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Abstract 

A possible future scenario for the water injection application has been explored as an advanced strategy for 

modern GDI engines. The aim is to verify whether the PWI (Port Water Injection) and DWI (Direct Water 

Injection) architectures can replace current fuel enrichment strategies to limit turbine inlet temperatures 

(TiT) and knock engine attitude. In this way, it might be possible to extend the stoichiometric mixture 

condition over the entire engine map, meeting possible future restrictions in the use of AES (Auxiliary 

Emission Strategies) and future emission limitations.  

The research was first addressed through a comprehensive assessment of the state-of-the-art of the 

technology and the main effects of the chemical-physical water properties. Then, detailed chemical kinetics 

simulations were performed in order to compute the effects of water injection on the laminar flame speed, 

the laminar flame thickness and the ignition delayed time and to develop database of such parameters to be 

used real-time during CFD simulations. The latter represents an important methodology step for accurate 

numerical combustion simulations.  

The water injection was then analysed in detail for a PWI system, through an experimental campaign for 

macroscopic and microscopic injector characterization inside a test chamber. The collected data were used 

to perform a numerical validation of the spray models, obtaining an excellent matching in terms of particle 

size and droplet velocity distributions.  

Finally, a wide range of three-dimensional CFD simulations of a virtual high-bmep engine were realized and 

compared, exploring also different engine designs varying the compression ratio and the stroke to bore ratio. 

The simulations were performed both with and without water injection (fuel-only mode configuration), with 

different mixture strategies, and for PWI and DWI systems under non-reacting and reacting flow conditions, 

varying a series of parameters such as: the injection pressure, the SOI/EOI and the injected water mass. The 

aim was to verify the possible performance gain by using WI (Water Injection) keeping the knock engine 

attitude and the exhaust gas temperature below the imposed thresholds, achieving the best configurations 

for each architecture. In research, in order to pursue water consumption minimization, only the 

configurations achieving a minimum of 90% of water evaporated were considered as those suitable for 

reacting flow simulations. 

According to the latter, it was found that thanks to the introduction of water, for both PWI and DWI systems, 

it could be possible to obtain an increase of the target performance and an optimization of the bsfc (Break 

Specific Fuel Consumption), lowering the engine knock risk at the same time, while the TiT target has been 

achieved hardly only for one DWI configuration.  
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Introduction 

Climate change and gaseous emissions environmental impact are two of the most critical issues that world 

population is currently facing. The road transportation sector is found to be one of the most contributors to 

those.   

On April 17th 2019, the European Parliament and the Council issued the Regulation (EU) 2019/631 

introducing CO2 emission performance standards for new passenger cars and new vans for 2025 and 2030. 

Car engine are responsible of around 12% of the total EU emission of carbon dioxide in atmosphere. In 

addition, from 2021, phased in from 2020, the EU fleet-wide average emission target for new cars will be 95 

g CO2/km and a penalty fee of €95 every g/km for exceeding this limit. This CO2 concentration released to 

atmosphere corresponds to a fuel consumption of around 4.1 l/100 km of gasoline. In this scenario, the 

demand to reduce even all the other pollutants has introduced a more stringent homologation cycle, the 

dynamic RDE cycle, which is now mandatory for all newly type-approved passenger car models, covering 

higher engine load and speed for different driving conditions. 

For these reasons, nowadays engineers aim to design engines with lower fuel consumption and emissions, in 

order to cope with the continuous updating of the international emission regulations. This has led to a review 

of the engine working conditions across the overall operating map and the adoption of different Auxiliary 

Emission Strategies (AES).  

The development of technologies aimed to increase engine efficiency are the current guidelines for new 

engine concept design and one of the main current topics is the replacement or reduction of the fuel 

enrichment under specific engine conditions. Currently the application of fuel enrichment strategy is used 

for component protection (i.e., Turbine Inlet Temperature control) thanks to the evaporation of fuel and the 

following reduction of the in-cylinder fresh charge temperature. Moreover, the same strategy is used to 

suppress abnormal combustion events. The boost pressure and the high downsizing level that characterize 

modern engines, necessary to ensure high efficiency and high power, have led to the increase of the in-

cylinder pressure and temperature, promoting the knock onset/development and the raise of turbine inlet 

temperature (TiT), especially at medium/high load conditions. Among them, the full power condition 

represents the most demanding engine points.  

However, the use of a rich mixture strategy results in a dramatic increase of raw emissions, especially CO 

emissions, because they cannot be handled by the three ways catalyst (TWC), so new solutions need to be 

pursued to cope with new emission standard.  

In this scenario the water injection technology represents a possible solution to meet the demand for high 

power and low emissions in the development of future engines. The aim is to replace the fuel enrichment 

with water injection, exploiting its high latent vaporization heat reducing the maximum temperatures in the 

combustion chamber. Water injection can therefore be a valid technology to analyse and optimize to 

preserve the engine from knock and exhaust gas temperatures too high for the turbine materials. Moreover, 

this technology can be combined with those already known and currently used in the most advanced engines, 

such as the use of over-expansion cycles (Miller or Atkinson), cooled EGR, advanced turbochargers, new 

ignition systems, variable compression ratio and the search for alternative fuels.  

However, it must be considered that the injection of water changes both the thermodynamic (due to the 

temperature reduction) and the chemical behaviour of the mixture. Therefore, it is necessary to carefully 

evaluate these two effects that could also mitigate the potential benefits of water injection or even lead the 

engine to worse working conditions. 

The objective of this doctoral thesis is to assess, for a high-bmep GDI engine, both PWI (Port Water Injection) 

and DWI (Direct Water Injection) architectures from a thermo-fluid dynamics point of view also under 
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reacting flow conditions, through three-dimensional CFD (Computational Fluid Dynamic) simulations. One of 

the main scientific contribution consists in the development of a complete methodology, especially from a 

chemical point of view, for the simulation and analysis of PWI and DWI systems. Through detailed chemical 

kinetics simulations, new databases have been extracted to take into account the effects of the injected 

water, separated from the EGR, in the calculation of the laminar speed, the flame thickness and the auto-

ignition time. In addition, for the PWI technology, which might be the most promising technology for a rapid 

placing on the market, experimental tests, conducted during the internship abroad, have been performed 

for the complete characterization of the spray and the validation of numerical spray models. The main CFD 

approach used in the simulations is the RANS (Reynolds-averaged Navier–Stokes), together with the ECFM-

3Z combustion model for reacting flow conditions.  

The analysis were performed considering the real short-term applicability of both PWI and DWI technologies, 

as injection pressure and water consumption, highlighting the advantages and disadvantages of both 

architectures, imposing specific performance and safe condition targets in order to identify the best feasible 

strategies. 

A brief summary of the main topics that will be presented in this thesis is here provided as an introductory 

guide to the thesis, underlining the contribution of each chapter. 

Chapter 1 provides an overview of the global scenario within which combustion engines are developing, 

taking into account the new pollution regulations and the most advanced solutions currently considered for 

the engine design. Chapter 2 is dedicated to the state of the art of the water injection technology and it 

reviews the scientific literature in order to emphasize on which issues the scientific community has put more 

effort until now. To understand the fundamental thermodynamic effects of water and spray dynamics, 

Chapter 3 describes the physical properties of water compared with those of fuel, defining the cooling 

efficiency parameter, useful for the detailed analysis of simulations. Chapter 4 and 5 are dedicated to the 

methodology used for the CFD simulations development. The first one describes the main models adopted 

underlining where some modifications have been made over the basic models, while Chapter 5 is reserved 

to the analysis of the chemical effects of water on the laminar speed, the flame thickness and the auto-

ignition times through detailed chemical kinetics simulations and the creation of new databases. An 

experimental campaign was carried out for the microscopic and macroscopic characterization of a PWI 

injector, whose data are shown in Chapter 6. Thanks to these results, it was possible to perform a numerical 

validation of the spray at low injection pressure, by calibrating the spray model parameters. The validation 

was also repeated using a literature test case. Finally, starting from Chapter 8, the GDI engine under 

examination and its different geometric configurations are presented. At first the engine is examined without 

the injection of water, with different fuel mixing strategies in order to highlight the main fluid-dynamic engine 

features and the cooling target. Chapters 9 and 10 are dedicated to the simulations with PWI and DWI 

architectures respectively, under non-reacting flow conditions, varying a series of parameters such as: 

injection pressure, SOI/EOI and injected water mass. The best configurations, both PWI and DWI are then 

analysed under reacting flow conditions in Chapter 11, verifying the possible performance gain, keeping the 

MAPO index and the exhaust gas temperature below the maximum imposed thresholds. The conclusions and 

possible future directions are described in the last Chapter 12. 
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Chapter 1: Global Engine Scenario 

1.1 Introduction  

Over the last decades, all the air quality reports have shown a significant reduction of the pollutant emission 

increase in all major sectors: industry, energy production, transport and agriculture [1]. As an example, Figure 

1 shows the trend of major transport emissions up to 2017 in Europe. Despite transported passengers and 

freight volumes have been gradually increasing, the percentage of pollutants has been drastically reduced. 

However, the countermeasures are not enough to fully limit the negative effects on the environment and 

human health. Therefore, the European Union, together with other states around the world, are constantly 

trying to impose new emission reduction targets.  

Air pollution is currently the most important risk to human health, and it is perceived as the second biggest 

environmental concern for Europeans, after climate change (European Commission, 2017). As a result, there 

is growing political, media and public interest in air quality issues and increased public support for actions. 

This includes ongoing citizen science initiatives for air quality monitoring and initiatives targeting public 

awareness and behavioural changes. This have led to growing support and demand for measures that 

improve air quality. 

In addition to human health, which is of primary importance, air pollution also has a negative impact on 

climate change and the ecosystem in general. This kind of problems are addressed mainly through the 

measurement of the annual average temperature increase in the atmosphere and oceans and the 

concentration of carbon dioxide in the air, as an indicator of the greenhouse effects. 

 

Figure 1. Trends in EU-28 emissions for road transport sector (% of 2000 levels) [1] 
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A more detail analysis, Figure 2, has been reported: the road transport sector is one of the major contributor 

of carbon dioxide (CO2) (which is indeed a greenhouse gas and not a pollutant), nitrogen oxides (NOx) and 

particulate matters (PM2.5 and PM10). The sector contribution to NOx and PM is of particular concern in the 

urban environment because of the large numbers of people directly exposed. 

Vehicle emissions for European passenger cars have been regulated by means of the Euro emission standards 

since 1992 [2]. Further tightening it was introduced by regulation on carbon dioxide emission because of the 

contribution to the greenhouse effect. Thanks to the implementation of subsequent European Union 

Commission directives, relevant reductions of pollutants carbon monoxide (CO), unburned hydrocarbons 

(HC), NOx, PM and particle number (PN) have been achieved along years up to nowadays. As a consequence, 

the automotive industry has been compelled to develop auxiliary emission control devices (AECD) and 

strategies for their cars, to ensure a noticeable reduction in pollutant emissions and greenhouse gases (i.e., 

CO2). 

While this may appear as a restriction in the development of engines, it lays the foundations for constant 

product innovation, helping companies to invest in research and development by always looking for new 

solutions. In the transition to Euro 6, for instance, the gasoline direct injection (GDI) downsized turbo-

engines, which have been conceived to drop the engine specific fuel consumption to contribute to 

accommodate the CO2 limits,  have seen the introduction of particulate filters and the improvement of the 

injection technologies since they are more prone to particulate engine out emissions than PFI. 

 
Figure 2. Contribution to EU-28 emissions for the main source sectors in 2017 [2] 

1.2 Emissions Standards Issued in Europe 

The emissions produced by cars and their connection with environmental pollution have been recognized as 

an important issue since the 1950s. Since then, the link between pollutant emissions of CO, HC, NOx and PM 

and photochemical smog has been highlighted: pollutants are not only dangerous for human health directly 

but also indirectly, as they play an important role in the generation of some precursors for the formation of 

PM2.5 and ozone in the atmosphere, two serious dangerous pollutants for human’s health and environment.  
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It was not until 1970 that the matter was addressed with regulatory action at the European level. Directive 

70/220/EEC established emission limits for CO and HC from gasoline-powered vehicles. The landmark 

directive was amended several times over the following decades to extend its scope. Emission limits for NOx 

were introduced in 1977 (Directive 77/102/EEC), amendments to also cover the gaseous pollutants of diesel 

vehicles were passed in 1983 (Directive 88/436/EEC), and a particulate mass (PM) emissions limit was 

introduced for diesel vehicles in 1988 (Directive 88/436/EEC). In 1992, the introduction of what is known 

today as Euro 1 (Directive 91/441/EEC) marked a new regulatory era for pollution control. Since then, the 

European Union has moved quickly to further tighten emission limits in the Euro 2 (Directive 96/69/EC), Euro 

3 and 4 (Directive 98/69/EC), and Euro 5 and 6 (Regulation 715/2007) standards (Figure 3). Data from remote 

sensing, a technique for measuring emissions in real driving conditions, comprising hundreds of thousands 

of light-duty vehicles (LDVs) [3], suggested that Euro standards have been ineffective in reducing the real-

world pollutant emissions from vehicles. For example, from 2000 to 2016 (from Euro 3 to Euro 6) the nominal 

NOx limits set by the diesel Euro standards have been reduced by 84%. However, NOx emissions from 

transport have gone down only 32% in the same period. 

 
Figure 3. Euro emission limits [3] 

 

Figure 4. CO2 regulation trends [3] 
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Recently, special attention has also been given to carbon dioxide emissions from vehicles. CO2 is not classified 

as a real pollutant in the strict sense of the term, but as a determining factor for the greenhouse effect. 

Carbon dioxide is an unavoidable product of the hydrocarbon fuel combustion and the more is the CO2 

concentration in the exhaust gases the more is the combustion efficiency. The current regulations do not 

enforce a CO2 concentration limit to allow the vehicle sale. They require that automotive manufacturers pay 

a fee when the prescribed threshold (expressed in gCO2/km) is exceeded. From 2021 the new regulations will 

enforce a limit of 95 gC02/km and a penalty fee of €95 every g/km exceeding that limit. Similar trends are 

also expected for other countries as showed in Figure 4 [3]. Because of these economic penalties, some car 

manufacturers were forced to withdraw certain engines or even car models from the market, as happened 

recently at Suzuki with the Jimmy model, whose sales volume were high but the price to pay for exceeding 

CO2 emissions did not make it anymore economically affordable.  

For this reason, any technology capable of increasing engine efficiency, saving fuel, will increasingly become 

a crucial point during the development phase of an engine.  

1.3  Homologation Driving Cycles 

In the previous paragraphs an overview on the regulations of the automotive pollutant emission has been 

presented: now the focus is on the method used to check if the vehicles fulfil these limits. The NEDC (New 

European Driving Cycle) homologation driving cycle, designed in the 1980s, was used to measure the 

pollutant emissions of a vehicle and fuel economy up to 2016, performed on a roller test bench. However, 

this cycle was found to be obsolete and not in line with real data. As proof of this, Figure 5 shows a German 

study [4] on Nitrogen Oxide emissions (NOx) from various car models. It can easily be seen that despite the 

reduction of mg/km with the Euro 6 standard, there is still a large discrepancy between the emissions 

evaluated in the laboratory through the NEDC homologation test and the real ones. 

The new testing procedure WLTP (world harmonized light-duty vehicles test procedure), which replaces the 

old lab test NEDC, is based on new test conditions that attempts to reproduce real-world circumstances, 

 

 

Figure 5. Discrepancy between laboratory and real data emissions EURO 5 and 6 for different passenger cars [4] 

https://en.wikipedia.org/wiki/Fuel_economy_in_automobiles#Europe
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which means that the values determined will also have a greater relevance on reality. Among the main 

changes there are significantly stricter and aggressive test conditions at higher vehicle speeds together with 

a substantially longer test duration (30 instead of 20 minutes). To obtain a more precise determination of 

emissions, the new test procedure includes not only standard equipment, as was previously the case, but 

also all special and auxiliary equipment options of a vehicle to better assess vehicle’s consumptions and 

emissions. In Table 1 and Figure 6, the two homologation cycles NEDC and WLTP are compared. 

Despite the great accuracy, deviations are of course also possible with this test procedure. Everyday fuel 

consumptions and emissions continue to be subjected to the different conditions of topography, climate and 

personal driving technique. The traffic situation and the use of devices such as the air conditioning system 

are of further influence on the vehicle emissions. For these reasons, in addition to WLTP, the new RDE cycle 

(Real Driving Emissions) will also be compulsory for vehicle homologation in the EU, through the use of PEMS 

Table 1. Main differences between NEDC and WLTP cycles 

Parameter WLTP NEDC 

Starting temperature cold cold 

Cycle time 1,800 s 1,180 s 

Endurance 242 s 267 s 

Stop share 13.4 % 22.6 % 

Distance 23,262 10,931 

Maximum speed 131.3 km/h 120 km/h 

Average velocity 46.5 km/h 33.35 km/h 

Temperature 23 °C 25+/-5 °C 

 
Figure 6. NEDC and WLTC homologation cycles [4] 
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 (Portable Emission Measuring Systems). The latter are complex equipment that integrate advanced gas 

analysers, exhaust mass flow meters, weather station, Global Positioning System (GPS) and a connection to 

the vehicle network. 

In these RDE tests, the pollutant emissions, such as particulate matter and nitrogen oxides, are measured 

directly on the road. RDE cycles, unlike standard test cycles (NEDC, WLTC etc.) consist of aggressive, real-life 

dynamic driving events. A comparison of the main emission cycles, including a possible RDE cycle, are 

presented in Figure 7 [5]. Clearly, the engine operating conditions are more severe in a dynamic RDE cycle as 

pointed by the higher engine load and speed covered. This method determines the average emission values 

that can be expected during everyday driving. The route comprises three sections: urban (approx. 34% of 

total distance), countryside (approx. 33%) and motorway (approx. 33%). The vehicle must remain at an 

altitude of between zero and 700 meters above sea level and the ambient temperature between +3°C and 

+30°C.  

The most challenging part of RDE cycle for both spark ignited and Diesel engines is the fact that engine 

operation may likely included full power or at least very high engine speeds and loads. As a matter of fact, 

some strategies applied (or not applied), used in the engine map up to now, may be required to be completely 

revised. In particular, in the case of GDI turbo-engines, the next paragraph enters into the detail of EU 

commission policy assessment of calibration and engine strategies during the whole homologation test cycle 

procedures, including the RED part and how they may affect heavily the engine design. 

The implementation of the RDE cycle is scheduled in a two-step process:  

(I) From September 2019: mandatory for all newly registered passenger car models: NOX emissions 

may exceed in laboratory conditions by max. 2.1 times (conformity factor (CF)) the measured 

value according to NEDC cycle and a CF 1.5 for PN (Particular Number), to ensure a technological 

transition; 

(II) From 1 January 2020, mandatory for all newly type-approved passenger car models with a 

conformity factor equal to 1.5 (taking into account a measuring tolerance of 0.5). 

Restrictions on pollutant emissions from vehicles will therefore become increasingly restrictive, prompting 

engineers to design more efficient engine and new pollutant reduction systems, acting both inside the 

cylinder and using innovative after-treatment devices. 

 

Figure 7. Emission Cycles comparison [5] 
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1.4 Auxiliary Strategies 

The European legislation also defines the concept of auxiliary strategies for the control of pollutants, obliging 

manufacturers to declare any devices implemented for the emission reduction. Specifically, they are divided 

into three categories. 

1. defeat system: any element of design which senses temperature, vehicle speed, engine speed (RPM), 

transmission gear or any other parameter for the purpose of activating, modulating, delaying or 

deactivating the operation of any part of the emission control system, that reduces the effectiveness; 

2. base emission strategy (BES): means an emission strategy that is active throughout the speed and 

load operating range of the vehicle unless an auxiliary emission strategy is activated; 

3. auxiliary emission strategy (AES): means an emission strategy that becomes active and replaces or 

modifies a BES for a specific purpose and in response to a specific set of ambient or operating 

conditions and only remains operational as long as those conditions exist. 

In particular, the first category, i.e. the alteration of emission data, is strictly prohibited. The other two 

categories are instead allowed if they are declared.  

With the already known road map for the reduction of the Conformity Factors (CF) for NOx and PN between 

RDE and WLTP values, it is very likely that also CO emissions from S.I. engines under RDE conditions will 

undergo conformity factor compliance by future integration of the emission legislation. As a matter of fact, 

the EU Commission notice, issued in January 2017 [6], represents a clear evidence that a new acceptance 

policy regarding the component protection has been introduced, as that for fuel enrichment. Thus, all those 

Auxiliary Emission Strategies (AES) that are found to increase emissions might not be authorized in the next 

future. One of the main examples of auxiliary strategy concerns the use of a rich mixture in the cylinder, 

under certain operating conditions, in order to thermally preserve some components, in particular the 

turbine, and reduce the engine knock attitude thanks to the cooling evaporation process. As far as the fuel 

enrichment for turbine protection is concerned in S.I. engines, the two main disadvantages of using this 

strategy are the use of more fuel with a consequent decrease in engine efficiency and a higher production of 

carbon monoxide (CO), due to incomplete oxidation reactions. Figure 8 shows an example of CO emission 

variation in the RDE cycle due to the use of a rich mixture for thermal component protection [7]. It can be 

seen that there is a maximum increase of about 600% towards the end of the cycle which cannot be handled 

by the three ways catalyst (TWC), thus exceeding the possible limits imposed by future legislations, which 

will tend to impose a CF equal to 1 for all pollutants.  

According to the perspective of large CO emissions increase by the use of fuel enrichment and to the above-

mentioned EU Commission notice, the development of S.I. engines operating at lambda 1.0 in the overall 

map is forced and recommended. This new scenario makes the adoption of the water injection very attractive 

as one of the possible and effective solutions (together with Miller cycle, Advanced Turbocharging and 

Turbine Technology, Variable Compression Ratio, etc.) to make SI engine operations at lambda 1.0 possible 

while still fulfilling TiT limits. 

This is the primary motivation that led to a deeper knowledge and assessment of the water injection 

technology in internal combustion engines as a valid and attractive alternative to the mixture enrichment. 

Many studies have been conducted so far as it will be reported in the next chapter, analysing the state of the 

art of this technology. Moreover, in the present thesis more emphasis is given to the study of configurations 

applicable in the short term, with a low economic impact (comparable to PFI systems), trying to minimize the 

amount of water introduced through the optimization of the evaporation process (at least 90%). 
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Figure 8. CO emission increase due to the richer mixture for component protection [7] 

1.5 ICE Future Trends  

Before focusing on next generation of ICE SI engines technologies, a very brief overview is provided on the 

ICE future trends. The recent scandals in the automotive world, concerning polluting emissions, have 

highlighted the real difficulties of this sector in making an effective contribution to reducing environmental 

pollution. For this reason, the electrification of transport systems has experienced strong growth, considering 

them one of the best ways to cope with legislative restrictions and as an effective way of reducing and 

relocating emissions away from cities.  Despite the real impact that internal combustion engines have on air 

pollution, public opinion seems to blame them, not caring how and what resources energy is used to recharge 

the batteries of electric vehicles, or how these are disposed of.  

It must be highlighted that it is clear that renewable and clean energy sources will be the base for the energy 

productions in the next future and that electricity will be the primary energy which will be available. This is a 

ground point since hydrogen-based energy and synthetic fuels will need electricity for their production.  

Without discussing about infrastructure, renewable energy storage, battery disposal or second life and life 

cycle assessments, it is very likely that the future mobility will be characterized by a mix of solutions [8], 

involving battery (BEV, HEV, P-HEV), fuel cell electric vehicles (FCEVs) and conventional vehicles or hybrid 

electric (Plug-In) vehicles fuelled with synthetic fuels, depending on the consumer acceptance (e.g. cost, 

fashion, etc), the country considered, the specific application (urban mobility, commuting,  heavy duty, etc) 

and how the mobility will be redesigned. Forecast on the future powertrain it is very difficult because it 

depends on many parameters like the real transition to renewables (i.e., the sharing of renewable is expected 

to increase up to 80% to 2050). Despite the expected, albeit moderate, increase in fully electric engines 

considered to be zero emissions (which indeed depends on the actual sharing of renewables), it is clear that 

their total expansions will not be able in the short term (2035-2040), to fully replace the internal combustion 

engines fuelled with hydrocarbons, at least in the commercial transport sector, due to the weight and cost 

of batteries. Application of fuel cells in these sectors is nowadays on-going since the volume requirements 

for the hydrogen storage can be affordable in heavy duty vehicles including trucks. In the short-term future, 

combustion engines, running on petroleum-based liquid fuels, will largely continue to power transport of the 

world’s goods and services and a transition from the gasoline or diesel ICE to a full gasoline/diesel hybrid can 

significantly reduce emissions. A Mazda forecast would confirm this outlook as shown in Figure 9 [7]. 

 It has been estimated [5] that, thanks to future technologies, fuel consumption could even be halved 

compared to today and consequently CO2 emissions. 
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Figure 9. ICE possible future trend [7] 

The new after-treatment systems and strategies will allow a reduction of all pollutant emissions reaching the 

so-called 'zero impact emission vehicle': pollutants will be so low as to be difficult to measure and their real 

impact on the environment will be negligible.  

In the medium to long term the objective is also to design new fuel/engine systems for performance 

optimization. Single- and dual-fuel technologies, such as homogeneous charge compression ignition (HCCI), 

premixed controlled compression ignition (PCCI), and reactivity-controlled compression ignition (RCCI) offer 

significant promise for improving efficiency and reducing unwanted exhaust emissions 

Beyond that, it must be considered that the transition to fully renewable energy source does not mean the 

transition to BEV or fuel cells based powertrain, because of concerns on their full scale applicability 

(battery/hydrogen volumetric energy density that limits the cruise range, infrastructure availability, safety 

issue for H2 application, etc)[8]. The future might include the transition to hybrid-vehicle which will be 

equipped with advanced ICE fuelled by biofuel or synthetic fuels (including H2) produced taking advantage 

from the renewable energy. 

Therefore, despite the difficulties in the forecast, in the short term ICE combustion systems need to be 

developed and made even more efficient, with a constant development of new technologies to increase 

efficiency, studying the engine in all its parts: combustion, exhaust treatment systems, control systems and 

hybridisation. 

With this scenario it can be easily understood that internal combustion engines are still far from being 

replaced by other systems and that their development is still long. Water injection is certainly one of the 

many strategies that can be studied and optimized to meet the demand of tomorrow's engines in order to 

reduce emissions and increase performance. 

1.6 Engine Technologies Description 

Modern automotive engines have been pushed to high level of downsizing to comply with more stringent 

emission legislations and fuel economy general concerns achieved thanks to lower frictions, with a more 

efficient combustion system, thermo-fluid dynamic and mechanical design. For the sake of completeness, it 
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must be underlined that the downswing trend is currently revised toward what is called “right-sizing” that 

means that the engine fluid-dynamics design is developed specifically for a kind class of engines without 

pushing further to stronger downsizing, and focusing to better efficiency by looking to optimization of the 

stroke to bore diameter. Moreover, a broader range of operating conditions is pushing the latest engines, 

towards very high Brake Mean Effective Pressure (bmep), whose safe working conditions must be insured. 

In order to comply with the international legislations, to contrast global pollution, and at the same time to 

meet the end user's demand for higher performance, various technologies have been used on spark ignition 

engines. In Table 2 is reported a summary of the main solutions adopted, divided according to whether they 

are applied on the combustion system or on the intake system. 

In the following paragraphs the main characteristics of these technologies will be briefly described, leaving a 

deep analysis for the application of water injection [9]. 

