritance allows the user to declare a new type (class) that is an extension

of an existing type. This new subclass is said to derive from the existing type

and is sometimes called a derived type. Such derived type makes changes to

the existing type (e.g. implementing new variables and/or new functions in a

class) so that the workings of the original type are kept, as long as the speci-

fications are met.

Finally, polymorphism refers to the ability of the same object to act differ-

ently depending on the context, meaning that the same object is able to follow
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different algorithms.

These three properties are intensively exploited by the LPT method in Open-

FOAM. The structure of the Lagrangian classes within OpenFOAM is rather

complex due to its policy-based design with templates. A template allows a

class (or function) to work on many different data types without being rewrit-

ten for each one. The class template (called the host class) is able to accept

several type parameters as input, which are instantiated (i.e. created as a pecu-

liar form) with types selected by the user (called policy classes). Each policy

class implements a particular implicit interface (called a policy) and encapsu-

lates some parameters and/or functionalities of the instantiated host class. By

supplying a host class combined with a set of different implementations for

each policy, a library or module can support a exponential number of different

behaviour combinations.

When modelling the injection of a liquid spray, the object of interest in LPT

method is the droplet, that is the Lagrangian particle. For its definition, the

host template is particle (defined in particle.H), that is the base particle class

and contains the very basic mathematical properties of such entity (identifica-

tion label, barycentric coordinates, index of the cell containing it, CPU man-

aging data, etc.). Kinematic Parcel is the first policy class that inherit the

particle variables and functions, adding the particles motion based on New-

ton’s second law, accounting for the one-way or two-way coupling with the

continuous phase. Hence further policy classes are created such as Thermo

Parcel (accounting for the heat transfer), Reacting Parcel (for the combus-

tion), Spray Parcel (which adds functionality for atomisation and breakup)

and finally Basic Spray Parcel. Each class template is nested within the fol-

lowing one. The dependency graph of the Basic Spray Parcel template is

shown in Fig.8.

In order to treat those particles as a spray, the Cloud object is created. A

cloud is a registry collection of Lagrangian particles, by means of the cloud

templates the spray is constructed from a wide number of parcels. The cloud

object accounts for the injector characteristics as well as the PDFs of the par-
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Figure 8: Dependency graph of basicSprayParcel.H, the Basic Spray Parcel tem-
plate; the blue arrows represent the public inheritance relation between the two
classes. (contiguous.H is also a template class, used to specify that a data type can be
considered as being contiguous in RAM).

ticle size and velocity. In this case the Basic Spray Parcel (created for indi-

vidual parcel characterisation) is now the base template class for a series of

policy classes: Cloud, Kinematic Cloud, Thermo Cloud, Reacting Cloud,

Spray Cloud and Basic Spray Cloud (see Fig.9). Each of these templates

inherits the properties of the previous one in the same way described before

for the particle templates. The source code implements the inheritance hier-

archy in basicSprayParcel.H and basicSprayCloud.H, for the particle and the

cloud templates, respectively (see Fig.10). Note that in the source code the

Figure 9: Dependency graph of basicSprayCloud.H, the Basic Spray Cloud tem-
plate; the blue arrows represent the public inheritance relation between the two
classes.

cases are structured separating the basic, the intermediate (kinematic, thermo

and reacting), and the spray files for both the particle and the cloud templates.
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Figure 10: Inheritance hierarchy for the particle templates (basicSprayParcel.H) and
for the cloud templates ( basicSprayCloud.H)

The OpenFOAM application used in this research project is sprayFoam.

While creating the Eulerian fields, by means of CreateFields.H, sprayFoam

also creates the Lagrangian spray cloud with CreateClouds.H, that models

the spray using the Basic Spray Cloud template. sprayFoam uses the par-

cel.evolve() function within its main loops, and then implements the transport

equation of the Eulerian field (which would be affected by the source term

described in the previous section). Figure 11 shows the sprayFoam time loop

implemented during the simulation, highlighting the parcel.evolve() function.

evolve() is a polymorphic function created in Kinematic Cloud and inherited

by the subsequent cloud classes. It initialises the numerical spray based on the

inputs set by the user in the sprayCloudProperties dictionary (see Appendix

A) and it uses the functions declared into the cloud and parcel templates (when

needed) to compute the particles evolution.

2.3.2 Coding of Lagrangian Utility for data post-processing

Several utilities exist for the post-processing in OpenFOAM, which provide

the data requested once the simulation is finished. The probes dictionary pro-

vide the Eulerian field properties at some selected locations [61]. However,
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Figure 11: Numerical time loop implemented by the sprayFoam solver

there are not utilities that allow the to obtain and write the Lagrangian par-

ticle data in a format ready for immediate use for the post-processing (e.g.

“*.cls” format). At the beginning of this research project the process to ob-

tain the data relative to the Lagrangian particles (as in Fig.38, 39, 51 and 73)

has been ineffective and time consuming. These data has been obtained using

ParaView, an open-source multiple-platform application for interactive and

scientific visualisation [62], which is the default post-processing code used in

Linux OS for OpenFOAM applications. Such a process require the user to

select the proper ParaView tools and download the Lagrangian data, at each

time-step of interest. Moreover, this procedure allows the user to download

only the raw data; so that, to derive new parameters (such as dimensionless

numbers) further calculations would require an additional step to be imple-

mented by the user.

This process has been dramatically speeded up making a new utility for the

Lagrangian particles: sprayPost. sprayPost provides all the raw data of the

Lagrangian particles at all the time-steps (which have been written during the

simulation) in few minutes (usually ∼ 45s for time-step), with no need to

use ParaView. These data are stored in a new folder within the main case.

Moreover, sprayPost is able to write the local properties of the Eulerian fields

at each Lagrangian particle location. Also, it can be customised in order to
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calculate new parameters, such as the Stokes and the Reynolds numbers. The

sprayPost post-processing utility is shown in Appendix B.

2.4 The Lagrangian submodels

The SGS models are necessary in order to counterbalance the lack of adequate

resolution in those areas where the SGS have a significant effect. The particle

forces, the injection conditions, as well as the Eulerian velocity and pressure

fields determine the velocity and position vectors of the Lagrangian particles.

However, there are several physical phenomena affecting those liquid parti-

cles which has to be accounted for by the appropriate SGS models. Among

these phenomena the most relevant are:

· the primary breakup model;

· the secondary breakup model;

· the phase change model;

· the stochastic collision model, whose effect is not important in evapo-

rating conditions [63, 64].

The breakup models (both primary and secondary) are of paramount impor-

tance in spray simulations, as they model the disruption of the liquid core and

the atomisation of the liquid droplets during the injection.

In the following subsections a overview of the available Lagrangian SGS

models is presented, with a focus on those submodels investigated during

this research project. Only the turbulence model has been taken into account

for the SGS models of the Eulerian volumes (which are already described in

Section 2.1).

2.4.1 Primary Breakup model

Primary breakup describes the transformation of the cylindrical liquid column

injected at the nozzle into distinct particles due to instabilities arising from the
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surface tension and forces introduced by the injector nozzle geometry. Since

the continuous jet cannot be represented by the Lagrangian description, the

primary breakup model corresponds to the initial drop distribution injected at

the nozzle exit. Two main approaches exist to model the primary breakup:

· fixed size distributions;

· statistical distributions.

For the fixed distribution, Reitz have proposed the Blob Method, which con-

sists of inserting uniform sized drops near the nozzle hole and calculating the

number of drops inserted per unit time from the mass flow rate [65]. Alterna-

tively, several statistical distributions are available, such as normal, exponen-

tial, Rosin-Rammler (R-R), etc. The R-R distribution has been investigated

during this research project. This method is based on a continuous probabil-

ity distribution of initial particle sizes, defined using a maximum (dp,MAX),

minimum (dp,min) and mean value (dp,avg) [66]:

dp = dp,min + dp,avg[−log(1− xK)]
1
n (2.16)

where 0 ≤ x ≤ 1, n > 0 is the shape parameter of the distribution and K is

calculated as:

K = 1− e(− dp,MAX−dp,min
dp,avg

)n
. (2.17)

The theoretical distribution function of the droplet diameter, f(dp), ob-

tained with the R-R distribution is shown in Fig.12.

2.4.2 Secondary Breakup model

The secondary breakup model describes the formation of the dispersed cloud

of smaller droplets shown in Section 1.2.1, according to the breakup mecha-

nisms shown in fig.2. Several different secondary breakup models exist, based

on different physical descriptions of the breakup mechanism. Those available

to implement in OpenFOAM are listed below:
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Figure 12: Distribution function of the droplet diameter, f(dp), obtained with the
R-R primary breakup model, setting different value of n

· ReitzKHRT, based on a competing mechanism between the Rayleigh-

Taylor and the Kelvin-Helmholtz instabilities to determine the drop

breakup [67];

· TAB, using the Taylor Analogy between an oscillating and distorting

droplet and a mass–spring–damper system to determine the maximum

distortion of a droplet before it breaks [68];

· ETAB, enhanced version of the TAB model [69];

· PilchErdman, using data of the breakup time and the velocity his-

tory to predict the maximum size of stable fragments for acceleration-

induced breakup of a liquid drop [28];

· ReitzDiwakar, combining the blob primary breakup with droplet sta-

bility criteria to determine the breakup regime (bag or stripping breakup)

[70];

· SHF, implementing the bag, multimode and shear breakup mechanism

which are typically encountered in fuel-air mixing processes of com-

bustion engines [71].
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The selection of the most appropriate breakup model is not straight forward

as each model is best suited to different injection condition, often requiring

tuning of the model coefficients. This aspect underlines one of the major lim-

itations for the application of the LPT method, indicating a poor flexibility for

such submodels as the spray characteristics vary.

The Reitz-KHRT and the TAB model have been used here, depending

on the injection characteristics. These models are described in the following

paragraphs.

The Reitz-KHRT breakup model The Reitz-KHRT is most commonly

used for diesel-like fuels and full-cone-sprays. It uses the Blob Method for

the primary breakup and it is characterised by the separation of small droplets

from the initial parent droplet. Several secondary breakup models exist and a

combination of different breakup models can be used to increase the accuracy

of the breakup prediction as single breakup mode able to describe all relevant

regimes of the breakup process does not exist. The KHRT model combines the

Rayleigh-Taylor and the Kelvin-Helmholtz models to represent the secondary

breakup [67]. In the KH breakup process, the main physical mechanism is the

aerodynamic droplet breakup. Small droplets are shed from the parent com-

putational parcel because of the velocity difference between the droplet and

the surrounding gas. Aerodynamic instabilities act on the interface between

the two phases, generating oscillations on the droplet’s surface, whose wave-

length is ΛKH . The wavelength ΛKH determines the stable dimension of the

child droplets (Dc,stable|KH) generated by the KH instabilities:

Dc,stable|KH = 2B0ΛKH (2.18)

The rate of change of the parent droplet with diameter Dd is given by:

dDd

dt
= −Dd −Dc,stable

τKH
(2.19)
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In the above equations B0 is a model constant and determines the new radius

of the child droplets, τKH is the characteristic breakup time scale function of

ΩKH , which is the maximum wave growth rate at which the Kelvin-Helmholtz

instabilities cause the breakup. Within the numerical model, τKH depends on

a constant which influences the droplets’ rate of separation (usually referred

to in the literature as B1). Higher values of B1 correspond to slower droplet

breakup, meaning also that if big particles are initially injected, they also

survive longer within the domain. This affects considerably the droplet size

distribution and the liquid length, as well as the Eulerian field quantities due

to the particles’ contribution to the momentum and energy exchange with the

gas field. Thus, this coefficient has been used in many previous spray stud-

ies as the main tuning parameter of the liquid length, vapour penetration and

mean droplet sizes.

In the RT breakup process, the inertial forces tend to deform the drops while

the surface tension acts against this deformation. Such a process enforces

oscillations, whose wavelength with the fastest growth is ΛRT and the cor-

responding grow rate is ΩRT . As these oscillations become too large (for

t = Ω−1
RT ) the drop breaks, generating child droplets with a maximum dimen-

sion of Dc,RT |MAX :

Dc,RT |MAX = 3

√
D3
d

Dd/ΛRT

(2.20)

When only the KH mechanism occurs the breakup regime corresponds to

a “stripping break up” which generates small droplets but allows also the

presence of rather large droplets. When the RT instabilities are accounted

for, along with the KH instabilities, the breakup regime is the “catastrophic”

breakup, which mostly affects larger droplets that break up in many smaller

ones (see Fig.2).

A schematic of the combined KHRT breakup mechanism is reported in Fig.13.

Referring to such a figure, the stripping breakup is the one caused by the KH

oscillations which cause the formation of the small droplets detaching from
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the parent drop surface, whose size is proportional to ΛKH . The catastrophic

breakup occurs when t ≥ τRT , as the RT oscillations reach their maximum

wave-length, ΛRT , which also determines the size of the child droplets.

Figure 13: Schematic representation of the combined KHRT breakup mechanism.
The u vector represent the droplet’s velocity, while ΛKH and ΛRT are the oscillation
wavelengths of the Kelvin-Helmholtz and Rayleigh-Taylor instabilities, respectively.

The Reitz-KHRT coefficients, considered within the numerical model,

are:

· B0 - influences the droplets’ rate of separation;

· B1 - determines the new radius of the child droplets;

· Ctau - affects the time at which the breakup occurs;

· CRT - affects the wavelength with fastest growth.

The default values of these coefficients are reported in Table 3. The main

parameter affecting the droplets size and in turn the liquid fuel penetration B1

as suggested in [63, 72, 73].

The TAB model The Taylor Analogy Breakup (TAB) model represents an

oscillating and distorting droplet as a mass–spring–damper system ([68]). In
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B0 B1 Ctau CRT

0.61 40 1 0.1

Table 3: Default values of the Reitz-KHRT coefficients

this analogy, the surface tension force is represented by the restoring or sta-

bilising force of the “spring”, Kx; the liquid viscosity represents the damping

force, Dẋ; and the gas aerodynamic force is the source of the external or

destabilising force on the mass F ([68]):

mẍ = F −Kx−Dẋ (2.21)

The physical dependencies of the coefficients in eq.2.21 are:

F

m
= Cf

ρguslip
ρlr0

,
K

m
= Ck

σ

ρlr3
0

,
F

m
= Cd′

µl
ρlr2

0

(2.22)

where ρg and ρl are the gas and liquid densities, respectively, uslip is the rel-

ative velocity between the gas and the drop, r0 is the drop radius at the equi-

librium position, σ is the gas–liquid surface tension coefficient, and µl is the

liquid viscosity. Cf , Ck and Cd′ are model constant, whose default values are

1/3, 8 and 5 respectively. The TAB equation is then obtained introducing the

dimensionless variable y = x/(Cbr0), the Reynolds and the Weber numbers

(Re = ρgur0/µg and We = ρgu
2r0/σ):

ÿ +
Cd′ρgµl
Reρlµg

ẏ +
CKρg
Weρl

y =
2Cd′ρg
ρl

(2.23)

Here Cb = 0.5 which implies that the breakup of the droplet occurs when the

amplitudes of oscillation of the north and south poles equal the drop radius

([68]). The TAB model best represents the breakup mechanism at moderate

Weber numbers [74].

2.4.3 The droplet evaporation submodel

The evaporation model used to account for the effect of the temperature vari-

ability is developed by [75], based on the ideal gas model. It accounts for
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the vaporisation of the droplets due to the species dispersion occurring at the

droplets surface. The expression for the droplet mass loss is:

ṁp = −πdpShρgDF ln(1 +Xr) (2.24)

where Sh is the Sherwood number, a dimensionless number that represents the

ratio of convective to diffusive mass transport, DF is the diffusion coefficient

of the liquid species andXr is a molar ratio. This ratio accounts for the surface

molar fraction Xs (based on the Clausius-Clapeyron relation), and the carrier

phase concentration, Xc following the formula below:

Xr =
Xs −Xc

1.0−Xs

(2.25)

the terms Xs is the mass fractions of the evaporated liquid in the film sur-

rounding the droplet surface.

2.5 Shortcomings of Eulerian-Lagrangian simulations

The E-L simulations have some drawbacks, related to their initialisation setup.

The quality and reliability of the E-L simulations outcomes depend on factors

which can be disregarded: the SGS models and the mesh grid size.

2.5.1 SGS models uncertainty

Although the SGS models are necessary to describe the physical phenomena

taking place at the unresolved scales (i.e. the scales smaller than the mesh

grid size), there are some drawbacks. The empirical nature of the Lagrangian

submodels means that they are often tailored for particular sprays (in terms

of thermophysical conditions and/or injector geometries) in particular ambi-

ent conditions. The indiscriminate implementation of these submodels could

lack of physical consistency, bringing into play artificial effects into the nu-

merical simulations. In spray simulations, modification of the submodels’

parameters, including the turbulence model coefficients, is often attempted

[76, 77, 63, 78, 79]. A wide range of setups exists, involving different mod-
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elling approaches and many submodels which can be tuned within a numer-

ical framework many times without justification of their physical meaning.

Changing one factor at a time might be misleading, as the model constants in-

teract and impact on the responses. Moreover, in this way the predictive char-

acter of the simulations is reduced since it becomes unclear if the accuracy

of the results is indicative of the good model performance in terms of physi-

cal representation or it only depends on the coefficient tuning. Nsikane et al.

[32, 39, 80] more recently have suggested the use of a novel framework based

on the design of experiments approach in order to investigate the combined

influence of the turbulence, combustion and breakup parameters, looking at

ways of a priori defining optimal settings at different operating conditions.

This topic has been examined in detail during this research project for the

ECN spray A simulations, and compared to the results shown in the literature

(refer to Section 3.1 for further details).

Another important submodel is the initial droplet size distribution. This sub-

model is of paramount importance for spray simulations, as it represents the

primary breakup in the Lagrangian framework. Hence, the initial droplet

size influences the spray behaviour and characteristics, both for the macro-

scopic quantities (such as the liquid and vapour length) and the microscopic

quantities (the droplet PDFs). To the authors knowledge, literature does not

frequently consider this aspect. The influence of the initial droplet size dis-

tribution on the spray characteristics is the main topic for the ECN spray G

simulations in this thesis (refer to Section 3.2 for further details).

2.5.2 Optimum cell size selection

The determination of mesh resolution is a complex issue in E-L simulations.

In the E-L framework, the requirements in terms of mesh grid size follow

two opposite trends: on the one hand, the Eulerian gas fields require a mesh

that is as fine as possible, to guarantee a detailed description of the Eulerian

field features; on the other the LPT description requires that the cell size is

big enough to consider the particle as a point mass. The grid dependency
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of the E-L spray simulations is related to the mass, momentum and energy

exchange between the Lagrangian particle and the Eulerian cell containing

it. The transport equations within the Eulerian cells account for the particles’

source terms when using the two-way coupling (between the droplets and the

carrier gas). The relative size of the Lagrangian particles, with respect the

cell volume, could introduce a relevant error in the estimation of the mass,

momentum and energy exchange. This is particularly true when the droplet

size is close to the cell size, as the local gas properties are more strongly

affected by the source term and no longer represent the conditions at infinity.

For example, for the phase change phenomena (i.e. the droplet vaporisation),

the optimum ratio of the particle diameter, dp, to cell side, δx, must be

dp
δx
≤ 0.1

to keep the error on the estimation of the evaporated mass below 5% [81].

In evaporation of isolated droplets in quiescent and convective environments,

errors can be of the order of 10% to 50% the particle diameter is comparable

to the cell side, both in steady state [82] and in transient conditions [81]. The

error is directly proportional to dp
δx

, hence if such a ratio is around 0.1 the

corresponding error is about 10%, while Keeping the same dp and doubling

δx halves the error [81]. So, in conclusion, the cell side must be at least ten

times the droplet diameter to achieve cell-size independence [83].

The particle source term also affects the momentum equation, so that the

velocity disturbance induced by the momentum feedback to the flow by the

particle is responsible for errors in the estimation of the forces acting on the

particle [84]. Within the sprayFoam solver, a source term due to the particle

presence is also considered in the equations of energy, of the species and the

pressure. To date (and to the author knowledge), these are the only a few

studies that have investigated the effect of the cell size and the particle source

terms in E-L spray calculations. The improper characterisation of the particle-

to-cell size ratio could lead to the divergence of the particle source terms in
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the transport equations, eventually leading to the divergence of the Eulerian

fields. Moreover, an inadequate spatial resolution hinders the effects of the

Eulerian fields on the particles’ dynamics. For this reason, E-L simulations

often require adjustment of the spray submodels’ coefficients which does not

have physical meaning. This leads to the lack of convergency and consistency

of the computed solution when the grid size is reduced [85].

In RANS the coupling issue is not very relevant, as the cell sizes are usu-

ally much larger than the droplet sizes. Nevertheless, the cell size dependence

has become a relevant issue as the available computing power increases, al-

lowing the implementation of DNS and LES, so that the smaller cell sizes

make the point-source approximation increasingly inadequate. This issue has

been relevant during this project since LES are mainly used. Note that a few

techniques exist which try to eliminate the effect of the cell size by distribut-

ing the source term to the surrounding grid nodes in a grid-independent way

[86, 87]. The efficiency of such methods depends on a set of modelling pa-

rameters, and they are also more complex to implement and require more

computational effort. However, despite its known limitations, the application

of the particle source model to individual cells remains the most widely used

methods for coupled E–L simulations.
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3 Research Approach - Applications of the LPT
method

As established in the introduction, the objective of this research project is

to develop a CFD tool, based on the E-L framework, which is flexible in a

range of conditions, such as the fuel thermophysical characteristics, the am-

bient conditions and the injection strategies. This objective means that it was

necessary to identify the limits and the capabilities of the E-L model in Open-

FOAM. To do this, the approach undertaken during this project was based

on performing numerical simulations against a variety of cases and using dif-

ferent strategies. A summary of the parameters and/or strategies which have

been changed to investigate different approaches is shown below:

1. the spray characteristics;

2. the injection strategy;

3. the modelling strategy;

4. the numerical approach.

1. The spray involves different fuel characteristics and different nozzle ge-

ometries. For this project two different sprays have been used:

· ECN spray A, a diesel-like fuel for a single hole injector;

· ECN spray G, a gasoline-like fuel using a multi-hole injector.

These sprays were chosen due to the wide availability of experimental data

provided by the ECN [33], and their very different characteristics. ECN spray

A was used at the very beginning of this project to gain familiarity with the

OpenFOAM environment, due to its simpler geometry. At this stage, no modi-

fications were made to the source code. Simulations were run using the spray-

Foam solver (native in OpenFOAM), varying only the input conditions of the

spray and the boundary conditions of the domain. ECN spray G was then

used as a testing ground to develop a customised solver. The Adaptive Mesh
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Refinement (AMR) method was included within the solver main loop and two

additional Lagrangian submodels were developed: the log-normal initial dis-

tribution (for the initial droplets diameter) and the multi-disc injection model

(to implement a multi-port nozzle, with a finite area for the injector holes).

2. The injection strategy refers to the relative positioning and configura-

tion of the injected fuel with respect to the ambient (i.e. the combustion

chamber in ICEs), accounting for the presence of air streams, obstacles, etc.

Data for the ECN sprays are based on injection into a quiescent chamber

with a fixed volume. However, real combustors consist of moving parts,

time-changing volumes and impingement phenomena between fuel and air-

flow. Focusing on this latter aspect (airflow/fuel impinging), a wide set of

simulations have focused on Liquid Jet In Crossflow (LJIC or LJCF). This

topic was chosen to provide numerical data for a novel engine concept (the

RSCE) developed by Ricardo Innovation in collaboration with the Univer-

sity of Brighton [12], focusing on the atomisation process of the liquid spray.

This case highlighted one of the main limitations of the LPT, linked to the (re-

strictive) assumption of spherical droplets. In fact, both the experiments and

purely Eulerian simulations indicate that, in such configurations, the spray

presents highly distorted droplets (such as ligaments and flattened structures),

which the conventional Lagrangian approach does not model.

3. The modelling strategy refers to the selection of the numerical frame-

work and the SGS models to perform the simulations. Part of this work fo-

cused on the basic numerical setup to perform accurate and robust simula-

tions, such as: the domain discretisation in terms of mesh grid size; the effect

of the numerical schemes for time and space discretisation; the one-way ver-

sus the two-way coupling between the Lagrangian particle and the Eulerian

fields. Mesh sensitivity analysis (performed with spray A) has shown the

limitation of the E-L approach regarding the admissible particle-to-cell size

ratio, discussed in Section 2.5.2. This same issue has also affected the LJIC

simulations, due to the intensive interaction between the gas phase and the

droplets, that affects the transport continuity equations. As regards the SGS
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models, the modelling strategy has focused on: the effect of the turbulence

model, testing both RANS and LES; the effect of the Lagrangian submodels,

in particular the Reitz-KHRT breakup model (using the ECN spray A) and

the initial distribution model (using the ECN spray G). This process is usually

based on the optimisation of the involved submodels and it is often used in

the literature. However, this approach has raised a relevant research question

regarding the potential lack of physical meaning of the involved SGS models.

The shortcomings of this approach have been illustrated in Section 2.5.1.

The initial investigations with the ECN spray A also examined the application

of the combustion model to the spray. However, involving the chemical ki-

netics increases the complexity of the simulations, shifting the focus towards

the CHEMKIN©modelling (see Section 2.3). This would have required an

advanced know-how of the LPT method in OpenFOAM at the start of the

project, to provide an optimised setup (in terms of Lagrangian submodels,

mesh grid size and numerical discretisation) for the implementation of com-

bustion. Hence, combustion modelling was not included in the scope to allow

a thorough investigation of non-reactive conditions, since the objectives of

this project focus on the more underlying physics of the spray formation.

4. The numerical approach is the numerical framework used to simulate

the spray as a multiphase system. The objective of this research project was

to develop a numerical approach which is based on the LPT method, which

is widely described in Section 2. However, the LPT method can be used in

combination with purely Eulerian approaches, in order to investigate differ-

ent regions of the spray. In such hybrid methods, the Eulerian formulation

addresses the modelling of the dense spray region (at the nozzle exit) and the

Lagrangian formulation addresses the dispersed spray particles. This com-

bined approach was implemented during the current project for ECN spray

G, in collaboration with another researcher who used a Eulerian methodology

in the spray dense region [88]. The purely Eulerian formulation is based on

the Eulerian Lagrangian Spray Atomisation (ELSA) model, which computes

the surface area of the liquid-gas interface per unit of volume [89]. The direct

46



comparison of these two methodologies has shown that the surface of the liq-

uid phase plays an important role in several physical phenomena affecting the

spray. In particular, the surface affects the evolution of the liquid fragments

(such as spherical droplet, ligaments and so on) in terms of the phase change

rate, drag, breakup, etc. This aspect, alongside the consideration made for

the particle morphology in LJIC, motivated the development of a Lagrangian

model able to accounts for the particles surface and deformation, as well as

the subsequent effects on the particle evolution in time.

The novelty of the Lagrangian model proposed in this research project is

to combine the deformation and the surface area of the particle, using two

characteristic shapes, to represent the ligaments and the flattened liquid struc-

ture in the spray. This new model also accounts for the time evolution of the

spray particles due to their deformation (for further details see Section 4).

The schematic in Fig.14 shows the workflow of the cases investigated (the

black boxes) and the kind of analysis performed (second column from the

left).

Figure 14: Summary of the research directions, accounting for the outcomes and the
issues encountered. The red and orange boxes indicate the level of criticality of the
issues.
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Figure 14 shows the issues encountered using the Lagrangian methodology

and the main considerations that led to the development of the Eulerian La-

grangian Particle Surface Approach (ELPSA) model (the green box). In this

figure, the red box indicates the major obstacle that was encountered in the

implementation of the LPT method for spray combustion, which led to the

dismissal of this aspect from the project scope; the orange boxes indicate the

shortcomings for the application of the LPT method.

In the following subsections the results of the test cases are discussed

individually, concerning:

� the preliminary work with the ECN spray A (Section 3.1);

� the code novelties implemented with the ECN spray G (Section 3.2);

� the investigation for the LJIC (Section 3.3);

The numerical results are compared to the experimental data from the litera-

ture, in particular from the ECN database [33]. At the end of each section the

main outcomes are discussed. The critical aspects of the standard E-L solver

(native in OpenFOAM) are presented, indicating how they can be improved.

3.1 Preliminary work for the application of the LPT method

in OpenFOAM using ECN spray A data

One common issue with both LES and RANS methodologies is the selection

of the appropriate submodels and their coefficients in combination with the

optimal grid in terms of efficiency and accuracy. The challenge is that in prac-

tical simulations SGS models are used by modellers to numerically tune the

simulations and the fact that they physically encapsulate “unknown” or “unre-

solved” information at the SGS is sometimes ignored, limiting the predictive

capabilities of the simulations. Also, the grid sizes and the turbulence mod-

elling affect the viscosity field, as its characterisation is both physical (laminar
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viscosity) and model induced (turbulent viscosity). In turn, the viscosity af-

fects the dissipation of energy as well as the diffusion of the Eulerian fields.

An additional issue is that, in studies of the same experimental case, various

combinations of grid and model coefficients are used resulting in sprays with

similar macroscopic characteristics (liquid and vapour penetration) but very

different droplet sizes and it still remains unclear which of these combinations

is the more “physical” one since experimental data at droplet level is mainly

non-existent.

The investigation performed in this project using ECN spray A (in evaporat-

ing and non-reactive conditions) addresses the above two issues and the effect

that they have on the physical characteristics of the sprays. RANS and LES

turbulence based models are compared and then an analysis based on the per-

formance of the spray break up model and the grid size is included. A detailed

discussion is introduced regarding the role of the predicted turbulent viscos-

ity. The focus is understanding the effect of these two factors on the coupling

of the two phases using observations based on Stokes numbers.

3.1.1 The E-L approach for ECN spray A

Several modelling strategies have been adopted to perform spray simulations

using the E-L approach. Such strategies have focused on:

· selecting the transient or averaged dynamics of the Eulerian fields (LES

or RANS);

· selecting the optimum mesh grid size in order to succeed both accuracy

and acceptable computational cost;

· varying the submodel tuning parameters (in particular for the spray

breakup model) in order to capture a range of operating conditions;

· implementing new SGS models (or modifying existing ones);

RANS methods have been widely used in turbulent spray modelling due to

their low computational cost. However, RANS could introduce considerable
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errors when complex transient flows are involved, as they remove the fluc-

tuation part and are not able of capture the unsteady features of a turbulent

flow. On the other hand, LES are capable of providing a more realistic repre-

sentation of the flows present in ICE compared to RANS, and they are able to

resolve eddies, and unsteady flow structures experimentally observed [50, 51].

One of the main issue on the application of LES in engine simulation is the

computational cost [90, 91]; in fact, in LES, eddies that are smaller than the

grid size are discarded, thus requiring a grid as fine as possible. A criterion

for resolution of multiphase flows has yet to be established. A few studies

have compared RANS and LES predictions against experimental data, prov-

ing that good results are achievable with both models [92] subject to the grid

size and the tuning of the SGS model coefficients although LES overall bet-

ter resolve the flow structures [90, 91, 92] for both reactive and non-reactive

cases [93, 94].

The mesh plays an important role in spray simulations and CFD investiga-

tions still focus on achieving the best compromise between results’ accuracy

and computing time. Abraham [47] suggests that the resolution is adequate

when the grid size is at least the size of the injector outlet diameter (doutlet).

Since such a refinement would result in an excessive number of cells, mesh is

refined only where the fuel is present in its liquid and/or gaseous state. In or-

der to achieve a computational efficiency, numerical strategies based on AMR

methodologies have also been widely used.[27, 43, 50, 63, 64, 77, 92, 95, 96,

97] Moreover, in order to achieve mesh independent solutions of the dispersed

liquid phase, some numerical approaches have focused on the unresolved re-

gions near the nozzle, using SGS model for modelling the velocity [98, 99],

the dispersion velocity [100], and the viscosity [101]. A similar approach is

based on the idea to limit the turbulent length scale of eddies in the proximity

of the nozzle [64, 102].

Modification of the submodels’ parameters, including the turbulence model

coefficients, is also often attempted [63, 72, 76, 77, 78, 79, 80] in order to

counterbalance the lack of adequate resolution in areas that SGS have a signif-

50



icant effect. Changing one factor at a time might be misleading, as the model

constants interact and impact on the responses. Moreover, in this way the pre-

dictive character of the simulations is reduced since it becomes unclear if the

accuracy of the results is indicative of the good model performance in terms of

physical representation or it only depends on the coefficient tuning. Nsikane

et al. [78, 80] more recently have suggested the use of a novel framework

based on the design of experiments approach in order to investigate the joined

influence of the turbulence, combustion and breakup parameters, looking at

ways of a priori defining optimal settings at different operating conditions.

Table 4 is an overview of the simulations performed by several authors,

using different approaches. Simulations reported here have been performed

using the ECN Spray A [33]. It is interesting to note that although for the

RANS k-εmodel is mostly used, within LES approaches, several SGS models

have been used (e.g. Smagorinsky, dynamic structure, one dynamic equation)

which often provide outcomes in disagreement with each other [76]. Overall,

a wide range of approaches are reported in the literature, involving differ-

ent modelling approaches and many submodels which can be tuned within a

numerical framework many times lacking justification in their physical mean-

ing. In these studies there is often a lack of consistency in comparing spray

characteristics (e.g. the liquid penetration) against experiments, because of

discrepancies in their definitions [77]. Finally, studies which aim to develop a

grid independent solution for the E-L approach need to implement additional

models and parameters within the code (such as particle number control al-

gorithms) increasing the complexity of the method. Senecal et al. [96, 97]

suggest that grid convergence, rather than grid independence, should be the

goal of modern, state-of-the-art spray models. An important element in the

comparison of the various approaches is the difference between the predicted

SGS turbulent kinetic energy and SGS turbulent viscosity fields, provided by

RANS and LES, using the same mesh. The difference is that the definitions

of the turbulent kinetic energy are fundamentally different: in RANS the tur-

bulent kinetic energy, which is connected to the turbulent model, contains
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contributions from turbulent eddies of all scales; while in LES, it represents

only those from the SGS field, which is dependent on the filter scale [90].

This implies that the sub-grid turbulent viscosity provided by the LES model

is lower than those calculated by the RANS model.

In this study the differences in the predictions between RANS and LES

have been investigated using different grid sizes, different numerical discreti-

sation schemes and varying the Reitz-KHRT parameters. One significant dif-

ference from the investigations made in the literature is that this study has

focused on exploring the difference between the viscosity fields computed by

each approach and how these differences affect the spray macroscopic prop-

erties (liquid and vapour penetration) as well as microscopic characteristics

(droplets’ size and velocity). Another relevant aspect is the analysis per-

formed on the Stokes number (St) of each single parcel within the domain.

From such an analysis it is possible to have a measure of the droplet response

to its surrounding gas phase turbulence, providing useful information on the

E-L coupling. The St number has been used in previous works as a criterion

for mesh convergence (instead of vaporised fuel fraction) [77]. Bharadwaj et

al. [99] have reported that the St numbers are very high in the near-nozzle re-

gion where the droplets have significant mass and relative velocities, decreas-

ing exponentially as the droplets move downstream (losing their mass and

relative velocity). This trend of the St numbers indicate that the near nozzle

droplets can have a considerable effect on the gas phase turbulence character-

istics and that this effect decreases rapidly as the droplets move downstream.

3.1.2 ECN spray A Numerical setup

Numerical simulations were run using ECN spray A setup in non-reacting

conditions (see Table 5). Results are validated against the experimental cases

documented by the ECN [105].

The vessel volume is discretised using fixed meshes, with different level of

refinements, as shown in Fig.15. The meshes were created using the blockMesh

utility and are refined using the refineMesh function. The coarser mesh has
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Ambient pressure: p = 6.05 [MPa]
Ambient temperature: T = 900 [K]
Ambient gas density: 22.8 [kg/m3]

Ambient O2: 02% (inert case)
Injector: Single Hole Injector

Injector doutlet: 90 [µm]
Fuel: n-dodecane (n− C12H26)

Fuel density: 750 [Kg/m3]
Injection pressure: pinj = 150 [MPa]

Injection temperature: Tinj = 363 [K]
Discharge coefficient: Cd=0.9
Injection Duration: 1.5 [ms]

Injected Mass: 4 [µg]

Table 5: Input conditions for spray A [105]

been used only for RANS, while the others have been used both for RANS

and LES. The first level of refinement extends in the region encompassing the

fuel gas phase. In mesh B and C further levels of refinements are imposed in

the region of liquid penetration (up to 20 mm in the y direction, see Fig.16).

Note that each level of refinements halves the cell size. Having different

Figure 15: Grid meshes used for simulations

cell sizes in the near nozzle region helps to investigate the numerical coupling
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Figure 16: Detail of the grid refinement for meshes B and C. Mesh is refined in the
location where the liquid jet is expected to be

between grid size and the Lagrangian particles. Note that each refinement

implies an increment on the simulation execution time, as every time-step in

computed based on the Courant number (Co) criterion for numerical conver-

gence [48] (see eq.2.2). Here, Comax = 0.1 is selected as maximum value of

Co for numerical convergence. Also δt is bounded to a maximum of 2 ∗ 10−7

s, as suggested by the ECN workshops [33].

Table 6 provides the minimum grid size, the numbers of cells and the time-

step magnitude for the different meshes for RANS (the time-step magnitude

for LES is the same when the same mesh and the same maximum Co number

is used).

Mesh Minimum No. of cells ∆t [s]
cell size [mm]

coarse 0.5 720000 2 · 10−7

A 0.25 1436732 6 · 10−8

B 0.125 1444060 2 · 10−8

C 0.0625 1520640 6 · 10−9

Table 6: Effects of different grid size on the average time-step for RANS

As for the spray modelling, the Reitz-KHRT model is used for the spray

breakup. In order to account for the in-nozzle effects, that cause the reduction

of the effective exit flow area [106], the injected blob diameter is 10% smaller

than the injector outlet diameter (dblob = 80µm). Experiments with ECN

spray A have shown that there is no cavitation present and thus no further ad-
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justments to the Reitz-KHRT was performed. The values of the Reitz-KHRT

coefficients are reported in Table 3; B0, Ctau and CRT have been chosen in

accordance with previous work for diesel-like sprays [50, 77, 79, 92]. On the

other hand, simulations reported here have focused on the effects of B1 (as

suggested in [63, 72, 73]) using B1 = 3 and B1 = 15. B1 can be described as

the parameter that scales the rate at which the droplets in the primary breakup

shrink before the secondary breakup starts, thus affecting the formed droplet

size distribution.

According to the experimental observation for the spray spreading [107], the

initial cone angle (θout) has been set as θout = 20deg.

Moreover, a sensitivity analysis has been performed varying the number of

Parcels Per Seconds (PPS), in line with the analysis previously done by Vog-

itzaki et al. [72], ranging the PPS from 20 to 200 millions. 80 millions PPS

provide the more stable results.

The simulations performed are listed in Table 7. For LES simulations,

only B1 = 3 has been used. Setting B1 = 3, simulations predict droplets

diameter in the order of 1µm in the dispersed spray region, as predicted by the

experimental observation for the ECN Spray A in non-evaporative conditions

(T=303 K) by [108].

Mesh Turbulence model B1 Numerical schemes
Coarse RANS 15 1st order

A RANS 15 1st order
B RANS 15 1st order

Coarse RANS 3 1st and 2nd order
A RANS 3 1st and 2nd order
B RANS 3 1st and 2nd order
C RANS 3 1st and 2nd order
A LES 3 1st and 2nd order
B LES 3 1st and 2nd order
C LES 3 1st and 2nd order

Table 7: Numerical setup of the performed simulations

The governing equations are solved with the PIMPLE solution algorithm,

which is a combination of the Semi-Implicit Method for Pressure-Linked
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Equations (SIMPLE) and Pressure Implicit with Splitting of Operator (PISO)

method [61], handling the air density with a pressure-based formulation. Both

first and second-order-accurate spatial discretisation schemes are used for the

governing conservation equations. Second order schemes for the spatial gra-

dient and divergence provide more reliable results, although the numerics are

less stable [109]. As for the time numerical scheme, a Eulerian first order

implicit time scheme is used; second-order time schemes (Crank-Nicholson)

have been also tested, although they have not provided relevant differences in

the results.

3.1.3 ECN spray A Results - Liquid Penetration Length and Vapour

Penetration

The main parameters reported in the literature for ECN spray A are the Liquid

Penetration Length (LPL) and the Vapour Penetration (VP). The LPL is de-

fined as the axial location encompassing 99% of the injected mass, while the

VP refers to the furthest downstream location at which the fuel mass-fraction

is 0.1%.

OpenFOAM calculates the LPL as follows:

1. it takes the particle mass mp,i and distance from he injection point dp,i;

2. it sorts the particle distance in ascending order and save their index

(index− p, i);

3. it sums the particle masses following the index order, so that it gets a

vector whose terms are mindex−p,i;

4. based on the fraction percentage set by the user (95% is the Open-

FOAM default, while 99% is the ECN Sandia standard [33]) the code

calculates a threshold value mthr = (1 − fraction) ∗ Σmp,i (where

Σmp,i is the total mass of the particles);

5. finally, when it finds the conditionmindex−p,i ≥ mthr it gets the index−
p, LPL corresponding to such condition, and returns the distance of the
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particle at such location dp,(index−p,LPL), that is the LPL.

Figure 17 visualises the axial distance travelled by the Lagrangian particle for

the initial time-steps and the corresponding penetration of the liquid spray.

Figure 17: On the left-hand side the velocity versus the axial position of the La-
grangian particles; on the right-hand side the LPL at each corresponding time-step
(LES with 2nd order SNS and B1 = 3).

The LPL and the VP obtained using 1st order SNS are shown in Fig.18

and 19 for RANS and LES, respectively. These figures compare the effect

of the grid size. Also Fig.18 shows the influence of the breakup model co-

efficient B1; this comparison has been made only for RANS, to select the

optimum value for B1 (see the following Section). The x axis refers to the

time After Start Of Injection (ASOI). It is expected that for both turbulence

models, the grid size will have a direct effect to the Eulerian phase (vapour)

and an indirect effect to the Lagrangian one (liquid) through the property ex-

change at each cell. For RANS simulations, finer grids correspond to deeper

penetration although overall the simulations show convergence - as expected

- as the mesh is finer. The convergence is better when a smaller B1 value

is used. This will be further explained in the next section. Mesh A offers

the best trade-off between accuracy and computational time since it is able
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Figure 18: ECN spray A - VP and LPL obtained with RANS and 1st order SNS.
Four different mesh grid size are used and two different value of the Reitz-KHRT
coefficient B1

Figure 19: ECN spray A - VP and LPL obtained with LES and 1st order SNS. Three
different mesh grid size are used (the Coarse mesh resolution is not adequate for LES)

to provide good results for the LPL (in accordance with other studies in the

literature [27, 91, 96] using different codes) even though the VP is slightly

under-predicted. For the finer mesh, Mesh C (0.06125 mm minimum cell

size) the LPL is slightly over-predicted, while the VP is very well predicted.

LES results show a different trend. The LPL and the VP are over-predicted
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with respect to the experimental data. Coarser meshes correspond to deeper

penetrations, and they get lower as the mesh is finer; this same trend has been

already observed in the literature [50, 91, 97]. Even with Mesh C, the LPL is

considerably over-predicted. This behaviour can be related to the diffusivity

of 1st order SNS. Despite of this, a further level of mesh refinements (thus

having δx ≈ 0.03mm) could lead to more consistent results for LES pre-

dictions against experimental data [50, 77, 97]. Nonetheless, such a refined

mesh has not been used here since the reduced cell size and the high inertia

of the newly injected drops cause coupling issues related to the momentum

exchange. As regards the initial slope of the LPL, experimental data shows a

steeper ascent than the simulations (see Fig.18 and 19). Notice that the slope

is steeper as the mesh gets refined. This effect has been noticed in diesel

sprays and it is related to turbulence/spray interaction [102]. In fact, in the

turbulence model there are no source terms in the turbulence equations due

to spray interaction; hence, setting the grid dependency can be reduced by

limiting the turbulent length scale in the liquid core region, as proposed by

Karrholm and Nordin [102].

To obtain more accurate results it is necessary the selection of more ac-

curate SNS. Literature suggests the implementation of 2nd order SNS([27,

43, 50, 77, 79, 91, 96, 97]). The results obtained for the LPL and the VP

with 2nd order SNS are shown in Fig.20 and 21, for RANS and LES, respec-

tively. With RANS and 2nd order SNS, finer grids correspond to deeper

penetration, and the solution tends to convergence as the grid is more refined

(as with 1st order SNS). Although, the LPL is deeper than the experimen-

tal data. However, LES simulations show more interesting results, providing

the same mean value of the LPL at the plateau, regardless of the mesh used.

The main difference, when the grid is refined, is a reduction of the LPL os-

cillations. This effect is a confirmation that 1st order SNS are too diffusive

[109], causing a more discontinuous behaviour of the Eulerian fields. In other

words, the Eulerian fields (such as the gas density and the shear viscosity)

which should affect the particle forces (in this case the drag) and in turn the
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Figure 20: ECN spray A - Comparison of VP and LPL varying the mesh, using
RANS and 2nd order SNS are used. B1 = 3 for all the cases shown here.

Figure 21: ECN spray A - Comparison of VP and LPL varying the mesh, using LES
and 2nd order SNS. B1 = 3 for all the cases shown here.

particles motion, have local oscillations around its average value. On the one

hand, with 2nd order SNS, changing the mesh keeps the average value rela-

tively constant; on the other hand, 1st order SNS provide stronger oscillation,

61



varying also the average value. An explanation of the behaviour of the LPL

with respect to the grid for RANS (for both 1st and 2nd order SNS) is that on

a coarser grid the momentum exchange, between the parcels and the gas, will

be subject to higher diffusivity, since the interpolation will occur in bigger cell

volumes. Thus, the relative velocity between the parcels and the gas is kept

higher, leading to higher drag acting on the liquid particles and in turn reduc-

ing the LPL. On the contrary, with a finer grid the momentum transfer occurs

in a smaller volume of gas, the gas velocity increases faster and the relative

velocity between droplets and gas is lower, leading to lower drag and in turn

deeper LPL. In order to quantify this effect the average value of the relative

velocity (uslip) was calculated for all the parcels with respect the gas velocity

at each parcel location, within the region where the grid is finer (depending

on the mesh). The value of uslip is 10.98 m/s for Mesh A and 0.27 m/s for

mesh C (for RANS); 23.54 m/s for Mesh A and 14.71 m/s for Mesh C (for

LES). Overall, it can be argued that the shift from RANS to LES affects the

solution numerically rather than physically. Yet, the predictions provided by

the LES using 2nd order SNS are more coherent as they provide some mesh

independence, although both the LPL and the VP are slightly over-predicted

with respect to the experimental data and thus requiring some further tuning

of the submodels.

3.1.4 ECN spray A Results - Droplet dynamics

This subsection analyses the computed results of the Lagrangian particles.

Figure 22 reports the Sauter Mean Diameter (SMD or D32) of the droplets

present in the domain for both RANS and the LES simulations. In Open-

FOAM the SMD is calculated as:

D32 = Σi
Vp,i
Ap,i

.

The coefficient with the most significant contribution to the computation of

the droplet size is B1. Decreasing the value of B1 results into the genera-
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Figure 22: ECN spray A - D32 predicted with RANS (top) and LES (bottom). The
SMD obtained with B1 = 3 is the same for 1st and 2nd order SNS.

tion of smaller droplets, whose motion is governed by advection.In general

coarser grids results in smaller SMD. This phenomenon occurs because the

droplets are enclosed in a bigger cell-volume, improving the accuracy of the

phase change submodel, which models the droplet vaporisation as in infinite

volume.

The turbulence models also plays a role. Comparing the SMD obtained with

the RANS and LES, using the same mesh, the SMD obtained with RANS is

always∼ 50% bigger than the SMD provided by LES. This discrepancy is re-

lated to the distinct features of the Eulerian fields obtained with the different

turbulence models. On the one hand, the averaging nature of RANS, generate

more “static” Eulerian fields which enclose the Lagrangian particles within a

stagnant region; due to the phase change, this region tends to became colder in

terms of temperature field. On the other hand, the unsteady nature of the LES

tends to behave stochastically, exposing the Lagrangian particles to a more

shifting environment (i.e. eddies causing oscillations of the the gas fields,

such as the temperature and/or the species concentration), thus enhancing the

heat and mass exchange of the particles. The differences in the SMD indicate

the enhanced vaporisation process occurring with LES. The differences of the
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Eulerian fields are shown in detail in the next section.

The SNS do not provide significant differences on the particles’ character-

isation. Although 1st and 2nd order SNS have relevant effects on the char-

acterisation of the Eulerian fields, the turbulence models determine the major

effects on the droplet/gas phase change (and in turn on the SMD).

As for the effects of B1 on the global behaviour of the spray Fig.18 shows

that increasing B1 results in deeper LPL (but with no major effects on the

vapor penetration). In fact, B1 = 15 generates larger droplets that tend to

evaporate less. Moreover, as the grid size becomes smaller less numerical dif-

fusion is introduced in the particle movement (due to interpolation) and thus

they tend to penetrate more. To asses the best value for B1, a comparison has

been done with the experimental data from [108] in non-evaporative condi-

tions (Tamb = 303K). The droplets’ SMD have been measured through direct

observations downstream the nozzle outlet, in the spray secondary breakup

region [45, 108, 63, 110]. Figure 23 shows the SMD measurements along

the spray center-line for ECN spray A in non-evaporative condition, for dif-

ferent pinj and ρamb [108]. The comparison with the simulations is shown

Figure 23: Comparison of axial distributions of the SMD for ECN spray A at different
conditions [108]

in Fig.24. Note that non-evaporating conditions requires to account for the

droplets collisions (while colliding effects are negligible in evaporating con-
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Figure 24: ECN spray A - Individual droplet diameters computed setting the Reitz-
KHRT coefficient B1=3 and B1=15 in non-evaporative conditions, with Mesh A at
t=1 ms. The black line represents the experimental SMD measured by [108].

ditions [63, 64]). The predicted transition from bigger to smaller diameters

along the axial direction is more abrupt than is observed in experimental data,

for both the values of B1. From this comparison, B1=3 best matches the

experimental data, providing D32 ≈ 1µm. On the other hand, B1=15 over-

predicts the experimental SMD, D32 ≈ 3.5µm).

3.1.5 Spray A Results - Gas phase dynamics

This section illustrates the effect of the turbulence models and the SNS on

the Eulerian field. Comparisons are made using for mesh A and C, only, at

t = 1 ms, representing the time at which the liquid jet is stabilised and the gas

fields’ morphology is well established. After showing the results obtained

with 1st order SNS, discussing the effects of the mesh and the turbulence

model, a direct comparison between 1st and 2nd order SNS is proposed. All

the cases shown here use B1=3 within the Reitz-KHRT breakup model.

Figures 25, 26, 27 and 28 show a comparison of the vapour, velocity, turbulent

kinetic energy and dynamic viscosity fields at mid-plane, obtained with 1st
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order SNS.

Figure 25: ECN spray A - Comparison of the mixture fraction distribution of fuel
vapour at mid-plane for RANS and LES using mesh A and C, with 1st order SNS,
at t = 1 ms (B1 = 3). The white outline represents the experimental vapour contour
line, by Sandia data [105].

Figure 26: ECN spray A - Comparison of the velocity field, u, at mid-plane for RANS
and LES using mesh A and C, with 1st order SNS, at t = 1 ms (B1 = 3).

The velocity field (in Fig.26) shows that using a finer mesh leads to higher
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Figure 27: ECN spray A - Comparison of the turbulent kinetic energy field, k, at
mid-plane for RANS and LES using mesh A and C, with 1st order SNS, at t = 1 ms
(B1 = 3).

Figure 28: ECN spray A - Comparison of the dynamic viscosity contour at mid-plane
for RANS and LES using mesh A and C, with 1st order SNS, at t = 1 ms (B1 = 3).
A different scale has been used here for RANS and LES cases as the values for the
dynamic viscosity in RANS are up one order of magnitude higher than in LES.

velocity in both RANS and LES, in terms of magnitude. The maximum value

for mesh C is umax ≈ 650m/s.
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As for the turbulent kinetic energy (see. Fig.27), its maximum value, kmax,

varies depending both on the mesh and the turbulent model selected:

· kmax(RANS,meshA) = 3100 m2/s2,

· kmax(RANS,meshC) = 15000 m2/s2,

· kmax(LES,meshA) = 7800 m2/s2,

· kmax(LES,meshC) = 7700 m2/s2.

LES modelling shows more consistence for the value of kmax across different

mesh sizes.

