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Abstract  
 
 
The main task of the engine 3D CFD simulation is to support combustion design 
development. New combustion concepts (e.g. Low Temperature Combustion, HCCI, multiple 
injection strategies …) can be analyzed and predicted by detailed thermo-dynamical 
computation. To achieve this aim many simulation tools are needed: each of them should be 
capable of reproducing the sensitivities of combustion design parameters through physically 
based models. 
Experiments on DI Diesel engines show that different nozzle geometry at the same operative 
conditions can lead to dramatically different behaviors in emissions formation. The adoption 
of different nozzle configurations (Sac-hole, VCO …) with analogous specific mass flow and 
load pressure strongly affect mixture and therefore emissions formation. Nevertheless, the 
relation between local nozzle flow and spray development in the combustion chamber is still a 
challenging topic with a high improvement potential.  
Nowadays simulation tools focus on singular aspects of a Diesel internal combustion engine: 
cavitating nozzle flow, spray, mixture formation, combustion and emissions. Simulation of 
transient nozzle flow provides information about the initialization of spray, whose actual 
standard is based on the Discrete Droplets Method (DDM). A step further consists of the 
adoption of a 3D-Eulerian Spray multiphase model, which allows a stochastic and physical 
improvement in the description of spray formation. The combustion process is then usually 
modeled on a single-phase solver with transport equations for the scalar species and 
chemistry-based models for emissions formation. The missing link in the simulation chain is 
between the Eulerian spray and the combustion calculation. The focal aim of the work will be 
the coupling of different models for 3D-nozzle flow, orifice-resolved primary breakup and 
mixture formation. The transient cavitating flow inside the injector body is combined to the 
Eulerian spray in an orifice resolved region just outside the nozzle hole. Primary break-up 
assumptions allow then to transfer the dynamic and turbulent boundary conditions from the 
injector orifice to the spray. The further engine domain is simulated in the classical one-phase 
approach, with spray transport via DDM model. The two codes for Eulerian spray and 
combustion are real-time coupled: source terms and boundary conditions are constantly 
mapped and exchanged between the solvers in order to achieve physical consistency. The 
coupling method implies the three-dimensional intersection of both computational domains 
and the exchange of data at defined interfaces. 
The final achievement of the thesis is a technique, which could reproduce the nozzle flow 
effects on the 3D simulation of engine combustion cycle, together with an advanced physical 
and statistical treatment of mixture formation process.  
The advantages of the method will be proven on an operative truck engine case, for which a 
complete set of experimental data (pressure curves, integral emissions level and transparent 
engine images) is available. The validation is performed on two different nozzle geometries, 
with the same specifications in terms of mass flow and maximum rail pressure: a sac-hole and 
a sac-less (VCO) nozzle. The Eulerian Spray will be coupled with previous transient nozzle 
flow simulations and validated through experiments on an optically accessible high-pressure 
chamber. 
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Kurzfassung 
 
Die Hauptaufgabe von dreidimensionalen numerischen Motorsimulationen ist die 
Unterstützung der Verbrennungsdesignentwicklung. Neue Verbrennungskonzepte können 
durch detaillierte thermodynamische Berechnungen analysiert und vorausgesagt werden. Um 
dieses Ziel zu erreichen, benötigt man eine Reihe von Simulationstools, die die Sensitivität 
von Verbrennungsdesignparametern durch physikalisch basierte Modelle reproduzieren 
können. 
Versuche an Dieselmotoren mit Direkteinspritzung zeigen, dass unterschiedliche 
Düsengeometrien unter gleichen Betriebsbedingungen zu dramatisch unterschiedlichem 
Schadstoffbildungsverhalten führen können. Der Einsatz von verschiedenen 
Düsenkonfigurationen (Sackloch, Sitzloch, …) mit vergleichbarem spezifischem 
Massendurchfluss und Leitungsdruck hat einen großen Einfluss auf die Gemisch- und 
Schadstoffbildung. Auch der Zusammenhang zwischen lokaler Düseninnenströmung und der 
Strahlentwicklung im Brennraum ist noch ein herausforderndes Thema mit hohem 
Verbesserungspotential und daher Inhalt dieser Arbeit. 
Die Simulationstools setzen heutzutage den Akzent auf einzelne Aspekte der 
Dieselverbrennungsmotoren, z.B. kavitierende Düseninnenströmung, Strahl, Gemischbildung, 
Verbrennung und Emissionen. Die transiente Berechnung der Strömung in der Düse liefert 
Informationen über die Initialisierung des Sprays, dessen aktueller Standard auf der „Discrete 
Droplets Method“ basiert. Ein weiterer Schritt besteht aus dem Einsatz von einem 3D-
Euler’schen Strahlmodell, dass eine stochastische und physikalische Verbesserung in der 
Beschreibung der Spraybildung erlaubt. Der Verbrennungsvorgang ist dann in der Regel 
durch einen einphasigen Solver mit Transportgleichungen für Skalare und chemiebasierten 
Ansätzen für die Schadstoffbildung modelliert. Das fehlende Verbindungsglied in der 
Simulationskette befindet sich zwischen dem Euler’schen Spray und der 
Verbrennungsrechnung. Das Hauptziel dieser Arbeit ist die Kopplung von unterschiedlichen 
Modellen für dreidimensionale Düseninnenströmung, düsenaufgelösten Primärzerfall und 
Gemischbildung. Die transiente kavitierende Strömung im Düsenkörper steht mit dem 
Euler’schen Spray über ein direkt an  das Düsenloch anschließendes Rechengebiet in 
Verbindung. Annahmen im Primärzerfall erlauben die Übertragung von dynamischen und 
turbulenten Randbedingungen vom Injektor zum Strahl. Die übrige Motordomäne ist mit der 
klassischen einphasigen Methode und Lagrange’schen Spraytransport berechnet. Die beiden 
Codes für Euler’schen Spray und Verbrennung sind echtzeitgekoppelt, d.h. dass die 
Quellterme und Randbedingungen ständig zwischen den Solvern projiziert und ausgetauscht 
werden um die physikalische Konsistenz zu erfüllen. Die Kopplungsmethode enthält eine 
dreidimensionale Überschneidung von beiden Rechengebieten und Datenübertragung an 
bestimmten Schnittstellen. 
Das Endergebnis dieser Doktorarbeit ist eine Technik, die den Einfluss einer 
Düseninnenströmung auf die dreidimensionale Simulation eines Verbrennungsmotors, 
zusammen mit einer erweiterten physikalischen und statistischen Behandlung des 
Gemischbildungsprozesses, abbilden kann. Die Vorteile der Methode werden an einem 
Nutzfahrzeugmotor, für den ein komplettes Set von Messungen (Druckverläufe, integrale 
Emissionen und Bilder des transparenten Motors) verfügbar ist, untersucht. Die Validierung 
erfolgt auf zwei unterschiedlichen Düsengeometrien, einer Sackloch- und eine Sitzlochdüse, 
mit gleichen Spezifikationen für Massenstrom und maximalen Ladedruck. Der Euler’sche 
Spray wird mit den vorigen instationären Düseninnenströmungsrechnungen gekoppelt und 
mit Ergebnissen von einer optisch zugänglichen Hochdruckkammer validiert. 
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1. Introduction 
 
 
 
 

1.1. Motivation 
 
The advancement of progress led people to assume mobility as an everyday necessity. In the 
last decades connections and globalization contributed in shrinking the world and part of this 
process is surely due to the spread of internal combustion vehicles, whose development 
started after the explosion of the industrial revolution [71]. 
The impact of fuel exhausts on air quality and human health increased together with the 
accessibility of vehicles, above all in urban areas of high traffic density. The effects of 
exhaust gases on people were originally underestimated, nevertheless in the last years 
governments have concentrated more attention on the topic, as the poor air quality 
considerably increased respiratory and cardiovascular diseases. In order to contain the 
harmful vehicles emissions, the European Union has imposed emissions limits on all sold 
passenger cars since 1983 [18]. The pollutants that cause the most serious health problems are 
nitrogen oxides (NOx) and particulate matter (PM), even if carbon monoxide (CO) and 
unburned hydrocarbons (HC) are partly responsible for global heating and climate exchanges. 
The development of emissions standard for Diesel passenger vehicles is shown as an example 
in Figure 1.1. 
Currently discussions on CO2 emissions strongly blew up, mainly due to climatic changes and 
global warming. Engine consumption and efficiency gained increasing importance, leading 
automotive companies to invest in research on alternative techniques like hybrid, bio-fuels or 
hydrogen engines. As the development of these new concepts and the consequent distribution 
of new fuels could not be expected in the next few years, the short term objectives lie on the 
enhancement and the optimization of actual engine concepts. 
The actual work focuses on Diesel engines for passenger cars and trucks, from which 
emissions of nitrogen oxides (NOx) and particulate matter (PM) are higher than for gasoline 
vehicles. The latter EU exhausts measure for cars is known as Euro 5 and will become valid 
during  2009: the new limit for particulate emissions from diesel is reduced by 80% compared 
to Euro 4.  Carmakers are therefore more and more focused on technologies to optimize diesel 
engines in terms of fuel economy, power and, of coarse, exhausts reduction. Many technical 
factors directly affect quantity and composition of emissions, such as workload demand, 
engine type and tuning, atmospheric conditions or fuel quality. Also fuel development is 
necessary in order to meet the stronger emissions limits: an example is the introduction of 
unleaded gasoline to meet the Euro 1 standard. 
In the strain to enhance engine efficiency and combustion processes, CAE (Computer Aided 
Engineering) methods and in particular CFD (Computational Fluid Dynamics) gained an 
important role in the recent years. The main reasons can be found on test bench costs and on 
the constantly increasing quality of simulation results, together with an improved 
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understanding of local phenomena, which could be hardly or impossibly detected from 
experimental techniques on a complete engine. 
The main focus of this work is the modeling and prediction of DI (Direct Injection) diesel 
combustion, with a particular attention on the overall process of mixture formation, which 
represents a fundamental basis in obtaining a more efficient combustion and reducing 
pollutants. 
 

 

Figure 1.1: Emission standard development for Diesel engines in the EU (1983-2005) [18]. 
 

1.2. Objectives 
 

The main goal of the work is to develop a simulation method that could describe the basics of 
a DI diesel engine, respectively nozzle flow, mixture formation and combustion. A summary 
of simulation methodology will be presented in Chapter 2, in order to get an overview of CFD 
fundamentals for 1-phase and multiphase solvers. 
One of the most important aspects for a CFD analysis of combustion is the mixture 
preparation process, as it represents the fundamental basis on which further ignition and 
combustion models are built. The standard spray model, the Lagrangian Discrete Droplets 
Method (DDM), presents some weaknesses in the region near the nozzle outlet. For this 
reason a multiphase approach is more appropriate to analyze the transition between the 
continuous flow inside the nozzle and the spray, which rapidly disintegrates into droplets. The 
1D ICAS model and the 3D Eulerian Model, appear the most adequate to simulate the spray 
formation. In order to understand limits and advantages of the previously described spray 
models, a detailed overview will be given in Chapter 3.  
The effects of modern injection systems, like Common Rail or PLI, could be taken into 
account starting from the detailed nozzle flow simulation: the cavitation and turbulence 
development inside the injector body affect further spray formation in a substantial way. For 
this reason the transfer of orifice flow and turbulent conditions to the spray appears essential 
to describe the physical behavior of the mixture formation process. All these aspects will be 
discussed and explained in Chapter 4. 
As mentioned, the Eulerian spray approach is suitable to describe the region near the nozzle 
orifice. Nevertheless, in the dilute spray region the nearly absence of already evaporated 
droplets, the robustness of scalar-controlled combustion models and the numerical efficiency 
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of 1-phase solver suggest the employment of the standard DDM Lagrangian model for 
droplets treatment. A disadvantage of the state-of-the-art  methods is the lack of a coupling 
procedure between all the simulation tools. The requirement is therefore a link between the 
different numerical models specialized for a distinct part of the engine. The aim of this thesis 
is to couple all the highest quality simulation methods for nozzle flow, spray formation and 
combustion in order to make a step forward in the prediction of engine behavior. The crucial 
point will be the development of an interface between the different CFD codes. The physical 
data exchange and the spatial mapping between simulation grids will be shown in Chapter 4.  
Particular emphasis will lie on the motor application of the method and attempt to underline 
the advantages that such a procedure could supply in CAE applications. Nozzle geometry 
effects on spray formation and combustion will be therefore simulated and presented in 
Chapter 5. 
 

1.3. State of the art 
 
The following paragraphs give an overview of actual simulation methods in terms of 
combustion, injection systems internal nozzle flow, spray formation and coupling of codes. A 
large amount of literature extends beyond the mentioned fields: the main focus will be  on the 
milestones, which actually permit the development of the current work. The analysis of 
experimental set ups and methods will only be quoted and not exhaustively outlined. 
 

1.3.1. Combustion 
 
The most diffused combustion concepts are shown in Figure 1.2. In gasoline engines, working 
in homogeneous conditions, fuel injection takes place in the intake manifold and mixture is 
ignited inside the cylinder by a sparkplug. The GDI (Gasoline Direct Injection) engines 
present the gasoline injector directly in the cylinder, leading to a stratified combustion 
concept, as before governed by a sparkplug ignition. In diesel DI engines the fuel is 
introduced directly in the combustion chamber and the self-ignition usually takes place on 
spray borders due to high pressure and temperature. 
 

 

Figure 1.2: Principles of combustion process [44]. 
 
Due to inhomogeneous mixture distribution, diesel DI combustion leads locally to over 
stoichiometric fat zones, which are ideal for particulate formation. On the other hand nitrogen 
oxides are created in zones of lean mixture and high temperature. However NOx could be 
easier reduced than soot via catalyst exhaust systems. 
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The homogenous charge compression ignition (HCCI) [87] is one of the last concepts in terms 
of diesel combustion. It is based on the idea of getting the self-ignition when the mixture is 
homogeneous and lean: thanks to this no soot particles will be built and, furthermore, the low 
temperatures would lead to very low nitrogen oxides production. The problem of the concept 
is that in part load the air supply needs to be throttled, which means higher flow losses and 
consequently increased fuel consumption. 
The 3D simulation of reactive in-cylinder flow dynamics is gaining more importance in 
combustion design, thanks also to the rapid increase of computing power. Of course the 
industrial requirements force the strain on combustion models with an acceptable degree of 
predictability and restricted computational costs. The aim is therefore to incorporate detailed 
turbulent flow prediction together with complex chemistry. 
There are many approaches to predict the Diesel combustion process, from the old 
Magnusson model to the most recent ECFM3Z, Flamelet or Mixing Timescale [85]. In the 
present work the PDF-Timescale model [86] will be used, with the solution of chemical 
timescales based on detailed chemistry computations. The basic idea is to define a limited 
number of progress variables in order to describe the reactive phases of self-ignition and 
premixed and diffusion combustion (see Figure 1.3, a). This is important if cool flame effects 
occur and for analysing HCCI engine configurations. 
 

  
 

(a) (b) 

Figure 1.3: Diesel combustion phases (a) [85] and thermo-chemical regions for emissions 
formation (b) [5]. 
 
The CFD code resolves a transport equation for each progress variable and the mixture field is 
characterized in physical space by a mean fraction and its variance. Each transport equation is 
therefore closed through the stochastic weighting of the chemical solution with a probability 
density function (PDF), which accounts for turbulent mixture effects. The main goal of the 
method is to separate the solution of turbulent flow field from that of chemistry: consequently 
arbitrary complex chemistry could be associated to calculate the reaction progress.  
Emissions formation is strongly dependent on thermodynamic local conditions inside the 
combustion chamber. According to temperature and mixture fraction space at a defined EGR 
(Exhaust Gas Recirculation) rate, it is possible to identify regions where Soot and NOx 
generate, as schematically shown in Figure 1.3, b. Soot formation, oxidation and size 
distribution could also be modelled through detailed chemistry assumptions [94]. 
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1.3.2. Injection Systems and Nozzle Flow 
 
In terms of diesel direct injection (DI) systems, the common rail (CR) and the pump-line 
injector (PLI) are the mostly used injectors [50]. Conceptually, the main difference exists in 
the way the load pressure is transmitted to the single injectors. While in the PLI system each 
injector is provided with a pump moved by the camshaft, the CR presents a high-pressure 
chamber connected to each nozzle [73]. In CR systems the rail rules the load pressure, thus it 
always remains practically at the same level, which could reach values up to 2200 bar. The 
PLI system generates a load pressure that increases during the injection period as effect of the 
camshaft rotation. In this case the maximal pressure is of the order of 2500 bar. 
The presence of a constant load pressure in CR systems allows pre- and post-injection 
strategies, which lead to better driving comfort and emissions control. On the other hand, PLI 
injectors appear better to reduce NOx in engines running with low EGR, as the needle could 
open very fast while the load pressure increases slowly, leading to limited injected mass, 
weaker atomization and slower combustion process. 
Another essential component of an injection system is the nozzle. Actually many types are 
produced and employed, even if the main classification could be made between sac hole and 
valve covered orifice (VCO) nozzles. Assuming the same injector system, barely different 
nozzle geometries create huge effects on exhaust gases, as shown in Figure 1.4 on production 
of soot. 
 

 

Figure 1.4: Emission production for a CR Diesel engine at different load points and with 
dissimilar nozzle geometries (Courtesy of DaimlerChrysler Group Research). 
 
As presently shown, injector geometry and hence its internal flow have big effects on spray 
formation. Furthermore the occurrence of cavitation could imply not only flow perturbations, 
but also erosion and mechanical stresses on injector body. A deep understanding of dynamic 
and turbulent phenomenon inside the nozzle could provide improvement on the whole 
combustion design process. In any case, experiments are difficult to manage, due to the small 
scale, in the order of microns, and the high-speed of the flow, up to more than 500 m/s. For 
this reason internal nozzle flow simulations acquired an increasing role in engine 
development. Also in simulation of 3D CFD combustion processes, the knowledge of injected 
mass flow rate and flow asymmetries at nozzle orifice appear to be a key issue. Only a two 
phase flow model accounting for liquid and cavitation vapour seems to be able to provide an 
exhaustive description of the phenomenon. An example of capabilities of 3D cavitating 
nozzle flow simulation is shown in Figure 1.5: the agreement with experiments on transparent 
injectors allows considering this kind of calculation as a reliable tool. 
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Figure 1.5: Examples of Nozzle Flow simulation with different injection systems in 
comparison with experiments (up) and detailed [52]. 
 

1.3.3. Spray  
 
The fuel spray represents a very important aspect of combusting systems, as it’s shape and 
composition strongly affects the ignition and flame propagation processes. Therefore, the 
simulation of mixture formation is a critical precondition for the further CFD calculation of 
combustion in IC engines. Historically [47], the first idea was to adopt a one-phase solver for 
the gas, in which the droplets were coupled as a carried property (Discrete Droplet Method, 
DDM). Spray parcels are therefore followed during their motion with a Lagrangian approach, 
while gas is modeled with a grid-based Eulerian RANS solver.  
Another way is to consider the spray as a mixture of liquid and gas with a certain number of 
droplet classes, each of them bound to follow the conservation equations: this is the 
multiphase approach [12]. If the droplets-air drag interaction could be modeled with a 
Lagrangian/Eulerian or Eulerian/Eulerian assumption, many sub-models are needed to 
reproduce the evolution of spray parcels diameters and their interaction with the turbulent 
environment. Primary and secondary [67] atomization processes, evaporation [79], turbulent 
dispersion [25] or collision [56] are some of the most important aspects, which have been 
studied around the spray phenomenon.  
Experimental results play a very important role in spray modeling. Detailed physical 
assumptions need constant development of investigation techniques. Visualization methods 
could help to understand spray development and break-up, both in cold and hot running 
chambers [14]. Also single droplets experiments are needed to define the small scale behavior 
of spray parcels, for example concerning the modeling of multi-component [96] or high 
pressure [90] evaporation. 
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1.3.4. Code Coupling 
 
The expansion of complexity of new simulation methods and physical models led to a spread 
of multi-disciplinary knowledge. A single CFD code is often unable to ensure a 
comprehensive analysis of complex physical systems. Furthermore, in many cases the 
simulation of stand-alone phenomena reveals itself as a limit towards the solution of a real 
problem. The coupling of different simulation tools, each specialized in different physical 
aspects, is therefore becoming more and more important both in industrial and university 
based research applications. Thermal coupling, fluid-structure interaction or magneto-hydro 
dynamics are some examples of possible coupling applications. For instance, the high 
temperature gradients on an exhaust gas manifold lead to strong heat transfer and structure 
deformation, which could strongly affect the gas flow in a multi-cycle analysis (Figure 1.6 
left). Another example could be the interaction of a fluid in motion with a rigid body (Figure 
1.6, right): the structure is subjected to a pressure gradient and deforms its body under the 
effect of stress; analogously the fluid flow is affected by the modified geometry boundaries. 
To ensure the effectiveness of simulation and the quality of prediction, the coupling should be 
performed in real-time. 
 