Table 2. Main SI technologies [9] 

Engine subsystem Technologies 

Combustion system 

GDI lean combustion 

Miller/Atkinson Cycle 

Variable compression ratio 

Water injection 

Cylinder deactivation 

Air system 
External EGR 

Multistage Air charge 

1.6.1 GDI Lean Combustion 

Lean combustion, with a stratified charge, is a strategy that significantly increases engine efficiency. The aim 

is to create a slightly rich mixture under the spark plug, in order to start combustion in an optimal way, and 

to have a leaner and leaner mixture moving away from the ignition zone towards the peripheral areas of the 

combustion chamber [10]. The spray is injected into the cylinder later around 60° before the top dead centre 

(TDC), towards the end of the compression phase. 

The stratification can be achieved through three main injection strategy techniques as reported in Figure 10: 

1. wall guided: designing appropriate walls of the combustion chamber and piston, to obtain a deviation 

of the spray jet such as to create a richer mixture under the spark plug; 

2. air guided: through the exploitation of air motion (swirl, tumble, squish) for the convective transport 

of drops and vapours under spark plug, through intake ducts and chamber geometry optimization in 

terms of stroke/bore ratio; 

3. spray guided: through a correct positioning of the injector near the spark plug in order to exploit the 

momentum of the drops. 

usually these strategies are combined with each other in order to achieve the best possible result. 

With a stratified lean combustion (e.g. λ 1.4) the combustion process is no longer influenced by the overall 

mixture ratio (as in homogeneously charged engines), but only by the local mixture quality. The engine load 

can therefore be controlled by varying the amount of fuel injected, eliminating pumping losses. In addition, 

heat dispersion from cylinder is reduced as excess air creates an insulating layer on the wall, increasing engine 

efficiency. This leads to a reduction of fuel consumption up to 10-20 % compared to the traditional 

homogeneously charged engine, as showed in [11], where a lean burn combustion concept that uses spray 

guided lean stratified operation was tested, showing remarkable BSFC improvements: a reduction of 14% 

over NEDC cycle and 12% over WLTC. 
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Figure 10. Stratified fuel techniques [10] 

1.6.2 Miller and Atkinson Cycles 

The Miller and Atkinson cycles consist of the early and later closure of the intake valves, as shown in Figure 

11 [9]. The Miller and Atkinson cycles are realized through a variable control of the valve timing (VVT) [12,13], 

that It can be implemented mechanically by modifying the camshaft (different cam profiles), hydraulically, 

electro-mechanically or pneumatically. The Atkinson cycle was originally realized by a different crank train, 

which involved a system redesign that produced an increase of the expansion stroke. 

In both cycles the objective is to obtain a longer expansion stroke than the compression stroke, but with the 

penalty of a lower mass trapped inside the cylinder. With the Miller cycle the early closure does not allow a 

complete filling of the cylinder, which involves an expansion of the fluid from IVC to BDC (Bottom Dead 

Centre). On the other and, with the Atkinson cycle, the movement of the piston towards the TDC pushes the 

air back into the intake duct, reducing the residual air quantity presents at IVC (Inlet Valve Closed). In both 

cases there are advantages in terms of pumping losses and a decrease in pressure and temperature in the 

cylinder, which affect the entire combustion process. 

To recover some performance losses, due to a reduced air trapped, these strategies are usually coupled with 

a turbocharger with high boost pressures to increase the charge density. Indeed, the compensation of power 

and torque in natural aspirated engine by an increased displacement would lead to more friction losses.  

 
Figure 11. Miller and Atkinson cycles [9] 
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1.6.3 Variable Compression Ratio 

The purpose of a variable compression ratio engine is to increase performance, efficiency and emissions at 

the same time [14-16]. It is well known that the development of engines towards a downsizing approach has 

led to an increase in the compression ratio precisely to increase engine efficiency. The main problems of a 

high compression ratio are the higher temperatures and pressures which develop in the combustion 

chamber, which can lead the engine to knock events, especially when the driver requires power at low engine 

speed. VCR strategy consists in using a high compression ratio at partial loads to optimize the fuel 

consumption, and a lower compression ratio at higher loads to comply with power demand, resulting globally 

in a more efficient combustion over a wide range of loads and speeds, as well as a number of other benefits 

such as low frequency noise, reduced cold start emissions and minimum friction losses. 

VCR systems can significantly contribute to the aim of lower fuel consumption of advanced, high 

performance internal combustion engines, being able to integrate other strategies described in this 

chapter. 

1.6.4 Cylinder Deactivation 

Cylinder deactivation can be considered as an additional (temporary) engine downsizing technique, which 

produces a significant reduction in pumping losses as well as an overall reduction in the global heat 

exchanged through the walls at low loads and rpm [17,18]. There are different systems for deactivating the 

cylinders. The most common is to apply this strategy to a specific cylinder, cutting off the fuel supply and 

disabling all moving parts, such as intake and exhaust valves, reducing the engine frictions. Valve deactivation 

is made available with various mechanical options such as switchable bucket tappets, switchable finger 

followers or fully variable mechanical/electrohydraulic valve train systems based on detent cam gears. To 

ensure that the engine continues to run smoothly enough, only certain cylinders are deactivated in 

accordance with the ignition sequence. 

Depending on the strategy adopted, either fresh air or combustion products may be trapped inside the 

combustion chamber. In the latter case, the heat generated by the exhaust gases make the cylinder cool 

down more slowly, producing higher pressure rises during the compression phase which can lead to an 

irregularity in the overall operation and friction losses increase. Therefore, this strategy must be maintained 

for a longer period of time to ensure optimal benefit in terms of fuel consumption. However, thanks to 

modern engine cooling systems and the blow-by effect, about ten revolutions are required to make the 

pressure fluctuations in the cylinder, due to the closed-valve compression and expansion phases, comparable 

to those of a fresh mixture. 

An example of the use of this technology is given in [18], where an electronic cylinder deactivation system 

was used in a 4 Cyl 1.4L TC GDI engine, obtaining In the NEDC cycle, a fuel consumption improvement up to 

7%.  

1.6.5 Exhaust Gas Recirculation 

The use of EGR (Exhaust Gas Recirculation) makes it possible to combine the effects of the downsized engines 

to save fuel, mitigate the knock onset, control the cylinder temperature and reduce NOx emission. EGR, 

combined with downsizing and turbochargers, has proved to be one of the most promising technologies for 

gasoline engines in the recent years [19]. The exhaust gases act as inert gases that take heat from the 

combustion chamber, reducing the maximum temperatures of the system, helping also to improve the part 

load efficiency thanks to de-throttling [20]. The addition of exhausted gases, in fact, pushes to keep the 

throttle valve further open to ensure the same power target, decreasing pressure drops in the intake duct. 
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Lowering temperatures in the combustion chamber also reduces the heat rejected from the surfaces, with a 

conversion of the energy into work in the most efficient way during the expansion phase. 

Basically, there are two types of EGR systems: 

• Internal EGR: the exhaust gases are forced to move in the cylinder by overlapping the opening time 

of the intake and exhaust valves, where the amount of EGR trapped inside the combustion chamber 

depends on factors such as the valve timing, engine speed, and differential pressure; 

• External EGR: exhaust gases are recirculated back into the intake manifold by using an external duct 

and an additional valve (EGR valve). The system is mainly designed as High Pressure EGR (HP-EGR) or 

Low Pressure (LP-EGR) system (also present in combined version), as showed in Figure 12 [21]. 

As an example, in [22] the authors, thanks to the use of an LP-EGR system, report a reduction in fuel 

consumption at partial loads between 1% and 4%, without affecting the PN-emission, by shifting the 50% 

MFB50 to the optimum in knock limited engine operating points.  

One of the limiting factors in the use of EGR is that excessive dilution can lead to problems of combustion 

stability, condensation and lower power. 

 
Figure 12. Schematic representation of a LP-EGR circuit (left) and a HP-EGR circuit (right) [21] 

1.6.6 Multistage Air Charging 

The most effective method to increase the power of an engine is certainly to compress the air in order to 

increase the amount of oxygen available for combustion [23]. As mentioned in the previous paragraphs, this 

technology is also crucial for some strategies such as the adoption of EGR and the Miller/Atkinson cycles, to 

avoid a great loss of performance. Alongside common turbochargers, which are particularly critical at low 

engine speed, technologies such as VGT (Variable Geometry Turbocharger) and, the most advanced, multi-

stage compressors have been developed to improve the driving experience and efficiency of these systems. 

As far as the multi-stage compressors are concerned, there are two main solutions: 

1. 2-stage turbochargers; 

2. mechanical supercharger or electric turbocharger in addition to the first turbocharger stage.  

In general, a muti-stage turbocharger brings the following advantages: 

• a significantly higher boost pressure level, enabling the achievement of very high mean effective 

pressure values; 
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• an improved charging efficiency, even at unchanged charge pressure, since the efficiencies of 

compressor and turbine decrease with an increasing pressure ratio in a single stage. Additionally, the 

total efficiency can be further increased with an intercooler;  

• wider compressor and turbine maps, improving the possibilities to adapt their working conditions to 

the desired engine operating point. 

The main drawbacks are due to the cost and packaging of the system and the added complexity for the engine 

control.  
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Chapter 2: Water Injection Application to 
Engines: State of the Art 

 
This chapter summarizes the state of the art related to the water injection technology applied to internal 

combustion engine. The revision is divided into three main parts:  

1. a literature presentation with the aim of understanding where the scientific research is converging 

and which are the main parameters to consider; 

2. a list of the main layouts and designs used to inject water into the engines; 

3. a presentation of the technologies available today for the water recovery and consumption 

minimization 

Through these three points the aim is to give a clear idea of the development that the water injection 

technology has experienced so far. In the conclusion paragraph it also summarized the main scientific 

contribution of this thesis project, specifying the reason why it differs from the state of the art. 

2.1 Literature Review 

The application of the mixture water injection mixture cooling (hereafter referred to as “WI”) cooling is not 

a novelty in ICEs, and the first successful use of WI for suppressing combustion knock can be traced back to 

the early 1930s [24]. During World War II, similar use of WI was made in the operation of high output power 

aircraft engines [25,26], and additional studies were conducted until the 1980s [27,28].  

Because of the more and more rigorous CO2 and pollutant emissions regulations, the WI technique has again 

been investigated to explore its potential benefits on both the SI (spark ignition) and CI (compression ignition) 

engines [29,30]. 

Below some references are quoted being divided between HCCI, spark ignition and diesel engine applications. 

It should be noted that the focus of the presentation of the state of the art is that to highlight the worth 

important motivations and the solutions studied and tested by the different authors. Moreover, since this 

thesis is mostly focused on the application to gasoline engines, deeper details will be provided on the 

application to this combustion system. 

2.1.1 HCCI Engines 

The application of the water injection to internal combustion engines became of interest again at the end of 

the 90's, in particular for HCCI combustion systems. These types of gasoline engines would join SI and CI 

combustion system working principle and they operate with a homogeneous air-fuel mixture heated and 

compressed inside the cylinder to reach the auto-ignition condition near the TDC. They are characterised by 

high efficiency and low NOx emissions. However, one of their most limiting factor in terms of maximum 

operating load is the control of the ignition time over a wide load and speed range and the high HC emissions.  
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Since they do not have direct control of the ignition timing, they may face heavy issues increasing the load in 

terms of heat release sharpness, mechanical loads, and cycle-to-cycle variability. The main techniques to limit 

the combustion rate involve the use of extremely lean mixtures (lambda larger than 3) and/or the use of very 

high external EGR rates. A third alternative explored by several authors was to exploit water injection. In [31] 

the authors experimentally studied how a water-fuel mass ratio up to 3,  affected the ignition timing and the 

HCCI combustion process, with three different fuels: iso-octane, ethanol and natural gas, both on an 

aspirated and supercharged engine, with different intake temperatures. The results showed how water could 

slow down and control the combustion in an HCCI engine. The main parameter governing the process was 

the air temperature: the higher was the inlet temperature the greater was the effect of water evaporation. 

The authors concluded that the water injection could be used to increase the upper load limit of HCCI system, 

as the cooling effect from the water slowed down the combustion rate and reduced peak pressure and NOx 

but not the CO, that slightly increased in all tests.   

2.1.2 Spark Ignited Engines 

Lanzafame [32] experimentally tested the use of the water injection in a CFR single-cylinder engine, replacing 

the use of primary anti-knock additives, in order to reduce the knock engine attitude and to increase the 

compression ratio for a more efficient combustion system. Water was supplied by a continuous injection 

system (high pressure pump), under the pressure of 1 MPa, located in the intake manifold, just before the 

inlet valve. The results showed a significant increase of the knock resistance. As a matter of fact, the 

equivalent RON move from 70 to 94 and MON from 64 to 90. A reduction of about 50% of NOx and an increase 

of 20% of HC was also detected with a water-to-fuel mass ratio between 1 and 1.25.  

Later, the same authors investigated the effect of the water on a similar engine but with two different 

injection techniques [33]: continuous injection and pulsed injection, with a maximum water-to-fuel mass 

ratio of 2. In both cases it was possible to notice the effect of cooling due to water evaporation, which induced 

a combustion slowing and an increase in the octane number, almost linearly with the mass of water injected. 

However, the use of the pulsed injection resulted in a more pronounced reduction of NOx and a less 

noticeable increment of HC emission. This phenomenon was attributed to a better atomization and a more 

efficient water evaporation, thus allowing to create a more homogeneous distribution of the water. 

Nande et al. [34] performed experiments by considering a PWI configuration into a research hydrogen four 

valve engine operating with the charge stratification. Its performance was limited by regulatory limits on NOx, 

whose engine out concentration was above the imposed limits because of the excessive in-cylinder 

temperature and the lean mixture adopted. The Start of Injection (SOI) timing was varied from 140 ca deg. 

before the top dead centre (BTDC) to 20 ca deg. BTDC. Spark sweeps were performed and all tests were 

conducted at wide open throttle (WOT). The authors found that the water injection proved to be a more 

effective technique for NOx reduction compared to delaying the spark timing. In fact, both at low and high 

loads, lower efficiency penalties and larger reductions in NOx emissions were obtained by using the water 

injection. 

A similar study was carried out by Younkins et al. in [35] who investigated the effects of the water injection 

on a hydrogen-powered engine through a Direct Water Injection (DWI) system. The system was effective at 

reducing NOx emissions: 21 mg/cycle and 35 mg/cycle of water injected were found to reduce NOx by 93% 

and by 95%, respectively, albeit with an increase in fuel consumption of 8%. 

A PWI system operating with an injection pressure of 4 bar was investigated by Iacobaccci et al. in [36] on a 

downsized PFI twin-cylinder turbocharged spark ignition engine at high load condition (15.5 bar IMEP) within 

the engine speed range from 3500 to 4500rpm. The water was injected at the same time with the gasoline, 

with a water-to-fuel ratio between 0.2 and 0.3. The combustion phasing was advanced up to an optimal 

condition without knock occurrence, resulting in an increase of IMEP up to 7.3% at 3500 rpm, with respect 
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to the reference gasoline case without water injection. Another very important result achieved was the 

reduction of Turbine Inlet Temperature (TiT) from 25°C to 50°C thanks to the water evaporation and the 

induced mixture cooling. However, these results were achieved only by advancing the spark advance (SA): 

even with the maximum water-to-fuel ratio of 0.3 explored, leaving the SA unchanged, an increase in turbine 

inlet temperature was recorded due to slower combustion during the expansion phase.  

Since now it must be pointed out that the slower flame speed, because of the water dilution, may 

counterbalance the mixture cooling effect and therefore it must be properly accounted for in the CFD 

simulation methodology. 

In recent years the development of the computational analysis has allowed CFD to become an effective tool 

for the study and optimization of water injection in engines, thus increasing the number of publications. In 

[37] the authors studied, through CFD (Computational Fluid Dynamics) and a multi-cycle approach, a turbo-

charged GDI engine (maximum BMEP of 20 bar) with port water injection (PWI), investigating different water 

injection timing, different water spray Sauter Mean Diameter (SMD) (90, 70 and 50 µm) and spray targeting. 

They highlighted how the primary atomization quality, which ultimately depends on the nozzle design and 

the injection pressure, together with the installation position, were key parameters to optimize the system 

in terms of combustion control and knock suppression. The best results were obtained for the highest 

injection pressure that carried the water spray SMD down to 50 µm, and a water injector location very close 

to the intake valves, resulting in lower wall film formation and lower peak temperature.   

Water injection can be efficiently coupled with other existing strategies to reduce fuel consumption, 

emissions and TiT as shown by Hoppe et al. [38]. They examined the operation of a DWI engine by varying 

the compression ratio and the Miller cam timing, on a very wide engine map, identifying, the right amount 

of water to be injected at each operating point. The experimental data showed that the potential of water 

injection to reduce the fuel consumption increased by increasing the load demand, from about 2% with 

1L/100km of water consumption on the NEDC cycle, to about 4% with 2L/100km of water consumption on 

the WLTC cycle. 

Different injection mixtures were tested by means of 3D-CFD by Breda et al. [39] on a turbocharged GDI 

engine. Water, water/methanol emulsion and methanol were port-fuel injected to replace mixture 

enrichment while preserving, if not improving, the engine indicated mean effective pressure and knock-safe 

operation limit. Leaving the SA (Spark Advance) unchanged, the best results in terms of the specific fuel 

consumption and IMEP were obtained with the 75% methanol mixture (MW75): -13% and +1% respectively. 

On the contrary, advancing the ignition timing, within the knock limits, the best overall results were verified 

by injecting only water, despite an increase of the temperature at EVO of about 40 °C. 

The impact of PWI and DWI strategies on knock mitigation and over-fuelling limitation was also analysed by 

Lecompte et al [40], respectively in two operating conditions: 2000 rpm with 17bar of IMEP and 4000 rpm 

with 20 bar of IMEP, in conjunction with the use of external EGR. They illustrated how EGR mainly played an 

important role on wall losses, whereas water had more impact on combustion phasing. A global efficiency 

close to 40% was reached at 2000 rpm at 17bar IMEP with DWI, claiming that DWI was the most efficient 

way to inject water for gasoline engine applications. 

The authors in [41] studied a single hole PWI system, with an injection pressure of 5 bar, applied to a GDI 

supercharged engine at full load, high and low rpm. They compared the cooling effects between an enriched 

fuel mixture without water dilution and a stoichiometric mixture with different amount of water injected 

depending on the operating points. The results showed that for WI case, with the suit injection strategy, the 

bsfc (brake specific fuel consumption) improved between -2 and -22% depending on the engine point, 

highlighting how the evaluation of the percentage of the evaporated water was an important parameter not 

only for quantifying the cooling effect but also for avoiding an accumulation of liquid film on cylinder’s walls. 

They also showed that water spray liquid droplets could enter better inside the cylinder if the injector was 
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placed near the inlet valves. In addition, it was identified an optimum injection timing (around 100 CA deg. 

before intake valve open) to lower the charge temperature before the start of combustion depending on the 

engine speed (due to the very different flow velocities in the intake port) and the physical time allowed for 

water to enter the cylinder which, in turn, depends on the water injector location and injection pressure. 

Mauss et al. in [42] carried out an in-depth analysis of the effect of water on spark ignition engine, with 

special attention to knock occurrence, isolating the physical and chemical effects of the water properties, in 

order to understand which was the most influencing one on the auto-ignition events. The analysis was 

performed using a detailed ethanol toluene reference fuel reaction scheme, representing a typical European 

gasoline fuel with a RON/MON of 94.5/88.8. The effect of water on the laminar speed reduction was found 

to have the largest impact on KLSA (knock limit spark advance), while the variation of the IDT (ignition delayed 

time) was less affected by the presence of water, as long as the temperatures were below 900 K. 

In the work of Teodosio et al. [43] different techniques to reduce the Brake Specific Fuel Consumption (BSFC) 

were tested on a downsized, turbocharged, spark-ignition and Variable Valve Actuation (VVA) engine. The 

solutions proposed and analysed trough 1D simulations were: Variable Compression Ratio (VCR), port Water 

Injection (WI) and external cooled Exhaust Gas Recirculation (EGR). WI proved a higher effectiveness at 

medium-high load, mainly thanks to its knock suppression capability. Cooled EGR demonstrated to be 

preferable at low load, reducing the pumping work, while for high Compression Ratio (CR), If coupled to the 

WI, was always beneficial. The combination of the above techniques provided BSFC reductions of 6.9%, 5.2%, 

and 9.0% at low, medium, and high loads, respectively. 

In [44] the effect of water in a four-stroke, four-valve, wall-guided GDI engine was considered, testing 

different water DWI injectors, spray patterns and orientations through 3D simulations. The analysis was 

conducted under full-load conditions with a constant engine speed of 2000 rpm and with a 6-hole water 

injector at 50 bar. From the results it was found that the water spray pattern with a regular hexagon shape 

(with regard to a plane placed at 30 mm below the injector tip) and an injector orientation of 25˚ produced 

higher IMEP with lower NOx and soot emissions. 

The authors in [45] stated that for the gasoline engines under examination there was an optimal DWI 

injection timing and moving forward or backward could cause a severe detrimental effect on MFB50, 

enlightening the combustion. The optimum timing was found to be independent from the intake valve lift 

law, the load, and the amount of water injected. However, it was found that the optimal injection timing of 

water shifted to earlier timings with increasing engine speed. In addition, the compression ratio also had a 

non-negligible effect on the injection timing and the reason, according to the authors, could be attributed to 

the higher thermodynamic conditions in terms of pressure and temperature, which reduced spray 

penetration that shifted the trade-off for the optimal injection timing to slightly earlier SOI. 

3D-CFD simulations of mixture formation, in-cylinder flow conditions and water distributions for two 

different operating points (part load and maximum power), was investigated by Vacca et al in [46]. The data 

illustrated that the PWI architecture should not be thought as a secondary solution to DWI. By optimizing the 

indirect injection strategy, excellent results comparable to those of DWI, in terms of exhaust gas temperature 

reduction, could be achieved with the same amount of the water-fuel ratio, with the advantage of avoiding 

oil contamination. Both the solutions were able to reduce of about 25°C the turbine inlet temperature 

compared with a λ 0.85 strategy, without water injection, keeping the components in a safer condition.  

2.1.3 Diesel Engines 

Water-diesel emulsion has also been extensively tested in the past with the main objective of replacing or 

reducing the use of EGR. The aim is to provide a minimum amount of water in the right place in the 

combustion chamber, in post-flame areas, where high temperatures last longer and where NOx formation is 
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higher. The extensive experimental campaign reported by [47], underlined the effectiveness of water 

injection also in reducing soot. The micro-explosions of the water droplets led to a better dispersion of the 

fuel in the chamber, expanding the volume of the spray. It was finally found that the EGR-water combination 

with high injection pressure was the best strategy to have the lowest emissions and optimized combustions 

in the cylinder. 

Rahaman et al. [48] investigated the effects of the water injection on a small, automotive HSDI diesel engine 

with Variable Geometry Turbocharger, with a water flow rate between 3 and 21 kg/h, corresponding to a 

water/fuel ration up to 4. Moreover, they compared the emission results with those obtained with low-

pressure dry Exhaust Gas Recirculation (LP EGR), using a cooler to maintain the EGR temperature under 50 

°C. The water was injected together with a pressurized air in order to obtain a fine mist. They noticed a 

significant reduction of the NOx and a slight increase of the specific consumption by using only WI, but a 

combination of EGR and WI allowed the NOx emissions levels to be reduced similar to only-EGR systems. 

However, with water injection, the PM emissions did not rise. 

With a specially designed injection nozzle, Wirbeleit et al. [49] applied a stratified fuel/water injection on a 

single-cylinder heavy duty diesel engine. In the 13-mode ECE test, they obtained a NOx reduction of 55% for 

the same PM and BSFC with the application of stratified fuel/water injection combined with EGR. However, 

the disadvantages were the greater complexity and higher cost of the injection nozzle.  

Tanner et al. [50] compared several WI techniques including the injection of water via separate injectors, 

emulsified, and stratified. CFD simulations, on a large-bore diesel engine, showed both the stratified and the 

emulsified injections yielded best NOx reductions per injected water mass for the same power outputs, and 

an identical peak cylinder pressure. 

Kegl et al. [51] conducted experiments on different WI methods (multipoint injection into the manifold, 

single-point injection before and after the compressor and fuel/water emulsion injection into the cylinder) 

on a four-cylinder truck diesel engine. Comparative results, with the same water/diesel volume ratio ranging 

from 0 to 20%, showed that water/diesel emulsion was the most proper approach to decrease NOx and PM 

simultaneously, without worsening the fuel consumption. The single-point injection after the compressor 

experienced the worse potential in NOx reductions compared with the other two WI locations. 

2.2 Spark Ignition Engine Water Injector Layouts 

The main objective of the water injection technologies is to achieve the highest mixture cooling efficiency 

trying to minimize the amount of water used.  

 
Figure 13. Water Injector Locations [52] 
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Figure 14. PWI close to intake valve [52] 

There are several possibilities to introduce the water into the cylinder, each with its own advantages and 

disadvantages, especially when applied to different types of engines. In general, water injection can be 

realized through three methods (Figure 13):  

1. Single point WI upstream or downstream of the compressor or post charge air cooler; 

2. Multipoint WI into the intake runner or intake port; 

3. Direct WI into the cylinder via a separate injector or the same injectors fuel. 

2.2.1 Intake Line Injection  

For supercharged engines, water can be injected directly upstream or downstream of the compressor, or 

downstream of the intercooler, which is commonly known as intake air humidification or fumigation [53]. 

In order to evaluate the different installation possibilities, some guidelines should be considered, such as the 

maximum permitted amount of humidity in the air, optimization of the water evaporation, ease of 

installation and maintenance. Fast water evaporation is important to avoid the formation of water liquid film 

and accumulation inside the intake line. Another important aspect is to make sure that there is an equal 

distribution of water vapour in each cylinder, in order to avoid cyclic dispersion and abnormal emissions, to 

eliminate possibilities of cylinder liner corrosion problems and contaminations of the lubrication oil. 

Since the temperature before the compressor is close to the ambient one, this could greatly reduce the 

evaporation capacity of the water droplets, despite the low pressure. The droplets therefore tend to remain 

in suspension in the air and evaporate inside the compressor itself, reducing the air temperature and 

increasing its efficiency. However, the presence of drops should be avoided, or at least reduce their diameter 

as much as possible. These droplets can seriously damage the structure of the compressor. However, with a 

reliable system design, this injection point would allow a good mixing between air and water before entering 

the intake duct.  

Using an injection point after the compressor, even if the pressure is higher, it would have the advantage of 

a much higher air temperature, often higher than the boiling point in those thermodynamic conditions. 

Thanks to the temperature reduction made by the water, it is possible to reduce the sizing of the intercooler, 

in terms of amount of cooling fluid and/or dimensions. Under some conditions, it may even be possible to 

remove the intercooler, relying totally on the water evaporation [54,55]. 
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Therefore, this injection point should be used only for a small amount of water or in addition to other 

injection strategies described below. 

With those characteristics, the intake air humidification is especially attractive for engines operating on heavy 

fuel where the use of EGR is difficult and expensive. In addition, intake air humidification is more easily 

integrated on large marine engines due to the wider installation room, low engine and compressor speeds, 

steady operating conditions and easy water supply. 

Another problem with injecting water too far upstream is the possibility that the air will reheat when it flows 

through the intake line before it reaches the cylinder, minimizing the benefit of evaporation. 

2.2.2 Port Water Injection 

The intake runners and intake ports are two alternative locations for the water injector. The main advantage 

is the easy implementation, similar to a PFI (Port Fuel Injection) system. In general, the gasoline port fuel 

injectors or UREA injectors can be directly used for the PWI application with small modifications [56]. The 

latter feature brings a very high probability that the PWI may be preferred to DWI for the short-term series 

production thanks to the low pressure (5-20 bar) design that is simpler, cheaper and more corrosion resistant.  