Figures 29, 30, 31 and 32 show the contour plot obtained with the RANS of

the vapour, velocity, turbulent kinetic energy and dynamic viscosity field (re-

spectively) at mid-plane; comparing 1st and 2nd order SNS. The comparison

is provided here for the mesh A only; in fact the Eulerian fields are qualita-

tively the same for different mesh grid size when using RANS (as shown in

Fig.25, 26, 27 and 28). The few differences arising from the implementation

of different SNS are still quite small: the gas plume is narrower and has a

deeper penetration, this pattern can be observed on the area of major gradient

for the other fields as well. On the other hand, LES provide more noticeable

differences as the SNS are changed. Figures 33, 34, 35 and 36 show the

contour plot of vapour, velocity, turbulent kinetic energy and dynamic viscos-

ity field (respectively) at mid-plane, comparing 1st and 2nd order SNS. The

comparison with experimental data is only available for the fuel vapour con-

tour; in general 2nd order SNS provides a better prediction of it (see Fig.29

and 33). LES also capture the vortical structures, providing a better local

description of the flow. Results shown here are based on a single LES realisa-

tion, although this is not appropriate for local quantities, this choice is based

on two considerations:

1. the main focus of this research project is the LPT method and thus the

description of Lagrangian particles;
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Figure 29: ECN spray A - Comparison of the mixture fraction distribution of fuel
vapour at mid-plane for RANS using 1st and 2nd order SNS, with mesh A and
B1 = 3, at t = 1 ms. The white outline represents the experimental vapour contour
line, by Sandia data [105]

Figure 30: ECN spray A - Comparison of the velocity field, u, at mid-plane for RANS
using 1st and 2nd order SNS, with mesh A and B1 = 3, at t = 1 ms. The difference
in the maximum local velocity, obtained using different SNS is negligible.
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Figure 31: ECN spray A - Comparison of the turbulent kinetic energy field, k, at mid-
plane for RANS using 1st and 2nd order SNS, with mesh A and B1 = 3, at t = 1

ms. The maximum value of the turbulent kinetic energy, kmax, is not much different
changing the SNS: kmax(RANS, mesh A, 1stord.NS)= 3100m2/s2, kmax(RANS,
mesh A, 2ndord.NS) = 2400m2/s2.

Figure 32: ECN spray A - Comparison of the dynamic viscosity contour at mid-plane
for RANS using 1st and 2nd order SNS, with mesh A and B1 = 3, at t = 1 ms.
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Figure 33: ECN spray A - Comparison of the mixture fraction distribution of fuel
vapour at mid-plane for LES using 1st and 2nd order SNS, with mesh A and C,
at t = 1 ms (B1 = 3). The local max fuel vapour concentration obtained with the
2ndord.NS is [C12H26] = 0.55. The white outline represents the experimental vapour
contour line, by Sandia data [105]

Figure 34: ECN spray A - Comparison of the velocity field, u, at mid-plane for LES
using 1st and 2nd order SNS, with mesh A and C, at t = 1 ms (B1 = 3). The local
max velocity obtained with the 2ndord.NS for mesh C is umax,meshC ≈ 590m/s
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Figure 35: ECN spray A - Comparison of the turbulent kinetic energy field, k, at
mid-plane for LES using 1st and 2nd order SNS, with mesh A and C, at t = 1 ms
(B1 = 3).

Figure 36: ECN spray A - Comparison of the dynamic viscosity contour at mid-
plane for LES using 1st and 2nd order SNS, with mesh A and C, at t = 1 ms
(B1 = 3). The maximum value of the dynamic viscosity, µmax, are: µmax (mesh
A, 1stord.NS)=0.033Pa·s, µmax (mesh C, 1stord.NS)=0.031Pa·s, µmax (mesh A,
2ndord.NS)=0.044Pa·s, µmax (mesh C, 2ndord.NS)=0.04Pa·s
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2. a single LES realization is sufficient for global quantities, such as LPL

and VP [111].

As for the fuel vapour mass fraction distribution (see Fig.33), LES with 2nd or-

der SNS capture the formation of several vortex structures in the fuel vapour

plume, in accordance with experimental observations [90, 91, 92, 93, 94]. The

mesh does not play much of a role on the general behaviour of the fuel vapour

envelopment, except for the fact that a finer mesh is able to capture smaller

vortex structures. The quality of the mesh for LES simulations can be esti-

mated measuring the turbulence resolution, M , as indicated by Pope [112].

M(x, t) is the fraction of the turbulent kinetic energy in the resolved motions:

M(x, t) =
kresolved(x, t)

ksgs(x, t) + kresolved(x, t)

kresolved and ksgs are the resolved and modelled turbulent kinetic energy. Smaller

values of M correspond to the resolution of more of the turbulent motions.

According to Pope M = 0.2 (corresponding to the resolution of 80% of the

kinetic energy) results in high fidelity simulations [112]. Figure 37 shows the

turbulence resolution obtained with mesh A and mesh C. Mesh C provides

M ≤ 0.3 on most of the domain, except in very few regions at the edges of

the fuel gas plume (and on the walls), where M ≥ 0.5. As for mesh A, the

turbulence resolution is lower within the gas plume, where 0.3 ≤ M ≤ 0.5.

1st order SNS are not able to capture the vortex topology, except for the most

refined mesh (mesh C), which still lacks of resolution. The application of 1st

order SNS in the Eulerian-Lagrangian context is justified by their numerical

stability, thus, they are relevant for preliminary simulations and during code

development. However, the preliminary investigations with ECN spray A in-

dicate that simulations implementing 1st order SNS do not provide accurate

results. Hence, for the subsequent studies performed during this project, only

the results obtained with 2nd order SNS are examined. RANS averaging

cannot capture qualitative information of the quantities regardless of the fact

that macroscopic spray characteristics (e.g. the LPL and the VP) are better
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Figure 37: ECN spray A - Measure of the turbulence resolution, M(x, t), obtained
according to Pope’s criterion for LES [112].

predicted with the meshes used. Also, the contour plots of the fuel vapour

mass fraction distribution obtained with RANS, are very similar regardless of

the mesh grid size (see 25), and regardless of the SNS (see 29). The same

considerations, from a qualitative point of view, can be made for the gas ve-

locity field, comparing the effect of the mesh, the turbulence model and the

SNS (see Fig.26, 30, 34). For mesh A, the maximum velocity within the

field is the same regardless of the turbulence model and/or the SNS with

umax,mesh−A ≈ 330m/s. While using mesh C, velocities are almost doubled,

with negligible discrepancies between 1st order SNS and 2nd order SNS:

· umax(MeshC , RANS) ≈ 650m/s,

· umax(MeshC , LES) ≈ 600m/s.

A finer grid corresponds to higher gas velocities, which relates partially to the

limited numerical diffusion imposed by the differential schemes. As regards

the turbulent kinetic energy field, k, several difference arise depending on the

setup. The maximum value of k obtained with LES and 2nd order SNS (in

Fig.35 are:
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· kmax(meshA, 1stord.NS) = 7800 m2/s2,

· kmax(meshC, 1stord.NS) = 7700 m2/s2,

· kmax(meshA, 2ndord.NS) = 4000 m2/s2,

· kmax(meshC, 2ndord.NS) = 2900 m2/s2.

Comparing these fields across the different setups (in Fig.27 and 31), the fol-

lowing considerations can be made: on the one hand, 2nd order SNS provides

more consistency of the field morphology and values, changing both the tur-

bulence model and the mesh; on the other hand, 1st order SNS provide very

different k-fields, which depends on the mesh and the turbulence model used.

As for the dynamic viscosity field (see Fig.28, 32 and 36), the main differ-

ences depends on the turbulence model. Looking at the maximum value of

the dynamic viscosity, νmax, RANS predictions are one order of magnitude

higher than LES. The effect of the numerical schemes are less pronounced,

although 2nd order SNS provides, once again, a major consistency in terms

of pattern and magnitude of the ν-field. It should be pointed out that the dy-

namic viscosity is numerically calculated within the code as a function of two

terms, one relevant to the chemical species involved (µlaminar) and the other

relevant to the effects of turbulence (µturbulent):

µ = µlaminar + µturbulent (3.1)

µlaminar depends only on the properties of the chemical species and is constant

for both LES and RANS; instead, the turbulent dynamic viscosity is a function

of the turbulent kinetic energy, µturbulent ∝ k, so that it strongly depends on

the numerical approach (RANS or LES). This difference is extremely relevant

for the analysis on the Stokes number performed in the following section.

3.1.6 ECN spray A - Droplets Stokes number

The previous sections provide an analysis on the macroscopic spray character-

istics (LPL and VP), attempting to explain the trends based on the Lagrangian
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(SMD) and the Eulerian (fuel vapour, velocity, kinetic energy and dynamic

viscosity) fields. However, understanding the coupling effects between these

two frameworks, remains challenging. In order to get a more physical charac-

terisation of the effect of the grid size on the E-L coupling, an analysis on the

droplets Stokes number (St) has been carried out varying the mesh size in an

effort to identify a trend for the various cases. The St number is defined as:

St =
t0u
L0

(3.2)

where u is the gas velocity, L0 is the characteristic length, and t0 is the droplet

relaxation time defined as:

t0 =
ρp · d2

p

18µg
(3.3)

so that:

St =
ρpd

2
pu

18µgL0

(3.4)

where ρp is the parcel density, dp the parcel diameter, and µg is the dynamic

viscosity of the gas. Hence, B1 affects dp, while the grid size is taken as the

characteristic length L0. The St number has been calculated for every single

parcel within the domain at two different times, one at the beginning of the

injection, at t = 0.1 ms (when the liquid jet has not reached its maximum

penetration) and one in the middle of the injection, at t = 1 ms, when the

liquid jet stabilises. Figures 38 and 39 show the axial distribution of the mea-

sured St number, the gas velocity, the droplets diameter and the gas dynamic

viscosity at each particle position, for RANS and LES using 1st order SNS.

From a qualitative point of view, the trends shown in Fig.38 and 39, are sim-

ilar for B1 = 15 and are not much affected by the SNS. In fact, the results

obtained with the 2nd order SNS (see Fig.40), for LES and RANS are very

similar to those obtained using the 1st order SNS. St tends to decrease down-

stream the jet as the particles get slower further from the injection point (as

also reported in [99]). Both the droplet diameter and the gas velocity follow

the same trend. The droplets’ diameters quickly decrease after the injection
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Figure 38: ECN spray A - Stokes number, gas velocity, droplets’ diameter and dy-
namic viscosity, measured for each droplets at every droplet location in RANS, for
the meshes A (left) and C (right), with 1st order SNS, using B1 = 3, at t = 0.1 ms
and t = 1 ms

Figure 39: ECN spray A - Stokes number, gas velocity, droplets’ diameter and dy-
namic viscosity, measured for each droplets at each single droplet location in LES
simulations, for the meshes A (left) and C (right), with 1st order SNS, usingB1 = 3,
at t=0.1 ms and t =1 ms

due to breakup and stabilise 2 mm after the injection point. This trend is

consistent to what has been observed experimentally [108]. The gas veloci-
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Figure 40: ECN spray A - Stokes number, gas velocity, droplets’ diameter and dy-
namic viscosity, measured for each droplets at each single droplet location in RANS
(left) and LES (right), for the meshes A, with 2nd order SNS, using B1 = 3 at t =1
ms

ties at the particle location are higher when the mesh is refined, hence St also

becomes higher implying a higher degree of coupling between the different

phases. Moreover, finer meshes provide a wider range of gas velocities (and

in turn particles’ velocities) at every axial location in both RANS and LES.

For RANS, the comparison of St, computed with different meshes, provides

the following results:
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• With finer mesh, St tends to overlap at the two different time-steps.

Such a result indicates that as the mesh is finer the interaction between

the Lagrangian particle and the Eulerian field becomes independent of

the time ASOI.

• The droplets’ diameters are largely independent of the mesh as soon as

the same B1 is used and do not really affect the St variability.

• Downstream of the injection point, the St number tends to stabilise

around St = 0.0001-0.001 for any value of B1.

• The dynamic viscosity is lower at the beginning the injection and in-

creases downstream of the injector, reaching a value of 0.2[Pa·s]. Com-

paring the various cases, the St number trend tends to converge for

RANS, as the mesh is finer. This implies that the solution of the Eule-

rian fields converges.

• There is not a very clear correlation between the dynamic viscosity vari-

ability and the gas velocity although it appears that as the grid becomes

finer the viscosity is lower and the gas velocity higher

The above conclusions are valid for RANS only. In fact, looking at Fig.39 and

40, for LES there is a stochastic trend for the St number which ranges more

than four orders of magnitude at every location along the jet axis, indepen-

dently on the mesh. Such a dispersion is mainly due to the dynamic viscosity

field. Checking the value of both the viscosity fields at every parcel loca-

tion along the liquid jet axis , there is a big difference between the µturbulent

computed in RANS and in LES (see Fig.41). Note that µlaminar is almost

the same for both the simulations, as expected. While in RANS µturbulent is

almost linear in the axial distance, reaching a constant value a few millime-

ters downstream of the injection point, in LES µturbulent covers up 4 orders of

magnitude at every axial location. Moreover, in RANS µturbulent > 0.1 and

it is almost constant everywhere (except in the near nozzle region), while in

LES it is always lower.
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Figure 41: Comparison between RANS and LES of the turbulent and laminar viscos-
ity fields at two different time-steps (mesh A, B1 = 3, 1stord.NS)

As regards the coupling between the Eulerian field and the Lagrangian par-

ticles, the St number provides the ratio between the particle inertia and its

advection (i.e. the tendency of the particle to follow the fluid streamlines),

showing different outcomes for RANS and LES. In RANS, St << 1 for al-

most all the particles, except few in the vicinity of the injector, using any

mesh and any B1. This means that the particle motion is mainly governed by

the advection within the surrounding gas flow. On the other hand, in LES,

St tends to be higher in all the domain and there are several particles whose

St ≈ 1 even downstream far from the nozzle, as the mesh is finer. Such a

different distribution of the St number indicates that the particle motion is af-

fected by the turbulence modelling; this distinction is due to the difference in

the computation of the dynamic viscosity field (see eq.3.4).

3.1.7 ECN spray A - Conclusions

ECN spray A has been the base case for performing simulations in engine-like

conditions, thanks to its relatively simple geometry. Simulations have focused

on several aspects of the modelling strategies for the E-L approach, such as:
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· the turbulence model;

· the SNS discretisation;

· the Reitz-KHRT breakup submodel;

Each of these aspects have been coupled with different mesh grid size, in or-

der to investigate how the mesh affects these models. Part of the analysis

focused on the Lagrangian particles, investigating the effects of the breakup

model and characterising the droplets in terms of the Stokes dimensionless

number.

RANS and LES have been performed in order to simulate ECN Spray A at in-

ert conditions, using different levels of mesh refinement, with cell sizes down

to ∆ = 0.06125mm, and varying the KHRT break up model coefficient B1.

The purpose of such investigation is to focus on the underlying cause of the

different predictions within the two frameworks when similar mesh sizes are

used and implementing different SNS. The reason for this approach is that al-

though in single phase flows the separation of resolved and unresolved scales

is rather clear a priori and based on Taylor and Kolmogorov scale criteria,

in multiphase flows this separation is more complex and would normally re-

quire resolution down to the smallest droplet sizes. However, in practical ICE

simulations the grid size is mostly defined by the computational cost rather

than the scale analysis; moreover the mesh grid size must be at least 10 times

bigger than the particle size, in order to consider the Lagrangian particles as

point masses. If the latter condition is ignored the droplets’ submodels are

subject to error (as the vaporisation [81]), affecting the Eulerian-Lagrangian

coupling as well. It has been noticed that for RANS results tend to converge

as the grid is refined, as expected. A mesh with δx = 0.25mm can pro-

vide good quantitative results, while further refinement provides deeper LPL.

RANS are able to provide the general behaviour of the gas fields, in particular

with 2nd order SNS. However, due to time averaging, RANS fail to capture

the gas field features. This issue makes them the less optimal choice to deter-

mine the flow characteristics surrounding the Lagrangian particles in the LPT
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method, thus RANS are not suited for the objectives of this research project.

As regards LES, only the finer mesh (δx = 0.0625mm) provides acceptable

results when using 1st order SNS, while coarser grids tend to over-predict

the quantities investigated. On the other hand, LES coupled with 2nd order

SNS can capture the gas field features and the results are close to the ex-

perimental observation for both the LPL and the VP. The quality of the mesh

grid size, evaluated according to Pope’s criterion for LES, indicate that Mesh

C is the best selection for the turbulence resolution. This analysis focuses

also on the effect of the turbulence models and the SNS on the prediction of

the Eulerian field quantities, using contour plots of the fuel vapour, the gas

velocity, the turbulent kinetic energy and the dynamic viscosity. The main

differences between RANS and LES are found in the turbulent kinetic energy

and in the dynamic viscosity fields. The turbulence model affects how the tur-

bulent kinetic energy is calculated and in turn how its dissipation (turbulent

dynamic viscosity) is computed. In general, using the same grid size, higher

values of the viscosity are found for RANS rather than in LES even at the

finer resolution (Mesh C). In fact, while in RANS the viscosity is averaged

and is affected by all the scales, in LES smaller scales of eddies are filtered-

out as well as their contribution to turbulent viscosity. The difference in the

viscosity field measured in RANS in comparison to LES is about one order of

magnitude higher.

Looking at the Lagrangian particles, the main parameter affecting the SMD is

the B1 coefficient in the Reitz-KHRT breakup submodel while the turbulence

model and the mesh affect it in enhancing or reducing the vaporisation rate.

The results suggest that a value of B1 = 3 provides reasonable results for

both RANS and LES in terms of liquid and vapour penetrations, as well as

for the characterisation of the droplet size. While, even for a higher value of

B1, it is still possible to find a mesh that will provide reasonable LPL and VP,

the droplets’ predicted size is higher. Simulations for non-evaporating cases

that were validated against experimental data showed that B1 = 3 provides

more accurate droplet sizes. Also it is noticed that higher B1 values increase

82



the sensitivity of the LPL calculations to the mesh resolution because of the

larger droplet diameters that are less sensitive to the gas phase velocity. For

these cases the numerical effects rather than the modelled physics overtake

the droplet movement. Also, comparing the numerical procedure for the in-

jection simulation (time-step, number of injected parcels and maximum size

of droplets) there are not major differences between RANS and LES.

The analysis has also focused on the calculation of the St number for each sin-

gle droplet within the domain and checking the parameters that affect the St

in order to examine the possibility of using it as criterion of grid convergence.

The differences between RANS and LES are due to the local conditions of

the dynamic viscosity at the droplet’s location, providing different results be-

tween the two turbulence models. In RANS the St number tends to converge

as the mesh is finer, getting a time-independent trend as well. In LES the

dynamic viscosity is very stochastic at every axial location and at any time,

in turn also the St number has a stochastic trend. Moreover, while in RANS

the particle motion is governed by advection in the whole domain (St << 1),

except the immediate vicinity of the injection point; for LES this is not true,

in particular when the mesh is finer. This different behaviour, indicates that

the phase coupling is different for the two approaches, although both LES

and RANS can reproduce accurately the liquid and vapour penetrations, us-

ing 2nd order numerical schemes. Although, the St number does not provides

further information for the numerical optimisation, an analysis based on di-

mensionless quantities (including St) could help to characterise the physics of

the Lagrangian particles and their coupling with the Eulerian fields.

In conclusion, LES turbulence model and 2nd order SNS provide the best

setup, according to the objectives of this research project. Regarding the mesh

selection, mesh A (δx = 0.25mm) is a good compromise in terms of accuracy

and computational cost for a first stage analysis, although the resolution of the

flow fields is not optimised. As for the breakup submodel, the Reitz-KHRT

with B1 = 3, provides reasonable results for both the macroscopic quantities
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(LPL and VP) and the droplet size characterisation.
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3.2 Code development using the ECN Spray G

ECN spray G is a Gasoline Direct Injection (GDI) system, using a multi-port

nozzle. Such a spray has been the testing ground for code development in

OpenFOAM (due to its rather complex geometry) and to implement a hybrid

numerical approach. The primary focus of this study has been the modelling

of a multi-hole injector (not available in version 5.0 of OpenFOAM); also, the

implementation of the AMR method has been necessary to optimise the do-

main discretisation. Additionally, the development of a hybrid approach has

aimed to simulate the dense and the disperse regions of the spray using two

different numerical framework: the E-L approach for the dispersed spray and

a E-E approach in the dense region. For this hybrid approach, it has been nec-

essary to setup a different Probability Density Function (PDF) for the initial

droplets’ diameters, based on the log-normal distribution.

Investigations on the ECN spray G then shifted their focus to the effects of the

initial PDF of dp. After selecting some initial distributions commonly used in

the literature, a comparison has been made in order to understand their phys-

ical characterisation. This kind of analysis is relatively new in the literature

and the results have been published in a indexed journal (Paper I).

This section is structured as follows: after a literature review on ECN

spray G modelling approaches, the modelling strategies and the novel models

developed during this research project are discussed. Afterwards, the results

are shown and conclusions are drawn. The results are discussed in two dif-

ferent sections: the first one discusses the preliminary results, comparing the

log-normal initial PDF to the R-R and the blob distributions; the second one

analyses the effects of the initial PDFs on the global spray behaviour (also

reported in Paper I).
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3.2.1 Gasoline Direct Injection system - the ECN spray G

Recently, the use of GDI in the transportation sector has grown due to the high

efficiency and reduced pollutants production. Key aspects of the GDI mod-

elling have been previously explored such as the impact of in-nozzle geometry

and transient needle lift [113, 114, 115, 116]. Differences in the spray forma-

tion, between the GDI and diesel injector, showed that the spray features of

diesel cannot directly transferred to a GDI framework [117]. The significant

interest in further improving GDI systems has motivated the ECN to intro-

duce this topic as an area of interest, focusing on an 8-orifice (stepped-hole)

gasoline injector, known as ECN Spray G [118], in non-flashing and mildly

cavitating conditions. As previously outlined for spray A, different numerical

approaches exist to analyse the spray characteristics. Experimental data and

numerical modelling directions are provided by different institutions partici-

pating in the ECN [118, 119, 120]. Different CFD approaches have been used

to model the ECN Spray G, ranging from DNS [121, 122, 123] coupled with

a multi-phase modelling approach (Mixture, Volume of Fluid or Two-Fluid)

[121, 122, 123, 124, 125] to RANS and LES E-L approaches that are used to

simulate both the near and far field spray regions [114, 126, 127, 128]. Hy-

brid approaches have been suggested by [114, 129]. In Saha et al. [114] a

coupling between an in-nozzle analysis through an Eulerian approach with a

one-way Lagrangian approach is presented; here the data obtained from Eule-

rian simulation were used as the inlet conditions for the one-way E-L simula-

tion, showing the improvement in spray prediction when such inlet condition

was employed compared to when blob injection model was used for initial-

isation. Befrui et al. [129] have implemented the Volume of Fluid (VOF)

technique, in combination with LES, on the ECN Spray G seat flow and the

near-field primary atomisation coupled to a Lagrangian stochastic simulation

method, showing the capability of predicting GDI spray formation and reduc-

ing calibration effort compared to conventional primary atomisation models.

More recently the focus has shifted back to the use of fully E-L method to

the modelling of the Spray G, under different experimental conditions. The
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spray is initialised at the nozzle outlet and in-nozzle phenomena are not ac-

counted for. The suggested frameworks provided accurate predictions using

both RANS [127] and LES [126]. In order to achieve though these results, the

Lagrangian technique required the implementation of appropriate submodels,

for example for the droplet breakup, as well an extensive calibration of the

input parameters, such as the plume cone angle of each individual orifice. Ta-

ble 8 is an overview of the simulations performed by several authors, using

different numerical approaches. This table does not include all the studies

performed for ECN spray G, but it is meant to be indicative of the variety of

numerical and modelling approaches implemented with spray G, as well as

the variety of output data analysed by each author.

The initial analysis performed on ECN spray G, during this research project

is based on a combined approach. The E-L approach is implemented here in

the far-field region of spray G, while the spray near-field has been resolved

used the ELSA method, solving the joint sub-grid PDF (or FDF) of the vol-

ume fraction and surface density, through the stochastic fields’ method [95].

From these fields the SMD distribution is obtained within each computational

cell, obtaining a sub-grid droplet size in this way. Such a distribution is then

used to feed the E-L approach, to investigate the development of the spray

formed at the nozzle exit [88]. Simulations of the ECN spray G were required

to address several issues, in particular:

· the domain discretisation;

· the multi-hole injector;

· the initial droplet distribution.

Hence, the ECN spray G has been the testing ground to modify the source

code, in order to solve such issues. The main code adjustments carried out

were:

• the utilisation of the AMR technique;
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Figure 42: Schematic of the spray G configuration, from ECN [33]

• the Multi-Disc injection method (which unifies the multi-point injection

and the disc injection);

• a new distribution model (the log-normal distribution, although this has

not been used).

In the following section the ECN spray G characteristics and the modelling

strategy adopted is described to address the aspects highlighted above.

3.2.2 ECN Spray G Modelling strategy

Figure 42 shows the ECN spray G geometry. The operating conditions of this

spray are reported in Table 9. These conditions are determined by the Spray G

baseline operating point (referred to as G1[118]), which is a non-flashing and

mildly cavitating spray. The fuel injection pressure is 200 bar. The injector’s

orifice diameter is 165 µm. The fuel is assumed to be iso-octane (C8H18) at

a temperature of 363K. The injected mass is 10 mg and the End Of Injec-

tion (EOI) is at 780µs. The ambient temperature and pressure are respectively

573K and 6.0bar, the ambient atmosphere is inert (0%O2). The fuel parti-

cles are injected at the nozzle exit, right at the beginning of the counterbore
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Ambient pressure: p = 600 [kPa]
Ambient temperature: T = 573 [K]
Ambient gas density: 3.5 [kg/m3]

Ambient O2: 02% (inert)
Injector type: 8-hole Injector

Fuel: Iso-octane (C8H18)
Injection pressure: pinj = 20 [MPa]

Injection temperature: Tinj = 363 [K]
Nominal Injection Duration: 0.78 [ms]

Injected Mass: 10 [mg]

Table 9: Input conditions for spray G

hole. The injection points correspond to the location at z′ = 0 in Fig.42. This

setup does not explicitly treat the in-nozzle dynamics and their effect is indi-

rectly accounted for through the use of the assigned initial droplet size PDFs.

The velocity magnitude of the particles is a function of the mass flow rate

profile, which is provided as boundary condition from the experimental data.

Finally, as regards the discharge coefficient, the experimental work performed

by Payri et al. [131] indicates a correlation for Cd and the pressure differen-

tial. For the conditions shown in Table 9 Cd is 0.65.

The next paragraphs describe the novel additions to the source code: the

AMR method, the multi-disc injection modelling and the log-normal initial

distribution modelling.

Adaptive Mesh Refinement method The injection holes are located within

a cubic volume, 80 mm at each side, in order to capture the fully developed

spray structure. The vessel volume is discretised using hexahedral mesh. A

fixed mesh has been used initially (see Fig.43); though, to reduce the number

of cells and the computing cost of the simulation the AMR method has been

implemented, applying two levels of refinements based on the fuel vapour

mass fraction. This criterion guarantees that the mesh grid size if finer in

the regions associated with the spray propagation [43], such as the injection

point and in the area encompassing the Lagrangian particles, where gradients
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are higher. The initial cell size of 0.8 mm is refined down to 0.2 mm in

the regions where the fuel vapour mass concentration is [C8H18] ≥ 10−5.

Figures 44 shows two examples of the resulting mesh, obtained using the

AMR method. To implement the AMR method in the sprayFoam application

the existing solver has been customised, including the dynamicRefineFvMesh

class functionalities in the run-time cycle of the solver. The customisation

process is described step-by-step as follows:

− clone and rename the sprayFoam application to sprayFoam AMR;

− copy the dynamicFvMesh folder from the source library of OpenFOAM

to sprayFoam AMR;

− include dynamicFvMesh.H and createDynamicFvMesh.H in

sprayFoam AMR.C;

− include the dynamicRefineFvMesh class in the option file within the

Make folder of sprayFoam AMR;

− specify the fields intended to be used for the AMR (e.g. the velocity

grandient and/or the species), adding the mesh function in them (which

accesses the functionalities of dynamicRefineFvMesh) into the create-

Fields.H files;

− add to sprayFoam AMR.C the calculation of the velocity gradient (or

the field from the previous step), before the mesh changes (e.g. UGrad

= mag(fvc::grad(U))), store the particle positions parcels.storeGlobal-

Positions() and do any mesh changes mesh.update();

− compile the solver.

Once the solver is ready it is necessary to add a new file into the constant

folder within the case directory (see Fig.6) named dynamicMeshDict. This

file sets: the field to be refinement on, the lower and upper value to trigger the

refinement, the number of refinement levels and the maximum cells number.
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Figure 43: Fixed mesh grid used for simulation of the ECN spray G.

Figure 44: Examples of the mesh grid obtained using the AMR method with the ECN
spray G. The mesh is refined based on the fuel vapour concentration.

Finally the control dictionary, within system has to access the mesh refinement

library, adding the line libs (“libtopoChangerFvMesh.so”).

Multi-Disc injection model In order to simulate the 8-hole nozzle, a new

injection model has been developed here. This was necessary to account for

the area of the nozzle at the injection point. For the ECN spray A the Co-

neNozzleInjection was used, in such a model it is possible to account for the

nozzle area specifying the hole radius, as well as the liquid plume outer angle

and the inner angle (in case of hollow cone sprays). However the ConeNoz-

zleInjection model does not account for multiple injection areas. On the other

hand OpenFOAM implement a multi-point injection model, ConeInjection,
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which does not account for the effective nozzle area at the injection outlet.

A new model named MultiInjectionDisc combines these two models in order

to properly simulate the spray G case, using multiple injection holes. The

MultiInjectionDisc model has been added to the existing ones within the La-

grangian source files of OpenFOAM. Note that the injection models have been

included in the novel sprayFoam AMR case within lagrangian/intermediate/

submodels/Kinematic/InjectionModel so that sprayFoam AMR/Make/options

recall this path rather than the source code. The MultiInjectionDisc submodel

source code is shown in Appendix C. The main parameter which the user has

to specify are:

· the injection disc size (one for all the injection holes);

· each disc position and the spray direction from that disc;

· the spray cone angle (one for all);

· the number of PPS;

· the number of particles per injector.

MultiInjectionDisc allows the user to specify the fuel mass and injects it

evenly between the nozzle holes. The importance of selecting an injection

area rather than a point, is that the particles can be stochastically injected at

any point of the nozzle orifices, as shown in Fig.45. Injector disc positions

are very important for simulation accuracy. In fact the differences in predic-

tions between different plumes can be due to numerical artifacts. In particular

the orientation of the grid with respect to the spray plumes could affect the

results. In fact, the cut-cell method implemented by the AMR technique gen-

erates cuboid cells in the domain, which could determine some numerical

diffusion, affecting the results while solving complex multi-phase and multi-

dimensional problems (such as in ECN spray G) [114]. Figure 46 show this

effect in terms of spray cloud morphology and fuel vapour distribution. Note

that on the left-hand side of Fig.46, the Lagrangian particles within the plumes

which are aligned with the grid have anomalous trajectories; also, considering
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Figure 45: Application of the novel MultiInjectionDisc injection submodel at t =

2 · 10−6s ASOI. Note that the particles location and velocity are stochastically and
evenly distributed at each orifice

the fuel vapor, on the right-hand side of Fig.46, its concentration is higher for

spray plumes locate along the axis, than for those positioned at 45 deg. Hence,

results obtained by those configuration shows some numerical artifacts on the

particles’ trajectory (see Fig.47).

Figure 46: Effects of the alignment of the injector positions and the grid: on the left-
hand side the spray cloud morphology, on the right-hand side the fuel mass fraction
at an axial distance of 0.75 · 10−3 mm from the injection holes (t ≈ 0.29 · 10−3s

ASOI)

In order to avoid this artificial behaviour, the 8 injector holes have been rotated

by 22.5 deg with respect to the grid, such that none of the plumes are aligned
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Figure 47: Lagrangian cloud obtained when the injector positions are aligned with
the grid.

with it. This solution has been also suggested by Saha et al. [114].

The Initial Droplet Distribution The first set of ECN spray G simulations

are based on a combined approach of the ELSA method in the near field and

the LPT for the far field. The particle PDFs for the initial size and velocity are

based on the results obtained by Tretola et al. [88] using the ELSA method. A

detailed description of the ELSA methods is given in [132] hence, only a brief

overview is provided here. The Σ − Y − PDF approach, implemented by

Tretola et al. [88] in OpenFOAM, is based on solving the joint PDF of scalar

and surface density. From the PDF transport equation (not shown here, see

Navarro-Martinez [132] for details) an equivalent system of Stochastic Partial

Differential Equations (SPDE) can be derived usingN stochastic fields, where

each stochastic field has its own volume fraction and surface density, αn and

Σn respectively. Following the Ito formulation [89], the transport equations
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for the stochastic fields are:

dαn

dt
+ ūj

∂αn

∂xj
=

∂

∂xj

[
Dsgs

∂αn

∂xj

]
+
√

2Dsgs
∂αn

∂xj

dW n
j

dt

dΣn

dt
+ ūj

∂Σn

∂xj
=

∂

∂xj

[
Dsgs

∂Σn

∂xj

]

+
√

2Dsgs
∂Σn

∂xj

dW n
j

dt
+ S(Σn, αn)

(3.5)

where Dsgs is the sub-grid diffusivity, proportional to the sub-grid viscosity

Dsgs = νsgs/Scsgs obtained by the LES solver (with Scsgs = 1), dWφ repre-

sent a Wiener process with mean 0 and variance equal to
√
dt. The solution for

the system of SPDEs represents an equivalent system to the PDF equations.

The first-moments (or filtered values) are obtained directly by averaging the

Stochastic Fields solution

ᾱ =
1

N

N∑

n=1

αn (3.6)

The averaged Equation (3.5) will be equivalent to the LES filtered counterpart

[132]. After the stochastic field equations have been advanced, all relevant

parameters can be obtained directly. For example, the characteristic fragment

length per stochastic field is the SMD defined as

Dn
32 = 6

αn

Σn
(3.7)

where the corresponding filtered moments, D̄32, can be obtained directly

through eq.(3.6). Local droplet size distributions can be obtained directly,

from the particles count. To model the turbulent liquid flux, the model as-

sumed that the turbulent liquid flux is only due to the drift velocity [132, 133].

In terms of velocities, this assumption can be rewritten as

u′iα
′

ᾱ
= ūi|l − ūi ≈ −

1

ᾱ
Dsgs

∂ᾱ

∂xj
(3.8)

This means that under the assumption that the spray dynamics relaxation time
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Figure 48: PDFs of the droplet size and velocity in the near field obtained by Tretola
et al. [88] using the ELSA methodology in OpenFOAM. Each column represent a
different value of α. The solid red line indicates log-normal distribution with same
mean and variance of sampled distribution.

and the mean effective slip velocity are negligible (i.e. in the case of droplets

with small Stokes numbers), the liquid velocity of the droplets, uliq, can be

derived from eq.(3.8).

The resulting PDFs for the droplet size and velocity in the near field obtained

by Tretola et al. [88] are shown in Fig.48. These distributions have been

obtained from post-processing the data after t = 0.3ms, once the flow rate

injection was stable. The distributions are then build by binning the sampled

droplets using fifty bins of constant size. A normalised droplets distribution

can be then extracted and log-normal fits (with same mean and variance from

the sampling data) are also shown for comparison. Such a log-normal dis-

tribution has also been observed by Mukundan et al. [134], who compared

DNS and LES to analyse the droplet breakup mechanism and distribution in

the spray dense region. As for the E-L simulations, the PDF of the initial

size obtained in the dense spray region (0 ≤ α ≤ 0.5, left column in Fig.48)

had to be modelled. Given the arithmetic expectation µ and the arithmetic

standard deviation sd, the log-normal distribution can be calculated by trans-

forming into the logarithmic expectation µlog and the standard deviation sdlog,
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respectively:

µlog = Logµ− 1

2
Log[(sd/µ)2 − 1] (3.9)

sdlog =
√
Log[(sd/µ)2 − 1] (3.10)

hence the droplet diameter for an individual droplet is calculated as:

dp = exp{
√

2sdlog · erfInv[2(x− 0.5)] + µlog} (3.11)

where x is a random variable ranging from 0 to 1. A log-normal distribu-

tion model has been created and added to the existing ones in the customised

sprayFoam application, within lagrangian/distributionModels. The source

code of the log-normal distribution is reported in Appendix D.

3.2.3 ECN spray G Results - Preliminary work

Based on the findings from the ECN spray A, simulations for the ECN spray

G have been performed using only LES turbulence model, coupled with 2nd

order SNS. For each case investigated and discussed here a single LES sim-

ulations has been realized. As for the particle submodels several setups have

been tested, focusing on the initial droplet distribution model, that is the main

subject of Paper I. As for the secondary breakup model the Reitz-KHRT has

been selected (over the Reitz-Diwakar) setting its constantB1 = 15. In the lit-

erature, very different values for B1 have been selected, ranging from B1 = 5

[114] toB1 = 120 [127]. The O’Rourke droplet collision and the LISA atom-

isation submodels have been tested as well, though they do not provide sig-

nificant differences. The number of PPS injected is 10 million which is found

to be adequate to guarantee convergence of the Lagrangian particle statistics.

Since the literature does not provide measurements for the plume cone angle,

θ has been treated as a tuning parameter. The general consensus in the liter-

ature is that the cone angle for Spray G should be selected as 25 ≤ θ ≤ 35

degrees. After performing a sensitivity analysis and varying t θ between 25

and 35 degrees, θ = 35deg as been selected. Tuning of the cone angle has
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ECN Spray G numerical setup
LES model Dynamic-k equation

Secondary breakup model Reitz-KHRT B1 = 15
Spray plume cone angle θ = 35deg

Minimum cell size 0.2 [mm]
Particle per second 10,000,000
Particle per injector 1,000,000

Nozzle discharge coefficient Cd = 0.65
Particle collision NO

CoMAX 0.25
Numerical algorithm PIMPLE

SNS 2ndorder
Time numerical schemes 1storder (Euler)

Table 10: Default set up for the ECN spray G simulations

been performed by other authors as well that have used the E-L approach,

ranging the angle between 10 to 40 degrees [126, 127, 135]. Table 10 shows

the default settings for the ECN spray G simulations. As for the initial particle

size PDFs, three distributions have been tested:

· Log-Normal distribution;

· Fixed distribution (Blob model);

· R-R distribution.

The Log-normal distribution has been implemented in the initial analysis of

the ECN spray G in order to combine the ELSA method in the near field

and the LPT for the far field. The Blob model represents the liquid injection

process as a sequence of identical liquid volumes and resembles the physics

of the fuel liquid core. As such, atomisation immediately at the nozzle exit

due to in-nozzle phenomena is not accounted for, and the smaller droplets

at the nozzle exit are ignored. The initial droplets are proportional to the

effective cross-sectional area of the nozzle, and only droplets with that size

are injected. Based on the experimental work of Payri et al. [131], in order

to account for the effective area occupied by the liquid fuel at the nozzle exit

to the nominal area of the injector hole (i.e. 165µm), dblob = 70µm has been

chosen. Finally the R-R distribution is based on a continuous probability
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distribution of initial particle sizes, that is a form of the Weibull distribution

function [66] (see Section 2.4). Here the minimum and maximum particle

diameter are dRR,min = 1µm and dRR,max = 80µm, centred around a mean

diameter of dRR,mean = dblob = 70µm. The results from the simulations are

compared to the experimental data provided by the ECN [118] for the: LPL,

VP and gas velocity at the center-line point; such a point has been taken at an

axial distance of 0.015m downstream from the injection point (coordinate z

in Fig.42) in the re-circulation region of the velocity field, as shown in Fig.49.

Figure 49: ECN spray G - The red dot is the measurement point of the velocity in
the re-circulation region [126], downstream the injection point. The contour plot
represent the magnitude of the velocity in the Eulerian fields, the arrows shows the
local direction of such a field.

Also the spray characteristics are evaluated in terms of droplet size and ve-

locity distribution. Figure 50 shows the LPL and VP obtained using different

initial distributions. Note that the log-normal distribution provides a “bump”

in the LPL prediction and a deeper VP for t ≥ 0.3ms. Such a behaviour is

far from the experimental observation, while the Blob and R-R distributions

are more adequate to represent both these quantities; also, in the earliest time,

for t ≤ 0.2ms, only the Blob distribution model is able to provide a better

agreement on the initial slope of the LPL and vapour length.

To understand the differences in the simulation outcomes for such macro-
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Figure 50: ECN spray G - Comparison of the LPL and VP, using different initial size
distribution versus the experimental data provided by the ECN workshop [118].

scopic quantities, it can be useful to analyse the microscopic characteristics of

the numerical sprays, in terms of individual droplet size and velocity. Figure

51 compares the droplet size and velocity PDFs, obtained at t = 0.0006s, in

the near field region 2 mm downstream the injection point in the axial direc-

tion. In the log-normal distribution the particle diameter is always lower than

1.6·10−5m, resulting in a very high population of droplets (∼ 20, 000 parcels);

on the other hand, the Blob and the R-R distributions predict the presence of

bigger particles, thus having the injected mass distributed among less droplets

(∼ 3000 parcels). The presence of a very high number of particles with small

diameters explains the deeper VP observed using the log-normal distribution,

as such particles are more likely to evaporate. As for the velocity, the three

distributions are quite in agreement with each other, with the majority of par-

ticles having velocity greater than 100 m/s. The velocity PDFs obtained here

are very different from the results from [88] (see Fig.48); nonetheless it is im-

portant to analyse the velocity versus the diameter of the droplets, shown in

bottom row of Fig.51. In particular the R-R and the Blob distributions shows
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Figure 51: ECN spray G - Droplet size and velocity PDFs obtained at t = 0.0006s

and 2 [mm] downstream the injection point (in the axial direction) using different
initial size distributions. The bottom row provides the size versus velocity plot, mea-
sured for each individual particle in the computational spray cloud.

a trend which is quantitatively and qualitatively similar to the results provided

by Befrui et al. [129] who have used a similar approach combining the LES-

VOF method in the near region field and the Lagrangian description in the

dispersed spray region. On the other hand, the velocity versus diameter plot

for the log-normal distribution, indicates the presence of a high number of

small particles, with d ≤ 1µm and high velocity, vp ≥ 100m/s. The Weber

number of these particles (from eq.1.1) is rather low, 10−5 ≤ We ≤ 1, indi-

cating that they have very low inertia and are not affected by breakup. This

behaviour, coupled with their high velocity could explain the bump observed

in the LPL (see Fig.50).

The results shown in Fig.50 and 51, indicate some inadequacy of the log-

normal distribution to represent the initial size PDF for the ECN spray G

simulations. This is also true observing the computed velocity field at the

center-line point, in Fig.52. The gas field velocity is influenced by the cou-
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Figure 52: ECN spray G - Comparison of the velocity field at the center-line point,
using different initial size distribution versus the experimental data provided by the
ECN workshop [118]. On the bottom the SMD computed run-time for each initial
size distribution.

pling between the Lagrangian particle and the Eulerian field. The momen-

tum exchange between the particle and the Eulerian cells is accounted for by

means of a source term (accounting for the particles presence) in the momen-

tum equation. Bigger particles have higher inertia and momentum, so that the

gas velocity at the center-line point reaches higher (absolute) values. The R-

R distribution provides the best match with respect to the experimental data;

on the other hand, the log-normal and the Blob initial size distributions tend

to under-predict and over-predict the axial velocity, respectively. The effect

of the assigned initial size distributions on the mean particle sizes present in

the computational domain over time can be seen on the bottom of Fig.52,

which shows the SMD over time. As the SMD stabilises, for t ≥ 0.8ms,

the Blob distribution, which injects only particles with dp = dblob = 70µm,

provides D32 ≈ 18µm. On the other hand, the R-R distribution accounts for

the presence of smaller particles, although its mean value is dRR,mean = dblob,

leading to a lower value of the SMD, D32 ≈ 16µm. The SMD is the low-
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est when using the log-normal distribution, D32 ≈ 5µm, since most of the

injected particles are very small, with dp < 10µm (see Fig.48). Notice that

the Blob distribution shows an artificial behaviour of the computed SMD at

earlier times (bottom Fig.52). This happens because the modelled fuel injec-

tion is not continuous. Rather, the injection model keeps track of the injected

liquid mass (based on the injection table provided by the experiments) and

once it “accumulates” the mass corresponding to a droplet with dp = dblob it

injects the new particles, causing a spike on the calculation of the SMD. This

behaviour tends to disappear at later times when the total number of particles

is high and the injection of new big drops does not affect the mean.

3.2.4 ECN spray G Results - Effects of the initial droplet distribution

Although, the log-normal initial size distribution has not provided good re-

sults, the analysis on the ECN spray G has shed light on the importance on

the initial size distribution. Hence, simulations on ECN spray G has focused

on this latter aspect. Three initial distributions have been compared: the Blob

method (which is mainly used in the literature) and two distinct R-R initial

PDFs. Both the R-R distributions have a mean diameter of dRR,mean = dblob

(in order to make a direct comparison with the Blob method), but they are

set with two different pairs of minimum and maximum particle sizes. For the

first distribution (R-R-A) the minimum and maximum particle diameter are

dRR,min = 1µm and dRR,max = 80µm; as for R-R-B, they are dRR,min =

53µm and dRR,max = 107µm. In physical terms, both the R-R distributions

account for the presence of smaller droplets, formed because of the in-nozzle

phenomena. The R-R-A distribution accounts for a wide range of particle

sizes with dp ≥ 1µm, indicating that an extensive atomisation process takes

place at the nozzle exit. On the other hand, the R-R-B simulates a behaviour

that is halfway between the Blob and the R-R A model and assumes a nar-

rower size distribution with overall larger particles (dp ≥ 53µm) than the

R-R-A. A schematic of the injected droplets’ size distribution is shown in

Fig.53. As stated before, the particle initial distribution affects the total num-
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Figure 53: ECN spray G - Initial particle size distribution model implemented in
Paper I.

ber of particles within the domain. For t=0.6 ms ASOI the number of particles

for each model is: Blob 62405, R-R A 542383, R-R B 35784. Since the R-R A

includes a wide range of small diameters, it computes around ten times more

parcels than the Blob and the R-R B initial distributions. In terms of droplet

sizes, Fig.54 shows the SMD distribution at t = 0.6ms and t = 1.2ms, 15

mm downstream the injection point (i.e. coordinate z′ in Fig.42). Experiments

Figure 54: ECN spray G - Droplets Sauter mean diameter at 15mm downstream the
injection point; the solid fills show the standard deviation of the SMD in the radial
direction. Experimental data from [119].

(from [119]) indicate an average diameter of 10µm at both times. The R-R-

A case is more accurate at this location, providing a radial SMD distribution

close to the one reported by the experiments. On the other hands, the Blob and
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the R-R B distributions provide a higher mean droplet for t = 0.6ms; they

perform better at t = 1.2ms, in the vicinity of the injector axis, although they

provide a peak for t ≈ 0.009m (in particular the R-R B) not reported in the ex-

periments. As for the LPL and VP, shown in Fig.56, the Blob injection method

(yellow line) provides higher accuracy in comparison to the R-R distributions

(blue and purple line) with respect to the experimental data both at the begin-

ning of the injection but also after the EOI. Both the R-R distribution slightly

under-predict the penetrations at the beginning and are over-predicting them

later-on with R-R-B having the worse performance among the two.

Figure 55: ECN spray G - Effects of the initial size distribution on the computation
of the velocity field at the center-line point. Experimental data from [118].

A further comparison with the experiments has been made on the velocity

field at the center-line point, shown in Fig.55. The comparison with the ex-

perimental data indicates that the Blob distribution is able to predict well the

velocity variation up to t = 0.4ms, capturing almost perfectly the experi-

mental trend and the build up of the re-circulation zone, confirming the pres-

ence of initially large particles in the near field. For t > 0.4ms the Blob

method predicts an increasing intensity in the re-circulation zone with veloc-

ities reaching up to ≈ 20m/s, while experiments indicate that the negative
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Figure 56: ECN spray G - Vapour penetration and liquid penetration length; the red
line indicates the EOI. Experimental data from [120].

velocities stabilise at ≈ 78m/s until the EOI. The R-R distributions provide

better predictions, although there are some relevant discrepancies between the

R-R A and the R-R B distributions. The R-R A matches very closely the ex-

perimental data as regards the velocity magnitude for 0.3 ≤ t ≤ 0.8 ms, but

doesn’t follow the experimental trend after the EOI. The R-R B shows a trend

more similar to the experimental predictions, but it is shifted from the actual

magnitude by≈ 5m/s. Finally, Fig.57 shows the fuel mass density at 0.2 mm

downstream the injection point and t = 0.6ms ASOI. The comparison with

the experiments indicates that simulations tend to under predict the fuel mass

density, in particular when using the Blob and the R-R B initial distributions.

The R-R A distribution performs better thanks to the introduction of a high

number of small particles which evaporate quickly.

The comparison of the simulations output obtained varying the initial

droplets size distribution shows that each model is able to provide a good

correlation for only a subset of the spray characteristics with respect to the ex-

perimental data. The discrepancies between the models indicate the relevance

of the initial distribution for the prediction of the macroscopic quantities. In

fact, the selection of the initial droplet size distribution can account for dif-

ferent in-nozzle physical phenomena, such as cavitation and/or flash boiling,

which cause an early evaporation within the nozzle orifice [131]. These phe-

nomena could lead to an early atomisation of the liquid fuel within the nozzle

(thus justifying the application of the R-R initial distributions), reducing also
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Figure 57: ECN spray G - Fuel mass density at 0.2 mm downstream the injection
point and t = 0.6ms ASOI. Experimental data from [119].

the effective area occupied by the liquid fuel at the nozzle exit (thus affecting

the initial size of the injected particles, dblob).

The results shown in this section are discussed more extensively in Paper I.

Please, refer to Paper I for further details.

3.2.5 ECN spray G - Conclusions

The ECN spray G has been the testing ground to implement modifications in

the source code; these modification can be summarised as follows:

• the implementation of the AMR strategy in the main calculation loop;

• a new injection model, based on multiple injection points having a dis-

crete area (for OpenFOAM 5.0);

• a new distribution model based on the log-normal distribution function

(though this distribution is not optimal for ECN spray G simulations).

The development of the log-normal distribution has been based on a hybrid

method coupling a Eulerian and a Lagrangian approaches. As for the Eulerian
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method, the ELSA model has been used by [88], to determine the droplet size

distributions, at the outlet of the nozzle counter-bore hole. Such a distribution,

which is found to be the log-normal one, has been used as an input for the LPT

method implemented here. Thereafter, the log-normal initial distribution has

been tested against other initial distribution, comparing the outcomes to the

experimental data. The log-normal distribution has not provided good results,

especially in comparison with the experimental data. Thus, the analysis on

the ECN spray G has focused on the effects of the initial size distribution,

using in particular the Blob method (which is mainly used in the literature)

and two distinct R-R initial PDFs. The comparison of the simulations output

to the experimental data indicates that the initial distribution model is able to

predict accurately only part of the macroscopic spray characteristics.

The conclusions drawn here, illustrate an important paradigm on Lagrangian

simulation, which is often overlooked in the Lagrangian simulation setup. The

results show that the selection of the initial droplet size distribution can ac-

count for a range of different in-nozzle physical phenomena. However, this

approach is often neglected in the literature.
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3.3 Liquid Jet in Crossflow - Testing the capabilities of the

LPT method for industrial relevant case

In this research project, a wide set of simulations have focused on the in-

jection of a liquid jet in a stream flow of air. These simulations have been

performed to investigate the fuel atomisation and mixing in a novel ICE de-

sign, the RSCE. The new engine design is a concept developed initially at

Ricardo in 1908 and has been the subject of active R&D by the University of

Brighton with Ricardo Innovation and their spin out, Dolphin N2, for approx-

imately ten years. Thanks to its entirely new approach to combustion, it is a

potentially game-changing engine technology, offering significant reductions

in engine-out emissions without compromising efficiency. In this engine de-

sign, compression and combustion take place in separate cylinders, the high

pressure air from the compression cylinder then creates a high pressure, high

speed flow into the combustion cylinder. The fuel is injected into this cross

jet. The actual physics behind the impinging jets in RSCE is rather complex

and not well known as it is in the early stages of hardware testing. CFD tools

could provide information on the physical phenomena involved. At this pre-

liminary stage, CFD tools cannot provide accurate results (from a quantitative

point of view), however they could still investigate the qualitative behaviour

of the injection process, to support experimental activities and the engine de-

sign. At this preliminary stage, it is important to simplify the impinging jet

configuration as much as possible. Hence, rather than simulating the actual

in-cylinder geometry of the RSCE, a simpler case has been considered here:

the LJIC. Simulations have been run using the ECN spray A injection condi-

tions and water.