                
 (a) (b) 
Figure 1.6: Coupled simulations of heat transfer between hot exhaust stream and car’s 
manifold (Image courtesy of Fluent Inc. and ABAQUS) (a) and fluid-structure interaction  
(Fraunhofer-Institut SCAI; [29]) (b). 
 
Sometimes not only numerical approaches are different (i.e. FV, FD or FEM), but also the 
codes are developed from different institutions, each one specialized on a particular topic. For 
this reason the solution appeared to be the connection of different codes. One example is the 
MpCCI (Mesh-based parallel Code Coupling Interface) developed by the Fraunhofer-Institut 
SCAI [29]. This application works like a connection server between different codes and 
computational domains, performing data transfer and mapping events. The MpCCI supports 
Fluent, StarCD, ABAQUS, Permas, RadTherm and could be adapted to most of the CAE 
codes. MpCCI could be seen as a development of the Message Passing Interface (MPI) [81]. 
AVL has autonomously developed in FIRE an interface called ACCI (AST Code Coupling 
Interface), which can also couple different codes during the simulation run. 
Another basilar aspect of the coupling between codes is the spatial mapping between 
computational grids. As the current work will focus on CFD-CFD coupling, a general 
difficulty in simulating fluid flow problems is that a single grid is not always capable of 
describing complex geometries. In many cases, different grid types best represent different 
geometrical features. These difficulties could be solved by the construction of a grid system 
made up of overlapping grids, for example with the Chimera or Overset Grid approach [84]. 
According to this method a complex geometry is decomposed into a system of geometrically 
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simple overlapping grids. Furthermore boundary information is exchanged between these 
grids via interpolation of the flow variables, and many grid points may not be used in the 
solution (these points are sometimes called hole points). Each block has boundary points, 
which lie in the interior of a neighboring block (or blocks) and will require information from 
that containing block. The three steps to setting up an overset simulation are generally grid 
generation [17], hole cutting [61] and determination of interpolation weights. Usually the 
single grids can be generated separately. A number of preprocessing packages have been 
developed, with varying levels of complexity. NASA's PEGASUS [89], which is primarily a 
grid joining code, takes an existing grid and prepares it for use in an overset simulation. 
 

                
 (a) (b) 

Figure 1.7: Examples of overlapping grids for wing body with Chimera approach [89]. 
 
In Figure 1.7 an example of PEGASUS application is shown. The blue lines represent the 
body grid, while the cyan ones the boxbody grid; red and black symbols are respectively the 
points receiving data from body and from boxbody.  
The Chimera technique is most often associated with traditional finite volume/difference CFD 
codes, but it can, in principle, be applied with other discretization schemes. The approach 
developed by AVL and embedded in FIRE v8 assumes a volume intersection method for the 
mutual transfer of data between the running codes. More details will be presented in Chapter 
5 of the current work. 
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2. Conservation Equations and Numerics 
 
 
 

 
 
 
This chapter will address the basic principles of computational fluid dynamics, starting with 
an overview of its meaning and historical development. Afterwards, numerical approaches for 
the solution of fluids motion will be addressed. According to requirements of industrial 
applications, the more suitable simulation approach is the Finite Volume (FV) method [54]: 
the analysis domain is divided into computational cells where the thermodynamic and fluid 
dynamic terms acquire volume-averaged values. The main advantage of the FV method is the 
possibility to mesh complex geometries and to ensure the integral conservation of momentum, 
mass and energy, at least until rounding and sub-modeling errors. After the description of 
domain discretization techniques, conservation equations for single-phase flow and modeling 
of turbulence will be analyzed. Many physical problems, like spray formation or tank filling, 
need to be treated assuming the existence of two interacting phases. In this case a multiphase 
approach appears essential to describe the phenomenon. General equations and applications of 
the multiphase solver will be shortly described in paragraph 2.3, showing also its possible 
applications. 
 

2.1. CFD Overview 
 
The most common Computational Fluid Dynamics (CFD) applications are the simulation of 
gases and liquids flows, heat and mass transfer, moving bodies, multiphase physics, chemical 
reaction, fluid-structure interaction and acoustics. The final results are data and images, which 
predict the performance of the chosen design. 
 

2.1.1. Historical Background 
 
The study of fluids fascinated mankind since the dawn of civilization [28]. Already in 
antiquities, the Greek thinker Heraclitus postulated that “Everything flows”, even if more in a 
philosophical sense rather than with scientific connotation. The initiation of hydrostatics, 
static mechanics and measure of objects density and volume is accountable to Archimedes, 
whose waterwork studies on aqueducts, canals, harbours and bathhouses were afterwards 
perfected to a science by the ancient Romans.  
These ideas were abandoned until the spark of Renaissance in Southern Europe, where great 
artists with engineering attitudes started again to observe and study natural flows. Leonardo 
da Vinci was one of the first to analyse natural phenomena, trying to define their form and 
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structure in a pictorially way. In a nine-part treatise called “Del moto e misura dell’acqua” 
(About motion and measurement of water, [48]) he presented new contributions on fluids 
movement, waves and eddies, as well as studies of free jets, interference of waves and falling 
water. Some examples of his illustrations are presented in Figure 2.1. 
 

      
Figure 2.1: Leonardo da Vinci’s study of water passing obstacles (l.) and water falling into 
still water (r.) [48]. 
 
In the 17th century Isaac Newton contributed new ideas to the prediction of fluid flow by the 
introduction of his elementary Newtonian equations. His most important results were the 
second law of fluid mechanics, the concept of Newtonian viscosity in which stress and rate of 
strain are linearly interpolated and the relationship between the speed of waves and their 
wavelength. Another important postulate was the reciprocity principle, stating that the force 
applied upon a stationary object by a moving fluid is equal to the change in momentum of the 
fluid deflecting around the object itself.  
The following two centuries were marked by enhancements in the mathematical description 
of fluids motion. While Daniel Bernoulli (1700-1782) derived his famous equation, Leonhard 
Euler (1707-1783) postulated the conservation of momentum and mass for an inviscid fluid. 
Claude Louis Marie Henry Navier (1785-1836) and George Gabriel Stokes (1819-1903) made 
significant contributions to the development of the Euler equations: they introduced viscous 
transport in the solution of the fluid flow field, obtaining the now famous Navier-Stokes 
equations. These differential equations for conservation of mass, momentum and energy are 
still the basis of computational fluid dynamics. Nevertheless, the equations are so closely 
coupled and difficult to solve that a resolution for real flow problems within reasonable 
timescales had to wait until the advent of the modern digital computer in the 1960s and 1970s. 
Other important researchers of the 19th century who developed theories related to the fluids 
flow are Jean Le Rond d'Alembert, Joseph Louis Lagrange, Siméon-Denis Poisson, Jean 
Louis Marie Poiseuille, M. Maurice Couette, Pierre Simon de Laplace, John William 
Rayleigh and Osborne Reynolds. 
The 20th century was marked by the efforts on refining theories of boundary layers and 
turbulence in fluid flow. Many theories of Ludwig Prandtl (1875-1953) are still 
acknowledged today, as the mixing length concept, compressible flows, boundary layers 
analyses and the Prandtl number. Other contributions were provided by Theodore von 
Karman (1881-1963) with his studies on what is now known as the von Karman vortex street 
and by Geoffrey Ingram Taylor (1886-1975) on a statistical theory of turbulence and the 
Taylor microscale. Andrey Nikolaevich Kolmogorov (1903-1987) introduced the concepts of 
universal energy spectrum for turbulence and the Kolmogorov scales, while George Keith 
Batchelor (1920-2000) contributed to the theory of homogeneous turbulence. 
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It is difficult to exactly date the first CFD calculation, at least in a modern sense of the term. 
Lewis Fry Richardson in England (1881-1953) is supposed to have developed the first 
numerical weather prediction system: he divided a physical space into grid cells and adopted 
as finite difference approximations the “primitive differential equations” of Bjerknes. The 
simulation of weather for an eight-hour period took six weeks of real time, ending however in 
failure. Trying to overcome the enormous calculation requirements of his model, Richardson 
proposed as a solution the “forecast-factory”: a vast stadium filled with 64.000 people, each 
one with a mechanical calculator and performing a part of the whole flow computation under 
the direction of a leader in the centre. This kind of idea could be considered as a very 
rudimentary CFD calculation.  
Thom in 1933 presented the earliest numerical solution for the flow past a cylinder [92], while 
Kawaguti in 1953 achieved similar results for flow around a cylinder by using a mechanical 
desk calculator, working for 18 months 20 hours per week. 
A big contribution in the development of CFD numerical methods was done during the 1960s 
by the theoretical division of NASA at Los Alamos: Particle-In-Cell (PIC), Marker-and-Cell 
(MAC), Vorticity-Stream function, Arbitrary Lagrangian-Eulerian (ALE) methods and the 
ubiquitous k-ε turbulence model are still nowadays in use. Further steps ahead were made in 
the 1970s by Spalding’s working group at the Imperial College of London, who went on 
developing the Upwind differencing scheme, as well as “Eddy break-up” and “presumed pdf” 
combustion models.  
A milestone in the development of CFD codes was then the publication in 1980 of Patankar’s 
“Numerical Heat Transfer and Fluid Flow”, still a key book in the spreading of computational 
techniques. The first commercial codes started also to be purchased in the early 1980s, 
parallel to the diffusion of in-house and universities solvers. Nowadays CFD is part of the 
computer-aided engineering (CAE) spectrum of tools, which are constantly used in industry 
and research institutions.  
 

2.1.2. Conservation equations of fluid flow 
 
The governing laws of a flowing fluid are directly derived from physical conservation 
principles [93], which for a chosen system could be summarized by the following statements: 
 
• Mass is conserved (continuity equation). 
 
• Momentum rate of change is equal to the sum of acting forces (Newton’s second law). 
 
• Energy rate of change is equal to the sum of the rate of heat addition and the rate of work 

done on the system (first law of thermodynamics). 
 
In the derivation of the governing equations, a fluid element is collected in a control volume, 
which represents the smallest possible entity of the system. The fluid is treated as a 
continuum, so that the conservation equations are supposed to exactly describe its 
thermodynamical evolution. According to this hypothesis macroscopic properties are not 
affected from the single molecules. The presented conservation equations are valid for a 
Newtonian fluid, which means a fluid where the viscous stresses are proportional to the rates 
of deformation. 
The mass conservation for the fluid element states that rate of increase of mass inside the 
control volume equals the flow into the element. The continuity equation, representing the 
unsteady 3D mass conservation principle, could be formulated by 
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or compactly 
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with   

r 
u  representing the velocity vector (ux, uy, uz). According to the second law of Newton, 

the momentum rates of change per unit volume in the three principal directions are defined in 
equations (2.1.3-2.1.5), where the terms SMi represent eventual sources in the three main 
directions. 
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Using the Newtonian model for viscous stresses for the internal energy equation it is possible 
to obtain 
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The term Se represents an eventual energy source, while Φ is the dissipation function, which 
embodies all the effects due to viscous stresses and therefore represents a source of internal 
energy due to deformation work on the fluid particle. 
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Equations (2.1.3-2.1.5) are known as Navier-Stokes equations and describe the motion of 
fluid elements both for laminar and turbulent flows. The assumption of substance continuity 
allows a deterministic solution of the governing equations, which are non-linear second-order 
partial differential equations. 
In the case of internal combustion engines, turbulence phenomena acquire a magnitude that 
makes it impossible to solve numerically the Navier-Stokes equation within realistic time 
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frames. For this reason the closure of fluid motion needs to be separately resolved through the 
introduction of RANS (Reynolds Averaged Navier Stokes) approximations and turbulence 
modeling, as described in the following section. 
 

2.1.3. Turbulence modeling 
 
It is difficult to make a strict definition of turbulence, as many flows present turbulent 
behavior. Thus, some properties could be addressed to describe the phenomenon [60]: 
 
• Turbulence produces unsteady three-dimensional velocity fluctuations, whose maximum 

variation is usually in the order of 10-20 percent of the mean velocity. The turbulent 
fluctuations cannot mathematically be described as random variables, even though a time 
history of turbulent flows appears stochastic. 

• A gradient in the mean flow velocity profile, called mean shear, keeps the turbulence self-
sustaining.  

• Turbulence diffuses in the non-turbulent flow.  
• Turbulence is dissipative, as the kinetic energy in the small eddies is transferred to 

internal energy of the surrounding fluid. 
 
The prediction of turbulent flows could be done with different approaches [9], each one with 
increasing complexity and consistency level. The main solution methods could be then 
classified in six categories. 
 
• Direct Numerical Simulation (DNS) 
The most accurate and conceptually simplest approach in turbulence simulation is to solve the 
Navier-Stokes equations without approximations other than numerical discretizations. In 
order to capture all the significant structures of turbulence, the computational domain must be 
at least as large as the largest turbulent eddy. 
 
• Large Eddy Simulation (LES) 
The largest scale motions of the flow are solved, while only the small scales are modeled. The 
basic idea is that the large eddies are generally much more energetic than the small ones, 
consequently they are the most effective transporters of the conserved properties. DNS is 
usually the preferred method whenever feasible, while LES is adopted in the case of too high 
Reynolds number or too complex geometries. 
 
• Two-point closure 
The velocity components at two different points are mathematically correlated or, more often, 
the Fourier transform of these equations is used. These methods are rarely used, except for 
homogeneous turbulence. 
 
• Reynolds averaged Navier-Stokes (RANS) 
The equations of motion are averaged over time and over a set of imagined flows in which all 
controllable factors are kept fix. This approach is called one-point closure and leads to a set of 
partial differential equations known as the Reynolds averaged Navier-Stokes equations. The 
equation set is not closed, therefore the method requires the introduction of approximations in 
terms of turbulence models. The problems addressing the numerical solution of RANS are 
discussed later in this chapter. 
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• Integral equations 
This solution approach involves the integration of equations of motion over one or more 
coordinates. The method usually reduces the problem to one or more ordinary differential 
equations that could be easily solved. 
 
• Correlations 
Relationships between thermo-dynamical flow properties are introduced. For example the 
friction factor is written as a function of the Reynolds number or the Nusselt number of heat 
transfer is related to Reynolds and Prandtl numbers. This method does not require the use of a 
computer and is limited to simple types of flows. 
 
For engineering purposes, the standard approach in accounting turbulence effects is the 
Reynolds Averaged Navier-Stokes, mostly for the acceptable costs in terms of computational 
efforts. Therefore, an overview of RANS method will be given ([27], [87], [93]). 
Fluctuations of the mean flow are produced by irregularities of the instantaneous flow, which 
could be consequently decomposed in a mean and a fluctuating component. The most 
frequent decomposition is that of Reynolds: 
 

 φφ ′+Φ=ˆ  (2.1.8) 
 
The instantaneous componentˆ φ , function of instantaneous position and time, is divided into 
the mean component Φ  and the fluctuating component′ φ , defined so that its mean value is 
equal to zero. In the case of stationary flow, or flow slowly varying in time, the mean flow 
values are of interest rather than the temporal histories. The mean component could be then 
expressed as a function of position through a time averaging integration. 
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For unsteady flows, an ensemble average over ne samples has to be preferred. 
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Equation (2.1.8) could be then rewritten as 
 

 ),()(),(ˆ txxtx iii φφ +Φ=  (2.1.11) 

 
Instantaneous values for velocity, enthalpy and pressure could be also defined as 
 

 'ˆ'ˆ'ˆ pPphHhuUu iii +=+=+=  (2.1.12) 

 
The new variables ui, h and p need to be modeled in order to close the equation system and 
account for turbulent effects on the flow. There are different approaches to resolve the so-
called turbulence closure problem: 
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1. Algebraic models 
2. One-equation models 
3. Two-equations models 
4. Reynolds stress models 
 
The first three models are based on the assumption of Boussinessq, stating that the Reynold 
stress tensor τij, used in the Navier-Stokes equations, is related to velocity gradients multiplied 
by the turbulent viscosity µt. 
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Direct analogies to the equations of molecular and turbulent flux of momentum, heat and 
species allow modifying the thermodynamical properties of flow eddies in order to account 
for turbulence. Effective values for eddy species i diffusivity D(i)

eff, temperature diffusivity 
αeff and dynamic viscosity µeff have to be added by the turbulent summands. 
 

 tefftefft
ii

eff
i DDD µµµααα +=+=+= )()()(

 (2.1.14) 

 
According to the eddy viscosity approach, conservation equations for transport are solved as 
for laminar flows, except that molecular exchange coefficients are replaced by effective 
values related to velocities. Nevertheless, this assumption introduces nonlinear terms in the 
solving equations. The closure problem is then reduced to the estimation of eddy viscosity 
and diffusion coefficients. Based on dimensional analysis, turbulent viscosity could be 
formulated as the product of a characteristic turbulent length scale Lt and velocity scale Ut. 
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At a first approach, the scales Lt and Ut could be respectively estimated from flow geometry 
and mean flow properties. Still, as turbulence is a local phenomenon and evolves in time, it is 
better to bind eddy viscosity to turbulence parameters. Prandtl and Kolmogorov correlated the 
velocity scale to the turbulent kinetic energy κ, whose average intensity κ1/2 is given in 
equation (2.1.16). 
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Also turbulent length scale has then to be modeled, according to algebraic or empiric 
geometrical assumptions.  
A further step ahead is to adopt differential eddy viscosity models, which are classified 
depending on the number of resolved differential equations. In one-equation models a 
differential equation for κ is computed, whereas the turbulent length scale is algebraically 
modeled, mostly through geometrical parameters. The two-equation models introduce a 
further transport equation for Lt, whose solution is obtained either directly or in combination 
with the turbulent kinetic energy. One-equation models are for sure easier and 
computationally faster than two-equations ones. Nonetheless, algebraic estimations of length 
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scale are inadequate for complex internal flows, where also turbulence and flow history play a 
primary role. The most common two-equations model is the so-called κ−ε model, which 
provides in most situations reasonable predictions of the mean flow. The basic idea is to solve 
transport equations for turbulent kinetic energy κ and dissipation ε. The κ-equation is derived 
from the time averaged Navier-Stokes equations and includes terms for convection, 
production, turbulent diffusion and dissipation. 
 

 













∂
∂+

∂
∂+−+=

∂
∂+

∂
∂

j

t

jj
j xx

GP
x

U
t

κ
σ
µµεκρκρ

κ
 (2.1.17) 

 
Respectively, the terms P and G represent the production of turbulent kinetic energy by mean 
flow deformation and the production or destruction of turbulent kinetic energy by body 
forces. The ε-equation could not be directly extracted from the governing laws, whereas from 
assumptions of analogy with the transport equation for turbulent kinetic energy.  
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This similarity hypothesis directly leads to the introduction of modeling constants, which are 
mostly derived from empirical or experimental achievements and gain the standard values 
presented in table 2.1. 
 