In PWI configuration the amount of the water injected can be directly controlled by injectors located in each 

intake port, to ensure an excellent distribution inside each cylinder. Even in this case, the thermodynamic 

conditions of the air in the intake ducts are not the most suitable for the water evaporation. For this reason, 

the system must be carefully studied to maximise the interaction of the water liquid drops with the air stream 

in order to reduce their diameter as much as possible, and to target the water liquid spray inside the cylinder 

minimizing the evaporation in the intake ports. In addition, unlike in the case of fuel, the water evaporation 

is dependent on the humidity conditions of the intake air. For highly boosted engines with a highly efficient 

charge air cooler, the cooled fresh charge may be very close to 100% relative humidity [57] depending on the 

ambient air humidity. Under this condition, the water injected in the intake runner/port evaporates very 

slowly and saturation limits may be reached. On the contrary, the liquid water that enter the cylinder can 

evaporate much faster during the compression stroke as the in-cylinder temperature rise. It must be noted 

that in-cylinder conditions never face the risk of condensation of the water evaporated. 

The location and targeting of the water injector are also very important. Experimental and numerical analysis 

of the liquid water distributions indicate that the installation of the water injector very close to the inlet 

valves, can mimic a “quasi-direct” WI if compared with the installation far upstream in the intake runners 

(Figure 14). Wall film formation (that reduces charge cooling and premature vaporization outside the 

cylinder) are the main causes for the lower efficiency of the intake runner installation, which drops 

substantial gains in terms of combustion control and knock suppression. Generally, the main drawback of a 

PWI system with respect to other possible solution (DWI) is the higher water consumption to achieve the 

same cooling target because part of the cooling effect is lost due to the heat transfer through the intake port 

walls. 

2.2.3 Direct Water Injection 

Water can also be injected directly into the cylinder through an injector specially designed for water or in 

combined fuel/water operation layout. The main advantage of the DWI is the flexibility that this system brings 

with it in a GDI-like manner (Gasoline Direct Injection). The amount and distribution of the vaporized water 

inside the cylinder can be optimized by a precise choice of the injection timing, to maximize the interaction 

with the charge motions and to induce high water concentrations in specific combustion chamber locations. 

Drawbacks are also obvious, such as the cost of a high-pressure injection system, packaging, robustness and 

reliability. 



38 
 

The WI during the intake stroke and compression stroke may have different effects on the engine volumetric 

efficiency, in-cylinder evaporation and mixture evolution. In general, water should be injected to ensure that 

there is no water spray impingement and no water liquid film on cylinder walls and that evaporation is 

completed before the end of the compression stroke. However, inappropriate WI timing and spray targeting, 

with respect to GDI may determine local flame quench, contamination of the lubrication oil and the increase 

of both the cycle-to-cycle variability and emissions [58].  

As far as the GDI engines are concerned, the installation of a dedicated water injector on the cylinder head 

may consume a considerable fraction of the package volume available. A more feasible solution may be the 

combination of port fuel injection and direct water injection or emulsion water injection.  

Furthermore, from a system perspective, there is one big disadvantage for DWI with separate injectors: when 

the water injection is not in operation no water flows inside the injector and it cannot be cooled. Since the 

water injector may not be operated for many engine cycles, it is clear that the water injector cannot remain 

uncooled in order to avoid thermal damage. This issue is not really solved at the moment, unless conceiving 

the injection of small amount of water at a given frequency. 

A possible DWI implementation is the use of a direct injection with stratified charge (fuel/water) as shown in 

Figure 15. The water is injected into the system in sequence with respect to the fuel inside the same injector, 

for this reason the timing is dependent on the fuel injection and water/fuel ratio. With this operation the 

water can be inserted directly close to the flame, exploiting its high enthalpy of vaporization right in the 

hottest point of the system, avoiding contact with the walls and the formation of liquid film. This solution is 

particularly effective for diesel engines thanks to a strong reduction of nitrogen oxide emissions. This 

arrangement can also minimize the negative impact on overall engine reliability, compared with a poorly 

placed nozzle which may over-cool the combustion chamber and lead to ignition delay and incomplete 

combustion [59,60]. However, additional cost on modification of the injector make this system less popular 

compared to other WI systems. 

A further solution is to use a water/fuel emulsion with the addition of emulsifiers. The presence of a 

surfactant (or emulsifier), which is a typical chemical additive attracting the immiscible liquids, plays an 

important role in forming a stable emulsion. In addition, different types and percentages of chemical 

additives determines the type of emulsion. With larger amounts of surfactant, normally up to 10%, micro-

emulsion can be generated compared to the normal emulsion with up to 2% of surfactant [61,62]. Thus, 

microemulsion has a much smaller dispersed water droplets with a diameter size ranging from 5–20 nm 

compared to 1–10 μm of the normal emulsion. Regarding the engine power and emission performances, 

Ithnin et al. [62] indicated that not much difference can be observed with those two types of emulsion fuels. 

Even though the micro-emulsion has more stable thermodynamic properties, the high cost of micro-emulsion 

restricts its commercialization. The main disadvantage of using fuel emulsion technology is the limitation of 

the amount of water that can be added to the system [63]. For fuels emulsified with water, there is always 

an inherent risk that an excess of water may be injected into the cylinder either too early or too late in the 

combustion process. This can cause cooling of the entire cylinder and lead to increased ignition delay, engine 

noise and retarded combustion. In addition, an increased engine operation cost, like a more extended and 

developed distribution network of fuel/water emulsion or a complex on-board emulsion production system 

equipped on the engine, should be evaluated seriously. For the gasoline engine, the technology of pre-mixed 

macro emulsions of water and gasoline is proposed and investigated in [64]. In this system, water is metered 

into a mixing chamber filled by the pre-pressurized fuel flow of 4–5 bar [65,66]. Thus, short-term time-

resistant emulsions can be obtained, and emulsifying additive is avoided. Pumped by the high-pressure 

pump, stabilized emulsions flow through the fuel supply system to the fuel injectors. With no modification 

of the cylinder head, this implementation is relatively easy to integrate into an existing engine. Since water 

is directly injected into the combustion chamber with fuel, chamber-wall wetting can be minimized, which 

shows great potential for the future gasoline water injection. 
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For a complete overview of possible installations, a further injection strategy is mentioned, that has not been 

much developed, regarding the location of the injector downstream of the exhaust valve, exploiting the 

exhaust gas enthalpy for the water evaporation. This solution was mainly tested in Diesel engines [67]. The 

steam generated in this way re-enters inside the cylinder, diluting the charge in a similar way to EGR, and to 

supply some species useful for the soot oxidation during its thermal dissociation.  
 

 
Figure 15. DWI stratified solution [59] 

The purpose of using this strategy is to limit the temperature drop, however this solution tends to increase 

the combustion duration and lower in-cylinder mean pressure, leading in Diesel engine to higher rates of 

cylinder pressure rise and increased combustion noise.  

Moreover, some others water-mixture can be used. For example, water injection systems typically use a 

mixture of water and alcohol (approximately up to 50/50), with trace amounts of water-soluble oil. The water 

provides the primary cooling effect due to its great density and high heat absorption properties. The alcohol 

is burnable, and also serves as antifreeze for the water. The purpose of the oil is to prevent corrosion of water 

injection and fuel system components. The alcohol mixed into the injection solution is often methanol 

(CH3OH), and the system is also known as methanol-water injection (MW50). The methanol in the mixture, 

which is characterized by higher octane number and laminar flame speed than that of pure gasoline, burns 

increasing the resistance to knock of the fuel-air mixture, and thanks to the higher energy density per oxidizer 

unit it improves performance output. The net result is equivalent to have a higher-octane number fuel that 

will support much larger compression ratios before knock onset. Moreover, the higher methanol volatility 

can improve the evaporation mixture in low rpm and part load operating conditions, where the reduced 

charge temperature and turbulence intensity prevent a complete evaporation of the pure-water injection. 

2.3 Water Sources  

The application of the water injection to internal combustion engines can have a short-term development 

especially for PWI systems. However, it is also important to take into account all the problems associated 

with this technology, including tank refilling, which is likely to be between 5 and 15 L, and the cost of water. 
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It is therefore necessary to consider what options currently exist for water supply and recovery, in addition 

to manual water filling. Now the most three promising architectures, already developed by automotive 

companies [68,69], are here described. 

2.3.1 Air Conditioning Systems 

Air conditioning is a good candidate to supply enough water to the engine, without any problem on the water 

quality or pH that other water recovery solutions encounter: when ambient air enters the AC module it is 

cooled down usually below its dew point. The resulting condensation of air humidity forms a liquid layer. 

However, the major drawback of this solution is that it only works when the air conditioning is activated. 

Therefore, for cold ambient conditions, water supply cannot rely only on this strategy. However, BMW [69] 

enabled a system with a water tank linked both to AC and manual filling (Figure 16). The condensate 

generated inside the AC unit is conveyed to a 5L tank, which can also be filled manually. The water is put 

under pressure by a first pump and filtered in order to protect the valves and the fuel supply system from 

possible contamination. The injection line is then separated into two parts, one directed to a PWI system and 

one to a DWI system, passing through a high-pressure pump. Depending on the operating point, the two 

injectors can operate separately or together. For example, direct water injection is activated at high loads 

and high speed, the most critical condition for turbine inlet temperature control, while PWI is used, with 

different percentages of water, throughout the map for medium/high loads. Moreover, this layout uses a rail 

before the DWI injector in order to obtain both a damping of the pressure waves in the line and a fast system 

response. To avoid water freezing, the tank is equipped with a heater that brings the temperature from -10°C 

to 70°C in about 3 minutes, also to prevent bio-contamination caused by algae growth. Even the engine 

cooling system could act as a source of heat to warm up the water tank. 

The performance of the AC system depends largely on ambient conditions and relative humidity. In summer 

the amount of condensate may be largely sufficient to meet the needs of the engine. In winter, even if the 

outside air temperature is lower, it may not be sufficient, making manual filling indispensable. 

 
Figure 16. AC Water recovery system [69] 

2.3.2 Exhaust Gases Recovery System 

The exhaust gases are the main source of water, about 13% of the gases for an engine running under 

stoichiometric mixture conditions. In [69] the authors also mentioned the possibility to re-inject the 
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condensing water present in the exhaust gas into the intake duct. From a theoretical point of view, for that 

specific engine, the amount of water present in the exhaust gas would be sufficient to lower NOx emission 

without an additional water supply system. An example of this application is given in Figure 17. 

However, the energy content in the water vapour can be so high that might over-load the recovery system. 

Usually the outlet gas temperatures range from a minimum of 150 °C to 700 °C in WOT. For this reason, water 

recovery with this technology is limited at medium-low load operating points: at high load this would require 

too much enthalpy to be removed from the exhaust gases.  

The amount of water recovered depends on the degree of cooling obtained: around 40-50°C is about 35%. 

Contrary to the AC strategy, a decrease in the outdoor temperature is helpful in this case. The recovery unit 

can be placed at the silencer, preparing the line for both high and low water temperature recovery circuit. 

However, the main drawback is the too low pH. 

Another interesting technical feasibility of the exhaust water recovery (EWR) system is described in the article 

of Sun et al. [70]. Water injection experiments were conducted at a full load condition (5000 rpm/18.1 bar 

BMEP) and a high load condition (3000 rpm/14.0 bar BMEP) on a turbocharged gasoline direction injection 

(GDI) engine. Water recovery testing was performed both after the exhaust gas recirculation (EGR) cooler 

and after the charge air cooler (CAC) at a high load (3000 rpm/14.0 bar BMEP), as well as a part load (2080 

rpm/6.8 bar BMEP) condition, at temperatures of about 10-15 °C below the dew point of the flow stream. 

Three types of water separation designs were tested: a passive cyclone separator (CS), a passive membrane 

separator (MEM), and an active separator (AS), simulating their effectiveness on FTP, WLTP and US06 driving 

cycles. The results showed that both post EGR cooler and post CAC were possible effective locations for the 

installation of a EWR. The CS and AS system were able to reach 94% of water recover, performing better than 

MEM (50% of recovery), but with a lower final water quality. 

 

Figure 17. Exhaust Water Recovery system [69] 

2.3.3 Surface Water Recovery System 

The recovery of surface water incorporates all approaches to collect and store rainwater by the cars 

bodywork. The main issue of surface water usage is an uncontrolled load of debris, particles and other 

contamination, requiring very high level of quality sensors and water aftertreatment devices. For these 

reasons, a two-chamber arrangement is necessary for collecting surface water, in order to prevent chemical 

contamination (Figure 18). The water collected from the bodyshell surfaces flows through a filter to the 
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header tank, where it can drain to a discharge line if the quality is unsatisfactory or chemical contamination 

is detected. Otherwise, the water is carried by a connecting line and open valve to the main reservoir, if the 

level in the reservoir permits refilling. The filter can be flushed at regular intervals, or when it becomes 

clogged. The main reservoir also incorporates a drain valve that regularly lets off some water when enough 

is available. This is a way of expelling deposits and dirt particles that settle to the bottom of the reservoir. 

Water quality is a parameter to be monitored carefully. The least complex case is the manual filling. In this 

case the quality control would be guaranteed at source, through the use of demineralized or distilled water, 

in order to prevent the formation of limescale in the injection circuit. The pH should not be too low in order 

to avoid corrosion problems in the line. This is in fact the main problem in the use of exhaust gases as a 

recovery system, whose water tends to be acidic with pH values below 5.   

 
Figure 18. Water Surface Recovery system [69] 

2.4 Conclusions 

This chapter has highlighted the main features of the water injection applied to internal combustion engines 

and a literature review. However, as it can be seen there is no single direction of development and water 

injection design that assures optimal results. First, there are no strong motivations to focus on PWI systems 

rather than DWI. Both architectures have advantages and disadvantages, and the selection of one of those 

two depends not only on the type of engine but also on the main purpose of their use. In fact, it has been 

pointed out that the same architecture can perform in a different way depending on the choice of the 

installation point and the injection features such as injected mass, injection pressure and SOI/EOI.  

The scientific contribution of the present doctoral thesis is the comprehensive approach to thermo-physical 

and chemical effects of water, in order to identify a CFD simulation and analysis methodology with which to 

extract guidelines for the implementation of PWI and DWI architectures in GDI engines in the next future. 

Another key aspect lies in the attention to the water consumption and the negative effects of the remaining 

water droplets. For this reason, it has been investigated the water percentage that must evaporate inside 

the cylinder before ignition. The target was set at 90%, thus ensuring a low impact on the formation of liquid 

film, which could become a dangerous risk for the safe and reliable operation of these systems.   
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In addition, it has been decided to give more space, both experimentally and through preliminary analysis, 

to the PWI technology, which is expected to be the most promising one in the short term because of the 

much lower cost and complexity.. 

For this reason, it will be presented a PWI validation activity in order to find the best model set-up able to 

represent the real water spray evolution inside the cylinder. In addition, in the last part of the thesis, also the 

DWI architecture will be analysed and compared with the PWI architecture, trying to highlight their 

advantages and disadvantages.  

  



44 
 

Chapter 3: Water Properties  

 
In order to optimize the water injection application in internal combustion engines, it is necessary to fully 

understand the physical phenomena that may influence their operation.  

This chapter will highlight the main physical properties of the water and the differences between commercial 

gasoline or a reference primary hydrocarbon fuel like iso-octane with respect to: 

1. Atomization and droplet breakup 

2. Evaporation: cooling effect and saturation limits because of humidity  

 

The discussion of the effect of the water on the combustion in terms of laminar flame speed and autoignition 

times will be undertaken later in Chapter 5. 

Table 3 lists the main properties at 25°C and ambient pressure of water, iso-octane and a common RON95 

gasoline [71]. It is evident that the water differs greatly in all properties compared to the other two fluids, 

and each of these properties has specific effects as will be shown shortly. In particular, in the following 

analysis the differences between water and iso-octane will be analysed. Iso-octane, according to several 

works [71,72], has been chosen as a representative fluid to show the macro differences between water and 

fuels for SI engines. In fact, iso-octane exhibits repeatable and defined properties unlike gasoline which is 

indeed a blend. In Figure 19 are illustrated all the fundamental properties of the two fluids as a function of 

temperature. 

Table 3. Fluid properties at 25°C and 1 bar 

 Water Iso-octane Gasoline (RON95) 

Surface tension [N/m] 72.71e-3 18.32e-3 19.80e-3 
LHV [kJ/kg] 2257.00 307.00 397.00 

Vapour pressure [kPa] 2.34 5.30 5.90 
Viscosity [mPa∙s] 0.88 0.47 0.50 
Density [kg/m3] 999.00 690.00 750.00 

3.1 Water Physical Properties: Effects on Jet Atomization, Droplet 

Breakup and Evaporation 

The different physical properties of the water lead to different atomization dynamics and spray breakup 

compared to a common gasoline, leading to different spray mixture development.  

The performance of any injector depends primarily on its injector features, fluid physical properties and gas 

thermodynamic conditions. In general, the properties of the liquid phase that most influence the 

characteristics of the spray, in terms of drop size and flow rate, are: viscosity, surface tension and density. 

Viscosity plays a very important role in the injection process, as it not only affects the droplet breaking 

dynamics but also the nozzle flow rate and spray pattern. The viscosity determines the liquid jet internal 

shear stress that may contribute to its disintegration together with the aerodynamic instabilities.  
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Figure 19. Water versus iso-octane fluid properties  
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In particular, an increase of the viscosity results in the reduction of the Reynolds jet number, and in turn, 

damping the instability effects on the surface of the liquid and therefore its rupture. 

From Figure 19 it can be seen that the viscosity decreases with temperature in an exponential way. This is 

the reason why often the injectors are heated in order to reduce pumping power but also to improve 

atomization. The most interesting feature is that for low temperatures (below 100 °C) the differences 

between the two fluids tend to amplify, up to 40% higher values for water in the typical engine 

thermodynamic operating conditions. 

The surface tension represents the intermolecular surface attraction force and therefore the resistance to 

breakup. The minimum amount of energy required for atomization is equal to the surface tension multiplied 

by the surface of the liquid, cylindrical if referred to the column of liquid flowing out form the injector or 

spherical if referred to a drop. Figure 19 shows clearly how the surface tension decreases with the 

temperature almost linearly, and that the values of water always remains above that of iso-octane (and also 

to that of a common gasoline). Considering the typical temperature of a turbocharged engine intake runner 

after the intercooler, i.e, about 40-50 °C, the value of the superficial tension is about 3.5 times larger than 

that of the iso-octane, resulting in much greater difficulty in the atomization and spray breakup.  

Finally, the higher water density increases the effective hydraulic flow rate and can improve the spray 

penetration of the jet into the intake duct or cylinder, because of the higher momentum. Greater penetration 

may have both positive and negative effects. For example, by pushing the water towards the more peripheral 

areas of the cylinder, a more homogeneous mixing with the air can be obtained. On the other hand, greater 

penetration can also lead to liquid film formation on the combustion chamber or intake port walls, with 

undoubted disadvantages in terms of performance, cooling efficiency and risk of lubricant contamination. 

3.1.1 Jet and Droplet Breakup: Analytical Analysis 

Going into details about liquid jet atomization, it possible to distinguish four regimes according to the liquid 

Weber number and Ohnesorge numbers [73,74]: 

 𝑊𝑒𝐿 =
𝑈𝐿
2𝑑0𝜌𝐿
𝜎𝐿

 (1) 

 
𝑂ℎ = 𝑊𝑒𝐿

0.5 (
𝑈𝐿𝑑0𝜌𝐿

𝜇𝐿
)
−1

=𝑊𝑒𝐿
0.5𝑅𝑒𝐿

−1 (2) 

where UL is the liquid jet velocity, d0 is the jet liquid diameter, ρL the liquid density, σL the superficial tension, 

µL the dynamic viscosity and ReL the liquid Reynold number. So, the Weber number is the ratio between 

inertial and surface tension forces, while the Oh number, also called “stability number”, represents the ratio 

between the viscous and inertia forces. According to the Reizt work [75], the liquid jet atomization regimes 

are (Figure 20):  

1. Rayleigh jet breakup. This is caused by the growth of small axisymmetric oscillations of the jet surface, 

induced by surface tension. In order to have a collapse of the liquid jet, the wavelength must be 

greater than its circumferential: the drop diameters are nearly twice the diameter of the undisturbed 

jet. 

 

2. First wind-induced breakup. The surface tension effect is now augmented by the relative velocity 

between the jet and the ambient gas, which produces a static pressure distribution across the jet, 

with disturbance present on the liquid jet surface that are mostly rotationally, thereby accelerating 

the breakup process. As in regime 1, breakup occurs many jet diameters downstream of the nozzle. 

Drop diameters are about the same as the jet diameter. 
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3. Second wind-induced breakup. Drops are produced by the unstable growth of short wavelength 

surface waves on the jet surface caused by the relative motion of the jet and the ambient gas. This 

wave growth is opposed by surface tension. Breakup occurs several diameters downstream of the 

nozzle exit. Average drop diameters are much less than the jet diameter. 

 

4. Atomization. The jet disrupts completely at the nozzle exit: for high-velocity jets it is now generally 

believed that the action of the liquid jet turbulence and cavitation are the primary causes of 

atomization, by ruffling the surface of the jet thus making it more susceptible to aerodynamic effects. 

Average drop diameters are much less than the jet diameter. 

As far as the water injection is concerned, it must be noted that PWI system working below 20 bar of injection 

pressure are expected to operate according to the first/second wind induced regime while DWI system 

working above 50 bar of injection pressure are expected to operate according to the second wind induced 

and the atomization regimes, depending on the injection pressure [72].  

 
Figure 20. Classification of modes of disintegration [73] 

 
Figure 21. Ohnesorge-Reynolds diagram with expected primary breakup regions for iso-octane and water for various injection 

pressure [72] 
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Generally, the atomization of water liquid jet is less favourable than that of isooctane (commercial gasoline) 

because of its physical properties. As reported in [72] (Figure 21), the higher viscosity and surface tension of 

water compared to isooctane are such that to have the same jet breakup regime in a GDI injection system at 

200 bar (atomization regime), a pressure of 500 bar with water would be required. 

Empirical correlations for the estimation of the length breakup in the turbulent flow region have been 

developed by several workers, for example, Grant and Middleman [76] suggested the following empirical 

relationship: 

 𝐿 = 8.51𝑑0𝑊𝑒0.32 (3) 

while Baron’s [77] correlation of Miesse’s [78] water data give 

 𝐿 = 538𝑑0𝑊𝑒0.5𝑅𝑒−0.625 (4) 

in which it is clear that under the same thermodynamic and flow conditions, the water exhibits much longer 

break-up length than iso-octane (and gasoline in general). 

Reitz [75] also proposed two expressions for the calculation of the jet atomization time and for the average 

size of the first generated drops: 

 𝑡𝑏 = 5(
𝜌𝐿
𝜌𝐴
)
0.5

(
1

𝑅𝑒𝐿𝑊𝑒𝐿
)
0.2 𝑑0

𝑈0
 (5) 

 𝑆𝑀𝐷 = 0.15 (
𝜌𝐿
𝜌𝐴
)
0.1

(
1

𝑊𝑒𝐴
)
0.2

𝑑0 (6) 

Taking into account real intake port conditions, it is possible to obtain the results showed in Table 4. The data 

indicate that water has about three times lower atomization capacity than iso-octane. This will result in a 

longer jet penetration length and a higher probability of impact to the wall inside the engine. 

Table 4. Atomization breakup time and drop SMD, based on Reitz work [75] 

Pinj = 10 bar, T=40 °C, Uair  = 100 m/s, Pa = 2 bar 

 Water Iso-octane 

tb [s] 4.1 10-4 1.6 10-4 

SMD [µm] 45 31 

As far as the breakup of the droplet formed by jet atomization or previous atomization event is concerned, 

similarly different regimes can be defined according to the droplet Weber number Wed defined as: 

 𝑊𝑒𝑑 =
𝑈𝑟
2𝐷𝜌𝑑
𝜎𝑑

 (7) 

where Ur is the relative gas-droplet velocity, D the droplet diameter, ρd the droplet density and σd the 

superficial tension. 

In general, the breakup of a drop in an air flow stream is obtained when the aerodynamic forces are equal to 

the surface tension forces, which can be described through the equation: 

 𝐶𝐷
𝜋𝐷2

4
0.5𝜌𝐴𝑈𝑟

2 = 𝜋𝐷𝜎𝑑 
(8) 
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where ρA is the air density, CD the drag coefficient. Rearranging the terms, it gives: 

 (
𝜌𝐴𝑈𝑟

2𝐷

𝜎𝑑
)
𝑐𝑟𝑖𝑡

= 𝑊𝑒𝑐𝑟𝑖𝑡 =
8

𝐶𝐷
 (9) 

and the subscript crit denotes that a critical condition has been reached. From the previous equations it is 

possible to obtain the maximum droplet diameter, before breakup, for a given relative velocity: 

 𝐷𝑚𝑎𝑥 =
8𝜎𝑑

𝐶𝐷𝜌𝐴𝑈𝑟
2 (10) 

or the relative velocity at which the drop will disrupt: 

 𝑈𝑅𝑐𝑟𝑖𝑡 = (
8𝜎𝑑

𝐶𝐷𝜌𝐴𝐷
)
0.5

 
(11) 

 

For the droplet breakup condition, Hinze [79] estimated a critical value of the Weber number equal to 22 in 

case of a freely falling drop, and a value of 12 for a drop subjected to a strong gas flow stream. Under engine 

fuel injection conditions, the latter vale, i.e, 12, is taken as the threshold below that drop breakup does not 

occur. 

To take into account the effect of viscosity, Hinze developed an expression of the following form: 

 𝑊𝑒𝑐𝑟𝑖𝑡 = 𝑊𝑒𝑐𝑟𝑖𝑡[1 + 𝑓(𝑂ℎ𝑑)] (12) 

where Ohd is the Ohnesorge droplet number defined as: 

 𝑂ℎ𝑑 =
𝜇𝑑

(𝜌𝑑𝜎𝑑𝐷)
0.5

 (13) 

representing the ratio between viscosity and interfacial surface tension forces of the droplet. 

In addition, the experimental work of Faeth [80] led to the development of a regime map based on droplet 

We and Oh numbers, showing that the real effect of viscosity on regime break up become relevant only for 

high Oh values (high viscosity) above 0.01, while comparing water and n-heptane, that could be taken in this 

case as representative of gasoline, only the We number is necessary to determine the droplet break up 

regime (Figure 22).  

 

 
Figure 22. Droplet break-up regime 
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Obviously, the process of droplet breakup is not instantaneous, but it takes a certain amount of time. Many 

analytical models have been developed over time to assess the average life of a drop before all breakup 

modes are achieved. As an example, the work of Pilch and Erdman [81], who proposed a correlation that 

estimates the break-up non-dimensional time of a drop as a function of Weber's number, is reported here as 

follows: 

𝑡𝑏 = 6(𝑊𝑒 − 12)−0.25   12 < 𝑊𝑒 < 18 

𝑡𝑏 = 2.45(𝑊𝑒 − 12)0.25  18 < 𝑊𝑒 < 45 

𝑡𝑏 = 14.1(𝑊𝑒 − 12)−0.25  45 < 𝑊𝑒 < 351                (14) 

𝑡𝑏 = 0.766(𝑊𝑒 − 12)0.25  351 < 𝑊𝑒 < 2670 

𝑡𝑏 = 0.766    2670 < 𝑊𝑒 < 105 

where tb is the non-dimensional time at which the breakup mode has completed. 

Through the study of fluid properties and the introduction of parameters for the analysis of the drop break-

up performed so far, it is possible to compare the general break-up dynamics of a drop of water and iso-

octane. Assuming the following conditions of a general port fuel/water injection case: 

• Droplet-air steam relative velocity Ur = 100 [m/s] 

• Droplet Sauter Mean Diameter = 100 [µm] for water and 70 [µm] for iso-octane 

• Intake runner pressure Pintake = 2 [bar] 

this gives the We numbers as a function of the temperature reported in Figure 23. 