In the following subsections the RSCE concept and experimental test are

explained, followed by the literature review of the LJIC. Then, the results

obtained from the E-L simulations are shown with both ECN spray A and

water, outlining the numerical issues arising from such simulations.
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3.3.1 The Recuperated Split Cycle Engine

During the last two decades, there is an increasing concern in power and

transportation sector regarding environmental and energy issues. ICEs are

still the main devices used in land transportation, however they are slowly

being replaced by batteries in small vehicles. Though, low energies typical

of batteries are not suitable for long range mobile applications, such as long

distance freight. Therefore, engine manufacturers are focusing on new strate-

gies and design, in order to reduce the pollutant emissions to near zero levels,

maintaining high thermal efficiency [10]. In ICE, more than half of the input

energy is lost as waste heat. Hence, recovering such heat and converting it

to useful work would improve the overall engine efficiency by up to 45-50%

[11]. Further improvements to efficiencies require a fundamental change to

the ICE cycle, such as the one being developed in the RSCE. The RSCE cur-

rently under development by Dolphin N2 and University of Brighton offers a

potential breakthrough, reducing CO2 emissions by approximately 30% and

saving 20% in operating fuel costs [136]. Figure 58 shows the split cycle

schematic. Referring to Fig.58 the following stages describe the split cycle:

Figure 58: On the left-hand side: schematic of the Split Cycle Engine. On the right-
hand side Temperature - Entropy diagram of a conventional diesel engine (light red
dashed line) and split cycle engines 2-3 Constant pressure heat transfer in a recuper-
ator, recovering exhaust heat (blue, orange, red and black lines). From [136])

1-2. Induction of air into the compressor cylinder and isothermal com-
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pression (blue line);

2-3. Constant pressure heat transfer in a recuperator, recovering exhaust

heat (orange line);

3-4. Induction into the combustor cylinder, addition of fuel and heating

through combustion (red line);

4-5. Expansion in the combustion cylinder (red dotted line);

5-6. Exhaust and heat recovery in the recuperator, recovering exhaust

energy to the pre-combustion charge air (black line).

Experimental tests for RSCEs are in their early stages. Hence, the actual

physical phenomena involved within the combustor, affecting the fuel injec-

tion and mixing, have not been widely investigated and understood. More-

over, because of the harsh and extreme environment within the combustion

chamber, experimental tests and direct observations are not always feasible.

Thanks to the increasing computing capabilities, numerical simulations are

the most promising way to study the flows within ICEs, being more cost and

time-effective than experimental facilities. The challenge is that the simula-

tion accuracy depends on the reliability of the virtual tools, requiring rigorous

validation over a wide range of operating conditions. Data which are cur-

rently available are quantitative, based on lab-scale experiments representing

isolated operating conditions, at fixed pressures and temperatures. In a real

engine, where the piston is moving, a range of these conditions is present si-

multaneously. As regards novel ICE concepts, further levels of complexity are

present. In fact, within RSCE, an air jet is injected in the combustion cylin-

der at high pressure and velocity (up to 100-200m/s [136]) and it impinges

on the fuel jet. Experiments indicate that shockwaves are present, affecting

both the mixing and the spray atomisation process [12]. The presence of

a supersonic crossflow leads to jet penetration enhancement, jet mixing im-

provement, shocks and pulsed jet interaction, shocks and vortices interaction,

and jet shear layer vortices [137]. A schematic of the in-cylinder geometry
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of the RSCE in Fig.59 shows the fuel/air impinging jets. Since such a geom-

Figure 59: Conceptual representation of the air and fuel injection into the cylinder of
the RSCE (adapted from [136])

etry is rather complex to simulate, due to the presence of moving parts and

very small areas with very high velocities (as in the valve opening), simula-

tions have focused on the liquid spray injection in a crossflow configuration,

varying the air-stream velocity.

3.3.2 Liquid spray injection in a gaseous crossflow

Jets injected transversely into a crossflow have several applications in indus-

trial, environmental and natural systems [138]. They can be classified into

two categories: single-phase flow (liquid jet in a liquid crossflow or gas jet

in gaseous crossflow) and multi-phase flows (liquid jet in a gaseous cross-

flow or vice versa). In transverse jets the mixing properties are enhanced

compared to jets in quiescent surroundings, making this configuration very

appealing for engineering applications when rapid mixing is required [139].

Single-phase crossflows are used in gas turbines [138] and for the injection

of the liquid fuels in rocket propulsion [140, 141, 142, 143, 144]; in the latter

field, purely Eulerian numerical studies investigate the interfacial flows and

atomisation process, implementing VOF methods [100, 141, 145]. On the

other hand multi-phase crossflows are often employed in aviation, power gen-
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eration systems, as well as novel ICEs concepts, as the RSCE [136]. Liquid

jet in gaseous crossflow enhance vaporisation, mixing of vapor/air and igni-

tion, leading to improved fuel conversion efficiency and reduced emissions

[136, 146, 147]. Figure 60 shows the configuration and main characteristics

of the LJIC, with the liquid jet injected orthogonally with respect to the air-

stream.

Figure 60: Concept of a Liquid Jet in Crossflow, from [148]

Several studies used imaging diagnostics techniques to examine the features

of transverse liquid jets, such as high-speed imaging [149], Mie scattering

[150, 151], Particle Image Velocimetry [150], Phase Doppler Particle Anal-

yser (PDA) [151, 152, 153], shadowgraphy [146, 149] and laser-induced flu-

orescence technique (LIF) [154]. LJIC have been investigated both in sub-

sonic [138, 150, 152, 155, 156] and supersonic [153, 157] airflow condi-

tions. Such experimental activities investigate the primary breakup regimes

[150, 151, 146], the liquid jet trajectory and column breakdown [146, 151,

152, 158], the atomisation and the droplet characteristics in the dilute region

[150, 149, 148, 151]. As for the jet trajectory, breakup height and distance,

looking for empirical correlations to determine them has been a major effort

among experimentalists [138]. The main contributors to these phenomena

are: the momentum flux ratio [152, 158], the Weber number [146, 151, 152],

the effects of the injection orifice size and shape [149, 152, 157], the den-
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sity ratio [146, 151, 152, 159], the geometrical characteristics of the nozzle

[149, 152, 153, 154]. Note that the momentum flux ratio, q, compares the

liquid to the gas momentum:

q =
ρlU

2
l

ρgu2
gas

(3.12)

Table 11 reports the experimental investigations performed in the literature to

investigate the LJIC characteristics.

Numerical simulations have focused on different aspect of LJIC. Eule-

rian approaches are generally limited to small phenomena, being unfeasible

for large scale (engine-like) geometries, focusing on the on the dense spray

region. The VOF method is the most common approach to study such a re-

gion [134, 141, 142, 161, 162, 163]. Other authors used a Coupled Level

Set and Volume Of Fluid (CLSVOF) Eulerian method [145, 164, 165]. Li

and Soteriou used the CLSVOF integrated with Lagrangian method for small

drops [164, 165], using a computational domain with dimension 3×2×3 cm.

More recently a hybrid approach using the ELSA and the stochastic fields

transported PDF, has been implemented by [166]. The main investigations

examine the liquid jet trajectory [161, 162, 163], the primary breakup and

droplet formation [134, 159, 163, 164, 167]. Several other numerical inves-

tigation employed a Lagrangian approach aiming to capture the global spray

behaviour [168, 169, 170, 171, 172, 173, 174, 175]. Where LPT has been

applied to LJIC it has been mainly used to predict the liquid jet trajectory,

comparing the results to the empirical correlations found by the experimen-

talists [168, 169, 174, 176]; other parameters investigated in such studies are

the droplet characteristics and atomisation [163, 170, 171, 175, 177], the vor-

ticity field [170, 172] Table 12 reports the numerical investigations performed

in the literature to investigate the LJIC characteristics.

Studies that implement the E-L approach have mainly focused on the gen-

eral behaviour of the spray, in terms of jet penetration and trajectory, as well

as the Eulerian field characterisation. On the other and, few recent studies
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have begun to investigate the droplet/ligament formation and characteristics

[170, 171, 175, 180].

3.3.3 ECN Spray A in LJIC configuration

In the first set of simulations, the numerical setup from spray A has been used

to define spray characteristics and ambient conditions (see Table 5). This

case has been run using both RANS and LES, implementing first order time

schemes for stability, and second order SNS for accuracy. The geometrical

domain has been modified with respect the spray A configuration, as shown

in Fig.61, to account for the air stream inlet. On the surrounding walls fixed

value and zero gradient conditions have been set for the velocity and the pres-

sure field, respectively. At the outlet wall (which is opposite with respect to

the inlet) a pressure inlet outlet velocity guarantees a zero gradient condition

for the flow exiting out of the domain. Four different values have been used

Figure 61: a) Schematic of the spray A case domain; b) schematic of the crossflow
case domain, note that the ambient is inert

for the crossflow velocity, vair:

- vair = 0 m/s;

- vair = 0 m/s;

- vair = 100 m/s;
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- vair = 200 m/s;

vair = 0 m/s corresponds to the typical flow recirculation velocity within con-

ventional ICE, while vair = 100-200 m/s is the range of velocity established

within the RSCE [136]. Note that for LES simulations only the case with

vair = 100 m/s have been considered. Before starting the simulations, a ini-

tialisation case, without particles injection, was run for each air velocity to

develop the velocity field. The running time for the initialisation cases, tinit,

has been set based on vair and the domain length, Lx, in the airflow direc-

tion, so that tinit = Lx/vair. The resulting fields at tinit are set as the initial

boundary conditions for the crossflow impinging jet simulations. As for the

LPT, the sprayCloudProperties are set to those from the ECN spray A case,

considering only the drag for the particle forces.

As regards RANS a fixed mesh has been used with 0.125 mm cell size. For

the LES the AMR method has been used, with 2 level of refinements based

on the fuel vapour fraction, being the largest cells 0.5 mm and the minimum

cell size 0.125 mm. This ensures that the liquid particles are injected in the

refined cells. Figure 62 shows the dynamic evolution of the mesh.

Figure 62: LJIC - Evolution of the mesh using the AMR based on the fuel vapour
fraction with LES. The maximum and minimum cell size are 0.5 and 0.125 mm
respectively

The Courant number criterion, Comax is set to 0.1. However, simulations

have shown numerical instabilities, due to the high speed of the airflow and

the velocity gradients arising in the cells containing the Lagrangian particles.

Eventually, such instabilities have lead to pressure divergence. Hence, the

119



maximum computational time-step has been set to δtmax = 5e − 08s, as an

additional numerical constraint.

Spray A in LJIC configuration - Results Results from RANS simulation

of four cases are analysed, comparing different crossflow inlet velocity. This

comparison suggests that there are not major differences between the case

with 0 and 30 m/s, while the effects of the airstream became relevant as

vair ≥ 100 m/s. Figure 63 compares the fuel vapour distributions at 0.5

ms (i.e. when the liquid jet reach its stationary length). As vair ≥ 100 m/s

the vapour mass fraction gets more dispersed, and it is possible to observe

some oscillations on the vapour front facing the air jet indicating an unsteady

behaviour of the flow field. Such oscillations can be better explained better

Figure 63: LJIC - Contour plot of the fuel vapour fraction for different air inlet ve-
locity at t = 0.0005 s for RANS

observing the pressure field. Figure 64 shows that the first two cases look

very similar and a high gradient of pressure appears only around the injection

point indicating the presence of shockwaves (as should be expected [181]).

On the other hand for vair = 100 and 200m/s a noticeable pressure rise oc-

curs along the entire leading edge of the liquid jet, followed by a much lower

pressure region. This behaviour indicates that shockwaves are likely to occur

in the region where the crossflow impact the liquid jet. Pressure waves can

also be observed further up the liquid jet tip, in particular as vair = 200 m/s,

where round structures forms and moves downstream, indicating the circu-

120



Figure 64: LJIC - Contour plot of the pressure fields for different air inlet velocity at
t = 0.0005 s for RANS

Figure 65: LJIC - Contour plot of the Mach number at t = 0.0005 s for vair = 200m/s,
for RANS

lating motion of the flow, which in turn explain the wave-like behaviour of

the vapour mass fraction field. In order to detect shockwaves, the value of

the Mach number (Ma) in the flow field has been calculated for the case with

vair = 200m/s, and it is shown in Fig.65. The highest Ma is computed close

to the liquid particles, while its maximum value is around 0.73, corresponding

to subsonic conditions. However, in these conditions the low-Mach number

approximation does not apply consistently, as compressible effects can arise
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locally. In the modelling context this means that a more refined mesh is nec-

essary to capture these effects. In particular, when using the LPT method, the

refinement should be done in the region encompassing the Lagrangian parti-

cles, as they are exposed to local pressure gradients which would affect the

heat, mass and energy exchange of the particles. These results indicate that

the mesh used here can be insufficient to resolve shocks.

Another parameter shown here, relevant for the fuel-air mixing, is the vor-

ticity. Once again, there are not major differences between the case without

crossflow and with vair = 30m/s. In fact, looking at Fig.66, which reports the

vorticity streamline, when the crossflow velocity is 0 and 30m/s the vorticity

is confined to the area around the liquid jet (the white particles), while as the

crossflow velocity is higher, the vorticity extends downstream from the jet, in-

dicating a higher mixing occurring in that region. Figure 67 provides a better

visualisation of the vorticity stream lines developed around and downstream

the jet (vair = 100m/s).

Figure 66: LJIC - Contour plot of the vorticity fields for different air inlet velocity at
t = 0.0005 s. The Lagrangian particle are indicated by the white dots (RANS)

In order to get a better qualitative description of the vorticity and the

eddy structure occurring in the crossflow impinging jet, LES have been im-

plemented for the case with vair = 100 m/s. The results shown here are based

on a single LES realisation; as for the mesh quality, Pope’s criterion indicated

that M < 0.3 in most of the domain and M ≈ 0.5 around the Lagrangian

particles. The pressure field and the Mach number have been investigated,
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Figure 67: LJCF - Streamlines of the vorticity developed with vair = 100m/s at t =
0.0005 s (RANS)

Figure 68: LJCF - Contour plot of the pressure field at t = 0.0005 s for vair = 200m/s
for LES

and the results are shown respectively in Fig.68 and 69. Considering the

pressure field, the LES show a pressure wave arising in the spray trail and
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Figure 69: LJCF - Contour plot of the Mach number at t = 0.0005 s for vair = 200m/s
for LES

travelling downstream in the airflow direction. A strong pressure gradient

develops around the particles, ∆p ≥ 0.5MPa. The Mach number in the Eu-

lerian field is maximum around the newly injected particle, whose velocity

reaches vp ≈ 500m/s; though a transonic region is observed in the jet trail.

Both the pressure and the Mach fields show a scattered pattern, due to numer-

ical artifact in the refined region of the domain. LES results also provide a

better description of the fuel vapour structure. Figure 70 compares the con-

tour plot of the vaporised n-dodecane at 1% concentration for the crossflow

case and the injection in a quiescent chamber. The mixing in the crossflow is

strongly enhanced, as the fuel vapour surface area is higher. In turn, also a

higher combustion rate is expected.

Though these major effects appear in the Eulerian field when the cross-

flow velocity gets higher, there are not major effects on the liquid parcel, with

the exception of their trajectory deviation. Looking at the droplets’ diameter,

their size distribution remains the same for all the cases (see Fig.71). Note that

in LES, particles get more dispersed in the air stream direction, downstream

of the spray column, hence the spray interacts better with the surrounding gas

field. The standard Lagrangian approach in OpenFOAM is not able to pre-
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Figure 70: LJCF - LES comparison of the fuel vapour cloud with [C12H26] = 1%

concentration for vair = 100 and 0m/s, respectively, at t = 0.0005 s. The black
particles represent the Lagrangian particles

Figure 71: LJCF - Jet morphology at t = 0.0005s for RANS at different vair and for
LES at vair = 100 m/s
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dict the presence of smaller droplets or ligaments on the trail of the liquid jet

(as proposed in [164]). This indicates the limitations of the basic Lagrangian

approach used here for the liquid jet characterisation, in particular as regards

the spray breakup model. In fact, the Lagrangian particle behave, to some

extent, independently from the surrounding Eulerian field. Figure 72 shows

the droplets diameter distribution along the axial direction at 5 ms ASOI, and

the SMD computed during the simulations. Results show the same diameter

distribution regardless of the air stream velocity. Note that Fig.72 refers to

RANS, though LES at vair = 100 m/s shows a similar trend. The particle

Figure 72: LJCF - RANS: on the left the droplets diameter distribution along the
axial direction for different crossflow velocities at t = 0.0005s; on the right the
SMD computed during the four simulations is compared

characteristics have been also investigated in terms of Weber (We) an Ohne-

sorge (Oh) numbers, which are considered the main factor in the description

of Crossflow impinging jet [164, 165]. The We number has been already de-

scribed in eq.1.1. The Oh number represents the ratio between the viscous

forces to both the inertial and surface tension forces and it is defined as:

Oh =
µl√
ρlσL

(3.13)

where µl, rholiq and σ are the liquid dynamic viscosity, density and surface

tension, respectively; L is the characteristic length scale (typically drop diam-

eter or the nozzle orifice characteristic size). Oh can be also represented as a
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function of We and Re:

Oh =

√
We

Re
(3.14)

Higher Ohnesorge numbers are indicative of the predominance of the viscous

forces, preventing the rupture of the liquid jet; on the contrary, lower Oh val-

ues cause a faster rupture and fragmentation of the liquid jet. Figure 73 shows

the We and Oh numbers computed at each particle location at t = 0.5 ms for

the RANS with vair = 100m/s. As for the Weber number its value is ≥ 100,

Figure 73: LJCF - Weber and Ohnesorge numbers computed at each particle location
at t = 0.0005s, with vair = 100 m/s (RANS)

except for few particles located near the injector, indicating that in such con-

dition bag and catastrophic breakup, as well as sheet stripping, are expected.

On the other hand, high Oh indicates that the viscous force is predominant, so

that the individual particles will tend to resist further atomisation. Both these

trends confirm the droplet size distribution observed in Fig.71, where bigger

drops are presents only near the injector location, while only small droplets

move further downstream.
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3.3.4 Water injection in LJIC

Due to the characteristic features of LJIC, shown in Fig.60, the LJIC setup

has been considered the best testing ground to develop the novel E-L model

proposed in this research project, the ELPSA model (described in Section 4).

The application of the LPT method in crossflow, accounting for the droplet

distortion, has been tested by [182], investigating the effect of the airstream

and droplets velocities in the low Weber number range, with ugas = 60− 100

m/s and up = 25/40 m/s [182]. The TAB model has been used for both the

breakup and deformation, using the drag model proposed by [183]. The im-

plementation of the ELPSA model in LJIC would have the additional goal

to differentiate the droplet shape, to distinguish the formation of elongated

and flattened liquid structures (namely ligaments and lens shaped droplets,

see Section 4.1). To validate the application of the new model, the simulation

results would have been compared to the experimental data of the LJIC, avail-

able in literature. Therefore, on a first stage it has been necessary to select and

test an experimental setup found in literature. However, due to a series of nu-

merical issues (which are described in this section), the application of the LPT

to LJIC experimental setup has failed. In turn, this configuration has not been

used to test the ELPSA model. Figure 74 shows the schematic of the new

geometry and the boundary conditions. In such a set up the air flows from the

Figure 74: Schematic of the new geometry and boundary conditions used for the
second set of simulation crossflow simulations (LJIC)
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whole inlet wall, rather than from a limited area. As for the liquid injection,

water is considered here, since it is the most commonly used fluid in LJIC ex-

perimental investigations [146, 149, 153, 155, 157, 158, 160, 166]. The mesh

grid is refined in the injection region, and the minimum mesh grid size is 0.1

mm. The injection and the ambient conditions used for the simulation setup

are based on the experimental setup from Brown and McDonnell [160]. Two

issues have emerged at this stage: the injector diameter cannot be too wide

(dblob = doutlet = 1.3mm in [160]), as the initial particle would be too big for

the Lagrangian framework, preventing the injection; the density difference

between water and air (in ambient condition) causes the numerical scheme to

diverge (using both 1st and 2nd order SNS). As workaround, the initial blob

size used for the ECN spray A has been implemented here, dblob = 80µm,

also increasing the ambient pressure from 1 to 10 bar. Results from this setup

are shown in Fig.75. However, the differences from the experimental setup

have made irrelevant a direct comparison with the experimental data and the

results of the simulation have not been further analysed.

Figure 75: LJIC - Velocity magnitude of the gas field midsection and the Lagrangian
particles (left-hand side) and instantaneous droplet size distribution (right-hand side)
for water injection in crossflow configuration at t=1ms.

Due to the difficulty to simulate the experimental setups reported in the litera-

ture, simulations have been performed using the setup from Kamin and Khare

[171], who also have used the E-L approach, using a injector diameter of

0.254 mm. Table 13 shows the water jet initial conditions. The Reitz-KHRT
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secondary breakup model is used here with B1 = 3; as for the particle forces,

both the sphere drag and gravity forces are considered, according to the nu-

merical setup from other authors [172, 134]. Both first and second order SNS

have been used.

Ambient pressure: p = 0.1 [MPa]
Ambient temperature: T = 300 [K]
Ambient gas density: 1 [kg/m3]
Airstream velocity: vair = 116 [m/s]
Injector diameter: doutlet = 254[µm]

Injected liquid: water (H2O)
Injection velocity: vinj = 12.1 [m/s]

Discharge coefficient: Cd = 1
Injected mass: 0.5 [g]

Minimum grid size 0.02 [mm]

Table 13: Input conditions for Water LJIC

Figure 76: Contour plot of the pressure field at the mid-plane of the domain in the
spray region, in white the Lagrangian particles of the spray. First and second order
SNS are compared here (t=0.6 ms).

Second order SNS do not provide difference, as shown in Fig.76. The pres-

sure distribution shows some characteristics features. Since the liquid jet be-

haves like an obstacle, at the spray front (i.e. the side of the jet facing the

130



Figure 77: LJIC - Contour plot of the velocity field at the mid-plane of the domain in
the spray region, in white the Lagrangian particles of the spray. Second order SNS
(t=0.2 ms).

airstream) the pressure increases, while it decrease on the jet trail, causing a

pressure difference of ∆p ≈ 12000Pa. As for the velocity field, shown in

Fig.77, the injected particles slow down the airstream around them, due to the

lower jet velocity with respect to the air velocity. The gas velocity decreases

abruptly, as stagnation points arise in the jet trail, where velocity goes down to

zero. The particle Weber number is calculated as well (see Fig.78), to distin-

guish the droplets characteristics in terms of breakup regimes, although this

is imposed a priori through the selection of the breakup model. Figures 76,

77 and 78 all show that the Jet trajectory is not bent to follow the airstream

airflow. This odd behaviour indicates some inconsistency of the numerical

coupling in sprayFoam. In fact, the liquid particles do not appear to be cou-

pled to the Eulerian field, as their motion minimally influenced by the airflow.

Though, this is not the case, as the two-way coupling is used here and gas

field is affected by the particle presence. To evaluate the effect of the cou-

pling, a simulation has been run using a one-way coupling; meaning that the

Lagrangian particles are influenced by the Eulerian field, but not the opposite.

Numerically speaking, one-way coupled simulations neglect the source term
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Figure 78: LJIC - Lagrangian particle positions and Weber number (t=0.2 ms).

of the particle for the gas transport equations. The jet trajectory in such a

case is shown in Fig.79. The particle behaviour is very different from what

Figure 79: LJIC - Trajectory of the Lagrangian particles using the one-way coupling
method. Dimensions for x and y axis are in mm.

observed in the previous case as the jet is bending in the air-stream direction.

Though, particles only follow a ballistic trajectory, while there is not any par-

ticle which is dragged into the low-pressure zone of the gas field. Notice:

Eulerian fields are not shown in Fig.79, since the particles have no effects on

it, all the gas fields are homogeneous. The uncoupled case indicates some de-

ficiency of the model to capture the physics of the LJIC. Other authors have

highlighted such an issue in Lagrangian simulations, known as the stripping

or mass shedding of smaller particles from the liquid column [177, 180, 169].

LPT simulations by Liu et al. [184] find that the coefficients of the drag and
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the breakup submodels had to be adjusted in order to match the experimental

measurements. They propose a new drop drag submodel, in which the drop

drag coefficient changes dynamically with the flow conditions [184].

Hence two phenomena are missing in these simulations:

· the jet bending (for the coupled case);

· the jet stripping or mass shedding.

Considering jet bending, the gas field velocity gets very low in the cells con-

taining the liquid particles (due to the lower jet velocity with respect to the air

velocity). This indicates that the relative size of the cells with respect to the

particle size is too small. On the other hand increasing the cell size to avoid

this issue would prevent the simulation from capturing the gas field features.

This is particularly true for LES turbulence model.

To account for the jet stripping, the pressure gradient has been included to the

particle forces, noting the velocity and pressure differential arising across the

jet (see Fig.76 and 77). The pressure gradient force is reported in eq.2.15,

where Dugas
Dt

is the total derivative of the local velocity of the gas phase at

the particle position. However, including the pressure gradient in the parti-

cle forces makes the Eulerian pressure field diverge. This issue is related to

a drastic increment of the particle source term into the momentum transport

equations of the cell volume.

3.3.5 LJIC - Conclusions

LJIC is a very challenging case to perform numerically with the LPT method.

Several issues arise, due to the numerical coupling between the Lagrangian

and the Eulerian framework. The Lagrangian particles behaviour is only de-

pendent on the numerical submodels set initially, and no variations have been

observed in the droplets diameter distribution even when the air-stream veloc-

ity is varied. The first set of simulations, performed using ECN spray A, have

provided the basics to implement the E-L method to LJIC. These simulations
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have shown the qualitative results regarding the interaction between the La-

grangian spray and the cross flow; however the chosen setup does not refer

to any experimental observation and the investigations have not focused on a

quantitative analysis. On the other hand, the experimental cases of LJIC pro-

vided in literature are difficult to replicate numerically using the Lagrangian

framework. Among the main issues there are:

· the jet nozzle diameter;

· the jet trajectory;

· the physical characterisation of the jet atomisation.

The jet nozzle diameter is generally too wide to be represented into the La-

grangian framework, as it requires the injection of droplets bigger than the

mesh grid size, incurring in a poor characterisation of the case setup. The par-

ticle to cell size ratio is too high causing two issues: an exponential growth

of the error in evaluating the droplet evolution [81] and a drastic increment of

the particle source term within the gas transport equation (see Section 2.5.2).

Increasing the mesh grid size is not an appropriate solution, as bigger cells are

inadequate for the solution of the Eulerian gas field. In fact, in the LJIC con-

figuration a high accuracy is necessary to capture the flow features, especially

in the jet region. As for the jet trajectory, the typical bending observed exper-

imentally has not been observed in simulations, due to the low velocity region

developed around the Lagrangian particles. Regarding the physical charac-

terisation of the jet atomisation, the jet stripping (or mass shedding), which

is involved in LJIC, causes the formation of ligament and the stripping of

smaller particle in the jet trail. Both Rayleigh-Taylor and Kelvin-Helmholtz

linear stability theories cannot be easily applied to interpret the distinct edge

breakup process and further study of the underlying physics is needed [164].

Also, the importance of the pressure gradient (which causes code instability)

need to be investigated.

Although the results for LJIC remains incomplete, the application of the

LPT method in such a framework has paved the way for the development of
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the new Lagrangian model proposed in this research project. Such a model

must account for the jet stripping phenomena accounting for the formation of

a variety of liquid features such as ligaments and flattened liquid structures.

Due to all the numerical issues underlined above that need to be solved, the

new ELPSA model has not been implemented to simulate LJIC. However,

these jets could be a optimal benchmark for the future optimisation of the

ELPSA model; hence, their possible application in such a novel framework is

discussed in Section 5.4.1.

135





4 The Eulerian Lagrangian Particle Surface
Approach (ELPSA)

The assumption of spherical droplets is not realistic, from a physical point of

view, in several numerical applications involving sprays. In ICEs, for exam-

ple, spray drops can be considered spherical only in sub-critical conditions,

while they undergo major deformations at trans-critical and super-critical con-

ditions, as shown experimentally by Crua et al. [21] (see Fig.4). The same

author also shows that the ambient pressure and temperature affect the sur-

face tension of the liquid droplets, affecting their external surface area and

thus the heat transfer with the surrounding gas [185]. Several experimental

investigations have focused on the distortion of individual droplets. How-

ever, very few studies have investigated the droplets deformation in the size

range of interest for ICE spray, 1 ≤ dp ≤ 100 µm) [186], instead they fo-

cus on relatively large droplets, between 100 and 1000 µm [187, 188] up to

2/3 mm [189, 190]. Also, these experiments are characterised by low We-

ber regimes [191, 186, 187, 189, 190]. Distorting single droplets have been

observed in crossflow [191, 186, 190], in order to analyse the breakup mech-

anisms [191, 192, 189], the mass shedding effects [190], the surface tension

and viscosity [193]. Experiments have also been compared to the theoretical

description of the distortion [186]. The formation of non-spherical droplets

in crossflow is a fervent field of study. The schematic diagram of a jet pene-

trating into a crossflow is shown in Fig.80, showing several characteristics of

the liquid breakup: in the primary breakup region the flattening of the liquid

column occurs generating surface breakup, stripping and ligament breakup

[165]; on the jet trail, downstream of the airflow direction, several spray struc-

tures can be observed, such as ligaments and droplets. The aerodynamic

force also affects the secondary breakup regime of individual droplets, which

can be identified as bag and/or catastrophic breakup, as shown by experimen-

tal observation of individual droplets [191, 192, 189, 190]. Figure 81 shows

the bag rupture of a single droplet in a crossflow. In general, the physics of
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Figure 80: Schematic of jet breakup in an air crossflow.

Figure 81: Aerodynamic breakup of a jet fuel droplet (dp = 3mm) under the influ-
ence of a crossflow velocity of uair = 9m/s [191]

the liquid jet in crossflow configuration is rather complex and several different

parameters play an important role on the liquid structures involved in it, such

as the gaseous and liquid properties, and liquid injector geometry [138].

Experimental observation have also focused on the formation of ligament and

liquid fragment in multiple stage and air-blast atomiser [194, 195]. In these

atomisers the liquid fuel jet is surrounded by a high speed gas stream (usu-

ally air); primary atomisation is achieved by transferring kinetic energy from

the high speed gas stream to the liquid jet which promotes liquid jet surface

destabilisation [195]. Figure 82 shows the experimental observations for the
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instability growth and the ligament and fragment formation [196]. Further

investigations have focused on the flow fields and droplet dynamics [197],

the turbulent spray jet and flame development [198]. These sprays are char-

acterised by low velocity and low Weber numbers, with relatively large jet

diameters. In fact, the nozzle diameter ranges from 0.51 ≤ doutlet ≤ 1.067

mm [196] up to 8 mm [194]; as for the liquid and air velocities: vair = 35-48

m/s and vinj = 0.6-2.58 m/s [194, 198], respectively.

Figure 82: Instantaneous view of the destabilisation of a water jet by a coaxial fast
air stream showing the development of shear instability and the ligament formation
(doutlet = 8 mm, vinj = 0.6 m/s and vair = 35 m/s) [194].

Non-spherical droplets in the range of low velocity and low Weber numbers

can also be observed in biomedical sprays and aerosol, due to the presence

of non-homogeneous droplets and/or inclusions [199]. For example, the for-

mation of ligaments has been observed in ambient condition during sneezing

events [200]. Referring to Fig.83 the first column (8 ms) shows the initial

sheet and bag bursting, evolving into the ligament formation, elongation, and

pearl formation at 21 ms (second column). Such ligaments undergo frag-

mentation into droplets after 100 ms (third column). The size of such liquid

particles is relatively big with respect to the size range of interest for ICE

sprays; however, there are several phenomena to consider, such as the viscos-

ity of non-Newtonian fluid and the high variability of the entry conditions.

In all these cases, the droplet shape and surface area affect the evolution of

the droplets, in terms of mass change rate and drag. Based on the experimental

observations made in the literature and accounting for the issues encountered

during the analysis of the selected test cases (see Section 3), the ELPSA model
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Figure 83: Stages of sneeze ejecta imaged from the side (a) and the top (b), obtained
by Scharfman et al. [200]. The first, second and third columns corresponds to 8, 21
and 117 ms, respectively. The side view was recorded at 8000 fps, and the top view
at 2000 fps. Scale bars are 1 cm.

uses three additional parameters for the characterisation of the Lagrangian

particles:

• the deformation;

• the shape;

• the surface area.

The droplet deformation (or distortion) identifies the stresses induced on the

droplet, due to the presence of an aerodynamic disturbance; as for the shape,

it can be used to distinguish between elongated (ligament-like particles) and

flattened liquid structures (lens-like particles); once the shape is defined, the

particle surface area can be calculated, too. Once the droplet shape is deter-

mined, it is possible to select specific modes to characterise the droplet evo-

lution. In terms of numerical modelling, that means to activate the proper

breakup mechanism, phase change and drag, depending on the computed

shape of the Lagrangian particle. A number of simulations have focused on

the distortion of individual droplet [201, 202, 203, 188, 190]; while very few
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attempts have been made to implement droplet distortion in an ICE spray

[204] or LJIC [182]. However, the application of the models has been limited

to a single case and no considerations have been made on the distinction of

the droplets shapes.

The next section discusses the theoretical basis of the ELPSA model; fol-

lowing, then the Lagrangian submodel for the phase change, drag and sec-

ondary breakup are described.

4.1 The mathematical model, part one: deformation and

surface of the particles

The first step to model non-spherical droplets is to distinguish the geometrical

characteristics of ligaments and flattened liquid structures. The assumptions

made here is to consider the ligaments as “bullet”-shaped droplets and the

flattened structures as lens-shaped droplets. Based on these assumptions, in

addition to spherical droplets, there are the following three-dimensional ge-

ometries, represented in Fig.84,:

• the ligament, geometrically characterised as a cylinder plus two semi-

spheres: the radius of the cylinder and the semi-sphere are the same,

namely rlig, and the height of the cylinder is hlig;

• the lens, geometrical characterised as two superimposed spherical caps:

the caps radius is rlens and their height is hlens.

Considering that the forces acting on the particle determine its shape, a sus-

pended droplet in equilibrium conditions is spherical and it its volume is:

Vsph =
4

3
πr3

sph (4.1)

where rsph is the radius of a spherical droplet. As that same particle is sub-

jected to different ambient conditions and/or forces, its shape could change

but its mass, and in turn its volume, remains constant (considering non-evaporative
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Figure 84: Geometrical shapes of the liquid droplets for the ligament, spherical and
lens configuration.

conditions and/or breakup). Based on the shape assumption made here, the

ligament and lens volumes are respectively:

Vlig = πr2
lig(

4

3
rlig + hlig) (4.2)

and

Vlens = πhlens(r
2
lens +

hlens
3

) (4.3)

Based on geometrical principles, the condition to have Vlig = Vlens = Vsph,

keeping Vsph as a positive real number, is:

rlig ≤ rsph ≤ rlens (4.4)

This relation is very useful, since without knowing the droplet shape in ad-

vance, the particle radius is:

r = (1 + δ)rsph (4.5)

where δ is the “deformation factor”. The sign of the deformation factor helps

to distinguish between ligament, lens and spherical shape, having:

−1 < δ ≤ 0 ⇒ r = rlig

δ = 0 ⇒ r = rsph

δ ≥ 0 ⇒ r = rlens

(4.6)
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Combining 4.5 with 4.2 and 4.3, the formulas for hlig and hlens are:

hlig =
Vsph

π[rsph(1 + δ)]2
− 4

3
rsph(1 + δ) (4.7)

and

hlens = rsph[
3

√
2 +

√
(1 + δ)6 + 4 +

3

√
2−

√
(1 + δ)6 + 4] (4.8)

hlens is obtained from a third-order equation using Cardano’s formula. Such

an equation provides one real root (the one needed) and two imaginary roots.

rsph is provided by the numerical initialisation of the particle. Note that for

δ = 0, hlig = 0 and hlens = rlens. Notice: since r is a positive real num-

ber, one must have δ > −1, otherwise, both eq.4.7 and 4.5 would lead to a

geometrical inconsistency of the model (negative radius). However, the cal-

culation of δ (described in the following section) could provide δ ≤ −1. The

issue is resolved here setting a threshold value for the negative droplet defor-

mation, δthr,min, and using a inverse tangent function which is activated as

δ ≤ δthr,min. The inverse tangent function, reported below, limits the mini-

mum droplet deformation to−1. Naming δ∗ the new value of the deformation,

the code implements the following condition:

if δ ≤ δthr,min ⇒ δ∗ = δthr,min + (1 + δthr,min)
arctan(δ − δthr,min)

π/2
(4.9)

Hence, when δ ≤ δthr,min, the new droplet radius (eq.4.5) and the ligament

height (eq.4.7) are calculated using δ∗.

The geometrical conditions characterising a distorted droplet can be sum-

marised as:

−1 < δ ≤ 0 ⇒ h = hlig h ≥ 0

δ ≥ 0 ⇒ h = hlens 0 ≤ h ≤ rlens
(4.10)

if δ = 0 eq.4.2 and 4.3 provide exactly Vlig = Vlens = Vsph, which is the

initial proposition. Using the eq.4.5, 4.7 and 4.8 the particle surface area can
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be easily obtained from the following equations:

Sp,lig = 2π(2r2 + rhlig) (4.11)

and

Sp,lens = 2π(r2 + h2
lens) (4.12)

for the ligament and the lens, respectively. As stated for the volume, δ = 0

corresponds to Slig = Slens = Ssph, where Ssph = 4πr2
sph is the surface area of

a spherical particle with radius rsph. In terms of theoretical modelling, these

definitions of the particle surface area combine well since δ < 0 provides

Slig > Slens while δ > 0 the opposite is true, Slig < Slens (rsph corresponds to

the minimum surface area of a particle with volume Vsph). Thus, the particle

surface area can be uniquely determine as:

Sp = MAX(Sp,lig, Sp,lens) (4.13)

Figure 85 shows the trend of the normalised height h/rsph and the normalised

surface area Sp/r2
sph versus the “deformation factor”, δ. This δ corresponds to

the deviation of the droplet from the spherical shape, while its sign determines

its shape indicating, in first approximation, the presence of a elongated or

flattened liquid structure. The particle surface area is a function of δ, rsph and

h: S = S(δ, rsph, h); since h is also a function of rsph, h = h(rsph), Sp further

simplifies to:

Sp = Sp(δ, rsph). (4.14)

The operation diagram for this first implementation of the ELPSA is shown

in Fig.86. Once δ is calculated at the particle location, the particle surface is

derived accordingly.

The initialisation of δ is described in the following section.
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Figure 85: On the top: normalised height h/rsph versus δ; on the bottom: normalised
surface Sp/Ssph versus δ. δ = 0 corresponds to spherical particles (and Sp,min).

Figure 86: Operation diagram of the ELPSA model to obtain the particle surface

4.1.1 The Droplet Deformation Factor

The implementation of δ within the LPT model is based on the Taylor-Analogy

between an oscillating and distorting droplet and a spring mass system, sim-

ilarly to the TAB model described in Section 2.4.2. Here the surface tension

and the viscosity play the major role on the droplets shape: the surface ten-

sion, σ, “opposes” the deformation, forcing the liquid surface to have the

minimum area possible; the viscosity of the droplet, µl, determines the “sur-

vival” of the liquid structures, so they tends to break slower as the viscosity

increases (higher the viscosity bigger the deformation, as the liquid structure
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tends to survive longer).

Referring to the TAB equation (eq.2.21), the displacement x (that corresponds

to the displacement of the equator of the droplet from its equilibrium position

[68]), corresponds here to rsph ∗ δ. Normalising rsph ∗ δ with respect to the

undisturbed radius of the sphere, δ becomes the variable to solve within the

second order differential equation (corresponding to y in eq.2.21):

d2δ

dt2
=
Cf
Cb

(
ρ

ρl
)(
v2
slip

r2
sph

)− Ckσ

ρlr3
sph

δ − Cd′µl
ρlr2

sph

(
dδ

dt
) (4.15)

the terms on the right-hand side are respectively:

· The aerodynamic drag (external forces): Cf
Cb

(ρg
ρl

)(
v2
slip

r2
sph

);

· The surface tension effect (spring): Ckσ
ρlr

2
sph
δ;

· The viscosity effect (damping): Cd′µl
ρlr

2
sph

(dδ
dt

).

The solution of the previous differential equation (eq.4.15) provides the fol-

lowing expression for the droplet distortion [68], which is then solved by the

ELPSA model for each individual particle:

δ = We∗ + e
(−∆t
td

)
[δ0cos(ω ·∆t) +

δ̇0

ω
sin(ω ·∆t)] (4.16)

where We∗ =
ρlu

2
relrsph
σ

( 1
Wecrit

), td =
2ρlr

2
sph

Cd′µl
, ω2 = Ckσ

ρlr
3
sph
− 1

t2d
, δ0 = δ−We∗,

δ̇0 = δ̇ + δ0
td

. Wecrit = 12, Cd′ = 5 and Ck = 8 are model constants (their

values are set as in the TAB default model [68]). Notice: for t → ∞ the

droplet distortion should tend to zero, so that the Lagrangian particles re-

turn to be spherical. However, eq.4.16 suggests that t → ∞ corresponds

to δ = We∗. This solution also implies that particles tend to have positive

value of δ, favouring the prediction of lens-shaped particles over ligaments.

This issue needs to be addressed for the future development of the ELPSA,

making sure that δ = 0 when t → ∞, so that the model recovers spheric-

ity. Equation 4.16 is implemented into KinematicParcel.C using a function

named “calcSURFACE”, such a function is called by KinematicCloud.C dur-

ing the simulation. The numerical implementation into OpenFOAM code is
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described in detail in Appendix E.

A similar approach, for the calculation of the droplet distortion based on the

Taylor analogy, has been applied by Nguyen et al. [205, 204] on ECN spray

A, analysing the effect of droplets’ distortion in trans critical conditions. The

authors indicate that correctly accounting for the droplet distortion leads to

lower drag coefficients and enhanced evaporation of highly distorted droplets.

In term of macroscopic quantities, there are improvements in liquid length

prediction [205]. However, their formulation on the droplet deformation and

shape is different from the one implemented with the ELPSA, and it does not

implement the distinction between ligament and lens-shaped particles.

Up to this point, the code is just calculating the particles deformation and

surface, in terms of δ ans Sp, respectively. These two terms are written along-

side the other particle properties but they do not affect the particle itself. The

following section describes how the modelled surface geometry affects the

evolution in time of the particle properties in terms of vaporisation, drag and

breakup submodels.

4.2 The mathematical model, part two: the droplet sub-

models

Once the deformation, the shape and the surface area of the particle are calcu-

lated, the droplet dynamics is described by the Lagrangian submodels. Each

submodel accounts for a certain physical phenomenon, describing the time

evolution of the particles based on the change rate of the mass, dmp
dt

, the tem-

perature, dTp
dt

, and velocity,dup
dt

. As for the numerical submodels developed

with the ELPSA description, the evaporation model accounts for both dmp
dt

and dTp
dt

, while dup
dt

plays a role for the drag model.

The ELPSA model algorithm, including the evaporation and drag sub-

models, is shown in the operation diagram of Fig.87.

The following sections describe the mathematical model for the breakup, the
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Figure 87: Operation diagram of the ELPSA model including the breakup, evapora-
tion and drag submodels

evaporation and the drag submodel.

4.2.1 The Evaporation Model

The evaporation phenomenon accounts for the heating of the droplet and its

mass exchange with the surrounding gas, hence both the terms dmp
dt

and dTp
dt

are

modelled here. The evaporation model implemented in the ELPSA is based

on a combination of:

· the evaporation model developed by Spalding [75];

· the flash-boiling of super-heated sprays, developed by Zuo et al. [206].

The Spalding evaporation model considers that for a moving droplet the rel-

ative motion between a droplet and the gas results in an increase of the heat

and mass transfer rates in the gas film surrounding the droplet, creating a con-

vective boundary layer around the droplet. Also, the shear force on the liquid

surface causes an internal circulation that enhances the heating of the liquid.

As a consequence, the vaporisation rate increases with the droplet Reynolds

number as well as the Prandtl (or the Schmidt) number. The expression for

the droplet mass loss, when convection effects are considered, is:

dmp

dt
= πdpShDvρl,Sln(1 +BM) (4.17)

where Sh is the Sherwood number, a dimensionless parameter that represents

the ratio of convective to diffusive mass transport. Sh can be expressed as a
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function of the Reynolds and the Schmidt numbers:

Sh = 2 + 0.6
√
Re

3
√
Sc (4.18)

being Re the Reynolds number (ratio of inertial to viscous forces) of the par-

ticle, and Sc the Schmidt number (ratio of the viscous diffusion rate mass

diffusion rate) of the fuel species. In particular, Sc is the ratio of momentum

diffusivity (corresponding to the kinematic viscosity, ν) and the mass diffu-

sivity of the fuel vapour,Dg,fuel, expressed in [m2/s]. Note that in the original

formulation by Spalding, the Nusselt number is used instead of Sh [75]. In

eq.4.17 they also appear: the liquid density at the droplet surface, ρl,S; the dif-

fusion coefficient of the fuel species, Dv; the so-called mass Spalding number

BM . The mass Spalding number is given by:

BM =
Xs −Xg

1.0−Xs

; (4.19)

whereXs is the mole fractions of the evaporated liquid in the film surrounding

the droplet surface (based on Raoult’s law) and the carrier phase concentra-

tion, Xc following the formula below and Xg is the gas phase concentration.

On the other hand, the heating of the droplet core is formulated as:

dTp
dt

= mpcpαs(TS − Tp)Sp (4.20)

where cp is the heat transfer coefficient at constant pressure, αs is the heat

transfer coefficient of the liquid fuel, Tp the droplet bulk temperature and TS

the droplet surface temperature. In the implementation of the ELPSA model,

the droplet surface area Sp is obtained by eq.4.13. On the other hand, when the

droplet diameter (or radius) is required (as in eq.4.17) an equivalent droplet

diameter is used instead, defined as:

dp,eq = Sp/(4πdp) (4.21)
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so that, substituting the value of dp,eq in eq.4.17, one obtains:

dmp

dt
= πdp,eqShDvρl,Sln(1 +BM) (4.22)

As stated before, the evaporation model accounts also for the flash boiling

effect. Due to the high injection velocity the heat transfer process inside the

droplet surface sheet can be simplified as a transient one-dimensional heat

conduction problem, which is governed by [206]:

dTp
dt

= αs
d2Tp
dt2

(4.23)

Considering mass transfer, the vaporisation of super-heated droplets is mod-

elled as:

ṁp,f =
αs(Tp − Tb)S

Lh(Tb)
(4.24)

˙mp,f is the drop flash vaporisation rate, Tb indicates the boiling temperature

and Lh(Tb) is the latent heat of vaporisation at that temperature. The value of

αs is an overall heat transfer coefficient from the droplet interior to the droplet

surface, correlated as [206]:

αs =





0.76(Tp − Tb)0.26 0 ≤ (Tp − Tb) ≤ 5

0.027(Tp − Tb)2.33 5 ≤ (Tp − Tb) ≤ 25

13.8(Tp − Tb)0.39 (Tp − Tb) ≥ 25

The mass transfer rate is then calculated as:

dmp

dt
= ṁp = π

kg
cp,g

dp
Sh

(1.0 + ṁp,f/ṁp)
ln[1.0+

hg − hp,S
Lh(Tb)

(1.0+
ṁp,f

ṁp

)]+ṁp,f

(4.25)

hg and hp,S are the enthalpy of the gas in the gas mixture and at the drop sur-

face, respectively; kg and cp,g are the gaseous thermal conductivity and spe-

cific heat, evaluated according to the “1/3 rule”. This equation is not explicit

and requires an iterative solution. Note that in the original formulation by Zuo

et al. [206], the Nusselt number is used instead of Sh. In eq.4.25 the droplet
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diameter is replaced with the equivalent droplet diameter from eq.4.21. The

numerical implementation of the ELPSA evaporation model into the code is

described in detail in Appendix F.

4.2.2 The Drag Model

The formulation of the drag is derived from eq.2.12, which indicates the rate

of change of the velocity of the particle, dup
dt

, due to the presence of external

forces. The ELPSA drag submodel uses the formulation from [207] for the

drag of a distorted sphere. In this model the drag coefficient is a function of

ψ:
dup
dt

=
FD
mp

= CD(Re, ψ)
3

4

µg
ρpd2

p

uslip (4.26)

where ψ corresponds to the ratio of the surface area of a sphere having the

same volume as the particle to the actual surface area of the particle:

ψ =
4πr2

sph

Sp
(4.27)

ψ is then used to calculate a set of parameters (aψ, bψ, cψ, dψ) which are im-

plemented in the calculation of the drag coefficient [207]:

aψ = e(2.3288−6.4581ψ+2.4486ψ2);

bψ = 0.0964 + 0.5565ψ;

cψ = e(4.9050−13.8944ψ+18.4222ψ2−10.2599ψ3);

dψ = e(1.4681+12.2584ψ−20.7322ψ2+15.8855ψ3).

these coefficients have been derived empirically by Haider and Levenspiel

for the calculation of the drag coefficient, CD, of falling spherical and non-

spherical particles [207], so that CD takes the following form:

CD(Re, ψ) = 24.0(1 + aψRe
bψ) +Re

cψ
(1 + dψ/Re)

(4.28)
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The implementation of Haider and Levenspiel model in OpenFOAM consid-

ers ψ as an input parameter; instead, the ELPSA drag submodel calculates

ψ from eq.4.27 using for the value of the actual surface area, obtained from

eq.4.13. Notice: in eq.4.26 the equivalent droplet diameter is used, dp,eq, as

defined in eq.4.21, so that the drag equation used within the ELPSA model is:

FD
mp

= CD(Re, ψ)
3

4

µg
ρpd2

p,eq

uslip (4.29)

Figure 88 shows the drag coefficient trends as a function of the droplets de-

formation, analysed in [207]. From a certain point CD becomes constant with

Figure 88: Reported drag coefficients for spherical particles (408 data points) and
nonspherical particles (506 data points), adapted from [207].

respect to Re. That same condition, based on Liu et al. model for distorted

spherical particles [183], is used here:

if Re > 1000 ⇒ CD(Re, ψ) = 0.424Re. (4.30)

Such a condition prevents the model from computing extremely high values

of CD(Re, ψ) (in the order of 106), due to very distorted particles (δ → 0 or
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δ >> 1), with high Reynolds numbers. This also prevent numerical instabili-

ties in those cells containing distorted particles with high momentum.

Notice that the model from [207] only accounts for disks (lens-shaped parti-

cles). However, this model has been implemented here also for ligaments, as

a preliminary stage of model design, also considering that the application of

the ELPSA mostly provides lens-shaped particles (see Section 5.1.1).

The numerical implementation of the ELPSA drag model into the code is de-

scribed in detail in Appendix F.

4.2.3 The Secondary Breakup Model

As the droplet deformation increases the parent droplet is more likely to

breakup into smaller particles. The ligament-like particles tend to disinte-

grate with a mechanism similar to the vibrational breakup (see Fig.2); on the

other hands the lens-like particles undergo bag and/or catastrophic breakup,

affecting the secondary breakup. The effects of the droplet deformation on the

secondary breakup is based on simply geometrical consideration (see Fig.84).

Two threshold value are considered for the droplet deformation, δ−thr and δ+
thr,

for the ligament and the lens breakup, respectively.

As for the ligament breakup, if δ ≤ δ−thr, the child droplets are considered

spherical, with a radius rlig (obtained from eq.4.5). Then, the number of child

droplets nochild,lig is:

nochild,lig =
hlig + 2rlig

2 ∗ rlig
(4.31)

or rather, based on volume considerations, naming Vparent,lig and Vchild the

volume of the parent and the child droplet, respectively:

nochild,lig =
Vparent,lig
Vchild

=
r3
sph

r3
lig

(4.32)

Regarding the lens breakup, if δ ≥ δthr
+ the child droplets are considered

spherical and they have an average radius that is:

rlens,avg = hlens (4.33)
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so that, naming Vparent,lens and Vchild the volume of the parent and the child

droplet, respectively, the number of child droplet is:

nochild,lens =
Vparent,lens
Vchild

=
r3
sph

r3
lens

(4.34)

A further consideration for the lens breakup is needed as both the bag and

the catastrophic breakup would provide a distribution of particle size with

variable diameter. To a first approximation, a discrete distribution of sizes is

considered, having:

rlens,MAX = 2 ∗ hlens and rlens,min = hlens/2 (4.35)

as the maximum and minimum child droplet radius, respectively. These sizes

(including rlens,avg) are distributed based on their volume ratio, that is

Vlens,MAX = 8Vlens,avg = 64Vlens,min

ideally this means that the number of particles generated by the rupture of

the parent droplet are: 1 having rlens,MAX , 8 having rlens,avg and 64 hav-

ing rlens,min. Hence, the number of child particles generated from the lens

breakup is assumed to be distributed as:

nochild,lens,rMAX
=

1

73
nochild,lens

nochild,lens,ravg =
8

73
nochild,lens

nochild,lens,rmin =
64

73
nochild,lens

(4.36)

Notice: since the number of child particles must be an integer number, the

floor function is used within the code to round down the results from eq.4.36.