 

Cµ Cε1 Cε2 Cε3 Cε4 σκ σε σρ 
0.09 1.44 1.92 0.8 0.33 1 1.3 0.9 

Table 2.1: Constants in the κ-ε model 
 

In the Reynolds Stress Model (RSM) each component of the Reynolds tensor jiuu  is 

transported, together with an equation for the turbulent length scale. The model could provide 
better results as it accounts for the anisotropy of the turbulent flow. Nevertheless, the 
computational demand is too high for most of the operative applications. 
The κ-ε model represents the standard model for all simulations presented in this thesis, as for 
engineering purposes actual computational power does not allow the embracing of more 
detailed approaches like LES or DNS. 
 

2.1.4. Numerical Solution Methods 
 
Flows and related phenomena could be described by partial differential or integro-differential 
equations, which can be solved analytically only in special cases. To obtain an approximate 
solution discretization methods can be used. Differential equations are approximated by 
systems of algebraic equations, which can be numerically solved on a computer. The 
approximations are applied at discrete locations in space and time, where the conservation 
laws are computed.  
The most important discretization methods are finite difference (FD), finite volume (FV) and 
finite element (FE) methods. 
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• Finite Difference (FD) method 
The solution domain is divided into a grid and each nodal point is associated to a discrete 
field value. Differential equations are then approximated by replacing the partial derivates 
with functions related to the grid points variables. One algebraic equation per node has then to 
be solved. According to the chosen approximation, the variable value at the considered node 
and at a certain number of neighbor points is unknown. An overview of the most common 
approaches for the solution of a FD problem can be seen in [54]. 
In principle the FD method can be adapted to any grid type, even if to maintain an easy and 
effective formulation, it is usually applied to structured grids. Nevertheless, high order 
differential schemes are simpler to obtain on regular grids. The limitation of the method is 
that conservation is not assured unless particular care is taken. Moreover, the restriction to 
simple geometries does not allow the resolution of complex flows. 
 
• Finite Volume (FV) method 
The starting point of the FV method is the integral form of the conservation equations. The 
domain is then divided into a discrete number of control volumes (CVs) on which the 
conservation equations are applied. The variable values are defined at nodal points 
corresponding to the centroids of each CV. In order to calculate surface integrals, the 
variables at CV surface are obtained through suitable interpolations of CV-center values. The 
final result is an algebraic equation for each control volume depending also on neighbor nodal 
values. 
Basically, the advantages of the FV approach are that it is conservative by construction and 
that it can be used with any type of grid and complex geometries. The common CFD 
industrial applications are therefore mostly based on FV methods. A disadvantage of FV 
approaches is that schemes of order higher than second are more difficult to be developed 
than with FD methods. 
 
• Finite Element (FE) method 
The domain is divided into a set of discrete volumes or finite elements, which are usually 
unstructured. The computational meshes are typically made of triangles or quadrilaterals in 
2D domains and tetrahedra or hexahedra in 3D spaces. Before the integration over the entire 
domain, the solution equations are multiplied by a weighting function. In the simplest case the 
weight function is approximated within each element by a linear shape, which can be 
constructed starting from its values at the elements corners. Afterwards, this approximation is 
introduced into the weighted integral of the conservation law. The solving equations are 
obtained by imposing the derivative of the integral at each nodal value to be zero. The result 
is a set of non-linear algebraic equations, whose solution corresponds to the best fitting 
function with minimum residual. 
The main advantage of the FE methods is the easiness to deal with arbitrary geometries, even 
if the matrices of the linearized equations are not as well structured as in regular grids. This 
aspect, common to any method using unstructured grids, leads to difficulties in the definition 
of an efficient solution method. The application of FE methods, usually implemented for 
structural mechanics problems, is nevertheless of little interest in the solution of the Navier-
Stokes equations. 
 

2.2. Multiphase Flow Theory 
 
A mixture of different constituents composes almost every physical material. The 
conservation equations discussed in section 2.1.2 are valid for homogeneous materials, even if 
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they could be extended to so–called classical mixtures or solutions, where the singular 
components appear unphysically distinct and the mixing resides at a molecular level [20]. 
Examples of such materials are air, composed ofy nitrogen, oxygen and other species in small 
amounts, water or liquid fuels.  
Nevertheless, the assumption of intermiscibility is not appropriate for all physical situations. 
Suspensions of particles in water or granular propellants are some examples of identifiable 
solid structures surrounded by one or more continuous media. As long as no chemical 
reaction happens, each constituent maintains its integrity. These materials are called 
multicomponent mixtures. The solution of the problem could be described with a Lagrangian 
approach: the evolution of position and deformation of each particle is solved, together with 
the complete history of the transporting flow field. Averaging processes for the parcels could 
then be used to reduce the computational effort. There are also situations where the 
multicomponent mixture is made by immiscible and continuous materials. In these cases the 
interfaces between fluids constantly vary in time and place. Some examples are all the liquid-
gas and liquid-liquid interaction phenomena. These phenomena seem to be better defined by a 
Eulerian approach, where the evolution of interfaces is evaluated in each singular control 
volume. 
 

2.2.1. General equations 
 
Conceptually, the multiphase governing laws could be directly derived from the Navier-
Stokes equations for single component flow, with the addiction of a term for the volume 
fraction of phase αk.  
 

 

Figure 2.2: Different approaches to treat the liquid continuous phase.  
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The mathematical foundation of the multiphase approach is treated in the works of Drew and 
Passman [20], Ferziger and Peric [27] or Lahey and Drew [46]. The mass conservation 
equation for the single phase (2.1.2) could be exact formulated [3] in multiphase coordinates 
for the phase k as  
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with I as the unity tensor and τ the shear stress tensor. The equations (2.2.1) and (2.2.2) 
represent the exact solution of the conservation equations for each single phase k. A typical 
multiphase flow is for example a liquid jet in air, as shown in figure 2.2. In order to compute 
the multicomponent stream, discretization approaches have to be introduced. 
 

2.2.2. Solution methods 
 
The most detailed solution method of the multiphase flow is the VOF (Volume of Fluid) 
approach [38], which could be principally classified as a DNS (Direct Numeric Simulation) 
surface tracking technique. The basic idea is to locally resolve the interfaces between the 
phases through the adoption of very fine grids, as shown in figure 2.3. Starting from the exact 
solution of the conservation equations, the mass conservation for a N-components mixture is 
rewritten introducing a source term Γkl between the phases k and l, which accounts for the 
mass exchanges between the phases. 
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Momentum conservation is then resolved for the whole mass contained in a cell, assuming the 
mixture components flowing at the same velocity and introducing an additional source term 
for the surface tension acting along the interface between the fluids. The continuum surface 
force (CSF) model by Brackbill [15] proposes for example an interfacial force depending on 
the surface tension coefficient σ and on the local surface curvature   

r 
c . Cell density ρ is 

obtained with an averaging procedure on the single phases values. 
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In some VOF solvers the interface between the phases is reconstructed and tracked by the 
solution of an additional scalar transport equation [97]. The high computational requirements 
make the VOF methods unsuitable for standard engineering applications. 
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In order to save computing resources, the numerical simulation needs to be performed on 
coarser grids and the Eulerian approach has to be introduced. In this case the definition of 
distinct interfaces between the phases is no longer possible, as shown in the second grid of 
Figure 2.2. The mass conservation is still formulated as in (2.2.3), while the momentum 

equations are singularly resolved for each phase k with the introduction of source termsklM
r

. 
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The interaction between the phases needs to be modeled through the definition of suitable 
interfaces. More details will be given in the next chapter according to the resolution of 
multiphase sprays. 
 

2.2.3. Applications 
 
The adoption of the multiphase approach in simulation of physical problems was developing 
very fast in the last years. Excluding the pure aerodynamics applications, many phenomena 
are built due to the interaction between different materials and states of aggregation: the 
assumption of mean properties for different interacting fluids appears therefore as a strong 
limitation.  
In the simulation of internal combustion engines the multiphase applications are quickly 
broadening, thanks to the faster computational power. 
The Multiphase solver applications treated in the present work are the internal nozzle flow 
and the Eulerian Spray model. For the first one, three phases, liquid, vapor and air, will 
interact during the simulation of the injection process. The second one needs a phase for gas 
and a chosen amount for droplets. Both cases will be analyzed in detail. It is important to 
underline, that each simulation uses the same solver, but different sub-models to treat the 
interaction between the phases. 
Other engine applications can be found in recent development for combustion modeling: a 
first step is to consider burned and unburned gases as two distinct entities; future development 
and detailed chemistry models could also lead to simulate different reactive species as 
interacting phases. 
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3. Spray simulation 
 
 
 
 

3.1. Introduction 
 
As introduced in the previous chapter, the spray formation process is a typical 2-phases 
phenomenon. For this reason the co-existence of interacting physical phases needs to be 
considered and modeled. The easiest approach, at least in terms of modeling complexity, is to 
adopt a Direct Numerical Simulation (DNS). The computational grid has to be fine enough to 
resolve all length scales of the problem, but no assumptions in terms of parcels or turbulence 
need to be made. On the other hand, the computational costs would be incompatible with 
today’s requirements. For this reason PDF (Probability Density Function) assumptions have 
to be made and a spray equation is introduced, as discussed in paragraph 3.2. 
The practical solution of the spray equation is obtained by collecting droplets with similar 
properties in diameter and velocity into statistical entities: equations of motion are solved for 
these parcels with the same thermodynamics conditions. The solution of spray transport could 
be subsequently done with two different methods, as presented in paragraph 3.3. The first one 
is the Lagrangian approach: the fundamental idea is to track the fluid particles in space and 
integrate the conservation equation over time. Meanwhile, the gas flow field surrounding the 
spray drops is calculated in Eulerian coordinates and interacts with them through exchange of 
source terms due to drag and evaporation. This method, called Discrete Droplet Model 
(DDM), is therefore an Eulerian/Lagrangian approach and it constitutes the standard scheme 
to describe the spray formation.  
The second method consists of fixing for each phase defined control volumes, where the 
conservation equations are solved: this leads to a pure Eulerian/Eulerian approach. In this case 
a multiphase solver is needed for the stochastic spray evolution. The main idea is to collect 
droplets with the same thermodynamic properties and diameters into classes, which are then 
treated as interacting phases. No parcel is followed in its motion and classes volume fraction 
values identify the PDF droplets distribution inside a single computational cell. This kind of 
approach could provide the most advantages in the dense spray region near the injector, where 
the turbulent interaction between droplets is a dominant effect. 
Advantages and limits of both methods will be also analyzed, together with the definition of 
the most important sub-models and main equations for the liquid/droplets phase.  
Paragraph 3.4 will give an overview of the Lagrangian Discrete Droplets Method (DDM) and 
its application on spray simulation. 
Paragraph 3.5 will analyze two different techniques to treat the Eulerian spray modeling, both 
of them directly adopted in the current work. The main focus will be to give an overview of 
the different approaches to treat droplets phases and exchange processes. 
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3.2. Statistical closure: DNS vs. PDF 
 
The interaction between gas and liquid could be treated at different complexity levels, starting 
from detailed DNS with Volume Of Fluid (VOF) interface reconstruction [38], up to PDF 
assumptions on ligaments and droplets [68]. DNS analysis could reach a high level of 
accuracy, as they could resolve the microscopic structures of droplets and ligaments 
according to the achieved mesh definition. Furthermore, no assumptions for turbulence 
modeling are needed. On the other hand, DNS simulations are still too time-consuming for 
industrial application and evaporation treatment is still under development, for example with 
the non-commercial VOF code Free Surface 3D (FS3D) [70]. 
As a consequence of the mentioned reasons, the most used approach to simulate a spray is 
based on the introduction of PDF assumptions: the single spray entities are no more directly 
resolved and a spray equation is introduced for the transport of droplets ensembles [95]. The 
distribution function fd represents the probability density of spray droplets, according to a 
chosen number of independent variables, for example droplets coordinates   

r 
x d , velocity   

r 
u d , 

radius rd, temperature Td (assumed uniform within the drop) and time t. As shown in Eq. 
(3.2.1), the integration of fd provides the probable number N of droplets per unit volume at 
position   

r 
x d  and time t, with the above-mentioned variables in the intervals (  

r 
u d ,  

r 
u d +d  

r 
u d ), 

(rd, rd+drd) and (Td, Td+dTd). 
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The time evolution of fd is obtained by solving a form of the spray equation (3.2.1). 
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The quantities du&
r

, dr& and dT&  are the time rates of changes for a single droplet according to its 

velocity, radius and temperature. The term df& represents all the sources due to droplets 

collisions and breakup, which need to be provided by spray models. 
Solving the spray equation according to the rates of change for mass, momentum and energy 
for all droplets at position   

r 
x d  and time t, it is possible to obtain the exchange 

functions Sρ& ,  
r 
F S , Sq&  and SW& , as shown in Equations (3.2.3-6). The term 

  
(
r 
u d −

r 
u g ) represents the relative velocity between droplet and gas, 'u

r
 is the gas-phase 

turbulence velocity, ed and cpd are the internal energy and specific heat of liquid drops. 
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The above described exchange functions have physical meaning: Sρ& is the rate of mass 

evaporation from the droplets, SF
r

 the force transmitted from drops to gas through drag 
effects, Sq&  is the energy transmitted to the gas by evaporation, by work due to turbulent 

fluctuations and by heat transfer, SW& is the rate of work done by turbulent eddies in 
dispersing the droplets. The exchange functions describe the interactions between spray 
droplets and gas phase, so that the solution of the spray equation directly expresses the 
evolution of drops in time and space. 
 

3.3. Different approaches for solving PDF 
 
The droplets evolution in time and space is resolved by the mathematical closure of equation 
(3.2.2). Some researchers [33] adopted an Eulerian finite difference method to directly 
integrate the spray equation. Nevertheless, this method appeared to be impractical since each 
independent variable has to be discretized on a grid, and with the 9 independent variables of 
Eq. (3.2.1) the required computer storage becomes excessive: e.g. with a coarse mesh of only 
10 mesh points in each dimension, 109 grid points would be necessary.  
A practical solution technique is to use a stochastic particle model. The basic idea is to group 
the physical droplets into representative parcels, each one embodying a number of identical 
drops with the same values of velocity, radius, temperature and turbulent parameters. 
Afterwards, the evolution of droplets ensembles needs to be solved. The most common 
approaches are the so-called Lagrangian and Eulerian approaches. 
The Lagrangian Monte Carlo method, also called Discrete Droplets Method (DDM), was 
proposed by Dukowitz [22] and first implemented in the CFD code KIVA [6]. The paths of 
statistic parcels of drops are followed in physical, velocity, radius and temperature space. 
Mathematically, Equation (3.2.2) is a hyperbolic equation and the paths represent 
characteristics in the solution space. The particles are directly moved to new locations in 
physical space after each time interval dt, following the force   

r 
F  obtained with Eq. (3.3.1). 
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For a vaporizing spray, the change in drops size rd is related to the time rate of change dr&  of 

parcels radius, which need to be provided by a chosen evaporation model. 
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d r
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Droplets size is also influenced by break-up, coalescence and collision. These discrete 
phenomena lead also to a change in drops number in a particular size class and to the 

appearance or disappearance of parcels from the simulation. The sources df&  will be further 

described in paragraph 3.3.5. 
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The collection of all parcels in the computational domain represents the spray drop number 
distribution. Statistics are improved by increasing the parcels number, since only discrete 
values of independent variables are represented in the computation. 
An alternative Lagrangian modeling approach is called PSI Cell (Particle-Source-in-Cell), 
proposed by Crowe [19] and most suited for steady-state spray computations. The solution 
procedure consists of solving the gas flow field assuming at first the presence of no parcels. 
Afterwards particle trajectories are computed, together with mass and temperature history on 
each trajectory. Mass, momentum and energy source terms for the gas are then calculated in 
each cell traversed by the particles and gas flow field is recomputed. New trajectories for the 
drops are then solved, again the source terms evaluated, and the process continues until 
convergence occurs. As the PSI Cell method is inappropriate for simulating spray dispersion 
effects in turbulent environments, itis adopted only in applications with steady flows. 
The basic idea of the Eulerian Spray [12] consists of subdividing the spray droplets into a 
selected number of phases, each one with the same physical and thermodynamical properties. 
The surrounding gas is represented by an additional phase, which interacts with the statistical 
parcels. Each phase is represented by a volume fraction αk of the containing cell and the 
droplets classes are classified by diameter. 
As mentioned in the previous chapter, the core point of multiphase modeling is the definition 
of the exchange interface between the phases. Many approaches could be used to define this 
interface and eventually reconstruct it. In the current work the basic idea is the assumption of 
spherical droplets: with this hypothesis the volume fraction αk of each droplet phase k could 
be directly linked to the parcel diameter dk. As shown in Eq. (3.3.4), the value Nk represents 
the droplets number density in phase k. 
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Modification of the diameter values due to atomization or evaporation could be therefore 
directly linked to number density or volume fraction.  
As for the Lagrangian approach, the exchange terms of Eq. (3.2.3-3.2.6) need to be 
transferred to the droplet phases. In this case the solution of the spray equation is performed 
in Eulerian coordinates: the multiphase solver recursively calculates each droplet phase on 
each cell of the computational domain. The liquid-liquid and liquid-gas interaction needs 
nonetheless to be modeled through the introduction of appropriate source terms, as it will be 
presented in paragraph 3.3.4. 
An essential difference between Eulerian and Lagrangian approaches is also on the 
description of discontinuous processes as atomization. The first method could describe only 
continuous processes, while DDM parcels could be easily split into child droplets with 
smaller diameter. For this reason the modelization of break-up processes represents one of the 
most challenging problems for the Eulerian approach, as it affects directly the drops diameter 
and therefore phases definition and boundaries. 
In the following paragraph the validity fields of Lagrangian and Eulerian methods will be 
analyzed, evaluating the reasons for the adoption of both in the current work. 
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3.3.1. Motivation 
 
Spray dynamics and evaporation are strongly affected from the interaction with gas phase and 
from the interaction of droplets. In the study of fluid injection it is possible to identify 
different spray regimes [56]. The region where droplets occupy a consistent fraction of the 
mixture volume is located near the nozzle outlet and here the spray is classified as “thick” or 
“dense”. Moving away from the injection location spray usually diverges according to 
turbulent dispersion phenomena and droplets size decreases under the effects of evaporation 
and atomization. In the “thin” and “very thin” regimes the particles are widely spaced and 
isolated drops correlations could be adopted to calculate the exchanges between parcels and 
gas: this is the region where the Lagrangian DDM model is most suitable to describe the spray 
dynamics. However, near the nozzle orifice the drops turbulent mixing and the strong 
particles interactions are difficult to be represented discretely, even with complicated collision 
and coalescence models [58]. 
A practical way to characterize the beginning of the “thick” spray regime could be taken 
according to the definition of gas-phase void fraction θ [56]. 
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Values of approximately θ < 0.9 define the start of the regimes, where the spray itself may be 
hardly described by the DDM approach. 
 