Figure 23 shows the different behaviours between water and iso-octane whose differences tend to widen as 

the temperature of the fluid (and therefore of the environment) increases, due to surface tension variation.  

Considering a fluid temperature of 40°C, typical for an injection in the intake runners and ports, and varying 

the relative speed between gas and liquid phase, it is to note again the greater difficulty that water faces in 

producing smaller droplets (Figure 23 on the right). To reach the critical breakup condition (We=12) a relative 

speed almost double than that of iso-octane is required for the water. If the relative speed does not exceed 

55 m/s no break-up will occur.  

  
Figure 23. Water and iso-octane We comparison as a temperature (on the left) and relative velocity (on the right) function 
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Figure 24. Water and iso-octane We breakup time comparison, assuming constant reference conditions in terms of SMD and Ur 

Finally, it is also interesting to compare the time taken by the drop to undergo all the breaking processes up 

to the last one (Eq.(14)), for the same temperature range seen previously (from 30°C to 100°C), assuming 

constant reference conditions in terms of SMD and Ur. The trend, illustrated in Figure 24, is a decreasing 

exponential, in which the iso-octane, due to the higher We number, shows lower characteristic times. For 

both fluids, the presence of turbulence inside the air flow stream will produce oscillations on the external 

surface of the drops with a characteristic frequency, which in case of resonance, will help in the breaking 

drop process, decreasing the characteristic times tb.  

3.1.2 Mass Evaporation Rate: Analytical Analysis 

The drop evaporation in a spray cloud includes various phenomena of transport through its surface. 

Specifically, there is an exchange of heat by conduction and convention from the surrounding environment 

to the drop and a transfer of steam by convection and diffusion in the opposite direction. The evaporation 

rate of the drop depends mainly on the transport properties, pressure and temperature of the gas, relative 

velocity, volatility and characteristic diameter (SMD). The size of the drop, in terms of SMD, influences not 

only the heat transfer due to different surface/volume ratios, but the larger is the drop the longer it takes to 

reach the temperature equilibrium condition on the surface. The mass and energy exchange processes are 

also strongly affected by the Reynold number of the drop, whose value varies over time because neither the 

speed nor the size of the drop remains constant.  

The goal is now to analytically compare the evaporation rate of a water drop with that of the iso-octane for 

different physical conditions. The study is of particular importance because it allows to estimate a priori the 

time-life of a drop which, for engine applications, means to understand the probability that the drop 

evaporates before entering the cylinder. The analysis starts from a simplified condition, where the drop is in 

a quiet environment, then, through appropriate modifications, the study will move to the evaluation in flow 

stream conditions. Here only the main steps are reported, all the mathematical details can be found in [73].  

The analysis assumes the following assumptions:  

• spherical drop; 

• the liquid is pure and has a defined boiling point; 

• negligible radiant heat transfer. 

The diagram of the evaporating drop is shown in the Figure 25. Under common engine port injection 

temperature conditions, the vapour concentration on the liquid surface is low and little mass transfer occurs  
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Figure 25. Variation of temperature and gas concentration during droplet evaporation [73] 

in this first phase (early phase). Subsequently the drop removed heat from the gas environment, assuming a 

non-uniform temperature distribution due to its low thermal conductivity: colder in the centre and warmer 

outside. As the temperature of the drop increases, the vapour formed on the external surface causes a 

decrease in the heat transfer, making the temperature inside the drop more uniform. 

Neglecting the thermal diffusion and assuming that the driving force for species diffusion is the concentration 

gradient in the radial direction, the following expression can be written for an evaporating drop: 

 
𝑑𝑌𝐹
𝑑𝑟

= −
𝑅𝑇

𝐷𝑐𝑃
(𝑚𝐹𝑌𝐴) (15) 

where YF is the fuel mass fraction, YA the air mass fraction, mF the diffusion mass rate per unit area, DC the 

diffusion coefficient, P gas pressure, r the droplet radius (r=0 at the centre of drop and r=rs at drop surface). 

From continuity conservation, the diffusion mass rate at the drop surface is given by: 

 𝑚𝐹𝑠 = 4𝜋𝑟𝑠
2 = 𝑚𝐹4𝜋𝑟

2 (16) 

 
𝑑𝑌𝐹
𝑑𝑟

= −
𝑅𝑇

𝐷𝑐𝑃
(𝑚𝐹𝑠̇ 𝑌𝐴) (

𝑟𝑠
2

𝑟2
) (17) 

or, since YA = 1- YF, 

 
𝑑𝑌𝐹
𝑑𝑟

= −
𝑅𝑇

𝐷𝑐𝑃
(𝑚𝐹𝑠̇ (1 − 𝑌𝐹)) (

𝑟𝑠
2

𝑟2
) (18) 

Rearranging and integrating the Eq.(18) between the surface and the far ambient condition and considering 

that the ambient gas mass flux is zero at the liquid surface [82], it is possible to achieve the following mass 

evaporation rate expression: 

 𝑚𝐹̇ = 4𝜋𝑟𝑠𝜌𝐷𝑐𝑙𝑛(1 − 𝑌𝐹𝑠) (19) 

The quantity ρ∙Dc can be replaced with (k/cp)g, assuming a Lewis number equal to one, where k and cp are 

the mean thermal conductivity and specific heat, respectively. Defining the mass transfer number as: 
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 𝐵𝑀 =
𝑌𝐹𝑠

1 − 𝑌𝐹𝑠
 (20) 

then, 

 𝑙𝑛(1 − 𝑌𝐹𝑠) = −𝑙𝑛(1 + 𝐵𝑀) (21) 

and the final formulation is: 

 𝑚𝐹̇ = 2𝜋𝑟𝑠𝐷𝑠 (
𝑘

𝑐𝑝
)
𝑔

𝑙𝑛(1 + 𝐵𝑀) (22) 

This is the basic equation for the drop evaporation rate. Its accuracy is very dependent on the choice of 

properties values. According to Hubbard et al. [83], best results are obtained using the one-third rule of 

Sparrow and Gregg [84], where average properties are evaluated at the following reference temperature and 

composition: 

 𝑇𝑟 = 𝑇𝑠 +
𝑇∞ − 𝑇𝑠

3
 (23) 

 𝑌𝐹𝑟 = 𝑌𝐹𝑠 +
𝑌𝐹∞ − 𝑌𝐹𝑠

3
 

(24) 

where T is the temperature, YF is the vapor mass fraction, and subscripts r, s, and ∞ refer to reference, 

surface, and ambient conditions. If YF∞ is assumed to be zero, Eq. (24) becomes: 

 𝑌𝐹𝑟 =
2

3
𝑌𝐹𝑠 (25) 

and 

 𝑌𝐴𝑟 = 1 −
2

3
𝑌𝐹𝑠 (26) 

Eq.(23)-(26) are used to calculate the reference values of the relevant physical properties of the vapor–air 

mixture that constitutes the environment of an evaporating drop. For example, the reference specific heat 

at constant pressure and thermal conductivity are obtained as: 

 𝑐𝑝𝑔 = 𝑌𝐴𝑟(𝑐𝑝𝐴@𝑇𝑟) + 𝑌𝐹𝑟(𝑐𝑝𝑣@𝑇𝑟) (27) 

 𝑘𝑔 = 𝑌𝐴𝑟(𝑘𝐴@𝑇𝑟) + 𝑌𝐹𝑟(𝑘𝑣@𝑇𝑟) (28) 

In a similar way it is also possible to define a heat transfer number through the surface of the drop: 

 𝐵𝑇 =
𝑐𝑝𝑔(𝑇∞ − 𝑇𝑔)

𝐿
 (29) 

where L is the vaporization heat at surface temperature Ts. The number BT denotes the ratio of the available 

enthalpy in the surrounding gas to the heat required for liquid evaporation. It represents the driving force 

for the evaporation process and the heat transfer rates can be evaluated as: 

 𝑚𝐹̇ = 2𝜋𝑟𝑠𝐷𝑠 (
𝑘

𝑐𝑝
)
𝑔

𝑙𝑛(1 + 𝐵𝑇) (30) 
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Under steady-state conditions BM=BT and both Eq.(22) and Eq.(30) can be used.  

When the drop and the air are in relative motion, the evaporation rate increases due to the convective effect 

and the average life of the drop decreases. Ranz and Marshall [85] proposed a correction factor for the 

evaluation of the evaporation rate on the drop surface within a gaseous stream: 

 1 + 0.3𝑅𝑒𝐷
0.5𝑃𝑟𝑔

0.33 (31) 

The combination of Eq.(30) and Eq.(31) yields the following expression for the drop evaporation rate in forced 

convection: 

 𝑚𝐹̇ = 2𝜋𝑟𝑠𝐷𝑠 (
𝑘

𝑐𝑝
)
𝑔

𝑙𝑛(1 + 𝐵𝑇)(1 + 0.3𝑅𝑒𝐷
0.5𝑃𝑟𝑔

0.33) (32) 

This equation gives the instantaneous evaporation rate for a drop of diameter D. To obtain the average 

evaporation rate, the constant should be reduced from 2 to 1.33. Substituting also D = 0.667D0 and Prg = 0.7 

it gives: 

 𝑚𝐹̇ = 1.33𝜋𝑟𝑠𝐷0 (
𝑘

𝑐𝑝
)
𝑔

𝑙𝑛(1 + 𝐵𝑇)(1 + 0.22𝑅𝑒𝐷0
0.5) (33) 

and 

 
𝑡𝑒 =

𝜌𝐹𝐷0
2

8 (
𝑘
𝑐𝑝
)
𝑔

ln⁡(1 + 𝐵𝑇)(1 + 0.22𝑅𝑒𝐷0
0.5)

 
(34) 

where D0 represents the initial drop diameter and te is the total time required to fully evaporate the drop. 

Figure 26 shows the ratio between the evaporation time of a drop of water and isooctane, in three typical 

thermodynamic conditions of the intake duct for PWI and PFI systems, using the equations seen so far, in 

which an air speed of 100 m/s has been assumed. Although the results are purely indicative, as correlations 

can introduce wide margins of error, the tendency of water to exhibit slower evaporation rates is clear. 

 
Figure 26. Drop evaporation time: water and iso-octane comparison 
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In conclusion, all the previous analytical considerations show that water spray evaporation rate are much 

lower than iso-octane (i.e., gasoline spray) at same conditions. That is an important issue since on one hand 

it means that water spray evaporation rate is lower than iso-octane and wall impingement will be more likely. 

On the other hand, this feature may be desirable since, as already discussed, in PWI configuration water 

spray should be targeted to evaporate inside the cylinder to promote the evaporation rate. As a matter of 

fact, the previous preliminary assessment highlights the importance to promote evaporation with injection 

ad-hoc strategy and injection system specification (Injector HFR and operating injection pressure, nozzle hole 

diameter) for both PWI and DWI configurations. It is clear that PWI would require a more intense 

optimization of the injection systems despite the much lower cost and the minor installation constraints.  

3.2 Water Cooling Effects: Preliminary Analysis 

After the previous discussion where some conclusions were drawn on the water properties effect on 

atomization, spray breakup and evaporation, a forecast can be provided on the conditions and parameters 

that play a role, or are expected to play a role, in the mixture cooling because of the water evaporation.  

The cooling of the charge achieved by the water injection is due by three effects, having a different weight. 

The first one concerns with the very high LHV (latent heat of vaporization), which allows heat to be subtracted 

from the surrounding gas during the liquid to vapour phase change. As far as the water LHV is concerned, it 

is clear from Figure 19 and Table 3 that this is significantly higher than isooctane and gasoline regardless the 

temperature. For example, considering air temperature condition of 50 °C, similar to that in the intake duct 

of a turbocharged engine, LHV is about six times that of gasoline. Moreover, it is important to notice that 

LHV decreases with increasing air pressure and temperature, making it necessary to carefully optimize the 

water injection mass and timing in order to achieve the maximum mixture cooling. Theoretically, if only the 

effect of the LHV is considered, PWI systems would have a much higher charge cooling potential than DWI 

systems where temperatures and pressures are much higher. Unfortunately, the problem of the air 

saturation due to humidity, the greater possibility of liquid film formation on the walls and the larger 

evaporation duration due to the low temperatures, makes DWI a better option from a thermodynamic point 

of view and it requires a careful design of the PWI system which otherwise may perform inefficiently. 

The second cooling effect of the mixture is linked to the specific heat of the water vapour. It is important to 

note that the presence of water in the cylinder contributes to raising the specific heat of the whole mixture, 

leading to a reduction of the heat capacity ratio and therefore of the polytropic compression index. This 

contributes to bring down the mean cylinder temperature and pressure at TDC.  

 
Figure 27. Heat capacity ratio example for different mixture condition in a GDI turbocharged engine 
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In general, this final effect depends also to water injector strategy adopted, because the temperature 

reduction in turn could rise again the heat capacity ratio. 

Figure 27 shows three trends of the specific heat ratio during the combustion phase of a typical GDI 

turbocharged engine: one in the case of a rich mixture and two under stoichiometric conditions with and 

without the addition of water. Under the same mixture conditions, water actually tends to decrease the 

specific heat ratio, however, it can be seen that in the example considered a water/fuel ratio of 0.2 is not 

sufficient to achieve the same effect as λ 0.8 strategy. 

Finally, the water vapour behaves as an inert diluter in a similar way as EGR does (EGR which contains water 

indeed), absorbing heat from the surrounding environment and lowering the temperature. However, this 

effect is less effective because the amount of water mass injected is very small compared to that of the 

mixture, typically between 1% and 4%, without considering the mass of EGR. 

In order to discover the potential of water injection applied to internal combustion engines, it becomes 

interesting to understand which is the maximum theoretical cooling effect achievable by the evaporation of 

the water for PWI and DWI systems.  

Through a simple energy balance between the species present in the system, air, fuel and water, it is possible 

to derive the charge temperature variation due to the evaporation of the water: 

 ∆𝑇𝑡ℎ =
𝑠⁡𝐿𝐻𝑉 + 𝑄𝑤𝑎𝑙𝑙
𝜆⁡𝛼𝑠𝑡 ⁡𝑐𝑝,𝑐ℎ𝑎𝑟𝑔𝑒

 (35) 

where Qwall is the wall energy transfer, αst the air/fuel stochiometric ratio, cp,charge the mean charge specific 

heat and s is the water/fuel mass ratio under stochiometric mixture condition. Assuming that: 

• the system is adiabatic; 

• the mixture is stochiometric;  

• the heat capacity considered is that of the air; 

• all the water droplets evaporate instantaneously.  

for a PWI strategy, considering an air pressure of 2 bar and temperature of 50°C, the maximum theoretical 

cooling effect Is illustrated in Figure 28. 

 
Figure 28. Maximum cooling effect for PWI-like condition system 
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The theoretical results show great reduction of the mixture temperature increasing the water/fuel ratio, even 

reaching about 150 °C for s equal 1. However, this result differs greatly from the actual cooling capacity of 

the water for the following reasons: 

• Not all the water droplets will be able to evaporate in the air. Some of them will form a layer of liquid 

wall film. This effect is particularly present in a PWI systems, where an optimization of all the injector 

parameters, in particular spray angles and targeting, are necessary to limit the phenomenon; 

• The water does not evaporate instantly: according to the local evaporation rate, it goes through 

different thermodynamic conditions in the system that reduce the water LHV, as reported in Figure 

29, where the LHV is plotted against pressure. In a GDI engine at full load, the in-cylinder mean 

pressure at the end of the compression stroke may reach 45 bar, this means that the last evaporating 

droplets during the final part of the compression stroke may face a reduction of the LHV (cooling 

effect) of about 25%; 

• the evaporation rate also depends on the humidity of the air stream. If local saturation conditions 

occur, evaporation is inhibited; 

• locally the effect of high LHV let the surrounding media, close to evaporated zones, facing a huge 

temperature reduction, preventing, as a result, the evaporation of further water droplets, due to the 

decrease of the local saturation pressure. 

This means that the actual mixture temperature reduction achievable is expected to be much smaller than 

the theoretical one. Assuming ambient conditions at higher pressures, as in the case of a DWI strategy, it is 

possible to compare, according to the water/fuel ratio and under the same hypotheses mentioned above, 

how the maximum theoretical cooling of the charge varies. Figure 30 shows that there is a cooling difference 

of about 4 °C between 2 and 60 bar, for s equal to 0.2. This difference reaches even more than 40 °C for the 

highest s value, mainly due to the decrease of LHV with the pressure. 

Even under these conditions, equivalent to a direct water injection system, the water does not evaporate 

instantaneously, but some drops may form wall film and/or contaminate the lubrication oil, thus losing 

effectiveness in cooling, especially for part-load engine working points.  

 
Figure 29. Water LHV as a function of pressure 
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Figure 30. Theoretical cooling effect for different pressure conditions and s values 

It is therefore important to define a cooling efficiency, with which the different water injection strategies will 

be compared during the fluid dynamic simulations: 

 𝜂 =
Δ𝑇𝑡ℎ
Δ𝑇𝑟𝑒𝑎𝑙

 (36) 

i.e. the ratio between the theoretical temperature reduction, defined by Eq.(35), and the real temperature 

variation of the system at the top dead centre. 

3.3 Humidity Effects on Water Injection: Brief Analysis 

Usually CFD simulations neglect the air relative humidity (RHU), considering it as dry. However, unlike fuel, 

water evaporation is dependent on the humidity conditions of the air. For highly boosted engines with a 

highly efficient charge air cooler, the cooled fresh charge may be at or near 100% relative humidity.  

In this paragraph is intended to investigate the possible effect that water vapor can have on the water 

injection strategy. In particular this section aims to assess the mass of water that can be injected until local 

saturation is reached, for different relative humidity.  

Regarding the cooling humidity effects, some CFD simulations considering different RHU values have been 

performed for the baseline engine adopting PWI architecture and the main results will be shown in Chapter 

9, concerning CFD simulations for non-reacting flows. Here it is reported a quick recap of relative humidity 

main concepts and the leading equations in the definition of the evaporative process of the water. 

The maximum amount of steam that can be present in a gaseous mixture depends on its vapor pressure and 

therefore on local temperature conditions. As the temperature decreases, the amount of vapor admissible 

in the gas decreases until condensation is reached when the gas is 100% saturated [86]. This is important not 

only because of the negative consequences in the generation of liquid water inside the intake line, but also 

because of the change in the composition of the gas mixture. 

Considering the pseudocritical thermodynamic coordinates of the dry air and of the saturated water vapor, 

it can be deduced that both can be considered perfect gases in automotive field of application. Thus, the 

mass of dry air is considered constant, while the mass of vapor can change, as stated before. This fact explains 

why in the main CFD codes the specific quantities are not referred to the mass of the mixture, but to the 
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mass of dry air. In CFD simulations of Internal Combustion Engines (ICE) the gas phase of the mixture is usually 

considered a mixture of two ideal gases because the vapor has a very small partial pressure. The composition 

of the gas phase may vary due to the evaporation or the condensation of water. 

For the calculation of the water saturation pressure reference is made to Buck's expression [87]: 

 𝑝𝑆𝐴𝑇(𝑇) = 0.61121 ∙ 𝑒𝑥𝑝((18.678 −
𝑇

234.5
) (

𝑇

257.14 + 𝑇
)) (37) 

where T is the mixture temperature in Celsius degrees and pSAT is the computed saturation pressure in kPa. 

This equation validity is limited to the range above zero Celsius degrees, which is the only one of interest for 

engine applications. 

From the Dalton Law, the total pressure pTOT of the mixture is: 

 𝑝𝑇𝑂𝑇 = 𝑝𝐴 + 𝑝𝑉 (38) 

where pA is the partial pressure of the dry air and pV is the partial pressure of water vapor. The mixture title 

X is defined as the ratio between the evaporated water mass in the mixture mV and the dry air mass mA: 

 𝑋 =
𝑚𝑉

𝑚𝐴
 (39) 

The hygrometric degree   is the ratio between the local vapor pressure pV and the saturation pressure pSAT: 

 Φ =⁡
𝑝𝑉
𝑝𝑆𝐴𝑇

 (40) 

The hygrometric degree is defined in the range 0-1, where 0 corresponds to dry air and 1 to the saturation 

condition. The relative humidity RHU is defined as the hygrometric degree  multiplied by one hundred: 

 𝑅𝐻𝑈 = Φ ∙ 100 (41) 

Thus, the range of RHU is between 0 and 100. If RHU = 70%, it means that the mixture contains a water vapor 

equal to 70% of what would bring it to saturation. It quantifies how close the mixture is to saturation: it does 

not quantitatively indicate how much water in the vapor state is present in the mixture. It possible to link the 

hygrometric degree to the mixture title: 

 𝑋 = 0.622 ∙
Φ ∙ 𝑝𝑆𝐴𝑇

𝑝𝑇𝑂𝑇 −Φ ∙ 𝑝𝑆𝐴𝑇
 (42) 

or: 

 𝑋 = 0.622 ∙
𝑝𝑉
𝑝𝐴

 (43) 

Then, it is also possible to compute the hygrometric degree knowing the X value: 

 Φ =
𝑋

𝑋 + 0.622
∙
𝑝𝑇𝑂𝑇
𝑝𝑆𝐴𝑇

 (44) 

The maximum partial pressure pV that can be reached by the water vapor in the mixture is the saturation 

pressure pSAT: water vaporization takes place as long as the partial vapor pressure is less than the saturation 
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pressure. As the temperature increases, the relative humidity decreases, then the mass of water that can 

evaporate increases and the saturation condition moves away. 

Through the above equations it is possible to evaluate analytically the maximum water injected mass before 

reaching saturation. The analysis has been carried out for different relative humidity values and for three 

levels of ambient temperature (0°C, 20°C, 40°C). Inside the cylinder the saturation condition is never reached, 

not even locally. For this reason, the study is referred to the thermodynamic conditions of the air in the intake 

duct and the mass of water injected by the PWI. The fuel mass considered for s calculation is 84 mg, the same 

used for stochiometric mixture condition in the CFD simulations of Chapter 9, where all engine details will be 

presented. The aim here is only to focus on humidity thermodynamic effects.  

Figure 31 compares the relative humidity of the external air with that at the injection point (SOI) after the 

intercooler. The interesting fact is that the RHU decreases substantially because the air, passing through the 

compressor and the intercooler, is globally heated raising the saturation pressure. Starting for example from 

a high RHU of 85%, typical during rainy days, the relative humidity in the intake duct is 50%, leaving a greater 

margin for the evaporation of the injected water before condensing. 

 
Figure 31. Air relative humidity variation between ambient air and PWI injection point for three temperature levels 

 
Figure 32. Maximum s value before reaching saturation point for different ambient RHU 
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Figure 32 indicates that the s parameter can vary from a minimum of 0 to a maximum of 0.38 before reaching 

saturation. Moreover, only at 0 °C the injectable quantity remains constant as the external relative humidity 

increases: on the contrary for higher air temperatures in the intake duct (40°C), typical in current turbo-

engines, starting from ambient RHU values of 65% the saturation is reached before injecting. It is to say that 

in PWI systems with relative humidity and temperature values typical of European countries, it has been seen 

that saturation in the intake port is reached for a mean value of parameter s close to 0.38 at 0°C, and close 

to 0.30 at 20 °C: beyond those values there is no more evaporation in the intake port and the risk of 

condensation is very high. 

However, it should be highlighted that one of the main objectives that must be guaranteed, during the 

injector design of PWI simulations, is to shift the evaporation of the water inside the cylinder rather than in 

the intake duct or port. This is achieved thanks to an appropriate optimization study of the PWI system in 

terms of spray targeting and injection timing. In this way it will be possible not only to maximize the cooling 

efficiency but also to eliminate the condensation problem in the intake duct, as the water droplets tend to 

evaporate in the cylinder. Since conditions of 100% relative humidity never occur inside the cylinder, the 

ambient RHU value is almost negligible.  

The effect of relative humidity on the cooling capacity of the engine at the end of the compression stroke will 

be verified in Chapter 9, with appropriate fluid-dynamic simulations where the engine examined will be 

presented. In fact, the water vapor present in the air, being already in the vapor state, can have an impact 

only as an addition of diluent in the cylinder, modifying the heat capacity ratio.   

3.4 Brief Review of Chemical Water Effects on Laminar Flame Speed and 

Ignition Delayed Time 

Besides its effect on the physical phenomena that characterize the operation of the engine, the water 

chemical properties play a significant role. In particular they involve a variation of the laminar speed of flame 

and mixture auto-ignition times. In general water induces an effect both positive and negative. On the one 

hand it tends to increase the mixture auto-ignition times and therefore to reduce the detonation attitude of 

the engine, on the other hand it involves a slowing down of the chemical kinetics reducing the laminar flame 

speed and therefore the combustion rate.  

 
Figure 33. LFS water effect using the ETRF reaction scheme by Seidel [88] 
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In literature the experimental data on LFS (Laminar Flame Speed) and IDT (Ignition Delayed Time) with added 

water are rather limited. However, the topic has been treated by several authors through the use of chemical 

kinetics schemes in order to obtain LFS and IDT values under different thermodynamic and mixture 

conditions.  

Mauss et al. [88] show through the use the ETRF reaction scheme of Seidel, the laminar speed slowing down 

for different water to fuel ratios (Figure 33) and temperatures with pressure fixed at 40 bar. The slowdown 

is approximately linear to the increase of the water-fuel ratio, finding a similar effect on the combustion 

process in the engine simulation.  

Because of this strong influence of water mass fraction on the laminar flame speed, it is mandatory to check 

the amount of water formed near the spark plug during the first stages of ignition. Although the overall 

amount of water injected is low, the accumulation under the spark plug might be considerable and this could 

compromise the speed and stability of the flame front, making combustion inefficient. 

 
Figure 34. Water effects on IDT [89] 

In order to assess the anti-knock attitude of water it is necessary to rely on auto-ignition times, calculated 

taking into account the addition of water diluent in the mechanisms of chemical kinetics. In [89] the authors 

used DARS software following a careful selection of the surrogate and validation of the mechanisms of 

reactions, to evaluate these chemical effects due to the presence of water in a constant volume reactor. 

Figure 34 shows how IDT is actually positively affected by increasing the percentage of water introduced 

compared to fuel under stoichiometric conditions.  

Chapter 5 will assess in detail the effects of water on the laminar flame speed, the flame thickness and the 

auto-ignition times, through the use of numerical models based on kinetic chemical theory, which are all 

fundamental parameters to obtain reliable results from 3D combustion simulations. Thanks to these kinetic 

calculations it will be possible to obtain new databases for both LSF and IDT, for the evaluation of the 

chemical effects of water on a representative surrogate of common gasoline. The new databases can 

therefore be used at runtime during simulations or to extract new and more reliable correlations. 

3.5 Summary  

In this chapter the properties of water have been highlighted and compared with those of isooctane 

(representative specie to analyse the macro differences between water and gasoline). The water showed a 

lower attitude to evaporation and breakup of the drops. This is mainly attributable to the higher surface 
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tension and viscosity. The former involves a higher binding energy that must be overcome in order to atomize 

the spray jet and the following droplets, presenting a higher overall vapor pressure. The tendency is to have 

larger droplets, with an unfavourable surface/volume ratio for the evaporation. Moreover, the viscosity 

influences the propagation/damping of the perturbations on the surface of the jet/drops. Since water has a 

higher viscosity, especially below 50°C (typical temperature for PWI systems), surface rupture tends to be 

inhibited and so the generation of smaller droplets 

It has also been shown how difficult it is to obtain critical We numbers comparable to those of common fuels. 

In order to have the same atomization regime as for iso-octane injection at 200 bar, 500 bar with water would 

be required.  

In addition, the higher density of the water affects the penetration of the jet. Water injection increases the 

probability that the jet will hit the walls of the cylinder or intake duct, creating wallfilm and decreasing the 

cooling capacity. This is an important feature that must be taken into account during the definition of the 

main injector settings, like position and orientation.  