A subroutine checks if some spare liquid mass is left from the parent drop to

generates further droplets.

The numerical implementation of the ELPSA breakup model into the code

is described in detail in Appendix F. The mathematical model reported here is
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included modifying the existing secondary breakup numerical models (such

as the Reitz-KHRT, the TAB, etc.), implementing a if cycle for the condition

below:
if δ ≤ δthr

− ⇒ ligament breakup

if δ ≥ δthr
+ ⇒ lens breakup.

4.3 The ELPSA model in OpenFOAM - Summary of the

modifications implemented to the Lagrangian models

The implementation of the ELPSA in OpenFOAM is based on the sprayFoam

application. Figure 89 shows a schematic of the new files dependencies, as

well as the main functions used by the solver. sprayFoam.C is the default

Lagrangian solver (native in OpenFOAM), sprayFoamELPSA.C is the novel

customised solver, implementing the ELPSA. Referring to Fig.89:

− in the green boxes there are the Lagrangian application solver, spray-

Foam.C and sprayFoamELPSA.C;

− the black boxes indicate the main files which include the new functions

and/or models. basicSprayParcel.H and basicSprayCloud.H (in bold)

are the main core of the Lagrangian spray modelling in OpenFOAM;

− the brown boxes describe the additions made to the default sprayFoam

application (note: the injection and the log-normal distribution models,

developed for the ECN spray G simulations, are included here);

− the blue arrows indicate the #include syntax, that is a directive used to

incorporate declarations of external variables and complex data types

from the pointed classes/files;

− the purple boxes indicate the functions: the solve() function brings into

play the Lagrangian technique for the calculation related to the La-

grangian cloud and particles; the calcSURFACE function calculates the

deformation and the surface area of the droplets, as well as other geo-

metrical characteristics required by the ELPSA.
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Figure 89: Schematic of the file dependencies included for the novel Lagrangian
model. The black boxes show the main files (and classes) which have been modified.
The Brown boxes show the novel models added to the default sprayFoam.C appli-
cation. In addition to the ELPSA models, there are the two models developed for
the ECN spray G simulations (indicated by an asterisk). The blue arrows indicate
#include directives.
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4.3.1 The ELPSA in OpenFOAM - An insight into the code

The KinematicParcel.C class includes the calculation of rotational motion and

the one/two-way coupling with the continuous phase, including also the drag,

turbulent dispersion and wall interactions submodels. The Kinematic Parcel

template defines the calcVelocity function, as well as the new calcSURFACE

function for the computation of the particle deformation and surface. calc-

SURFACE takes as input the parcel track data, the thermophysical character-

istics of the Lagrangian particles and the local conditions of the gas field for

the Eulerian cell containing the particles (ρg, µg, ugas). Then, it computes

the droplet deformation, based on eq.4.16, following the operation diagram in

Fig.86 to calculate the particle surface (selecting the maximum value between

the surfaces obtained in eq.4.11 and 4.12). The new computed particle prop-

erties, δ and Sp, are then added to the set of parameters as member variables,

serving as input for the submodels of interest. In particular, as regards the

ELPSA vaporisation and breakup model, these new member variables have

to be included within the member function of to the main submodel files (i.e.

PhaseChangeModel.H and BreakupModel.H, respectively). Since these files

define the templates for each single specific submodel, also the standard de-

fault models have to include δ and Sp (even if they do not use them) in every

instances recalling those member functions.

Please refer to Section 2.3.1 for a detailed description of the class inheritance

of the Lagrangian templates and the role of the two main classes basic spray

parcel and basic spray cloud. Figure 10 shows explicitly the #include direc-

tive within basicSprayParcel.H and basicSprayCloud.H. Such files declare

basic spray parcel and basic spray cloud, respectively, into the OpenFOAM

environment.
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5 Applications of the ELPSA Model

The ELPSA model has been implemented in two different ways:

· uncoupled ELPSA: which calculates the droplet deformation and sur-

face, δ, based on the local gas and particle conditions, without using the

droplet submodels;

· coupled ELPSA: using the droplet submodels for the vaporisation, drag

and breakup.

The uncoupled ELPSA corresponds to the standard sprayFoam solver, includ-

ing the calculation of δ and Sp. This solver does not consider how δ and Sp

affect the Lagrangian particles nor the Eulerian field. As regards the coupled

ELPSA, at first each submodel has been tested individually, then they have

been implemented together with the exclusion of the breakup model, for the

reasons discussed in the following subsections. The ECN spray A has been

the benchmark to develop the model and to assess its capability. After describ-

ing the numerical setup and introducing the main parameters of interest used

for the calculation of δ, the effects of each individual submodel are discussed

briefly. Then, the results’ section for ECN spray A shows the outcomes of:

• the standard model (i.e. the default sprayFoam solver);

• the ELPSA vaporisation submodel;

• the ELPSA drag submodel;

• the ELPSA model (drag and vaporisation).

The models are compared to each other and to the experimental data when

available. In addition to the analysis on ECN spray A, the ELPSA model

(comprehensive of both the drag and vaporisation submodels) has been tested

for ECN spray G. Results for spray G are discussed briefly in order to demon-

strate the model flexibility when it is implemented on more complex geome-

tries. Finally, the critical aspects of the ELPSA are addressed, including future
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developments foreseen by the author to improve each individual submodel

and the best strategies to continue its development.

5.1 Application of the ELPSA to the ECN Spray A

The input condition of the spray are described in Table 5. The mesh used

here is mesh A (see Fig.15), whose minimum cell size is 0.25 mm. This

grid size provide a stable run for the implementation of the ELPSA model

and it has been used during the preliminary stage of the model application.

In fact, the new vaporisation and drag submodels increase the mass and mo-

mentum exchange with respect to the default model; these increases could

lead to numerical instabilities due to the E-L coupling when the cell to par-

ticle ratio decreases (see Section 2.5.2). The PIMPLE loop is used, setting

4 iteration for the solution of the transport equations in each time-step and

12 cycles to loop over the entire system of equations within one time-step.

Another relevant aspect is that second-order-accurate SNS are used for the

governing conservation equations. In fact, although first-order schemes are

more likely to provide numerically stable simulations and have been crucial

to test the ELPSA models in the preliminary stage of the model development,

in general they remain too diffusive. On the other hand, second-order SNS

provide more reliable results, although the numerics are less stable. Hence,

a sensitivity analysis has been performed to set up the optimum PIMPLE al-

gorithm altogether with with limited-linear 2nd order SNS. Limited-linear

SNS are linear (or central differencing) schemes that limits towards upwind

in regions of rapidly changing gradient; they requires a coefficient between

0 (corresponding to linear) and 1 (which is the strongest limiting), here this

coefficient has been set to 0.5. Figure 90 is an example of the implementation

of the ELPSA models for the spray A, showing the droplet deformation of

the Lagrangian particles and the additional output parameters provided by the

model
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Figure 90: Output of the ELPSA model. On top the Lagrangian particles are colored
based on the value of δ; on the bottom a spreadsheet of the output parameters of the
spray particle. The new particle properties, such as δ and Sp (deltaDef and surfaceP,
respectively), are now displayed alongside the Lagrangian parameters of the default
model.

5.1.1 Effects of the ELPSA models

Droplet deformation Considering the droplet axial and radial position (see

Fig.91), Fig.92 and 93 show the droplet distortion, δ, obtained from the im-

plementation of eq.4.16 to the Lagrangian solver in OpenFOAM (at 0.1 and

1 ms, respectively). The axes indicate the position of the droplets along the

axial and the radial directions with respect to the spray injection direction.

The particles’ colour helps to distinguish between the lens shaped droplets

(in red) and the ligament (in blue), while spherical droplets, corresponding

to δ = 0, are marked in grey. The range of positive δ has been limited to 1

to help the visualisation of the corresponding shapes. Please note that with

the standard model the calculation of δ (as well as Sp) is uncoupled from

any particle submodel, hence it does not affect the droplets evolution. The

droplet distortion indicates that very few particles have δ ≈ 0 and most of

them take the lens shape (red). Notice that also the particles far from the noz-
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Figure 91: Schematic of the spray indicating the radial and the axial direction con-
sidered here.

Figure 92: ECN spray A -Droplet deformation obtained with the calculation of δ
(from eq.4.16) in the standard solver and the ELPSA models at t = 0.1 ms.
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Figure 93: ECN spray A - Droplet deformation obtained with the calculation of
eq.4.16 in the standard solver and the ELPSA models; t = 1 ms.

zle shows |δ| >> 1, although their small size and velocity suggest that they

should return to the spherical shape. This result suggests that eq.4.16 is not

optimised for these conditions and some tuning is necessary (in particular for

We∗). The actual value of the deformations is between −106 ≤ δ ≤ 106.

This wide range indicates that δ needs to be bounded. Using the conditions

from the breakup model (see Section 4.2.3), the values δthr+ and δthr− can

be used to limit the maximum droplet deformation. However, the ELPSA

breakup model causes the simulation to diverge due to particles-cell coupling

issues; the shortcomings of the breakup submodel are discussed in the fol-

lowing paragraph. Hence, the inability to limit the value of δ leads to extreme

deformations. This aspect poses a challenge in the calculation of the droplets

deformation and it is discussed in detail at the end of this main section, in the

future developments of the ELPSA.
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Effects of the ELPSA Breakup model The application of the new breakup

model to the default sprayFoam solver causes a rapid divergence of the nu-

merical simulation in the early time-steps, and the simulation then crashed at

t = 0.0147 ms. The main reason for such a behaviour is that the high values

of δ induce the formation of a high number of child droplets from the breakup

of the parent drops (see the theoretical models in Section 4.2.3). In turn, the

child droplet diameters are very small and their reduced size enhances the

phase change rate within the hot environment (Tamb = 900K). Figure 94

compares the PDF of the droplets’ diameters obtained with the default case

and the ELPSA breakup model, the latter provides dp values that are at least

one order of magnitude smaller than with the default setup. Table 14 shows

Figure 94: Particle Distribution function of the droplet diameters compared between
the default case and the ELPSA breakup model.

the spray cloud characteristics at t = 0.0147 ms. The ELPSA breakup pre-

dicts a number of particles within the domain at such time (as well as the

fuel mass) that is almost half with respect to the default model. This is due

to a drastic reduction of the droplets diameters (see SMD and dp,MAX in the

164



table), resulting in a higher rate of the mass phase change of fuel. A higher

case Default model ELPSA - breakup only
no. of parcels: 63 31
mfuel,l [kg] 9.97 · 10−9 4.16 · 10−9

Momentum [kg m/s] 2.14 · 10−6 3.45 · 10−5

Tp,MAX [K] 531.7 546.6
vaporised mass [kg] 5.67322 · 10−11 5.94 · 10−9

SMD [µm] 2.24 2.09 · 10−3

dp,MAX [µm] 71.75 0.0012

Table 14: ECN spray A - Spray cloud properties obtained with the default case and
the ELPSA breakup model at t = 1.47 ms.

amount of evaporated fuel mass from the Lagrangian particles translates into

a increment of the particle source term within the computational cells that

contain the droplets; in particular, the continuity equation of the mass within

OpenFOAM is [208]:

∂ρ

∂t
+∇ · (ρu) = SUp,rho (5.1)

where SUp,rho is the particles’ source term. Considering that the side of a

computation cell is 0.25 mm, the mass of air contained within the cell at the

ECN spray A ambient conditions is ∼ 4 · 10−10 kg, ranging between 1 · 10−10

and 12 · 10−10 kg when the fuel is injected. When the ELPSA breakup model

is active, the vaporised fuel mass is extremely high, up to two order of magni-

tude higher than the vaporised mass computed by the default breakup model

(see Table 14). All this leads to a drastic increase of SUp,rho, causing the di-

vergence of the local Eulerian density field (see eq.5.1). Figure 95 provides a

better visualisation of this phenomenon, showing the fuel vapour concentra-

tion obtained using the 2 models.

Effects of the ELPSA vaporisation model Due to the increased surface

area of the droplets when δ 6= 0, the rate of vaporisation of a distorted droplet

is always bigger than a spherical droplet with the same mass and in the same

local conditions. In fact the ELPSA vaporisation model predicts a enhanced
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Figure 95: Contour plot of the fuel vapour concentration, [C12H26] at t = 1.47 ms
obtained using the default model and the ELPSA breakup model

phase change of the liquid fuel and a reduced population of droplets, since

the smaller ones tend to completely evaporate in a short time. Figure 96

shows a comparison of the default model and the ELPSA vaporisation model

in terms of liquid mass and maximum temperature of the particles. Due to

Figure 96: Comparison of the default model and the ELPSA vaporisation model in
terms of liquid mass in system and Tp,MAX during the simulation.

the enhanced vaporisation the liquid mass within the domain predicted by the
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ELPSA vaporisation model is almost halved with respect to the default model.

Note that, on average, the maximum temperature of the particles obtained

with the ELPSA vaporisation model is lower than with the default model.

This result may seem counter-intuitive, as eq.4.20 indicates that the greater

surface area corresponds to a higher change rate of the particle temperature.

However, when the ELPSA vaporisation model is active, the higher tempera-

ture change rate leads to a higher phase change rate, as well, so that only the

colder droplets ”survives” within the domain.

Effects of the ELPSA drag model Figure 97 shows the computed value

of the drag coefficient obtained with the ELPSA drag submodel against the

standard drag coefficient, which only accounts for spherical droplets. As ex-

Figure 97: Drag coefficients of distorted droplets calculated with the ELPSA drag
model versus the trend-line of the spherical drag model

pected, the ELPSA drag model tends to provide higher CD than the sphere

drag model. Higher deformations correspond to higher value of CD, be-

tween one and two order of magnitude higher than CD,sphere, while when

δ approaches 0 CD tends to CD,sphere.

5.1.2 Application of the ELPSA to the ECN spray A - Results

In this section the results obtained using the ELPSA model (i.e. including the

drag and vaporisation model) and each individual ELPSA submodel are com-
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pared to the results provided by the standard Lagrangian model. Table 15 in-

dicates the names of the cases reported here and the active ELPSA submodels

for each of them. The first comparison, in Fig.98, is made in terms of macro-

scopic quantities, comparing the LPL and VP provided by the simulations to

the ECN experimental data. The LPL obtained with the ELPSA model is

ACTIVE SUBMODELS
CASE NAME Calculation ELPSA Phase ELPSA Drag

of δ and Sp change model model
Default model V - -

ELPSA - evaporation only V V -
ELPSA - drag only V - V

ELPSA model V V V

Table 15: Cases tested with the ELPSA submodels for ECN spray A

Figure 98: ECN spray A, LES - Comparison of the LPL (top) and VP (bottom)
obtained with the ELPSA models and the standard solver.

reduced with respect to the default model, approaching more closely the ex-

perimental data. The ELPSA drag model does not provide relevant differences

with respect to the standard model. On the other hand, the main contribution
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to the reduction of the LPL is due to the new vaporisation model. In fact, the

enhanced vaporisation of the droplets reduces droplets’ lifespan and in turn

the maximum distance they reach. The VP remains globally unchanged for all

the cases and tends to over-predict the experimental observations. This is true

also when the ELPSA vaporisation model is active; although the droplets tend

to evaporate more quickly and penetrate less far than the standard model, the

enhanced vaporisation rate causes the fuel vapour to diffuse faster and deeper

in the axial direction of the domain. Hence, despite showing the same VP the

fuel vapour distribution is rather different between the cases using the novel

vaporisation model and the standard one.

Figures 99 and 100 show a more detailed view of the fuel vapour concentra-

tion, obtained with the ELPSA model and the standard model, respectively.

The concentration obtained from the simulations is based on a single LES re-

alisation and it is sampled on eight different slices of the vapour cloud (each

placed at every 45 degrees with respect to the injection axis). As for the

graphic representation of the simulation data in Fig.99 and 100 (in purple and

green, respectively), the straight lines represent the average trend of [C12H26]

and the shaded areas represent the range of [C12H26] obtained with the slice

sampling. The enhanced vaporisation of the new phase change model pro-

motes a better fuel vapour distribution when compared to the ECN experi-

mental data. The ELPSA model predicts a higher [C12H26] at the center-line

than the standard model; also, the new model predicts a better distribution of

the fuel vapour compared to the experimental data, in particular at 0.45 mm,

while the standard model shows a more evenly distributed [C12H26] in the ra-

dial direction.

The ELPSA drag submodel does not provide major changes for the LPL or

the VP with respect to the standard model. This is true for some other quan-

tities and this behaviour can be explained by considering that only the bigger

particles are subject to large drag forces and that they tend to disappear rather

quickly. In fact, the newly injected drops are the bigger ones and the most dis-

torted, which means they are curbed right at the nozzle exit and they eventu-
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Figure 99: ECN spray A, LES - Fuel vapour concentration at 0.25 mm (top) and 0.45
mm (bottom) in the spray direction, obtained with the ELPSA model. Experimental
data from [209]

Figure 100: ECN spray A, LES - Fuel vapour concentration at 0.25 mm (top) and 0.45
mm (bottom) in the spray direction, obtained with the standard model. Experimental
data from [209]
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ally disintegrate due to the breakup phenomenon. This effect can be observed

in Fig.101 on the left hand side: close to the injection point the default model

shows the presence of bigger drops than the ELPSA drag model. Moreover,

Figure 101: ECN spray A - Spray distribution pattern of the diameter (top) and dis-
tortion (bottom) of the Lagrangian particles obtained with the standard model and
ELPSA drag model for t = 0.1 ms and for t = 1 ms. The y axis is in logarithmic
scale for better visualisation.
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one can see the distance traveled by the most distorted droplets on the right

hand side of Fig.101: with the default model highly distorted droplets (with

|δ| >> 0) travel further downstream in the axial direction; on the other hand,

when the ELPSA drag model is active, the most distorted droplets are con-

fined in the vicinity of the injection point and the majority of droplets have

|δ| → 0, so that the drag computed with the ELPSA for these particles is

closer to the sphere drag force (see Fig.97).

As for the Lagrangian particles, it is interesting to analyse the proper-

ties of the spraycloud obtained for each case in Table 15. Looking at SMD

on top of Fig.102 each individual ELPSA submodel increments the value of

the SMD with respect to the standard model. Hence, the complete ELPSA

model (using both the new drag and vaporisation) has the highest value of

D32. These two contributions are due to very different reasons. Clearly, the

phase change submodel causes a quicker vaporisation of the smaller droplets,

which in turn increase the average value of D32. On the other hand, the effect

Figure 102: ECN spray A - Comparison of the SMD (top) and minimum droplet
temperature (bottom) obtained with the ELPSA models and the standard solver.
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of the ELPSA drag model is more complex. The new drag submodel de-

celerate the droplets and reduces the pressure difference between the droplet

and the surrounding environment. The vaporisation rate increases with the

droplet Reynolds number, due to an increase of the heat and mass transfer

rates in the gas film surrounding the droplet (i.e. the convective boundary

layer) [210]; this same effect can be discussed in terms of pressure gradient,

indicating it fosters the phase change as it increases [211]. Since the drag sub-

model reduces the droplet velocity (and Re) it also reduces the vaporisation

rate of the droplets resulting in a higher value of the SMD. This effect can

be observed in terms of heat transfer, looking at the minimum temperature of

the Lagrangian particles (Tp,min), shown on the bottom of Fig.102. Since the

droplets evaporate slower their exposure to the hottest ambient environment

is longer, increasing Tp,min. This effect can be observed for both the ELPSA

- drag only and the ELPSA full model cases, while it is not observed with the

standard model or with the ELPSA - vaporisation only.

Figure 103: ECN spray A - Liquid mass in system (top) and number of Lagrangian
particles (bottom) obtained with the ELPSA models and the standard solver.
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Further for the Lagrangian particles, Fig.103 shows the total liquid mass (on

top) and the total number of particles (on bottom) within the domain. Once

again, the vaporisation submodel plays a major role here, reducing the liquid

mass by twice (compared to the standard model) while the drag submodel

does not cause any major effect. As for the total number of Lagrangian parti-

cles, the activation of the ELPSA vaporisation model reduces the number of

particles by two thirds with respect the default model (and the ELPSA - drag

only case). To look more in detail the PDF of the droplet diameters, Fig.104

and 105 show the droplet size distribution at 0.1 and 1 ms, respectively. Note

that the histograms shown here focused on dp ranging from 0.1 to 20 µm.

Bigger particles, with diameters up to 80 µm, are also present. However, they

consist of less than the 1% of the total number and, for sake of clarity, only

the droplets in the selected range of diameters are shown. The ELPSA evap-

oration model plays the major role in reducing the total amount of droplets,

which are ≈ 700 when the new phase change model is not active (Default

model and ELPSA - drag only cases) and ≈ 200 when it is active (ELPSA

evaporation only and ELPSA model cases). On the other hand, looking at the

histograms in Fig.104 and 105, the drag submodel causes a “shift” to the right

(i.e. increased diameters) of the distribution bell, with respect to the standard

model. In terms of expected value (i.e. the mean value at the centre of the bell

shaped distribution) the standard model has t = 1 ms is ∼ 0.73µm, while it

becomes ∼ 0.86µm when the ELPSA drag submodel is active (for t = 0.1ms

they are ∼ 0.82µm and ∼ 0.93µm, respectively). In fact the reduction of the

droplet velocity (relatively to the gas phase velocity) due to the activation of

the ELPSA drag model, reduces the vaporisation rate [210]. These effects can

be noticed also comparing the diameters PDF obtained with the vaporisation

submodel and the ELPSA model: with a similar total number of droplets, the

expected value of dp is ∼ 0.8µm for the ELPSA - vaporisation only case,

while it becomes ∼ 1µm for the ELPSA model case.

The PDFs of the droplets’ velocity are shown in Fig.106 and 107 at 0.1 and 1

ms, respectively. The general trend is an increase in velocity with time. This
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Figure 104: Droplet size distribution at 0.1 ms obtained with the standard model and
the ELPSA models.

Figure 105: Droplet size distribution at 1 ms obtained with the standard model and
the ELPSA models.

175



Figure 106: ECN spray A - Droplet velocity distribution at 0.1 ms obtained with the
standard model and the ELPSA models.

Figure 107: ECN spray A - Droplet velocity distribution at 1 ms (bottom-right) ob-
tained with the standard model and the ELPSA models.
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is due to the establishment of a developed velocity field in the gas, which

then opposes less resistance to the newly injected particles. The most inter-

esting comparison here is between the ELPSA - drag case and the standard

model case, in order to assess what was stated before on the effects of the new

computed drag on the droplets velocity and Reynolds number. The particle

Reynolds number is defined as:

Rep = uslip · dp/νg (5.2)

and it is the main parameter which determines the drag coefficient (see eq.2.12).

In the previous equation, Rep is expressed as function of two Lagrangian

quantities: the slip velocity, uslip, (i.e. the relative velocity between the parti-

cle and the surroundings gas) and the droplet diameters, dp. Table 16 shows

the median values of uslip and Rep for all the Lagrangian particles within

the domain, at several time-steps. One can see that, except for t=0.1 ms, the

Standard model ELPSA - drag model
time [ms] uslip [m/s] Rep uslip [m/s] Rep

0.1 36.25 23.41 36.97 36.64
0.5 43.1 246.32 33.83 34.81
0.7 40.03 74.39 33.16 21.95
1 47.77 105.58 42.13 17.18

Table 16: ECN spray A - Comparison between the standard model and the ELPSA
drag submodel of the median values of both the slip velocity and the particle Reynolds
number at different time-steps.

median values of uslip and Rep obtained with the ELPSA drag submodel are

significantly smaller to the median values obtained with the standard model.

This observation is in agreement with the trend in Fig.97, which shows that

higher values of the drag coefficient correspond to lower Rep. Here, it is

necessary to describe the effects of the ELPSA drag model, in relation to the

simulation of the involved physics. The increment of the drag forces acting

on the particles affects the Eulerian field due to the increment of the particle

momentum source term, SUup , within the transport equation of the Eulerian

cell volume. When the injection starts and particles enters the domain the Eu-
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lerian velocity field is proportionally influenced by the magnitude of SUup . In

turn, as the liquid velocity is the same (since it is determined by vinj), if ugas

increases depending because of the drag model, the slip velocity decreases,

as well as Rp. This confirms the observations made before for the droplet

size distribution observed when the ELPSA drag submodel is implemented

(Fig.102, 104 and 105). The effects of Rep on the evaporation rate can be bet-

ter understood looking at the eq.2.24 (phase change due to evaporation) and

4.25 (phase change due to boiling). The mass change rate of the droplet, ṁp,

is a function of the Sherwood dimensionless number, Sh, which is defined as

a function of the Reynolds and Schmidt number (see eq.4.18).

Finally, it is interesting to perform an analysis on some dimensionless

numbers, relevant for the spray characterisation, such as the Reynolds, the

Weber and the Stokes number. These quantities shown in Fig.108 and 109,

for t = 0.1 and 1 ms, respectively. The Weber and the Reynolds numbers are

calculated using eq.1.1 and eq.5.2, respectively. while the Stokes number is

calculated based on eq.3.4. Re, We and St are calculated using the equivalent

droplet diameter (dp,eq from eq.4.21), when the ELPSA models are active.

The logarithmic scale is necessary here as all the three parameters have large

ranges, with typical variation for majority of particles of:

· 0.02 ≤ Re ≤ 500;

· 0.001 ≤ We ≤ 1000;

· 0.0001 ≤ St ≤ 10.

The Weber and the Stokes numbers have a monotonic trend relative to each

other. As for the Reynolds, two modes with different trends are present: one

for the particles with We ≥ 1 and St ≥ 0.1 (darker colour in Fig.108 and

109), on top of the plots with a monotonically increasing trend with Re; and

another for We ≤ 1 and St ≤ 0.01 (in pink and fuchsia), generating a more

diffused cloud on the bottom of the plots. The particles distributed with the

first trend are the particles with high inertia, hence they are characterised by

higher velocity and diameters. On the other hand, the particles belonging to
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Figure 108: ECN spray A - Lagrangian particles properties in terms of Re, We and
St dimensionless numbers obtained at t = 0.1 ms with the standard and the ELPSA
models

Figure 109: ECN spray A - Lagrangian particles properties in terms of Re, We and
St dimensionless numbers obtained at t = 1 ms with the standard and the ELPSA
models
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the more distributed cloud are the smaller droplets, whose behaviour is dom-

inated by the surface tension and move along the streamline of the gas-flow.

The distinction of these two distributions becomes more clear at later times.

Also, this plot confirms again the effects of the ELPSA drag model. Note

that the second population of droplets (the pinker cloud, with We ≤ 1), is

centred more towards to the left-hand side (lower Re) when the ELPSA drag

model is active. Moreover, the standard model has a population of droplets

with Re ≈ 1 and We ≈ 1 which moves towards lower values of Re and We

when the ELPSA drag model is active, indicating that the droplet surface ten-

sion and the local gas viscosity plays a major role on the particle dynamics

when the new drag submodel is active. On the other hand, the ELPSA vapor-

isation submodel causes a drastic reduction of smaller droplets, with very few

droplets with Re ≤ 1 and We ≤ 0.01. The analysis of dimensionless number

can be a very useful tool to analyse and describe the effect of each individ-

ual submodels, as it outlines the importance of certain local quantities with

respect to others. This is very important for the development of the ELPSA,

since such a kind of analysis could potentially provide the local conditions of

the Lagrangian particles, highlighting the relevance of the physical phenom-

ena that occur at certain locations of the spray (as intended in Fig.126).

Up to this point, the results have mainly focused on the Lagrangian par-

ticles. It is interesting to look more in detail the effect of the ELPSA on the

Eulerian fields. Figure 110 shows the contour plot of the vapour concentra-

tion, obtained with the standard model and the ELPSA models (this contour

plot is related to Fig.99 and 100). The ELPSA vaporisation model increases

the maximum fuel concentration by ∼ 10% and it also affect the flow pattern,

in terms of [C12H26] (this comparison is based on a single LES realisation for

each case). Looking at the fuel distribution at t = 1 ms for both the ELPSA

vaporisation submodel and the ELPSA model (on the bottom row of Fig.110),

the vaporised fuel is distributed with a wider angle (with respect to the predic-

tions of the standard model) in the vicinity of the injector. In this region, the
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Figure 110: ECN spray A - Comparison of the mixture fraction distribution of fuel
vapour at mid-plane obtained with the four models at t = 0.1 ms (top) and for t = 1

ms (bottom). Dimensions are in mm. The white outline at t = 1 ms represents the
experimental vapour contour line [209].

shape of the fuel vapour contour is closer to the experimental data from San-

dia [209], rather than the thinner fuel cloud obtained with the default model

or when only the ELPSA drag model is active. Another relevant difference in

Fig.110 is that with the new vaporisation model there is a drastic reduction of

the fuel concentration from ∼ 0.035 m to downstream, while, with the stan-

dard model a denser and thicker cloud with [C12H26] ∼ 0.1 is still present up

to∼ 0.05 meters. Although these major difference differentiate the cloud pat-

terns, the VP is determined as the location with [C12H26] = 0.01; using this

parameter, there are no differences of the VP obtained with the four models

(see bottom row of Fig.110). The more diffused pattern of the fuel vapour

field with the ELPSA vaporisation model can be observed also for the veloc-

ity field, in Fig.111, and the turbulent kinetic velocity, in Fig.112. Hence the

phase change submodel plays an important role in the diffusion of the Eu-

lerian quantities in the gas field. As regards the velocity field, ugas, the gas

reaches the maximum speed along the axial direction of the spray, as this is
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Figure 111: ECN spray A - Contour plot at mid-plane of the velocity field obtained
with the four models at t = 0.1 ms (top) and for t = 1 ms (bottom). Dimensions are
in mm.

Figure 112: ECN spray A - Contour plot at mid-plane of the turbulent kinetic energy
obtained with the four models at t = 0.1 ms (top) and for t = 1 ms (bottom).
Dimensions are in mm.

the direction of the main component of the velocity. The new drag submodel

has the biggest influence on the velocity within the domain; in particular,
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thanks to the ELPSA drag submodel, the Eulerian region encompassing the

maximum gas velocity is extended, both at 0.1 and 1 ms. The main effects

are more evident at 1 ms: the velocity field obtained with the ELPSA drag

model extends further downstream than with the standard (and the ELPSA

vaporisation) model. This happens because the droplet deformation increases

the drag coefficient, which in turn increases the drag force acting on the parti-

cle. Accordingly, the droplet source term related to the momentum exchange

between the Lagrangian particles and the Eulerian field, increases as well.

Hence, as the injection of the Lagrangian cloud generate a higher drag force,

the Eulerian field is subjected to a greater flow circulation, affecting a wider

volume of gas and extending the region with ugas,MAX . Once again, increas-

ing the gas velocity implies a decrease of the slip velocity, uslip, that is used

to calculate the droplet Reynolds number.

Major differences in the maximum local value of turbulent kinetic energy, k,

are observed, in particular at later times. The standard model shows the pres-

ence of “pockets” of gas with high energy (1100 ≤ k ≤ 1300 m2/s2) up to

∼ 0.023 m; on the other hand, both the ELPSA drag and vaporisation sub-

models have adverse effects on it. Looking at the contours plot of k at t = 1

ms (bottom row in Fig.112), the drag submodel reduces k to a maximum value

of ∼ 1250 m2/s2 which extends up to ∼ 0.018 in the axial direction; the va-

porisation submodel provides kmax ≈ 1000 m2/s2.

The results analysed and discussed in this section, indicate that the ELPSA

submodels could provide some improvements in simulation of ECN spray A

compared to the standard model (native in OpenFOAM). In particular, the new

phase change model is able to represent the fuel vaporisation better than the

default model, when compared to the experimental data. Also, the analysis of

the physics modelled by the new submodels helps to identify how the numer-

ics represent the physical phenomena involved. This can be done analysing

the effects of the modification on the spray characteristics, both from a quali-

tative and a quantitative point of view.
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5.2 Application of the ELPSA to the ECN Spray G

The ELPSA model has been successfully implemented to analyse the be-

haviour of ECN spray G. Spray G geometry, spray characteristics and ambient

conditions are described in Section 3.2.2 (see Fig.42 and Table 9). LES have

been performed using the same setup in Section 3.2.2, in terms of Lagrangian

submodels and boundary conditions. The domain discretisation is based on

the AMR strategy, using the fuel vapour concentration, [C8H18] ≥ 10−5, as

a refinement criterion; the minimum grid size is 0.2 × 0.2 × 0.2 mm. The

convection terms are discretised using a second-order linear discretisation

scheme and the main calculation loop implements the PIMPLE algorithm.

The simulations have been performed using the three initial size distribution

shown in Fig.53; nevertheless, the purpose of this section is to describe more

generally the effects of the ELPSA model compared to the standard model,

rather than analysing all the simulation data in detail. Hence, for the sake

of simplicity, this section discusses the Blob distribution only, comparing the

outcomes of the ELPSA model (that includes both the new vaporisation and

drag submodels) against the Standard model. Figure 113 shows the deforma-

tion of the droplet, δ, obtained with the ECN spray G. As observed for ECN

spray A (see Fig.92 and 93), the majority of droplets tends towards the lens

shape (i.e. δ > 0, in red). Only at later times, after the end of the injec-

tion, the population of spherical droplets starts to increase. The macroscopic

behaviour of the spray, in terms of LPL and VP is shown in Fig.114. The

application of the ELPSA submodels generates a rather complex pattern: for

t < 0.15 ms the liquid spray penetrates deeper in the domain, with a faster rise

time with respect to the experimental data; the computed LPL tends to follow

the experimental data up to t ≈ 0.6 ms; finally, for t > 0.6 ms the ELPSA

under-predicts the spray penetration up to t ≥ 1 ms. On the other hand, the

standard computed spray penetration follows a more regular trend, although it

does not match the experimental curve. The differences between the models’

results are due to the activation of both the new drag and the new vaporisation

submodels, each of which determines the global behaviour of the particles
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Figure 113: ECN spray G - Droplet deformation obtained with the calculation of δ
(from eq.4.16) for the ECN spray G at different times. The axial distance corresponds
to the direction of z in Fig.42, the radial direction is orthogonal to it.

(in terms of penetrations) at different times. The ELPSA drag model has the

largest effect on the initial slope. Although it may seems counter-intuitive that

the particles subject to a higher CD penetrate deeper, the main effect of the

drag force should be considered from the Eulerian gas perspective. In fact,

the drag force acting on the drops at the beginning of the injection increases

the momentum of the gas, due to the E-L coupling, resulting in a higher force

acting on the particles, which translates into a higher source term in the mo-

mentum transport equation of the Eulerian velocity field. This effect can be

observed directly in Fig.115, when comparing the velocity vector field gener-

ated at the start of injection (t = 0.05 ms) obtained with the ELPSA drag and

the standard drag models (i.e. the sphere drag model). Note that the maximum

velocity magnitude reported with the new drag model is more than the 40%

higher than with the sphere drag model (170 m/s and 120 m/s, respectively).

This effect is smoothed at later times, and counter-balanced by the ELPSA
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Figure 114: ECN spray G - Comparison of the LPL (top) and VP (bottom) obtained
with the ELPSA and the Standard solver for the ECN spray G.

vaporisation model. In fact, the latter dominates the behaviour of the LPL at

later times, as the droplets tends to evaporate faster. On the other hand, the

ELPSA evaporation model leads to a drastic reduction of the droplet popula-

tion with respect to the standard model, resulting in the reduction of both the

LPL and VP at later times. This effects can be observed comparing the his-

tograms in Fig.116 and 117 obtained using the default solver and the ELPSA,

respectively. At earlier times (see t = 0.3 ms), the number of droplets is

almost the same in both cases as they have not had the time to disappear; al-

though, the effect of the ELPSA vaporisation model is visible, since the bell

distribution is shifted to the left (smaller diameters). However, at later times,

the number of droplets computed by the standard model, is at least twice as

high as the ELPSA model. In particular, immediately after the EOI (i.e. 0.78

ms), for t = 0.9 ms, the number of parcels within the domain with the stan-

dard model is ≈ 5 · 105, that is two orders of magnitude higher than that

observed with the ELPSA model at the same time.
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Figure 115: ECN spray G - Comparison of the velocity vector field at mid-plane
obtained with the ELPSA and the Standard solver at t = 0.05 ms

In terms of droplet population, Fig.118, compares the spray cloud mor-

phology from the simulation, with the experimental observation provide by

[120]. The third row of Fig.118, for t = 0.9 ms, aids visualisation of the

denser spray cloud obtained with the standard model with respect to the ELPSA

model. Finally, Fig.119 shows the instantaneous vapour structure, at t = 0.3,

0.6, 0.9 and 1.2 ms, obtained with the two models and compared to the exper-

imental contour obtained by [120]. The most important difference between

the two models, is in the representation of the gas plume collapse. Experi-

ments indicate that the vapour plumes undergo a radial dispersion, eventually

merging downstream of the injection point. The standard model does not re-

produce this behaviour and the vapour plumes remains distinct, including at

later times. Additionally, the enhanced phase change rate due to the imple-
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Figure 116: ECN spray G - Droplet size distribution at different times obtained with
the standard model. Note that at t = 0.9 ms the scale on the y-axis is different from
the other times; the red line represents the maximum value reported on the y scale for
t = 0.3, 0.6 and 1.2 ms.

Figure 117: ECN spray G - Droplet size distribution at different times obtained with
the ELPSA model.

mentation of the ELPSA vaporisation model, provides noticeable improve-

ments of the fuel vapour dispersion, matching the experimental data at all

times.
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Figure 118: ECN spray G - Spray cloud obtained with the ELPSA and the Standard
solver, compared to the experimental data provided by [120] (coloured lines represent
the liquid (red) and vapour (blue) contour of the fuel). The Lagrangian particles are
not in scale, the size represents their relative dimensions. Dimensions are in mm.

Figure 119: ECN spray G - Vapour contour at C8H18] = 0.1% concentration ob-
tained with the ELPSA and the Standard solver, compared to the experimental data
provided by [120] (coloured lines represent the liquid (red) and vapour (blue) contour
of the fuel). Dimensions are in mm.
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5.3 Features of the droplet deformation computed by the

ELPSA model

Despite its potential, due to a more realistic characterisation of the droplets

within the E-L framework, the ELPSA model is still in the preliminary design

phase. This section addresses the shortcomings of the model, as it is now,

and the aspects to be improved in future work. The difficulties faced during

the development of the novel breakup submodel, have shed light on a critical

aspect of the ELPSA model, regarding the implementation of the eq.4.16, to

compute the droplet deformation, δ. Since the droplet deformation and its sur-

face cannot grow indefinitely, it is necessary to set up an admissible range to

the deformation value, setting a minimum and maximum threshold (δ+
thr and

δ−thr, respectively). Once the droplet deformation is outside of these bounds,

the model is supposed to predict the rupture of the parent drops, setting an ad-

ditional breakup condition within the existing breakup models, as described

in Section 4.2.3. However, this condition causes a large increment of the par-

ticles source term, SUp, in the mass transport equations of the Eulerian cell;

because of this, the simulation diverges (see Section 5.1.1). This issue has

hindered the application of the ELPSA breakup condition to the cases investi-

gated here. With no other conditions in place to limit the droplet deformation,

the range of variability of δ is extremely wide. Figure 120 shows such an

issue obtained with the ECN spray A at different times. The range of δ has

been conveniently divided in three main region, in particular setting the range

−1000 ≤ δ ≤ 1000 in grey. Note that few particles are included within the

grey range, although it has a large area. This indicate that, most of the parti-

cles are subject to extreme deformations. Moreover, the particles are showing

a preference towards the lens shape. Since these values are generated from the

solution of eq.4.16, it is interesting to analyse the magnitude of the quantities

involved in such equation, namely:

ω =

√
Ckσ

ρlr3
sph

− 1

t2d
; 1/td =

Cd′µl
2ρlr2

sph

; δ0 = δ −We∗.
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Figure 120: The droplet deformation computed with the ELPSA model at different
times for ECN spray A (notice: the values for δ < 0 shown here are provided by
eq.4.16, however in order to keep a geometrical sense within the ELPSA model when
δ is negative, it is corrected by means of eq.4.9).

Figure 121 shows the range of variability of these parameters, described in

Section 4.1.1. The range of variability of ω and 1/td is extremely high, from

104 up to 1010. δ0 (i.e. the droplet deformation at the beginning of the time-

step) has a different range, from 10−3 to 105, as it mainly depends on the

magnitude of the droplet Weber number (δ0 = We∗− δ). The combination of

such extremely high values results in a equally extreme range for the droplet

deformation, which varies between −106 ≤ δ ≤ 106. These values lead

to extreme deformation of the particles, which in turn leads to an equally

extreme extension of the droplets surface area, Sp, derived from eq.4.13, as

shown in Fig.122. Note that the ELPSA predicts values of Sp up to 10 mm2.

The characterisation of the droplets’ distortion by means of the ELPSA

model can be inferred from each individual contribution of the forces in-

volved in the droplet deformation based on the mass-spring-damping analogy,

namely:
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Figure 121: Magnitude of the main parameters involved in the solution of δ from
eq.4.16, computed for each Lagrangian particle within the domain at different times
for ECN spray A.

Figure 122: Droplet diameter, volume and surface computed with the ELPSA model
at different times for ECN spray A. The surface area is provided by eq.4.13.
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· The aerodynamic drag: Cf
Cb

( ρ
ρl

)(
v2
slip

r2
sph

);

· The surface tension: Ckσ
ρlr

2
sph
δ;

· The viscosity: Cd′µl
ρlr

2
sph

(dδ
dt

).

The magnitude of the forces at each particle location is shown in Fig.123. As

noted for Fig.121, the quantities involved vary across a range of extremely

high values. This result indicates that the mathematical description of the

forces involved in the Taylor analogy equation is not sufficient to describe the

deformation in such regime. Also, this equation should account that particles

in the dispersed region of the spray return to spherical shape, however the

ELPSA application does not provide this result. However, note that both the

Figure 123: Magnitude of the physical quantities involved in the description of δ,
based on the second order differential equation 4.15, computed for each Lagrangian
particle within the domain at different times for ECN spray A.

particle forces, plotted in Fig.123, and the mathematical terms, from Fig.121,

depend on several constants which have been optimised for the TAB breakup
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model.

Another critical aspect arising from the implementation of the ELPSA is that

no clear distinction is provided to define the conditions for the formations of

ligament or lens shaped droplets.

The following section addresses the challenges due to the application of the

ELPSA to turbulent sprays, as well as the future developments of the numer-

ical models.

5.4 Challenges and future developments of the ELPSA model

The lack of experimental data for the droplet characterisation in turbulent

sprays, typical in ICE applications, is one of the most challenging aspects for

the application of the ELPSA model. Moreover, no experimental studies have

investigated the deformation of droplets for sprays in ICE conditions and it is

hard to predict such investigations in a foreseeable future, due to technological

limitations (related to the observation of very small droplets, dp ≤ 1µm, in

extreme environments, in terms of temperature and pressure conditions). As

explained at the beginning of Section 4, experimental observations have been

limited to relatively big droplets, dp ≥ 1000 µm [187, 188, 189, 190, 194,

196] and low Weber regimes [186, 187, 189, 190, 191, 194, 196].

Still, there are several possibilities envisaged for the optimisation of the

ELPSA model for polydisperse sprays. The viable strategies for future model

optimisation can be summarised as follows:

� improving the numerical characterisation of the droplet distortion;

� selecting more basic test cases;

� implementing hybrid numerical approaches;

� testing the ELPSA model against high fidelity simulations (DNS or

quasi-DNS).

Some of these strategies could be implemented in combination with each

other. Below, they are discussed individually.
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Improvement of the numerical characterisation of the droplet deformation. Fu-

ture works can undertake different approaches to improve the numerical char-

acterisation of δ, depending on whether one follows the mathematical char-

acterisation used here (the Taylor analogy), or would rather implement a dif-

ferent approach to numerically describe the droplet deformation. The imple-

mentation of the Taylor analogy has the issues reported in the previous section

(see Section 5.3). To overcome them, one can:

· set artificial bounds on δ, such as δmin and δMAX , preventing the droplets

deformation to increase beyond these limits;

· tune the constant parameters implemented within the Taylor analogy

model (i.e. Cf , Cb, Ck and Cd′; see Section 4.1.1);

· perform a sensitivity analysis on each terms in eq.4.16 (and/or eq.4.15).

For the last two approaches a comparison with experimental data would be

necessary, however this is not possible at the current state of art (from the

experimentalists’ perspective) due to the issues discussed at the beginning of

this section. As for using a different mathematical approach for the droplet

distortion, there are few possibilities, based on:

· the energy balance of a disturbed droplets [212, 213, 214];

· the virtual work principles [215];

· new deformation model, developed on specific fuels [216].

Novel mathematical models are also available for the characterisation of the

submodels, such as heating and evaporation of distorting droplet [217], or the

correlation formula for the standard drag coefficient for non-spherical par-

ticles [218] Moreover, once the model can compute the magnitude of the

droplet distortion, a different set of local condition could be used to deter-

mine the sign of δ.
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Selection of basic test cases. Turbulent sprays in ICE are rather complex sprays,

due to the extreme conditions of the environment and two-phase phenomena

involved. A strategy to simulate these kind of sprays with ELPSA is to test

the model for simpler cases such as a single droplet. Numerical investigations

on single distorting droplet have been performed to capture the breakup char-

acteristics [201, 202, 203, 219, 220, 221] and the effects of the deformation

on the drag [220, 222, 223]. However, these studies have been limited to low

Weber numbers [202, 219, 220] or cases relatively different from spray injec-

tion, such as free falling droplets [221]. Moreover, the simulations of single

droplets still require comparisons with experimental data, which have been

limited to relatively big droplets [187, 188, 189, 190], and low Weber regimes

[186, 187, 189, 190, 191]. Another application to test the ELPSA model is

the multistage atomisation developed in air-blast atomiser (discussed in Sec-

tion 4); although, also these sprays are characterised by big droplets and low

Weber regimes [194, 196]. To the authors’ knowledge, no studies have been

focused on individual droplet conditions typically found in ICE sprays (i.e.

dp ≤ 100 µm and high We).

Implementing hybrid numerical approaches. The application of the ELPSA

model can be used in hybrid approaches, implementing purely Eulerian meth-

ods in the dense region of the sprays. In fact, the dense spray region is the

most complex part due to the high velocity and the extremely complex two-

phase interaction, also lacking an experimental characterisation [21]. This

approach would be similar to the one implemented for the investigation of the

ECN spray G, to reconstruct the initial distribution function of the droplets

used to initialise the LPT method3.2. A Eulerian characterisation based on

the reconstruction of the liquid/gas interface, such as the ELSA [224], could

help to determine the PDF of the liquid particles generated in the dense spray

region. In such a hybrid framework, one could potentially determine the ini-

tial droplet deformation, and use this as an input for the Lagrangian particles.
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Test the ELPSA model against high fidelity simulations. The ELPSA model

validation could be also tested against high fidelity simulations (such as DNS,

quasi-DNS VOF, etc.), in order to characterise the δ parameter. This approach

has been considered during the very first stage of the ELPSA model develop-

ment. In particular, the LJICs have been the perfect candidate to compare the

ELPSA with the CLSVOF method (implemented to LJIC by [145, 164, 165]),

in order to optimise the δ characterisation. However, due to the issues af-

fecting the Lagrangian modelling of these sprays (see Section 3.3), this ap-

proach has been left as the best candidate for a future development of the new

model. The following section provide a detailed description of the theoreti-

cal approach to optimise the ELPSA model against the numerical data from

[164, 165].

5.4.1 LJIC - A benchmark for the ELPSA model optimisation

LJIC is an interesting case for developing the ELPSA model due to the pres-

ence of a wide variety of liquid structures. In the preliminary stage, the design

of the ELPSA was meant to investigate liquid sprays in crossflow (as dis-

cussed in Section 3.3.4), accounting for both the liquid core and the droplets

deformation. Figure 124 shows the steps to compute the droplet deforma-

tion, δ, as a function of the liquid core, LC, so that δ = δ(LC). The ob-

jective is to obtain a distribution of Lagrangian particles whose deformation

can be directly compared to the liquid structures predicted by Li et al. us-

ing the CLSVOF method [164], as shown in Fig.125. These investigations

analyse the liquid column flattening and rupture, based on a variety of flow

conditions, based on the Weber and Ohnesorge numbers, obtaining the liquid

column profile at different locations along the injection direction [164]. The

optimisation of the ELPSA model should be based on the selection of several

locations surrounding the liquid jet, as in Fig.126, to calculate the flow pa-

rameters, in terms of dimensionless numbers: We, Oh, Re, momentum flux

ratio, density ratio and viscosity ratio. Such an analysis is also proposed in

Section 5.1.2 (see Fig.108 and 109), referring to the opportunity to extend the
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Figure 124: Schematic of the Lagrangian spray characterisation for the preliminary
design of the ELPSA model based on the computation of the Liquid Column, LC,
and the droplet deformation as a function of LC.

Figure 125: Ideal comparison between the droplet deformation obtained with the
ELPSA model (on the right-hand side) and the liquid structures obtained by Li et al.
using the CLSVOF numerical method (on the left-hand side, adapted from [164])

dimensionless analysis to sprays other than LJIC.

5.5 Conclusions

The ELPSA model has been used here to simulate the evolution of a diesel

and a gasoline spray, i.e. the ECN spray A and the ECN spray G, respectively.

These sprays are characterised by very different geometrical properties and
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Figure 126: In red the locations to sample the local flow conditions in terms of di-
mensionless parameters

the ELPSA has been applied to both. The results obtained with the ELPSA

solver and the native Lagrangian model in OpenFOAM (i.e. sprayFoam), have

been compared to each other. In particular, the effects of the novel drag and

vaporisation submodels have been investigated, highlighting the differences

they provide with respect to the standard default model.

The results have been compared to the experimental data, when available.

Both the ELPSA drag and the ELPSA vaporisation model have a relevant ef-

fect on the simulation outcomes, providing some qualitative improvements in

relation to some aspect observed experimentally. Notice that the comparison

has not been made against an optimised solution; hence, the improvements

discussed here refer only to the comparison between the ELPSA model and

the default Lagrangian model in OpenFOAM (using the setups described in

Section 3):

• the ELPSA vaporisation submodel provides a better distribution of the

fuel vapour, reducing drastically the number of small droplets within

the control volume;

• the ELPSA drag model has its most relevant effects on the Eulerian
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fields; in fact, the increase of the droplets’ drag force affects the mo-

mentum source term of the particles within the momentum transport

equation of the Eulerian volumes.

In general the analysis on the effects of each submodel indicates an ongoing

interaction between all the Lagrangian submodels involved and the Eulerian

fields. Hence, the comparison between the new submodels and the standard

ones provides a useful insight on how the numerical modelling represent the

particle dynamics, identifying the guidelines for a joint optimisation of the

submodels involved.

The main novelty of the ELPSA model is to feature the droplet deformation,

δ, as a parameter which also determines the shape of the droplet, only based

on the sign of δ (with 0 corresponding to spherical droplets). δ characterises

the Lagrangian particle dynamics, so that the activation of a peculiar sub-

models (e.g. phase change, drag, breakup) depends on the sign of δ. This

distinction could be extremely helpful when a variety of liquid structures are

present for cases of interest of LPT investigations. On the other hand, the

ELPSA model predicts extreme deformation which does not have a physical

justification, hindering the application of the new breakup model. In fact, due

to the extremely high values of δ, provided by eq.4.16, the activation of the

ELPSA breakup causes the divergence of the simulation. The issue related to

the characterisation of the droplets’ distortion has been widely investigated,

indicating that the ELPSA numerical characterisation does not completely

represent the physical situation. Future approaches are described to improve

the performance of the simulation. However, the general lack of experimental

observation on single droplets, in condition relevant to sprays in ICE condi-

tions, means that it is likely to remain challenging to compare model outputs

with experimental data. Comparisons with high fidelity simulations and/or

hybrid numerical approaches, are considered the most viable options for the

optimisation of the ELPSA.
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6 Closing Remarks

This doctoral project aimed to develop a novel E-L spray model (ELPSA) able

to determine the geometry of the droplets, based on thermophysical properties

of the spray and the local gas condition at the droplet location. The basic con-

cept of this model derives from the characterisation of the liquid/gas interface

proposed in the ELSA model, to develop a corresponding approach within the

LPT formulation. This model is intended for a variety of applications, such

as: turbulent sprays in supercritical conditions, impinging jet in crossflow and

biomedical sprays. Hence, an important aspect to address during the develop-

ment of the model is its flexibility, in terms of injection conditions, ambient

conditions and geometries.