 
Figure 3.1: Spray formation: spatial resolution versus statistical convergence [36]. 
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Another reason for the adoption of the Eulerian approach is the reliability of exchange 
processes in the nozzle orifice region. A typical high-pressure injection process usually leads 
to extremely high fuel mass flows, therefore large velocity gradients just outside the nozzle 
orifice. Thermodynamics length scales are in the order of the nozzle diameter and if the mesh 
does not resolve the injector hole, the relative velocity between droplets and gas phase is 
overestimated (see Figure 3.1). This leads to an incorrect calculation of exchange processes; 
moreover, the velocity profile of the gas phase could not be captured: turbulence production 
and turbulent viscosity are therefore under predicted. 
In the standard Lagrangian stochastic approach the PDF expressing droplets statistics is 
transported by a number of parcels. To represent the PDF correctly the number of parcels per 
cell has to be sufficiently high. The contradiction of the Lagrangian approach is that 
increasing the space resolution to resolve the gas dynamics, the number of parcels per cell 
consequently diminishes together with the statistical convergence, as proven also in many 
investigations [34]. This is also a reason for the adoption of the Eulerian approach in the 
region near the nozzle hole, as the number of droplet classes is independent from cell 
dimension. Grid resolution could be hence improved without losing the stochastic models 
foundation. 
The next paragraphs will show the formulation of conservation equations for the Lagrangian 
and the Eulerian approach, followed by the definition of the spray sub models used in the 
current work. 
 

3.3.2. Transport with DDM 
 
For each computational spray parcel a set of mass, momentum and energy conservation 
equations need to be solved. The continuity equation (3.3.6) presents the mass sources ΓE, ΓB 
and ΓC, which account for evaporation, breakup and eventual collision/coalescence processes 
acting on droplets. 
 

 CBE
d

dt

dm
Γ−Γ−Γ−=  (3.3.6) 

 
The Lagrangian DDM method directly solves the motion of each spray parcel by integrating 
the momentum equation over time. Conceptually, the formulation (3.3.7) states that the rate of 
change of momentum is equal to the sum of acting forces on a spray droplet; therefore, it is 
directly derived from the second Law of Newton. 
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The terms on the right hand side of equation (3.3.7) represent the components of resulting 
actions on droplet i: the drag force FiD, the gravity and buoyancy force FiG, the pressure force 
FiP and the external force FiEX. The formulation of drag force will be given in the sub models 
section 3.3.4. After the solution of the particle velocity components uid, the instantaneous 
parcel position xid could be integrated then.  
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Parcels are tracked in the physical space without a dependence on the mesh distribution. Grid 
effects come from the definition of relative velocity between drops and gas cells. 
The energy equation is presented according to the Dukowicz [21] assumptions for heat and 
mass transfer: droplets are spherical, with a quasi-steady gas film around the surface and 
uniform temperature. Furthermore, the surrounding fluid owns uniform physical properties 
and the liquid-vapour mixture on drops interface is in thermal equilibrium. These hypotheses 
lead to the energy conservation equation (3.3.9), which states that the rate of change in droplet 
temperature is determined assuming that the energy conducted to the droplet either heats up 
the parcel or supplies heat for vaporization. 
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The terms cpd, Td and Ld represent the specific heat of the liquid, the droplet temperature and 
the latent heat of evaporation. The convective heat flux from the gas to the droplet surface is 
expressed by q&  and, together with the rates of change in drops mass dmd/dt and temperature 
dTd/dt, need to be expressed through evaporation models. 
The above described source terms for mass, momentum and energy could be expressed with 
different modeling approaches, as described later in section 3.3.4. 
 

3.3.3. Transport with Eulerian approach 
 
For each phase the complete set of conservation equations is resolved, i.e. mass, momentum 
and enthalpy. The resolution in the droplets diameter space increases with the number of 
phases, leading to an increase in computational effort. 
The multiphase formulation of conservation equations for mass, momentum and enthalpy are 
shown in Equations (3.3.10), (3.3.11) and (3.3.12) [20]. Additional transport equations for 
turbulence kinetic energy and turbulence dissipation rate according to the k-ε model and a 
transport equation for the vapour mass fraction in the gaseous phase are solved. 
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The exchange terms Γkl, Μkl and Hkl between the phases, visualized in Figure 3.2, are 
contained in the right hand sides of the previous equations. The corresponding models are 
conceptually the same as in the Lagrangian approach, even if the assumption of discrete 
droplets classes and the presence of volume fraction require some adjustments, which will be 
properly analyzed in the following paragraphs.  
 

 

Figure 3.2: Drag (l.) and evaporation (r.) source terms between generic droplet d and gas g. 
 
• Mass exchange 
 
The contributions for the interfacial mass exchange Γkl between phase k and l come from 
evaporation ΓE,kl, primary break-up ΓP,kl and secondary break-up ΓS,kl, as shown in equation 
(3.3.10). All the sources could theoretically get a negative or positive sign, according to a loss 
or a gain of mass. All the mass exchange rates are modeled for a single droplet, therefore they 
need to be multiplied by the number of droplets per unit volume, called droplet number 
density, which is given by Nk = 6αk/π dk

3. 
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The term klEm ,&  represents the mass exchange rate of a single droplet, which is calculated 

according to the chosen evaporation model. In the case of adoption, the primary break-up 
model describes the disintegration process from the bulk liquid phase n into the other liquid 
droplet phases. The term klPBm ,&  is related to the radius decay rate (dr/dt)PB,kl of the parcels 

initialized at the nozzle hole. The secondary atomization process is defined by the term klSm ,& , 

which is proportional to the radius change rate (drk/dt)S,kl of each liquid phase in each cell. 
 
• Momentum exchange 
 
Drag forces ΜD,k1 and turbulent dispersion forces ΜT,k1 determine the momentum exchange 
Μk1 between gaseous phase and each liquid one, as shown in equation (3.3.14). 
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Drag coefficient cD is modelled as in the Lagrangian approach, therefore as a function of 
Reynolds number, droplet deformation and, in this case, liquid volume fraction. Turbulent 
dispersion force and its coefficient cT [49] are taken into account only in the multi-
dimensional Eulerian formulation. 
 
• Enthalpy exchange 
 
The term Hk1 in equation (3.3.15) represents the interfacial enthalpy exchange between gas 
and liquid phases and is determined by the evaporation model. The heat flow rate klEq ,& , which 

represents the energy exchange between a single droplet and the surrounding gas, is 
calculated according to the chosen evaporation model.  
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3.3.4. Sub models 
 
In this section the most common spray models will be briefly outlined; as affecting source 
terms or parcel diameter variation, the models themselves could be used both for Lagrangian 
and Eulerian approach. The description of droplets through discrete parcels or volume 
fraction then requires formal adjustments in model implementation, which will not be 
presented in the current thesis. 
 
• Drag 
 
Drag force represents the momentum interaction between droplets and surrounding gas and it 
could be expressed as a function of the relative velocity urel between both entities: 
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D is the drag function and it is generally formulated as a function of the cross sectional area of 
the parcel Ad. 
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The drag coefficient CD depends on the droplet Reynolds number Red and is expressed in 
different forms according to the assumed particles shape. For example the drag coefficient for 
a single sphere could be formulated like in equation (3.3.19) [75]. 
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Turbulent dispersion effects could be included in the drag force as a statistical fluctuating 
component [57]. In the case of fuel injection the drag force is the most relevant in terms of 
magnitude. By neglecting pressure and external forces, the droplet motion equation could be 
rewritten as 
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• Evaporation 
 
The described evaporation approach follows the Dukowicz formulation [21]. The basic idea is 
to use a two-component system in the gas-phase, composed of the vapour and the non-
condensable gas, even though each component may consist of a mixture of different species. 
The governing law for the mass flux may be formulated defining sq& and vsm&  as local surface 

heat flux and vapour mass flux, with the assumption of uniformity of droplet surface 
conditions. 
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Starting from equation (3.3.9), the droplet energy equation could be then rearranged. 
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Both equations describe the rates of change in droplet mass and temperature, with the term 

svs qm && /  which needs to be modeled. 
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The expressions Yv and Yvs respectively describe the local mass fractions of vapour and its 
boundary value at parcel surface, β the binary diffusion coefficient and k the heat 
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conductivity. An analogy consideration on heat and mass transfer differential equations then 
leads to a formulation of the unknown term in equation (3.3.23).  
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The index s and ∞ refers respectively to enthalpy h and vapour mass fraction Yv at droplet 
surface and in the surrounding environment. Assuming Lewis number Le equal to 1 and 
defining the mass transfer number BY, the flux ratio could be written in equation (3.3.26) in its 
final form. 
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The vapour mass flux dmd/dt could then be calculated and introduced into the energy equation 
(3.3.9). The convective heat flux from the gas to the droplet surface q&  could be formulated as 

a function of the droplet surface area A and of the convective heat transfer coefficient α 
through the film surrounding the droplet in the absence of mass-transfer. 
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According to Dukowicz’s model formulation for Q& , the energy equation for a droplet may be 
presented as 
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where kg is the heat conductivity, Tg the temperature of the ambient gas and Nu the Nusselt 
number (Nu) is modeled [63] as a function of Reynolds (Re) and Prandtl (Pr) numbers. 
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Transport properties like vapor viscosity, specific heat, thermal conductivity etc. are evaluated 
according to the reference temperature refT between the local domain fluid temperature 

∞T and the droplet surface temperaturesT . 
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Convection theories from Sparrow and Gregg [82] suggested the adoption of a 1/3-law for the 
reference temperature. 
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The term refT consequently affects the values of the fluid properties in the computation of 

characteristic non-dimensional numbers, which are adopted for advanced evaporation 
modeling. Reynolds, Schmidt and Prandtl numbers for the droplets could be described by 
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The approach of Dukowicz allows resolving both terms dmd/dt and dTd/dt according to the 
formulation of mass and heat flux relationship svs qm && / . Another idea for the modeling of 

single drops evaporation came from the studies of Frössling [31]: the derived model is known 
as Spalding model and it was first implemented in the KIVA II code. Droplet radius reduction 
is calculated independently from the mass flux, which is formulated with the Dukowicz 
approach. First of all the parcels energy equation (3.3.9) has to be re-written according to 
homogeneous spherical droplets of radius rd. 
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The correlation for the rate of change in particles size could be expressed as 
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where Sh is the Sherwood number, calculated by 
 

 
3/12/16.02 ScReSh +=  (3.3.35) 

 
and corrected by the factor ln(1+BY)/BY, accounting for the vapour diffusion away from the 
droplet (Stefan flow) 
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Heat flux is formulated with the Dukowicz approach, even if the Nusselt number is also 
corrected by the factor ln(1+BY)/BY. The resulting energy equation may be written as 
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In comparison with the stationary droplet, the relative motion between spray particles and gas 
phase leads to increasing exchange processes. Starting from the Ranz and Marschall [63] 
empirical correction of Nusselt and Sherwood numbers, 
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Abramzon and Sirignano [1] proposed a further modification to account for the deviation of 
streamlines due to evaporating mass flow. 
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The correction functions FT and FM have the same structure 
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with BY and BT as mass and temperature transfer numbers. The method is iterated until the 
correction on calculated BT fulfills a defined convergence criterion. Although higher 
computational cost, the advantages of the model could be found in deeper physical accuracy 
and no limitations on Lewis number, set to 1 in the Dukowicz approximation. 
In the current work the Eulerian spray model from AVL is run with the evaporation model 
from Abramzon and Sirignano, while StarCD uses the Dukowicz approach. 
 
• Secondary Break-up 
 
There are many methods to define the atomization process of liquid jets, from approximations 
of single droplets to direct numerical simulations [74]. In the CFD simulation of a combustion 
engine, sprays are usually assumed to be made of spherical parcels. Hence, the analysis of 
single droplets break-up represents the basis of standard atomization models, as the ones 
described in the current section. 
In the break-up model from Reitz and Diwakar [67] the atomization process is divided into 
two regimes: bag and stripping break-up for low and high relative velocities between droplets 
and surrounding gas. The disintegration of drops into smaller particles is supposed to happen 
as they reach an unstable condition related to the droplets Weber number Wed. This 
correlation can be explained as the Weber number quantifies the relevance of inertia forces in 
comparison with surface tension forces, which tend to constrain the aerodynamic atomization 
process. 
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As the unstable condition is reached, in the stripping regime the viscosity effects are dominant 
to determine the droplets break-up. The rate of change in droplets radius rd is then defined 
with a logarithmic law as: 
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The term rd,stable represents the droplet radius at a stable condition, while τΒ is the 
characteristic break-up time. Both terms are differently modeled according to the atomization 
regime, as shown in table 3.1. 
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Table 3.1: Reitz-Diwakar break-up model. 
 
The simulation time step dt is usually much smaller than the characteristic break-up time, 
therefore the droplets size is gradually reduced until they reach a stable state. The constants 
C1 and C2 then need to be adjusted in order to fit the experimental data. 
Another widespread break-up approach is the WAVE model from Reitz [68], based on the 
Rayleigh-Taylor instability ([65] and [91]), which occurs when a dense, heavy fluid is 
accelerated by light fluid. The growth of a perturbation on the liquid surface is linked to its 
wavelength Λ and the unstable condition is linked to the droplet Weber number. At high 
velocities the size of the product droplets is set equal to the wavelength of the most probable 
unstable or fastest growing surface wave, with a correction factor C1: 
 

 Λ= 1, Cr stabled  (3.3.44) 

 
The characteristic break-up time is formulated as in table 3.1 for the stripping regime. At low 
Weber numbers the Rayleigh type break-up occurs, leading to larger droplets than the original 
drops. Nevertheless, this last regime is not of interest for high pressure injection systems.  
Literature proposes many other approaches in the modeling of spray atomization. Some 
examples are the Taylor Analogy Break-up (TAB) model from O’Rourke[59], the FIPA 
model from Pilch and Erdman [62] or the KH-RT model [88], based on the competition 
between the Kelvin-Helmoltz surface waves and Rayleigh-Taylor disturbances acting on 
droplets. 
 
• Primary Break-up 
 
The primary break-up models try to define the transition from the nozzle flow to the dispersed 
spray in the region close to the nozzle orifice. The effects of turbulent velocity fluctuations, 
collapsing cavitation bubbles and aerodynamic interactions lead to a complex process that 
strongly affects the initialization of the spray. 
The primary break-up model implemented in Fire follows the work of Bianchi and Pelloni 
[13]. Originally developed by Huh and Gosman [39], the method considers the aerodynamic 
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surface wave growth and the internal turbulence stresses as two independent mechanisms. A 
coherent liquid core at the nozzle exit is assumed to lose mass under the action of turbulent 
fluctuations and aerodynamic pressure forces. The diameter of product droplets dd is set equal 
to the turbulent length scale Lt at the nozzle orifice cross section. 
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The constant Cµ is set equal to 0.09, while C1 could be varied in order to fit the experimental 
results. The break-up time scale is then related to the turbulent and aerodynamic time scales τt 
and τa. 
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The aerodynamic time scale is obtained from the Kelvin-Helmoltz instability theory, using the 
turbulent length scale Lt as the characteristic value for the unstable wavelength. The final 
expression of the break-up time τΒ  is obtained with two weighting factors C1 and C3, both 
depending on calibration with experimental data. 
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• Turbulent dispersion 
 
The interaction between gas flow and particles could be correctly reproduced only with the 
solution of the singular turbulent eddies. As this condition is neglected by the RANS 
approach, a turbulent dispersion model is required. The interaction between parcels and 
turbulent flow is estimated from the time required by the particle to cross the eddy and the 
turbulent eddy life time. 
In the model of O’Rourke [57] the interaction between the turbulent flow is not described 
with the introduction of a velocity fluctuation component, contrariwise new particle location 
and velocity are computed with a statistical approach. Gaussian distributions for velocity and 
position are used, with the variances σ 2 calculated as follows: 
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The term σ is the standard deviation of the Gaussian distribution, D is the drag function 
already defined in equation (3.3.17), tturb is the turbulence correlation time and ∆t is the 
computational time step. Particle position xid and velocity uid are then updated from condition 
n to n+1 according to the turbulence persistence time tper, which represents the dependency 
between velocity and position change. 
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3.4. Lagrangian Spray Tests 
 
Drops parcels are introduced at the injector hole location with a specified droplet diameter, 
velocity and temperature. Injection velocities are usually determined from measured mass 
flow rate of the injector nozzle. As mentioned in paragraph 3.3.1, a great problem of the 
DDM approach is the high mesh and environment conditions dependency. 
In this section an evaluation of grid effects will be carried out through simulations by two 
different CFD codes, Star-Cd and Kiva-3v. The modified parameters will be meshes, spray 
initialization and turbulent dispersion models. The calculations will be performed in a cold 
environment, in order to avoid the influence of evaporation on the results. The simulations 
will be performed on two-dimensional orthogonal and spray adaptive meshes: the cells 
dimension distribution will change in the direction orthogonal to the injection axis. 
 

   

Mesh 1 - Orthogonal Rough 
∆x = 1 mm (5000 cells) 

Mesh 2 - Orthogonal Fine 
∆x = 0.1 mm (17000 cells) 

Figure 3.3: Orthogonal 2D meshes. 
 
The first meshes were created with a orthogonal Cartesian grid. They were made of a 0.5° 
rectangular sector with a constant cells spacing (∆y) of 1 mm in axial direction and variable 
(∆x) in radial direction: this could assure a different solution of the velocity gradient near the 
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injection point. The ∆x values were chosen in a range from 0.1 to 1 mm, as shown in Figure 
3.3. The dimension of the computational domain was 40x120 mm2, in order to guarantee the 
spray penetrations obtained in the experimental data set. 
Afterwards two adaptive meshes werewere considered, whose shape was directly extracted 
from a 3D bowl mesh of an internal DC truck engine (see Figure 3.4). Also in this case it is 
assigned to the 2D meshes the “fine” and “rough” identifications. 
Simulation results will be compared to DaimlerChrysler experimental data in an optically 
accessible chamber. Injection rates and penetration curves are available for a common rail 
injection system, 6 holes nozzle,  800 bar rail pressure, 50% load, cold chamber (p = 20 bar; T 
= 293 K). 
 

 

Figure 3.4: Creation of adaptive meshes. 
 
The simulations were performed with Star-CD and Kiva-3v CFD codes. The aim is to 
compare the implementations of both codes. The entrainment of new particles into the domain 
is performed both with blob method coupled with break up model and with constant 1 µm 
diameter of parcels without break-up. 
In the so-called blob method the injection process starts with large droplets of orifice 
diameter, introduced in the chamber at nozzle hole position. The dimension of parcels is 
reduced according to the rate approach of a chosen break-up model. The jet appears therefore 
to be represented by a series of parcels with diminishing diameters. In order to get an 
acceptable spray the break up rate needs to be increased, leading to fast atomization and fast 
reduction of droplets momentum. A disadvantage of the approach is the very slow 
evaporation process near the injector, due to the presence of parcels with high diameters. 
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The number of injected parcels amount to 5000 entities, a reasonable value according to the 
0.5° simulation sector. Injection velocities are extracted from the experimental injection rate, 
according to an injected mass per-hole of minj = 2.285e-5 kg. The direction of injection could 
be randomly deviated by an angle αinj, in order to force the spray dispersion near the injector. 
In our case two different angles were considered: 0° and 12°.  
The thermodynamical conditions in the computational domains are a temperature T = 293 K, 
and a pressure p = 20 bar in N2 ambient gas. The turbulence level is set to ε = 1 m2/s2 and lT = 
0.001 m. 
 

 

Figure 3.5: Star-CD spray simulations (pictures at t = 0.0016 s). 
 