From a theoretical point of view the temperature variation generated by water evaporation is very high 

thanks to the greater LHV with regard to gasoline: it increases with s and decreases with pressure (LHV 

decreases with pressure). Under the typical thermodynamic conditions of a PWI, a theoretical cooling 

capacity of 150 °C of the fresh charge could be reached. However, this does not happen because by increasing 

the injected water the losses due to wallfilm generation, local saturation conditions and the decrease of LHV 

with pressure increase exponentially. This has been summarized in the definition of cooling efficiency, a 

parameter that will be used in CFD simulation analysis to compare the different water injection strategies.  

Finally, it has been introduced the concept of air humidity and the effects that different relative humidity 

values have on the maximum amount of injectable water without incurring into condensation problems, 

whose main effect on engine will be highlighted in Chapter 9, dedicated to non-reacting simulations with PWI 

architecture. 

This preliminary study on the properties of water lays the necessary foundations to understand the most 

complex phenomena related to the engine, which will be analysed in the following chapters both from an 

experimental point of view, on the tests performed with PWI injector, and numerical in non-reacting and 

reacting flow conditions.   
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Chapter 4: Numerical Methodologies 

This chapter briefly presents the main numerical models adopted for the execution of three-dimensional 

numerical simulations. The solver used for the fluid-dynamic analysis is AvL-Fire. Specifically, it will be 

introduced the models and the fundamental parameters related to spray, combustion process and fluid 

dynamics (wall and heat exchange laws), underlining modification from the default settings or precise model 

implemented in the code. The main contribution provided to the methodology of engine simulation with 

water injection through opportune chemical kinetics calculations, will be examined in the next chapter: 

chemical effects of the water on the laminar flame speed, flame thickness and auto-ignition times, will be 

extract as fundamental data to consider during the simulations in order to assure a correct representation of 

the phenomena.  

4.1 Spray Modelling  

In general, the study of the injector spray can be carried out through an Eulerian or an Lagrangian approach. 

Both exhibit advantages and shortcomings: at the end, the Lagrangian approach is currently the most widely 

used for reciprocating internal combustion engine spray simulations. 

In a Lagrangian framework, particle-like elements, known as ‘parcels’ (group of identical non-interacting 

droplets all having same properties like velocity, density, etc), are inserted into the gas continuum domain at 

given initial conditions of diameter, velocity and directions. The state of each parcel is updated according to 

the selected set of models, solving ordinary differential equations for the trajectory, momentum, heat and 

mass conservation of each parcel. The main equation describing the trajectory and speed of a parcel 

(momentum conservation equation) can be written as [90]: 

 𝑚𝑑

𝑑𝑢𝑖𝑑
𝑑𝑡

= 𝐹𝑖𝑑𝑟 + 𝐹𝑖𝑔 + 𝐹𝑖𝑝 + 𝐹𝑖𝑣𝑚 + 𝐹𝑖𝑏 (45) 

where drag forces (Fidr), buoyancy forces (Fig), pressure forces (Fip), virtual mass forces for the 

acceleration/deceleration of the medium surrounding the drops (Fivm) and external forces like magnetic one 

(Fib) are considered to evaluate the dynamic state of each parcel. Each of these forces are described by proper 

models (more details in [90]) which bring the Eq.(45) in the form of:  

 
𝑑𝑢𝑖𝑑
𝑑𝑡

=
3

4
𝐶𝐷

𝜌𝑔

𝜌𝑑

1

𝐷𝑑
|𝑢𝑔 − 𝑢𝑑|(𝑢𝑖𝑔 − 𝑢𝑖𝑑) + (1 −

𝜌𝑔

𝜌𝑑
)𝑔𝑖  (46) 

which can be integrated to get the particle velocity 𝑢𝑖𝑑. The instantaneous particle position vector can be 

determined by integrating: 

file:///C:/Program%20Files/Siemens/14.06.013-R8/STAR-CCM+14.06.013-R8/doc/en/online/STARCCMP/GUID-4876089D-B45F-4967-94B0-61A16011F41B.html%23wwID0EDWZUB
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𝑑𝑥𝑖𝑑
𝑑𝑡

= 𝑢𝑖𝑑 (47) 

As far as parcel evaporation in concerned, the heat and mass transfer processes are described by Spalding model, 

originally derived by Dukowicz [91]. Essentially it is based on the following assumptions: 

• Spherical symmetry; 

• Quasi steady gas-film around the droplet; 

• Uniform droplet temperature along the drop diameter; 

• Uniform physical properties of the surrounding fluid; 

• Liquid – Vapor thermal equilibrium on the droplet surface. 

With the assumption of uniform droplet temperature, the rate of droplet temperature change is determined 

by the energy balance equation, which states that the energy conducted to the droplet either heats up the 

droplet or supplies heat for vaporization: 

 𝑚𝑑𝑐𝑝𝑑
𝑑𝑇𝑑
𝑑𝑡

= 𝐿
𝑑𝑚𝑑

𝑑𝑡
+ 𝑄̇ (48) 

The convective heat flux Q exchanged between the gas and the droplet surface is: 

 𝑄̇ = 𝛼𝐴𝑠(𝑇∞ − 𝑇𝑠) (49) 

where α is the convective heat transfer coefficient through the film surrounding the droplet in the absence 

of mass-transfer, As is the droplet surface area, 𝑇𝑠 the surface droplet temperature and 𝑇∞ is the local domain 

fluid temperature.  

Now it is possible to reformulate the Eq.(48) in a different form, pointing the variation of the droplet ratio 

over time drd/dt: 

 𝑚𝑑𝑐𝑝𝑑
𝑑𝑇𝑑
𝑑𝑡

− 𝐿𝜌𝑑𝜋𝐷𝑑
2
𝑑𝑟𝑑
𝑑𝑡

= 𝜋𝐷𝑑
2𝑞̇𝑠  (50) 

The term drd/dt is determined explicitly by the Frossling correlation [92] and the right term of the Eq.(50) by 

the Ranz and Marshall correlation [85], with the introduction of the Nusselt number (Nu): 

 𝑞̇𝑠 = 𝜆𝑁𝑢(𝑇∞ − 𝑇𝑠) (51) 

and 

 𝑁𝑢 = 2 + 0.6𝑅𝑒𝑑
1/2

𝑃𝑟1/3 (52) 

Here, the Reynolds (Re) and Prandtl (Pr) numbers are evaluated from the usual expressions seen before in 

Chapter 3. The reference temperature for evaluating transport properties like vapor viscosity, specific heat, 

thermal conductivity etc. is the average temperature between the local domain fluid temperature and the 

droplet surface temperature: 
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 𝑇̅ =
𝑇∞ − 𝑇𝑠

2
 (53) 

It must be underlined that the Lagrangian solution of parcel governing equation induces inaccuracy in the 

mass and  momentum liquid-gas depending on the local control volume size (mesh element size), which is 

used for the solution of the governing equation of the continuum phase basically decoupled from that of the 

continuum gas phase. In the present simulations, 2/3 rule interpolation of the continuum phase velocity and 

density at parcel location has been adopted in order to reduce the grid dependency effect of the solution of 

spray momentum and mass transfer. 

4.2 Atomization Modelling 

The atomization model adopted is a modification of that proposed by Brusiani, Bianchi and Tiberi [93] which 

was an evolution of the Huh and Gosman model [94]. The model has been user-coded into Fire code. A brief 

description is here provided with emphasis on the modification with respect to the original model. Adopting 

the so called ‘Blob Injection Approach’ as proposed by Reitz [95], the liquid jet is simulated through a train of 

blob parcels issuing the nozzle. The injected parcel has an initial diameter Din corresponding to the effective 

diameter of the injector nozzle. The Blobs (parcels) forming the liquid core are subjected to the atomization 

until their diameter D remains larger than a threshold DT value, usually taken as the 0.8 time the initial parcel 

diameter.  

The atomization process of the Blobs representing the liquid jet core, until the threshold is reached, is given 

by the following erosion rate: 

 
𝑑𝐷

𝑑𝑡
= −𝐶1

𝐿𝐴
𝜏𝐴

 (54) 

Unlike the original model, the atomization length scale LA and the atomization time scale τA are assumed to 

depend by liquid jet turbulence. The turbulence timescale is calculated as proposed in [94], as a function of 

the nozzle turbulence (kinetic energy and integral length scale), nozzle liquid effective velocity Ueff and area 

contraction coefficient. C1 is an adjustable constant that in the present cases is set to 0.1. It must be 

underlined that the accuracy in the definition of the injection mass flow rate, as well as of the area 

contraction coefficient and reduction velocity coefficient, is mandatory also for an accurate performance of 

the atomization model. 

Once the critical threshold diameter is reached during erosion, it is assumed that the liquid core erosion is 

completed and the eroded blob (parcel) is finally disintegrated to a much smaller diameter as a function of 

the liquid jet velocity in the nozzle. In order to do not use a monodisperse sizing, the ultimate blob 

disintegration is modelled in such a way that the diameter of the parcel Das, after final atomization stage, is 

chosen from a χ2 distribution with a Sauter Mean Diameter Dp defined as a function of the nozzle liquid 

effective velocity Ueff : 

 𝐷𝑝 = 𝐶2 ∙ 157.93⁡ ∙ (𝑈𝑒𝑓𝑓)
−0.474

 (55) 

where C2 is an adjustable constant that in the present cases is set to 1.0. 

It must be noted that the spray angle is superposed by injecting Blobs according to a randomly selected angle 

within the prescribed limits. Figure 35 offers a simple sketch of the main working principles of the atomization 

model and its coupling with the secondary break up model.  
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Finally, in PWI cases the spray modelling has been performed by switching off the atomization model since 

the latter it has been validated for injection pressure and nozzle shape typical of both GDI injector or Common 

Rail Diesel Injector. 

 
Figure 35. Atomization model representation 

4.3 Secondary Break-Up Modelling 

The secondary break-up model represents the conditions under which an additional splitting of the drops 

formed by atomization into smaller sizes can occur. Some models focus on aerodynamic interactions 

between droplets and surrounding gas, giving more importance to the relative velocity between the two 

phases, while others base their modelling on the generation of perturbations on the droplet surfaces and the 

wavelength that can trigger the break-up. Specifically, the break model adopted in the following simulations 

uses the correlation proposed by Hsiang and Faeth [96] and Pilch and Erdman [97]. The droplet breakup time 

tb (i.e, the time required to get a diameter stable condition) is evaluated from a non-dimensional breakup 

time tbu which is indeed a function of the droplet Weg number (i.e. breakup regime) assuming as a critical 

Weber number Weg,cr =12: 

tbu =6.00 (Weg -12)-0.25 12< Weg <18  

tbu =2.45 (Weg -12)+0.25 18< Weg <45  

tbu =14.1 (Weg -12)-0.25 45< Weg <351 (56) 

tbu =0.766 (Weg -12)+0.25 351< Weg <2760  

tbu =5.5 Weg >2670  

where the non-dimensional breakup time tbu is also defined as: 

 𝑡𝑏𝑢 = 𝑡𝑏 ∙ √
𝜌𝑔

𝜌𝑙
∙
𝑈𝑟𝑒𝑙
𝑑𝑑

 (57) 
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where ρg is the gas density, ρl is the droplet density, dd the droplet diameter and Urel the relative droplet to 

gas velocity. The correlations cover all the regimes from the ‘Bag Regime’ at low Weg to the ‘stripping Regime’ 

at very high Weg (i.e. close to 1000.0). 

The model updates the droplet radius according to the current breakup time (breakup regime) and droplet 

current stable diameter: 

 𝑑𝑠𝑡𝑎𝑏𝑙𝑒 =
𝐶3 ∙ 𝑊𝑒𝑐𝑟𝜎

𝜌𝑔𝑈𝑟𝑒𝑙
2  (58) 

where C3 is a model constant, Wecr is the critical Weber number, σ the surface tension. If droplet Weber 

number is below 12, breakup cannot occur and the droplet is stable (i.e., aerodynamic force can only deform 

the droplet and the droplet regime is the ‘vibrational regime’). Model constant has been introduced in order 

to alleviate inaccuracy in the determination of the droplet-to-gas relative velocity because of the issue 

involved in the liquid-gas coupling in Lagrangian approach. The use of interpolation methods can alleviate 

those inaccuracies without eliminating them completely. Moreover, it must be underlined that, as a precise 

choice, adaptive mesh refinement or high reduction of mesh sizing have not be adopted since the grid size 

reduction may on one hand alleviate coupling inaccuracy between phases, but on the other hand it may face 

violation of void assumption used to make possible the decoupled solution of the dispersed phase governing 

equations from that of the continuum phase. 

4.4 Particle Interaction Modelling  

The parcel interaction models are based on statistical methods for the evaluation of the interaction between 

two or more parcels. The model chosen for the fluid dynamics simulation activities is the Schmidt model [98], 

because of its robustness and tuning parameters to modify its effect. 

The collision is evaluated only if the droplets are in the same cell, considered to be uniformed distributed 

within it. The frequency of collision between two particles is modelled with a statistical approach as follows: 

 𝜈 =
𝑁2
𝑉𝑐𝑒𝑙𝑙

𝜋

4
(𝑑1 − 𝑑2)⁡

2|𝑢1 − 𝑢2|  (59) 

where the subscript 1 and 2 refer to the properties of the two parcels, d is the diameter, N the number of 

particles, u the velocity and V the volume of the cell.  

The probability P that a collector undergoes into n collisions follows a Poisson distribution: 

 𝜈𝑃𝑛 = 𝑒𝑛̅
𝑛̅𝑛

𝑛!
 (60) 

with the mean value (number of expected collisions) n = n ⋅ ∆t , where ∆t is the computational time step. 

Thus, the probability of no collisions is P0 = e(−n). More details can be found in [90]. Still using a statistical 

approach, the interaction between the parcels may involve either a coalescence or a simple rebound. 

Furthermore, this model allows the choice of three tuning parameters: 

1. Collision distance, parameter for defining the maximum distance of a collision event; 

2. Mass Criterion for Split, for defining the mass threshold where parcel splitting take place; 

3. N° of split parcels, for the number of new parcels generated by the mass splitting. 
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Through the properties of the liquid phase and a series of random numbers it is statistically evaluated i) if the 

collision happens and ii) the number and type of collision (coalescence or impact with change of trajectory). 

For each collector particle, n droplets are removed from their associated parcel and the properties of the 

collector particles, diameter, velocity and temperature are appropriately modified due to conservation of 

mass, momentum and energy.  

The Schmidt model is pretty the same as in O’Rourke, but the method of looping using a pre-sorting algorithm 

is much more efficient for most cases. The higher the average number of parcels per cell the greater the 

effect. 

4.5 Spray-Wall Interaction Modelling 

The model of Kuhnke [99] is an advanced wall interaction model, which in contrast to other models also takes 

into account the wall temperature TW besides the impact parameter K. Depending on a dimensionless wall 

temperature 

 𝑇∗ =
𝑇𝑊
𝑇𝑠

 (61) 

and a dimensionless droplet velocity 

 𝐾 =
(𝜌𝑑𝑑𝑑)

3/4𝑢𝑑
5/4

𝜎𝑑
1/2

𝜇𝑑
1/4

 (62) 

the Kuhnke model distinguishes between four regimes as showed in Figure 36. In Eq.(62) all the variables are 

referred to droplet properties: ρ the density, d the diameter, u the velocity, µ the dynamic viscosity and σ 

the surface tension. 

 
Figure 36. Regime map of the spray-wall interaction according to Kuhnke [90] 

From Figure 36 it can be asses that the wall film is generated during the deposition and splash event only if 

𝑇∗ is lower than 1.1. In addition, a ‘combined evaporation model’, based on equilibrium conditions (physical 

and thermodynamic properties are always in equilibrium state) is used to evaluate the wallfilm evaporation 

process [90]. 
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4.6 Reaction Rate Modelling 

The determination of mean chemical reaction rates represents a central problem in the numerical simulation 

of chemical kinetic processes. This is because they appear to be highly non-linear functions of the local values 

of temperature and species concentrations.  

Although it is desirable to use detailed reaction mechanisms, available computational resources are 

inadequate to manage thousands of elementary reactions with hundreds of participating species. This is due 

to the fact that for each species considered in the reaction mechanism, an additional conservation equation 

must be solved. From CFD numerical point of view, the combustion process simulation involves several 

models: 

- The ignition model; 

- The main premixed combustion model; 

- Then auto-ignition and knock rate model; 

- Look-up table Laminar Flame speed.  

In the present paragraph the ignition and the main combustion models will be briefly presented since they 

were already available, and they were not specifically developed. In the next chapter, a methodology based 

on detailed chemistry calculation for look-up table creation, developed for laminar flame speed, laminar 

flame thickness and auto-ignition time, will be presented in detail since it represents a contribution to the 

simulation methodology, specifically developed in the present research for handling engine reacting flow 

simulation with water injection. 

4.6.1 Ignition Model 

The spark ignition model used in the present simulations is the Eulerian version of that proposed by Bianchi 

and Falfari [100] and it basically solves the energy and mass conservation equation of the initial flame kernel 

assumed to be spherical. The initial radius and temperature of the kernel after the breakdown phase are 

provided by a specific submodel according to the breakdown voltage and electrodes gap [101]. The 

breakdown energy Ebd available at electrodes during the breakdown phase operation is given by an empirical 

relation: 

 𝐸𝑏𝑑 =
𝑉𝑏𝑑
2

𝐶𝑏𝑑
2 𝑑𝑔𝑎𝑝

 (63) 

where Cbd is a model constant and the breakdown voltage Vbd in [kV] can be evaluated according to [102]: 

 𝑉𝑏𝑑 = 4.3 + 136
𝑃

𝑇𝑢𝑛𝑏
+ 324

𝑃

𝑇𝑢𝑛𝑏
𝑑𝑔𝑎𝑝 (64) 

where P is the gas pressure in bar, Tunb is the fresh gas temperature in K, dgap is the inter-electrodes distance 

in mm. The breakdown energy is released to the main CFD solver in the cells where the spark plug is located. 

At the end of plasma shock wave dynamics, the model starts to simulate the kernel expansion. Thus, 

1. A spherical flame kernel of initial radius ri and initial temperature Ti is deposited into the gas flow in 

the cell where spark plug lies; 

2. The model by Song and Sunwoo [103] provides the initial kernel temperature Ti and radius ri 

according to Kravchik’s model [104]: 
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 𝑇𝑖 = [
1

𝑘
(
𝑇𝑏
𝑇𝑢𝑛𝑏

− 1) + 1] 𝑇𝑢𝑛𝑏 (65) 

 

𝑟𝑖 = [
𝑘 − 1

𝑘
∙

𝐸𝑏𝑑

𝑝 ∙ 𝑑𝑔𝑎𝑝 (1 −
𝑇𝑢𝑛𝑏
𝑇𝑖

)𝜋
] (66) 

The breakdown temperature Tb can be reasonably assumed to be 60000 K according to [104]. 

The flame kernel expansion velocity is based on Herweg and Maly model [105]. By the application of the mass 

conservation the kernel mean expansion velocity is evaluated: 

 
𝑑𝑚

𝑑𝑡
= 𝜌𝑢𝑛𝑏 ∙ 𝑠𝑙𝑎𝑚 ∙ (𝐴 ∙ Ξ) (67) 

where ρunb is the fresh gas density, A is the flame kernel surface assumed to be unaffected by turbulence, Ξ 

is the wrinkling coefficient of the flame surface introduced here for accounting for turbulence influence and 

slam the laminar flame speed.  

Differentiating the Eq.(67) and applying the general gas law, one obtains the variation of the mean flame 

kernel radius over time: 

 
𝑑𝑟

𝑑𝑡
=
𝜌𝑢𝑛𝑏
𝜌𝑘

𝑠𝑙𝑎𝑚 ∙ Ξ − [
𝑉

𝐴
(
1

𝑇

𝑑𝑇

𝑑𝑡
−
1

𝑃

𝑑𝑃

𝑑𝑡
)] (68) 

In the first phase the flame kernel expansion at high temperature is dominated by heat conduction from 

burned to fresh mixture. The temperature variation of the kernel is evaluated by solving the heat conduction 

equation for the space-dependent plasma temperature Tpl according to [105]. Once the flame kernel has 

reduced his temperature, the kernel temperature is estimated by applying an energy balance equation for 

the open system represented by the flame kernel under the following assumptions: 

• The system is in thermodynamic equilibrium; 

• The general gas law holds; 

• The pressure is uniform in burnt and fresh gases. 

The kernel can be convected because of the mixture flow close to electrodes and a specific submodel is used 

to account for wrinkling because of turbulence, which is experimentally found to affect the kernel burning 

rate since its early development, as shown by Herweg and Maly in their experiments [105]. The wrinkling 

factor Ξ is computed as [100]: 

 
𝑑Ξ

𝑑𝑡
= 𝑃1Ξ − D (69) 

where the destruction term D is: 

 𝐷 = [
𝑠𝑙𝑎𝑚
2

(Ξ − 1)3𝜈𝑡
−0.5𝑃1

1.5]
0.5

 (70) 

and P1 is the flame surface production term and νt the turbulent viscosity. 

The coupling with the main combustion models occurs at flame kernel radius of 1.2 mm: at that moment, 

the main combustion model starts to operate after the flame surface density has been initialized according 
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to the final effective kernel area, whose value depends on the turbulence wrinkling. In order to guarantee 

grid independent solution of the ignition phase, a grid size of 0.5 mm has been ensured in a control volume 

of 5 mm around the spark plug. 

4.6.2 Combustion Model  

The main combustion model used for premixed reacting flow combustion is the ECFM-3Z model in the 

standard implementation, available in the CFD code Fire. Only a brief summary of this model is here 

presented and further details on the ECFM-3Z model can be found in the Fire User Manual and [90]. 

The ECFM3Z is a combustion model based on a flame surface density transport equation and a mixing model 

that can describe inhomogeneous turbulent premixed and diffusion combustion. It allows to consider the 

wrinkling of the flame front surface by turbulent eddies. 

According to the ECFM3Z zone splitting (Figure 37), each computational cell is divided into three mixing 

zones: the unmixed fuel zone (letter F in the figure), the mixed zone containing fuel, air and EGR (letter M), 

and the unmixed air + EGR zone (letter A) 

 
Figure 37. ECFM3Z scheme 

The amount of unburned/burned gases in the mixed zone M is given by the progress variable 𝑐̃ which is equal 

to zero when the burned gas mass is zero, and equal to one when the total mass contained in the mixed zone 

has been burned. Burned gases of region Mb have a temperature Tb while the gases of the five other regions 

have the same temperature Tu 

In the ECFM3Z model, a transport equation is solved for the Favre average mass densities of chemical species 

fuel, O2, N2, NO, CO2, CO, H2, H2O, O, H, N, OH and soot inside the computational cell containing the three 

mixing zones. Therefore, when “burned gases” are mentioned they include the real burned gases in the mixed 

zone (zone Mb) plus a part of the unmixed fuel (zone Fb) and air (zone Ab). These equations are classically 

modelled as: 

 
𝜕𝜌̅𝑌̂𝑋
𝜕𝑡

+
𝜕𝜌̅𝑢̂𝑖𝑌̂𝑋
𝜕𝑥𝑖

=
𝜕

𝜕𝑥𝑖
((

𝜇

𝑆𝑐
+

𝜇𝑡
𝑆𝑐𝑡

)
𝜕𝑌̂𝑋
𝜕𝑥𝑖

) + 𝜔̇̅𝑥 (71) 
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where µ and µt are the laminar and turbulent viscosities respectively, and Sc and Sct are the laminar and 

turbulent Schmidt numbers. 𝜔̇̅𝑥 ⁡is the average combustion source term, and 𝑌̂𝑋 is the average mass fraction 

of species x: 

 𝑌̂𝑋 =
𝑚̅𝑥/𝑉

𝑚̅/𝑉
=
𝜌̅𝑥
𝜌̅

 (72) 

V is the cell volume, 𝜌̅ is the mean density and 𝑚̅ is the cell mass. The fuel is divided in two parts: the fuel 

present in the fresh gases 𝑌̂𝑓𝑢
𝑢 , and the fuel present in the burned gases⁡𝑌̂𝑓𝑢

𝑏 . This division is necessary to 

represent the fact that a part 𝑌̂𝑓𝑢
𝑢 ⁡of the fuel will be consumed by auto-ignition or premixed flame, while the 

remaining fuel 𝑌̂𝑓𝑢
𝑏 will be consumed by a diffusion flame: 

 𝑌̂𝑓𝑢
𝑢 =

𝜌̅𝑓𝑢
𝑢

𝜌̅
 (73) 

 𝑌̂𝑓𝑢
𝑏 =

𝜌̅𝑓𝑢
𝑏

𝜌̅
 (74) 

A transport equation is used to compute 𝑌̂𝑓𝑢
𝑢  

 
𝜕𝜌̅𝑌̂𝑓𝑢

𝑢

𝜕𝑡
+
𝜕𝜌̅𝑢̂𝑖𝑌̂𝑓𝑢

𝑢

𝜕𝑥𝑖
=

𝜕

𝜕𝑥𝑖
((

𝜇

𝑆𝑐
+

𝜇𝑡
𝑆𝑐𝑡

)
𝜕𝑌̂𝑓𝑢

𝑢

𝜕𝑥𝑖
) + 𝜌̅𝑆̃̇𝑓𝑢

𝑢 + 𝜔̅̇𝑓𝑢
𝑢  (75) 

where 𝑆̃̇𝑓𝑢
𝑢 ⁡is the source term quantifying the fuel evaporation in fresh gases. 𝜔̅̇𝑓𝑢

𝑢  is a source term taking 

auto-ignition, premixed flame and mixing between mixed unburned and mixed burnt areas into account, 

given by: 

 𝜔̅̇𝑓𝑢
𝑢 = 𝜌̅𝑓𝑢

𝑢 𝑆𝑙𝑎𝑚𝑌̂𝑓𝑢
𝑢 Σ (76) 

where Σ is the flame surface density whose transport equation is: 

 
𝜕Σ

𝜕𝑡
+

𝜕

𝜕𝑥𝑗
(𝑢̅𝑗Σ) −

𝜕

𝜕𝑥𝑗
(
𝜈𝑡
𝑆𝑐𝑡

𝜕Σ

𝜕𝑥𝑗
) = 𝑆Σ = 𝑆𝑔 − 𝑆𝑎 + 𝑆𝐿𝐴𝑀 (77) 

and 𝑆Σ represent the source surface density term composed by the production of the flame surface by 

turbulent rate of strain Sg, the annihilation of flame surface due to reactants consumption Sa and the 

contribution of laminar combustion to the generation of flame surface density SLAM. The main contributor Sg, 

which depends on a mean stretch rate parameter, is evaluated with the ITNFS function, used to account for 

turbulence interaction with the flame and flame quenching according to the local ratio of the integral length 

scale to the laminar flame thickness and to the local ratio of the turbulence fluctuations to the laminar flame 

speed. In the Σ transport equation and in the ITNFS function (and in the relation for the determination of the 

laminar flame thickness) the determination of the laminar flame speed is required.  

Since it affects the burning rate and it determines the efficiency how turbulence vortex may stretch the flame 

front, it is mandatory to provide the most accurate determination for the laminar flame speed, especially 

when different amount of water dilution must be considered. To this purpose, as already mentioned, a 

detailed chemistry solver has been used for the determination of the laminar flame speed at different 

condition of unburnt gas equivalence ratio, pressure, temperature, EGR and injected water mass fraction. It 
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is to note that the contribution to the laminar flame speed of the water injected mass fraction has been 

separated from that of the water in the exhaust gases by introducing a specific passive scalar. The 

methodology is presented in the next chapter. 

Further detail on ECFM3Z combustion model and all equations here reported can be found in [90]. 