To identify the most critical aspects of the E-L formulation, numerical

simulations were performed against a variety of cases, focusing on the ECN

spray A (a single hole injector for diesel-like fuel), the ECN spray G (a multi-

hole injector using gasoline-like fuel for GDI systems) and extending the nu-

merical analysis to LJIC. Through these investigations, two important short-

comings of the E-L framework have been identified:

− the physical description of the particles’ dynamics is based on the as-

sumption of spherical droplets and on imposing the spray submodels a

priori;

− numerical issues related to the coupling of the Lagrangian particle and

the Eulerian fields (discussed in Section 2.5.2).

Once these problems had been identified, this research project focused on im-

proving the physical characterisation of the Lagrangian particles, in order to

meet the objectives discussed above. The primary issue to overcome in the

conventional E-L formulation is the assumption of spherical spray droplets.

In fact, experimental observations have shown that, in a wide range of cases

(including the cases studied here), dynamic perturbations and extreme ambi-

ent conditions deform the droplet. Also, the application of the E-L approach

202



to LJIC has highlighted the inadequacy of conventional LPT methods to rep-

resent the complex liquid structures forming in this kind of jets. The second

aspect to consider concerns the application of the Lagrangian submodels to

describe the droplets’ dynamics. These models address the unresolved physi-

cal processes, using empirical models which are often derived to very specific

conditions (in terms of thermodynamic properties of the spray, ambient condi-

tions, etc.); hence, the unrestricted application of the submodels could prevent

a proper physical characterisation of the droplets’ dynamic. The outcomes

from the preliminary simulations presented here have indicated that E-L ap-

proach is prone to numerical artifacts, often overlooked in the literature. This

aspect has been discussed for the breakup model (in particular for ECN spray

A simulations) and it has been addressed for the initial distribution model used

in ECN spray G. For the latter spray, different initial distributions have been

investigated, in order to represent the in-nozzle physical phenomena (such as

cavitation) and to analyse their effects on the results. These findings moti-

vated the development of a novel Lagrangian model which does not rely on

imposing the droplet dynamics a priori. The approach adopted here to this

scope is based on a detailed description of the geometrical characteristics of

the spray droplet, in terms of droplet distortion, shape and surface.

The new model, ELPSA, computes the droplet distortion using the Taylor-

Analogy between an oscillating and distorting droplet and a mass-spring-

damper system. The major novelty here is the determination of the droplet

shape, which affect the calculation of the surface area. The description of

the droplet shape is based on the assumption that there are three possible

configurations of the Lagrangian particles: spherical droplets, ligaments and

lens-shaped droplets (flattened liquid structures). Based on the ELPSA char-

acterisation, two novel submodels have been developed and implemented: the

phase change and the particle drag submodels. Also, a novel breakup sub-

model has been developed but was not applied. In these Lagrangian submod-

els, the droplet distortion, shape and surface area are used as model inputs to

determine the droplets dynamics. The ELPSA model has been successfully
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used to simulate both ECN spray A and ECN spray G. The outcomes have

been compared to the standard model (i.e. the E-L model native in Open-

FOAM), and show some improvements in simulation outputs in comparison

to the experimental data, particularly for the vaporisation process. Notice that

the results from the standard model are not optimised, although the ELPSA

provides some qualitative improvements (related to the fuel vapour characteri-

sation). Moreover, the analysis on the effect of each individual submodels has

provided useful information, which can be related to the physical phenomena

involved in the submodel. The development of the ELPSA model within the

E-L framework benefits from the cost-effectiveness of the Lagrangian mod-

elling, since the computation of additional parameters has a negligible effects

(with respect to the standard model) in terms of computing time. Also, the

advantage of developing such a model in OpenFOAM is the modular archi-

tecture of code, since each individual Lagrangian submodel can be modified

without affecting the others. The main achievements of the ELPSA model

are:

• the innovating geometrical characterisation of the Lagrangian particles

in terms of:

– the distortion, δ, based on the equilibrium conditions between the

external (aerodynamic) forces and internal forces (surface tension

and viscosity) acting on the droplets;

– the shape, which depends on the sign of δ, used to distinguish

between three possible shapes of the liquid particles;

– the surface area, Sp, based on both the deformation and shape of

the particle.

• the development of novel spray submodels, based on the droplet defor-

mation, shape and surface:

– the phase change model, which was successfully applied;

– the drag model, which was also successfully applied;
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– the breakup model, whose application still requires improvements.

• its application to ECN spray A and ECN spray G, improving part of

the simulations’ predictions (provided by the standard E-L model) with

respect to the experimental data, due to the enhanced vaporisation pro-

cess.

• the analysis of the novel submodels in terms of physical modelling.

The numerical description of the ELPSA can be further optimised to over-

come its current limitations, mainly related to the value of the droplets’ defor-

mations and breakup. Specifically, the computed value of δ (and in turn Sp)

varies within an extremely wide range, requiring a strategy to optimise the

calculation of the droplet’s deformation. However, one of the main factors

limiting the validation of the ELPSA model, is the lack of experimental data

for the deformation of droplets. This is particularly true for sprays in trans-

critical and supercritical conditions, or droplets characterised by high velocity

and/or Weber number. Several approaches have been suggested to address the

future development of the ELPSA model and they are widely discussed in

Section 5.4. Finally, the ELPSA theoretical description of the deformation

can be further extended. One can consider the characterisation of more com-

plex shapes and/or deformation modes (such as bending), using new elements

to characterise the droplet (e.g. the curvature of the droplet chord). Addi-

tional parameters (e.g. dimensionless quantities) could be used to identify the

local conditions of the Lagrangian particles, in order to establish the droplet

shape accordingly, by changing the sign of δ. Also, additional Lagrangian

submodels could be designed with different modes, that are specifically acti-

vated depending on the droplet shape.
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Appendix A: The sprayCloudProperties dictionary

In the following pages it is shown the typical structure of the sprayCloudProp-

erties dictionary. This file is contained within the constant folder of the run

case (see Fig.6) and it is the core for the spray initialisation in OpenFOAM

Lagrangian simulations.
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/*--------------------------------*- C++ -*----------------------------------*\
| =========                 |                                                 |
| \\      /  F ield         | OpenFOAM: The Open Source CFD Toolbox           |
|  \\    /   O peration     | Version:  4.1                                   |
|   \\  /    A nd           | Web:      www.OpenFOAM.org                      |
|    \\/     M anipulation  |                                                 |
\*---------------------------------------------------------------------------*/
FoamFile
{
    version     2.0;
    format      binary;
    class       dictionary;
    location    "constant";
    object      SprayCloudProperties;
}
// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * //

solution
{
    active          true;
    coupled         true;
    transient       yes;
    cellValueSourceCorrection on;
    maxCo           0.3;

    sourceTerms
    {
        schemes
        {
            rho             explicit 1;
            U               explicit 1;
            Yi              explicit 1;
            h               explicit 1;
            radiation       explicit 1;
        }
    }

    interpolationSchemes
    {
        rho             cell;
        U               cellPoint;
        thermo:mu       cell;
        T               cell;
        Cp              cell;
        kappa           cell;
        p               cell;
    }

    integrationSchemes
    {
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        U               Euler;
        T               analytical;
    }
}

constantProperties
{
    T0              363;
    rho0            750;
    Cp0             4187;

    constantVolume  false;
}

subModels
{
    particleForces
    {
        sphereDrag;
    }

    injectionModels
    {
        model1
        {
            type            coneNozzleInjection;
            SOI             0;
            massTotal       4.0e-6;
            parcelBasisType mass;
            injectionMethod disc;
            flowType        flowRateAndDischarge;
            outerDiameter   0.09e-3;
            innerDiameter   0;
            duration        1.5e-3;
            position        (0 0.005 0);
            direction       (0 1 0);
            parcelsPerSecond 20000000;
            flowRateProfile table
            (
                (0.0            0.0       ) 

               (0.002064e-3 0.008090615e-3)
   (0.006459e-3 0.487055016e-3)
  ...
   (1.502161e-3 0.027508091e-3)

                 (1.514161e-3 0.0000)
                (1000           0.0000)
            );
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            Cd              constant 0.92;
            thetaInner      constant 0.0;
            thetaOuter      constant 10.0;

            sizeDistribution
            {
                  type        fixedValue;

               fixedValueDistribution
                 {
                    value         0.000045;
                 }
            }
        }
    }

    dispersionModel none;

    patchInteractionModel standardWallInteraction;
    standardWallInteractionCoeffs
    {
        type            rebound;
    }

    heatTransferModel RanzMarshall;
    RanzMarshallCoeffs
    {
        BirdCorrection  true;
    }

    compositionModel singlePhaseMixture;
    singlePhaseMixtureCoeffs
    {
        phases
        (
            liquid
            {
                C12H26               1;
            }
        );
    }

    phaseChangeModel liquidEvaporationBoil;
    liquidEvaporationBoilCoeffs
    {
        enthalpyTransfer enthalpyDifference;
        activeLiquids    ( C12H26 );
    }
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    surfaceFilmModel none;

    atomizationModel none;

    breakupModel   ReitzKHRT;
    ReitzKHRTCoeffs
    {
        solveOscillationEq yes;
        B0              0.61;
        B1              15;
        Ctau            1;
        CRT             0.1;
        msLimit         0.2;
        WeberLimit      6;
    } 

    stochasticCollisionModel none;

    radiation       off;

cloudFunctions
{}

// ************************************************************************* //
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Appendix B: sprayPost post-processing utility

The following pages show the sprayPost post-processing utility main file (i.e.

sprayPost.C). The sprayPost utility has to be compiled, thus the main file

comes with other secondary files and a “Make” directory to build the code de-

pendencies. Once sprayPost is compiled, it is necessary to digit “sprayPost”

to run it (on a finished simulation). sprayPost creates a folder (named after it)

containing a number of cls files corresponding to the time directories. Each

of these files contains the characteristics of all the Lagrangian particles within

the domain. The sprayPost utility requires the ASCII format for the files writ-

ten in the time directories (specify “writeFormat ascii” in controlDict).

Notice: the lines prefixed by two forward slashes are comments, thus they are

ignored by the code.
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/*---------------------------------------------------------------------------*\
  =========                 |
  \\      /  F ield         | OpenFOAM: The Open Source CFD Toolbox
   \\    /   O peration     |
    \\  /    A nd           | Copyright (C) 2015 OpenFOAM Foundation
     \\/     M anipulation  |
\*---------------------------------------------------------------------------*/

#include "fvCFD.H"
#include "turbulenceModel.H"
#include "basicSprayCloud.H"
#include "psiReactionThermo.H"
#include "CombustionModel.H"
#include "radiationModel.H"
#include "SLGThermo.H"
#include "pimpleControl.H"
#include "fvOptions.H"
#include "OFstream.H"
#include "volFields.H"
#include "IOobjectList.H"
#include "steadyParticleTracksTemplates.H"
#include "Cloud.H"
#include "passiveParticle.H"
#include "labelIOField.H"
#include "scalarIOField.H"

// * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * //

int main(int argc, char *argv[])
{

//This allows to select a specific time
timeSelector::addOptions();
#include "addTimeOptions.H"
//This allow to select a specific Dictionary
#include "addDictOption.H"

#include "setRootCase.H"
#include "createTime.H"
// Get times list
instantList timeDirs = timeSelector::select0(runTime, args);

#include "createMesh.H"

//NEW Folder where samples are saved
fileName pdfPath = runTime.path()/"rawdata";

mkDir(pdfPath);
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forAll(timeDirs, timeI)
{    
    runTime.setTime(timeDirs[timeI], timeI);

    // Check for new mesh
    mesh.readUpdate();

        Info<< "Read lagrangian data"<< endl;

 OFstream os(pdfPath/runTime.timeName());

 fileName newName ("COMPACT_" + runTime.timeName());
 os.precision(6);
 Info << "Writing Output to " << pdfPath  << endl;

 //print the following as the first line of the output file
 os  << "#X Y Z age d d0 Ux Uy Uz rho sigma mu Ux_gas Uy_gas Uz_gas rho_gas 
mu_gas CellSide Ugas_mag St\n";

        fileNameList cloudDirs
        (
            readDir
            (
                runTime.timePath()/cloud::prefix,
                fileType::directory
            )
        );

 // this cycle look for the selected Lagrangian data at each timestep
        Info << "cloud dirs" << cloudDirs << endl;
        forAll(cloudDirs, cloudI)
 {
            // Search for list of lagrangian objects for the current timestep
            IOobjectList sprayObjs
            (
                mesh,
                runTime.timeName(),
                cloud::prefix/cloudDirs[cloudI]
            );

       const scalarField d_ = readParticleField<scalar>("d", sprayObjs);
       const scalarField d0_ = readParticleField<scalar>("d0", sprayObjs);
       const vectorField U_p = readParticleField<vector>("U", sprayObjs);
     
       //the following lines print out a message with the minimum and maximum 
diameter for log purposes
       Info<< "Time = " << runTime.timeName() << endl;
       Info<< "MIN :  " << min(d_) <<", MAX :  " << max(d_) << endl;
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       const scalarField age_ = readParticleField<scalar>("age", sprayObjs);
       const scalarField rho_p = readParticleField<scalar>("rho", sprayObjs);
       const scalarField sigma_p = readParticleField<scalar>("sigma", sprayObjs);
       const scalarField mu_p = readParticleField<scalar>("mu", sprayObjs);

       //the following three blocks of code read the Eulerian fields
        IOobject U_gas 
 (
 "U",
 mesh.time().timeName(),
 mesh,
 IOobject::MUST_READ
 );
 volVectorField u_gas(U_gas, mesh);
 
 IOobject Rho_gas
 (
 "rho",
 mesh.time().timeName(),
 mesh,
 IOobject::MUST_READ
 );
 volScalarField rho_gas(Rho_gas, mesh);
 
 IOobject Mu_gas
 (
 "muEff",
 mesh.time().timeName(),
 mesh,
 IOobject::MUST_READ
 );
 volScalarField mu_gas(Mu_gas, mesh);

       Cloud<passiveParticle> parcels(mesh, "sprayCloud", false);

 // this cycle gets and calculates the requested data at each particle 
location
 int iterationUser = 0;
        forAllConstIter(Cloud<passiveParticle>, parcels, elmnt)
  {
     //position of the lagrangian particle
     const vector pos = elmnt().position();

     label i=mesh.findCell(pos); //position of the cell containing 
the Lagrangian particle
     
     const vector ugas = u_gas[i];
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     const scalar rhogas = rho_gas[i];
       const scalar mugas = mu_gas[i];
       const scalar cellSize = mesh.V()[i];
       
       const scalar cellSide = std::cbrt(cellSize); //get the cell size

     
     const scalar U_gas_mag2 = 
(ugas[0]*ugas[0]+ugas[1]*ugas[1]+ugas[2]*ugas[2]);
     const scalar U_gas_mag = std::sqrt(U_gas_mag2);
     const scalar U_p_mag2 = 
(U_p[iterationUser].x()*U_p[iterationUser].x()+U_p[iterationUser].y()*U_p[iteration
User].y()+U_p[iterationUser].z()*U_p[iterationUser].z());
     const scalar U_p_mag = std::sqrt(U_p_mag2);
     const scalar St = 
d_[iterationUser]*d_[iterationUser]*rho_p[iterationUser]*U_gas_mag/(18*mugas*cellSi
de);
     
     //calculate the droplet relaxation time = 
d_[iterationUser]*d_[iterationUser]*rho_p[iterationUser]/(18*mugas)
     const scalar ts_ = 
pos[1]/(9.80665*d_[iterationUser]*d_[iterationUser]*rho_p[iterationUser]/(18*mugas)
);

     //the following line prints out all the data for each Lagrangian
particle in the output file
     os << pos[0] << token::SPACE << pos[1] << token::SPACE << pos[2]
<< token::SPACE << age_[iterationUser]  << token::SPACE << d_[iterationUser] << 
token::SPACE << d0_[iterationUser] << token::SPACE << U_p[iterationUser].x() << 
token::SPACE << U_p[iterationUser].y() << token::SPACE << U_p[iterationUser].z() <<
token::SPACE << rho_p[iterationUser] << token::SPACE << sigma_p[iterationUser] << 
token::SPACE << mu_p[iterationUser] << token::SPACE << ugas[0] << token::SPACE << 
ugas[1] << token::SPACE << ugas[2] << token::SPACE << rhogas << token::SPACE << 
mugas << token::SPACE << cellSide << token::SPACE << U_gas_mag << token::SPACE << 
St << endl;

     iterationUser++;
  }
 }   
}

// print out the elapsed time requested by the postprocessing tool
Info<< nl << "ExecutionTime = " << runTime.elapsedCpuTime() << " s"  << "  

 ClockTime = " << runTime.elapsedClockTime() << " s" << nl << endl;

Info<< "End\n" << endl;
return 0;
}
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Appendix C: The MultiInjectionDisc injection sub-

model

The following pages show the source file of the injection submodel devel-

oped in OpenFOAM to simulate a multi-port injection. Such a model has

been developed for the ECN spray G simulations and it is able to distribute

the injected mass between the number of holes specified (8 hole for the ECN

spray G case). This model is a combination of two existing injection models:

the ConeNozzleInjection and the ConeInjection. The first model accounts for

a finite nozzle area, but it does not account for multiple injection spots. On

the other hand ConeInjection implements a multi-point injection, but it does

not consider a finite area for the nozzle orifices, which are rather point-like.

MultiInjectionDisc merges these functionalities.

Notice: the header file is used to template and declare the functions and

variables that are used or imported in the program; the source file defines

numerically the actual functions and variables. Both the variable and the

functions could be imported from other files using the pre-processor includes

syntax (i.e. #include). Only the source file is reported here.
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/*---------------------------------------------------------------------------*\
  =========                 |
  \\      /  F ield         | OpenFOAM: The Open Source CFD Toolbox
   \\    /   O peration     |
    \\  /    A nd           | Copyright (C) 2011-2017 OpenFOAM Foundation
     \\/     M anipulation  |
-------------------------------------------------------------------------------
License
    This file is part of OpenFOAM.

    OpenFOAM is free software: you can redistribute it and/or modify it
    under the terms of the GNU General Public License as published by
    the Free Software Foundation, either version 3 of the License, or
    (at your option) any later version.

    OpenFOAM is distributed in the hope that it will be useful, but WITHOUT
    ANY WARRANTY; without even the implied warranty of MERCHANTABILITY or
    FITNESS FOR A PARTICULAR PURPOSE.  See the GNU General Public License
    for more details.

    You should have received a copy of the GNU General Public License
    along with OpenFOAM.  If not, see <http://www.gnu.org/licenses/>.

\*---------------------------------------------------------------------------*/

#include "MultiInjectionDisc.H"
#include "TimeFunction1.H"
#include "mathematicalConstants.H"
#include "unitConversion.H"

using namespace Foam::constant::mathematical;

// * * * * * * * * * * * * * * * * Constructors  * * * * * * * * * * * * * * //

template<class CloudType>
Foam::MultiInjectionDisc<CloudType>::MultiInjectionDisc
(
    const dictionary& dict,
    CloudType& owner,
    const word& modelName
)
:
    InjectionModel<CloudType>(dict, owner, modelName, typeName),
    positionAxis_(this->coeffDict().lookup("positionAxis")),
    injectorCells_(positionAxis_.size()),
    injectorTetFaces_(positionAxis_.size()),
    injectorTetPts_(positionAxis_.size()),
    duration_(readScalar(this->coeffDict().lookup("duration"))),
    injDisc_(readScalar(this->coeffDict().lookup("injectionDisc"))),
    parcelsPerInjector_
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    (
        readScalar(this->coeffDict().lookup("parcelsPerInjector"))
    ),
    flowRateProfile_
    (
        TimeFunction1<scalar>
        (
            owner.db().time(),
            "flowRateProfile",
            this->coeffDict()
        )
    ),
    Umag_
    (
        TimeFunction1<scalar>
        (
            owner.db().time(),
            "Umag",
            this->coeffDict()
        )
    ),
    thetaInner_
    (
        TimeFunction1<scalar>
        (
            owner.db().time(),
            "thetaInner",
            this->coeffDict()
        )
    ),
    thetaOuter_
    (
        TimeFunction1<scalar>
        (
            owner.db().time(),
            "thetaOuter",
            this->coeffDict()
        )
    ),
    sizeDistribution_
    (
        distributionModel::New
        (
            this->coeffDict().subDict("sizeDistribution"), owner.rndGen()
        )
    ),
    nInjected_(this->parcelsAddedTotal()),
    Cd_
    (
 TimeFunction1<scalar>
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 (
     owner.db().time(), 
     "Cd",
     this->coeffDict()
 )
    ),
    tanVec1_(positionAxis_.size()),
    tanVec2_(positionAxis_.size())

{
    duration_ = owner.db().time().userTimeToTime(duration_);

    // Normalise direction vector and determine direction vectors
    // tangential to injector axis direction
    forAll(positionAxis_, i)
    {
        vector& axis = positionAxis_[i].second();

        axis /= mag(axis);

        vector tangent = Zero;
        scalar magTangent = 0.0;

        cachedRandom& rnd = this->owner().rndGen();
        while (magTangent < SMALL)
        {
            vector v = rnd.sample01<vector>();

            tangent = v - (v & axis)*axis;
            magTangent = mag(tangent);
        }

        tanVec1_[i] = tangent/magTangent;
        tanVec2_[i] = axis^tanVec1_[i];

    }

    // Set total volume to inject
    this->volumeTotal_ = flowRateProfile_.integrate(0.0, duration_);

    updateMesh();
}

template<class CloudType>
Foam::MultiInjectionDisc<CloudType>::MultiInjectionDisc
(
    const MultiInjectionDisc<CloudType>& im
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)
:
    InjectionModel<CloudType>(im),
    positionAxis_(im.positionAxis_),
    injectorCells_(im.injectorCells_),
    injectorTetFaces_(im.injectorTetFaces_),
    injectorTetPts_(im.injectorTetPts_),
    duration_(im.duration_),
    injDisc_(im.injDisc_),
    parcelsPerInjector_(im.parcelsPerInjector_),
    flowRateProfile_(im.flowRateProfile_),
    Umag_(im.Umag_),
    thetaInner_(im.thetaInner_),
    thetaOuter_(im.thetaOuter_),
    sizeDistribution_(im.sizeDistribution_().clone().ptr()),
    nInjected_(im.nInjected_),
    Cd_(im.Cd_),
    tanVec1_(im.tanVec1_),
    tanVec2_(im.tanVec2_)
{}

// * * * * * * * * * * * * * * * * Destructor  * * * * * * * * * * * * * * * //

template<class CloudType>
Foam::MultiInjectionDisc<CloudType>::~MultiInjectionDisc()
{}

// * * * * * * * * * * * * * * * Member Functions  * * * * * * * * * * * * * //

template<class CloudType>
void Foam::MultiInjectionDisc<CloudType>::updateMesh()
{
    // Set/cache the injector cells
    forAll(positionAxis_, i)
    {
    }
}

template<class CloudType>
Foam::scalar Foam::MultiInjectionDisc<CloudType>::timeEnd() const
{
    return this->SOI_ + duration_;
}

template<class CloudType>
Foam::label Foam::MultiInjectionDisc<CloudType>::parcelsToInject
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(
    const scalar time0,
    const scalar time1
)
{
    if ((time0 >= 0.0) && (time0 < duration_))
    {
        const scalar targetVolume = flowRateProfile_.integrate(0, time1);

        const label targetParcels =
            parcelsPerInjector_*targetVolume/this->volumeTotal_;

        const label nToInject = targetParcels - nInjected_;

        nInjected_ += nToInject;

        return positionAxis_.size()*nToInject;
    }
    else
    {
        return 0;
    }
}

template<class CloudType>
Foam::scalar Foam::MultiInjectionDisc<CloudType>::volumeToInject
(
    const scalar time0,
    const scalar time1
)
{
    if ((time0 >= 0.0) && (time0 < duration_))
    {
        return flowRateProfile_.integrate(time0, time1);
    }
    else
    {
        return 0.0;
    }
}

template<class CloudType>
void Foam::MultiInjectionDisc<CloudType>::setPositionAndCell
(
    const label parcelI,
    const label,
    const scalar time,
    vector& position,
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    label& cellOwner,
    label& tetFacei,
    label& tetPti
)
{
    const label i = parcelI % positionAxis_.size();

    cachedRandom& rndGen = this->owner().rndGen();
    scalar beta = mathematical::twoPi*rndGen.sample01<scalar>();   
    scalar t = time - this->SOI_;
    scalar ti = thetaInner_.value(t);
    scalar to = thetaOuter_.value(t);
    scalar coneAngle = degToRad(rndGen.position<scalar>(ti, to));
    scalar alpha = sin(coneAngle);
    vector normal_ = alpha*(tanVec1_[i]*cos(beta) + tanVec2_[i]*sin(beta));
//vector piano1 = vector(1, 0, 0);
//vector piano2 = vector(0, 0, 1);
  //  vector normal_ = alpha*(piano1*cos(beta) + piano2*sin(beta));   
    scalar frac = rndGen.sample01<scalar>();
    scalar dr = injDisc_;
    scalar r = 0.5*frac*dr;
    position = positionAxis_[i].first() + r*normal_;
    this->findCellAtPosition

  (
     cellOwner,
     tetFacei,
     tetPti,
     position,
     false

 );

}

template<class CloudType>
void Foam::MultiInjectionDisc<CloudType>::setProperties
(
    const label parcelI,
    const label,
    const scalar time,
    typename CloudType::parcelType& parcel
)
{
    cachedRandom& rnd = this->owner().rndGen();

    // set particle velocity
    const label i = parcelI % positionAxis_.size();

    scalar t = time - this->SOI_;
    scalar ti = thetaInner_.value(t);
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    scalar to = thetaOuter_.value(t);
    scalar coneAngle = degToRad(rnd.position<scalar>(ti, to));

    scalar alpha = sin(coneAngle);
    scalar dcorr = cos(coneAngle);
    scalar beta = twoPi*rnd.sample01<scalar>();

    vector normal = alpha*(tanVec1_[i]*cos(beta) + tanVec2_[i]*sin(beta));
    vector dirVec = dcorr*positionAxis_[i].second();
    dirVec += normal;
    dirVec /= mag(dirVec);

   scalar Ao = 0.25*mathematical::pi*injDisc_*injDisc_;
   scalar massFlowRate = 
  this->massTotal()
               *flowRateProfile_.value(t)
               /(8*this->volumeTotal());
   scalar Umag = massFlowRate/(parcel.rho()*Cd_.value(t)*(Ao));
   parcel.U() = Umag*dirVec;

    // set particle diameter
    parcel.d() = sizeDistribution_().sample();

}

template<class CloudType>
bool Foam::MultiInjectionDisc<CloudType>::fullyDescribed() const
{
    return false;
}

template<class CloudType>
bool Foam::MultiInjectionDisc<CloudType>::validInjection(const label)
{
    return true;
}

// ************************************************************************* //
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Appendix D: The Log-Normal initial distribution

submodel

The following pages show source file of the log-normal initial distribution

submodel. This model has been developed in order to initialise the injection

based on PDF of the initial size, obtained using the ELSA model in the dense

spray region.
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/*---------------------------------------------------------------------------*\
  =========                 |
  \\      /  F ield         | OpenFOAM: The Open Source CFD Toolbox
   \\    /   O peration     |
    \\  /    A nd           | Copyright (C) 2011-2016 OpenFOAM Foundation
     \\/     M anipulation  |
-------------------------------------------------------------------------------
License
    This file is part of OpenFOAM.

    OpenFOAM is free software: you can redistribute it and/or modify it
    under the terms of the GNU General Public License as published by
    the Free Software Foundation, either version 3 of the License, or
    (at your option) any later version.

    OpenFOAM is distributed in the hope that it will be useful, but WITHOUT
    ANY WARRANTY; without even the implied warranty of MERCHANTABILITY or
    FITNESS FOR A PARTICULAR PURPOSE.  See the GNU General Public License
    for more details.

    You should have received a copy of the GNU General Public License
    along with OpenFOAM.  If not, see <http://www.gnu.org/licenses/>.

\*---------------------------------------------------------------------------*/

#include "lognormal.H"
#include "addToRunTimeSelectionTable.H"
#include "mathematicalConstants.H"

// * * * * * * * * * * * * * * Static Data Members * * * * * * * * * * * * * //

namespace Foam
{
namespace distributionModels
{
    defineTypeNameAndDebug(lognormal, 0);
    addToRunTimeSelectionTable(distributionModel, lognormal, dictionary);
}
}

// * * * * * * * * * * * * * * * * Constructors  * * * * * * * * * * * * * * //

Foam::distributionModels::lognormal::lognormal
(
    const dictionary& dict,
    cachedRandom& rndGen
)
:
    distributionModel(typeName, dict, rndGen),
    minValue_(readScalar(distributionModelDict_.lookup("minValue"))),
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    maxValue_(readScalar(distributionModelDict_.lookup("maxValue"))),
    expectation_(readScalar(distributionModelDict_.lookup("expectation"))),
    variance_(readScalar(distributionModelDict_.lookup("variance"))),
    a_(0.147)
{
    if (minValue_ < 0)
    {
        FatalErrorInFunction
            << "Minimum value must be greater than zero. "
            << "Supplied minValue = " << minValue_
            << abort(FatalError);
    }

    if (maxValue_ < minValue_)
    {
        FatalErrorInFunction
            << "Maximum value is smaller than the minimum value:"
            << "    maxValue = " << maxValue_ << ", minValue = " << minValue_
            << abort(FatalError);
    }
}

Foam::distributionModels::lognormal::lognormal(const lognormal& p)
:
    distributionModel(p),
    minValue_(p.minValue_),
    maxValue_(p.maxValue_),
    expectation_(p.expectation_),
    variance_(p.variance_),
    a_(p.a_)
{}

// * * * * * * * * * * * * * * * * Destructor  * * * * * * * * * * * * * * * //

Foam::distributionModels::lognormal::~lognormal()
{}

// * * * * * * * * * * * * * * * Member Functions  * * * * * * * * * * * * * //

Foam::scalar Foam::distributionModels::lognormal::sample() const
{
 scalar sd = sqrt(variance_);
 scalar mu = Foam::log(expectation_) -0.5*Foam::log( 
Foam::pow((sd/expectation_),2) +1);

 scalar standev = sqrt( Foam::log( Foam::pow((sd/expectation_),2) +1) ) ;
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// a : CDF value at x = minValue_
// scalar a = 0.5 + 0.5*erf( ((Foam::log( minValue_ ) - mu)/(1.41421356*standev)) 
);
// b : CDF value at x = maxValue_
// scalar b = 0.5 + 0.5*erf( ((Foam::log( maxValue_ ) - mu)/(1.41421356*standev)) 
);

   scalar y = rndGen_.sample01<scalar>();
// origional marines (Giovanni)
//    scalar x = exp( erfInv(y*(b - a) + a)*variance_ + expectation_);
 // derived marines (Filippo)

 scalar x = exp (1.41421356 * standev * erfInv(2*(y-0.5)) + mu);
 // scalar x = exp (2*(1.41421356 * standev * erfInv (y*(b-a)+a) + mu)-1);

    // Note: numerical approximation of the inverse function yields slight
    //       inaccuracies

 // Withouth imposing min e max The line below is commented
    x = min(max(x, minValue_), maxValue_);

    return x;
}

Foam::scalar Foam::distributionModels::lognormal::minValue() const
{
    return minValue_;
}

Foam::scalar Foam::distributionModels::lognormal::maxValue() const
{
    return maxValue_;
}

Foam::scalar Foam::distributionModels::lognormal::meanValue() const
{
    return expectation_;
}

Foam::scalar Foam::distributionModels::lognormal::erfInv(const scalar y) const
{
    scalar k = 2.0/(constant::mathematical::pi*a_) +  0.5*log(1.0 - y*y);
    scalar h = log(1.0 - y*y)/a_;
    scalar x = sqrt(-k + sqrt(k*k - h));
    if (y < 0.0)
    {
        x *= -1.0;
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    }
    return x;
}

// ************************************************************************* //
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Appendix E: The particle surface implementation

- δ and S

In the following pages it is reported the source file of the novel Kinematic-

Parcel. It includes the calculation of the particles’ deformation δ and surface.

Within the code, they are named delatDef and surfaceP, respectively. Note

that they are calculated within the new defined calcSURFACE function. Such

a function is then recalled by the SprayParcel.C file using the following line:

ParcelType :: calcSURFACE(td, dt, celli,mu,this− > rho(), sigma);.
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/*---------------------------------------------------------------------------*\
  =========                 |
  \\      /  F ield         | OpenFOAM: The Open Source CFD Toolbox
   \\    /   O peration     |
    \\  /    A nd           | Copyright (C) 2011-2017 OpenFOAM Foundation
     \\/     M anipulation  |
\*---------------------------------------------------------------------------*/

#include "KinematicParcel.H"
#include "forceSuSp.H"
#include "IntegrationScheme.H"
#include "CompositionModel.H"//MOD3
#include "meshTools.H"

#include "mathematicalConstants.H" //MOD this allows us to use pi
using namespace Foam::constant::mathematical; //MOD

// * * * * * * * * * * * * * * Static Data Members * * * * * * * * * * * * * //

template<class ParcelType>
Foam::label Foam::KinematicParcel<ParcelType>::maxTrackAttempts = 1;

// * * * * * * * * * * *  Protected Member Functions * * * * * * * * * * * * //

template<class ParcelType>
template<class TrackData>
void Foam::KinematicParcel<ParcelType>::setCellValues
(
    TrackData& td,
    const scalar dt,
    const label celli
)
{
    tetIndices tetIs = this->currentTetIndices();

    rhoc_ = td.rhoInterp().interpolate(this->coordinates(), tetIs);

    if (rhoc_ < td.cloud().constProps().rhoMin())
    {
        if (debug)
        {
            WarningInFunction
                << "Limiting observed density in cell " << celli << " to "
                << td.cloud().constProps().rhoMin() <<  nl << endl;
        }

        rhoc_ = td.cloud().constProps().rhoMin();
    }
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    Uc_ = td.UInterp().interpolate(this->coordinates(), tetIs);

    muc_ = td.muInterp().interpolate(this->coordinates(), tetIs);

    // Apply dispersion components to carrier phase velocity
    Uc_ = td.cloud().dispersion().update
    (
        dt,
        celli,
        U_,
        Uc_,
        UTurb_,
        tTurb_
    );
}

template<class ParcelType>
template<class TrackData>
void Foam::KinematicParcel<ParcelType>::cellValueSourceCorrection
(
    TrackData& td,
    const scalar dt,
    const label celli
)
{
    Uc_ += td.cloud().UTrans()[celli]/massCell(celli);
}

template<class ParcelType>
template<class TrackData>
void Foam::KinematicParcel<ParcelType>::calc
(
    TrackData& td,
    const scalar dt,
    const label celli
)
{
    // Define local properties at beginning of time step
    // ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
    const scalar np0 = nParticle_;
    const scalar mass0 = mass();

    // Reynolds number
    const scalar Re = this->Re(U_, d_, rhoc_, muc_);

    // Sources
    //~~~~~~~~

261



    // Explicit momentum source for particle
    vector Su = Zero;

    // Linearised momentum source coefficient
    scalar Spu = 0.0;

    // Momentum transfer from the particle to the carrier phase
    vector dUTrans = Zero;

    // Motion
    // ~~~~~~

    // Calculate new particle velocity
    this->U_ = calcVelocity(td, dt, celli, Re, muc_, mass0, Su, dUTrans, Spu);

//    ParcelType::calcSURFACE(td, dt, celli);//MOD NEW 

//      calcSURFACE(td, dt, celli);

    // Accumulate carrier phase source terms
    // ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
    if (td.cloud().solution().coupled())
    {
       // Update momentum transfer
       td.cloud().UTrans()[celli] += np0*dUTrans;

       // Update momentum transfer coefficient
       td.cloud().UCoeff()[celli] += np0*Spu;
    }

}

//MOD FIN
template<class ParcelType>
template<class TrackData>
void Foam::KinematicParcel<ParcelType>::calcSURFACE
(
    TrackData& td,
    const scalar dt,
    const label celli,
    const scalar compositionMineMu,
    const scalar compositionMineRho,
    const scalar compositionMineSigma

)
{
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        scalar r_ = 0.5*this->d();
        scalar r2_ = r_*r_;
        scalar r3_ = r_*r2_;

        scalar TABBOComega = 80;      //C_k
        scalar TABBOCmu = 5;          //C_d
        scalar TABBOtwoWeCrit = 12;   //We_Crit

        scalar rtdRev = compositionMineRho*r2_/(0.5*TABBOCmu*compositionMineMu + 
SMALL); //td in the theoretical equation

        scalar rtd_ = 1/(rtdRev + SMALL); // 1/td

        scalar om2Rev = compositionMineRho*r3_/(TABBOComega*compositionMineSigma + 
SMALL);

        scalar omega2_ = 1/(om2Rev + SMALL) - rtd_*rtd_;
        scalar omega2corr = mag(omega2_);
        scalar omega_ = sqrt(omega2corr);

        scalar We_st = this->We(this->U(), r_, this->rhoc(), 
compositionMineSigma)/TABBOtwoWeCrit;

    scalar deltaDef0 = this->deltaDef() - We_st;
    scalar DDD0 = this->DDD() + deltaDef0*rtd_;

    scalar cosom = cos(omega_*dt);
    scalar sinom = sin(omega_*dt);
    scalar expom = exp(-rtd_*dt);

   AAA() = rtd_;
   BBB() = omega_;
   CCC() = deltaDef0;
   EEE() = DDD0;

   scalar deltaDeformation = We_st + expom*( deltaDef0*cosom + (DDD0/(omega_ + 
SMALL))*sinom);
   scalar MEGADAMPER = 1;

   scalar deltaLIMIT = -0.75; //control cycle to keep: delta>-1
 if (deltaDeformation <= deltaLIMIT)
 {
 deltaDef() = deltaLIMIT + (1+deltaLIMIT) * 
atan(deltaDeformation-deltaLIMIT)/(pi/2);
 }
 else
 {
 deltaDef() = pow(deltaDeformation, 1/MEGADAMPER);
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 }

   DDD() = (We_st*rtd_ - this->deltaDef())*rtd_ + expom*(DDD0*cosom - 
omega_*deltaDef0*sinom);

   r_neo()=(1+this->deltaDef())*r_;

   scalar volumeSphere = (4/3)*pi*r3_;
   scalar deltaDef6 = 
(1+this->deltaDef())*(1+this->deltaDef())*(1+this->deltaDef())*(1+this->deltaDef())
*(1+this->deltaDef())*(1+this->deltaDef());

   scalar johnAvon = pi*this->r_neo()*this->r_neo();
   //deformed droplet height
   h_eichOne() = volumeSphere/(johnAvon+SMALL)-(4/3)*this->r_neo();
   h_eichTwo() = r_*(pow(2+(pow(4+deltaDef6, 1/2)),1/3)+pow(2-(pow(4+deltaDef6, 
1/2)),1/3));

   //deformed droplet surface 
   scalar surfLig = 
2*pi*(2*this->r_neo()*this->r_neo()+this->h_eichOne()*this->r_neo());
   scalar surfLens = 
2*pi*(this->r_neo()*this->r_neo()+this->h_eichTwo()*this->h_eichTwo());

   surfaceP() = max(surfLig, surfLens);
}
//MOD FIN

template<class ParcelType>
template<class TrackData>
const Foam::vector Foam::KinematicParcel<ParcelType>::calcVelocity
(
    TrackData& td,
    const scalar dt,
    const label celli,
    const scalar Re,
    const scalar mu,
    const scalar mass,
    const vector& Su,
    vector& dUTrans,
    scalar& Spu
) const
{
    typedef typename TrackData::cloudType cloudType;
    typedef typename cloudType::parcelType parcelType;
    typedef typename cloudType::forceType forceType;

    const forceType& forces = td.cloud().forces();
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    // Momentum source due to particle forces
    const parcelType& p = static_cast<const parcelType&>(*this);
    const forceSuSp Fcp = forces.calcCoupled(p, dt, mass, Re, mu);
    const forceSuSp Fncp = forces.calcNonCoupled(p, dt, mass, Re, mu);
    const forceSuSp Feff = Fcp + Fncp;
    const scalar massEff = forces.massEff(p, mass);

    // New particle velocity
    //~~~~~~~~~~~~~~~~~~~~~~

    // Update velocity - treat as 3-D
    const vector abp = (Feff.Sp()*Uc_ + (Feff.Su() + Su))/massEff;
    const scalar bp = Feff.Sp()/massEff;

    Spu = dt*Feff.Sp();

    IntegrationScheme<vector>::integrationResult Ures =
        td.cloud().UIntegrator().integrate(U_, dt, abp, bp);

    vector Unew = Ures.value();

    // note: Feff.Sp() and Fc.Sp() must be the same
    dUTrans += dt*(Feff.Sp()*(Ures.average() - Uc_) - Fcp.Su());

    // Apply correction to velocity and dUTrans for reduced-D cases
    const polyMesh& mesh = td.cloud().pMesh();
    meshTools::constrainDirection(mesh, mesh.solutionD(), Unew);
    meshTools::constrainDirection(mesh, mesh.solutionD(), dUTrans);

    return Unew;
}

// * * * * * * * * * * * * * * * * Constructors  * * * * * * * * * * * * * * //

template<class ParcelType>
Foam::KinematicParcel<ParcelType>::KinematicParcel
(
    const KinematicParcel<ParcelType>& p
)
:
    ParcelType(p),
    active_(p.active_),
    typeId_(p.typeId_),
    nParticle_(p.nParticle_),
    d_(p.d_),
    dTarget_(p.dTarget_),
    U_(p.U_),
    rho_(p.rho_),
    age_(p.age_),
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    tTurb_(p.tTurb_),
    UTurb_(p.UTurb_),
    rhoc_(p.rhoc_),
    Uc_(p.Uc_),
    muc_(p.muc_),
    surfaceP_(p.surfaceP_), //MOD2
    deltaDef_(p.deltaDef_),
    r_neo_(p.r_neo_),
    h_eichOne_(p.h_eichOne_),
    h_eichTwo_(p.h_eichTwo_),
    cross_sec_(p.cross_sec_),
    AAA_(p.AAA_),
    BBB_(p.BBB_),
    CCC_(p.CCC_),
    EEE_(p.EEE_),
    DDD_(p.DDD_)          //MOD2
{}

template<class ParcelType>
Foam::KinematicParcel<ParcelType>::KinematicParcel
(
    const KinematicParcel<ParcelType>& p,
    const polyMesh& mesh
)
:
    ParcelType(p, mesh),
    active_(p.active_),
    typeId_(p.typeId_),
    nParticle_(p.nParticle_),
    d_(p.d_),
    dTarget_(p.dTarget_),
    U_(p.U_),
    rho_(p.rho_),
    age_(p.age_),
    tTurb_(p.tTurb_),
    UTurb_(p.UTurb_),
    rhoc_(p.rhoc_),
    Uc_(p.Uc_),
    muc_(p.muc_),
    surfaceP_(p.surfaceP_),   //MOD3
    deltaDef_(p.deltaDef_),
    r_neo_(p.r_neo_),
    h_eichOne_(p.h_eichOne_),
    h_eichTwo_(p.h_eichTwo_),
    cross_sec_(p.cross_sec_),
    AAA_(p.AAA_),
    BBB_(p.BBB_),
    CCC_(p.CCC_),
    EEE_(p.EEE_),
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     DDD_(p.DDD_)     //MOD3
{}

// * * * * * * * * * * * * * * * Member Functions  * * * * * * * * * * * * * //

template<class ParcelType>
template<class TrackData>
bool Foam::KinematicParcel<ParcelType>::move
(
    TrackData& td,
    const scalar trackTime
)
{
    typename TrackData::cloudType::parcelType& p =
        static_cast<typename TrackData::cloudType::parcelType&>(*this);

    td.switchProcessor = false;
    td.keepParticle = true;

    const polyMesh& mesh = td.cloud().pMesh();
    const polyBoundaryMesh& pbMesh = mesh.boundaryMesh();
    const scalarField& cellLengthScale = td.cloud().cellLengthScale();
    const scalar maxCo = td.cloud().solution().maxCo();

    while (td.keepParticle && !td.switchProcessor && p.stepFraction() < 1)
    {
        // Apply correction to position for reduced-D cases
        p.constrainToMeshCentre();

        // Cache the current position, cell and step-fraction
        const point start = p.position();
        const label celli = p.cell();
        const scalar sfrac = p.stepFraction();

        // Total displacement over the time-step
        const vector s = trackTime*U_;

        // Cell length scale
        const scalar l = cellLengthScale[p.cell()];

        // Fraction of the displacement to track in this loop. This is limited
        // to ensure that the both the time and distance tracked is less than
        // maxCo times the total value.
        scalar f = 1 - p.stepFraction();
        f = min(f, maxCo);
        f = min(f, maxCo*l/max(SMALL*l, mag(s)));
        if (p.active())
        {
            // Track to the next face
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            p.trackToFace(f*s, f, td);
        }
        else
        {
            // At present the only thing that sets active_ to false is a stick
            // wall interaction. We want the position of the particle to remain
            // the same relative to the face that it is on. The local
            // coordinates therefore do not change. We still advance in time and
            // perform the relevant interactions with the fixed particle.
            p.stepFraction() += f;
        }

        const scalar dt = (p.stepFraction() - sfrac)*trackTime;

        // Avoid problems with extremely small timesteps
        if (dt > ROOTVSMALL)
        {
            // Update cell based properties
            p.setCellValues(td, dt, celli);

            if (td.cloud().solution().cellValueSourceCorrection())
            {
                p.cellValueSourceCorrection(td, dt, celli);
            }

            p.calc(td, dt, celli);
        }

        if (p.onBoundaryFace() && td.keepParticle)
        {
            if (isA<processorPolyPatch>(pbMesh[p.patch()]))
            {
                td.switchProcessor = true;
            }
        }

        p.age() += dt;

        td.cloud().functions().postMove(p, celli, dt, start, td.keepParticle);
    }

    return td.keepParticle;
}

template<class ParcelType>
template<class TrackData>
void Foam::KinematicParcel<ParcelType>::hitFace(TrackData& td)
{
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    typename TrackData::cloudType::parcelType& p =
        static_cast<typename TrackData::cloudType::parcelType&>(*this);

    td.cloud().functions().postFace(p, p.face(), td.keepParticle);
}

template<class ParcelType>
void Foam::KinematicParcel<ParcelType>::hitFace(int& td)
{}

template<class ParcelType>
template<class TrackData>
bool Foam::KinematicParcel<ParcelType>::hitPatch
(
    const polyPatch& pp,
    TrackData& td,
    const label patchi,
    const scalar trackFraction,
    const tetIndices& tetIs
)
{
    typename TrackData::cloudType::parcelType& p =
        static_cast<typename TrackData::cloudType::parcelType&>(*this);

    // Invoke post-processing model
    td.cloud().functions().postPatch
    (
        p,
        pp,
        trackFraction,
        tetIs,
        td.keepParticle
    );

    // Invoke surface film model
    if (td.cloud().surfaceFilm().transferParcel(p, pp, td.keepParticle))
    {
        // All interactions done
        return true;
    }
    else if (pp.coupled())
    {
        // Don't apply the patchInteraction models to coupled boundaries
        return false;
    }
    else
    {
        // Invoke patch interaction model
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        return td.cloud().patchInteraction().correct
        (
            p,
            pp,
            td.keepParticle,
            trackFraction,
            tetIs
        );
    }
}

template<class ParcelType>
template<class TrackData>
void Foam::KinematicParcel<ParcelType>::hitProcessorPatch
(
    const processorPolyPatch&,
    TrackData& td
)
{
    td.switchProcessor = true;
}

template<class ParcelType>
template<class TrackData>
void Foam::KinematicParcel<ParcelType>::hitWallPatch
(
    const wallPolyPatch& wpp,
    TrackData& td,
    const tetIndices&
)
{
    // Wall interactions handled by generic hitPatch function
}

template<class ParcelType>
template<class TrackData>
void Foam::KinematicParcel<ParcelType>::hitPatch
(
    const polyPatch&,
    TrackData& td
)
{
    td.keepParticle = false;
}

template<class ParcelType>
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void Foam::KinematicParcel<ParcelType>::transformProperties(const tensor& T)
{
    ParcelType::transformProperties(T);

    U_ = transform(T, U_);
}

template<class ParcelType>
void Foam::KinematicParcel<ParcelType>::transformProperties
(
    const vector& separation
)
{
    ParcelType::transformProperties(separation);
}

template<class ParcelType>
Foam::scalar Foam::KinematicParcel<ParcelType>::wallImpactDistance
(
    const vector&
) const
{
    return 0.5*d_;
}

// * * * * * * * * * * * * * * IOStream operators  * * * * * * * * * * * * * //

#include "KinematicParcelIO.C"

// ************************************************************************* //
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Appendix F: The ELPSA submodels

The following pages show source files of the ELPSA submodels. In order, the

novel phase change, the drag and the breakup models are shown, as reported

in the source code.
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/*---------------------------------------------------------------------------*\
  =========                 |
  \\      /  F ield         | OpenFOAM: The Open Source CFD Toolbox
   \\    /   O peration     |
    \\  /    A nd           | Copyright (C) 2011-2016 OpenFOAM Foundation
     \\/     M anipulation  |
-------------------------------------------------------------------------------
License
    This file is part of OpenFOAM.

    OpenFOAM is free software: you can redistribute it and/or modify it
    under the terms of the GNU General Public License as published by
    the Free Software Foundation, either version 3 of the License, or
    (at your option) any later version.

    OpenFOAM is distributed in the hope that it will be useful, but WITHOUT
    ANY WARRANTY; without even the implied warranty of MERCHANTABILITY or
    FITNESS FOR A PARTICULAR PURPOSE.  See the GNU General Public License
    for more details.

    You should have received a copy of the GNU General Public License
    along with OpenFOAM.  If not, see <http://www.gnu.org/licenses/>.