The first simulations werewere performed on the orthogonal meshes with Kiva-3v and Star-
CD. It was clear immediately  that the Star-CD standard dispersion model was heavily mesh-
dependent and practically inapplicable for the finest cell dimensions. With an injection angle 
of αinj = 0° the spray shapes appeared more and more like arrows moving towards finer grids: 
this can be easily seen in Figure 3.5. Also with an injection angle of 12° the spray showed a 
big mesh dependency, as seen in the penetration curves of Figure 3.5.  
With the adaptive meshes the spray shapes appeared very thin and without the angular 
dispersion that the experimental images showed. Both in the orthogonal and adaptive cases, 
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the rough mesh led to a spray shape with a rounded head: this fact underlined that the 
dispersion only took place far away from the injector. The simulations in fine grids with 
injection angle of 12° showed better shapes and penetrations than the simulations in rough 
grids; nevertheless, the spray angle appeared simply defined from the initialization angle αinj. 
Finally, penetrations for adaptive meshes were slightly better than for orthogonal ones (see 
experimental photo with superposed simulated spray images in Figure 3.5). 
Also the influence of turbulence initialization was taken into account: a high turbulence level 
(κ = 10 m2/s2 and lT = 0.01 m) was compared with a low turbulence level (κ = 1 m2/s2 and lT = 
0.001 m). The results showed a big influence of turbulence in orthogonal rough meshes, as 
penetration curves differed by nearly 1 cm at the end of thesimulation. Turbulence 
initialization had a lower influence in the orthogonal fine and adaptive grids, as penetrations 
appeared very close (see Figure 3.6). 
 
 

 

 

Figure 3.6: Turbulence influence in Star-CD spray simulations, αinj = 12°. 
 
The simulations performed with Kiva-3v code showed a higher dispersion of the spray, even 
with an injection angle of 0°: the Kiva-3v spray shapes appeared wider and not concentrated 
along the spray axis, while Star-CD provided “arrow-shaped” sprays (see Figure 3.7). All the 
previous simulations were performed in both codes with a computational time-step of 1e-6 s, 
indispensable to resolve the spray dynamics. 
The adoption of a new turbulent dispersion model for droplets [36] provided better results on 
spray formation. Anyway, the performed tests showed a great sensitivity to initialization and 
models. Mesh quality, turbulence level and injection angles appeared to have a great influence 
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on spray development, leading to the perception of a method requiring great tuning of 
parameters. 
 

 

Figure 3.7: Comparison between Kiva 3v and Star-CD for coarse mesh and αinj = 0°. 

 

3.5. Eulerian Spray Concept 
 
In this thesis two different Eulerian spray models will be adopted: the 1D ICAS and the AVL 
3D Eulerian. These two approaches will be analyzed and compared in the following 
paragraphs, trying to underline limits and advantages of both. 
In the case of the primary breakup model, a droplet phase could represent the bulk liquid of 
the flow streaming outside the nozzle hole. A schematic representation is shown in table 3.2. 
 

Phase 1 2, ..., n-1 n 

Physical Gas mixture Droplets Bulk liquid 

Table 3.2: Phase specification in the Eulerian spray 
 
Further on two different multiphase spray approaches will be described and applied: the ICAS 
1D-Model [44] and the 3D-Eulerian Spray developed from AVL [12]. Momentum, mass and 
energy exchanges between gas and droplets phases are described in the same way, as well as 
the vapour, transported as a scalar in the gaseous phase. Furthermore turbulent kinetic energy 
and dissipation rate are resolved in both approaches according to the κ-ε model. The main 
difference consists of the modeling of the exchange terms between the droplets phases and on 
the definition of boundaries and mean value of each droplets class. 
As shown in Figure 3.8, in the ICAS model droplets phases exchange terms only with the gas 
phase, modifying their characteristic diameter according to break-up and evaporation. On the 
other hand, the 3D Eulerian Model from AVL imposes the definition of constant class 
diameters and allows mass and momentum transfer between the parcels phases. A more 
detailed analysis will be held in the following paragraphs. 
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Figure 3.8: Conceptual differences between 1D-ICAS and 3D-AVL Eulerian Spray models.  
 

3.5.1. 1D-ICAS Model 
 
The Interactive Cross-Section Averaged Spray (ICAS) model [44] is a 1D Eulerian approach 
intended to describe the liquid jet atomization in a conical region just outside the nozzle. A 
chosen amount of droplets phases is transported along a one-dimensional grid extruding in the 
axial direction of injection. Adopting the ICAS model on an engine mesh, the source terms 
between the liquid and gas phase are mapped in a conical domain overlapping the two meshes 
through the selection of a defined spray angle. 
 

 
Figure 3.9: Process of class diameter reduction in ICAS model [44]. 
 
One of the most innovative concepts is the assumption that the border of each droplet class 
could change during the spray development. Processes like evaporation and break-up produce 
a constant decay of parcels diameter, as shown in Figure 3.9. 
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The limit of the method is primary to neglect more-dimensional effects, like turbulent 
dispersion or gas cross flow on spray. Nevertheless, the robustness and stability of the model 
affirmed its success in industrial applications at DaimlerChrysler. 
The conservation equations and the models are a one-dimensional reduction of the 3D case: 
for this reason they will be treated in the following paragraph. 
 

3.5.2. 3D Eulerian Spray 
 
For each phase the complete set of conservation equations is resolved, i.e. mass, momentum 
and enthalpy. The resolution in the droplets diameter space increases with the number of 
phases, leading yet to an increase in computational effort. The adopted model was developed 
by AVL and is currently used in Fire v8 CFD code [7]. The main difference with ICAS is the 
hypothesis of constant droplets classes: the discrete process of atomization leads therefore to 
an exchange of mass between the liquid phases. An improvement of the model towards 
adaptive classes boundaries is under development. 
 

3.5.3. Quantification of Numerical Errors 
 
In order to estimate the mesh dependency of the adopted Eulerian Spray, a discretizations 
study was done. The considered method for error estimation is the Grid Convergence Index 
(GCI) [72]. The basic idea consists on the adoption of the Richardson extrapolation method 
[69], which is valid only for grids within an asymptotic range. The method itself requires the 
adoption of three meshes with increasing refinement and the definition of a key variable 
important to the objectives of the simulation study. 
 

 

Figure 3.10: Penetration curves and spray shapes for the GCI numerical errors analysis. 
 
First, a coarse two-dimensional grid (3) was meshed; afterwards, two further refinements 
were performed, creating an intermediate (2) and a fine (1) mesh. Injection velocities were 
taken from [11] and the three meshes present respectively 3, 4 and 5 cells at the inlet 
boundary. Spray tip penetration was chosen as the key variable for the GCI study. Figure 3.10 
shows the results in terms of spray penetration and shape for the three cases. 
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The cells numbers N, the grid refinement factors r21 and r32, the values of key variables φ, the 
approximate relative error, the extrapolated relative error eext

21 and the fine grid convergence 
index GCIfine

21 are shown in Table 3.1. 
 

 φ = Liquid tip penetration [m] 

N1, N2, N3 11700, 5200, 1950 

r21 1.310 

r32 1.387 

φ1 0.0555 

φ2 0.0535 

φ3 0.0480 

ea
21 3.60 % 

eext
21 3.22 % 

GCIfine
21 4.16 % 

Table 3.3: GCI calculation of discretizations error. 
 
According to table 3.3, the numerical uncertainty in the spray penetration should be reported 
as 4.16 %. Unfortunately, a comparison with other CGI results was not found in the 
multiphase spray literature.  
This kind of approach could not provide  a quantification of modeling errors, as the GCI by 
definition estimates only the errors due to insufficient spatial discretization. Nevertheless, the 
adoption of a fine enough grid could lead to an acceptable error in terms of grid effects. 
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4. Nozzle Flow 
 
 
 
Firstly an overview of the most important physical aspects of the internal flow through a 
nozzle will be given. The multiphase simulation of nozzle flow requires the definition of at 
least two phases, liquid and vapour fuel, and eventually air for the boundary conditions in the 
injection chamber. Thermodynamics of these states of aggregation plays a determining role 
on the selection of models and boundaries, therefore a brief introduction will be provided. 
Afterwards, the main parameters that affect this kind of CFD calculation will be investigated. 
The analysis will start with the simulation input parameters, trying to give an overview on the 
computational mesh generation and the physical models.  
The aim is to underline a methodology, which could allow setting up more reliable 
simulations, thanks to a deeper understanding of the involved physics and numerics. 
The last part of this chapter will focus on methodologies to link the internal nozzle flow to the 
spray simulation. 
 

4.1. Physical background 
 
The internal nozzle flow and the occurrence of cavitation are strictly related to the physical 
properties of the injected fluid. A short description of the concurring fuel phases is therefore 
held, followed by the definition of the adopted cavitation model. 
 

4.1.1. Thermodynamics of Phases 
 
A set of preliminary assumptions has to be defined in order to reduce the complexity of the 
physical phenomena. The cavitating flow is simulated as a two phase flow with a continuous 
phase (fuel liquid) and a dispersed one (fuel vapour). The incompressibility hypothesis is then 
assumed, so that densities ρl and ρv are constant for each phase. In the following analysis the 
considered fuel is n-Dodecane (C12H26). Vapour is treated as a perfect gas and it exists only 
under vaporization (or saturation) pressure pvap. 
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The vaporization pressure is a function of temperature T, and for n-Dodecane it varies by 
nearly six orders of magnitude between 270 K and 658 K (critical temperature), exactly from 
1.23 Pa to 1.813e+6 Pa (see Fig. 4.1). This implies that it is difficult to define an initial value 
for vapour density, as it appears to be very sensible to the flow temperature inside the nozzle. 
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For the fuel a temperature around 300 K is usually assumed, but heat transfer into the nozzle 
could easily affect the vapour formation. 
 

 
Figure 4.1: Vaporization pressure as a function of temperature for n-Dodecane. 
 
Another assumption is that the temperature T is constant inside the nozzle, which means that 
no energy equation is calculated by the CFD solver. This hypothesis allows creating linear 
curves which correlate fuel density to pressure, as shown Figure 4.2, left. Each curve defines 
the physically acceptable fuel density range for variable load pressures and defined 
temperature. These curves change maximum density value and slope k=M/(RmT) according to 
temperature T, as shown in the right hand side of Figure 4.2. 
 

  
Figure 4.2: Vapour density dependence on pressure and temperature. 
 
The maximum density of gaseous phase changes rapidly according to temperature, as can be 
seen in the logarithmic graph in Figure 4.3. For this reason it is difficult to identify the initial 
density value of vapour phase; moreover, it plays a determinant role in the multiphase CFD 
calculation, as for an incompressible flow it will be constant during all further simulations. 
The vapour density should therefore be chosen under the maximum value allowed by the 
surrounding temperature, considering as physical limit the graph in Figure 4.3. 
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Figure 4.3: Vapour density in function of temperature for n-Dodecane. 
 

4.1.2. Cavitation model 
 
The multiphase solver for the nozzle flow simulation requires the definition of two interacting 
phases, namely the fuel in its liquid or gaseous state of aggregation. In the Fire v8 code the 
dispersed phase is modeled as a mixture of bubbles interacting with the fluid continuum by 
the exchange of mass and momentum source terms [7]. 
The basic concept of the cavitation model is that if the liquid flow undergoes the vaporization 
pressure new vapour bubbles are created in the computational cell. Vaporization pressure and 
vapour density mainly affect the mass exchange source term Γm between the phases, which is 
calculated by 
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where αv denotes the volume fraction of the vapour phase, ρl and ρv are the liquid and vapour 
phase densities, Nb represents the bubbles number density and ∆p=pvap-p is the effective 
pressure neglecting turbulent fluctuations. This relation could be written as: 
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According to the previous assumptions (i.e. in Figure 4.3), if temperature increases, 
consequently also vapour density and vaporization pressure exponentially increases, leading 
to fast increasing cavitation source terms. Considering that vapour exists only under pvap, it is 
possible to define a domain where the mass exchange source terms at a defined temperature 
T’ are positive (see Figure 4.4). 
In conclusion, the choice of liquid temperature strongly affects the cavitation phenomena. 
Aware of this fact, the simulations will be performed with a temperature of 293.15 K, with a 
corresponding vapour density of 0.1 kg/m3 and vaporization pressure equal to 150 Pa. 
Momentum source terms for drag are then modeled according to round gas bubbles 
transported by the liquid flow [7]. 
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Figure 4.4: Trends of the maximum cavitation mass source term at different temperatures. 
 

4.2. CFD Application 
 
In order to perform a simulation of the injector internal flow many requirements have to be 
fulfilled. The generation of a computational mesh, the definition of boundary conditions and 
the reproduction of needle movement are some aspects which need particular care and will be 
therefore described in the current section. Afterwards an example of simulation results and of 
the geometrical effects on them will be presented. All the calculations are performed with Fire 
v8 multiphase solver. 
 

4.2.1. Computational Mesh 
 
The nozzle geometry usually presents a periodic holes distribution: this allows the generation 
of a sector mesh, assuming radial symmetry in the nozzle body and a vertical symmetry in the 
nozzle hole. In a 6-hole nozzle only a 30° sector mesh needs to be generated, due to the 
symmetry boundary condition on the lateral surfaces. 
The general requirements for a good mesh quality can be summarized into the following 
points: 
 

• The computational cells should be boundary connected and aligned to the flux. 
• The mesh should be finer in proximity of critical zones for cavitation phenomena (i.e. 

near the needle closure site and the edge between injector body and nozzle). 
• The aspect ratio should not overcome values of around 10.  

 
The adopted meshing program is ICEM CFD; the meshes are generated with a top-down 
blocking process. At first a structure blocking is created in order to capture the geometry; with 
a top-down process the blocks are split and the unused ones are discarded. Later on the blocks 
are associated to the geometry through projections of edges on curves. The vertices and the 
surfaces are then moved onto the geometry. Mesh size is assigned through the definition of 
edge cells distributions and the generated mesh is then improved with the adoption of an O-
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grid: a cells layer is created next to the solid surfaces. The nozzle meshes created with ICEM 
CFD appear fully boundary connected and aligned to the flux (see Figure 4.5). With these 
kind of computational grids it is possible to assure a solid base for further CFD simulations. 
 

 

4.2.2. Boundary conditions 
 
The main boundary conditions are represented by the pressure inlet, corresponding to the rail 
pressure, the symmetry faces, the moving needle and the outlet, which should reflect the 
pressure value of the injection chamber (see Figure 4.6). The last two aspects are particularly 
important for the quality of the simulation results and will be therefore analyzed separately. 
 

 
Figure 4.6: Boundary selections for the nozzle flow simulation. 

    
 
 

     
 (a) (b) 

Figure 4.5: Mesh generation and topology for Sac Hole (a) and VCO (b) Nozzles. 
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• Outlet boundary 
 
The outlet selection should assure the injection chamber conditions in terms of static pressure. 
In the case of a super-cavitating nozzle, i.e. with vapour phase reaching the nozzle outlet, a 
boundary condition could strongly affect the flow field. That is  why it is better to define a 
volume just outside the nozzle hole, where the chamber conditions are recreated without 
affecting the outlet layer and the cavitation shape (see Figure 4.7). Of coarse this operation 
needs the definition of a third air phase in the simulation and an increase in the number of 
mesh cells. The computational time will definitely increase, nevertheless together with the 
accuracy of results. 
 

 

 
Figure 4.7: Effects of nozzle outlet boundary of flow and cavitation. 

 
The effects of boundary selection directly at nozzle hole outlet or in an appended cylindrical 
chamber are consistent, as it is possible to see in Figure 4.7, where the cavitation region and 
the flow velocities appear strongly different for both cases. For this reason further meshes will 
be always created with a chamber volume outside the nozzle geometrical outlet. 
 
• Mesh movement 
 
The nozzle flow is a clear dynamic phenomenon, which is directly linked to the needle lift 
curve (i.e. in Figure 4.8). The most critical points for a simulation are the opening and the 
closing phases, when the movement of the needle surface induces strong changes in the mesh 
structure. Of course the completely closed nozzle is not possible to achieve, as the contact 
between the two surfaces would induce the cells to collapse into void volumes. A reasonable 
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value for the minimum lift hmin is at least 10% of the maximum value hmax. Considering that 
the needle lift could reach around 250 µm in trucks applications values, it is not possible to 
maintain the same number of cells at a minimum lift of i.e. 20 µm. Furthermore, the boundary 
displacement leads to unacceptable deformations of the cell layer beneath the needle: as 
shown in Figure 4.8 right, the mesh quality region A is definitely poor. 
 

              

Figure 4.8: Needle lift movement trace and mesh deformation. 
 
In order to avoid a deterioration of computational quality, new meshes need to be introduced 
by means of subsequent mapping procedures.  
Another way to consider the mesh movement is to perform a linear interpolation between two 
meshes with the same number of cells. The node coordinates are interpolated in time between 
start and final position according to a chosen curve. Besides, quality criteria for a moving 
mesh needs to be defined, in order to assure the mesh quality also during the movement run 
(see figure 4.9 for symbols definition). These criterium are on cell deformation angle, aspect 
ratio and wall effects, as defined in the following sections. 
 
- Angle criterion 
 
The assumption is that the absolute value of the cell deformation angle β should never be 
greater than the needle angle α, as shown in Figure 4.9. 
 

 αβ ≤  (4.2.1) 

 
Defining a nozzle geometry factor K as 
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and with simple algebraic steps it is possible to define the intermediate needle lifts hn, at 
which a new interpolation mesh is needed. 
 

 ( ) min
1

max 1 hKhh nn ≥−= −
 (4.2.3) 

 
Starting from the maximal needle lift hmax it is therefore possible to extract the required 
number of cells. 
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Figure 4.9: Needle movement and mesh effects. 
 
- Aspect ratio criterion 
 
The cell aspect ratios are defined as the fraction between the cell edges length. In order to 
avoid computational problems and too high numerical diffusion, a good practice is to contain 
this value under a certain rate. 
 

 10≤
b

a
 (4.2.4) 

 
It is therefore possible to calculate a number of cell layers in the hollow space between needle 
and nozzle body, in order to guarantee the desired aspect ratio. 
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- Wall effect criterion 
 
Another good practice is to generate a wall layer that could ensure a reliable y1+  value, 
usually between 30 and 100 should be outside the transition layer of the turbulence wall 
function. In this case the ∆yp value represents the cell edge length b in Figure 4.9. 
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 (4.2.6) 

 
If the y+ range is not satisfied, the number of cells in the closing region needs to be enlarged 
in order to fit the turbulence models requirements. 
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4.2.3. Simulation results and industrial applications relevance 
 
Some examples of simulation results are shown in Figure 4.10. The cavitation phenomenon 
usually occurs at the upper edge between nozzle sac and orifice, as the strong flux deviation 
with consequent flow detachment lead to a region of pressure drop. Also the lower edge could 
generate cavitation, mostly during the nozzle-opening phase. The presence of flow vortices 
due to the injector sac geometry [52] or the fluctuations of the rail load pressure are also some 
reasons of cavitation events. 
The vapour bubbles are then transported along the hole until they reach regions where the 
pressure is greater than the liquid vaporization pressure. The injection in the combustion 
chamber leads to a pressure environment that locally precludes the presence of vapour phase. 
Nevertheless, the cavitation region could disappear or be reduced before the arrival to the 
orifice outlet by adopting different injector and hole geometries. For example in Figure 4.10 
three different injectors lead to complete different cavitation shapes at the outflow section. 
The adoption of converging conical holes usually reduces the intensity of cavitation, as the 
static pressure along the orifice increases under the effect of the reducing flow section. 
These asymmetries at the nozzle outlet definitely affect the subsequent spray formation 
process. This is of coarse the key-reason for the development of a coupling method between 
nozzle flow and spray simulation. 
 

          
Figure 4.10: Example of simulation results in different nozzle geometries. 
 