4.7 Thermal Wall Function Modelling 

One of the main physical processes affecting engine operation and exhaust emissions is the heat flux through 

the cylinder boundaries. For a proper estimation of the heat flux the simulations have relied on Han and Reitz 

model. Han and Reitz [106,107] suggested and tested a wall function that included the compressibility effect 

inside the boundary layer and a variable turbulent Prandtl number, as a function of the dimensionless wall 

distance, written as: 

 𝑇+ = −∫
𝜌𝑐𝑝𝑢𝜏
𝑞𝑤

𝑑𝑇
𝑇𝑐

𝑇𝑤

=
𝜌𝑐𝑐𝑝𝑢𝜏𝑇𝑐

𝑞𝑤
ln (

𝑇𝑤
𝑇
) (78) 

and,  

 𝑇+ = 2.1 ∙ ln(𝑦+) + 2.5 (79) 

where  𝑇+ is the non-dimensional temperature, 𝑦+the non-dimensional distance, 𝑇𝑤 the wall temperature, 

𝑇𝑐 the temperature in the first cell centroid, 𝜌𝑐 the density in the first cell centroid, 𝑐𝑝 the specific heat, 𝑞𝑤 

the heat flux and 𝑢𝜏 the friction velocity is function of the turbulence kinetic energy k, given by: 

 𝑢𝜏 = 𝐶𝜇
0.25 ∙ 𝑘0.5⁡, 𝐶𝜇 = 0.085 (80) 

However, the correlations used to derive the turbulent Prandtl number profiles and so the 𝑇+ were extracted 

from incompressible flow experimental data, hence the final formulation was only partially non-isothermal. 

In order to deal with a more robust and accurate methodology for the assessment of the engine in-cylinder 

wall heat transfer, over the very large range of loads typical of both SI and CI engines currently under 

production, it would be important to rely on a more comprehensive fully non-isothermal wall function with 

a lower mesh sensitivity. The new thermal wall function presented in [108] lays the foundations for 

developing and testing a new fully compressible non-isothermal wall function. The main goal is to keep a 

general approach limiting the underlying hypothesis without relying only on the empirical correlations to 

track the temperature variation properties inside the boundary layer, usually adopted due to the lack of data 

for the compressible cases. 

The importance of this approach is because the flow temperature variation during the engine cycle in the 

near wall layer is large and so the density variation next to the walls. Moreover, it depends on the operating 

point (bmep, in particular) considered which affects the near-wall flow conditions.  

The wall function proposed in [108] is derived with the goal to predict the in-cylinder wall heat flux over a 

wide range of operating conditions, from idle to rated power. The proposed wall function, and the 

corresponding equation derivation steps have been compared with the most widely isothermal and non-

isothermal wall functions used in the Internal Combustion Engine (ICE) in-cylinder flow simulations. Then it 

was applied to the case referred to GM Pancake Engine, representative of low bmep engine. The new 

proposed wall function was validated both on pressure trace and heat flux profiles showing better accuracy 

than the other wall functions, as showed in Figure 38 reporting only one thermocouple result as example. In 

addition, a mesh sensitivity analysis has been performed pointing out how the new model allows the heat 

flux to be almost independent from the grid size. 
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The mesh size is an important variable during an In-Cylinder simulation as proved by several authors that 

found different heat flux curves changing the grid dimension near the walls. For these reasons, it could be 

useful to remove this uncertainty variable thanks to an independent mesh model. 

 
Figure 38.Thermal wall function comparison in a low-bmep engine case 

The next application on a current high-power density production engine, characterized by thermocouple 

measures in the engine block and representative of large bmep conditions, might be the topic of the 

forthcoming research. For this reason, since the new proposed wall function is not yet validated for high 

loads, it was decided to use the Han and Reitz formulation, whose reliability, supported by a correct mesh 

representation, has been validated several times. 

4.8 Turbulence Modelling 

The k-ζ-f RANS model, employed in the 3D CFD simulations of this work, relies on the elliptic relaxation 

concept providing a continuous modification of the homogeneous pressure-strain process as the wall is 

approached to satisfy the wall conditions, thus avoiding the need for any wall topology parameter. The 

variable ζ represents the ratio 𝑣̅2/𝑘, where 𝑣̅2 is a scalar property in the Durbin's v2 − f model [109], which 

reduces to the wall-normal stress in the near-wall region, and k is the turbulent kinetic energy. The set of 

equations are: 

 
𝜕𝑘

𝜕𝑡
+ 𝑈𝑗

𝜕𝑘

𝜕𝑥𝑗
= (𝑃 − 𝜀) +

𝜕

𝜕𝑥𝑗
[(𝜈 +

𝜈𝑡
𝜎𝑡
) +

𝜕𝑘

𝜕𝑥𝑗
] (81) 

 
𝜕𝜀
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+ 𝑈𝑗

𝜕𝜀
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𝑇
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𝜕
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𝜈𝑡
𝜎𝜀
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𝜕𝜀

𝜕𝑥𝑗
] (82) 
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𝜕𝜁

𝜕𝑥𝑗
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𝜁
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𝜈𝑡
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𝜕𝜁

𝜕𝑥𝑗
] (83) 

 𝐿2∇2𝑓 − 𝑓 =
1

𝑇
(𝐶1 + 𝐶2

𝑃

𝜀
) (𝜁 −

2

3
) (84) 
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with the wall boundary condition for 𝑓:⁡𝑓𝑤𝑎𝑙𝑙 = lim
𝑦→0

(−2𝜈𝜁/𝑦2). Here T represents a switch between the 

turbulent time scale 𝜏 = 𝑘/𝜀 and the Kolmogorov time scale 𝜏𝑘 = (𝜈/𝜀)0.5: 

 𝑇 = 𝑚𝑎𝑥 [
𝑘

𝜀
, 𝐶𝜏 (

𝜈

𝜀
)
0.5

] (85) 

The corresponding length scale L is obtained as a switch between the turbulent and Kolmogorov length 

scales: 

 𝐿 = 𝐶𝐿 ⁡𝑚𝑎𝑥 [
𝑘3/2

𝜀
, 𝐶𝜂 (

𝜈3

𝜀
)

0.25

] (86) 

Values of the coefficients appearing in the model equations can be found in [90]. 

4.9 Numerical Methods 

The transient flow algebraic equations have been solved by using the PISO algorithm, along with the MARS 

scheme as second-order discretization scheme for mass, momentum and energy equations, achieving better 

accuracy, because it possesses the least sensitivity of solution accuracy to the mesh structure and skewness, 

while turbulence is resolved with a second order blended scheme. More detail can be found in [90]. 
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Chapter 5: Water Effects on Combustion 
Process: Chemical Kinetics Calculations 

Among the main objectives of this thesis there is the evaluation of the effects of water on the combustion 

development and the engine knock attitude. In the present paragraph, the aim is to present the methodology 

used to consider the effect of the mixture index lambda, thermodynamic conditions, EGR and water vapor 

on combustion properties, namely Laminar Flame Speed (LFS), Laminar Flame Thickness (LFT) and Ignition 

Delayed Time (IDT), at different local pressure and temperature conditions, representative of the unburnt 

mixture conditions during the compression and combustion processes in GDI engines. The aim is to extract 

specific database through chemical kinetics calculations for each combustion property, as a support of 3D 

numerical simulation, replacing the less accurate correlations available. 

5.1 Choice of the Fuel Surrogate 

The real gasoline fuels are complex blends composed by thousands of hydrocarbons but the number of the 

most relevant hydrocarbon groups present in real fuels can be reduced to six: n-alkanes, iso-alkanes, olefins, 

aromatics, cycloalkanes and oxygenated components. Even considering only the hydrocarbons of these 

groups, the computational effort would result in unaffordable simulation time and this is the reason why only 

some components are taken into account, generating surrogates that can mimic the real fuel behaviour. 

More precisely, the behaviour of a fuel can be divided into physical properties (distillation curve, vapor 

pressure curve, density, droplets break-up etc.) and chemical properties (auto-ignition delayed time, laminar 

flame speed, etc.). Depending on the characteristic to be represented, different hydrocarbon blends are 

selected. The most common surrogates are defined as Primary Reference Fuel (PRF), a mixture of iso-octane 

and n-heptane (for example PRF87)  or an extended version containing also aromatics, the so-called Toluene 

Reference Fuel (TRF), by adding toluene to PRF, whose purposes are to replace the chemical properties of 

real fuel in term of combustion accuracy, for the representation of auto-ignition delayed time and laminar 

flame speed. Pitz et al. [110] recommend the addition of at least toluene to the mixture, as the toluene is the 

most abundant aromatic in the gasoline and it is characterized by a weak NTC behaviour. Moreover, modern 

real gasolines exhibit a fuel sensitivity that a conventional PRFs are incapable to correctly reproduce.  

Table 5. Composition of the analysed surrogate 

Surrogate Composition RON 

TAE7000 

i-C8H18 (42.9%) 

n-C7H16 (13.7%) 

C7H8 (43.4%) 

98 
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Furthermore, the continuous interest in bio-fuels has led to the investigation of PRF and TRF with the addition 

of ethanol (oxygenated component), which have an important antiknock property thanks to its high RON and 

MON values (116 and 101) and a negligible influence of laminar flame speed for values up to 15% (vol) [111]. 

Since the aim of the activity is to generate a database of LFS, LFT and IDT for the simulation of gasoline 

combustion, the analysis is mainly conducted on the fuel surrogate named TAE7000, whose composition is 

reported in Table 5, which was experimentally designed to provide similar values of reaction speed and auto-

ignition time to a TOTAL commercial gasoline [112]. 

5.2 Chemical Water Effect on Laminar Flame Speed and Thickness 

As already described in the previous chapter, common combustion methodologies, used for RANS 

simulations of internal combustion engines, require the knowledge of the laminar flame speed and its 

thickness. These are essential properties to calculate the reaction rate in most combustion models such as 

ECFM-3Z and G-Equation, which are based on flamelet approach.  

State-of-the-art combustion models, however, mostly rely on experimental correlations for the LFS and LFT 

[113], which present several shortcomings with respect to the sensitivity to the chemical  properties of the 

mixture, and do not keep into account the presence of water vapor as a diluent. Moreover, experimental 

measurements of the laminar flame speed are complex, and due to technological and physical issue (see 

Rallis et al. [114] for an in-depth survey) the measures are limited in pressure and temperature ranges of 

investigations, away from the engine’s typical ones. This is the reason why several authors [115,116] have 

proposed to refer to databases of LFS and LFT generated by means of detailed chemical simulations, rather 

than to classical correlations. The generated datasets can be used in three-dimensional CFD simulations by 

direct interpolation [115] or by the use of new correlations fitting the new data [116]. In order to generate a 

database with all the possible combinations of chemical and physical properties, that can be reached during 

the simulation of ICE, including the presence of a given mass fraction of water vapor and exhaust gases, a 

very high number of detailed chemical kinetics simulations need to be performed. 

5.2.1 Baseline Correlation Laws for Laminar Flame Speed and Thickness 

Water is expected to have an effect comparable to that of EGR thus lowering the laminar speed and 

increasing the LFT. The LFS of a reacting mixture is defined in literature [117] as a function of the physical 

properties P (pressure) and Tu (temperature of the unburnt gas) and chemical characteristics ϕ (equivalence 

ratio) and XEGR (mass fraction of the diluent) of the fresh mixture with the following expression: 

 𝑆𝐿 = 𝑆𝐿
0 (

𝑇

𝑇0
)
𝛼

(
𝑃

𝑃0
)
𝛽

∙ (1 − 𝑘 ∙ 𝑋𝐸𝐺𝑅) (87) 

 𝑆𝐿
0 = 𝐵𝑚 − 𝐵𝑓(𝜙 − 𝜙𝑚)

2 (88) 

 𝛼 = 𝛼0 − 𝛼1(𝜙 − 1) (89) 

 𝛽 = 𝛽0 − 𝛽1(𝜙 − 1) (90) 

where T0 is the reference unburnt gas temperature and P0 the reference pressure values at which sL0 was 

calculated (the values of T0 and P0 are usually taken at ambient conditions). The factor k ∙ XEGR is a correction 

term introduced to account for the presence of EGR as inert (k has values found in literature between 1.7 

and 2.3 [117]). The value ϕm corresponds to the equivalence ratio at which the maximum LFS was found, 

while the other coefficients must be modified as a function of the chosen fuel and correlation (usually 

Metghalchi and Keck [117], Heywood [118], or Gulder [119]).  
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As far as LFT is concerned, among the several LFT literature meanings, many authors agree that the most one 

useful in combustion modelling is the thermal thickness [113], which is derived from the temperature profile 

inside the reaction zone defined as: 

 𝛿𝐿
0 =

𝑇2 − 𝑇1

𝑚𝑎𝑥 (|
𝑑𝑇
𝑑𝑥

|)
 (91) 

where T2 represents the temperature of the burnt gases and T1 is the temperature of the fresh mixture. A 

correlation based on scaling laws [120] was introduced to overcome the lack of experimental data regarding 

the LFT, as proposed in Eq.(9192), calculated with the properties of the fresh mixture, where λ is the thermal 

conductivity of the gas, ρ is its density, CP the specific heat at constant pressure, and sL is the LFS in that 

condition. 

 𝛿𝐿
0 =

𝜆

𝜌𝑐𝑝𝑠𝐿
 (92) 

Blint in [120] corrected the previous correlation by introducing a correction factor based on the burnt gas 

temperature, leading to a new formulation: 

 𝛿𝐿
𝑏𝑙𝑖𝑛𝑡 = 0.626 ∙ (

𝜆

𝜌𝑐𝑝𝑠𝐿
)
1

∙
(𝜆/𝑐𝑝)2
(𝜆/𝑐𝑝)2

 (93) 

where subscript 1 indicates that the property refers to the fresh mixture, and subscript 2 is the condition of 

the burnt zone. Therefore, water induces a change in the laminar flame thickness due to both a change in 

the laminar speed and the mixture properties before and after the flame front. 

5.2.2 Characteristics of the Chemical Simulations 

The simulations, based on detailed chemistry approach, for the LFS and thickness were performed in a one-

dimensional environment with successive mesh refinements. In this type of simulation, the flame is 

considered adiabatic, planar and stationary, invested by a fresh mixture current, whose speed corresponds 

to that of the displacement of the reaction zone. Since the simulation is performed for an unstrained steady 

flame, the displacement speed can be considered the reaction speed, and therefore, its value represents the 

LFS required for the combustion models [113]. 

The unburned mixture is formed by chemical species calculated on the basis of the equivalence ratio between 

fuel and air (formed only by 02 and N2) and the presence of EGR and water vapor. The composition of EGR is 

calculated based on a complete stoichiometric combustion, therefore from a combination of O2, N2, and H2O 

whose mass fractions only depend on the fuel formulation. The adopted methodology for the database 

generation and the chemical simulations is based on the work by Cazzoli et al. [115], which relies on the 

Cantera implementation in Python and requires to choose other two key aspects of the simulations:  

• the chemical kinetics mechanism; 

• the breakpoints for all the accounted variables. 
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5.2.3 Chemical Kinetics Mechanism and Validation 

The air-fuel mixture within internal combustion engine experiences a wide range of pressure, temperature, 

and diluent distribution conditions, therefore it is upmost importance that the chemical processes are well 

validated over these ranges. The selection of the chemical kinetics scheme must keep into account three 

parameters: 

1. the presence of reactions for all the species of the chosen surrogate;  

2. the number of species and reactions considered, under the point of view of the completeness of the 

mechanism; 

3. the computing time required to run a simulation. 

The quality of the numerical prediction depends on the employed kinetic reaction scheme. In literature 

several detailed, semi-detailed and skeletal chemical kinetics mechanisms are proposed, tailored for the 

resolution of LFS or IDT, or both, using a specific fuel or a mixture, and under different thermodynamic 

conditions. 

Concerning the LFS evaluation, the reaction mechanisms considered are reported in Table 6: PoliMI red. 

[121], PoliMI [122] and LLN [123]. These mechanisms have been chosen because they were developed for 

simulating the reacting features of gasoline under both high and low temperature conditions. 

Table 6. Chemical kinetics mechanisms 

 Time/Sim Species Reactions 

POLIMI red. [121] REF 156 3465 

POLIMI [122] ~6 x REF 451 8153 

LLNL [123] >20 x REF 1387 10481 

 

However, in order to define the kinetic mechanism to be used for the whole LFS and thickness map, the 

calculation time was estimated as listed in Table 6. The computational cost was obtained with a benchmark 

performed on ten successive simulations on a computer with Intel Xeon Platinum with 3.0 GHz, 36 cores, 144 

GB ram, Cantera version 2.3.0, and Python version 3.7.2. The time required for the computation is 

proportional to the number of species and reactions present in the chemical kinetics mechanism, but also to 

the physical and chemical properties of the simulated point, since the simulation might require more 

iterations to converge.  

The reduced POLIMI mechanism, although it showed some interest for the undoubted lower calculation time, 

it was found to lose accuracy in the comparison between experimental and numerical laminar speed data in 

[123], for different fuel surrogates, as shown in Figure 39 for PRF87, where an increasing discrepancy was 

found as the equivalence ratio increases. As a result of these preliminary considerations, the PoliMI reduced 

scheme was excluded from further analysis. In addition, in order to reduce the time required to populate the 

dataset, an automatic reduction methodology defined as DRGEP (Directed Relation Graph with Error 

Propagation) with Sensitivity Analysis was implemented.  

The validations of the PoliMI and LLNL chemical kinetics schemes, using surrogate TAE7000, have been 

performed by comparing the values of laminar flame speed with experimental data available from [124], for 

the adopted surrogate at 358 K and 1 bar. Figure 40 illustrates that the simulation results are in good 

agreement with experimental data both using PoliMi and LLNL along the entire equivalence ratio range. 

Considering the quality of the results and the computational cost, the PoliMi mechanism has been chosen in 

the end to extend the analysis to other conditions. 
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Figure 39. Comparison between PoliMI and PoliMI-reduced mechanisms with experimental data [] for the prediction of LFS of PF87 

at P=20 bar, T=353 K [123] 

 
Figure 40. Comparison between PoliMI and LLN against experimental [124] LFS data for TAE7000 surrogate at T=358 K, P =1 bar 

5.2.4 Thermodynamic and Mixture Conditions Tested 

The database to be generated must include all the thermodynamic and mixing conditions faced by fresh 

mixture inside a high-bmep modern engine. The variables to be considered that influence the laminar speed 

of flame, are the temperature of the unburnt (Tun), the pressure (P), the equivalence ratio (Φ) and the mass 

of diluents (XEGR and Xwater). In particular, the margins of the five variables examined have been taken wide 

enough to use the results for both low and high engine load simulations (Table 7). The number of breakpoints 

for each variable was chosen to adequately capture the main trends, with a focus on those regarding the 

mass fraction of each mixture component. 

The water mass fraction of the mixture (i.e, this parameter is different from s, the non-dimensional water 

mass) is limited to 6% because it was reported in [115] that, during engine operations, it is not feasible to use 

a higher amount of water than of fuel at stoichiometric conditions, mainly because of the evaporation times 

of the liquid droplets. 
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Table 7. Breakpoints used for generating the dataset of LFS 

 MIN MAX # Points 

P (bar) 5 160 7 

Tun (K) 450 1100 14 

Φ (-) 0.3 2.5 16 

Xegr (%) 0 30 5 

Xwater (%) 0 6 4 

Now that the surrogate, the chemical mechanism and the simulation conditions have been defined, some of 

the main results will be investigated in representative thermodynamic and mixing conditions inside the 

cylinder during the combustion and expansion phase, in order to illustrate the main water effect trends on 

LFS and LFT 

5.2.5 LFS and LFT Chemical Simulation Results 

As expected the LFS for an undiluted mixture shows a maximum around the stoichiometric equivalence ratio, 

the relative reduction for not too rich mixture is almost independent from the unburned pressure and 

temperature as showed in Figure 41, where on the y-axis is reported the SL normalized against its maximum 

value and on x-axis the equivalence ratio. 

In general, for a given equivalence ratio, unburned pressure and temperature, the addition of a diluent causes 

an overall reduction of the LFS. Figure 42 shows, for a representative engine-like conditions, that the LFS 

tends to slow down as the mass fraction of water present in the mixture increases, with a consequent slowing 

down of the whole combustion process. To better understand how the effect of water on the LFS evolves 

according to the mixture distribution, in Figure 43 the values are normalized with the maximum speed 

evaluated without water. The reduction of LFS tends to be greater for low φ values: the leaner is the mixture, 

the greater is the slowdown caused by the presence of water.   

 
Figure 41. TAE 7000 undiluted mixture: effect of different engine-like thermophysical conditions and equivalence ratio on LFS 
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Figure 42. Water effect on LFS: P = 50 bar, T = 600 K, EGR 5% 

 
Figure 43. Water effect on LFS: P = 90 bar, T = 700 K, EGR 5%, focus on Φ variation 

 
Figure 44. Water effect on LFS: P = 50 bar, Φ=1, EGR 5%, focus on T variation 
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Figure 45. Water effect on LFS: T = 700 K, Φ=1, EGR 5%, focus on P variation 

 
Figure 46. Water and EGR effect comparison on LFS 

From Figure 44 it can be seen that the variation of temperatures, keeping the other variables constant, causes 

a stronger slowdown at low temperatures, with a more significant effect with the maximum percentage of 

water (6%). The black curve shows indeed a greater slope than the other cases. On the contrary, the pressure 

variation reported in Figure 45 is almost irrelevant. 

As already described in the previous Chapter 3, water tends to have a more important impact on the laminar 

speed slowdown than EGR. Figure 46 shows the effects of different percentage of pure water diluent (without 

EGR) and pure EGR diluent (without water) on laminar flame speed. Even at 1% of diluents, water differs 

from the EGR profile showing a clear greater attitude to slow down the flame with a linear dependence. 

Despite they are both diluents and inert for the engine combustion process, the effect induced by the water 

and the EGR are quite different because of different chemical composition. This behaviour was found also in 

literature [125] and was represented by Cazzoli et al. [115] in a LFS correlation.  

These water aspects are decisive for the combustion duration, especially in the first instants after ignition. 

For this reason, one of the objectives of fluid dynamics simulations will be to examine the amount of water 

vapor near the spark plug during the ignition, assessing immediately which configuration will tend to have a 

first slower combustion phase. Furthermore, longer combustion duration could involve higher exhaust gas 
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temperature during the expansion stroke exceeding the TiT limits. As a result, the combustion system has to 

be designed to counterbalance this effect.  

In addition, the application of a flamelet combustion model, based on the flame surface density transport 

equation, requires not only the evaluation of the LFS but also of the LFT (Laminar Flame Thickness). This is 

relevant to consider the efficiency of the turbulent vortices to wrinkle the flame.  

In Figure 47 is illustrated how the LFT is affected by the water for a given T, P and EGR parentage, evaluating 

the LFT with the Eq.(93). As the percentage of water in the mixture increases, the thickness of the flame is 

increased. From a theoretical point of view, a higher flame thickness leads to a lower interaction with 

turbulence vortexes, because the capacity to corrugate the flame is weaker. As a result, this factor can also 

involve a reduced combustion speed. 

Figure 48 reports the LFT versus equivalence ratio, showing the separate effects of water and EGR. For 

mixtures close to stoichiometric condition, low percentages of diluents (less than 1%) do not lead to a 

significant change in LFT between pure water and pure EGR.  

 
Figure 47. Water effect on LFT calculated with Blint's correlation[120] 

 
Figure 48. pure Water and pure EGR effects on LFT calculated with Blint's correlation [120] 
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However, as the diluent percentage increases, the flame tends to become thicker with a greater influence of 

water.This is due not only to the lower laminar flame speed in the presence of water vapor, but also to the 

variations in the local properties of the mixture in terms of specific heat and thermal conductivity. In addition, 

the greater effect of water seems to be more pronounced for leaner mixtures.  

5.3 Chemical Water Effect on the Ignition Delay Time 

As far as the auto-ignition time is concerned, this is determined experimentally from the instant when the 

mixture is spontaneously ignited without the auxiliary energy of an external ignition source. This can occur 

after the mixture has reached a threshold temperature called "auto-ignition temperature" which is not an 

intrinsic property of the mixture as it is mostly affected by the pressure and the vessel shape/pressure. 

Moreover in [126] the authors experimentally emphasized that the IDT was also associated with wave 

propagation inside the chamber due to flame instabilities. 

As in the case of LFS, also the experimental determination of IDT is a rather difficult and expensive procedure, 

mostly performed under stoichiometric conditions by varying pressure and temperature. 

Sometimes the diluent EGR is added in order to verify the autoignition delay time behaviour [127], but the 

addition of water vapor, not as part of the standard EGR but as a standalone specie, is usually not considered.  

For these reasons it is important to evaluate the of auto-ignition times with a similar approach as for LFS, in 

order to populate new lookup table under the typical conditions of GDI engines with the addition of the 

effects of dilution with water and EGR. Computational approach based on chemical kinetic calculations in a 

0D model of an adiabatic reactor at constant volume was used in order to reproduce the experimental 

conditions of a shock tube, under imposed initial conditions. 

5.3.1 Baseline Correlation Laws for Ignition Delayed Time  

One of the first empirical correlation can be found in the work of Livengood and Wu [128], where the authors 

proposed a condition for which the auto-ignition starts by means of an induction time expression, as a 

function of cylinder pressure P, unburned temperature Tu and tuning constants (X1, X2 and X3) in order to fit 

the experimental data: 

 𝜏 = 𝑋1 ∙ 𝑝
−𝑋2 ∙ exp⁡ (

𝑋3
𝑇𝑢
) (94) 

where the ignition delay time, τ, represents the time it takes to establish the amount of radicals and heat 

necessary for autoignition to take place for a fixed pressure and temperature. The main weak point of this 

formulation was the lack of accuracy in the negative coefficient region (NTC region) where the fuel 

experiences a decreasing ignition delay time by increasing temperature. This was source of inspiration for 

developing more reliable models, like that carried out by Del Vescovo et al, in [128]. They developed an 

Arrhenius-based power law correlation to predict ignition delays of PRF blends between PRF100 (iso-octane) 

and PRF0 (n-heptane) with particular emphasis in capturing the NTC region profile. The improvement was 

achieved by rework the Arrhenius starting function and substituting the constant parameter with coefficients 

that are function of temperature and PRF properties. 

Despite the numerous attempts to define a reliable correlation law, as in the case of LFS, this can lead to 

major errors, especially when used in conditions far from experimental and with different fuel. This is the 

reason why also in this case it was preferred to rely on the generation of a new database for the TAE7000 

surrogate, taking into account both the presence of water/EGR and the thermodynamic and mixing 

conditions that characterize the new modern high-bmep engines.  
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5.3.2 Chemical Kinetics Mechanism and Validation for the Ignition Delayed Time 

The computational time required is considerably smaller than that of laminar flame speeds, so there is no 

need to research and test a reduced scheme: even in this case the kinetic scheme PoliMI has been used and 

validated.  

Unlike LFS, for this type of surrogate, similar to the behaviour of a real gasoline, there are no experimental 

data with which to validate the chemical kinetics calculations for the extraction of IDT. For this reason it has 

been used another type of surrogate containing the same components of TAE7000 (surr_A composition: 

16.9% (vol.) n-heptane NC7H16, 62.9% iso-octane IC8H18, 20.2%(vol.) toluene C7H8) whose data are 

available in literature [129].  

Figure 49 shows the IDT versus the ratio 1000/T. The simulations data report a good match between 

numerical and experimental data for temperatures higher than 900 K, while the chemical mechanism tends 

to underestimate the ignition delay time at lower temperatures, especially for the richer mixture. 