\*---------------------------------------------------------------------------*/

#include "LiquidEvaporationBoilSurf.H"
#include "specie.H"
#include "mathematicalConstants.H"

using namespace Foam::constant::mathematical;

// * * * * * * * * * * * * Protected Member Functions  * * * * * * * * * * * //

template<class CloudType>
Foam::tmp<Foam::scalarField> Foam::LiquidEvaporationBoilSurf<CloudType>::calcXc
(
    const label celli
) const
{
    scalarField Xc(this->owner().thermo().carrier().Y().size());
//this carica owner() dalla libreria della classe (inclusi i paerenti)
//
    forAll(Xc, i)
    {
        Xc[i] =
            this->owner().thermo().carrier().Y()[i][celli]
           /this->owner().thermo().carrier().W(i);
    }

    return Xc/sum(Xc);
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}

template<class CloudType>
Foam::scalar Foam::LiquidEvaporationBoilSurf<CloudType>::Sh
(
    const scalar Re,
    const scalar Sc
) const
{
    return 2.0 + 0.6*Foam::sqrt(Re)*cbrt(Sc);
}

// * * * * * * * * * * * * * * * * Constructors  * * * * * * * * * * * * * * //

template<class CloudType>
Foam::LiquidEvaporationBoilSurf<CloudType>::LiquidEvaporationBoilSurf
(
    const dictionary& dict,
    CloudType& owner
)
:
    PhaseChangeModel<CloudType>(dict, owner, typeName),
    liquids_(owner.thermo().liquids()),
    activeLiquids_(this->coeffDict().lookup("activeLiquids")),
//dov'e dichiarata coeffDict?
//
    liqToCarrierMap_(activeLiquids_.size(), -1),
    liqToLiqMap_(activeLiquids_.size(), -1)
{
    if (activeLiquids_.size() == 0)
    {
        WarningInFunction
            << "Evaporation model selected, but no active liquids defined"
            << nl << endl;
    }
    else
    {
        Info<< "Participating liquid species:" << endl;

        // Determine mapping between liquid and carrier phase species
        forAll(activeLiquids_, i)
        {
            Info<< "    " << activeLiquids_[i] << endl;
            liqToCarrierMap_[i] =
                owner.composition().carrierId(activeLiquids_[i]);
        }

        // Determine mapping between model active liquids and global liquids
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        const label idLiquid = owner.composition().idLiquid();
        forAll(activeLiquids_, i)
        {
            liqToLiqMap_[i] =
                owner.composition().localId(idLiquid, activeLiquids_[i]);
        }
    }
}

template<class CloudType>
Foam::LiquidEvaporationBoilSurf<CloudType>::LiquidEvaporationBoilSurf
(
    const LiquidEvaporationBoilSurf<CloudType>& pcm
)
:
    PhaseChangeModel<CloudType>(pcm),
    liquids_(pcm.owner().thermo().liquids()),
    activeLiquids_(pcm.activeLiquids_),
    liqToCarrierMap_(pcm.liqToCarrierMap_),
    liqToLiqMap_(pcm.liqToLiqMap_)
{}

// * * * * * * * * * * * * * * * * Destructor  * * * * * * * * * * * * * * * //

template<class CloudType>
Foam::LiquidEvaporationBoilSurf<CloudType>::~LiquidEvaporationBoilSurf()
{}

// * * * * * * * * * * * * * * * Member Functions  * * * * * * * * * * * * * //

template<class CloudType>
void Foam::LiquidEvaporationBoilSurf<CloudType>::calculate
(
    const scalar dt,
    const label celli,
    const scalar Re,
    const scalar Pr,
    const scalar d,
    const scalar nu,
    const scalar T,
    const scalar Ts,
    const scalar pc,
    const scalar Tc,
    const scalar surfaceP,
    const scalarField& X,
    scalarField& dMassPC
// e' spray cloud che da gli input 
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// surfaceP deve essere chiamato da sprayCloud.C quando risolve 
liquidEvaoprationBoil.C
// chi usa liquidEvaporationBoil? dove? e quando usa calculate
) const
{
    // immediately evaporate mass that has reached critical condition
    if ((liquids_.Tc(X) - T) < SMALL)
    {
        if (debug)
        {
            WarningInFunction
                << "Parcel reached critical conditions: "
                << "evaporating all avaliable mass" << endl;
        }

        forAll(activeLiquids_, i)
        {
            const label lid = liqToLiqMap_[i];
            dMassPC[lid] = GREAT;
        }

        return;
    }

    // droplet surface pressure assumed to surface vapour pressure
    scalar ps = liquids_.pv(pc, Ts, X);

    // vapour density at droplet surface [kg/m3]
    scalar rhos = ps*liquids_.W(X)/(RR*Ts);

    // construct carrier phase species volume fractions for cell, celli
    const scalarField XcMix(calcXc(celli));

    // carrier thermo properties
    scalar Hsc = 0.0;
    scalar Hc = 0.0;
    scalar Cpc = 0.0;
    scalar kappac = 0.0;
    forAll(this->owner().thermo().carrier().Y(), i)
    {
        scalar Yc = this->owner().thermo().carrier().Y()[i][celli];
        Hc += Yc*this->owner().thermo().carrier().Ha(i, pc, Tc);
        Hsc += Yc*this->owner().thermo().carrier().Ha(i, ps, Ts);
        Cpc += Yc*this->owner().thermo().carrier().Cp(i, ps, Ts);
        kappac += Yc*this->owner().thermo().carrier().kappa(i, ps, Ts);
    }

    // calculate mass transfer of each specie in liquid
    forAll(activeLiquids_, i)
    {
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        const label gid = liqToCarrierMap_[i];
        const label lid = liqToLiqMap_[i];

        // boiling temperature at cell pressure for liquid species lid [K]
        const scalar TBoil = liquids_.properties()[lid].pvInvert(pc);

        // limit droplet temperature to boiling/critical temperature
        const scalar Td = min(T, 0.999*TBoil);

        // saturation pressure for liquid species lid [Pa]
        const scalar pSat = liquids_.properties()[lid].pv(pc, Td);

        // carrier phase concentration
        const scalar Xc = XcMix[gid];

        if (Xc*pc > pSat)
        {
            // saturated vapour - no phase change
        }
        else
        {
            // vapour diffusivity [m2/s]
            const scalar Dab = liquids_.properties()[lid].D(ps, Ts);

            // Schmidt number
            const scalar Sc = nu/(Dab + ROOTVSMALL);

            // Sherwood number
            const scalar Sh = this->Sh(Re, Sc);

            if (pSat > 0.999*pc)
            {
                // boiling

                const scalar deltaT = max(T - TBoil, 0.5);

                // vapour heat of formation
                const scalar hv = liquids_.properties()[lid].hl(pc, Td);

                // empirical heat transfer coefficient W/m2/K
                scalar alphaS = 0.0;
                if (deltaT < 5.0)
                {
                    alphaS = 760.0*pow(deltaT, 0.26);
                }
                else if (deltaT < 25.0)
                {
                    alphaS = 27.0*pow(deltaT, 2.33);
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                }
                else
                {
                    alphaS = 13800.0*pow(deltaT, 0.39);
                }

                // flash-boil vaporisation rate
                const scalar Gf = alphaS*deltaT*surfaceP/(4*hv);
//                const scalar Gf = alphaS*deltaT*pi*sqr(d)/hv;
//MOD1: instead of "pi*sqr(d)" surfaceP/4
//
                // model constants
                // NOTE: using Sherwood number instead of Nusselt number
                const scalar A = (Hc - Hsc)/hv;
                const scalar B = pi*kappac/Cpc*(surfaceP/(4*pi*d))*Sh;
//                const scalar B = pi*kappac/Cpc*d*Sh;
//MOD2: instead of d: d_eq=surfaceP/(4*pi*d)
//
                scalar G = 0.0;
                if (A > 0.0)
                {
                    // heat transfer from the surroundings contributes
                    // to the vaporisation process
                    scalar Gr = 1e-5;

                    for (label i=0; i<50; i++)
                    {
                        scalar GrDash = Gr;

                        G = B/(1.0 + Gr)*log(1.0 + A*(1.0 + Gr));
                        Gr = Gf/G;

                        if (mag(Gr - GrDash)/GrDash < 1e-3)
                        {
                            break;
                        }
                    }
                }

                dMassPC[lid] += (G + Gf)*dt;
            }
            else
            {
                // evaporation

                // surface molar fraction - Raoult's Law
                const scalar Xs = X[lid]*pSat/pc;

                // molar ratio
                const scalar Xr = (Xs - Xc)/max(SMALL, 1.0 - Xs);
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                if (Xr > 0)
                {
                    // mass transfer [kg]
                    dMassPC[lid] += pi*(surfaceP/(4*pi*d))*Sh*Dab*rhos*log(1.0 + 
Xr)*dt;
//                    dMassPC[lid] += pi*d*Sh*Dab*rhos*log(1.0 + Xr)*dt;
//MOD3: instead of d: d_eq=surfaceP/(4*pi*d)
//
                }
            }
        }
    }
}

template<class CloudType>
Foam::scalar Foam::LiquidEvaporationBoilSurf<CloudType>::dh
(
    const label idc,
    const label idl,
    const scalar p,
    const scalar T
) const
{
    scalar dh = 0;

    scalar TDash = T;
    if (liquids_.properties()[idl].pv(p, T) >= 0.999*p)
    {
        TDash = liquids_.properties()[idl].pvInvert(p);
    }

    typedef PhaseChangeModel<CloudType> parent;
    switch (parent::enthalpyTransfer_)
    {
        case (parent::etLatentHeat):
        {
            dh = liquids_.properties()[idl].hl(p, TDash);
            break;
        }
        case (parent::etEnthalpyDifference):
        {
            scalar hc = this->owner().composition().carrier().Ha(idc, p, TDash);
            scalar hp = liquids_.properties()[idl].h(p, TDash);

            dh = hc - hp;
            break;
        }
        default:
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        {
            FatalErrorInFunction
                << "Unknown enthalpyTransfer type" << abort(FatalError);
        }
    }

    return dh;
}

template<class CloudType>
Foam::scalar Foam::LiquidEvaporationBoilSurf<CloudType>::Tvap
(
    const scalarField& X
) const
{
    return liquids_.Tpt(X);
}

template<class CloudType>
Foam::scalar Foam::LiquidEvaporationBoilSurf<CloudType>::TMax
(
    const scalar p,
    const scalarField& X
) const
{
    return liquids_.pvInvert(p, X);
}

// ************************************************************************* //
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/*---------------------------------------------------------------------------*\
  =========                 |
  \\      /  F ield         | OpenFOAM: The Open Source CFD Toolbox
   \\    /   O peration     |
    \\  /    A nd           | Copyright (C) 2011-2016 OpenFOAM Foundation
     \\/     M anipulation  |
-------------------------------------------------------------------------------
License
    This file is part of OpenFOAM.

    OpenFOAM is free software: you can redistribute it and/or modify it
    under the terms of the GNU General Public License as published by
    the Free Software Foundation, either version 3 of the License, or
    (at your option) any later version.

    OpenFOAM is distributed in the hope that it will be useful, but WITHOUT
    ANY WARRANTY; without even the implied warranty of MERCHANTABILITY or
    FITNESS FOR A PARTICULAR PURPOSE.  See the GNU General Public License
    for more details.

    You should have received a copy of the GNU General Public License
    along with OpenFOAM.  If not, see <http://www.gnu.org/licenses/>.

\*---------------------------------------------------------------------------*/

#include "NonSphereDragForceSurf.H"

// * * * * * * * * * * * * Protected Member Functions  * * * * * * * * * * * //

template<class CloudType>
Foam::scalar Foam::NonSphereDragForceSurf<CloudType>::CdRe(const scalar Re, const 
typename CloudType::parcelType& p) const
{
    scalar phiUser = ((3.1428*p.d()*p.d())/(p.surfaceP()+ROOTVSMALL))+ROOTVSMALL;

    if (phiUser <= 0 || phiUser > 1)
    {
        FatalErrorInFunction
            << "Ratio of surface of sphere having same volume as particle to "
            << "actual surface area of particle (phi) must be greater than 0 "
            << "and less than or equal to 1" << exit(FatalError);
    }

    scalar aUser = exp(2.3288 - 6.4581*phiUser + 2.4486*sqr(phiUser));
    scalar bUser = 0.0964 + 0.5565*phiUser;
    scalar cUser = exp(4.9050 - 13.8944*phiUser + 18.4222*sqr(phiUser) - 
10.2599*pow3(phiUser));
    scalar dUser = exp(1.4681 + 12.2584*phiUser - 20.7322*sqr(phiUser) + 
15.8855*pow3(phiUser));
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    scalar DIOCRISTO = (24.0*(1.0 + aUser*pow(Re, bUser)) + Re*cUser/(1 + dUser/(Re
+ ROOTVSMALL))+ROOTVSMALL);

    if (Re > 1000.0)
    {
        return 0.424*Re;
    }
    else
    {
//    return 24.0*(1.0 + aUser*pow(Re, bUser)) + Re*cUser/(1 + dUser/(Re + 
ROOTVSMALL));
//        return 24.0*(1.0 + 1.0/6.0*pow(Re, 2.0/3.0));
      return DIOCRISTO;
    }
}

// * * * * * * * * * * * * * * * * Constructors  * * * * * * * * * * * * * * //

template<class CloudType>
Foam::NonSphereDragForceSurf<CloudType>::NonSphereDragForceSurf
(
    CloudType& owner,
    const fvMesh& mesh,
    const dictionary& dict
    //const typename CloudType::parcelType& p //MOD
)
:
    ParticleForce<CloudType>(owner, mesh, dict, typeName, true)

/*
    phi_(666),
    a_(1),
    b_(1),
    c_(1),
    d_(1)
{
    if (phi_ <= 0 || phi_ > 1)
    {
        FatalErrorInFunction
            << "Ratio of surface of sphere having same volume as particle to "
            << "actual surface area of particle (phi) must be greater than 0 "
            << "and less than or equal to 1" << exit(FatalError);
    }
*/

{}
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template<class CloudType>
Foam::NonSphereDragForceSurf<CloudType>::NonSphereDragForceSurf
(
    const NonSphereDragForceSurf<CloudType>& df
)
:
    ParticleForce<CloudType>(df)
/*
    phi_(df.phi_),
    a_(df.a_),
    b_(df.b_),
    c_(df.c_),
    d_(df.d_)
*/
{}

// * * * * * * * * * * * * * * * * Destructor  * * * * * * * * * * * * * * * //

template<class CloudType>
Foam::NonSphereDragForceSurf<CloudType>::~NonSphereDragForceSurf()
{}

// * * * * * * * * * * * * * * * Member Functions  * * * * * * * * * * * * * //

template<class CloudType>
Foam::forceSuSp Foam::NonSphereDragForceSurf<CloudType>::calcCoupled
(
    const typename CloudType::parcelType& p,
    const scalar dt,
    const scalar mass,
    const scalar Re,
    const scalar muc
) const
{
    forceSuSp value(Zero, 0.0);

    value.Sp() = mass*0.75*muc*CdRe(Re, p)/(p.rho()*sqr(p.d()));
/* SPHERE DRAG
    value.Sp() = mass*0.75*muc*CdRe(Re)/(p.rho()*sqr(p.d()));
*/

    return value;
}

// ************************************************************************* //
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/*---------------------------------------------------------------------------*\
  =========                 |
  \\      /  F ield         | OpenFOAM: The Open Source CFD Toolbox
   \\    /   O peration     |
    \\  /    A nd           | Copyright (C) 2011-2013 OpenFOAM Foundation
     \\/     M anipulation  |
-------------------------------------------------------------------------------
License
    This file is part of OpenFOAM.

    OpenFOAM is free software: you can redistribute it and/or modify it
    under the terms of the GNU General Public License as published by
    the Free Software Foundation, either version 3 of the License, or
    (at your option) any later version.

    OpenFOAM is distributed in the hope that it will be useful, but WITHOUT
    ANY WARRANTY; without even the implied warranty of MERCHANTABILITY or
    FITNESS FOR A PARTICULAR PURPOSE.  See the GNU General Public License
    for more details.

    You should have received a copy of the GNU General Public License
    along with OpenFOAM.  If not, see <http://www.gnu.org/licenses/>.

\*---------------------------------------------------------------------------*/

#include "ReitzKHRTSurf.H"

// * * * * * * * * * * * * * * * * Constructors  * * * * * * * * * * * * * * //

template<class CloudType>
Foam::ReitzKHRTSurf<CloudType>::ReitzKHRTSurf
(
    const dictionary& dict,
    CloudType& owner
)
:
    BreakupModel<CloudType>(dict, owner, typeName),
    b0_(0.61),
    b1_(3),//40.0),
    cTau_(1.0),
    cRT_(0.1),
    msLimit_(0.2),//03),
    weberLimit_(6.0)
{
    if (!this->defaultCoeffs(true))
    {
        this->coeffDict().lookup("B0") >> b0_;
        this->coeffDict().lookup("B1") >> b1_;
        this->coeffDict().lookup("Ctau") >> cTau_;
        this->coeffDict().lookup("CRT") >> cRT_;

284



        this->coeffDict().lookup("msLimit") >> msLimit_;
        this->coeffDict().lookup("WeberLimit") >> weberLimit_;
    }
}

template<class CloudType>
Foam::ReitzKHRTSurf<CloudType>::ReitzKHRTSurf(const ReitzKHRTSurf<CloudType>& bum)
:
    BreakupModel<CloudType>(bum),
    b0_(bum.b0_),
    b1_(bum.b1_),
    cTau_(bum.cTau_),
    cRT_(bum.cRT_),
    msLimit_(bum.msLimit_),
    weberLimit_(bum.weberLimit_)
{}

// * * * * * * * * * * * * * * * * Destructor  * * * * * * * * * * * * * * * //

template<class CloudType>
Foam::ReitzKHRTSurf<CloudType>::~ReitzKHRTSurf()
{}

// * * * * * * * * * * * * * * * Member Functions  * * * * * * * * * * * * * //

template<class CloudType>
bool Foam::ReitzKHRTSurf<CloudType>::update
(
    const scalar dt,
    const vector& g,
    scalar& d,
    scalar& tc,
    scalar& ms,
    scalar& nParticle,
    scalar& KHindex,
    scalar& surfaceP,//y,
    scalar& deltaDef,//yDot,
/*//MOD
    scalar& surfaceP,
    scalar& deltaDef,
    scalar& r_neo,
    scalar& h_eichOne,
    scalar& h_eichTwo,
//MOD*/
    const scalar d0,
    const scalar rho,
    const scalar mu,
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    const scalar sigma,
    const vector& U,
    const scalar rhoc,
    const scalar muc,
    const vector& Urel,
    const scalar Urmag,
    const scalar tMom,
    scalar& dChild,
    scalar& massChild
)
{
    bool addParcel = false;

    const scalar averageParcelMass = this->owner().averageParcelMass();

    scalar r = 0.5*d;
    scalar d3 = pow3(d);
    scalar d03 = pow3(d0);

    scalar rhopi6 = rho*constant::mathematical::pi/6.0;
    scalar mass = nParticle*d3*rhopi6;
    scalar mass0 = nParticle*d03*rhopi6;

//MOD
scalar nDropsNew = 1;
if ( (deltaDef <= -0.8) || (deltaDef >= 20) )
{
nDropsNew = ceil(sqrt(mag(surfaceP))*mag(deltaDef)/r);
d = cbrt (d3/nDropsNew);
d3 = pow3(d);
mass = nParticle*d3*rhopi6;
}
//MOD

    scalar weGas = 0.5*rhoc*sqr(Urmag)*d/sigma;
    scalar weLiquid = 0.5*rho*sqr(Urmag)*d/sigma;

    // Note: Reitz is using radius instead of diameter for Re-number
    scalar reLiquid = rho*Urmag*r/mu;
    scalar ohnesorge = sqrt(weLiquid)/(reLiquid + VSMALL);
    scalar taylor = ohnesorge*sqrt(weGas);

    vector acceleration = Urel/tMom;
    vector trajectory = U/mag(U);
    scalar gt = (g + acceleration) & trajectory;

    // frequency of the fastest growing KH-wave
    scalar omegaKH =
        (0.34 + 0.38*pow(weGas, 1.5))
       /((1.0 + ohnesorge)*(1.0 + 1.4*pow(taylor, 0.6)))
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       *sqrt(sigma/(rho*pow3(r)));

    // corresponding KH wave-length.
    scalar lambdaKH =
        9.02
       *r
       *(1.0 + 0.45*sqrt(ohnesorge))
       *(1.0 + 0.4*pow(taylor, 0.7))
       /pow(1.0 + 0.865*pow(weGas, 1.67), 0.6);

    // characteristic Kelvin-Helmholtz breakup time
    scalar tauKH = 3.726*b1_*r/(omegaKH*lambdaKH);
 
   // stable KH diameter
    scalar dc = 2.0*b0_*lambdaKH;

    // the frequency of the fastest growing RT wavelength.
    scalar helpVariable = mag(gt*(rho - rhoc));
    scalar omegaRT = sqrt
    (
        2.0*pow(helpVariable, 1.5)
       /(3.0*sqrt(3.0*sigma)*(rhoc + rho))
    );

    // RT wave number
    scalar KRT = sqrt(helpVariable/(3.0*sigma + VSMALL));

    // wavelength of the fastest growing RT frequency
    scalar lambdaRT = constant::mathematical::twoPi*cRT_/(KRT + VSMALL);

    // if lambdaRT < diameter, then RT waves are growing on the surface
    // and we start to keep track of how long they have been growing
    if ((tc > 0) || (lambdaRT < d) )
    {
        tc += dt;
    }

    // characteristic RT breakup time
    scalar tauRT = cTau_/(omegaRT + VSMALL);

    // check if we have RT breakup
    if ((tc > tauRT) && (lambdaRT < d))
    {
        // the RT breakup creates diameter/lambdaRT new droplets
        tc = -GREAT;
        scalar nDrops = nDropsNew * d/lambdaRT;//scalar nDrops = d/lambdaRT; //MOD 
- the one commented out is the original
        d = cbrt(d3/nDrops);
    }
    // otherwise check for KH breakup
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    else if (dc < d)
    {
        // no breakup below Weber = 12
        if (weGas > weberLimit_)
        {
            scalar fraction = dt/tauKH;

            // reduce the diameter according to the rate-equation
            d = (fraction*dc + d)/(1.0 + fraction);

            //scalar ms0 = rho*pow3(dc)*mathematicalConstant::pi/6.0;
            scalar ms0 = mass0*(1.0 - pow3(d/d0));
            ms += ms0;

            if (ms/averageParcelMass > msLimit_)
            {
                // Correct evaluation of the number of child droplets and the
                // diameter of parcel droplets after breaukp
                // Solution of cubic equation for the diameter of the parent
                // drops after breakup, see Eq. 18 in
                // Patterson & Reitz, SAE 980131
                bool br3 = true;
                scalar ae3 = 1.0;
                scalar be3 = -dc;
                scalar ce3 = 0.0;
                scalar de3 = d*d*(dc - d);
                scalar qe3 =
                    pow3(be3/(3.0*ae3)) - be3*ce3/(6.0*ae3*ae3) + de3/(2.0*ae3);
                scalar pe3 = (3.0*ae3*ce3 - be3*be3)/(9.0*ae3*ae3);
                scalar D3 = qe3*qe3 + pe3*pe3*pe3;

                if (D3 < 0) br3 = false;

                if (br3)
                {
                    D3 = sqrt(D3);
                    scalar ue3 = cbrt(-qe3 + D3);
                    scalar ve3 = cbrt(-qe3 - D3);
                    scalar dParenDrops = ue3 + ve3 - be3/3.;
                    scalar mc = nParticle*(pow3(d) - pow3(dParenDrops));
                    scalar nChildDrops = nDropsNew * mc/pow3(dc); //nChildDrops = 
mc/pow3(dc); //MOD - the one commented out is the original

                    if (nChildDrops >= nParticle)
                    {
                        addParcel = true;
                        d = dParenDrops;
                        ms = 0.0;
                        dChild = dc;
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                        massChild = mc*rhopi6;

                        // reduce the parent mass by reducing nParticle
                        mass -= massChild;
                    }
                }
            }
        }
    }
    else if (KHindex < 0.5)
    {
        // Case of larger drops after breakup (Reitz, Atomization & Spray
        // Technology 3 (1987) 309-337, p.322) pIndKH() should be introduced

        scalar lengthScale =
            min(lambdaKH, constant::mathematical::twoPi*Urmag/omegaKH);
        scalar diameterLargerDrop = cbrt(1.5*d*d*lengthScale);
        d = diameterLargerDrop;
        ms = 0.0;
        KHindex = 1.0;
    }

    // correct the number of parcels in parent
    scalar massDrop = pow3(d)*rhopi6;
    nParticle = mass/massDrop;

    return addParcel;
}

// ************************************************************************* //
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a b s t r a c t 

Liquid fuel atomisation is largely affected by in and near nozzle phenomena. In this paper we establish a 

link between the initial droplet distribution at the nozzle exit, used as an input parameter in Lagrangian 

solvers, and the effect that this selection has on the subsequent predicted spray physics. Three initial 

PDFs with similar mean but different variance are tested in order to represent different aspects of the 

injection physics. Results are validated against an extensive range of experimental data from the Engine 

Combustion Network for the mildly cavitating Gasoline Spray G. Gasoline Direct injectors present high 

complexity both due to the importance of the near-nozzle phenomena for the fuel-air mixing, as well 

as due to the spray plume to plume interactions further downstream. Thus, they provide a well suited 

benchmark case for our study. We conclude that a correctly selected initial mean droplet size in combi- 

nation to standard evaporation and break up models can provide reasonable predictions for a range of 

quantities including liquid and vapour penetration. Different droplet distribution models though exhibit 

differences in their prediction accuracy in terms of droplet dynamics depending on the initial droplet 

size variation around the mean. We demonstrate that these differences affect the coupling between the 

Lagrangian and the Eulerian dynamics through a Stokes numbers analysis close to the nozzle. We also 

analyse the effects that the stripping and catastrophic break up mechanisms have on the evolution of 

the droplet PDF at different axial locations depending on the selected initial droplet sizes. Overall, our 

results allow for a better understanding of the influence of the Lagrangian model input parameters on 

the global spray development on a numerical level, but can also help the optimisation of the design of 

new injectors by improving the understanding of the link between initial droplet distributions and the 

physics of the spray further downstream. 

© 2021 Published by Elsevier Ltd. 

1. Introduction 

Developing a computational fluid dynamics (CFD) tool that can 

accurately simulate injection from the in-nozzle to the air-fuel 

mixing spray region is a challenging task, and the available nu- 

merical approaches are mostly limited to one of these zones. In 

general, two numerical frameworks are implemented in spray sim- 

ulations: the fully Eulerian one or two fluid methodologies and 

the Eulerian-Lagrangian approach (E-L). The Eulerian method treats 

different phases either as inter-penetrating continuum (two-fluid 

Eulerian approach) or as one continuum that each phase is charac- 

terised by a phase tracer such as the Volume of Fluid (VoF) trans- 

port equation (one fluid Eulerian approach) Ménard et al. (2007) . 

∗ Corresponding author. 

E-mail addresses: f.gerbino@brighton.ac.uk (F. Gerbino), 

k.vogiatzaki@brighton.ac.uk (K. Vogiatzaki). 

The E-L approach uses a Lagrangian formulation to solve the dis- 

persed liquid phase, represented by individual (spherical) parcels. 

The liquid parcels are traced in the Eulerian field, while the gas- 

phase properties at the droplet location result from the interpo- 

lation of the cell properties Montanaro et al. (2011) ; Aguerre and 

Nigro (2019) ; Nsikane et al. (2019a) ; Li et al. (2019) . 

One of the advantages of fully Eulerian frameworks is that they 

can provide accurate results in the immediate region of the nozzle 

exit since direct representation of the liquid interface is achieved 

and the inclusion of nozzle effects is explicit Moulai et al. (2015) . 

The downside is that they require an excessive computational ef- 

fort due to the fact that all inter-facial scales need to be re- 

solved and thus, only sections of the real geometry are com- 

monly simulated Navarro-Martinez et al. (2020) . This approxima- 

tion does not allow for direct examination of the effect that the 

near nozzle field phenomena has further downstream at the air 

fuel mixing zone. On the other hand, E-L approaches offer a com- 

https://doi.org/10.1016/j.ijmultiphaseflow.2021.103642 
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promise in terms of computational cost and accuracy which jus- 

tifies their widespread (and almost exclusive) use for industrial 

internal combustion engines Nsikane et al. (2019b) and gas tur- 

bine simulations Jones et al. (2014) , reproducing the global spray 

behaviour reasonably well. Their main limitation is the spherical 

droplet assumption, which can lead to inaccuracies in the predic- 

tions of trans-critical conditions where highly distorted droplets 

are present Crua (2017) or in set-ups such as cross flow jets where 

non spherical ligaments are present Jiao (2019) . An additional im- 

portant weakness, relevant to the work that will be presented 

here, is that the E-L approach does not include explicitly the in- 

nozzle dynamics and an initial droplet size distribution at the noz- 

zle exit has to be assigned. As shown recently in the work of 

Nsikane et al. (2019a) who performed an extensive assessment of 

the combined effects of all modelling parameters in E-L frame- 

works of reactive Diesel sprays using a Design of Experiments Ap- 

proach (DoE), the results are very sensitive to the selection of the 

initial droplet size and thus, the models can lack predictive capa- 

bilities. This is particularly important given that experimental data 

are not usually available immediately at the nozzle exit. For exam- 

ple, if the initial droplet sizes selected are larger than the real ones 

then, in order to obtain the correct droplet distribution further 

downstream, additional tuning of the break up model is needed. 

This might lead to the correct prediction of liquid and vapour pen- 

etration further downstream, but the model may not reflect the 

real physics. For example larger initial droplet sizes could be forced 

to break up ”artificially” quickly compared to the real situation be- 

cause of the break up model tuning, as reported in previous liter- 

ature Saha et al. (2017) ; Aguerre and Nigro (2019) ; Magnotti and 

Genzale (2017) . 

The issue of the selection of the initial droplet size distribution 

becomes even more important in cases where phase change phe- 

nomena take place inside the nozzle, leading to the presence of 

droplets immediately at the nozzle exit with various sizes, which 

in turn leads to the need of initialisation of the calculations us- 

ing a droplet size distribution rather than a single droplet size. Ini- 

tialising the droplet size distribution requires input for both the 

shape of the initial distribution as well as the mean and the vari- 

ance which increases the complexity of the tuning. To overcome 

this, more recently, it has been suggested a coupling between the 

Eulerian and the E-L approach. In Saha et al. (2017) the authors 

used the data obtained from the Eulerian in-nozzle simulations of 

a Gasoline Direct Injection (GDI) spray as input for the Lagrangian 

spray. Results of the one-way coupling have been compared against 

the standard Lagrangian simulations, providing improvements on 

spray prediction and highlighting the need of accurate initial dis- 

tributions. The disadvantage of this approach though is that the 

computational cost in increased and the coupling of the in nozzle 

and far field phenomena remains incomplete since it is one way. 

In this paper we focus our analysis on exploring the effect that 

the selection of the initial droplet size probability density function 

(PDF) has on the modelling of GDI injection and the reproduced 

physics when Lagrangian solvers are used. More specifically, we in- 

vestigate, in a systematic manner, how the initial droplet sizes se- 

lected affect the subsequent macroscopic (liquid and vapour pen- 

etration, spray plum development) and microscopic (droplet size 

and velocity, droplet size PDF evolution and Stokes numbers) spray 

characteristics. As mentioned earlier, previous studies in the con- 

text of Diesel combustion have highlighted the importance of the 

initial droplet size selection Nsikane et al. (2019a) , but similar 

work has not been performed for multi-hole gasoline injectors 

that present increased complexity. Given the increased industrial 

interest the recent years for GDI systems and the fact that the 

most promising aspects of such engines (e.g. reduction of pump- 

ing losses, knock effects and fuel consumption during cold start) 

are linked to the fuel injection process, we consider GDI injection 

as an appropriate demonstration case of our analysis. 

The significant interest in further improving GDI systems 

has motivated the Engine Combustion Network (ECN) to intro- 

duce a topic, focusing on an 8-orifice (stepped-hole) gasoline in- 

jector, known as Spray G ECN Workshop (2015) . Experimental 

data and numerical modelling directions are provided by differ- 

ent institutions participating in the ECN ECN Workshop (2015) ; 

Lucchini et al. (2018) ; Manin et al. (2015) . Different CFD ap- 

proaches have been used to model Spray G, ranging from Direct 

Numerical Simulation (DNS) coupled with a multi-phase model- 

ing approach (Mixture, VoF or Two-Fluid) Tryggvason et al. (2011) ; 

Ménard et al. (2007) ; Desjardins et al. (2013) ; Evrard (2019) ; 

Yue et al. (2020) to Reynolds Averaged Navier-Stokes (RANS) and 

Large Eddy Simulations (LES) E-L approaches that are used to sim- 

ulate both the near and far field spray regions Paredi et al. (2020) ; 

Saha et al. (2017) ; Aguerre and Nigro (2019) , Sphicas et al. . Com- 

bined approaches have been suggested by Saha et al. (2017) ; 

Befrui et al. (2016) . Befrui et al. Befrui et al. (2016) have im- 

plemented a VoF-LES analysis of the ECN Spray G seat flow 

and the near-field primary atomisation coupled to a Lagrangian 

stochastic simulation method, showing the capability of predict- 

ing GDI spray formation and reducing calibration effort com- 

pared to conventional primary atomisation models. More recently 

the focus has shifted back to the use of fully E-L method to 

the modelling of the Spray G, under different experimental con- 

ditions. The spray is initialised at the nozzle outlet and in- 

nozzle phenomena are not accounted for. The suggested frame- 

works provided accurate predictions using both Raynolds Aver- 

aged Navier Stokes (RANS) Aguerre and Nigro (2019) and Large 

Eddy Simulations (LES) Paredi et al. (2020) . In order to achieve 

though these results, the Lagrangian technique required the im- 

plementation of appropriate sub-models, for example for the 

droplet break-up, as well an extensive calibration of the input 

parameters, such as the plume cone angle of each individual 

orifice. 

In our work, the initial droplet PDFs investigated have been 

selected in order to represent different aspects of the in-nozzle 

physics of Spray G. The so called ”Blob” method is used to im- 

itate the formation of the liquid core but ignores the forma- 

tion of smaller droplets at the nozzle exit. On the contrary, 

the Rosin-Rammler initial distribution considers the formation of 

smaller droplets which is enhanced by cavitation and/or flash- 

boiling effects. Other authors have used the standard Blob method 

to initialise the primary parcels injected within the domain, us- 

ing the Reitz and Diwakar model Reitz and Diwakar (1987) , as 

in Saha et al. (2017) and Sphicas et al. , or the Huh-Gosman 

model Huh and Gosman (1991) , as in Aguerre and Nigro (2019) ; 

Paredi et al. (2020) and Li (2014) . In these studies, the effects of 

the variation of the initial distribution model has not been re- 

ported. Our work, not only contributes to the better understanding 

of how the selection of the initial droplet PDF affects spray pre- 

dictions but it can also be used as a physical guideline to optimise 

the injector design during preliminary numerical studies. From our 

predictions for the effects of the initial droplet sizes on the spray 

formation dynamics, we can develop guidelines for ideal droplet 

sizes at the injector outlet to optimise the mixture formation in 

physical context. 

The paper is structured as follows: Initially a brief overview 

of the experimental specifics of Spray G is provided, followed by 

the description of the numerical methodology. The simulation set- 

up, spray sub-models and initial spray distributions are discussed. 

Then, the results obtained are presented, and comparison with 

experimental data is provided. Finally, the main conclusions and 

some critical discussions are presented. 
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Fig. 1. ECN spray G specified nozzle geometry ECN Workshop (2015) . 

2. Experimental and simulation details 

In the following sub-sections we will first provide details 

of the experimental set-up for Spray G and then describe the 

different aspects of the spray numerical models. In brief, the 

simulations are performed using the LES framework and im- 

plementing the Eulerian-Lagrangian methodology that exists in 

the open-source software OpenFOAM Jasak et al. (2007) . Turbu- 

lence in the LES simulations is included using the Smagorinsky 

Smagorinsky (1963) model. The spray is described using the La- 

grangian Particle Tracking (LPT) methodology. 

2.1. Spray g experimental configuration 

The experimental set-up consists of an eight-hole counter-bore 

GDI fuel injector, denoted as the Spray G nozzle by ECN, man- 

ufactured by Delphi ECN Workshop (2015) . The eight-hole injec- 

tor schematic is shown in Fig. 1 . The spray conditions were de- 

termined by the Spray G baseline operating point (referred to as 

G1 ECN Workshop (2015) ), which is a non-flashing and mildly cav- 

itating spray. The fuel injection pressure is 200 bar. The injector’s 

orifice diameter is 165 μm . The fuel is assumed to be isooctane 

( C 8 H 18 ) at a temperature of 363 K. The injected mass is 10 mg and 

the End Of Injection (EOI) is at 780 μs . The ambient temperature 

and pressure are respectively 573 K and 6 . 0 bar , the ambient at- 

mosphere is inert ( 0% O 2 ). 

Experimental data are available for vapour (VP) and liquid pen- 

etration (LPL) as well as the axial velocity at 15 mm down- 

stream including radial profiles at three different time steps 

(0.3, 0.6 and 1.2 ms) and point measurements at the center-line 

Manin et al. (2015) ; Lucchini et al. (2018) . The axial velocity pro- 

files have been calculated based on the plume radial velocity pro- 

file measured using PIV Lucchini et al. (2018) . Fig. 2 provides a 

schematic of the position of the acquired data. For the simulations, 

the LPL is defined as the axial location encompassing 99% of the 

injected mass, following the ECN guidelines, while the VP refers to 

the furthest downstream location at which the fuel mass-fraction 

is 0 . 1% . 

Fig. 2. Schematic of the locations that the axial velocity data acquired on the plume 

radial profile ECN Workshop (2015) . 

2.2. Lagrangian particle tracking 

In the Lagrangian Particle Tracking technique the spray is con- 

sidered as a discrete phase comprising of a large number of parcels 

that are transported using Newtons second law. The individual liq- 

uid particle positions and velocities can be obtained by: 

d x p 

dt 
= u p and a p = 

d u p 

dt 
= 

�F i 
m p 

(1) 

where x p and u p are the particle position and velocity respectively, 

�F i is the sum of all the relevant forces acting on the particle (e.g. 

drag, gravitational, buoyancy and pressure forces, etc.) and m p is 

its mass. Defining as u p, 0 the initial particle velocity, we get: 

u p = u p, 0 + a p · �t = u p, 0 + 

�F i 
m p 

�t (2) 

The particle drag force F D is defined as: 

F D = C D 
πD 

2 
p 

8 

ρ f ( u g − u p ) | u g − u p | (3) 

where d p is the droplet diameter and C D is the droplet drag coeffi- 

cient for spherical particle, defined as Putnam (1961) : 

C D = 

{ 24 
Re p 

(1 + 

1 
6 

Re 2 / 3 p ) i f Re p ≤ 10 0 0 

0 . 424 i f Re p > 10 0 0 

(4) 
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where Re p is the particle’s Reynolds number. The gas velocity, u g , 

at the particle location is measured by interpolating it from the 

adjacent cells. 

2.3. Injection methodology 

The points of injection are modelled as eight discs with the 

same diameter as the nominal injector orifice, d in j = 165 μm, and 

are located right at the beginning of the counter-bore holes (coor- 

dinate z’, see Fig. 1 ). The particles location is initialised on a ran- 

dom position within one of the eight discs. 

This setup does not treat explicitly the in-nozzle dynamics and 

their effect is indirectly accounted for through the use of the as- 

signed initial droplet size PDFs. The velocity magnitude of the par- 

ticles is a function of the mass flow rate profile, which is provided 

as boundary condition from the experimental data. 

In our work we analyse three types of initial droplet PDFs, the 

so called Blob method and two variations of the Rosin-Rammler 

(R-R) distribution. In the Blob model the initial droplets are spher- 

ical and their size is proportional to the effective cross-sectional 

area of the nozzle; only droplets with that size are injected. This 

model represents the liquid injection process as a sequence of 

identical liquid volumes, to resemble the physics of the primary 

breakup of the fuel liquid core (i.e. the disruption of the liquid core 

into the main liquid fragments, considered as spherical). Based on 

the experimental work of Payri et al. Payri et al. (2016) , in order 

to account for the effective area occupied by the liquid fuel at the 

nozzle exit to the nominal area of the injector hole (i.e. 165 μm ), 

d blob = 70 μm has been chosen. The effective area depends on the 

geometry of the nozzle orifices, the in-nozzle phenomena (e.g. cav- 

itation, flash boiling) and the operating conditions, in particular the 

injection pressure and needle lift, which cause an early evapora- 

tion within the nozzle orifice Payri et al. (2016) . As such, atomisa- 

tion immediately at the nozzle exit due to in-nozzle phenomena is 

not accounted for, and the existence of any smaller droplets at the 

nozzle exit are ignored. 

The R-R method is based on a continuous probability distri- 

bution of initial particle sizes, defined using a maximum, mini- 

mum and mean value. Two R-R distributions have been imple- 

mented here. Both distributions are centered around d RR,mean = 

d blob = 70 μm, in order to make a direct comparison with the Blob 

method while two different pairs of minimum and maximum par- 

ticle sizes were chosen. For the first distribution (referred to as 

Rosin-Rammler A or R-R-A) the minimum and maximum particle 

diameter are d RR,min = 1 μm and d RR,max = 80 μm, with d RR,mean = 

58 . 15 μm . For the second distribution (named Rosin-Rammler B 

or R-R-B) we selected d RR,min = 53 μm and d RR,max = 107 μm, with 

d RR,mean = 70 μm . In physical terms, both the R-R distributions ac- 

count for the presence of smaller droplets, formed because of the 

in-nozzle phenomena. The R-R-A distribution accounts for a wide 

range of particle sizes with d p ≥ 1 μm, indicating that an extensive 

atomisation process takes place at the nozzle exit. On the other 

hand, the R-R-B simulates a behaviour that is halfway between the 

Blob and the R-R A model and assumes a more narrow size dis- 

tribution with overall larger particles ( d p ≥ 53 μm ) than the R-R-A. 

A schematics of the injected droplets’ size distribution is shown in 

Fig. 3 . The number of Parcels Per Second (PPS) injected is 10 mil- 

lions which is found to be adequate to guarantee convergence of 

the Lagrangian particle statistics for all three distributions. 

Additional injection inputs are the nozzle discharge coefficient, 

C d , and the spray cone angle θ . Based on the experimental work 

performed by Payri et al. Payri et al. (2016) Spray G has a C d = 

0 . 48 ± 0 . 02 . The initial plume cone angle determines the develop- 

ment of the spray within the control volume. Since the literature 

does not provide measurements for the plume cone angle, θ is 

treated as a tuning parameter. After performing a sensitivity anal- 

ysis and varying it between 25 and 35 degrees, we set θ = 35 deg, 

based on the comparison of the spray opening obtained from the 

numerics to the experimental data. Tuning of the cone angle has 

been performed by other authors as well that have used the E-L 

approach, ranging the angle between 10 to 40 degrees Aguerre and 

Nigro (2019) ; Paredi et al. (2020) ; Sphicas et al. (2017) . Sphicas 

et al. Sphicas et al. (2017) , also evaluated the effect this parame- 

ter has on the recirculating zone, in between the plumes down- 

stream the nozzle. It should be pointed out that in the Eule- 

rian simulations, the plume cone angle is not an input as it is 

determined based on the velocity vector field at the nozzle exit 

Befrui et al. (2016) ; Saha et al. (2018) ; Yue et al. (2020) . The gen- 

eral consensus in the literature is that the cone angle for Spray G 

should be selected as 25 ≤ θ ≤ 35 degrees. 

A first indication of the effect of the assigned initial size distri- 

butions on the mean particle sizes present in the whole numerical 

domain over time can be seen in Fig. 4 , which shows the Sauter 

Mean Diameter (SMD) over time. The SMD is obtained calculating 

the average of the droplet diameter at every timestep. Since the 

droplet size distribution in R-R-B is centered tightly around d blob , 

the Blob and the R-R B models provide very similar values for the 

mean SMD ( ≈ 20 μm ), while the R-R A distribution leads to overall 

lower value for the mean SMD ( ≈ 15 μm ) since d RR, min = 1 μm . 

Before examining in more detail the spray and flow characteris- 

tics associated with the different injection methods, it is interest- 

ing to also comment on the injected mass, shown in Fig. 5 in order 

to clarify some numerical issues associated with the initialisation 

methods. The injected mass is initialised using the measured in- 

jection rate profile, obtained from the ECN ECN Workshop (2015) . 

Fig. 5 shows that the Blob method gives a stepped injection profile, 

which from physical point of view is rather unrealistic as it implies 

that big liquid masses (the Blobs) are introduced in discrete time 

intervals, while the experimental rate of injection is continuous 

and thus is better represented by the R-R distributions. This indi- 

cates that the implementation of the Blob distribution model used 

by Saha et al. Saha et al. (2017) and by Sphicas et al. Sphicas et al. , 

or the Huh-Gosman model (which considers the injection of liquid 

particle whose diameter is the injector size, and thus is similar to 

the Blob method) implemented by Aguerre and Nigro Aguerre and 

Nigro (2019) and by Paredi et al. Paredi et al. (2020) , does not 

characterise completely the physical behaviour of the spray in 

the near-nozzle region, despite the fact that the simulations per- 

formed by these authors are in agreement with the experimental 

data. 

2.4. Spray sub-models 

The spray break-up (BU) has been simulated using the Reitz- 

KHRT model, based on the idea that the break up results by 

the combined effect of the Rayleigh-Taylor (RT) and the Kelvin- 

Helmholtz (KH) instabilities Patterson and Reitz (1998) . A detailed 

presentation of all the model parameters is out of the scope of 

this paper and can be found in other works Reitz (1987) . Here we 

only present the model specifics relevant to how the droplet sizes 

changes due to the various break up mechanisms. 

In the KH breakup process, the main physical mechanism is 

the aerodynamic droplet break-up. Small droplets are shed from 

the parent computational parcel because of the velocity difference 

between the droplet and the surrounding gas. Aerodynamic in- 

stabilities act on the interface between the two phases, generat- 

ing oscillations on the droplets surface, whose wavelength is �KH . 

The wavelength �KH determines the stable dimension of the child 

droplets ( D c,stable | KH ) generated by the KH instabilities: 

D c,stable | KH = 2 B 0 �KH (5) 
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Fig. 3. Initial particle size distribution model implemented here. 

Fig. 4. Sauter Mean Diameter calculated over run time. The red line indicates the EOI. (For interpretation of the references to colour in this figure legend, the reader is 

referred to the web version of this article.) 

The rate of change of the parent droplet with diameter D d is given 

by: 

dD d 

dt 
= −D d − D c,stable 

τKH 

(6) 

In the above equations B 0 is a model constant, τKH is the char- 

acteristic breakup time scale which depends on another constant 

(usually refereed to the literature as B 1 ). Higher values of B 1 corre- 

spond to slower droplet break-up, meaning also that if big particles 

are initially injected, they also survive longer within the domain. 

This affects considerably the droplet size distribution and the liq- 

uid length, as well as the Eulerian field quantities due to the par- 

ticles contribution to the momentum and energy exchange with 

the gas field. Thus, this coefficient has been used in many previ- 

ous spray studies as the main tuning parameter of the LPL,VP and 

mean droplet sizes. 

Based on the findings of our previous work for ECN Spray A for 

the role of the B 1 coefficient Li et al. (2019) , a sensitivity analy- 

sis for B 1 has also been performed for Spray G, varying its value 

between 3 ≤ B 1 ≤ 15 , which led to the selection of B 1 = 15 for all 

three distributions. The same value was selected in order to high- 

light better the role of the initial distribution rather than the ef- 

fect of other tuning parameters. The KH break-up model has been 

implemented in spray G simulations also by other authors, using 

either the KHRT model Saha et al. (2017, 2018) or the KH in com- 

bination with other models, such as the Huh-Gosman Aguerre and 

Nigro (2019) ; Paredi et al. (2020) . The cited authors have se- 

lected different values for B 1 , ranging from 5 Saha et al. (2017) to 

28 Paredi et al. (2020) , up to 120 Aguerre and Nigro (2019) . Such 

a big variance for B 1 indicates one of the main criticisms related 

to the conventional E-L modelling approaches, which is based on 

the calibration of individual parameters, as discussed in the intro- 

duction. What is interesting to note is that, based on our previous 

work, it is clear that when droplet sizes are not available from ex- 

perimental data the calibration of B 1 is questionable since calcu- 

lations with different B 1 values (and consequently different SMD) 

can present similar predictions in terms of accuracy for LPL and 

VP Nsikane et al. (2019a) ; Li et al. (2019) but correspond to differ- 

ent physics representation. 

In the RT breakup process, the inertial forces tend to deform 

the drops while the surface tension acts against this deformation. 

Such a process enforces oscillations, whose wavelength is �RT . As 

these oscillations become too large the drop breaks, generating 

child droplets with a maximum dimension of D c,RT | MAX : 

D c,RT | MAX = 

3 

√ 

D 

3 
d 

D d / �RT 

(7) 
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Fig. 5. Total injected fuel mass, the red line indicates the EOI. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version 

of this article.) 

Fig. 6. Breakup mechanisms modelled by the Reitz KHRT model (adapted from Lucchini et al. (2018) ). 

When only the KH mechanism occurs the break up regime cor- 

responds to a ”stripping break up” which generates small droplets 

but allows also the presence of rather large droplets. When the 

RT instabilities are accounted for along with the KH instabilities 

we have the ”catastrophic” break up regime which mostly affects 

larger droplets that break up in many smaller ones. A schematic of 

both mechanisms is shown in Fig. 6 . 

The evaporation model used here is based on the work by Zuo 

et al. Zuo et al. (20 0 0) for GDI engines, based on the ideal gas 

assumption and including a boiling model. It is developed from 

the Spalding evaporation model Spalding (1950) . The expression 

for the droplet mass loss, when convection effects are taken into 

account, is: 

˙ m p = −πD p Shρg D F ln (1 + B M 

) (8) 

where Sh is the Sherwood number,a dimensionless number that 

represents the ratio of convective to diffusive mass transport; ρg is 

the gas density; D F the diffusion coefficient of the fuel species and 

B M 

is the Spalding number 

2.5. Numerical set-Up 

Second order schemes are used for the spatial derivatives and 

an Eulerian first order scheme for the time discritisation. The gov- 

erning equations are solved with the PIMPLE algorithm, which is 

a combination of the Semi-Implicit Method for Pressure-Linked 

Equations (SIMPLE) and Pressure Implicit with Splitting of Opera- 

tor (PISO) method Jasak et al. (2007) , handling the air density with 

a pressure-based formulation. Simulations were run using a fixed 

time-step with δt = 5 · 10 −7 s . 

The injection holes are located within a cubic volume, 80 mm 

at each side, in order to capture the fully developed spray struc- 

ture. The vessel volume is discretised using hexahedral mesh, and 

implementing the Adaptive Mesh Refinement (AMR) method, with 

2 levels of refinements based on the fuel vapour fraction. The ini- 

tial cell size of 0.8 mm is refined down to 0.2 mm in the regions 

with [ C 8 H 18 ] ≥ 10 −5 . The fuel is injected at a 34 degrees angle with 

respect to the z-axis direction, this value has been chosen accord- 

ing to the setting selected by other authors Saha et al. (2017) ; 

Paredi et al. (2020) . The injection holes correspond to the location 

at z ′ = 0 in Fig. 1 . 

3. Results 

In this section we present the numerical representation of 

the Spray G dynamics, comparing the results with the ex- 

perimental data provided by the ECN ECN Workshop (2015) ; 

Manin et al. (2015) ; Lucchini et al. (2018) . Initially, we present how 

the macroscopic spray characteristics (liquid and vapour evolution) 

are affected by the selection of the initial droplet distribution and 

then we move on examining more closely microscopic spray char- 

acteristics such as droplet velocities, SMDs and Stokes numbers, in 

an effort to explain the physics of the trends observed at macro- 

scopic level. 

3.1. Liquid and vapour penetration 

The axial penetration over time of both the liquid spray and 

the vapour mass fraction is the main parameter used in literature 

to validate spray numerical simulations against experimental data. 

Figs. 7 and 8 show instantaneous vapour and the liquid structures 

respectively, at t = 0.3, 0.6, 0.9 and 1.2 ms, compared with the ex- 

perimental contour obtained by Manin et al. Manin et al. (2015) . 

It can be observed that in terms of spray and vapour spread- 

ing all three models provide reasonable results with similar accu- 

racy. A noticeable difference between the simulations and the ex- 

periments with physical importance, is the radial dispersion of the 

6 
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Fig. 7. Vapour contour at 0 . 1% C 8 H 18 concentration compared to the experimental data provided by Manin et al. (2015) (dimensions are in mm). The red and blue lines 

represent the fuel liquid and vapour contour, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 

this article.) 

Fig. 8. Spray cloud compared to the experimental data provided by Manin et al. (2015) (dimensions are in mm). The particles diameter are represented by their relative 

dimensions. The red and blue lines represent the fuel liquid and vapour contour. (For interpretation of the references to colour in this figure legend, the reader is referred 

to the web version of this article.) 
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Fig. 9. Vapour penetration and liquid penetration length. The red line indicates the EOI. (For interpretation of the references to colour in this figure legend, the reader is 

referred to the web version of this article.) 

vapour at each single plume. Looking at Fig. 7 , experiments indi- 

cate that the vapour plumes tend to merge downstream the in- 

jection point, at t = 1.2ms, while the simulated vapour plumes are 

distinct. A similar trend has also been observed in Aguerre and Ni- 

gro (2019) using RANS. The R-R A and the Blob in this respect have 

a better behaviour although the plume collapse is not fully re- 

produced. Both R-R distributions also seem to slightly over-predict 

the vapour penetration further downstream. As regards the liquid 

spray (see Fig. 8 ) experiments indicate that the liquid phase evap- 

orates and disappears for t > 0 . 9 ms, while simulations show the 

presence of some liquid particles in the domain at t = 1 . 2 ms . It 

should be pointed out though that the experimental data for the 

liquid penetration obtained by different ECN institutions after the 

EOI have differences due to different image processing methods (as 

reported by Manin et al. Manin et al. (2015) ). Hence, while some 

experiments show that the liquid phase disappears right after the 

EOI (as in Fig. 8 ) some other data sets indicate the presence of liq- 

uid until t ≈ 1 . 4 s. See for example the data reported in Fig. 2 . 

These observations are further supported by Fig. 9 which shows 

the vapour and the liquid penetration lengths obtained from the 

simulations and compared against the experimental data from 

Manin et al. (2015) . The Blob injection method (yellow line) pro- 

vides higher accuracy in comparison to the R-R distributions (blue 

and purple line) with respect to the experimental data both at the 

beginning of the injection but also after the EOI. Both the R-R dis- 

tribution slightly under-predict the penetrations at the beginning 

and are over-predicting them later-on with R-R-B having the worse 

performance among the two. 