The nozzle flow simulation could also provide important results in the development of nozzle 
geometry. In many operative cases the mechanical parts of the injector could be subject to 
erosion and decay, leading to a bad performance of the whole system. 
The cavitation bubbles implode as soon as the thermodynamical conditions do not allow the 
existence of vapour. This process is highly dangerous for the nozzle cavity, as seen in Figure 
4.11 (a): if the cavitation region develops itself up to the nozzle exit, after a certain amount of 
engine cycles the orifice form appears highly corrupted. Also the interior of the nozzle hole 
appears damaged from the cavitation, as shown in figures (b) and (c). The 3D simulation 
results proposed in figure (d) shows the presence of vapour bubbles exactly at the outlet 
section of the nozzle orifice, showing a possible method to predict critical geometries with the 
previous adoption of computational models. 
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 (a) (b) 

     
  (c) (d) 

Figure 4.11: Experimental microscope images of nozzle outlet corrosion after 250.000 km 
due to cavitation (a and b with different magnification); reverse image (c) and simulation (d). 
 
Another interesting aspect is the back flow inside the nozzle body after the end of injection. 
The presence of sulfur on the exhaust gases could lead to chemical reactions, which grind 
down the metal inside the injector cavity. This erosion process continues until the needle can 
no longer close and the nozzle operability is compromised. Through CFD simulation it is 
possible to reproduce the gas flow inside the injector after the valve closure, to define if the 
suction of gas could cause a transport of them up to the needle. For example in Figure 4.12 a 
swirl takes place inside the nozzle, leading to a continuous interaction of exhaust gases with 
the injector body: in this case the chemical corrosion could be assumed as probable, as stated 
also by experimental achievements. 
 

          

Figure 4.12: Gas back-flow inside the nozzle at needle closure. 
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4.3. Coupling of Nozzle Flow to Spray 
 
Spray properties and mixture formation strongly depend on nozzle flow characteristics. The 
presence of cavitation leads to asymmetrical spray in terms of shape and droplet size 
distribution. Primary break-up models could be therefore directly linked to liquid velocity as 
well as to turbulence level in the orifice. The idea is to link the multiphase nozzle flow to 
spray initialization, first with the ICAS model and a library concept, and afterwards with a 
direct mapping to the Eulerian 3D approach. 
 

4.3.1. Database concept for 1D-ICAS Spray model 
 
This part will describe the coupling of the diesel nozzle flow with the spray simulations. The 
aim is to obtain a tool, which is sensible for advanced injection strategies. The flow field 
values at nozzle outlet will be linked to the inlet boundary conditions of the ICAS multiphase 
spray model. The inhomogeneous flow inside the nozzle hole due to cavitation will be linked 
to the break up process of the flow entering the combustion chamber. The methodology will 
be applied to the injector of the BR4000 MTU Engine. Nozzle flow simulation will be 
performed with FIRE v8.3, while the adopted combustion code will be Star-CD v3.15, in 
which the ICAS model is already built in.  
Spray will be simulated with the ICAS multiphase 1D model: the liquid phase is divided into 
a number nclass of droplets classes, each one with a characteristic velocity and diameter. The 
usual initialization is made through a droplets diameter distribution around a chosen SMR 
(Sauter Mean Diameter) value and an injection velocity equal for each class. Instead the 
anisotropy at nozzle outlet could lead to a velocity distribution like the one shown in figure 
4.13. 
 

 
Figure 4.13: Velocities and diameters at nozzle outlet: connection to spray droplet classes. 
 
Each class gets a different velocity and diameter according to turbulent and dynamic 
conditions at outlet cells, as described later. The idea is to perform in advance 3D nozzle flow 
simulations at different values of needle lift hlift and rail pressure prail and to save the results 
on a matrix database. The main hypothesis is that the flow velocity inside the nozzle is much 
higher than the needle velocity, so that it could be assumed that the liquid stream interacts 
with a non-moving geometry. In this way the outlet conditions at injector orifice could be 
extracted from quasi-stationary simulations of the cavitating nozzle flow. 
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The sequence of operation is shown in Figure 4.14. One dimensional measurements or 
simulations provide prail and hlift values for each crank angle; according to current simulation 
steps (i.e. points 1 to 5 in Figure 4.14) the initial conditions on droplets velocity vdroplets and 
diameter ddroplets are extracted and interpolated from the matrix database. The Eulerian spray 
boundary conditions will characterize at every time step the flow conditions out of the nozzle 
hole. 
 

 
Figure 4.14: Concept of link between 1D and 3D simulations via Matrix. 
 
Transient simulations will be then compared to stationary ones, in order to validate the 
reliability of the methodology. Afterwards 3D engine calculations with and without the 
database will be performed, with the purpose of detecting the influence of the coupling on 
mixture formation process. 
 
• Database creation 
 
The nozzle flow simulations are obtained with the FIRE multiphase solver. The number of 
chosen phases is three: fuel liquid, fuel vapour and air. The third phase is present everywhere, 
but only initialized to 1 in the cylindrical volume attached to the nozzle outlet (see Figure 
4.15). The reason for this volume is that a pressure boundary just at the nozzle outlet forces 
the flow to be wrong and of unphysical behaviour. 
Local values at nozzle outlet have subsequently to be extracted, in order to characterize the 
out-flowing stream: the most relevant dynamic and turbulent values could be identified to be 
the velocity v, the turbulent kinetic energy κ and the turbulent dissipation rate ε. The 
transition from nozzle flow to multiphase droplets is modelled with the primary break up 
assumptions defined in section 3.3.4. According to equation (3.3.45), the droplets dimension 
is taken proportional to the turbulent length scale l t, with the constants C1 and Cµ equal to 2 
and 0.09. Each outlet cell determines a pair of (v,d) data, as shown in Figure 4.15. Therefore, 
for each time step a distribution of diameters and velocities is created from the nozzle orifice 
faces.  
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Figure 4.15: Nozzle flow simulations and outlet cells velocity and droplet diameters. 
 
The nozzle outlet (v,d) cell values are then saved in an output file, in order to be post 
processed afterwards. The (v,d) distributions appear like the one in Figure 4.16. The ICAS 
multiphase spray model needs a number nclass of (vk,dk) values for each droplet class k, with 
k={1,…, nclass}; these points are obtained through a mass averaging procedure on the (v,d) 
distributions, as shown in the next paragraph. Finally the (vk,dk) ICAS input parameters will 
be saved in the database. 
 

 
Figure 4.16: Velocity and diameter values at nozzle outlet cells (l.) and ICAS classes 
averaging procedure (r.). 
 
The main assumption of the averaging procedure on (v,d) points is that each ICAS class has 
the same mass flow. Firstly a discretization procedure on outlet points P should be performed. 
An mxm sub-grid (i,j) is created in order to bound the diagram points (see figure 4.16). 
Afterwards a mass flow value is calculated in each (i,j) cell, according to the amount p of 
points P present in the corresponding box, which are defined by a local index l. 
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Then the total mass flow of outlet cells is calculated and, depending on the amount n of ICAS 
droplets classes, each class k will be calculated according to a fraction 1/n of the total mass 
flow. 
 

 ∑
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A summation should then be performed: the chosen method is to sweep the 2D domain along 
the horizontal axis and mark the cells in order to convey the mass flow km&  value into each 

class. This method is carried out as follows: starting from the cell (1,1), the mass flow 1,1m&  is 

assigned to the first class and the cell is marked; then the cell (1,2) is analysed, the 
corresponding mass flow value 2,1m&  is summed into the class 1 and again the cell is marked. 

This procedure continues along the grid lines, until the stored m& overcomes the target value 

km& . After this the integration goes on for the following droplet class, until the total mass flow 

TOTm&  is covered. Every time that the swapping procedure reaches the end of a line j, the 

integration starts again from the cell (1,j+1). The method could be summarized in the 
following mathematical way: 
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At the end of the summation each cell of the domain and the corresponding points P are 
assigned to a defined class k. In other words, an amount qk of the starting points P is assigned 
to each droplets class k. The final values of (vk,dk) are then obtained through an averaging 
procedure based on the cumulative mass flow of each spray phase k. 
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These (vk,dk)  points are then saved in the library, so that they could be extracted during the 
CFD simulations. The described procedure releases spray initialization for a defined injector 
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operating condition: in order to be adopted in an engine simulation, the database has to cover 
a realistic range of needle lift h and rail pressure p values; afterwards, an interpolation 
procedure will be carried on. The overall process is shown in Figure 4.17. 
During the CFD calculation the actual values of h and p are read from an input file, directly 
coming from 1D simulation or measurements. The database is then called in order to extract 
the (vk,dk) distribution. A bilinear interpolation at the current h and p values is carried out 
using the nearest maximum and minimum values h0 and h1 for needle lift and p0 and p1 for rail 
pressure. Finally the ICAS model inputs parameters vk and dk are ready to be transferred to the 
spray boundary conditions. 
 

 

Figure 4.17: Overall process of link between database and CFD simulation 
 
• Application to a real motor 
 
In this section the creation of a library will be exemplified, showing the results on (vk,dk) 
distributions for different needle lift and rail pressure. The (vk,dk)=f(h,p) database will be 
created for the BR4000 engine from MTU, whose specifications are shown in Figure 4.18. 
This model of diesel engine is in different heavy-duty applications, i.e. commercial vessels 
and yachts, naval and governmental vessels, rail vehicles, electric power generation, 
construction equipment and mining, industrial applications, agricultural machines.  
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Figure 4.18: BR4000 engine characteristics (from MTU internet site: http://www.mtu-
friedrichshafen.com/). 
 
Experimental results are available for the different load points: bp5, bp6 and bp7, whose 
corresponding needle lift and rail pressure traces are shown in Figure 4.19, together with the 
geometry of the mounted injector L’Orange. 
  
 
 

Figure 4.19: L’Orange injector: geometry and operative conditions (bp 5, 6, 7). 
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The library has to cover all the operation conditions of the BR4000 injector, in order to 
provide a reliable initialization of the spray. According to the experimental diagrams the 
range of rail pressures will be from 600 to 1500 bar and the needle lift from 50 to 400 µm. 
Before proceeding with the generation of the library, a simulation with different mesh 
refinement is performed. The aim is to prove the reliability of the computational grid and 
prevent the use of a coarse mesh that could lead to low quality results. Two meshes are tested: 
a rough and a fine one, respectively with 137 and 572 cells at nozzle outlet. The simulations 
are made at 800 bar of rail pressure and 400 µm of needle lift. The results on outlet mass flow 
and droplets diameter are shown in Figure 4.20. It appears evident that the mesh refinement 
does not play a great role in this comparison: this means that the coarse grid is sufficiently 
detailed to get good simulations of the nozzle cavitating flow. The following calculations and 
the database creation will then be carried on with the rough mesh.  
 

 
Figure 4.20: Mesh dependency on nozzle flow simulation. 
 
Each nozzle flow simulation should characterize a specific (h,p) point in order to save the 
corresponding (v,d) couple. The idea is to perform for each chosen rail pressure a “stair” 
simulation: in other words a real opening h=f(t) trace is followed, but the needle lift h is 
blocked at chosen values until a stationary state is reached (see Figure 4.21). Afterwards the 
(v,d) points are saved in an output file and the simulation runs on until the next database h 
value. 
 

 
Figure 4.21: BR4000 injector: geometry and operative conditions (bp 5, 6, 7). 



61 
 

 

The coordinates (p,h) of the chosen database points are shown in Figure 4.21: this range could 
cover the totality of the previously illustrated working points. Simulations are performed with 
Fire v8.3 multiphase solver and lead to the storage of outlet (vk,dk) values for each (p,h) point. 
Afterwards the data is integrated and the overall library is obtained. The chosen number of 
ICAS classes is equal to 20, as it could provide a more detailed representation of the spray. A 
detailed graphical illustration of the library is shown in Appendix A. In order to obtain a more 
compact graphical representation of the library, the velocities were normalized on load 
pressure pinj, as shown in Figure 4.22. 
 

 
 
Figure 4.22: Pressure-normalized representation of the whole library data points for the 
BR4000 engine with L’Orange injector. 
 
The diagrams show how the distributions tend to become very similar at bigger needle lifts, 
while there is a big jump in class velocities at the lowest values of h. However the (vk,dk) 
trends appear similar at different injection pressures.  
As shown in the outlet section of Figure 4.20, the cells near the orifice wall are characterised 
by smaller velocities and diameters: this fact leads to the “half moon” shape of the (vk,dk) 
distributions. The gap on classes velocity appears stronger at higher injection pressures, as the 
flow field near the wall is more affected from the interaction with the solid boundary cells. 
Nevertheless, the y1+  values are always between 30 and 100, assuring a good representation 
of the wall effects. 
 
• Comparison with transient simulation 
 
In this section a real transient simulation of the needle lift is carried out in order to compare 
the (vk,dk) distributions obtainable on stationary and transient calculation. The calculation is 
performed with the needle lift diagram of the BR4000 bp6 working point.  
The transient simulation is made for the 800 bar rail pressure and the (vk,dk) distributions are 
saved both in the opening and closing runs. This allows testing the consistency of all work 
hypotheses, as defined in section 4.3.1. The overall results with the comparison diagrams are 
shown in Appendix A. 
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Figure 4.23: Comparison of the library data points between the nozzle opening and closing 
phase at h=50 µm and p=800 bar. 
 
The transient and stationary simulations appear very similar for needle lifts bigger than 100 
µm, but the distributions at h=50 µm are strongly affected from the history of the flow field, 
as shown in Figure 4.23: the opening needle simulation provides velocities and diameters 
smaller than the stationary calculation, vice versa for the closing one. These results are 
aligned with the preliminary assumptions, as at smaller h values the needle velocity is much 
closer to the flow one. An explanation could perhaps be found through an analysis of the local 
flow in the nozzle body, even if all the transient effects could be considered only by a direct 
coupling of the nozzle flow to the spray, as it will be shown in the following section 4.3.2. 
In the considered test case the needle lift run appears very slow in each working point (see 
Figure 4.19) and this could strongly affect the spray initialization. Nevertheless the database 
methodology is developed to study the effects of modulation on rail pressure and needle lift 
diagrams, for example in the case of pre-, post- and pilot-injection strategies with increasing 
rail pressure: in this condition the nozzle flow library concept could provide a better basis for 
CFD spray initialization. 
 
• Engine simulation 
 
The engine simulations will be performed with the Star-CD v3.15 code, with the standard user 
routines of Daimler research group. The ICAS spray model is already built in and the 
combustion is described with the timescale PDF model. The adopted engine mesh is a 45° 
sector with adaptive grid in spray region. The operating conditions are taken from the load 
point 6, characterized by an engine speed of 1500 rpm, mean pressure of 20.8 bar, rail 
pressure of 800 bar and injected mass equal to 0,524 g/asp. The corresponding needle lift and 
rail pressure traces are shown in Figure 4.19.  
The diameters of the spray classes are directly extracted from the previous calculated 
database, which is addressed as PMOD for the current injection system. The velocities need to 
be corrected in order to fit the experimental injection profile and the injected mass. The 
adjustment of droplets injection velocities is done according to the velocity vinj calculated by 
the measured injection rate and the nozzle orifice area. 
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The term nclass is the number of ICAS droplets classes and vk(i) defines the velocity of the 
class i extracted by the nozzle library. The corrected injection velocities vk

c(i) are the real 
input values for the ICAS spray classes, so that the total injected mass is preserved. In the 
standard simulations without the library the term vinj represents exactly the velocity of each 
ICAS class. 
The simulations are performed with the implemented correction factor for the injection 
velocities. The ICAS model in the standard case is initialized in droplets classes with equal 
velocities and diameter mean value of 15 µm, which is approximately equal to 1/10 of the 
nozzle diameter [44]. First of all the integral behaviour will be analysed according to the 
pressure traces, then the local flow values will be addressed through the distributions of 
temperature T and mixture fraction zmean, which is here defined as the ratio between fuel (F) 
and oxidizer (O) in the considered cell. 
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A definition for more complex fuel/oxidizer systems could be found in [80]. Observing the 
pressure traces in Figure 4.24, the combustion process just after the top dead centre (TDC = 
360 °CA) appears faster and stronger for the library-based simulation, as a higher pressure 
peak is reached. After 372 °CA both calculations show a weaker combustion process than 
reality, even if here the standard simulation provides higher values for in-cylinder pressure. 
 

 

Figure 4.24: Pressure traces for the BR4000 bp6 case. 
 
A reason for the different behaviours could be found in the local properties of the in-cylinder 
flow, as shown in Figure 4.25 and 4.26. For example, at about CA=358° the values of 
temperature T and mixture fraction zmean in the spray region appear strongly bigger in the 
library based calculation, leading therefore to an earlier ignition. This behaviour could be 



64 

 

linked to the different velocity initialization of the droplets classes, which could lead to 
dissimilar interaction with the surrounding gas phase and influence the evaporation process. 
Also the 3D temperature field appear a little different in both cases, for instance near the 
cylinder head, as only in the standard case a temperature of 2400 K is reached at the upper 
wall. In the picture about zmean at CA=365° it is also possible to see that with the library the 
spray presents discontinuities near the injector: this could be due to the oscillations in input 
rail pressure, leading to variations in the input (vk,dk) distributions. 
 

 

Figure 4.25: Temperature distributions for the BR4000 bp6 case. 
 

 

Figure 4.26: Mixture fraction distributions for the BR4000 bp6 case. 
 
The total mass of fuel vapour in Figure 4.27 shows how the evaporation process runs unlikely 
in both cases: for the library simulation the n-Dodecane vapour is consumed faster in the pre-
combustion phase, until circa 10°CA ATDC, then the standard calculation shows a stronger 
fuel consumption that is also confirmed by the higher pressure values after 372 °CA (see 
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Figure 4.24). The total injected fuel mass is equal in both simulations, as it is injected 
according to the input velocity profile: nevertheless the transition from liquid to gas phase is 
different, affecting therefore combustion and fuel consumption processes. 
 

 

Figure 4.27: Evolution of in-cylinder fuel vapour mass for the BR4000 bp6 case. 
 
• Conclusions 
 
The library approach allows transferring important information from the nozzle flow to the 
spray. In the presented method the flow data from nozzle orifice are first conveyed into a 
library, whose matrix-structure is ruled by needle lift and rail pressure values. According to a 
predefined number of ICAS spray phases, the database data is processed afterwards to obtain 
the values of droplets diameter and velocity.  
The testing of the database on a real engine case shows encouraging results in terms of 
pressure trace prediction. The combustion appears different between the standard case and the 
library one, due to the different evaporation behaviour of the injected droplets. Nevertheless 
the transient effects at the opening and closing needle run are difficult to be described by such 
an approach.  
The database methodology could provide advantages if the rail pressure and the needle lift 
change during the engine run. For example with pre-, post- and pilot-injection strategies and 
increasing rail pressure the nozzle flow library concept would supply a transient initialization 
of spray droplets based on detailed nozzle flow simulations. 
The presented work suggests that the methodology directly influences the spray behaviour 
and the consequent mixture formation process. The method could be then applied on further 
topologies of injector systems, leading to libraries for a chosen set of diesel engines. 
 

4.3.2. Direct mapping to 3D-Euler Spray 
 
In this approach a transient nozzle flow simulation is held and output data is written to a file 
with a predefined temporal resolution. Geometrical, temporal and flow data allow the 
mapping of nozzle orifice field to spray inlet, adopting a primary break-up model to initialize 
the Eulerian droplet phases. An example of the coupling method is shown in Figure 4.28, 
where the local velocity and TKE fields are mapped from the nozzle outlet to the spray. 
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Figure 4.26: Nozzle flow mapping to 3D Eulerian spray. 
 
This type of method can account for the local conditions at nozzle orifice during the transient 
injection process. It is therefore preferred to the stationary link to ICAS in terms of quality of 
results. Instabilities, asymmetries, turbulent and dynamics effects due to nozzle geometry and 
needle motion are locally transferred to the Eulerian spray, whose orifice resolved grid could 
lead to a better prediction of the complex phenomena involved in spray formation. Examples 
of the coupling are shown in Figures 4.29 and 4.30. 
 