 
Figure 49. Ignition delay time of surr_A for different equivalence ratios and temperatures at P=50 bar 

 
Figure 50. Ignition delay time of surr_A for different EGR mass fractions and temperatures at P=20 bar 
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The effect of water on IDT has never been measured experimentally by any author. The best way to test the 

effectiveness and sensitivity of the kinetic mechanism to a diluent is to add EGR, whose experimental data 

are available in [128]. The results, reported in Figure 50, compare the experimental and calculated values of 

ignition delay time for the surr_A at P=20 bar, 𝜙=1.0 and different fractions of EGR (0%, 20%, 30%). The 

comparison between experimental data and the simulation results show a good agreement both in terms of 

absolute value and sensitivity to diluent addition. 

5.3.3 Thermodynamic and Mixture Conditions Tested 

Since the auto-ignition event triggers phenomena at higher temperature and pressure than normal 

combustion, it is necessary to take into account these thermodynamic conditions through an appropriate 

choice of breakpoints to simulate (Table 8). However, the size of the dataset has remained approximately 

unchanged since the number of points of the equivalence ratio has been reduced having, unlike the LFS, a 

much lower sensitivity.  

Table 8. Breakpoints used for generating the dataset of IDT 

 MIN MAX # Points 

P (bar) 5 200 10 

Tun (K) 650 1200 20 

Φ (-) 0.3 2.5 8 

Xegr (%) 0 30 5 

Xwater (%) 0 6 4 

5.3.4 Results of the Kinetic Chemical Simulations  

For undiluted mixture, the IDT decreases with increasing pressure and temperature, as shown in Figure 51. 

It should also be noted that as the pressure increases, the slope change inside the NTC region becoming 

weaker, and thus the IDT values increase faster moving towards high temperature conditions. Figure 51 

combines also the effects of temperature and equivalence ratio. It can be seen that the richer the mixture, 

the shorter the IDT, in agreement with the experimental value obtained by Gautier [130] for a generic 

gasoline fuel. The decreasing effect diminishes when the mixture gets rich and very rich (φ=1.5-2). It must be 

noted that this effect is relevant at high temperature, when the IDT is small. 

Figure 52 shows the effects of adding diluents (EGR or water) on the IDT for stoichiometric mixture. Due to 

the very wide range of values that the IDT can assume in this temperature range, and the low amount of 

diluents involved, the differences can only be glimpsed. For this reason, three temperature values are 

analysed in detail with a multidimensional space: 650 K (low temperature), 950 K (mid temperature) and 

1100 K (high temperature). For this comparison, a pressure of 75 bar is chosen since it is close to a possible 

mean pressure at the heaviest knock events in the engine simulation. 

As expected, as the percentage of EGR or water increases the knock attitude tends to decrease significantly 

as showed in Figure 53-Figure 55, for the three temperature considered and for diluent mixture percentage 

up to 6% of pure water, pure EGR or both diluents. 
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Figure 51. TAE7000 IDT: effect of pressure, temperature and mixture without diluents 

 
Figure 52. EGR and Water dilution effects on IDT for Φ=1 

 
Figure 53. IDT: EGR and water effects at Φ =1.0, P = 75 bar, T=1100 K 
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Figure 54. IDT: EGR and water effects at Φ =1.0, P = 75 bar, T=950 K 

 
Figure 55. IDT: EGR and water effects at Φ =1.0, P = 75 bar, T=650 K 

 
Figure 56. IDT: EGR and water effects at Φ =0.5, P = 75 bar, T=650 K 
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At low temperature (650 K), the IDT can vary up to a maximum of 7 milliseconds compared to the undiluted 

case, while at 1100 K the variation is limited to about 1.5 milliseconds. Thus, from the previous graphs it can 

be deduced that the resistance due to water addition is higher at lower temperatures. This effect is positive 

in order to avoid the pre-ignition events that could occur during the compression stroke. 

Observing the effect of the diluent, it is almost linear with its mass fraction independently from the thermo-

physical conditions and diluent chemical composition. Moreover, for the clarity on the antiknock effect, it 

should be remembered that at 7000 rpm an increase of 1 milliseconds of auto-ignition time corresponds to 

42 CA deg., which is a considerable value. 

Furthermore, comparing Figure 55 and Figure 56, which take into account the same thermodynamic 

conditions, one can see that decreasing the equivalence ratio value from 1.0 (stoichiometric mixture) to 0.5 

(lean mixture), the IDT enhancement due to the presence of EGR and/or water is greater. This confirms the 

great importance of analysing the local distribution of the fresh mixture inside the cylinder and close to the 

spark plug during the CFD simulations. 

In order to highlight the separate diluents effects, Figure 57 and Figure 58 report the IDT variation of the pure 

diluents for different mass fractions and equivalence ratio at given pressure and temperature conditions. As 

one can see, the water influence is stronger than that played by the EGR as far as the reduction of the IDT is 

considered. However, the increase anti-knock attitude of the water is much more relevant at low 

temperature as highlighted before: at 950 K the maximum IDT increase (at 6% of diluent) with pure water is 

only 0.04 milliseconds with regards to pure EGR. The same trend has been observed for all the equivalence 

ratio, pressure and temperature combinations of the observed space. 

 
Figure 57. Pure Water and EGR effect on IDT at Φ=1, P= 75 bar and T= 950 K 

 
Figure 58. Pure Water and EGR effect on IDT at Φ=1 P= 75 bar and T= 650 K 



92 
 

5.4 Summary 

This chapter has presented in detail the main results of chemical kinetics simulations for the evaluation of 

the laminar speed, the flame thickness and the auto-ignition times for different thermodynamic and mixture 

conditions, typical of modern high bmep-engine. In particular, the effects of water have been highlighted, 

compared with those of EGR, making an important contribution to the correct simulation of combustion 

process of internal combustion engines with water injection.  

For the analysis a surrogate that could best represent the behaviour of common gasoline was chosen: the 

TAE7000.  

For the study of the laminar speeds, different kinetic mechanisms have been compared from the point of 

view of both accuracy and calculation time, whose final choice has fallen on the PoliMI. Water proved to have 

a more pronounced effect compared to EGR, decreasing the laminar speed regardless the equivalence ratio. 

The analysis has been extended also to the flame thickness, showing how for pure water or pure EGR greater 

than 1%, the water increases the flame thickness considerably, reducing the wrinkling capacity of the flame.  

Finally, the effect of water has been evaluated on auto-ignition time for the same surrogate. The validation 

was always carried out with the PoliMi mechanism but with a similar surrogate (Surr_A), due to the absence 

of specific literature data. The water shows a higher anti-knock capacity than the EGR, especially at low 

temperatures.  

Thanks to these data and the use of Machine Learning algorithms, for the minimization of errors, new 

correlations have been generated for LFS and IDT that take into account the presence of water as 

demonstrated in the articles [131]. However, in the simulations of this work the chemical kinetics data have 

been used to create new databases (look-up tables) that can be directly interrogated during the simulations 

in order to improve the accuracy of the combustion process. 
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Chapter 6: Experimental Characterization of 
a Low-Pressure Water Injector 

 
The objective of the experimental activity was to characterize the water spray of a PWI system, operating at 

relative injection pressure between 4 and 8 bar. Higher injection pressure investigation was not possible due 

to the safety limits of the installation. 

The lack of data in literature and the need to properly initialize spray models under low pressure condition, 

at which atomization model are switched off, has made this type of experiment of relevant importance, for 

a correct representation of the spray through numerical analysis (CFD).    

This paragraph briefly describes the fundamental procedures and techniques for the macroscopic and 

microscopic characterization of a typical injector used for UREA applications and perfectly suitable for Port 

Water Injection systems. The aim is to define some fundamental properties such as: mass flow rate, spray 

angle, spray penetration and characteristic diameters useful for numerical validations. This initially involves 

a hydraulic study of the system and then the use of specific techniques, such as imaging and PDA, to get a 

deeply knowledge of the spray development. 

The experimental activity was conducted at CMT Termicos-Politecnic of Valencia laboratories during the 

stage abroad. The activity was limited to PW injector experimental characterization only because of the 

suspension of all activities due the pandemic emergency and related measures. A few months after the total 

closure of the facility, the working group belonging to the ‘injection team’ was able to carry out some of the 

pre-scheduled experiments about this injector for the last part regarding PDA analysis. The results sent to 

me, were sufficient both to have a very clear picture of its working conditions, through data post-processing, 

but above all to carry out the next part of numerical validation. Without this kind of information, it would be 

impossible to correctly calibrate the numerical models obtaining reliable results on engine simulations. 

6.1 Hydraulic Characterization 

As far as the characterization of an injector is concerned, the hydraulic characteristics in terms of momentum 

flux and rate of injection (mass flow rate) are of worth importance together with the widely and mostly 

common data on the spray droplet size and penetration. All these information are very important to properly 

initialize the three-dimensional CFD spray simulations. 

The most common methods for calculating the mass flow rate of high-pressure injectors, such as those for 

diesel and GDI applications, are the Bosch and Zeuch methods [132,133]. For PWI applications, where the 

operating pressures are much lower, a different method is used: it is similar to what is performed for UWS 

(Urea Water Spray) systems and now it is briefly described. 

The momentum flux method consists in the evaluation of the momentum of a liquid jet impacting on a 

surface. It is measured indirectly inside a constant volume vessel, usually filled with an inert gas such as 

nitrogen, where a liquid spray impacts orthogonally against a piezoelectric translator, which records the 

impact force, as showed in Figure 59. More precisely, a membrane pressure transducer is used instead of a 

force transducer to prevent the sensitive parts of the gauge from being directly exposed to the vessel 
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ambient. The transducer must have some characteristics such as fast dynamic response and a very high 

natural frequency in order to be unaffected by the injector frequency. Moreover, it should be very resistant 

since it may face high forces due to the liquid fuel spray impact versus the transducer plate, especially at the 

highest injection pressures. 

Thanks to the addition of the piezoelectric transducer, it is possible to record the deformation experienced 

by the membrane, transforming it into an electrical signal and therefore into a force output. The piezoelectric 

transducer is preferred over other systems such as piezoresistive ones because of its improved dynamic 

behaviour and higher sensitivity. 

Considering a fluid in a control volume V and surface S, as showed in Figure 59, the impact of the spray on 

the transducer plate is governed by the momentum conservation equation. Under the assumptions that: 

• the gravity force is neglectable; 

• the pressure P that acts on the target is uniform; 

• the impact area is smaller than the frontal plate area; 

• the flow direction of both the nitrogen entering the control volume, and fuel exiting it after impacting 

the sensor, are perpendicular to the spray axis: axial component of momentum flux, as well as the 

viscous stress, are null. 

 
Figure 59. Schematic representation of a momentum flux device [133] 

The force F produced by the spray on the impact surface can be written as: 

 𝐹 =
𝛿

𝛿𝑡
∫ 𝜌𝑢⁡𝑑𝑆 +⁡𝑀̇
𝑆

 (95) 

where 𝜌 and 𝑢 are the local density and velocity, respectively, of the mixture passing through the control 

volume, S is the surface of the control volume, and ˙𝑀̇ represents the momentum flux at the outlet of the 

orifice, considered to be parallel to the nozzle axis. The first term on the right side of the equation represents 

the variation of momentum flux within the control volume. Thus, for steady state conditions, Eq.(95) can be 

simplified as:  

 𝐹 = 𝑀̇ (96) 

The injector tip is usually placed at a distance between 5 and 15 mm from the target plate. However, this 

does not affect the measurement as long as the transverse area of the jet remains much smaller than that of 
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the membrane, so that the jet is perpendicular to it. For this purpose, the target size can be increased taking 

into account that the addition of a mass leads to a decrease in the natural frequency of the sensor.  

Now it possible to extract the mass flow rate 𝑚̇ combining its definition with the momentum flux: 

 𝑚̇ = 𝐴𝑒𝑓𝑓 ∙ 𝜌 ∙ 𝑢𝑒𝑓𝑓 (97) 

 𝑀̇ = 𝐴𝑒𝑓𝑓 ∙ 𝜌 ∙ 𝑢𝑒𝑓𝑓
2   (98) 

For the calculation of the momentum flux and the mass flow rate it is important to consider that the velocity 

and density profiles and the actual area crossed by the fluid can deviate from the ideal conditions depending 

on the operating conditions of the injector and the geometry of the nozzle holes, as showed in Figure 60. For 

example, the presence of strong turbulence, slip condition and cavitation may alter the spray outflow from 

the nozzle holes, with a profile that is no longer uniform. 

It is therefore necessary to introduce coefficients that take into account these deviations from ideal 

situations, such as: 

 
Figure 60. Flow nozzle conditions: ideal vs real distributions 

• the velocity coefficient: 

 𝑐𝑣 =
𝑢𝑒𝑓𝑓

𝑢𝑡ℎ
 (99) 

• the area coefficient: 

 𝑐𝑎 =
𝐴𝑒𝑓𝑓

𝐴𝑡ℎ
 (100) 

• the discharge coefficient: 

 𝑐𝑑 =
𝑚̇

𝑚̇𝑡ℎ
 (101) 
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where the subscript eff and th mean effective and theoretic states respectively. So, it is possible to rewrite 

Eq.(97) and Eq.(98) as: 

 𝑚̇ = 𝐴𝑡ℎ ∙ 𝜌 ∙ 𝑢𝑡ℎ ∙ 𝑐𝑣 ∙ 𝑐𝑎 (102) 

 𝑀̇ = 𝐴𝑡ℎ ∙ 𝜌 ∙ 𝑢𝑡ℎ
2 ∙ 𝑐𝑣

2 ∙ 𝑐𝑎 (103) 

and combining them it is possible to obtain the final formula for the mass flow rate, 

 𝑚̇ = √𝐶𝑎 ∙ 𝐴𝑡ℎ ∙ 𝜌⁡√𝑀̇ (104) 

Additionally, with the purpose of obtaining the exact total injected mass quantity, a gravimetric scale is used. 

The quantity of the water mass measured should correspond to the integral of the mass flow rate evaluated 

from the momentum flux in Eq.(104). Therefore, a correction factor will be used for adjusting the ROI (Rate 

Of Injection) curve calculated from the momentum flux in order to get the right water injected mass. 

A listed in Table 9, the experimental campaign carried out on the examined injector has been very wide, 

including different injection pressures, chamber back pressures (named BP in this chapter) and fluid 

temperatures, for each of which a momentum flux and a mass flow rate have been extracted. Therefore, it 

is now reported an example that led to the mass flow rate extraction from a specific operating condition of 

the injector and a description of the experimental rig used. 

The injector used is a dossing module from Bosch, with three nozzle holes each having a diameter of 135 

microns. This type of injector is usually used for UWS applications, whose operating conditions in terms of 

injection pressure, pipe back pressure and mixing requirements are close to those of a typical PWI injector, 

operating in an pressure range between 4 and 9 bar (gauge). Table 9 shows the matrix of tests performed in 

the laboratory for the evaluation of momentum flux and ROI (Rate of Injection). 

Table 9. Test Conditions 

Water Temperature 25-60 [°C] 

Injection Pressure  4 – 8 [barg] 

Back Pressure  0.5 - 2.5 [bar] 

Energizing time 4 [ms] 

Number of repetitions per test 50  

Number or repetition 2 

Injection frequency 1 [Hz] 

The measurements were made on a single nozzle hole, positioning its axis perpendicularly to the target which 

is the piezoelectric transducers and assuming the same behaviour for the other two holes. The hole is placed 

at 5 mm from the target in order to ensure the fulfilment of the fundamental hypotheses, previously 

mentioned. However, the measurements may not be affected by this distance with a wide tolerance 

(between 2 and 11 mm) depending on the operating condition and the type of injector, as reported in [134].  

Once the injector has been installed inside the vessel and aligned with the transducer, it is connected to the 

signal generator which allows the control of the electrical impulse used to operate the needle lift by 

controlling timing and duration. A cooling/heating system, directly connected to the injector, was used to 

control the fluid temperature. Moreover, the pressure control of the working fluid (i.e, water) was enforced 
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by connecting the injector to a hydro-pneumatic pressurized system. The system has been previously 

calibrated to fulfil a maximum force standard deviation of 0.5%. A simple scheme of the entire test rig is 

shown in Figure 61. 

Figure 62 shows the force signals measured by the instrumentation for three different relative injection 

pressures (4 bar, 6 bar and 8 bar) considering a constant back pressure (BP) of 1 bar and a fluid temperature 

of 25°C. These correspond to the same conditions used for the PDA spray imaging and for the CFD three-

dimensional numerical validation of the spray models. Figure 62 clearly shows a background noise generated 

by some instabilities which introduces additional frequencies into the signal. Specifically, these disturbances 

are caused by all or a part of the followings:  

• pressure waves inside and outside the injector induced by the opening of the needle (1000-4000 Hz) 

and related system perturbation; 

• turbulence of the liquid jet both inside and outside (5000 Hz);  

• mechanical vibrations due to the acceleration of the needle that can also activate the system's modal 

frequencies; 

• acoustic waves (very weak); 

• typical signal noise of the measuring system (minimized by a correct calibration). 

Among all these disturbances it is proved that turbulence is the that one that most contributes to the noise 

of the recorded signal. For this reason, each measure, before being averaged, has been repeated twice with 

50 injections for each repetition (100 injections in total at a rate of 1 injection event per second) and then a 

low pass filter has been applied. Figure 63 shows the final filtered signal obtained for the case at 8 bar of 

relative injection pressure, which may be considered as the most interesting and representative one for PWI 

applications.  

The first important signal oscillation can be seen after the SOI (Start Of Injection) and it is due to the start of 

the liquid flow rate issuing from the injector. 

 

Figure 61. Experimental facility layout 
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Figure 62. Momentum Flux for Pinj 4, 6, 8 bar, Tfluid 25°C and BP 1 bar 

 
Figure 63. Momentum Flux signal filtered, Pinj 8 bar, Tfluid 25°C and BP 1 bar 

It has been noticed how in the first instants the injector tends to generate ligaments and large drops, which 

increases the density of the spray and, therefore, the force impressed on the sensor. One can also notice a 

smaller oscillation of the signal when the needle is closing, due to the pressure instability inside the injector 

that is reflected back to the sensor. As far as the central phase of the signal is concerned, it can be seen that 

the initial higher instabilities, up to 1.2 ms, do not affect the main injection phase (between 1.2 ms and 5.5 

ms), without generating greater signal disturbance waves in the filtered signal.  

Figure 64 shows the average value of the momentum flux in the steady phase of the signal. As the pressure 

difference (difference between injection pressure and back pressure) rises, it increases linearly, being the 

force directly proportional to the pressure. Moreover, the experimental tests have shown that the effects of 

the fluid temperature between 25°C and 60°C are negligible on the momentum flux value, since they are far 

from those leading flash boiling conditions at the given back pressure. 

The experimental results obtained from momentum flux were used for the calculation of the Rate Of Injected 

mass (ROI) as give by Eq. (104) and shown in Figure 65 for the case at 8 bar of relative injection pressure. 

During the test, the actual amount of the mass injected was also measured through a calibrated scale. 
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Figure 64. Mean Momentum Flux Pinj 4, 6, 8 bar, Tfluid 25°C and BP 1 bar 

 
Figure 65. ROI for injection pressure of 8 bar, 25°C and BP 1 bar 

 
Figure 66. Mean Rate of Injection, Pinj 4, 6, 8 bar, Tfluid 25°C and BP 1 bar 
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The ROI curve derived from momentum flux was thus corrected so that the integral was equal to the 

measured water mass. However, the correction was rather small (about 1%) proving that the methodology 

is reliable and repeatable. Finally, the linear increase of the average mass flow rate as a function of the square 

root of the pressure difference is reported in Figure 66. 

At this point, known the momentum flux and the ROI, the injector can be considered characterized from the 

hydraulic point of view. 

6.2 Imaging Characterization 

The measurement of the liquid spray sizing and penetration are rather complex to be performed, especially 

the former one. On the other hand, they remain fundamental to characterize the performance of a given 

injector and to validate CFD spray simulation. For a complete knowledge of the spray, three main 

complementary techniques can be used, each with its particular advantages and disadvantages [135]: Phase 

Doppler Anemometry (PDA), High Resolution Laser Backlight Imaging (HRLBI) and High-Speed Microscopic 

Visualization (HSMV).  

The PDA is one of the most widely used techniques for the determination of droplet velocity and diameter, 

often applied to characterize engine fuel injectors. The system consists in measuring the light scattered 

within a control volume due to the passage of spray particles. Two laser beams are directed towards this 

control volume such that the frequency of the scatter measured by the receiver is proportional to the droplet 

velocity, while the phase shift recorded by two different detectors is proportional to the size. 

 
Figure 67. PDA layout 

Figure 67 represents a scheme of the system. The PDA is performed on one or more planes at a certain 

distance along the injector axis (e.g. z axis) from the injector tip. Then the local measurements are performed 

along the other two directions (X-axis and Y-axis), with a certain sampling distance between one point and 

the other (example 1 mm). In this way the spray is characterized in terms of speed and diameter of the drops 

at a certain distance in both transverse and radial direction.  

The HRLBI technique consists of interposing the spray between a light source and a high-resolution chamber. 

In this way the light is reflected or diverted by the individual drops, substantially blocking their path towards 

the camera. The drops will then appear in the camera as black pixels, and their diameter can be accurately 

measured.  

With an approach similar to HRLBI, the High-Speed Microscopic Visualization uses a camera with a much 

higher recording speed (even 150000 frames per second) but with a downsize of a lower image resolution. 
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In this way it is possible to determine the speed of the drops more precisely. Specifically, a LED characterized 

by a high-power pulse of light and frequency, with a parabolic reflector to collimate the light source and a 

Fresnel lens with a focal length close to the area of interest, is used. A diffuser creates a uniform back light.  

The high recording speed combined with the high frequency pulsed LED allows to capture images of the 

whole injection event, granting the opportunity to visualize and track the droplets during their time of 

residence inside the region of interest. The use of a LED (fast light-emitting diodes) provides significant 

improvement of the image quality since the pulse duration can be very short (nanoseconds) and the amount 

of light captured by each frame is thus governed by the pulse length of the LED and not by the exposure time 

of the camera.  

In practice, from a physical point of view, these two optical techniques, for displaying sprays, use diffused 

back-illumination, where a light source is extinguished due to the optical depth (τ) of the spray. The extinction 

can be calculated for each frame using Beer-Lambert's law: 

 
𝐼 − 𝐼𝑓

𝐼0
= 𝑒−𝜏 (105) 

where I is the pixel-wise intensity distribution of the current frame that considers attenuation from the spray, 

If accounts the light emitted by the flame for the same time step, and I0 is the reference image from the 

diffused source without attenuation. For non-reactive cases, the term If is zero. 

The imaging processing for these two last techniques are very similar. The purpose is to separate the drops 

captured in the camera frames from the rest of the image. The procedure is divided into several steps:  

1) imaging masking, consisting in post-processing the data provided in matrix form in order to 

eliminate unwanted elements from the image, such as the tip of the injector;  

2) subtraction of the background (I0) of each image from the corresponding spray, thus creating 

an image in which the drops appear as grayscale points; 

3) a binarization of the images, in order to separate the background and the unfocused spray 

from the rest of the drops that will be measured. 

More detailed information about these optical techniques and picture manipulation can be found in [135]. 

The technique on which the experimental analysis will be focused is the first, concerning the PDA. Thanks to 

data obtained experimentally in the following paragraph, a CFD validation of the spray models will be carried 

out, also repeated and revalidated against a test case found in literature. 

6.3 Experimental PDA Results of the Water Injection System  

Some experimental results obtained with the first described technique, the PDA, for the characterization of 

a PWI injector within a constant volume chamber, ambient pressure and ambient temperature (25°C), are 

now presented. The short results that are now presented are only intended, as already explained at the 

beginning, to review in detail all the steps and which outputs offer a complete characterization of a water 

injector for PWI applications, whose experiment were carried out by CMT Termicos-Politecnic of Valencia 

laboratories after the end of pandemic emergency.  

The main geometry features of the injector are listed in Table 10 (spray angles are kept confidential) and the 

operating conditions are reported in the following Table 11. 

The PDA analysis was performed on three planes at a distance of 15, 30 and 50 mm from the injector tip, 

with respect to the centre of the spray plume along the transverse direction, as it was the one that found to 

have a higher droplet density in the preliminary tests. In Table 12 are listed the instrumentation used to 

perform the PDA analysis. 
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Table 10. Injector Layout 

Number of holes 3 

D hole mean 135 [µm] 

Cooling Liquid cooled 

 

Table 11. Injection test conditions 

Pinj 4-6-8 [barg] 

teng 5 [ms] 

Twater 20 [°C] 

minj 3.90 – 4.80 – 5.40 [mg] 

Table 12. Instrumentation used for PDA tests 

Processor Dantec BSA P80 

Transmitter/Laser source FlowLite 60 mm 

Receiver HiDense 112 mm 

Beams diameter/spacing 2.2 mm/38 mm 

Focal length (TX/RX) 400 mm / 310 mm 

Velocity range -15.85 to 47.49 m/s 

Sizing range 1-400 µm 

 
Figure 68. Example of raw PDA data @30 mm 
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Figure 69. Number of drops and SMD distributions @30 mm 

 

 
Figure 70. Mean SMD @50 mm 

Figure 68 shows a PDA output concerning the time distribution of velocity and diameter of each drop 

recorded in a specific point of the plane at 30 mm. This type of output represents the raw output signal of 

the PDA. After establishing the time period in which the injection event can be considered stable, without 

the influence of the needle movement, the data are manipulated and averaged over time to obtain a single 

value for each sampling point along the transverse direction (X in this case). Figure 69 shows on the top the 

number of particles for each position for different injection pressures and on the bottom the corresponding 

average Sauter mean diameter (SMD). As expected, as the injection pressure increases, the greater velocity 

of the droplet and the greater turbulence of the jet flowing out from each hole promotes the liquid jet and 

the very first spray breakup by forming a greater number of droplets and a smaller diameter.  

In addition, it also showed a bar chart (Figure 70) summarizing the mean SMD, compared to all sampling 

points, on the 50 mm plane. By doubling the injection pressure, it is possible to decrease the SMD of about 

20 microns. From an engine point of view this means a much faster evaporation and a better homogenization 
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of the water droplets in the air, with a lower probability of creating wall film liquid areas because of wall 

impingement. 

By comparing the same variables measured on different planes it is possible to get an overview of the real 

break-up dynamics undergone by the drops. In Figure 71 the data for injection pressure at 8 bar are shown, 

moving from 30 mm to 50 mm planes, when the spray is already dynamically developed. Globally, the SMD 

at 50 mm is slightly lower and this is due in particular to the droplets evaporation process rather than the 

secondary break up which, as will be demonstrated also through numerical simulation, does not occur under 

these operating conditions. 

As far as the average speed of the drops for each single position is concerned, the Figure 72 shows a more 

uniform profile at low pressure and, as expected, a speed increase for higher injection pressure, almost linear 

to the square root ratio of the pressure jumps between the injector and the test chamber. 

 
Figure 71. Number of drops and SMD recorded @30 mm and @50 mm, Pinj 8 bar, Tfluid 25°C 

 
Figure 72. Droplet velocity distributions @30 mm 
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Figure 73. PDF @30 mm for different injection pressure 

Finally, it is possible to extract the most important data for a correct setup of a CFD spray simulation: the 

Probability Distribution Function (PDF). In the Figure 73 are shown the PDFs for the analysed cases on the 30 

mm plane, i.e. when the primary break-up phenomena can be considered completed. It was decided to use 

this 30 mm PDFs to verify also numerically that in the space between the 30 mm and 50 mm planes there 

was no significant change in the diameter of the drops. 

6.4 Summary 

In this chapter the hydraulic characterization of the water injector under examination was firstly presented 

by measuring the momentum flux. After describing the experimental procedure and the equations 

underlying this process, the most important data were extracted from the initial raw signal in order to 

evaluate the rate of injection.   