The variation of the initial droplet sizes and the observations 

relevant to their effect on the subsequent liquid and vapour pen- 

etrations can help us obtain an insight into the physical processes 

during injections taking place. The better behaviour of the Blob 

method at the Start of Injection (SOI) indicates the presence of 

large liquid structures (with high inertia) exiting from the nozzle 

in the physical injection event as well. Early atomisation immedi- 

ately after the nozzle exit does not seem to be important consid- 

ering the reduced accuracy of the R-R distribution. 

The above discussion could also help explain the trends in pre- 

vious investigations of the same spray. For example, in the work 

of Aguerre and Nigro Aguerre and Nigro (2019) and Paredi et al. 

Paredi et al. (2020) for t < 0 . 1 ms the penetrations are slightly 

over-predicted. This could be attributed to the fact that they used 

the Huh-Gossman model, so that the initial droplet diameter is 

equal to the nozzle outer diameter (i.e. 165 μm ) without consider- 

ing the effective area occupied by the liquid fuel (as in our work). 

Their initially large droplets have also high inertia and in turn they 

tend to penetrate more (and diffuse less). In their work, further 

downstream, the predictions are more accurate, due to tuning of 

the break up model. 

For t > 0 . 4 ms the fact that all three models over-predict liquid 

and vapour penetration indicates the potential deficiencies of the 

evaporation model rather than the effect of the initial droplet dis- 

tribution. The total non evaporated fuel mass in the system over 

time is shown in Fig. 10 . 

It can be seen for example that overall particles from the R-R 

B evaporate quicker up to 0.3 ms (and this is why at Fig. 9 the 

LPL is under-predicted at the beginning) while the trend changes 

after the EOI which corresponds to an overpediction at Fig. 9 fur- 

ther downstream. Also until the EOI the particles from the Blob 

injection method evaporate less than the R-R cases which is con- 

sistent with the higher LPL and the lower VP observed. The R-R 

A injects smaller particles that tend to break up even more until 

0.4ms and then evaporate quickly with respect to the (bigger) par- 

ticle injected using the Blob and the R-R B. 

3.2. Velocity field profiles 

In this section we investigate the effect of the initial droplet 

sizes on the underlying flow field. Velocity data from experiments 

are available at two locations: at the center-line point, in the mid- 

dle of the re-circulation zone, as shown in Fig. 11 and at the 
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Fig. 10. Run-time computed liquid mass of non-evaporated fuel in the system. The red line indicates the EOI. (For interpretation of the references to colour in this figure 

legend, the reader is referred to the web version of this article.) 

Fig. 11. Velocity vector field at two different times, during the injection and after the EOI, for the R-R B distribution (it is qualitatively the same for Blob and R-R A case). 

The red circle indicates the center-line point located at x = (0 , 0 , 0 . 015) m downstream the injection point. (For interpretation of the references to colour in this figure legend, 

the reader is referred to the web version of this article.) 

Fig. 12. Velocity at the center-line point, 15 mm downstream the injector in the axial direction. The red line indicates the EOI. (For interpretation of the references to colour 

in this figure legend, the reader is referred to the web version of this article.) 

plume radial direction (see Fig. 2 ). Both measurements are ac- 

quired 15 mm downstream of the injection point. 

Fig. 11 shows the velocity vector field at two different times, 

during the injection and after the EOI, for the R-R B distribution. 

The plot is used to demonstrate the location that the experiments 

shown in Fig. 12 were taken in order to provide a visualisation of 

the physics taking place in the region. The red circle indicates the 

centre-line point located at x = (0 , 0 , 0 . 015) m downstream the in- 

jection point. In terms of vector field, all three distributions show 

similar behaviour although as we will see in Fig. 12 , quantitatively 

there are distinct differences. 

Fig. 12 shows the run-time axial velocity at the center-line 

point. The Blob distribution is able to predict well the velocity 

variation up to t = 0 . 4 ms, capturing almost perfectly the experi- 

mental trend and the build up of the re-circulation zone. This fur- 

ther confirms the presence of initially large particles in the near 

field. The predictions are also consistent with the better predic- 

tion with the Blob method of the LPL and the VP. For t > 0 . 4 

ms, while negative velocities experimentally appear to stabilise at 

≈ 7 ÷ 8 m/s until the EOI, the Blob method predicts an increasing 

intensity in the re-circulation zone with velocities reaching up to ≈
−20 m/s . The R-R distributions provide better predictions,although 

there are some relevant discrepancies between the R-R A and the 

R-R B distributions. The R-R A matches very closely the experi- 

mental data as regards the velocity magnitude for 0 . 3 ≤ t ≤ 0 . 8 ms, 

but doesn’t follow the experimental trend after the EOI. On the 

other hand, the R-R B shows a trend more similar to the ex- 

perimental predictions, but it is shifted from the actual magni- 

tude by ≈ 5 m/s . Based on previous numerical effort s, the ECN 6 

workshop suggests that this area is very sensitive to the selection 
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Fig. 13. Radial distribution of the axial velocity at three different times. The dotted lines report the liquid particle axial velocity obtained from the simulations. The solid 

fills show the standard deviation of the droplet velocity in the radial direction. Experimental PDI data from Lucchini et al. (2018) collected at 15mm downstream. 

of the grid size Lucchini et al. (2018) . The sensitivity analysis in 

Lucchini et al. (2018) showed that the reduction of the grid size 

increased the vapour penetration to a point that was slightly over- 

predicted but improved the prediction of the recirculation zone in- 

creasing its strength. Thus, we suggest that the discrepancies ob- 

served after the EOI for all three distributions in our study can be 

linked to two different things: first to the use of fine meshes (since 

we also report marginal overprediction of the vapour) due to the 

use of AMR; second to the presence of droplets even at t = 1 . 2 ms 

that are not recorded in all the experimental data sets. The pres- 

ence of liquid particles alters the momentum transfer between the 

liquid and gas phase and potentially contributes in maintaining the 

re-circulation zone. Also the fact that the more pronounced dis- 

crepancies of the Blob method are present after 0.4 ms it might 

also be linked to the evaporation model as discussed in Fig. 10 . 

Aside from the velocity in the re-circulation point, velocity 

measurements have been performed along the in-plume radial 

profile (see Fig. 2 ) at 15mm downstream. The Phase Doppler Inter- 

ferometry (PDI) has been used by Duke et al. to obtain the liquid 

phase velocity Duke et al. (2017) . Figs. 13 compares the experimen- 

tal data with the Lagrangian particles velocity. 

Numerical data provide a reasonable trend especially in terms 

of the location of the peak, with all the distribution models. At 

t = 0 . 3 ms it can be seen a narrow distribution of the particles, 

which are only located close to the center-line of the plume. The 

Blob method is able to provide good prediction in terms of veloc- 

ity magnitude as well, while both the R-R tends to over-predict it. 

This is an indication that the particles do not diffuse radially prop- 

erly in the initial stages. For t = 0 . 6 ms, numerical data provide a 

reasonable trend, both in terms of magnitude and radial distribu- 

tion, in particular with the R-R-B. At this time, particles are present 

all along the experimental radial direction of the plume, although 

simulations tend to under-predict the velocity on the right hand 

side of the plume. At this point, the Blob method does not per- 

form as good as the R-R method. At t = 1 . 2 ms the Blob and the R- 

R A matches the experiments, while the R-R-B slightly overpredicts 

the particle velocity at locations > 0 . 01 m in the radial direction. 

As suggested by Lucchini et al. Lucchini et al. (2018) , it is also 

interesting to compare the PDI experimental data to the gas ve- 

locity field, in order to compare the location of the plume peak. 

Experiments indicate that the velocity peak tends to move toward 

the injector axis (i.e. the centre of the domain). Looking at the gas 

velocity field in Fig. 14 , the velocity peak position is well predicted 

at all times with the three distribution models. 

3.3. Microscopic characterisation of the sprays 

Up to this point we have focused our analysis on the macro- 

scale quantities of the fuel spray, comparing the simulation results 

to the experimental data for validation purposes. To limit though 

the comparisons only to macroscopic quantities, could hide some 

numerical artifacts. In methods like the E-L used here, that involve 

a large number of sub-models, reasonable results can be obtained 

for macroscopic quantities as a result of excessive tuning lacking 

though the physical characteristics of the real spray at the small 

scales. Thus, here we also investigate the micro-scale quantities of 

the spray in terms of droplet properties (e.g. the size and the ve- 

locity distributions and the Stokes numbers), to provide more in- 

sight into the spray physics. 

In terms of droplet sizes, experimental data are available for the 

SMD distribution at t = 0 . 6 ms and t = 1 . 2 ms 15 mm downstream 

(see Fig. 2 ). As shown in Fig. 15 experiments indicate an average 

diameter of 10 μm at both times. Note that the experimental data 

here contradict the experiments taken from Manin et al. (2015) at 

t = 1 . 2 ms where no liquid appears to be present at this location. 

Since we also report liquid structures after the EOI we decided to 

keep both figures for completeness. The R-R-A case is more ac- 

curate at this location, providing a radial SMD distribution close 

to the one reported by the experiments ( ≈ 10 μm ) for both times. 

The Blob distribution provides a higher mean droplet for t = 0 . 6 ms, 

as well as the R-R B distribution, although the R-R B tends to 

match the experimental data from 0.011 m in the radial direction. 

At t = 1 . 2 ms, both the Blob and the R-R B perform quite well to 

predict the SMD in the vicinity of the injector axis, while provide 

a peak at 0.009 m (in particular the R-R B) which experiments 

do not have. Considering that at t = 1.2ms less particles are over- 

all present in the domain since the injection has stopped, the peak 

in the SMD distribution reported by R-R B (and to a lesser extent 

by the Blob) at the sides of the plumes can be interpreted as an 

artifact of particle averaging rather than physical indicator. 

The droplet data presented in Fig. 15 refer to the spray dilute 

region and they cannot fully explain the differences in the liquid 
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Fig. 14. Radial distribution of the axial velocity at three different times. The lines from simulations report the Eulerian gas field. Experimental PDI data from 

Lucchini et al. (2018) collected at 15mm downstream. 

Fig. 15. Droplets Sauter mean diameter at 15mm downstream the injection point; the solid fills show the standard deviation of the SMD in the radial direction. Exp. data 

from Lucchini et al. (2018) . 

Fig. 16. Locations selected in the spray dense region for the droplet PDF analysis. 

and vapour penetration in Figs 7, 8 and 9 . The experimental data 

are collected rather far from the injection point where the effect 

of the selection of the initial droplets PDF is expected to be signif- 

icant. Thus, here we also include droplet size and velocity distribu- 

tions, as well as Stokes numbers, at z = 2, 5, 8 and 15 mm down- 

stream the injection point (see Fig. 16 ), at t = 0 . 6 ms in order to 

provide an analysis of the evolution dynamics of the size distribu- 

tions. Figs. 17 , 18 and 19 show these quantities for the Blob, the 

R-R A and the R-R B model respectively. The Stokes number rep- 

resents the ratio of the particle inertia to the advection acting on 

it. The advection effects are related to the particle residence time 

and are indicative of the tendency of the particle to follow the gas 

flow streamlines. Hence St > 1 indicates the dominance of inertial 

forces and the carrier fluid has limited influence on the particle 

motion. For St < 1 the advection effects are more relevant and the 

residence time is longer, thus the particles will mostly follow the 

fluid motion. For St close to one the particles centrifuge out of the 

vortex cores and concentrate on the vortex peripheries. The math- 

ematical formulation of the St is the following: 

St = 

ρl d 
2 
p v g 

18 μg L 0 
(9) 

where ρl is the fuel density, v g the gas field velocity at the parti- 

cle location, μg the gas viscosity and L 0 a characteristic dimension, 

which is taken here as the dimension of the cell (0.2 mm). 

Overall, for all the cases, the main differences of the PDFs are 

observed up to 0.005 m, as there is expected to occur the transi- 

tion from stripping to catastrophic breakup regime (see Fig. 6 ). For 
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Fig. 17. Droplets diameter PDF and droplet’s velocity vs diameter vs St at four different locations at t = 0.0 0 06 s, for the Blob distribution. 

the Blob and the R-R-B distributions, that overall inject larger par- 

ticles with smaller size variation, this effect is more pronounced 

and both -initially bell shaped- PDFs, at 0.002m evolve to a bi- 

modal shape with distinct populations of ”larger” and ”smaller”

droplets. The population of the smaller droplets is created as a re- 

sult of the stripping of some of the larger droplets, however, since 

these larger droplets have also very high velocity -as it can be seen 

from the velocity plot- some of them ”survive” the stripping (their 

size remains close to the initial mean size) and the result is this bi- 

modal shape PDF. For the R-R-A the PDF is maintained bell shaped 

indicating a more uniform -in terms of size- effect of the stripping 

process. 

For 0.005 and 0.008 m downstream, the bigger droplets in- 

jected with the Blob and the R-R-B model disappear as a result 

of catastrophic break up and thus all three PDFs relax to a sim- 

ilar bell shaped distribution at 0.008 and even later at 0.015 m. 

The mean of these distributions at 0.015 m is different as it is also 

seen in Fig. 15 . Previous works using Eulerian approaches Navarro- 

Martinez et al. (2020) ; Yue et al. (2020) ; Befrui et al. (2016) also 

predict the relaxation of the droplet PDF to a bell shaped, log- 

normal distribution. The fact that at 0.008 and 0.015 m the PDFs 

of the droplets’ diameter relax to similar shapes (although with 

different mean), regardless of the initial distribution function, is 

related to the breakup model behaviour and in particular to the 

KH model that controls the break up close to the nozzle. The KH 

model predicts a stable size for the particles, as shown in Eq. 5 and 

considering also that no breakup occurs for particles with a Weber 

number W e < 12 Pilch and Erdman (1987) , the PDFs at 0.008 and 

0.015 m indicate that the droplets stable size has been reached and 

only droplets at the extreme of the distribution keep breaking up. 

The rest of the droplets after this location reduce in size mostly 

because of evaporation which however occurs in a uniform man- 

ner and thus does not alter the distribution shape. 

In respect to the particle velocity, we can see that at y ≥
0 . 002 m, the velocity vs diameter trend fits a second order func- 

tion in the form of v = −ad 2 p + bd p − c, (being a,b and c constant 

coefficients), indicating a strong velocity and droplet size corre- 

lation close to the injector. Smaller droplets have lower velocities 

and larger droplets are faster. As we move further downstream this 

correlation is maintained for the R-R-B distribution while for the R- 

R-A and Blob method is relaxed. In particular, at 0.015m for both 

distributions the majority of droplets with similar sizes around the 

mean of the distribution have very different velocities ranging from 

40m/s to 100m/s. In terms of St numbers this is also expressed by 

the fact that further downstream while the Blob and the R-R-A dis- 

tribution predict particles with St equal or less than one (showing 

that the droplets at the dilute region have acquired a strong cou- 

pling with the Eulerian velocity field), R-R-B distribution still pre- 

dicts particles with high St numbers indicating that the particles 

remain at this location still largely unaffected by the flow field. 

This is particularly interesting looking at Fig. 15 , which indicates 

that at 0.6ms at 0.015m downstream R-R-A and R-R-B have very 

similar SMD but as revealed from the analysis of the PDFs and the 

St numbers, different dynamics. This also answers the question as 

to why while in terms of mean droplet sizes R-R-B is closer to the 

Blob method, the liquid and vapour penetration for R-R-A and Blob 

method have similar predictions. From numerical point of view the 

St analysis also provides some guidelines for the grid resolution at 

the different locations. For droplets with small St the predictions 

are more dependent on the accuracy of the Eulerian solver than 
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Fig. 18. Droplets diameter PDF and droplet’s velocity vs diameter vs St at four different locations at t = 0.0 0 06 s, for the R-R A distribution. 

in cases with higher St numbers. This indicates that within E-L 

methodologies a higher resolution is required at the dilute region 

while in Eulerian approaches the maximum resolution is needed 

close to the nozzle. 

4. Conclusions and discussions 

GDI systems involve complex in-nozzle and near nozzle phe- 

nomena, that cause the primary rupture of the liquid structures at 

the injector outlet. Eulerian-Lagrangian simulations are not able to 

explicitly represent these events. An initial droplet size distribu- 

tion needs to be used as input. In this paper we compare three 

different initial size distribution that represent different injection 

physics: the Blob model, which only accounts for particles with the 

same diameter as the one expected for liquid core, and two Rosin- 

Rammler distributions, named A and B, to account for potential in- 

nozzle breaking of the liquid due to cavitation. The Rosin-Rammler 

A has a wide distribution of small sized particles, while the Rosin- 

Rammler B has a halfway distribution between the Blob and the 

R-R A model. Results were compared with the spray conditions 

of the baseline Spray G (referred to as G1) from the ECN, which 

is a non-flashing and mildly cavitating spray. Overall, we demon- 

strated that LES combined with a correctly selected initial droplet 

size distribution in terms of mean droplet size and standard evap- 

oration and break up models can provide reasonable predictions 

for a range of quantities including liquid and vapour penetration, 

while the small differences in these quantities can be linked to 

more significant differences in terms of simulated physics at the 

droplet dynamics which is sensitive to the selection of the initial 

droplet variance. Thus, when CFD are used in order to provide in- 

sight into the physics, special care should be given in choosing the 

initialisation of the liquid injection. In most previous studies in the 

literature although the role of the break up model coefficients has 

been extensively studied and repeatedly reported, the sensitivity of 

the predictions to the initial distribution is less well understood. 

Here, we focused on a mildly cavitating case, however we plan to 

extend our study in the future to more complex in nozzle phenom- 

ena taking place. 

The main findings relevant to the specific distributions used of 

our investigation can be summarised as following: 

• All the distributions compared provide a good correlation for 

only a subset of the spray characteristics, depending on the 

spray region examined 

• In terms of vapour axial penetration the Blob method is supe- 

rior while both R-R distributions overpredict the vapour pene- 

tration further downstream (especially after the EOI) 
• The Blob method has also a better plume radial dispersion as 

demonstrated by the predictions of the radial distribution of 

the axial velocity at t = 0 . 6 ms 
• None of the distributions captures well the plume collapse fur- 

ther downstream. However, given the distance from the injec- 

tion point, this deficiency might be a combination of other fac- 

tors in the far field region such as the effect of the evaporation. 

This is also supported by our analysis of the mass transfer dur- 

ing phase change which indicates the important role of evapo- 

ration at t > 0 . 4 ms . 
• The liquid axial penetration is better predicted by the Blob 

method although all three distributions slightly underpredict 

the penetration close to the nozzle and overpredict it further 

downstream. 
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Fig. 19. Droplets diameter PDF and droplet’s velocity vs diameter vs St at four different locations at t = 0.0 0 06 s, for the R-R B distribution. 

• The R-R distributions provide better prediction of the physics 

of the re-circulation zone of the gas field in the center of the 

plums, while the Blob method over-predicts them. In particular, 

while the R-R A presents a better match of the velocity in terms 

of magnitude, the R-R B provides a more realistic trend (but not 

in terms of magnitude). 
• At the dilute region of the spray all three distributions predict 

the order of magnitude of the SMD reasonably well, with the R- 

R-A demonstrating the most accurate results. After the EOI the 

Blob method is more accurate in terms of radial spreading of 

the particles. 
• At the dense region, the main differences of the particle size 

PDFs occurs from 0.002 to 0.005 m, as there we have the transi- 

tion from stripping to catastrophic breakup regime. For the Blob 

and the R-R B distributions that overall inject larger particles 

this effect is more pronounced and the PDFs at 0.002m exhibit 

for both a bi-modal shape with distinct populations of ”larger”

and ”smaller” droplets resulting from the stripping, while for 

the R-R A the PDF is bell shaped. 
• All three models relax to a bell shaped PDF with different 

mean. 
• In locations closer to the nozzle the velocity presents a clear 

correlation with the droplet size while this correlation is lost 

further downstream towards the dilute region as the particles 

become smaller and exhibit smaller St numbers. 
• The St analysis also revealed that within E-L methodologies a 

higher resolution is required at the dilute region in contrast 

to the Eulerian approaches that the maximum resolution is 

needed close to the nozzle. 

Overall, having a link between the initial droplet distribution 

and spray development is very useful for optimising future injec- 

tor designs. Knowing such a link, can help to select or design an 

injector that will produce a specific initial droplet distribution that 

in turn will result in a spray with desired properties such as liquid 

and vapour penetration, plum behaviour etc. 
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In this paper we use simulation techniques to provide new insight into the effect ambient temperature

and humidity have on the evolving size and temporal dynamics of the droplets exhaled during cough-

ing and sneezing. Four different temperatures were investigated corresponding to various weather

conditions ranging from moderate (T = 16°C and 25°C) to more extreme conditions (T = 4°C

and 45°C with a relative humidity of 30% and 60%). Numerical observations show that regardless

of the ambient temperature, the traveled distance of the droplets in sneezing is longer (2.5 m) than

in coughing (2 m). Current WHO guidelines indicate 1.8 m social distancing which might not be

thus adequate. We demonstrate—for the first time—that evaporation depends on the gradient of the

exhaled air temperature and the surrounding air rather than the ambient temperature itself. Larger

droplets are more affected by the ambient conditions since due to gravity they more quickly leave

the exhaled air cloud. Smaller ones are trapped longer in the exhaled air and evaporate quickly due

to body temperature initial conditions. An additional important finding is that in both events, the

droplet clouds evolve towards lower Stokes numbers supporting the hypothesis for increased aerosol

transmission risk as time proceeds. Our work contributes to the better mapping of the droplet sizes

and transmission route offering information hard to acquire experimentally for their dynamics in

different times. These results help to guide public health policies to reduce the transmission of respi-

ratory diseases, confirming the importance of social distancing to prevent them.

KEY WORDS: sneeze, cough, droplet dispersion, spray, OpenFOAM, Eulerian-
Lagrangian

1. INTRODUCTION

Respiratory infectious diseases, such as influenza, tuberculosis, and severe acute respiratory syn-
drome (SARS), including the recent SARS-CoV-2 coronavirus, pose a considerable threat for the
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life and livelihood of millions of people around the world. Studying the transmission of infec-
tious respiratory diseases is essential to predict and control the transmission of pathogens, such
asMycobacterium tuberculosis which is the leading bacterial cause of death worldwide (Nardell,
2015). Transmission mechanisms remain poorly understood.Respiratory infections are transmit-
ted through saliva droplets of different sizes. Based on theWorld Health Organization’s (WHO)
current terminology (WHO, 2020a), when the droplet particles aredp > 5–10 µm in diameter
they are referred to as “respiratory droplets” while when they are< 5 µm in diameter they are
referred to as “droplet nuclei.” Smaller droplets have the potential for long-range transmission
and they better penetrate the respiratory tract, reaching deeper target tissues within the lungs
(Guo et al., 2020). This is why, although they carry fewer infectious particles, they contribute
greatly to the spread of infectious diseases. The distance which droplets of various sizes can
travel is related to how far droplet-borne diseases can transmit.

Based on this distinction between the properties of exhaleddroplets, the scientific community
considers two main routes for the transmission of respiratory infections. Transmission through
respiratory droplets can occur when a person is in close contact [current guidelines by WHO
(2020b) indicate within 1.8 m] with an infected person who has respiratory symptoms (e.g.,
coughing or sneezing). In such case respiratory droplets that include microbes can immediately
reach the mouth, nose, or eyes of a susceptible person and result in transmission and new in-
fection. The airborne transmission route is different fromdroplet transmission as it refers to any
pathogen that can be transmitted via droplet nuclei (i.e., aerosols), that remain infectious when
suspended in air, usually over greater distances and time.

The characterization of the transmission mechanisms for different pathogens is an open re-
search question and sometimes an issue of controversy. For example, it was initially suggested
by WHO that SARS-CoV-2 was not airborne (WHO, 2020a); however, more recently, the possi-
bility for airborne transmission was reevaluated in various settings, especially indoors (Asadi et
al., 2020; Morawska and Cao, 2020; Smith et al., 2020). One ofthe reasons that this ambiguity
exists is because it is challenging to define in a consistent manner the various respiratory droplet
sizes and how they link to transmission.

A distinction between “small” and “large” droplets is basedon the time that droplets remain
airborne, considering how their trajectory is affected by the dynamics of the surrounding air
instead of dependence on their absolute size (Vuorinen et al., 2020). It has been suggested that
small droplets stay airborne for significantly long times (e.g., tens of seconds to minutes). These
droplets also dry into droplet nuclei very rapidly (tenths of a second). Precise size cutoffs are
affected by the ambient conditions. The importance of ambient ventilation and air flow patterns
has already been investigated extensively in recent years (Feng et al., 2020; Pendar and Passoa,
2020; Vuorinen et al., 2020). For example, under still ambient conditionsdp ≤ 200 µm droplets
could be considered to be “small” enough to contribute to theairborne transmission route given
that their Stokes number is well below 1 and their droplet kinematic timescale is less than the
sedimentation time (Vuorinen et al., 2020). For more discussion about the size limits for a small
droplet, see Xie et al. (2007). The movement of larger droplets, greater than 200 µm, is mainly
determined by gravitational settling and to a lesser extentby the ambient air flow.

Another important aspect not yet fully understood is the effect of ambient temperatures and
humidity on respiratory transmission, and this will be the subject of our work. A number of
epidemiological studies (Lowen and Steel, 2014; Marr et al., 2019) have revealed associations
between, for example, influenza and local conditions of humidity and temperature. It was found
that transmission was more efficient at lower temperatures (5°C) but was reduced at higher tem-
peratures (30°C). Dry conditions [2% and 35% relative humidity (r.h.)] were also found to be
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more favorable for spread than either intermediate (50%r.h.) or high (80%r.h.) relative humi-
dity conditions. In another recent study by Zhao et al. (2020), the authors investigated the prop-
agation of respiratory droplets and aerosol particles generated by speech in a wide range of tem-
peratures (0–40°C) andr.h. (0–92%). The authors concluded that droplets traveled further (up to
three times) in low-temperature and high-humidity environments, whereas the number of aerosol
particles increased in high-temperature and low-humidityenvironments. This was also found to
be the case for the conditions investigated by Feng et al. (2020) using numerical simulations.

Although these studies offer evidence for the temperature and humidity influence on trans-
mission the exact mechanism causing this correlation is still unclear. More specifically it is not
yet understood if this link exists because the microbes are immobilized at certain environmental
conditions or if there is a change in the fluid dynamic behavior of the respiratory droplets carry-
ing the pathogens. During the transmission process, droplets are never of constant size because
they evaporate rapidly. This change in size also changes their dynamic coupling with the sur-
rounding air and potentially their route of transmission. Thus, droplets with “intermediate sizes”
can contribute to either of the previously described mechanisms depending on the changing local
weather conditions. The study proposed here will mainly focus on the droplet dynamics, with
minor considerations on the effect of the particles on the ambient air. In this work, using nu-
merical simulations, we provide novel insight into the history of droplet trajectories produced
by violent exhalation events, such as coughs and sneezes, atvarious temperatures and relative
humidities. We also provide an analysis based on how the transmission mechanism is evolving
due to the change of the size and velocity of the particles following a Stokes number analysis.

2. METHOD

The simulations are performed using the Eulerian-Lagrangian framework. This is the preferred
framework in other similar works in the field of fluid dynamicsof infectious diseases (Busco et
al., 2020; Dbouk and Drikakis, 2020; Pendar and Passoa, 2020; Zhu et al., 2006). The Lagrangian
formulation solves the dispersed liquid phase (saliva droplets), represented by individual parcels,
while the Eulerian formulation solves for the gas field properties within every cell. The liquid
parcels are traced in the Eulerian field and the gas-phase properties at the droplet location result
from the interpolation of the cell properties following theLagrangian particle tracking (LPT)
technique. In the LPT the spray is considered as a discrete phase comprising a large number of
parcels that are transported using Newton’s second law. Theindividual liquid particles’ position
and velocity can be obtained by

dxp

dt
= up and ap =

dup

dt
=

∑
Fi

mp
, (1)

wherexp andup are the particle position and velocity, respectively;
∑

Fi is the sum of all the
relevant forces acting on the particle (e.g., drag, gravitational, buoyancy, pressure forces, etc.);
andmp is the particle mass.

The particle drag forceFD is defined as

FD = CD

πD2
p

8
ρf (ug − up)|ug − up|, (2)

whereDp is the droplet diameter andCD is the droplet drag coefficient for spherical particles
defined as in Putnam (1961).
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The Taylor analogy breakup (TAB) model has been used to simulate the breakup mechanism
of the saliva droplets. The TAB model represents an oscillating and distorting droplet as a mass–
spring–damper system (O’Rourke and Amsden, 1987). In this analogy, the surface tension force
plays the role of the restoring or stabilizing force, the resistance of the “spring” is represented
by the liquid viscosity, and the gas aerodynamic force is thesource of the external destabilizing
force that leads to breakup. The TAB breakup model is valid atall Weber numbers.

The evaporation model used here to account for the effect of the temperature variability
was developed by Zuo et al. (2000), based on the ideal gas assumption. It accounts for the
vaporization of the droplets due to the species dispersion occurring at the droplets’ surface.

The expression for the droplet mass loss is

ṁp = −πDp ShρgDF ln(1+Xr). (3)

Sh is the Sherwood number, a dimensionless number that represents the ratio of convective to
diffusive mass transport. It can also be expressed as a function of the Reynolds and the Schmidt
numbers: Sh= 2+0.6 Re1/2 Pr1/3. The termDF is the diffusion coefficient of the liquid species
andXr is a molar ratio. This ratio accounts for the surface molar fractionXs (based on Raoult’s
law), and the carrier phase concentrationXc, following the formula below:

Xr =
Xs −Xc

1.0−Xs
. (4)

The termXs is the mole fraction of the evaporated liquid in the film surrounding the droplet
surface.

Four different environment temperaturesT have been investigated, 4°C, 16°C, 25°C, and
45°C, with a relative humidity ofr.h. = 30%. ForT = 45°C a condition with a relative hu-
midity of 60% has been also considered, closer to saturationpoint. This humidity is similar
to the one used in the well known experiment of van Doremalen et al. (2020), which assessed
the sustainability of SARS-CoV-2 in aerosols (< 5 mm at 65% of %r.h.). This was one of the
first experiments that showed that SARS-CoV-2 remained viable and infective for at least 3 h in
aerosols and opened the debate on SARS-CoV-2 transmission through long-distance aerosols.
Relative humidity in our study has been imposed as an initialcondition using the Antoine equa-
tion (Thomson, 1946).

3. INITIALIZING COUGHING AND SNEEZING EVENTS

Violent expiratory events release multiphase turbulent clouds that are generally composed of
buoyant hot moist air and suspended droplets of various sizes. When these droplets evaporate
they form droplet nuclei. In this study we will focus on two ofthese events: coughing and sneez-
ing. Setting the initial conditions for these numerical simulations is of paramount importance
for the accuracy of the predictions of the evolving spray dynamics. The two most important
inputs for the simulations are the initial droplet size distributions and the velocity modeling of
the airflow from the mouth. Other parameters are also needed for the simulations as input, such
as the mass of saliva and the mouth area. The modeling is basedon experimental data both for
coughing and for sneezing and the injection is performed in still air ambient conditions. The air
is exhaled at body temperature,Tbody = 36°C, and it is expelled with the velocity vector being
parallel to the ground, with no opening angle. It is important to note that experiments from dif-
ferent authors show discrepancies for the values of these parameters which can also be due to the
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variability of participants’ characteristics. The following sections describe the initial conditions
for coughing and sneezing selected in this study.

3.1 Coughing

Several authors have investigated the coughing process, analyzing the size distribution and the
velocity of the droplets (Bourouiba et al., 2014; Chao et al., 2009; Dbouk and Drikakis, 2020;
Duguid, 1946; Gupta et al., 2019; Scharfman et al., 2016; Xieet al., 2009; Yang et al., 2007;
Zayas et al., 2012; Zhu et al., 2006). There is no general agreement for the cough duration
(which corresponds to the saliva droplets injection), and the airflow velocity. Experiments by
different authors indicate that, on average, a cough lasts between 0.12 s (Dbouk and Drikakis,
2020) and 0.7 s (Zayas et al., 2012). Some authors have reported a duration of up to 1 s (Gao and
Niu, 2006). Here we selected a total duration of 0.3 s, as indicated by Bourouiba et al. (2014)
and Vuorinen et al. (2020), considering also the airflow peakat 0.1 s (Bourouiba et al., 2014).

The airflow velocity has been measured in terms of maximum andaverage speed. Here we
used the values reported by Chao et al. (2009) for male subjects:vC,max = 13.2 m/s andvC,avg =
11.7 m/s. Even if other authors report slightly different values for the maximum airflow velocity,
there is a general agreement for the average velocity valuesin the literature (VanSciver et al.,
2011; Zhu et al., 2006). Accounting for all these data, a time-varying inlet velocity is applied
at the mouth patch for the cough airflow using a parabolic profile of the velocity versus time.
Figure 1(a) shows the modeled velocity for the coughing event.

For the initial droplet size various distributions have also been reported in experimental stud-
ies (Chao et al., 2009; Xie et al., 2009; Yang et al., 2007; Zayas et al., 2012). In numerical
studies the Rosin–Rammler distribution was mostly used (Dbouk and Drikakis, 2020; Pendar
and Passoa, 2020). In our study a distribution based on Chao et al. (2009) has been used for
more realistic representation of the expiratory event. In Fig. 1(b) the modeled initial probabil-
ity density function (PDF) is presented. The mouth patch is modeled as a rectangular surface,
whose area isAmouth,c = 340 [mm2] (Bourouiba et al., 2014; Gupta et al., 2019), considering
a length to height ratio of 8.26, as suggested by Dbouk and Drikakis (2020). The height of the
mouth (i.e., the point of injection) ishm = 1.689 [m]. Regarding the mass of saliva exhaled
during cough, there are relatively big discrepancies reported among different authors, ranging

(a) (b)

FIG. 1: Velocity (a) and initial droplet size PDF (b) for a coughing event. The initial PDF used here (gray
histogram) is based on Chao et al. (2009) experimental findings (black dotted line).
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from 2.2 mg (Zayas et al., 2012) to 22 mg (Xie et al., 2009). We selected the average value 6.7
mg, indicated by Zhu et al. (2006) [also in agreement with Dbouk and Drikakis (2020)], based
on experiments analyzing adult males.

3.2 Sneezing

Sneezing is a more violent expulsion compared to coughing. The velocity of the airflow exhaled
by the sneeze is higher than that of breath and cough. Also, the total number of droplets generated
during the sneeze is larger than that of other respiratory activities (Duguid, 1946). Previous
research (Bourouiba, 2016; Scharfman et al., 2016) has shown that sneezing events result in the
generation of a sheet of fluid that expands and then breaks apart in long filaments that destabilize,
and finally disperses as a spray of droplets. Another interesting aspect of sneezing is that the
breakup process depends to a large extent on the elasticity of the exhaled liquid. It has been
suggested that the more elastic the fluid, or saliva, the longer the fluid travels before breaking
into droplets.

Not many studies have investigated the characterization ofsneezing events in terms of droplet
size distribution and velocity. In Busco et al. (2020) it is reported that the exhalation phase of
sneeze can be separated into two parts. The first part consists of the ejection of aerosols and
saliva droplets, while during the second part the remainingair in the lungs is expelled, for a
total duration of approximately 0.5 s. The saliva droplets injection lasts for 0.2 s, as reported by
Bourouiba et al. (2014) and Scharfman (2016). As for the caseof cough, the peak of the airflow
velocity is expected at 0.1 s (Bourouiba et al., 2014). In ourstudy, the maximum and average
airflow velocity for the sneeze have been selected accordingto Bahl et al. (2020), beingvS,max =
35 m/s andvS,avg = 14 m/s, though, as for cough, there are relevant discrepancies between
different experimentalists for both the maximum and average airflow velocity. Accounting for
the total sneeze duration and the maximum and the average value of the velocity, a time-varying
inlet velocity is applied at the mouth patch for the sneeze airflow using a normal distribution to
model it [see Fig. 2(a)].

The droplets’ initial size distribution is based on experimental data from Han et al. (2013)
with some modifications. The initial distribution used hereis shown in Fig. 2(b). Notice that the
experimental data by Han et al. (2013) show a bimodal distribution with a plateau in the droplets’

(a) (b)

FIG. 2: Velocity (a) and initial droplet size PDF (b) for a sneezing event. The initial PDF used here (gray
histogram) is based on Han et al. (2013) experimental findings (black dotted line).
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distribution within the range 3× 10−4−6 × 10−4 m. Also in Han et al. (2013) the authors do
not report the presence of particles with diameters< 10 µm, while in our model they are taken
into account, according to what has been reported by other authors (Duguid, 1946; Pendar and
Passoa, 2020; Scharfman, 2016).

The mouth patch has been modeled as a rectangular surface, whose sides are 19× 9 mm
corresponding to an area ofAmouth,s = 171 [mm2], which is approximately what was measured
by Busco et al. (2020). The total mass of saliva exhaled during the sneeze was 7.7 mg.

4. NUMERICAL SETUP

The computational domain shown in Fig. 3 consists of nonuniform hexahedral cells,≈ 4× 105,
with total dimensions of 6 m× 1.5 m× 3 m. The mesh was refined at the mouthpatch and
then gradually coarsened in the streamwise flow direction (x direction) with five levels of refine-
ment. As regards the boundaries, the no-slip condition is set on the surrounding walls, except for
the face on the opposite end with respect to the mouth patch, where zero gradient condition is
assigned. Notice that the human body is external to the computational domain.

The Lagrangian particles are injected at the mouth patch setting their initial velocity as zero.
The particles are eventually “pushed out” by the air flow.

Simulations were conducted in OpenFOAM (Jasak et al., 2007), which is a numerical li-
brary employing the finite volume method with second-order spatial and temporal accuracy. A
compressible flow solver is adopted in this study, in which the continuity, momentum, and en-
ergy equations are solved. The convection terms are discretized with a second-order linear dis-
cretization scheme, limited towards a bounded first-order upwind scheme in regions of rapidly
changing gradients, while linear schemes are used for all the other terms. The time derivatives

FIG. 3: Computational domain used: all sides of the domain are set with no-slip condition, except for the
mouth patch, which is the inlet of the exhaled air and the particles of saliva, and the opposite wall (atx =
6 m), where zero gradient condition is assigned
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are discretized using a Crank–Nicholson scheme. Simulations were run using an adjustable time
step, based on the Courant–Friedrichs–Lewy criterion (Courant et al., 1967), setting Comax =
0.3. The subgrid stress tensors were modeled using the Smagorinsky model (Smagorinsky et al.,
1963). Calculations are based on the PISO algorithm, implementing a pressure corrector loop.

5. RESULTS

5.1 Saliva Spray Macroscopic Characterization

Figure 4 shows saliva penetration resulting from sneezing and coughing events in different am-
bient conditions, as well as the evaporated mass of saliva over time. Defining the penetration as
the distance from the mouth which encompasses 95% of the total mass of the liquid droplets, it
can be seen that no major effects are observed varying the temperature and the relative humidity
up to 1.5 s. As expected, since sneeze is more violent than cough, the particles travel further
distances. After 1.5 s we can see a slightly higher penetration for hotter and relatively dry envi-
ronments consistent with previous studies (Zhao et al., 2020). Notice that the saliva penetration
for the cough shows a plateau right after a discontinuity point. This occurs because the bigger
particles tend to follow a ballistic trajectory, move quickly because of their higher inertia, and
eventually hit the ground at a distance which corresponds tothe plateau. On the other hand, the
small particles left behind remain airborne and keep movinguntil they overtake such a distance,
so that the penetration starts to increase again after 1.5 ms.

The evaporated mass is different for coughing and sneezing,since the mass transfer is linked
to the droplet size. Smaller droplets heat quicker than larger droplets and evaporate. The evap-
orated mass for the cough for all cases is higher than the one for the sneeze, due to the larger
population of small droplets characterizing cough.

At the initial stages of the process and for the duration of the events, indicated by the red line
(0.3 s for cough and 0.5 s for sneeze) the ambient conditions play a minor role, while as time

FIG. 4: Spray penetration at different temperature environment and vaporized mass of saliva; the orthogo-
nal lines show the end of air exhalation (at 0.3 s for the coughand 0.5 s for the sneeze)
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progresses more noticeable differences are present. The only important difference at initial times
is that the vaporization rate atT = 6°C,T = 14°C, andT = 27°C is steeper than atT = 45°C
andr.h. = 30%. This can be seen comparing the slope of the evaporated mass in Fig. 4 fort ≤
0.5 s. The lowest evaporated mass for both events for the 2 s duration is noticed atT = 45°C and
r.h. = 60%. For this case humidity is high, closer to saturation, preventing saliva evaporation.
Aside from this case, for latter times for the sneeze the evaporated mass increases with increased
temperature. For cough the link with the temperature is not so clear. For example, att = 2 s at
T = 14°C the total evaporated mass is much higher thanT = 45°C.

To understand the differences in the evaporation between the two events as well as the effect
of the ambient temperatures we must consider that initiallythe droplet clouds are surrounded
by the exhaled air of 36°C. This is why at initial stages the evaporation is similar at all tem-
peratures. Then as the event progresses the air coming from the mouth starts to exchange heat
with the ambient air. The heat transfer process is better illustrated in Fig. 5 where the contour of
T = Tbody = 36°C att = 0.25 s is plotted. For the cases with lower ambient temperatures, the
region of air remaining at 36°C is more limited thanT = 45°C. This indicates that in a colder
environment a higher number of droplets are exposed to a higher gradient of temperature with
respect to the case withTamb = 45°C. This potentially explains why in both events initially the
case withT = 45°C presents lower evaporated mass in comparison to the cases with the same
humidity but lower temperatures. As the mixing processes ofthe exhaled air and the surround-
ings continues (after 1 s) we can see that in both events and regardless of the temperature (aside
from the case ofT = 45°C) the evaporation rate decreased (slope of the evaporated mass) as the
temperature gradients are amplified.

These are important finding since, although in most studies the environmental temperature
is suggested as the controlling factor, our study reveals that the evaporation is controlled by
how quickly the droplets escape the air cloud coming from themouth and how quickly the two
streams of air (the one from the air and the one from the mouth)mix. In our study considering
the surrounding air still we mostly report on the effect of the temperature gradients. However,
in more realistic scenarios the ambient air movement will not only directly affect the droplet
dynamics but also their evaporation, further altering their size.

Other interesting conclusions can be extracted also from Fig. 5. In both events smaller
droplets follow the trajectory of “body temperature” exhaled air stream while larger droplets
are the ones that first become exposed to the ambient temperature environment due to gravity.
This reveals that smaller droplets evaporate mostly under the effect of the exhaled air tempera-
ture while larger droplet evaporation is controlled by the ambient temperature.

FIG. 5: Comparison of the temperature contour plot during cough forT = 45°C,T = 14°C, andT = 6°C
(r.h. = 30%) att = 0.25 s. The black contour encompasses the gas region where the temperature is 36°C.
The particles’ size represents the relative dimension of the droplets of saliva.
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Figure 6 shows the Sauter mean diameter (SMD) for sneezing and coughing. It can be seen
that overall sneezing produces and maintains larger particles. For both events we can see that
as the event progresses in time the SMD becomes higher. This might appear as counterintuitive
given that there is also more evaporated mass generated according to Fig. 4. This trend can be
explained considering that the smaller droplets which initially represent the largest population,
tend to evaporate faster, and eventually disappear, leaving (relatively) bigger droplets within the
domain and causing the mean diameter to increase with time. This also explains why there is
no difference overall in penetration. In fact the penetration reflects that some larger droplets are
traveling further downstream. Such a hypothesis is furthersupported by the observation that for
T = 45°C andr.h. = 60%, the higher humidity causes the droplets to evaporate less (i.e., smaller
droplets survive longer) and thus the SMD remains smaller than at lower humidity. This is of
particular importance because it appears that lower humidity might restrict the airborne mode of
transmission although the traveled distance of the larger droplets is the same.

In sneezing, the average diameter remains rather similar for t ≤ 0.5 s and starts to slightly
increase at later times. On the other hand for cough the SMD starts to increase constantly from
the very beginning of the injection at a higher rate. This canbe explained by looking at the
droplets’ initial distribution in Figs. 1(b) and 2(b). Notice that the population of small droplets
during a cough event is higher than the sneeze (the mode of thediameter is 30 µm and 81 µm,
respectively). These droplets will evaporate faster causing the mean diameter to increase. Further
confirmation of this phenomenon is reported in Fig. 7. Here, the droplet PDF within the domain
during the cough is shown atT = 45°C, with different relative humidity,r.h. = 30% andr.h.
= 60%. The total number of particles as well as the ones with larger diameters decrease as the
ambient conditions (r.h. = 30%) promote vaporization.

5.2 Droplet Cloud Dynamics

In this section we focus in more detail on the droplet cloud dynamics during the two expiratory
events. Although there are differences in terms of ambient conditions, as outlined in the previous

FIG. 6: D32 (SMD) over time calculated at different ambient conditions
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(a) (b)

FIG. 7: Comparison of the droplet diameter PDF within the whole domain at T = 45°C at two different
values of relative humidity during cough

section, the trends are similar and thus we only focus on one of simulated conditions (T = 14°C
andr.h. = 30% for both cough and sneeze). The differences in the dynamics between the two
events are highlighted.

Figures 8 and 9 demonstrate the dynamics of the saliva droplets at the early time (t ≤ 0.25 s)
of ejection from the cough and the sneeze, respectively. Droplet sizes between 0.1 and 1000 µm
are displayed. The coloring has been performed in order to facilitate the distinction of smaller
droplets (blue) that are associated with aerosol transmission and larger droplets (yellow and red)
that can carry more viral load and cause direct contamination. It should also be pointed out
that studies indicate that smaller droplets carry a different viral load depending on their origin
compared to the ones resulting from evaporation of larger droplets carrying more load than the
ones that directly originate from the mouth (Mao et al., 2020). Thus, it is important to investigate
not only their size but their history as well.

Near the mouth a jet profile is observed, which breaks down slowly away from the mouth.
The larger droplets start to fall subject to gravity, while the smaller droplets continue following
the carrier fluid. Here, we also report the H2O (saliva) vapor concentration. We use this con-
tour to represent the spreading of the aerosol (particles smaller than 0.1 µm). In fact, although

FIG. 8: Droplet dynamics including the H2O (saliva) vapor concentration from a human cough. The envi-
ronment is at ambient temperature ofT = 14°C and relative humidity of 30%.

Volume 31, Issue 9, 2021



36 Gerbino et al.

FIG. 9: Droplet dynamics including the H2O (saliva) vapor concentration from a human sneeze. The envi-
ronment is at ambient temperature ofT = 14°C and relative humidity of 30%.

the simulations account only for the presence of water vapor, in reality saliva contains solid
components like salts, cells, and microbes, which form droplet nuclei as the water evaporates.
Cough tends to produce a vapor cloud more concentrated (green is more intense) and less spread
in space, while sneeze aerosols cover longer axial and radial distances. This is consistent with the
fact that cough in general produces more small droplets thatevaporate quickly while in sneez-
ing due to higher initial inertia and larger droplet sizes this process takes more time allowing
the droplets to disperse more before evaporating. We can also see that the vapor concentration
spreads radially at the mouth location as the exhaled air impacts the ambient and also interacts
with the computational domain boundaries. This also causessome droplets (in particular the
smaller ones) to travel in a radial direction with respect tothe mouth; in fact the smaller par-
ticles (dp ≤ 10 µm) tend to follow the fluid motion due to their low inertia,which in terms of
Stokes number indicates the dominance of the advection effects (i.e., the particle “follows” the
gas streamline). Due to their small mass, these droplets evaporate quicker creating a pronounced
vapor cloud around the mouth. The radial spreading described here is caused by initialization
of the particles, with zero velocity, at the mouth patch. When the airflow due to the expiratory
event impacts them, these particles tend to behave as an obstacle and cause the airflow to spread
radially. Also, since the mouth patch is surrounded by wallswith no-slip conditions, the airflow
interacts with them and is forced to recirculate.

The droplet dynamics in longer times can be observed in Figs.10 and 11 which show the
saliva clouds until 2 s. Saliva droplets reach a maximum distance of 1.2 and 2 m for cough and
sneeze, respectively, in the axial direction (from the person’s mouth). The distance and shape of
the clouds observed at this interval are of similar order of magnitude reported in previous studies
(Bourouiba, 2016).

Droplets with sizesdp ∈ [100−1000] µm tend to fall to the ground more rapidly than the rest
of the spray, due to their higher weight and thus the droplet cloud appears to be separated. In the
upper part reside the smaller droplets while in the lower part larger droplets are found. This is
a behavior that is very hard to observe experimentally due toresolution limitations, while CFD
can report the droplet size composition down to droplet sizes of less than 0.1 µm. The deposition
pattern is different between cough and sneeze with cough resulting in particles falling near the
injection point, although with sneeze the particles deposit over a greater distance due to their
higher initial momentum. The cloud of particles within the[10−100] µm range remains in the air
a longer time and they reach longer distances (causing the sudden rise, which is observed, for the
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FIG. 10: Evolution of the saliva cloud for a human cough atT = 14°C and relative humidity of 30%

saliva penetration in Fig. 4). A few droplets withdp ≤ 10 µm are present in the domain, as they
vaporize and eventually disappear quickly forming dropletnuclei. The latter class of particles
could pose a very high risk for disease transmission as they remain airborne for a long time.
Notice in Fig. 10 the population of small droplets withdp ≤ 10 µm, which are kept at the height
of the face untilt = 2 s.

The simulations performed here refer to an environment of still air; hence no disturbances
are accounted for, in terms of wind, airflow, etc., and only gravity affects the droplets. In such
simulated environment, the very small droplets will eventually fall on the ground within a rela-
tively short distance. In reality though, these drops may besuspended and advected by the cloud
of air emitted by the cougher/sneezer just by breathing or moving. Moreover, the ambient con-
ditions influence the buoyancy of the cloud and therefore therange of contamination caused by
its suspended droplets. Changing the buoyancy from summer to winter or indoor conditions can
result in variation of the range of deposition of meters for the large droplets,dp ≥ 100 µm, to
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FIG. 11: Evolution of the saliva cloud for a human sneeze atT = 14°C and relative humidity of 30%

dozens of meters for the smallest droplets and droplet nuclei with dp ≤ 10 µm (Bourouiba et al.,
2014).

The previous analysis indicated that larger droplets follow a trajectory that is relatively unaf-
fected by the flow in the gas phase, while the smaller dropletsare suspended to varying degrees
within the turbulent gas cloud. In order to describe numerically how the droplets would be af-
fected by the ambient conditions and in turn their tendency to follow the gas flow motion, it is
interesting to analyze the particles in terms of Stokes (St)numbers. The Stokes number repre-
sents the ratio of the particle inertia to the advection acting on it. St≫ 1 indicates the dominance
of inertial forces while the carrier fluid has limited influence on the particle motion. For St< 1
the advection effects are more relevant; thus the particleswill mostly follow the fluid motion.
The mathematical formulation of the St is the following:

St=
t0vg
L0

, (5)

wheret0 is the particle relaxation time,vg the gas field velocity magnitude at the particle loca-
tion, andL0 a characteristic dimension, which is taken here as the cell size. The relaxation time
is defined as
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t0 =
ρld

2
p

18µg
, (6)

with ρl the saliva density andµg the air viscosity.
Figures 12 and 13 show the droplet populations in terms of size, velocity, and St. The St

numbers are calculated for each particle within the domain at five different times: 0.025, 0.1,
0.25, 0.5, and 2 s.

At any time only a few droplets have St≫ 1, and these are the bigger ones (dp ≥ 100
[µm]), as expected, since St is proportional to the square ofthe droplet diameter. The majority
of droplets have St∽ 1. This increases the risk of larger droplets behaving as aerosols that not
only stay airborne longer but also curry more viral load. Thesmaller droplets, withdp ≤ 100
µm, have St< 1 at all times. In both events, the particle clouds evolve towards lower St values
(even for larger remaining droplets) indicating an increased risk of aerosol transmission as time
progresses. Also at later times the decrease of the Stokes number indicates that these droplets are
very prone to air disturbances and could be easily moved at far distances by any air movement.

The Stokes analysis brings into the discussion an additional important aspect of the dynamics
of the droplet clouds, which is the sedimentation time. The sedimentation time is defined as

ts =
h

vp
, (7)

whereh is the height of the particle (i.e., itsy coordinate) andvp is the droplet terminal velocity:
vp = t0g. Here g = 9.81 ms–2 (earth gravitational acceleration) andt0 is the droplet relaxation
time defined in Eq. (6) to characterize the St number. Such a timescale represents the exponential
decay of the particle velocity due to drag.