 

Figure 4.29: Eulerian spray coupled with nozzle flow simulation: contours of gas velocity 
and flow streamlines. 
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Figure 4.28: Example of evaporating Eulerian spray coupled with nozzle flow simulation: 
isosurfaces of liquid and vapour phases. 
 
Even if the spray formation appears strongly affected by the previous nozzle flow, its 
simulation implicates more work and time consumption. On the other hand the accuracy of 
results could improve the prediction of mixture formation. An application of the procedure 
will be shown in chapter 6, where the spray on a real engine case will be directly coupled to 
the internal nozzle flow. 
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5. Code Coupling 
 
 
 
 

5.1. Concept 
 
In the previous chapter nozzle flow, spray and engine simulation principles were addressed. 
As mentioned, Eulerian spray models could provide better physical and statistical results in 
the dense spray region just outside the nozzle. Nevertheless, a single-phase solver with 
different species transport and chemical reactions libraries is sufficient to describe the in-
cylinder combustion process. The basic idea of the presented coupling is thus to use both the 
Eulerian spray and the single-phase combustion solver in a synchronized simulation run. The 
conceptual workflow of the method is shown in Figure 5.1. The Eulerian spray model is used 
in the dense spray region (B) on a separate finer mesh, whereas the DDM approach is 
switched on in the thin spray/combustion region (C). Additional coupling to the nozzle flow 
simulation (A) could be then achieved, as explained in the next chapter. 
 

    
Figure 5.1: Coupling workflow. 
 
The problem is that the gas phase in the engine solver needs to feel the interaction with the 
injected fuel, vice versa the Eulerian spray needs to get the evolution of the environment in 
combustion chamber: pressure, temperature and turbulence are directly affected by the piston 
movement, as well as by the occurrence of ignition and combustion processes. For this reason 
the thermodynamical conditions in both codes needs to be real-time interlinked and mirrored. 
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5.2. Coupling interface 
 
In order to couple the engine and spray domains, a data exchange procedure needs to be 
developed. In this case the AST Code Coupling Interface (ACCI), a Fire embedded tool 
which allows the transfer of data between two or more codes via TCP/IP protocols will be 
used. In this specific case the ACCI was modified in order to permit the connection with the 
external code StarCD v3.26 and the interaction between two fluid dynamics computational 
domains. 
First, the basic concept of ACCI will be explained. As flow and sources data need to be 
redistributed from one mesh to another, the spatial mapping procedure will be clarified 
afterwards. 
 

5.2.1. Data transfer 
 
The ACCI interface executes two central tasks: the data exchange between an arbitrary 
number of simulation processes and the conversion of flow-field values between the different 
domains. The meshes used by the coupled codes need to overlap on a defined region and the 
information transfer is real-time completed. Field values and exchange spaces are respectively 
called attributes and interfaces. The description of which attributes need to be exchanged at 
defined interfaces is performed through an input file. 
The exchange interface is implemented with a server-client model: a server program is 
responsible for data transfer between an arbitrary number of clients, where the simulation 
processes run. Communication is based on the TCP/IP-protocol, which allows a connection of 
more workstations in the same network. The procedure is schematically shown in Figure 5.2. 
 

ACCI Library

Client n
ACCI Library

Client 2

ACCI Server

ACCI Library

Client 1

TCP/IP connection

ACCI Library

Client 3

 

Figure 5.2: Coupling server-client interface model [8]. 
 
If MPI is running, each parallel sub-process is handled as a different client. The exchange is 
defined through “sets” and “gets” statements that identify which kind of attribute 
(“attribute_id”) needs to be extracted or initialized on a defined interface (“interface_id”) by a 
specific client (“client_id”). The general form of the input file is therefore defined as follows: 
 
 client_id set/get attribute_id at interface_id 
 
The “gets” command is a request statement and “sets” a supply one: they equally imply that 
the client will wait until the exchange data is provided. The fluid dynamics attributes and 
meshes selection interfaces need to be addressed via user coding. If two interfaces have the 
same name, the ACCI automatically performs the mapping between both computational 
domains, both surfaces and volumes. For instance, calling pressure “p”, velocity “v” and 
momentum sources “s_mom”, a simple example of configuration file could be: 
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 engine sets p at spray_boundary 
 engine sets v at spray_boundary 
 spray gets p at spray_boundary 
 spray gets v at spray_boundary 
 engine gets s_mom at spray_volume 
 spray sets s_mom at spray_volume 
 
In this case the engine client will provide 3D pressure values, which will be mapped on the 
2D spray boundary selection. Furthermore, the momentum sources generated in the spray 
mesh volume are mapped onto the three-dimensional engine domain.  
Generally, attributes could have the form of scalars or vectors, as the interfaces could be one, 
two or three-dimensional. The mapping procedure between spaces with different dimensions 
and topologies will be described in the following section. 
 

5.2.2. Spatial mapping 
 
The Fire-ACCI mapping algorithm computes the intersection Sij of volume or area or length 
(depending on the topological dimension of the cells) between the cells of two different 
meshes. A schematic view is shown in Figure 5.3, where two cells A and B are geometrically 
intersected: the terms Si and Sj represent the sizes of both cells i and j, while Sij is the size of 
the shared geometrical space. 
  

 
Figure 5.3:  Spatial intersection between cells (l.) and geometrical representation of the 
projection geometry (r.) [8]. 
 
For a three-dimensional cell, the space contained is the intersection of the half-spaces defined 
by all cell-faces of the cell. The half-space defined by a face is the space below the plane 
through the face-center and normal to the face, with the normal pointing out of the cell. The 

face-center cf and the normal fn  are computed by  
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where xi is the position vector of the i-th vertex of the face and nv is the number of vertices of 
the face. This definition implies that the space contained in a three-dimensional cell is 
assumed to be convex.  
For a two-dimensional cell (e.g. a triangle or a quadrilateral), the space it contains is defined 
as the intersection of the half-spaces defined by all edges of the cell. The half-space defined 

by an edge is the space below the plane through the edge-center ec  and normal to the edge-

normal en . 
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where x1 and x2 are the position-vectors of the edge start- and end-vertices, and n1 and n2 are 
the surface-normals at the edge-vertices. The surface-normals at the edge-vertices are 
determined by adding up the normal vectors of all faces containing the respective vertex. 
An attribute value bj for a receiver-cell j is obtained from a weighted sum of the values ai over 
all provider-cells i.  
 

 ∑=
i
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The weighting factor wij is computed from the intersection volumes (or areas) Sij, depending 
on whether the attribute is extensive or not. The values of wij for extensive attributes, e.g. 
mass sources in [kg/s] or forces in [N], are proportional to the cell size Si of the source cell i: 
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On the other hand, for non-extensive attributes as pressure, velocity, temperature and mass 
fraction, which do not depend on the size of the cell, the weighting factor is related only to the 
area Sj of the target cell j: 
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An example of intersection volumes between a cylindrical volume-mesh embedded in a 
Cartesian volume-mesh is shown in Figure 5.4.  
The 3D to 2D mapping appears really important in the case of coupling the multiphase spray 
to a real engine on compression run. In fact, the swirl gas motion in the cylinder chamber has 
to influence also the region near the nozzle hole in the computational domain of the Eulerian 
spray. This transfer of information needs to be done with the mapping of the 3D engine field 
to the 2D spray boundaries.  
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Figure 5.4: Example of 3D mesh intersection. 

 
In many preliminary tests on simple gas flow coupling it appeared that the total pressure 
boundaries were unable to transfer the correct velocity field from the source to the target 
mesh, in this case from engine to spray. Moreover the adoption of velocity boundaries 
appeared insufficient, since the resulting velocity field was correct, but on the contrary the 
pressure field was poorly represented in the spray mesh. The definition of a new boundary 
was therefore necessary. 
 

5.2.3. Advanced source boundary 
 
For the development of the new boundary a simple test with the 2D square meshes in Figure 
5.5 was assumed. The 2D flow field on the engine mesh needs to be transferred to the spray 
domain through appropriate mapping on the 1D boundary. The engine mesh presents a 
velocity inlet of 10 m/s and an outlet, chosen in order to give a rotational stream to the gas 
phase. The injected air presents a C8H18 mass fraction equal to 0.025. 
The Engine transfers to the spray the value of the C8H18 scalar and mass fraction (Φ, α) and 
the velocity of the gas phase vtarget, mapping them on the 1D boundary. 
� The values Φ and α  are directly imposed on the spray boundaries, together with pressure 

p, temperature T, turbulence κ and ε � Standard pressure boundaries are mapped. 
� The velocity vtarget represents the target value which should be reached in the spray mesh 

in the cells next to the boundaries. To obtain this a momentum source SBND-Layer is 
introduced in the cell layer adjacent to the boundary: the source will act on the gas phase 
until the target velocity vtarget is reached. 
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This procedure is done only where the flow enters the receiver-mesh. The results on pressure, 
velocity and scalar concentration after 0.05 s are shown in Figure 5.6. 
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 Pressure field                                                  C8H18 field 

Figure 5.5: Coupling test with new source boundaries at t = 0.05 s. 
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This new boundary allows a better coupling between thermodynamic fields to be obtained; 
consequently it will be used in further tests. A more complex coupling example can be seen in 
Figure 5.6, where a 3D moving engine sector is coupled with a non-moving spray domain. 
The two images represent a vertical cut of both meshes near the end of the compression run, 
at 20° before top dead center. The resulting pressure and velocity fields appear very good 
transferred through the boundaries of the spray mesh. 
 

 
Figure 5.6: Gas flow coupling on moving engine mesh: results at Top Dead Centre (TDC). 
 

5.3. Coupling of Lagrangian and Eulerian Spray 
 
As shown in the previous sections, the coupling interface can compute the spatial mapping 
between two computational domains and transfer the flow information between them. In order 
to simulate the coupling of the Eulerian spray embedded into an engine mesh, further source 
terms for momentum, energy and mass need to be transferred.  
The final aim is definitely to obtain an acceptable physical analogy between the flow fields in 
both codes: in order to get this, the correct data needs to be transferred at the right moment. 
The information flux has to be ruled through adequate interfaces, as shown in the following 
paragraph. 
 

5.3.1. Interfaces 
 
The coupling process needs interfaces through which data is exchanged between the two 
codes, which are schematically represented in Figure 5.7. 
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1. Initialization 
At the beginning of the simulation the engine solver transfers the thermodynamic conditions 
(i.e. density, temperature, pressure, turbulent viscosity, turbulent kinetic energy, turbulent 
dissipation rate, …). and the fluid properties of the gas mixture phase (i.e. dynamic viscosity, 
thermal conductivity, thermal capacity, …) to the spray solver. 
 
 

 

Figure 5.7: Detailed coupling flow chart. 
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2. Definition of time-step 
The time-step in the spray solver is usually smaller than in the engine solver, as the cell 
dimension and the dynamic conditions are different in both codes. The time step has therefore 
to be adapted in the spray simulation as a fraction of the engine one. 
 
3. Spray inlet 
The initialization of spray inlet could be realized through a database of previous nozzle flow 
simulations, which provides the boundary conditions for each droplet and gas phase. 
 
4. Source terms 
The source terms for momentum, energy, mass and scalars have to be transferred and mapped 
from the spray solver to the engine grid. The sources could be represented by a scalar value or 
by a vector. 
 
5. Droplets 
The statistical DDM parcels have to be introduced inside the engine grid according to user 
defined criteria on parcel number, mass and distribution on the outlet boundary of the spray 
mesh. 
 
6. Updating physical properties 
During the spray simulation the physical properties of the gas and liquid phases have to be 
updated according to environmental conditions on i.e temperature and pressure. The values 
are extracted from a species database. 
 
7. Spray Boundaries 
At the end of the engine time-step the thermodynamic conditions in the engine mesh have to 
be mapped on the spray boundary. The transferred values are: pressure, turbulent viscosity, 
temperature, turbulent kinetic energy, turbulent dissipation rate, volume fraction, boundary 
flux. 
 

5.3.2. Sources 
 
The interaction between droplets and air is described by the production of source terms φj 
acting on the gas phase: 
 
• Momentum: the drag effects between droplets and 

air lead to a force which accelerates the gas 
phase; 

 
• Energy: the energy used by the droplets to 

evaporate has to be subtracted from the gas phase; 
 
• Mass: the vapour mass has to be added to the gas 

phase; 
 
• Scalar: the scalar of vapour fraction needs to be 

transported and updated according to the 
evaporated droplets. 

 
Figure 5.8: Volume Mapping of 
the source term φj. 
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The source terms φj have to be transferred to the engine mesh through a mapping procedure. 
For the involved cells the engine solver receives a value φij which is added to the solver 
equations of momentum, energy, scalar and mass respectively. The volume ratio between 
source and target cells (r= φi/φj) is assumed as weighting factor (see Figure 5.8) to calculate 
the transferred value φij. In the case of different time steps between spray and engine codes, 
the mapped sources are integrated and then transferred at the chosen exchange points. The 
mathematical description of sources was presented in section 3.3.2. 
The geometrical scheme of the coupling process is shown in Figure 5.9. The boundary 
topologies in the spray mesh are wall, velocity inlet and outlet pressure; in the engine grid the 
boundaries are wall and outlet pressure, or eventually moving wall for the simulation of an 
engine compression run 
The source terms are transferred from the whole spray mesh volume to the overlapping region 
in the engine grid, while the DDM parcels are injected at spray outlet boundary II (see Figure 
5.9). The boundary conditions for pressure are mapped from the engine to the spray code over 
the surfaces I and II. As mentioned before, the spray grid must be finer than the engine grid in 
order to resolve the physics of the injection process. 
 

 

Figure 5.9: Boundary and coupling regions schematic representation. 
 

5.3.3. Coupling Fire-Fire 
 
The coupling method was initially applied on simple non-moving geometries, in order to test 
the reliability of the procedure. The ACCI interface is run between two Fire solvers, the 
multiphase spray and the single-phase engine.  
The grids adopted in the first test are shown in Figure 5.10: the spray mesh (8400 cells) is 
adaptive, with a length of 15 mm and the nozzle inlet has a diameter of 205 µm.  The engine 
grid (27000 cells) is also adaptive and has a length of 80 mm. Momentum, mass, scalar and 
energy source terms are transferred according to the scheme of the previous paragraphs. 
The Eulerian spray is simulated with the model developed by AVL. The chosen number of 
phases is six, one for gas and five for droplets with fixed diameters of 5, 10, 20, 40 and 205 
µm. The activated models are evaporation (Abramzon-Sirignano), primary break-up, 
secondary break-up, drag and turbulent dispersion.  
The engine calculation is done for a single phase with standard species transport. The 
simulation is performed in a hot environment of 900 K and with pressure of 20 bar, in order to 
achieve conditions similar to a real engine. The injection velocity profile is extracted from 
I/D-Level experimental data on a 1-hole injector, where also measured spray penetration 
lengths are available. In this case a simulation of the internal nozzle flow was not performed. 
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Figure 5.10: Fire-Fire coupled meshes. 
 
The coupling results in terms of velocity are shown in Figure 5.11. The overall gas flow 
appears similar in shape and magnitude for both meshes. Moreover, in the engine case no 
discontinuities could be observed at the DDM-parcels initialization surface. Near the spray 
inlet the differences in coupled cell volumes lead to an expected underestimation of engine 
gas velocities, as the coarser engine cells cannot intrinsically reproduce the velocity profiles 
in the region just outside the nozzle orifice. Nevertheless, the lack of engine grid resolution 
was one of the reasons for the embracing of an orifice resolved Eulerian spray model. 
 

 

Figure 5.11: Fire-Fire Eulerian Spray coupling in hot chamber: velocity prifiles [24]. 
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Figure 5.12: Fire-Fire Eulerian Spray coupling in hot chamber: vapour and temperature 
profiles. 
 
The same consideration is done for temperature and vapour scalar fields, as shown in Figure 
5.12. They look comparable in both codes, which means that energy, mass and scalar sources 
are correctly mapped between the grids. The only differences can be found in the region near 
the injector, with the same estimated reasons  as for the momentum sources. 
The spray liquid and vapour penetration curves are shown in Figure 5.13. The dashed line 
represents the transition between the Eulerian and the Lagragian domains. The liquid trend 
appears properly built, whereas the vapour phase is underestimated, mostly in the region far 
away from the injector. A reason for this behavior can be found in the coarse engine grid 
resolution and in the absence of spray initialization via previous nozzle flow simulation, 
which could strongly affect the spray entrainment, as shown for example in [11]. 
 

   
Figure 5.13: Fire-Fire coupling in a hot chamber: vapour and liquid penetration curves. 
 
In a real engine the swirl motion of the in-cylinder flow plays a relevant role in the mixture 
formation process. For this reason the coupling method has also to allow the constant transfer 
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of cross flow through the boundaries of the spray mesh. In order to test the coupling 
capabilities, a 5 m/s velocity is imposed on the engine domain. The cross flow effects can be 
seen in Fig. 5.14 in terms of liquid volume fraction: the Eulerian spray appears affected by the 
flow conditions in the engine mesh, leading to a spray deflection from the main injection axis. 
 

 
Figure 5.14: Cross-flow effects on the coupled Eulerian spray. 
 

5.3.4. Coupling StarCD-Fire 
 
The above discussed Fire-Fire coupling concept is afterwards applied between two different 
CFD commercial codes: Fire for the multiphase spray and StarCD for the single-phase engine. 
The code StarCD has to be compiled with the ACCI libraries, so that the coupling syntax and 
the common arrays are available in both solvers. Exchange points and transferred terms have 
therefore to be defined via user routines.  
The first test is performed between a truncated cone spray mesh and a cylindrical engine box, 
as presented in Figure 5.15. The results show that the coupling method could be adapted in 
order to allow the interconnection between different CFD tools. As previously emphasized, 
the flow in the region near the injector cannot be precisely reproduced in the engine solver. 
The transition to DDM parcels appears furthermore correctly mapped. 
 

 

Figure 5.15: First coupling between different codes: Fire and StarCD. 
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Due to time requirements in industrial applications the computational grids cannot be 
arbitrarily refined. For this reason the second case is generated with a standard cell 
distribution of a 3D engine sector mesh. The aim of this test is to evaluate if the coupling 
method could allow a correct reproduction of the gas velocity in both domains. The cylinder 
motion is hence avoided and the flow field is barely produced by the transferred momentum 
source terms. Further effects of swirl and cylinder flow will be considered in the following 
chapter, where a complete simulation of the engine run will be presented. The results of this 
test case are shown in Figure 5.16. Gas velocity profiles along the lines A-A and B-B on the 
coupling domain show good agreement between spray and engine solutions. As previously 
observed for the coupling Fire-Fire, the engine gas velocities are underestimated near the 
spray inlet location, as shown along the line A-A. This behavior could be justified by two 
aspects: first, the bigger cells of the engine mesh, second, the high volume fraction of the 
liquid phase in the spray mesh near the nozzle orifice. According to this, the target cells in the 
engine mesh, which are bigger and filled only by the gas phase, receive momentum sources 
that accelerate the gas mass less than in the smaller and liquid-saturated cells of the spray 
case. Nevertheless, this behavior provides a further reason for the adoption of the Eulerian 
concept in the near-orifice cylinder region, as the exchange processes between the gas and the 
liquid phases could be only described in a sufficiently refined mesh and by the statistical 
quality of the Eulerian approach in the thick spray region. Far away from the injector the 
spray dilution and the comparable cell size lead then to a good agreement between both gas 
flows. At the droplets entrainment location the gas flow is comparable with both solver: this 
condition represents an essential requirement for the quality of the coupling method. 
 

 
Figure 5.16: Second coupling between Fire and StarCD: gas velocity through momentum 
source terms. 
 
As shown in these last applications, the coupling method allows the integration of the 
multiphase Eulerian model with a generic engine code. The advantages of an orifice-resolved 
spray simulation could be therefore transferred to a standard engine case, with the aim of 
predicting more realistic spray formation and consequent effects on combustion and 
emissions formation. 
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6. Application on engine case 
 
 
 
 
This chapter will describe the application of the coupling technique in the simulation of an 
operative DI diesel engine case, in order to address the advantages that the concept could 
provide to the engine design process. The new method offers a better description of the spray 
near the injector, as it accounts for a deeper physical and statistical description of the 
exchange processes and the interactions between the liquid and the gas phases.  
Before the present work the standard spray model was the DDM, insensitive to spray 
“history”: the initialization of droplets is axis symmetrical, dispersion angle and droplets 
diameters come from previous assumptions. Currently the Eulerian spray model could      
account for different nozzle geometries, instabilities and multiple injection strategies, which 
directly affect the mixture formation.  
The Eulerian spray could be initialized through a direct coupling with the nozzle flow, so that 
flow asymmetries, turbulence and cavitation are taken into account. Primary break-up 
modelling and local mapping of the flow field provide thus an enhanced initialization of the 
spray. Furthermore, the high grid resolution in the region just outside the nozzle orifice allows 
a more accurate description of the physics and turbulence exchange processes. 
The goal of the procedure is to predict combustion and emission formation processes with 
different nozzle geometries. The simulation results are finally compared to experimental 
results, both integrally and locally. 
 

6.1. Load point description 
 
The advantages of the method will be proven on a truck engine from Mercedes-Benz. The 
experimental measurements include data on pressure curves, integral emissions level and 
transparent engine images. Previous results for the same engine can also be seen in [43]. A 
bore of 106 mm and a stroke of 136 mm characterize the cylinder geometry. The load basis 
point presents a speed of 1750 rpm, 26 % EGR and mean equivalent ratio equal to 1.5. 
The first test was performed on the above mentioned basis point without the coupling with the 
nozzle flow simulation, in order to test the reliability of the coupling method in comparison 
with the standard spray models (see Figure 6.1). 
The local values of mixture fraction and temperature show that the results with the validated 
ICAS 1D Eulerian model and the coupled 3D Eulerian spray are comparable: this suggests 
that the method could reproduce a standard combustion case and that the implemented 
interfaces are capable to interlink appropriately Fire Multiphase and StarCD codes. The 
simulation with the standard DDM model illustrates a discontinuous evaporation process in 
the region near the nozzle, as the gas-liquid exchange processes results underestimated. 
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Figure 6.1: Simulation results on a cylinder section with different spray models. 
 
Having stated the reliability of the coupled Eulerian approach, the aim is now to define the 
nozzle flow effects on spray and combustion. Test bench measurements on this engine show 
that different nozzles (Sac hole, VCO) with the same injected fuel mass strongly affect the 
emission formation. This behavior is predominant on soot formation, as shown in Figure 6.2: 
particularly for a late injection point (i.e. the number 2) the differences appear strong. In the 
current work the effects of nozzle shape on combustion will be analyzed for the load point 3 
with a load of 80 %: in this case the differences in soot formation are still evident, even if not 
so drastic as in the late injection case 2. Nevertheless, those kind of configurations are 
furthermore of evident interest for standard combustion processes. 
 
 

 
Figure 6.2: Effects of nozzle geometry on soot formation for different load points. 
 

6.2. Nozzle flow simulation 
 
In the two cases the injectors are mounted with a sac hole (SaLo) and a sac less – VCO (SiLo) 
nozzle. Both configurations have the same specifications in term of mass flow (HD 1100) and 
maximum rail pressure (pmax = 2000 bar). 
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First, the nozzle flow will be simulated and the outlet mass flow compared with the 1D 
hydraulic simulation, which fits the test bench injected mass. Afterwards, the nozzle outflow 
field will be directly transferred via a primary break up model to the Eulerian spray.  
The first step in the nozzle flow simulation is the achievement of boundary conditions: by 
using a 1D hydraulic simulation the curves for needle lifts and rail pressures are obtained. The 
transient simulations of the internal nozzle flow are then performed with the experimental 
cylinder pressure as an outlet condition. 
  

 

      

Figure 6.3: 3D-CFD nozzle flow simulations at t=1 ms and comparison 3D-1D integral mass 
flux for Sac Hole (l.) and VCO (r.) nozzles. 
 
Figure 6.3 shows an example of the 3D results in terms of vapour volume fraction. The 
cavitation region reaches the nozzle outlet in both cases, even if more consistently for the 
VCO configuration. The nozzle section allows also the geometrical differences to be noticed 
between sac hole and VCO nozzles: in the first case the needle closes onto the nozzle body, 
while in the sac-less configuration the injection hole is directly closed by the needle itself. 
The calculated 3D mass flow at nozzle orifice provides a high satisfactory agreement with the 
1D hydraulic simulation. Only in the closing needle phase the 3D mass flux is a little 
overestimated: this could be due to the fact that the CFD model does not allow 
instantaneously closing of the needle, permitting a small fuel blow-by in the hole. Moreover, 
in the needle opening the sac hole nozzle presented strong instabilities in the orifice flow 
field, mainly due to a migration of the cavitation cloud from the bottom to the top of the 
injection hole [51]. Afterwards, when the needle is completely opened, the flow field for the 
VCO nozzle appeared more affected by cavitation, as shown in Figure 6.3. The good 
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agreement on 3D nozzle mass flow is obtained simply by setting measured pressures at inlet 
and outlet boundaries. A parameter that plays a key role in the nozzle flow is the connecting 
radius between hole and body. This value is usually unknown, as the hole rounding is 
obtained in the production with an erosion process running until the achievement of the 
characteristic mass flow. For this reason the CFD mesh connecting-radius was increased until 
the target 1D mass flow was reached. In this case the hole rounding was enlarged up to values 
of respectively 30 and 20 µm for VCO and sac hole nozzle. 
 

 

Figure 6.4: Nozzle orifice section for Sac Hole (l.) and VCO (r.) nozzles at different time 
steps: liquid phase velocity. 
 
The local flow field at the nozzle orifice is shown in Figure 6.4 at different time steps. The 
turbulence level and velocity distribution in the sac hole nozzle appears more homogeneous 
than in the VCO configuration. Nevertheless, the comparison in Figure 6.5 shows how the 
turbulent length scale at nozzle orifice is more asymmetrical for the sac hole configuration. 
This should lead to a stronger turbulent mixing process in the region near the nozzle hole, 
with noticeable effects on spray formation. 
 

 

Figure 6.5: Nozzle orifice section for Sac Hole (l.) and VCO (r.) nozzles at t=1ms: liquid 
phase turbulent length scale. 
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The next step was to transfer the velocity and turbulence field at the nozzle orifice to the 
Eulerian spray, adopting primary break-up assumptions for the droplets class initialization 
[23]. In order to ensure that the coupling to spray could provide reliable results, comparisons 
with a cold chamber test case will be performed. 
 

6.3. Eulerian spray validation 
 
Spray validation will be shown with experimental results for an optically accessible high 
pressure cold chamber. The maximum ambient pressure is equal to 40 bar, corresponding to a 
gas density of 47.1 kg/m³. Injectors are mounted on an adapter on the backside of the 
chamber, which is equipped with three optical accessible windows.  
A flash light source produces a wide light sheet that is directed through the two lateral 
windows. A CMOS high speed camera is positioned before the window in front of the injector 
tip and it is responsible for capturing the scattered light reflected from spray droplets (see 
Figure 6.6, left). 
 

 

Figure 6.6: Cold spray chamber test rig with MIE–scattered light imaging technique (l.) and 
Spray shield jacket for side view investigations of the spray (r.) [14]. 
 
A shadow imaging technique is used for the side view investigations, as shown in Figure 6.6, 
right. A frosted plate-glass is positioned on a lateral window and it is illuminated by a flash 
light in order to create an homogeneous background illumination. In this configuration only 
one nozzle hole could be observed, therefore the other orifice axis needs to be directed 
downwards or they should cover the optical axis of the set up. The other sprays are directed 
downwards to a spray shield jacket. According to the different tip contours, both sac hole and 
VCO type nozzles need a separate shield jacket. 
The Eulerian spray was simulated afterwards on a cylindrical test mesh of 50000 cells and 
extended for 50 mm. The grid was boundary adapted in order to fit the nozzle body and the 
orifice as inlet (see Figure 6.7). The initialization of velocities and droplets classes is obtained 
with a primary break-up model, according to a chosen number of 6 droplet phases. 
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Figure 6.7: Mesh for Eulerian spray computation. 
 
Comparisons between simulated spray shapes and experimental images are shown in Figures 
6.8 and 6.9. The VCO nozzle generates smaller spray angles, mostly in the region near the 
orifice (near view).  The simulated sprays show good agreement with experimental images, 
also in the reproduction of spray asymmetries.  
 

   

Figure 6.8: Coupled spray for VCO nozzle: simulation (isosurface 0.01 of total liquid phase) 
in comparison with experiments. 
 
The strong spray atomization in the bottom spray plumes of the near view in Figure 6.8 is due 
to the effects of needle displacement at the beginning of the injection. As in VCO nozzles the 
needle opens directly on the holes, fluctuations lead directly to orifices obstruction and 
therefore strong effects on spray formation. The simulation of this kind of phenomenon would 
require a complete 360° nozzle mesh and the needle displacement not only in vertical 
direction, but also in the remaining two directions. Nevertheless, this kind of analysis does not 
match the engineering purposes of this work. 
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Figure 6.9: Coupled spray for Sac Hole nozzle: simulation (isosurface 0.01 of total liquid 
phase) in comparison with experiments. 
 
The spray tip penetration for the sac hole appears slightly higher than for the VCO nozzle, as 
shown in Figure 6.10. 
 

 

Figure 6.10: Experimental and simulated penetration curves for Sac Hole and VCO nozzles. 
 
The coupling simulation method between nozzle and Eulerian spray produces satisfactory 
results on spray formation process; therefore, it enables the transfer of nozzle information to 
the mixture formation process in the combustion chamber. 
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6.4. Engine simulation 
 
For the validation of the introduced coupling concept, CFD simulations for the above 
mentioned heavy-duty truck engine were compared to measurements of a single cylinder 
engine and optical diagnostics. According to symmetry assumptions, only cylinder sector 
meshes were modeled, allowing a considerable reduction of the computational effort. For the 
coupling of the Eulerian spray and the engine code the geometry is shown in Figure 6.11. 
 

 

Figure 6.11: Mesh for Eulerian spray simulation. 
 
The measured cylinder pressures are obtained with single-cylinder engines, while the heat 
release curves result from zero-dimensional pressure trace analysis based on data from 
simulations and measurements. Moreover, the spatial characterization of combustion and soot 
formation is obtained through an optical accessible single cylinder engine. 
 

 

Figure 6.12: Pressure traces for the Eulerian spray coupled simulation: VCO nozzle (l.) and 
Sac Hole Nozzle (r.). 
 
The considered load point presents a large injected mass and an intense combustion process 
after the occurrence of ignition. Nevertheless, the results in Figures 6.12 show an overall 
acceptable agreement in terms of pressure traces, both for VCO and sac hole configurations. 
Nevertheless, in the cylinder expansion run pressure values appear underestimated; this is 
probably due to the lack of confidence with the Eulerian spray model initialization. Further 
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analysis on evaporation, dispersion and breakup processes in the hot environment are 
therefore required. 
 

 

 
Figure 6.13: Heat release rate for the Eulerian spray coupled simulation: VCO nozzle (l.) and 
Sac Hole Nozzle (r.). 
 
The heat release rate diagrams in Figure 6.13 confirm that the ignition time matches well with 
experiments for both simulations, even if the diffusion combustion peak appears 
underestimated and afterwards energy is slowly released during the expansion stroke. 
In terms of simulated soot emissions, the adopted chemical model is still unable to provide 
quantitative predictions, as explained in [94]. Soot values are therefore underestimated, even 
if the trend is correctly captured, as shown in figure 6.14. 
 

 

Figure 6.14: Experimental and simulated soot integral value for Sac Hole and VCO nozzles. 
 
The measured pressure and the resulting heat release traces do not show large differences, at 
least enough to justify the different behavior in soot formation. To understand the reasons 
which lead to different emission values, local flow field distributions have to be taken into 
account. 
Figure 6.15 shows a radial section of the cylinder, which depicts the distribution of soot mass 
fraction at different crank angles after the top dead center (ATDC). The engine mounted with 
the VCO nozzle tends to generate more soot and then to collect it in the lower part of the 
bowl, while in the sac hole configuration the soot particles catch the bowl edge and deviate 
more onto the squish region, where the high temperatures favor further oxidation. This could 
be an explanation of the different levels in soot emissions. Furthermore, at 15° and 25° ATDC 
the VCO nozzle case presents higher soot concentration along the spray axis, which could be 
addressed to the different mixture formation process at needle opening and closure. 
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Figure 6.15: Soot mass fraction field in a cylinder section for sac hole and VCO nozzle. 
 
The different soot formation behavior could be also seen in the soot traces of Figure 6.16, 
where the soot formation process in the first phases of the expansion run is stronger in the 
VCO configuration. 
 

 

Figure 6.16: Soot traces at the beginning of the expansion run for sac hole and VCO nozzle. 
 
Figure 6.17 shows the differences in temperature, soot and mixture fraction distributions at a 
late crank angle. As previously discussed, the VCO nozzle tends to collect a greater fraction 
of fuel mixture on the bowl, leading to fat zones there where more soot is produced. On the 
other hand, the smoother spray direction of the sac hole manages to collect part of the mixture 
cloud to the cylinder wall and to prevent stronger soot formation. 
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Figure 6.17: Temperature, soot mass fraction and mixture fraction fields in a cylinder section 
for sac hole and VCO nozzle at 50° ATDC. 
 

6.4.1. Comparison with diagnostics 
 
In order to analyze and understand the soot formation inside the combustion chamber, an 
optically accessible bowl was machined. Engine relevant features are identical to a modern 
single cylinder test facility [77]. A special elongated transparent piston containing a quartz 
window allows the optical access from the bottom of the bowl, which is also machined into a 
quartz piston. The pictures luminescence could be associated with the soot radiation [78], 
according to the detailed description in [94].  
A comparison between diagnostic and local simulation results can be seen in Figure 6.18 and 
6.19. The luminosity MS is calculated by using the Stefan-Boltzmann law for grey bodies: 
 

 
4

sss TM σε=  (6.4.1) 

 
The terms σ and TS are respectively the Stefan-Boltzmann constant and the temperature of 
soot particles. The emissivity εs is furthermore approximated with a correlation from [64] 
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where k is the extinction coefficient, fv the soot volume fraction and rS the radius of soot 
particles. Since equation 6.4.2 is valid for one parcel, it has to be multiplied by the number of 
particles in the considered volume. The computational results in Figures 6.18 and 6.19 are 
displayed with luminosity isosurfaces according to a characteristic value. The simulations for 
both injector types show a satisfactory agreement with diagnostics. The isosurfaces on the 
right hand side have to be considered mostly according to their shape, as the emissions of the 
under laying volume cannot be represented with this kind of post processing. Local 
characteristics of injection and combustion processes appear well predicted, even if the flame 
of the experiments shows a stronger radial diffusion. Simulated penetrations appear slightly 
under predicted, but the lower gas density in the transparent engine could explain this 
behavior: in fact, the piston has a higher elasticity than in simulation or single-cylinder 
measurements. Another reason could be found in the unavoidable distortion of the quartz 
piston window, which could influence the definition of geometrical boundaries in the 
experimental pictures.  
According to the results on both injector geometries, the differences from a bottom view do 
not seem to be  so relevant, at least according to the above discussed trends in emissions 
formation. In this case the local CFD results for a vertical cylinder section could provide a 
better understanding of the phenomenon, as previously discussed according to figure 6.17. 
 

 
Figure 6.18: Comparison between simulation and diagnostic for heavy-duty truck engine 
with VCO nozzle (left: photographic sequence; right: calculated luminosity of soot). 
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Figure 6.19: Comparison between simulation and diagnostic for heavy-duty truck engine 
with Sac Hole nozzle (left: photographic sequence; right: calculated luminosity of soot). 
 
In the current analyzed case, the coupled simulation of nozzle flow, Eulerian spray and CFD 
combustion manages to supply more details than the transparent engine pictures. The soot 
emission from the bottom of the bowl could not reveal the concentration asymmetries in the 
vertical direction, leading to a more difficult interpretation of emission trends. Even if the 
simulated combustion itself appears still underpredicted in terms of the energy released, the 
local analysis of mixture and soot concentration in the combustion chamber leads to a deeper 
perception of thermodynamical phenomena. 
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7. Conclusions and outlook 
 
 
The current work presents two approaches for the simulation of IC-diesel engines. The aim is 
to account for the effects of internal nozzle flow on combustion and emissions formation.  
The first concept is founded on the creation of a library, which is based on previous nozzle 
flow simulations. Each point of the database is calculated according to different needle lifts 
and rail load pressures. Afterwards, the orifice flow data is converted to spray boundary 
conditions by means of primary break-up assumptions. During the engine simulations the 
droplets diameters and velocities are extracted from the library, providing a nozzle-flow-
based initialization of the computational spray. 
This second method represents an innovative concept for the real-time coupling of nozzle 
flow, Eulerian spray and engine simulations. The aim is achieved through the interconnection 
of different computational domains and CFD solvers. Starting from the two-phase simulation 
of the transient nozzle flow, the flow field at the orifice section was locally transferred to the 
Eulerian spray via primary break-up assumptions. The detailed prediction of spray dynamics 
proper of the Eulerian model was then successfully integrated in engine applications.  In fact, 
the ACCI code-coupling interface permitted the temporal and spatial interconnection between 
two parallel-running CFD codes, namely the multiphase spray and the single-phase engine 
solvers. The method was finally applied on two identical engines mounted with different 
nozzles, which produces dissimilar behavior in emissions formation. The results were 
validated with experiments on a transparent spray chamber and two optically accessible 
engines. The simulations appeared promising in terms of prediction of mixture formation and 
combustion process. A correct trend in soot formation was reproduced and the analysis of the 
local flow field allowed understanding the effects of different nozzles on mixture formation. 
The comparison between soot luminosities revealed also a right prediction of the ignition and 
flame propagation behaviors between calculations and experiments. In order to obtain better 
agreements on integral values, the coupling method should be further tested with the future 
developments of soot formation and combustion models. 
A step ahead in the enhancement of the method is the MPI-parallelization of the coupling 
routines, so that it could be effectively used in the industrial practice. The decrease in 
calculation time due to the cooperation of more computational domains could thus permit the 
simultaneous simulation of nozzle flow, Eulerian spray and engine without the adoption of a 
nozzle file. 
The Eulerian spray could also be improved by the implementation of multi-component 
evaporation and species diffusion, as to improve the physical description of the standard and 
the upcoming bio fuels. Another step is also the development of variable droplets classes, in 
order to better describe the diameter decay from the nozzle orifice to the dilute spray region. 
An important issue could be as well the implementation of combustion processes in the 
Eulerian spray domain and eventually inside the injector body during the needle-closing run. 
The spreading of the combustion flame inside the nozzle orifice could help to understand the 
origin of carbon matters deposition and surface decay phenomena. 
The presented coupling approach was developed and tested for common rail diesel engines. 
Nevertheless, the method could be easily adapted for DI gasoline engines, where the internal 
nozzle flow and the mixture formation process play an important role for the prediction of the 
combustion process. 
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Figure A.1: Graphical representation of the Library for BR4000 engine with L’Orange 
injector. 
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Figure A.2: Comparison between transient and stationary simulations for pinj=800 bar at 
different needle lifts h: opening run. 
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Figure A.3: Comparison between transient and stationary simulations for pinj=800 bar at 
different needle lifts h: closing run. 
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