Figure 14 provides the sedimentation time against the droplet size. It indicates that in still
air conditions particles withdp ≤ 10 µm remain airborne for more than 30 min. Asdp reduces

FIG. 12: PDF of the droplet diameter and scatter plot of diameter vs. velocity vs. St for a cough at four
different time steps.T = 14°C,r.h. = 30%.
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FIG. 13: PDF of the droplet diameter and scatter plot of diameter vs. velocity vs. St for a sneeze at four
different time steps.T = 14°C,r.h. = 30%.

FIG. 14: Sedimentation time for cough and sneeze calculated at 2 s.T = 14°C,r.h. = 30%.

to 1–3 µm,ts is on the order of tenths of hours, which means that these droplets will eventually
evolve into droplet nuclei before reaching the ground. The main difference between cough and
sneeze is that for cough there is a wider population of particles which tend to be airborne, due to
their small size.

In practice, turbulent flow transports droplets upwards anddownwards keeping them sus-
pended in air for sometimes longer, sometimes shorter periods of time than predicted byts.
Note also that the droplet terminal velocity,vp, does not account for the presence of buoyancy
force, which could further delay the droplets’ sedimentation. Since Bourouiba et al. (2014) have
observed buoyancy effects during coughing and sneezing events, this phenomenon is likely to
increasets.

5.3 Discussion and Comparison with Experimental Work

To put the simulations presented above into a more realisticcontext, the simulation results were
compared with the experiments from Bourouiba et al. (2014).The simulation and experimental
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conditions are similar although not identical. The experiments were performed using a high-
speed camera forT = 23°C andr.h. = 19.1% (Bourouiba et al., 2014), while the simulations
refer toT = 27°C andr.h. = 30%. Another difference is that no initial spray angle has been
used in the spray simulations, which is expected to cause some discrepancies to the area close to
the mouth in terms of spray dispersion. Finally, for cough the duration of the event and the peak
are at the same time although the exhalation velocity and droplet size profiles at the mouth area
might be different, since this information was not reportedin the experimental study.

Figures 15 and 16 compare the saliva cloud evolution obtained from our simulations and the
experiments from Bourouiba et al. (2014), for cough and sneeze, respectively. The particle size
shown in both these figures for the simulation results represent the relative size of the droplets
ejected, while the contour represents the concentration ofH2O (i.e., saliva) vapor. In Fig. 15,
for the cough event, a shorter cloud penetration is predicted by the simulations. Simulation and
experiments agree qualitatively demonstrating larger particles close to the mouth, while smaller
particles are ejected further away.

In Fig. 16 for the sneezing event, in the first time instances the effect of the spray angle
is evident and the droplets in the simulations appear to disperse less. Simulations showed that

(a)

(b)

FIG. 15: Saliva cloud evolution of a cough and relative droplet size spatial distribution obtained from
simulations, forT = 27°C andr.h. = 30% (a). High-speed images of a cough recorded by Bourouiba et al.
(2014) atT = 23°C andr.h. = 19.1% (b).
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(a)

(b)

FIG. 16: Saliva cloud evolution of a sneeze and relative droplet sizespatial distribution obtained from
simulations, forT = 27°C andr.h. = 30% (a). High-speed images of a sneeze recorded by Bourouibaet
al. (2014) atT = 23°C andr.h. = 19.1% (b).

droplets att = 0.34 s traveled further than what was experimentally observed. Fort ≥ 0.15 s
particles have a similar trajectory, though the cloud morphology is different. In the simulation
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the large droplets immediately fall down under the effects of gravity and the smaller ones travel
in the sneeze direction. Experimental observations show that large particles are ejected further
downstream fort ≈ 0.161 s, while the particle populations differentiate intotwo different smaller
clouds. An important difference to note here, in particularfor sneezing, is that we have not
considered the head movement, which could enhance the droplets’ trajectory, as outlined by
Busco et al. (2020). To the best of our knowledge, Busco et al.(2020) are the first to report
the effects of head motion for sneeze simulation, demonstrating significant differences with the
conventional model with fixed head. Though Scharfman et al. (2016) suggested that the head
motion has negligible effects on the timescale of droplet formation and ejection, and considering
that in other numerical studies the head motion has not been accounted for [as in Gao and Niu
(2006) and Pendar and Passoa (2020)], we decided to use the fixed head setup to make the
simulations consistent (and comparable) with cough.

Simulations were also compared to the experiments in terms of particle trajectory for both
cough and sneeze (Figs. 17 and 18). In these figures, the experimental control volume is high-
lighted in green and the trajectories of the largest droplets are included. The color scheme is the
one used for the simulation results in Figs. 10 and 11. In general, the behavior observed in the ex-
periments is well captured by the simulations for both coughand sneeze. The main discrepancy
is in sneezing and relates to the spray angle close to the mouth.

FIG. 17: Trajectory of the saliva droplets for a human cough atT = 27°C and relative humidity of 30%.
The cloud encased in the dotted square is adapted from the experimental results obtained by Bourouiba et
al. (2014); such a square region corresponds to their control volume. Note that in Bourouiba et al. (2014)
the experimental conditions areT = 23°C andr.h. = 19.1%.
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FIG. 18: Trajectory of the saliva droplets for a human sneeze atT = 27°C and relative humidity of 30%.
The cloud encased in the dotted square is adapted from the experimental results obtained by Bourouiba et
al. (2014); such a square region corresponds to their control volume. Note that in Bourouiba et al. (2014)
the experimental conditions areT = 23°C andr.h. = 19.1%.

For cough, the experiments indicate that the droplets of saliva follow a straight trajectory
with a downward angle. On the other hand, the droplets tends to follow a slightly parabolic
trajectory in the simulations. In terms of spreading of the trajectories, the experiments and sim-
ulations are in agreement. As indicated by Bourouiba et al. (2014), the shape of the trajectories
suggests a ballistic path for the larger droplets whose dynamics are not greatly affected by the
cough cloud. For sneeze, the trajectories obtained by the simulations match well the experimen-
tal observations. The droplets tend to follow a parabolic trajectory and this is well captured by
the numerical particles. However, the experiments indicate a wider spreading of droplets right
at the mouth exit, as in a “spray cone.” Also, the simulationsdo not provide particles moving in
the upward direction. The presence of such droplets in the experiments can be related to several
factors which are not included in the simulations performedhere. In fact, the mouth shape during
cough, as well as the position of the lips and tongue, could affect the trajectory of the droplets of
saliva and are very different for each person.

6. CONCLUSIONS

This paper provides new insight into the effect that ambientconditions, more specifically tem-
perature and humidity, have on the time evolving dynamics ofthe droplet cloud exhaled during
coughing and sneezing. A thorough review of the literature was initially presented to explain

Atomization and Sprays



Evolving Droplet Dynamics at Various Ambient Environments 45

the selection process of the initial exhalation conditionsfor droplet distribution, velocity, mouth
patch size, and exhalation duration. In Eulerian-Lagrangian simulations, as the ones performed
here, the input parameters considerably affect the accuracy of the results and thus we suggest
that it is an aspect of the numerical studies that should be always thoroughly reported when these
simulations are used to provide guidelines for social distancing.

Our numerical observations show that regardless of the ambient temperature, the traveled
distance of the droplets in sneezing is longer than in coughing. In terms of evaporation rate,
for both cough and sneeze, the saliva shows a varying trend with respect to time in respect to
ambient conditions. It is unaffected during the events’ duration but shows higher sensitivity to
the ambient conditions as time passes by and the droplets change in size. Overall, the evaporation
dynamics were found to depend considerably on the initial droplet dynamics and the temperature
gradient between the exhaled air and the ambient conditions.

In terms of cloud dynamics we observed that near the mouth both droplets and the exhaled air
follow a jet profile which breaks down slowly away from the mouth. Due to the difference in the
Stokes number, particles with different size are subject todifferent processes. The larger droplets
start to fall subject to gravity, while the smaller dropletscontinue following the carrier fluid. The
deposition pattern is different between cough and sneeze with cough resulting in particles falling
near the injection point although with sneeze the particlesdeposit in greater length due to their
higher initial momentum.

In order to numerically describe how much the droplets wouldbe affected by the ambient
conditions and in turn their tendency to follow the gas flow motion, we also analyzed the particles
in terms of Stokes numbers. For both events, the particle clouds evolve towards lower St values
indicating the increase of aerosol transmission as time progresses. We also included an analysis
for the sedimentation time which revealed that in conditions of still air particles withdp ≤ 10 µm,
the particles tend to remain airborne for more than 30 min. Asdp decreasests becames on the
order of tenths of hours, which indicates that these droplets will eventually evolve into droplet
nuclei before reaching the ground. The main difference between cough and sneeze is that for the
cough there is a wider population of particles which tend to be airborne; their small size indicates
the higher risk of airborne transmission by coughing event.

Finally a comparison with experimental data from a previousstudy was performed which
indicated a qualitative agreement of the findings, even though there were also noticeable differ-
ences underlying the importance of the well defined initial conditions. Several aspects indicated
a general agreement between the physical experiments and the simulations. Further experiments
are needed to better quantify certain aspects of violent andnonviolent expiratory events, in light
of the data variability among different experimentalists.It is important to underline that saliva is
a non-Newtonian fluid and it has a very variable density and viscosity, depending on the patient,
as well as their health conditions. Neglecting this aspect is a limitation of the current model and
it needs to be addressed in future studies.

More clarity could inform public health measures designed to reduce the spread of respira-
tory infections, particularly in enclosed spaces.
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Abstract
The Eulerian-Lagrangian approach is widely employed for spray simulations in various applica-
tions ranging from transportation systems to environmental flows. Traditional implementations
of this technique are based on the assumption that the liquid droplets are spherical. This as-
sumption is unphysical for several applications that droplets vary in shapes. The droplet shape
and more specifically the droplet surface affects phenomena like evaporation and drag and
consequently the droplet dynamics. Eulerian-Lagrangian simulations have been widely used in
the modelling of infectious diseases. Experimental observations on respiratory droplets have
shown that during a violent expiratory event, a sneeze, the exhaled saliva forms ligaments of
various sizes. Since the shape of the droplets affects the evolution of the spray which in turn
determines how far infectious droplets can travel, it is necessary to overcome the spherical
assumption limitation in computational models. A novel spray model able to account for the
droplet deformation is being developed and it is used in this paper to analyse the droplet de-
formation during a sneezing event. Results are compared to experimental observations. Such
a new model can also be applied to spray injection within ICE or in jets in crossflow relevant to
gas turbines.

Keywords
Eulerian-Lagrangian Simulations, Respiratory Droplets, Surface Density

Introduction
Sprays are of great interest in a wide range of applications. Their modelling has been based
on two different approaches. The first one is the Eulerian–Lagrangian (EL) approach, in which
the dispersed liquid phase is solved using a Lagrangian formulation, tracking individual droplet
parcels and interpolating the gas-phase properties at the parcels locations. The second ap-
proach follows the Eulerian–Eulerian (EE) two-fluid methodology, treating different size classes
of droplets as separate and inter-penetrating phases and solving conservation equations for
each one of them. Though the EE framework can give more accurate results since it can pro-
vide predictions for any liquid structure in terms of shape, it requires a high computational cost.
The EL offers a compromise in terms of computational cost and accuracy which justifies its
widespread (and almost exclusive) use for large scale industrial internal combustion engines
and gas turbine simulations, reproducing the global spray behaviour reasonably well. More
recently the EL approach has also been used in biomedical applications. In particular, it has
been used to investigate the transmission of respiratory infections by means of the mucosali-
vary droplets exhaled during violent expiratory events [1, 2], as well as by talking. The main
limitation though of EL implementations is the spherical droplet assumption, which can lead
to inaccuracies in the predictions of trans-critical and super-critical conditions where highly
distorted droplets are present [3] or in set-ups such as cross flow jets where non spherical
ligaments are present [4].
In this paper, a novel spray model able to account for the droplet deformation (based on the
concept of the surface density approach[5]) has been developed within OpenFOAM. The model
is capable of characterising the Lagrangian particles in terms of droplets geometry, in order to
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account for the surface and the elongation of the particle alongside their volume. Being able to
model non-spherical droplets with the EL framework, means that we can predict the presence
of ligaments and elongated structures, as well as flattened liquid structures, such as "bag-
shaped", "lens-shaped" and "spheroid" droplets in the flow. Eventually this can lead to more
accurate characterisation of the the forces acting on the droplets and to improve several spray
processes, such as droplets evaporation, drag force and droplet break-up.
This new spray model is applied here to study respiratory droplets exhaled during a sneeze.
Respiratory droplets are linked to respiratory infections such as influenza, tuberculosis and se-
vere acute respiratory syndrome (SARS), including the recent SARS-CoV-2 coronavirus. Ex-
perimental observations suggested that the exhaled droplets from various routes (speaking,
coughing, sneezing) are not always spherical and thus simple EL frameworks used in previ-
ous studies might not be accurate. The formation of ligaments and sheets of saliva has been
more pronounced during sneezing events[6]. Such structures undergo rapid fragmentation into
smaller droplets after 100 ms. Hence, the characterisation of the droplet shape is important
as it provides information on the break-up and vaporisation of the particles of saliva exhaled
during a sneeze. This, in turn can provide a better characterisation of the population of the
saliva particles in terms of droplets size, determining the route of transmission of the infectious
disease. To our knowledge this is the first numerical investigation of the droplet shape produced
by sneeze.

Numerical Modelling
Lagrangian Particle Tracking method
In the Lagrangian description of fluid flows, individual fluid particles are described by means of
their properties (positions, velocities, etc.) as a function of time. Position vectors and velocity
vectors are shown at one instant of time for each of these particles. As the particles move in
the flow field, their positions and velocities change with time. The Lagrangian Particle Tracking
(LPT) technique is commonly used in spray simulation. The spray is considered as a discrete
phase comprising of a large number of parcels that are transported using Newton’s second law.
The basic equations of motion for the LPT method have been described in detail in our previous
work [7].

The Eulerian-Lagrangian Particle Surface Approach (ELPSA)
The application of the Particle Surface Approach in the Lagrangian framework is based on the
analogy of an oscillating and distorting droplet as a spring-mass-damper system. A parameter
delta is calculated for every particle to describe the deviation from the spherical shape. The
spherical deviation, δ (or "deformation factor"), helps to distinguish between ligament and lens
shaped particles, affecting the break-up mechanisms. We assume that δ is negative for liga-
ments and positive for flattened droplets. Using the deformation factor we can then calculate
the particle surface, which affects the vaporisation rate and the drag characteristics of the liquid
structures.

The first assumption to model non-spherical droplets is to distinguish the geometrical charac-
teristics of ligaments and flattened liquid structures. The assumptions made here is to consider
the ligaments as "bullet"-shaped droplets and the flattened structures as lens-shaped droplets
as shown in Fig.1.
As that same particle is subjected to different ambient conditions and/or forces, considering
there is no vaporisation and/or breakup, its shape could change but its mass, and in turn its vol-
ume, remains constant. Being VSph the volume of the particle, we can name rsph the radius of
the particle when it is spherical, which is provided by the numerical initialisation of the particle.
The ligament and lens shaped particles are then characterised by two parameters, r and h,
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Figure 1. Geometrical shapes of the liquid droplets for the ligament, spherical and lens configuration.

that are both functions of rsph and δ. We can now describe the particle radius as:

r = (1 + δ)rSph (1)

Based on the first assumption we made, we have:

rLigament ≤ rSph ≤ rLens (2)

Notice that since r is a positive real number δ must be δ > −1. With the deformation factor we
can now distinguish between ligament, lens and spherical shape, having:

δ =




−1 < δ ≤ 0 ⇒ r = rLigament
δ = 0 ⇒ r = rSph
δ ≥ 0 ⇒ r = rLens

(3)

The height of the particle, h, is obtained from simple geometrical considerations. Two distinct
equations are derived for h, one for each shape, which are function of rsph and δ: hLigament =
hLigament(rsph, δ)andhLens = hLens(rsph, δ).
Hence we have:

δ =

{
−1 < δ ≤ 0 ⇒ h = hLigament h ≥ 0
δ ≥ 0 ⇒ h = hLens 0 ≤ h ≤ rLens (4)

Two equation for the particle surface area are then obtained, one for the ligament and one for
the disc-shaped particle:

SLigament = SLigament(r, hLigament) (5)

and

SLens = (r, hLens) (6)

Notice that if δ = 0, both the surface equations provides the same surface area, which is the
surface of a spherical particle.

Calculation of The Droplet Deformation Factor
The δ is calculated within the LPT model using the Taylor-Analogy between an oscillating and
distorting droplet and a spring mass system, similarly to the TAB model [8]. Here the surface
tension and the viscosity play an important role on the droplets shape. The surface tension,
σ, affects the resilience of the droplet; σ opposes to deformation and forces the liquid surface
to have the minimum area possible. The viscosity of the droplet, µl, determines the "ductlity"
of the liquid structures, that is the ability of the liquid particles to deform without breaking into
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smaller droplets; as µl increases the liquid particles can stretch and distort more extensively.
The equation to solve is:

d2δ

dt2
=
cf
cb

(
ρ

ρl
)(
v2slip
r2Sph

)− ckσ

ρlr
2
Sph

δ − cdµl
ρlr

2
Sph

(
dδ

dt
) (7)

the terms on the RHS are respectively:

• The aerodynamic drag (external forces):
cf
cb

(
ρ

ρl
)(
v2slip
r2Sph

);

• The surface tension effect (spring):
ckσ

ρlr
2
Sph

δ;

• The viscosity effect (damping):
cdµl
ρlr

2
Sph

(
dδ

dt
).

The model equation to be solved for the "distortion factor" is:

δ = We+ exp(
−∆t

td
)[δ0cos(ω ·∆t) +

δ̇0
ω
sin(ω ·∆t)] (8)

where We =
ρlu

2
prSph

σ
(

1

Wecrit
), td =

2ρlr
2
Sph

cdµl
, ω2 =

ckσ

ρlr
3
Sph

− 1

t2d
, δ0 = δ −We, δ̇0 = δ̇ +

δ0
td

;

with Wecrit = 12, cd = 5 and ck = 8 are model constant (these value are set as the TAB model
default[8]).

A similar approach has been implemented by Nguyen et al. [9] to account for distorted droplets
in the ECN spray A in trans critical conditions. The authors indicate that correctly account-
ing for the droplet shape leads to lower drag coefficients and enhanced evaporation of highly
distorted droplets. In term of macroscopic quantities, there are improvements in liquid length
prediction[9].

Initialisation of the Sneezing
Sneezing is a more violent expulsion compared to coughing. The velocity of the airflow exhaled
by the sneeze is higher than that of breath and cough. Previous research [6, 10] has shown
that sneezing events result in the generation of a sheet of fluid that expands and then breaks
apart in long filaments that destabilise, and finally disperses as a spray of droplets. Another
interesting aspect of sneezing is that the break up process depends to a large extent on the
elasticity of the exhaled liquid. It has been suggested that the more elastic the fluid, or saliva,
the longer the fluid travelled before breaking into droplets.
Not many studies have investigated the characterisation of sneezing events in terms of droplet
size distribution and velocity. In Busco et al.[11] it is reported that the exhalation phase of
sneeze can be separated into two parts. The first part consists of the ejection of aerosols and
saliva droplets, while during the second part the remaining air in the lungs is expelled, for a
total duration of approximately 0.5s. The saliva droplets injection lasts for 0.2s, as reported
by Bourouiba et al. [12] and Scharfman et al.[13]. As for the case of cough, the peak of
the airflow velocity is expected at 0.1s [12]. In our study, the maximum and average airflow
velocity for the sneeze have been selected according to Bahl et al.[14], being vS,max = 35m/s
and vS,avg = 14m/s. Though, as for cough, there are relevant discrepancies between different
experimentalists for both the maximum and average airflow velocity. Accounting for the total
sneeze duration and the maximum and the average value of the velocity, a time-varying inlet
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a b

Figure 2. Velocity (a) and initial droplet size PDF (b) for a sneezing event. The initial PDF used here (blue area) is
based on Han et al. [15] experimental findings (red line).

velocity is applied at the mouth patch for the sneeze airflow using a normal distribution to model
it (see Fig.2a).
The droplets initial size distribution is based on experimental data from Han et al. [15] with
some modifications. The initial distribution used here is shown in Fig. 2b. Notice that the
experimental data by Han et al. [15] show a bi-modal distribution with a plateau in the droplets
distribution within the range 3x10−4÷6x10−4 m. Also in Han et al.[15] the authors do not report
the presence of particles with diameters < 10µm, while in our model they are accounted,
according to what has been reported by other authors [16, 13]. The mouth patch has been
modelled as a rectangular surface, whose sides are 19x9 mm corresponding to an area of
Amouth,s = 171[mm2], which is approximately what was measured by Busco et al.[11]. The total
mass of saliva exhaled during the sneeze was 7.7 mg.

Results and discussion
Results from the simulation are compared to the experimental data in terms of morphology
and velocity. The experimental observations have been obtained by Scharfman et al. [6] using
high-speed camera in the very first milliseconds of the sneeze, providing an insight into the
fragmentation process of the saliva structures exhaled. High-speed camera have been also
used by Bhal et al. [14], in a different set of experiments, to measure the velocity of the droplets
by the Particle Tracking Velocimetry (PTV) method.
Figure 3 shows a comparison of the exhaled droplets of saliva obtained by the experiments of
Scharfman et al. [6] to the Lagrangian particles obtained by the simulation. Notice that the
spreading of the Lagrangian particles depends on the initialisation of airflow exhaled from the
mouth, and it is not related to the implementation of the ELPSA model which explains some of
the discrepancies in terms of sreading observed here.
We remind that the quantity δ represents the deformation of the particles, which is calculated
implementing the ELPSA model. Note that blue represents the ligament-like droplets, while the
red particle are the lens-shaped droplets. Referring to the simulations, δ = 0 for most of the
particles, meaning they are spherical (see eq.3). The model predicts distorted droplets in the
vicinity of the mouth. Although the experiments show many ligaments are formed, in particular
at 0.021 s, the ELPSA model exhibits only some of those features. The model predicts a high
number of disc-shaped droplets, which represent the flattened liquid structures in that same
region. The lower population of ligaments indicates a deficiency of the ELPSA model to capture
the local condition of the flow and to model the deformation into ligament accordingly.
To get better insight for the area close to the mouth, in Fig.4 a close-up of the liquid structures
provided by [6] is shown and compared to the particle deformation provided by the ELPSA
model at t = 0.04s
For this area the ELPSA model is able to capture the flattened sheet of saliva which has been
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Figure 3. On top the experimental visualisation on the first stages of a sneeze adapted from [6]; on bottom the
Lagrangian particle provided by the numerics.

Figure 4. On the left hand side the liquid structures observed by Scharfaman et al. at 0.04 s [6]; on the right hand
side the Lagrangian particle deformation obtained using the ELPSA model at 0.04 s.

experimentally observed and which is represented by the high concentration of the red par-
ticles (lens-shaped droplets). On the other hand the model under-predicts the presence of
ligaments (blue particles). Several ligaments have been experimentally observed in the first
stages of the sneeze, from 0.008 s to 0.04 (see also Fig.3), though the numerical model tends
to underestimate their number.
A further comparison to the experiments has been made in terms of droplet velocity. Such a
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parameter is important as it determines the droplet conditions, in particular its Weber number,
also affecting the droplet deformation (see Eq.8). Figure 5 shows the comparison of the droplet
velocity obtained using the PTV by Bhal et al. [14] and the velocity of the Lagrangian particles
obtained from the simulations.

Figure 5. On the RHS: experimental observation of droplet velocity (adapted from [14]); on the LHS: Lagrangian
particle velocity obtained from the simulations.

In general, simualations are able to quantitatively capture the droplet velocity. Bhal et al. [14]
report that almost 80% of the droplets travel at velocities slower than 5 m/s, while less than
1% of the droplets expelled travel at velocities greater than 10 m/s. Though, it is important to
notice that experimental observation of violent expiratory events from different authors show
discrepancies for the values of several parameters, also due to the variability of participants
characteristics. Such discrepancies also regards the droplet velocity [14]. A relevant difference
between experiments and simulations is the region of maximum velocity of the droplets. While
experiments shows that the particle with maximum velocity are located 0.15-0.2 m from the
mouth, the simulations provides the maximum velocity closer to the mouth, 0.05-0.1 m down-
stream the mouth.

Conclusions
In this paper we presented and implemented in OpenFOAM a new model, the ELPSA model,
within the Lagrangian methodology to capture the particle deformation during a sneeze. We
investigated the details of the ejection of salivary fluid subject to an unsteady violent sneeze-
induced turbulent flow. A direct comparison to the experimental observation shows that the
model is able to capture some of the feature of the exhaled saliva structures, from a qualitative
point of view. In particular the numerical model shows the presence of a disc-shaped droplets,
which represent the thin film of fluid formed right at the mouth exit. Though, on the other
hand the presence of ligaments is under-predicted by the ELPSA model which indicates that
further modificaitons in the model are required. Being able to predict the presence of ligaments
or flattened liquid structures is a big step forward with respect to the assumption of spherical
Lagrangian particles. The shape of the particles affects several aspect of the droplets dynamic,
such as the drag, the vaporisation and the break-up. The application of such a numerical
tool to expiratory droplets is of paramount importance to investigate the route of transmission
of respiratory infectious diseases. This is affected by the size of the droplets generated by
sneeze and in turn by the atomisation due to the subsequent break-up. In fact, while the
flattened particles should be affected by bag or catastrophic breakup (generating a cloud of very
small particle, relatively to the parent droplet); ligaments are more likely to undergo vibrational
breakup, (generating droplets whose size is roughly the ligament diameter). Hence it is possible
to capture the generation of respiratory droplets and droplet nuclei. These aspects as well as
the further model calibration will be performed in future investigations.
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Abstract

As the concern for the environment is increasing and the regulations around harmful emissions

are becoming more strict, novel Internal Combustion Engine (ICE) concepts are becoming an

absolute necessity in order to keep high thermal efficiencies while reducing the pollutant emis-

sions. Moving towards more radical engine designs based on novel thermodynamic cycles

comes also with the lack of knowledge and understanding of the physical phenomena involved

in the combustion process. As experimental activities have time and cost implication, Compu-

tational Fluid Dynamics (CFD) is becoming a promising tool for virtual design of future energy

systems. In this paper we demonstrate the role CFD can play in future engine design, using as

a basis the Split Cycle engine, a novel ICE concept based on separating the compression and

the combustion stages. A prototype, under development by Ricardo Innovation, offers a poten-

tial breakthrough reducing both CO2 emissions and the fuel consumption. The CFD analysis

presented here focuses on the injection strategy of such engine, as it differs from conventional

Diesel engines and potentially holds the key of the performances of this device.

Keywords: CFD, Split Cycle Engine, Impinging Jet, Crossflow

1. Introduction

During the last two decades, there is an increasing concern in power and transportation sec-

tor regarding environmental and energy issues. ICEs are still the main devices used in land

transportation, however they are slowly being replaced by batteries in small vehicles. Though,
1



low power densities typical of batteries are not suitable for long range mobile applications, as

trucking industry. Due to this, engine manufacturers are focusing on new strategies and design,

in order to reduce the pollutant emissions to near zero levels, keeping high thermal efficiency

[1]. Concerning the energy balance of ICE, more than half of the input energy is lost as waste

heat. Hence, recovering such heat and converting it to useful work would improve the overall

engine efficiency up to 45 − 50% [2]. Further improvements to efficiencies require a funda-

mental change to the ICE cycle. The Recuperated Split Cycle Engine (RSCE) is a concept

developed initially at Ricardo in 1908 and the subject of active R&D by Ricardo Innovation

for approximately ten years. Thanks to its entirely new approach to combustion, it is a poten-

tially game-changing engine technology, offering significant reductions in engine-out emissions

without compromising efficiency . The prototype currently under development by Ricardo In-

novation offers a potential breakthrough, reducing CO2 emissions by approximately 30% and

saving 20% in operating fuel costs[3]. Figure 1 shows the split cycle schematic and its stages

of operation.

Figure 1: Schematic of the split cycle engine and its stages (a); conceptual representation of the air and
fuel injection into the cylinder (b) (adapted from[3]).

Experimental tests for RSCEs are in their early stages. Hence, the actual physical phenomena

involved within the combustor, affecting the fuel injection and mixing, have not been widely in-

vestigated and understood. Moreover, because of the harsh and extreme environment within the

combustion chamber, experimental tests and direct observations are not always feasible. Thanks

to the increasing computing capabilities, numerical simulations are the most promising way to

study the flows within ICEs, being more cost and time-effective than experimental facilities.

The challenge is that the simulation accuracy depends on the reliability of the virtual tools,

requiring rigorous validation over a wide range of operating conditions. The currently available
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quantitative data are based on lab-scale experiments representing isolated operating conditions,

at fixed pressures and temperatures. In a real engine, where the piston is moving, a range of

these conditions is present simultaneously. As regards novel ICE concepts, further levels of

complexity are present. In fact, within RSCE, an air jet is injected in the combustion cylinder at

high pressure and velocity (up to 100−200m/s [3]) causing shock waves and impinging the fuel

jet. Injecting the fuel against a high velocity air jet causes unusual fuel-air interactions, since in

conventional ICEs the fuel is injected in a "static" environment (with very low air velocities). It

is expected that the presence of shock waves affects both the mixing and the spray atomization.

In the current work we use numerical simulations to provide insight on the physical phenomena

involved in these condition. In the next sections we will briefly discuss the numerical set up and

the CFD models used, then we will present the numerical results that show how the impinging

jet dynamics affect the mixing process.

2. Numerical setup and validation

To keep an acceptable compromise in terms of computational time and accuracy (resembling

industrial purpose CFD), the Reynolds Averaged Navier Stokes (RANS)/Eulerian-Lagrangian

approach is used here. In such method, the liquid phase is treated using the Lagrangian particle

tracking, while the gas phase is modelled using the Eulerian framework. Initially the code

has been validated in a simpler configuration against the experimental cases documented by the

Engine Combustion Network (ECN)[4] for Spray A in inert conditions. The input conditions are

reported in table 1 and they correspond to conditions close to standard Diesel engine conditions.

Figure 2a shows the setup for Spray A.

Table 1: Operating condition of spray A

Ambient properties Spray properties
Pressure: pamb = 6MPa Single hole Injector: dinj = 90µm
Temperature: Tamb = 900K Fuel: N-dodecane
Density: ρamb = 22.8kg/m3 Injection pressure: pinj = 150MPa
Inert condition: 0%O2 Inj. temperature: Tinj = 363K

After a thorough sensitivity analysis, the optimum mesh cell size for RANS simulations is

found to be 0.25mm [5]. As regards the spray droplets atomization, the Reitz-KHRT break-up

model is used, as it is the most commonly used for diesel-like fuels as N-dodecane [6]. Both

the optimum mesh size and the break-up model coefficients, have been selected, validating
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Figure 2: Schematics for the simulations of: ECN spray A case (a) and the crossflow case (b).

the results against the ECN experimental data. Such numerical set up is used here for the

investigations on the impinging jet, as no experimental data are available for such case. The air

inlet is represented by a square hole of 5x5mm and three different cases are compared varying

the air inlet velocity, setting v = 0 (no cross-flow, similar to ECN Spray A), 30 and 100m/s.

The injection point is moved closer to the air inlet. Figure 2b shows the schematics of the

crossflow case. Notice that v = 10 − 30m/s are typical velocities observed in conventional

ICEs, while in RSCE velocities in the range of 100 to 200m/s are predicted [3].

3. Results and Discussion

Comparison between the three cases, varying the air inlet velocity, shows that although there

aren’t major differences between the case with 0 and 30m/s, the effects of the crossflow became

much more important as v = 100m/s. Figure 3a demonstrates the fuel vapour distributions for

t = 0.0005s (i.e. as the liquid jet reach its stationary length). As v = 100m/s the vapour mass

fraction gets more dispersed, and it is possible to observe some oscillations on the vapour front

facing the air jet. These oscillations can be better explained observing the pressure field.

Looking at the pressure field in Fig. 3b, the first two cases are similar and pressure oscillations

(potentially shock waves) appear around the injection point. On the other hand for v = 100m/s

a noticeable pressure rise occurs along the entire leading edge of the liquid jet, followed by

a much lower pressure region. Such a behaviour indicates that as the crossflow contacts the

liquid jet a shock wave occurs in that region. Pressure waves can be observed as well further

up the liquid jet tip, explaining the oscillations in the vapour mass fraction field. Another

parameter shown here, relevant for the fuel-air mixing, is the vorticity. Once again, there aren’t

major differences between the case without crossflow and with v = 30m/s. In fact, looking
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Figure 3: Simulations outcomes for different air inlet velocity at t = 0.0005s: fuel vapour mass fraction
(a); pressure field (b); vorticity streamlines (c)

at Fig.3c which reports the vorticity streamline, it can be seen that as the crossflow velocity is

0 and 30m/s the vorticity is kept confined around the liquid jet (the black particles), while as

v = 100m/s it extends downstream the jet, indicating a higher mixing occurring in that region.

Figure 4: Simulations outcomes for the Lagrangian particle: Sauter mean diameter and maximum
diameter as a function of time (a); droplets diameter distribution at t = 0.0005s for different v (b);

liquid jet morphology at t = 0.0005s for different v(c).
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Notice that these effects are observed on the Eulerian field as the crossflow velocity gets higher,

but there aren’t major effect on the the liquid parcels, with the exception of their trajectory de-

viation, as shown in Fig.4. Analysing the spray droplets diameter, the droplets size distribution

remain the same for all the cases (Fig.4a and b). Moreover Fig.4c shows there aren’t ligaments

or smaller droplets on the trail of the liquid jet, downstream the crossflow (as proposed in [7]).

This indicates a certain inadequacy of the Lagrangian approach used here for the liquid jet char-

acterization, in particular as regards the spray break-up model. In fact, the Lagrangian particle

behave, to some extent, independently from the surrounding Eulerian field.

4. Conclusion

In this paper we demonstrate how a virtual design tools can support the development of fu-

ture engine concepts, also when experimental data are not available, using a case relevant to

industrial interest (a novel ICE concept). Numerical simulation performed here prove that, in

conditions relevant to the RSCE, unusual physical phenomena may affect the fuel-air mixing

and the spray atomisation process, with respect to conventional injection conditions. The pres-

ence of a high velocity impinging jet implies the occurrence of shock waves, as well as a more

distributed viscosity field, which extends further downstream the jet region. The numerical

coupling between the Lagrangian and the Eulerian framework has to be improved.
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Abstract  

This paper compares RANS and LES approaches to simulate spray injection, in inert and sub critical conditions, by 

means of a Eulerian-Lagrangian approach. Here they’re outlined the difference between the two turbulence models 

depending on the grid sizes and the break-up sub-model parameters. A dimensionless analysis based on the droplets 

Stokes number proves that the mean differences arises for the dynamic viscosity. The droplets Reynolds and Weber 

number have been measured too, providing useful information for modeling strategies.   

 

Introduction 

In internal combustion engines (ICE), the fuel 

injection process determines the mixing of fuel vapor 

with the air, and the subsequent combustion process. 

Thus, has a great impact on the engine efficiency and 

emissions. Computational Fluid Dynamic (CFD) tools 

have become increasingly common in studying the 

injection physics, though an accurate representation of 

the interaction of the fuel spray and the gas at all scales 

in engine conditions remains challenging.  

Two different numerical approaches have been 

mainly used in order to model sprays: the Eulerian-

Eulerian (EE) and the Eulerian-Lagrangian (EL) 

approach. The EE two-fluid methodology treats different 

gas and liquid as separate and inter-penetrating 

continuous phases and solves conservation equations for 

each one of them [1]. In order to provide accurate results, 

such approach requires a detailed resolution of fluids 

interface which results in high computational effort. The 

EL approach that will be used in our work as well, is the 

most commonly used numerical method for the 

simulation of spray injection in engine simulations. A 

Eulerian framework is used to model the gas phase and a 

Lagrangian framework to model the liquid phase that is 

represented by spherical droplets of various sizes.  The 

need to keep an acceptable compromise in terms of 

computational time and accuracy justifies the use of such 

approach, which reproduces the global spray behavior 

reasonably well [2,3] regardless of the fact that some 

important characteristics like spray ligaments and non 

spherical droplets cannot be accurately reproduced. The 

simulation outcomes are affected by both the Eulerian 

and the Lagrangian modeling and code numerics.  

Several modeling strategies have been adopted to 

perform spray simulation using the EL approach, 

focusing on different aspect of the whole numerical 

simulations: 

• the turbulence model (Reynolds-averaged 

Navier Stokes (RANS) vs Large Eddy 

Simulation (LES)); 

• the mesh grid size; 

• the sub-model coefficients (in particular for the 

spray break-up); 
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• the modelling of further physical phenomena, 

implementing new Sub-Grid Scale (SGS) 

models. 

 

Comparison between RANS and LES predictions and 

against experimental data, have proven that good results 

are achievable with both models [4]. Though, LES are 

able to better resolve the flow structures and in turn to 

better capture the turbulent motions typical within ICE, 

making LES ideal to simulate the transient flow field [4, 

5], both in reactive and non-reactive case [6, 7].  

Accurate predictions of the Eulerian phase depend 

heavily on the grid size; while in the Lagrangian context, 

the parcels evolution (i.e. the liquid phase) is determined 

mostly through sub-models for droplet break up, 

evaporation and collision. All sub-models include a 

number of tuning parameters that their value is not 

known a priori but depends on the operating conditions 

[13]. The cells size also strongly influences the 

interaction between the two phases, depending on the 

parcel tracking algorithm used. Abraham [8] suggests 

that the resolution is adequate when the grid size is at 

least the size of the injector outlet diameter but since such 

a refinement would results in  excessive number of cells, 

Another strategy is Adaptive Mesh Refinement (AMR) 

[9-12]. Mesh is refined only where the fuel is present.  In 

some recent studies new SGS models have been 

implemented in order to achieve mesh independent 

solutions of the dispersed liquid phase, focusing on the 

unresolved regions near the nozzle, using SGS model for 

modelling the velocity [12, 15, 16]. 

The effects of grid size and spray sub-models’ 

parameters have been widely investigated in the literature 

[9, 11, 13, 14] mostly on a trial and error approach in 

order to provide the best match results for reacting spray 

simulations. In previous investigations these two aspects 

separately have been considered separately. However an 

approach like this lacks generality in terms of a priori 

guidelines how to select both grid and sub model 

parameters given a specific spray. Also, it is unclear in 

the literature until now if the accuracy of the results is 

indicative of the good model performance in terms of 

physical representation or it only depends on the 

coefficient tuning and/or code numeric. 
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The work presented in this paper compares RANS 

and LES, simulating the Engine Combustion Network 

(ECN) Spray A. Numerical results are compared against 

the experimental data available [17]. We have varied the 

mesh size and the Reitz-KHRT sub-model parameters, in 

order to better understand if there is a link in these two 

numerical parameters. and we derive dimensionless 

quantities that characterise the two-phase coupling 

processes such as the Stokes (St), the Weber (We) and 

the Reynolds (Re) numbers in order to get a better 

physical insight. We aim at identifying trends in these 

dimensionless quantities that alongside the droplets and 

the fields characteristics, determines the simulations’ 

quality, in terms of involved physics. The comparison 

with experimental data provides the criteria to determine 

what is the relevance between the grid and the sub-

models, from the physical point of view, for predicting 

the spray characteristics. The motivation of this work lies 

in the observation made that using different grid and sub 

model coefficient combinations we can succeed similar 

results for macroscopic spray quantities (liquid and vapor 

penetration) but different microscopic ones (droplet 

related quantities) 

 

Numerical setup 

Numerical simulations have been performed using 

OpenFOAM and have been validated against the 

experimental cases documented by the Engine 

Combustion Network (ECN), from SANDIA National 

Laboratories, using Spray A, whose input conditions are 

reported in the following table.  

Table 1: Operating conditions of Spray A 

 
 

In RANS simulations the standard k-ε model [21] is 

used, to describe the turbulence by means of two 

transport equations, which accounts for the convection 

and the diffusion of turbulent energy. For LES, we’ve 

used the dynamic k-equation model[18], which is a one 

equation eddy viscosity model for compressible flows, 

based on the formulation of the local dynamic model 

associated with the SGS turbulent kinetic energy 

equation. In both RANS and LES models the standard 

coefficients have been used.  

The vessel volume is discretized using 3 fixed 

meshes, with different level of refinements, as shown in 

Fig. 1. The cell sizes vary from 5E-01 mm (top grid in 

Fig. 1) and are refined up to three times (6,15E-02mm) 

in the liquid jet region (notice that each refinement halves 

the original cell length). The Kolmogorov and Taylor 

scales of the flow are 3.85E-04mm and 7.52E-03mm 

respectively.  As regards the Reitz-KHRT sub-model for 

spray break-up, we’ve focused on the effect of B1, which 

influences the radius of the droplets and it’s the 

parameter which mainly affect the simulation outcomes, 

as suggested in [11].  

Results presented here refer to LES and RANS 

simulations performed using the mesh with three level of 

refinement (i.e. 6.125E-02 mm cells in the liquid jet 

region, indicated by the red box in Fig.1), and using 

B1=3. We are going to present the complete overview of 

the simulation performed on a larger scale journal paper. 

The reason for selecting the finer grid to present here is 

because the simulations results provided a closer 

agreement between RANS and LES using that mesh.  As 

regards the value for the B1 coefficient, we’ve noticed 

that such a value is able to predict droplets diameter in 

the order of 1μm in the far-field downstream the nozzle, 

as experimentally predicted by Kastengreen et. al [19] for 

spray A in non-evaporative conditions (T=303 K). 

 

 

Figure 1: Three meshes considered in our study. The 

red box indicates the mesh presented in this paper 

Results 

The main parameters to compare the simulation 

outcomes to the experimental data provided by the ECN 

database are the instantaneous Liquid Penetration Length 

(LPL) and the Vapor penetration. 

The LPL is defined as the axial location 

encompassing 95% of the injected mass, while the Vapor 

penetration refers to the furthest downstream location at 

which the fuel mass-fraction is the 10%. Figure 2 shows 

the results for such quantities. It can be seen that RANS 

provide a good agreement with experimental data, in 

particular for the vapor penetration, while the liquid 

length is slightly over predicted. On contrary the same 

grid provides worse results with LES mostly in terms of 

vapor penetration which is however related to the slightly 

worse prediction of the liquid penetration. The 
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overprediction of the LPL “pushes” the vapor formation 

further downstream which is not though covered by the 

refinement region.  As mentioned in the introduction 

Abraham [8] suggests that the resolution is adequate 

when the grid size is at least the size of the injector outlet 

diameter (which here is 0.09  mm), and Senecal et al. [10] 

stated that 0.06125 mm cells provide good results for 

spray A in LES context. 

In order to investigate such discrepancies, the 

droplets size computed during LES and RANS 

simulations has been checked. Figure 3 reports on the 

Sauter Mean Diameter (SMD) and the maximum 

diameter present in the domain at every time step.  

Also, the number of parcels injected during both the 

simulations has been included in order to exclude 

numerical discrepancies. It can be seen that there aren’t 

important differences between the two approaches.  The 

timestep at every iteration is the same as well (~6*10-9s).  

Analyzing how the droplets SMD varies changing the 

turbulence model, the grid size and the break-up 

coefficient, we noticed that the main effect comes from 

changes in B1 while both the mesh and the turbulence 

models have small effect on the droplets’ sizes. We 

remind that B1 can be described as the parameter that 

scales the rate at which the droplets in the primary 

breakup shrink before being passed on to secondary 

breakup. 

In order to get a physical characterisation of the grid 

size and the break-up coefficient B1 (i.e. the droplet size) 

an analysis on the droplets’ Stokes number (St) has been 

carried out varying both the mesh size and B1 trying to 

identify a trend for the various cases (see Fig 4 and 5). 

The St number is a dimensionless quantity representing 

the behavior of particles suspended in a fluid flow, and it 

is defined as the ratio of the characteristic time of the 

droplet to the characteristic time of the flow surrounding 

the droplet. The St number can be also seen as the ratio 

between the particle inertia (i.e. its tendency to continue 

along its initial trajectory) and the particle advection 

within the flow (i.e. its trend to follow the fluid 

streamlines. St is defined as: 

St=ut0/L0 (1) 

where u is the gas velocity, L0 is the characteristic length 

and t0 is the droplets relaxation time, defined as:  

t0=ρpdp
2/(18μg) (2) 

where ρp is the parcel density, dp the droplets diameter 

and μg is the dynamic viscosity of the gas. Here L0 is the 

cell size where the droplets is present.  

The St number has been calculated for every single 

parcel within the domain at two different times: one at 

the beginning of the injection, at 0.0001s (when the liquid 

jet hasn't reached its maximum penetration) and one in 

the middle of the injection, at 0.001s, when the liquid jet 

steadily stabilized around its maximum length. The axial 

distribution of the St number, the gas velocity at the point 

of the parcel and the droplets are shown in Figs 4 and 5, 

respectively for RANS and LES. Such analysis has been 

made varying the mesh and B1, proving the following: 

• St tends to decrease downstream the jet as the 

particles get slower further down the injection 

point;  

• the droplets diameter quickly decrease after the 

injection due to breakup, stabilizing after 2 

millimeters from the injection point; 

• as the mesh gets finer St tends to overlap at the 

two different time steps, that means it becomes 

time independent. This was not the case when 

we examined the other two meshes. Such a 

result indicates that as the mesh is finer the 

interaction between the Lagrangian particle end 

the Eulerian field is better resolved since the 

beginning of the injection; 

• Also not shown here we observed that as the 

mesh is coarser, the parcels are slower and in 

turn St is lower. 

A comparison between RANS (Fig 4) and LES (Fig 

5) indicates several important differences. As regards 

RANS simulations the St number trend gets almost 

linear, and its value ranges mostly between three order of 

magnitude, converging around St=0.0001. This value is 

Figure 3: Sauter Mean Diameter (D32), maximum 

diameter, and parcels added during the RANS (left) and 

LES (right) 

Figure 2: Vapor penetration and liquid length for 

RANS (yellow line) and LES (blue line). The black line 

represents the experimental data provided by the 

ECN. 
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very low indicating that further downstream the particles 

fully follow the gas streamlines. 

The gas velocity decreases along the axis, and the 

axial distribution of the droplets diameters downstream 

the nozzle shows sizes around 1μm. For LES the St 

number doesn’t get any clear trend along the axial 

distance and its values ranges stochastically between six 

order of magnitude at any axial locations, for every mesh 

considered.  

To better clarify this behaviour we can observe that 

for the gas velocity in LES there is a wider variation of 

the parcels’ velocity, while in RANS simulations the 

particle speed at every axial location has a narrower 

trend. Though the differences in the velocity distribution 

don’t really justify such a scattering in the St values. 

Hence the reason for such a difference between RANS 

and LES St number distribution has to be find elsewhere. 

In fact the St number is influenced by the gas dynamic 

viscosity modelling as well. Comparing the μg field for 

RANS and LES at each parcel location, we get two 

completely different trends, as shown in Fig. 6. Here it 

can be seen that in RANS the dynamic viscosity gets a 

linear trend downstream from the nozzle, becoming 

constant. For LES that the k-equation model has been 

used the trend is very stochastic and the values of 

viscosity scatters a lot. Such a result suggests that there 

is a strong disagreement between the viscosity fields that 

are predicted by RANS and LES approaches regardless 

of the mesh size, which in turn influences how the spray 

parcels motion evolves as well. 

Moreover, RANS dynamic viscosity is much higher 

than the one measured for LES, that means we are dealing 

with two completely different fluids. The contour plot of 

the viscosity field, for t=0.001s, is reported in Fig. 7. The 

viscosity fields are different both in their magnitude and 

in their topology. It becomes clear that the LES capability 

to capture the flow vortical structures strongly affect μg, 

while by RANS averaging a stronger viscosity field is 

computed in the liquid jet region which on the one hand 

suppresses vorticity further downstream but on the other 

hand allows for more radial spreading of the vapour.   

The effect of the different morphology of the dynamic 

viscosity field affects all other Eulerian parameters as the 

gas mass fractions, the velocity, the temperature and so 

Figure 4: Axial distribution of the Stokes number, the 

gas velocity and the droplets diameter at every 

Lagrangian particle location, at t=0.0001s (green 

points) and t=0.001s (purple point) for RANS 

Figure 5: Axial distribution of the Stokes number, the 

gas velocity and the droplets diameter at every 

Lagrangian particle location, at t=0.0001s (green 

points) and t=0.001s (purple point) for LES 

Figure 6: Dynamic viscosity measured at every parcel 

location, compared for RANS (purple points) and LES 

(green points) at t=0.0001s (top) and t=0.001s (bottom) 

Figure 7: Comparison of the dynamic viscosity contour 

plot for RANS and LES at t=0.001s 
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on. In Fig. 8 we show the gas fuel mass fraction at 

t=0.001s). In can be seen that upstream the vapour for 

LES is much narrower resulting to a further penetration 

downstream which would explain the trends in Fig.  2.   

 

Figure 8: N-dodecane contour plot at t=0.001s, for 

RANS and LES (the black points represent the 

Lagrangian particles) 

The Reynolds (Re) and the Weber (We) numbers 

along the axial and radial distance from the injection 

point at any parcel location have been also included as 

well. The Reynolds number of the particles, Rep, is a 

measure of the type of flow around the droplets and is an 

important parameter to determine the drag coefficients 

(CD) affecting the particle. In fact, two different regimes 

have been observed in order to determine CD based on Re 

[20], a linear regime, monotonically decreasing with Re 

for Rep≤1000, so that: 

CD=24/Rep+4/Rep
3 (3) 

and a constant regime for Rep=1000, where: 

CD=0.424 (4) 

Figure 9 shows the Reynolds number of the particles for 

RANS and LES at t=0.001 s. Here it can be seen that the 

distribution of the Re far from the nozzle seems to 

stabilise around the value of 1000, which is the transition 

value between the different regimes for CD.  

Close to the nozzle Re becomes higher because of higher 

velocity. 

The Weber number, We, is the ratio of the droplets 

inertia to its surface tension and in turn it’s a measure of 

the aerodynamic forces acting on the droplets. We is 

defined as:  

 Weg=ρgu2dp/σ (5) 
for the gas phase and  

Wel=ρlu2dp/σ (6) 
for the liquid phase, where ρg and ρl are the gas and liquid 

density respectively, and σ is the droplet surface tension. 

The We number characterises the shape and the evolution 

of the spray droplets, determining the secondary breakup 

regime which is likely to occur. Figure 10 reports the We 

numbers measured for RANS and LES at t=0.001s. As 

for Re, there aren’t major differences between RANS and 

LES, and the We distribution stabilizes around 10, 

downstream the nozzle, where We rise up 1000 due to 

higher diameters and velocities. We=10 suggest that 

vibrational breakup is the main breakup regime involved, 

though in the near nozzle region more different breakup 

regimes like sheet stripping and catastrophic break up 

(see Fig.11) also occur.  

 

Figure 11: Breakup regimes [22] 

Conclusions 

A comparison between the standard k-epsilon model 

(RANS) and the dynamic k-equation (LES) has been 

made using the Eulerian-Lagrangian approach in order to 

simulate the spray injection, for ECN spray A in inert 

conditions.  

 
Figure 9: Reynolds number measured at every droplet 

location for RANS and LES for t=0.001s 

Figure 10: Weber number for the liquid (green points) 

and vapor (purple points) phase measured at every 

droplet location for RANS and LES for t=0.001s 
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The two models have been compared using a mesh 

with 0.06125 mm cells in the liquid jet region and using 

B1=3 in the Reitz-KHRT breakup model, and the 

coupling between the Eulerian (gas) and the Lagrangian 

(liquid droplets) field has been investigated. The liquid 

length and the vapor penetration have been compared 

with the experimental data, providing different results, in 

particular showing that LES tends to overpredict both the 

LPL and the vapor penetration with respect to RANS. 

The Stokes number have been used in order to get a 

physical characterization of the coupling between the 

grid and the spray, depending on the turbulence model. 

Such analysis provided that the bigger discrepancies are 

due to the effect of the viscosity field which is completely 

different in RANS and LES, proving that we are dealing 

with two different fluid in terms of viscosity, depending 

on the numerical approach. The dimensionless number 

analysis has been extended to the Reynolds and the 

Weber numbers, which doesn’t show major 

discrepancies between the two approaches. The Re trend 

suggest that the drag acting on the particles far from the 

nozzle has to be carefully modelled, as the drag 

coefficient is in the transition regime. As regards the 

Weber number, there is an abrupt transition from the 

injection point to the downstream locations (where We 

stabilizes), suggesting that the break up process changes 

behavior transitioning from a bag and/or catastrophic 

breakup to a vibration regime. 
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