As far as the microscopic characterization of the water injector spray is concerned, the post-processed data 

of the PDA technique, highlighted the effect of the injection pressure on the particle size, allowing a decrease 

of the SMD of 20 microns moving from 4 to 8 bar (relative injection pressure).   

The main data collected from the experimental campaign will be used in the next chapter in order to find a 

reliable methodology to simulate the water spray development in engine simulations. 
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Chapter 7: PWI Numerical Validation  

One of the main uses of the experimental spray data is for the validation of fluid dynamic spray simulations 

in order to provide the initial conditions (i.e., mass flow rate) and the right tuning of the spray model setup 

constants. The characteristic spray parameters of interest for engine applications are the followings: 

a) The droplet size: the Sauter Mean Diameter (SMD or d32) and, some cases, the arithmetic spray 

diameter d10 are used to characterizes the overall spray statistics and they are important since they 

affect the evaporation rate and the mixing with air. They can be referred to both to the overall spray 

or to local volumes where the measurements are taken;    

b) The droplet local velocity, which affects (together with the ambient density) spray penetration inside 

the intake runners/ports or the combustion chamber. The penetration of the spray is indeed 

responsible in gasoline engines for both the mixing capacity with air and the generation of wall film, 

while in diesel engines it governs the positioning of the diffusive flame. The availability of local 

velocity data recorded may help in evaluating possible errors in liquid-to-gas phase momentum 

coupling. 

By using the CFD code AVL-FIRE, with the atomization and spray model setup previously presented in Chapter 

4, different spray simulations representing the experimental spray characterization into vessel have been 

performed. The first numerical results presented (named CASE 1) are those for the comparison against 

experimental PDA data on 30 mm and 50 mm planes for two relative injection pressures 4 and 8 bar, whose 

details have been illustrated in the experimental activity of the previous Chapter 6.  

A further CFD validation will be here presented with experimental literature data of a PWI injector (named 

CASE 2), tested in a constant volume chamber in condition similar to those of Chapter 6. Moreover, two 

different approaches for the representation of the spray in engine simulations will be described. 

7.1 CFD Spray Validation against Experimental Data: CASE 1 

The results of the CFD simulations will now be described and compared with the experimental data (Chapter 

6), in order to calibrate the numerical models for a correct characterization of the spray. The simulations 

were performed for two relative injection pressures, at 4 bar and 8 bar. The data are recorded on two PDA 

planes: at 30 mm and 50 mm far from the injector tip. 

In a different way from what will be described in the next paragraph, for these first validations all three 

injector holes have been simulated, whose geometrical design and all the experimental set-up have already 

been reported previously.  

Thanks to the characteristic diameters data, the experimental d32 PDFs at 30 mm have been imposed for the 

initialization of the droplet’s diameter, thus avoiding introducing a primary break-up model to describe the 

jet atomization.  

In a similar way to the experiment, a cylindrical volume in ambient conditions (1 bar and 25°C), filled with 

nitrogen, was reproduced to perform the vessel spray test. The geometry, which represents the size of the 

test chamber, was discretized with a computational mesh composed of about 300k cells of hexahedral type, 



107 
 

with an average size of 1 mm and 0.5 mm in the hole directions. The refinements of the grid along the axis 

of the jets were necessary for a correct modelling of the interaction phenomena of the drops.  

To guarantee a correct representativeness of the water spray, 1600 parcel/mg were used. For a PFI system 

(similar approach), the lower limit is usually about 800 parcel/mg, below which the loss of accuracy becomes 

too high. The choice of not exceeding the value of 1600 parcel/mg is for the high computational time, very 

sensitive to this parameter: as the number of parcels increases, also it increases the number of Lagrangian 

equations that the code must calculate. Moreover, this modelling is intended to be applied not only to a 

vessel test, relatively fast computationally, but also to a complete engine simulation.  

In Table 13 are listed the simulated operating conditions and, in Table 14, the main models adopted and 

calibrated to perform this type of validation, whose details have been presented in Chapter 4. 

Table 13. Main injector settings 

Injection 
Pressure [bar] 

Fluid 
Temperature [°C] 

Injection 
Duration [ms] 

Mass Injected 
[mg] 

4 25 5 3.9 

8 25 5 5.4 

Table 14. Spray models adopted 

Evaporation Model Spalding 

Parcel Interaction Model Schimdt 

Primary Break-Up - 

Secondary Break-Up Proprietary model 

Drag Model Schimdt 

Turbulence Model K-ζ-f 

7.1.1 Numerical Validation Results of the PWI System      

Figure 74 and Figure 75 show the comparisons between the numerical and experimental SMD results on the 

two planes at 30 mm and 50 mm far from the injector tip along the X direction, for both the injection pressure 

examined. The comparison shows that simulations are able to reproduce, in a very faithful way, the 

characteristic size of the drops on both planes. In fact, it can be seen that the distribution of the SMD was 

captured not only around the centre of the PDA of the transverse position X, but also in the peripheral 

positions near the edge of the spray. The main small differences are attributable to the representativeness 

of the drops, which, although high, is not able to fully capture the stochastic experimental profile. However, 

the results have to be considered very satisfactory. 

As also confirmed experimentally, the development of the spray does not undergo significant variations in 

terms of granulometry. The distribution along the transverse coordinate shows very similar profiles at 30 mm 

and 50 mm for the same injection pressure (Figure 76), meaning that no further break-up occurs after 30 mm 

from the tip. In a vessel spray test, the effects that can lead to a variation in particle size are mainly the 

evaporation of the drops and the secondary break-up, which confirm to be correctly calibrated.  

With regard to evaporation, the fluid is injected at 25 °C. The latter condition is not suited for the water 

evaporation. 

Figure 77 shows the percentage of the evaporated mass over the total injected mass for the two pressures 

considered. The values are negligible, and the minimum evaporated quantity can be attributable to the 

diffusion of the water in the gas, being far from the saturation condition. 
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As far as the second effect is concerned, the secondary break-up, it is interesting to evaluate the 

characteristic Weber number of the spray, for the two operating conditions. The images (Figure 78) show 

two frames of the spray simulations in which the We number is plotted (Pinj 4 bar on the left and Pinj 8 bar on 

the right). As previously seen, most break-up models provide a minimum critical We number of 12, below 

which the drops do not further split. Since water has a very large surface tension and the droplet relative 

velocities are very low here (low injections pressure), the We never exceeds the minimum threshold, leaving 

deactivated the secondary break-up model. 

 
Figure 74. Droplet D32: CFD vs Experimental results for Pinj 4 bar at 30 mm and 50 mm 

 
Figure 75. Droplet D32: CFD vs Experimental results for Pinj 8 bar at 30 mm and 50 mm 
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Figure 76. Droplet D32: CFD vs Experimental results for Pinj 4 and 8 bar  

 
Figure 77. Water mass evaporation, Pinj 4 bar and 8 bar 

 
Figure 78. We number of the droplet for Pinj 4 bar (left) and 8 bar (right) 
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Figure 79. Droplet Velocity: CFD vs Experimental results for Pinj 4 bar at 30 mm and 50 mm 

 
Figure 80. Droplet Velocity: CFD vs Experimental results for Pinj 8 bar at 30 mm and 50 mm 

Finally, as one can see in Figure 79 and Figure 80, the predictions of the droplet velocity at measurement 

locations are good. Two very particular effects are captured:  

1) On the 30 mm plane there is a tendency of the spray to slow down in the extreme zones of 

the plume, symmetrically at 4 bar and non-symmetrically at 8 bar. Both profiles are well-

captured by CFD; 

2) Moving towards the plane at 50 mm, for both pressures, the profiles tend to flatten in an 

evident way. This effect is also well represented numerically. 

This means that both the initialization of the droplet speed and the drag model have been calibrated 

correctly. The numerical simulation not only succeeds in describing the global behaviour of the spray, but 

also its local differences and its variations during the temporal evolution, represented by the data on the two 

successive planes of the PDA. 
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7.2 CFD Spray Validation against Experimental Data: CASE 2 

A literature PWI spray case (among the very few available) is now presented, where a PDA was performed in 

a similar way to what presented so far. However, it becomes interesting to analyse this case in detail for an 

additional phenomenon of coalescence, that has not emerged in the previous case presented.  

The authors in [136] performed an experimental test under different operating conditions up to a pressure 

injection of 9 bar (relative), in order to define the spray characteristics within a constant volume chamber, 

containing nitrogen at ambient pressure. The CFD validation has been performed for the injection pressure 

of 9 bar (relative), being the most interesting for a real engine application of the PWI system.  

For the macroscopic and microscopic description of the spray, a visualization technique using a high-speed 

camera and a PDA, both previously described, were used. Table 15 lists the geometrical features of the 

injector (PFI derivation) and the working points tested. 

The two spray plumes are considered as symmetrical (Figure 81) and the injector is composed of two groups 

of holes, as shown in Figure 82. The PDA analysis were carried out only on one plume, on planes at 30 mm 

and 60 mm from the injector tip along Z direction, with the centre of the spray at Y=8 mm and Y=16 mm 

respectively.  

As far as penetration is concerned, this was evaluated by the authors as the maximum distance between the 

injector tip and the spray edge. More details and other technical information about the instrumentation used 

for the set-up, can be found in the article [136].  

Unfortunately, the authors do not specify all the geometry data required for a complete injector setup for 

CFD simulation purposes. The precise directionality in terms of injection angles, of each single hole, and the 

spray angle of the single plume have not been reported, for this reason some assumptions and evaluations 

will be presented shortly.  

The article reports, from PDA results, the average SMD (90 µm) and d10 (51 µm) on a sample of 5000 drops 

at 30 mm from the injector tip: these data have been used to formulate a Rosin-Rammler distribution to 

impose at the exit of each hole. Figure 83 illustrates the cumulative distribution function for the 9 bar 

injection pressure case. 

Unlike the methodology seen in the previous validation, in this case not all the injector holes have been 

represented numerically. It has been considered a single hole (symmetrical system) positioned in the central 

point of the Group1 (Figure 82), ensuring a good representativeness of the spray through the imposition of 

1500 parcels per milligram of water injected. This hole has been aligned with respect to the centre of the 

PDA of the 30 mm plane. 

Table 15. Injector features and test conditions [136] 

Number of holes [#] 12 

Dhole (averaged) [µm] 138  

Spray Angle ϑ [°] 20 

Pinj [bar] 9  

teng [ms] 2.795 

Twater [°C] 20 

PN2 [bar] 1 

minj [mg] 13.7 
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Figure 81. Injector plumes representation [136] 

 
Figure 82. Injector holes distribution and diameters [136] 

 
Figure 83. Rosin-Rammler distribution for Pinj 9 bar: SMD 90 µm, d10 51 µm 
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As mentioned above, no precise data are reported regarding the direction of each single hole, however, being 

a test in a stationary environment without any external disturbance, it is a good approximation taking the 

PDA centre as the actual geometric orientation of the holes. To fully define the injection, it is also necessary 

to impose the spray angle of the single plume. This data is not available, so a detail analysis of the high-speed 

imaging has been carried out in order to trace the average angle of the plume during its evolution (Figure 

84).  

Moreover, from the frame sequence, it can be noticed a higher concentration of drops in the centre of the 

plumes and a cloud of smaller droplets around the spray edges.  

To transfer this phenomenon in the numerical simulation, it has been used a double spray angle (Figure 85): 

the inner one with an angle equal to 13° injecting 80% of the total mass and an outer one equal to 18°, to 

simulate the presence of the drops cloud, injecting the remaining 20%.  

 
Figure 84. Experimental spray imaging visualisation [136] 

 
Figure 85. Representation of the double spray cone 

7.2.1 Numerical Validation Results of the PWI System      

Figure 86 shows the SMD distributions on the plane at 30 and 60 mm, compared with the PDA sampling data 

along the X-direction. It can be seen that on the 30 mm plane the two distributions show some differences 

in particular in the edge zones, despite the imposed PDF values come from SMD e d10 data on this plane. On 
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the 60 mm plane, the differences between the experimental and the simulation data become greater. It is 

evident how the PDA changes sensibly in the centre of the plume, while the CFD does not capture this detail. 

Comparing the results between planes, both numerically and experimentally (Figure 87), the differences 

appear clearer: basically, the profiles recorded by the simulation are the same at 30 mm and 60 mm denoting 

that the d32 has not changed.  

Furthermore, the Weber number never exceeds the value 2, well below the critical value 12, above which 

the secondary break-up of the drops can occur. This seems to be consistent both with some preliminary 

theoretical considerations, seen in Chapter 3, and with the experimental results: the SMD tends to increase 

slightly, indicating that the drops do not experience further break-up. In addition, since the volume/surface 

ratio of the drops increases, the evaporation will tend to be reduced, also due to low test temperatures 

(Figure 89).  

 
Figure 86. CFD vs Experimental d32 validation @30 mm and @60 mm 

 
Figure 87. Focus on d32 differences on PDA planes between CFD and Experimental results 
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The SMD increase can be attributable to the phenomenon of coalescence, present in the centre of the plume 

where there is a higher initial concentration of drops, probably due to the number of holes. Several 

coalescence parameters related to the Schmidt model [98] (Chapter 4) have been investigated to test their 

effectiveness from a numerical point of view. 

To make the model effective it was necessary to re-evaluated two parameters: the number of parcels 

introduced (spray representativeness), increased to 1800 parcel/mg, and the characteristic size of the cells, 

decreased to 0.3 mm along hole axis. Only in this way it was possible to increase the probability that two 

parcels were able to interact in the same cell. The first tests conducted, leaving these two features 

unchanged, indeed, did not present variations in the results despite the activation of the model. The increase 

in the number of parcels and cells involves a more significant computational time, but still sustainable for an 

application on a complete engine case. 

By activating the coalescence model, it was necessary to create a new PDF with lower SMD (60 µm) and d10 

(35 µm) values, such as to return to the target values on the 30 mm plane thanks to the interaction between 

the drops (Figure 90). Leaving the previous PDF, as a result of the coalescence phenomena that occur in the 

first section, at 30 mm it would have obtained characteristic diameters well above the experimental ones. 

 
Figure 88. Drops We distribution 

 
Figure 89. Drops Temperature distribution 
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Figure 91 shows again the distribution of the SMD on the two planes. Thanks to the activation and calibration 

of the particle interaction model, the numerical results are much more consistent with experimental data, 

especially on the first plane at 30 mm. There is a tendency to increase the SMD right towards the centre of 

the plume where is present a higher concentration of drops. On the 60 mm plane the global distribution is 

consistent with the experimental data even if locally there is a deviation between distributions (-2 < X < 2). 

This is due to the low number of parcels remaining in this area, since many of these joined by coalescence 

already at 30 mm from the injector. The accuracy could be improved by increasing the parcel/mg ratio, but 

with an increasing computational resources demand. 

The reason why it was necessary to consider also the coalescence model could lie in the large number of 

injector holes. In this way it increases the probability that the jets can interact with each other, being enclosed 

in a very small space. 

 
Figure 90. Rosin-Rammler distribution for Pinj 9 bar: SMD 60 µm d10 35 µm 

 
Figure 91. CFD vs Experimental d32 validation @30 mm and @60 mm (4 bar on the top, 8 bar on the bottom) 



117 
 

 
Figure 92. Spray penetration validation 

Finally, Figure 92 depicts an excellent correlation for the spray penetration. The development of the spray 

inside the control volume is therefore ensured by a correct modelling of the speed and drag forces acting on 

the drops. This is a necessary feature in engine simulations to predict the position of the spray and its 

interaction with the walls of the intake duct. 

7.3 Summary 

In this chapter two experimental validations of water sprays for PWI applications have been performed. The 

first validation has been addressed starting from the experimental data collected and shown in Chapter 6, 

thanks to the use of the PDA technique. For both relative injection pressure tested, 4 and 8 bar, excellent 

results were obtained both in terms of particle size and speed distributions. 

The second validation was conducted using data found in literature. The PWI injector was tested in a similar 

environment to the previous one, with injection pressure at 9 bar. This test highlighted the importance of 

the coalescence phenomenon, to correctly track the spray granulometry when the injector presents a large 

number of holes.  

Overall, through the study of these two cases, it was possible to confirm the low attitude that the water 

droplets have in breaking, presenting We numbers well below 12. 

Thanks to the results obtained, the spray models can be considered correctly calibrated and ready to be used 

in a complete engine simulation, where the phenomena related to the spray development have an important 

role for defining the water distribution inside the combustion chamber and the related effects.  

 

 

 

 

 

 

  



118 
 

Chapter 8: GDI Engine Simulations under 
Non-Reacting Flow Conditions 

Nowadays engineers aim to design engines with lower fuel consumption and emissions, in order to cope with 

the continuous updating of the international emission regulations. This has led to a review of the engine 

working conditions across the overall operating map and the adoption of different Auxiliary Emission 

Strategies (AES).  

The boost pressure that characterize modern engines, necessary to ensure proper power levels, have 

increased the risk of engine knock, especially at medium/high load conditions. Currently, the main strategies 

adopted concern: 

• fuel enrichment, with mixture index even of 0.75; 

• ignition delay, reducing the Spark Advance well above TDC; 

• fuel blends with higher knock resistance (RON). 

The former exploits the evaporation of excess fuel to subtract latent vaporization heat from the air-fuel 

mixture by lowering the temperature. The main disadvantages are the additional fuel consumption and the 

increased pollutant emissions (CO in particular). The second, on the other hand aims to shift the combustion 

towards expansion by lowering the maximum temperatures in the cylinder. This, however, leads to a decline 

in torque and performance and an increase in exhaust gas temperature, putting the turbine components at 

risk. 

Under the drive of the Europe Commission, engine working conditions are being pushed towards 

stoichiometric mixtures throughout the entire map to improve fuel economy, forcing new solutions for 

temperature limitations, such as the use of water injection. As already mentioned, the water injection can 

replace fuel enrichment not only to contain TiT (Turbine Inlet Temperature), but also to mitigate the onset 

of knock. 

Up to now, more space has been given to the study of the water injection through PWI systems, also from 

an experimental point of view, because it is certainly the technology that today can be implemented in 

engines faster and with very low costs, comparable to those of PFI (Port Fuel Injection) systems. However, to 

have a wider view of the available technologies and their effects, both PWI and DWI configurations will be 

studied and compared numerically, applied on the same engine.  

In this chapter the analysis will be carried out in a non-reacting environment without water injection, in order 

to assess the main working features of the baseline engine. The PWI and DWI systems and related 

methodologies will be presented in the next dedicated chapters with the objectives of verifying the possible 

advantages and disadvantages rising in the use of these two water architectures, leaving all the combustion 

analysis as the last examined topic. 

After describing the main engine characteristics, with the aim of developing a reliable methodology for the 

study of the phenomena that characterize these type of simulations, the comparisons of the non-reacting 

fuel-only simulations with three different mixture strategies (λ 0.75, 0.85 and 1.0) will be achieved in terms 

of charge motions, mixture distributions, evaporation rate, cooling temperature and cooling efficiency. 

As for spray simulations, the numerical code used for this study is Avl-Fire v2020 (Chapter 4). 
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8.1 Engine Specifications 

A high-bmep and high-power S.I. GDI turbo-charged engine has been virtually designed (Figure 93), which 

represents the reference system with three mixture strategies: λ 0.75, 0.85 and 1.0. The λ 0.75 and λ 0.85 

mixture strategies have been considered to lower cylinder temperature for TiT reduction and knock 

suppression. The fuel injector (Figure 94) is centrally located with a spray targeted to the spark plug for 

promoting combustion during cat-heating phase. The housing for the DWI injector in the combustion 

chamber has already been installed on the intake side, whose set-up will be presented in detail in Chapter 

10. 

In addition, a careful design of the intake duct has been carried out, both in terms of size and bend, in order 

to promote the formation of an intense in-cylinder Tumble motion. 

The injector characteristics have been resumed in Table 16 and the fuel injection profile in Figure 95. Table 

17 lists the main characteristics of the virtual high-bmep engine and in Table 18 are reported the operating 

condition examined. Further design variations such as compression ratio and S/B ratio have been tested with 

water configurations and they will be described in PWI Chapter 9 and DWI Chapter 10. 

The operating point here simulated, maximum power (at very high bmep), represents the most demanding 

in term of mass and time available for injection and evaporation, where a careful evaluation of the water 

injection characteristics and optimization are required more than for other conditions. 

 
Figure 93. Virtual engine configuration 

 

 
Figure 94. Fuel Spray layout 
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Table 16. GDI fuel injector features 

 GDI 

Number of holes [-] 8.0 

Injection pressure [bar] 350.0 

Injection temperature [K] 313.0 

HFR [cm3/s] 20.0 

Hole geometric diameter [m] 188.0 

Table 17. Engine features 

Unit Displacement [cm3] 471.05 

Stroke S [mm] 85.00  

Bore D [mm] 84.00 

Conrod length [mm] 165.60 

Number of valves 4.00 

S/B [-] 1.01  

Intake DV/D [-] 0.36 

Exhaust DV/D [-] 0.33 

Compression ratios 9.50:1.00  

Squish Height [mm] 1.10  

 
Figure 95. Fuel injection profiles 
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Table 18. Engine working conditions 

Engine speed [rpm] 7000.0 

Engine load  100.0% 

Mixture index (w/o water) [-] 1.0 

Boost pressure [bar] 2.7 

Max BMEP [bar] 26.6 

Inlet valve opening [CA deg. ATDC] @0.2 mm 362.0 

Inlet valve closing [CA deg. ATDC] @0.2 mm 598.0 

Exhaust valve opening [CA deg. ATDC] @0.2 mm 136.0 

Exhaust valve closing [CA deg. ATDC] @0.2 mm 376.0 

 

 
Figure 96. Inlet and exhaust valve lifts 

8.2 Simulation Set-Up 

In order to limit the computational time, the symmetry of the engine was exploited, keeping only half of the 

engine as a fluid-dynamic volume. The discretization was performed through hexahedral cells by carrying out 

appropriate local refinements, to obtain an adequate accuracy of the geometry representation and to better 

capture all the main phenomena that characterize this type of simulations (Figure 97). A smaller cell size was 

used in the valve curtain areas and in the lateral squish areas, both of which are fundamental for a correct 

representation of the charge motions inside the combustion chamber and for the evaluation of the trapped 

air. The total number of cells at the TDC is approximately 500,000.  

The size of the grid close to the spray jets is designed to satisfy the hypothesis on which the Lagrangian model 

is based for the representation of the parcels: for this modelling it is always essential to guarantee a dispersed 

liquid phase inside the cell, i.e. a volumetric fraction occupied by the fluid lower than 10%. Interpolation of 

velocity and mass fraction at parcel location is used to alleviate grid dependency errors in Lagrangian spray 

simulations.  
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Figure 97. Engine spatial discretization 

Table 19. Simulation duration and model adopted 

Start angle 330 CA deg. ATDC 

End angle 720 CA deg. ATDC 

Turbulence model K-z-f 

Wall heat model Hybrid wall treatment 

Law of the wall Standard + Han-Reitz 

Evaporation model Spalding 

Wallfilm evaporation model Combined 

Wallfilm entrainment model Schadel - Hanratty 

Wallfilm splashing model Kuhnke 

Atomization model 
Proprietary models 

Breakup model 
 

The engine cycles examined here were first carried to convergence in terms of pressure fields, temperature 

and trapped mass through the multicycle methodology [137], which involves simulating a certain number of 

engine cycles, usually between 3 and 5, in order to stabilize the pressure oscillations that occur in the intake 

and exhaust ducts and the trapped mass (fuel, air, EGR and water). In this way it is also possible to eliminate 

the uncertainty error of the initial conditions, mainly dictated by the homogeneity of the imposed fields. The 

boundary conditions were obtained through a 1D calculations with OpenWam and the injected fuel is 

represented in 3D simulations with a multicomponent approach, whose mixture is formed by iso-octane 

(23%), n-decane (21.5%), n-octane (28.8%), n-hexane (17.4%) and ethanol (9.3%). 

Differencing schemes are second order for mass, momentum and energy, while turbulence is resolved with 

a second order blended scheme. The solution is converged when the residual error for each equation is below 

the tolerance threshold of 1e-4. The simulations are stopped once TDC is reached because no interest is given 

in the expansion phase in a non-reacting case.  
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Finally, to conclude the main simulation set-up, the models adopted for charge motion characterization, 

turbulence generation, heat exchange, atomization and break-up of the spray and spray-wall interaction are 

shown in Table 19, whose details have been reported in Chapter 4 

8.3 Simulations results without Water Injection 

First of all, simulations were carried out without water injection with three different mixture indices:  0.75, 

0.85 and 1.0 in order to provide references cases. The first two ones represent typical cases used in current 

engine maps to lower the temperatures in the combustion chamber, with the already known benefits in 

terms of TiT and likelihood of knock. These preliminary simulations are necessary to establish the baseline 

against which cases with water injection can be compared. The stoichiometric mixture case is run since it is 

the operating conditions which will be enforced by regulation and EU assessment policy in the near future.  

The same trapped air mass has been ensured in all the three simulations as shown in Figure 98 in order to 

provide a fair comparison in the next. Some preliminary analysis of the considered engine fluid dynamics 

features in the three cases are now presented. 

As showed in Figure 99, the engine has been designed with an intake port capable to provide a very high 

tumble ratio (TR), 2.3 at IVC (598 CA deg.), in order support the high bmep target. Figure 100 shows the 

evolution of the intake flow on a plane passing through the intake valve and port with emphasis on the 

tumble formation. The position of the main tumble vortex generated in the combustion chamber and its 

evolution inside the cylinder are such that at IVC an high-angular momentum and large-mean flow structure 

is formed and well bounded within the cylinder. Those features determine the high level of turbulence 

recorded close to TDC thanks to high efficiency of the tumble breakdown. As far as the generation of the 

other two in-cylinder flow motions are concerned, omega swirl (it must be noted that omega swirl rely only 

on half part of the combustion chamber because of symmetry flow conditions) and cross tumble, their effects 

are minimal: the interaction of the air motion with the piston does not involve a significant formation of 

secondary motions inside the cylinder (Figure 101 -Figure 102). 

The charge motion and the following turbulence generation are very important parameters to analyse and 

optimize before combustion also in the view to use a diluent like the water, that is expected to slow the flame 

speed. The flame propagation speed is strongly influenced by the mixture index, turbulence and the presence 

of diluents such as EGR or water. In particular, if they are analysed near the spark plug, they can be used to 

estimate the early flame speed during the phase from ignition crank angle to the angle when the 10% of the 

mixture burns (MFB10). For these reasons, a more detailed focus is placed on these three quantities: 

turbulence, mixture distribution and EGR. 

As far as the turbulence is concerned, it is plotted in Figure 103 as turbulent intensity (u’/vp): 

 
𝑇 =

𝑢′

𝑣𝑝
=
√2
3𝑘

𝑣𝑝
 

(106) 

where u’ is the turbulent velocity and vp is the averaged piston speed. The turbulence is described here 

through the definition of turbulent intensity T, being a parameter of engineering interest linking the 

turbulence to engine speed. Even in this case, the variations between the three mixtures are minimal, 

especially between 690 CA deg. and 710 CA deg. (possible angular range for spark ignition). 

It is important to note that at the end of the compression phase the turbulence intensity T can exceed 1. This 

indicates that the average turbulence level generated in the cylinder is very high. Moreover, the average T 

value in the cylinder tends to remain high up to the TDC, indicating an excellent propensity of the system to 
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keep the flame front accelerated during combustion. This is certainly an important aspect to exploit and 

ensure even during water injection to counterbalance the negative effects of water on combustion speed.  

 

 
Figure 98. Cylinder air mass evolution (half geometry) 

 

Figure 99. In-cylinder Tumble ratio: intake stroke (left), compression stroke (right) 
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Figure 100. Tumble vortex formation 
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Figure 101. In-cylinder cross Tumble 

 
Figure 102. In-cylinder swirl 

 
Figure 103. Turbulent intensity during the compression stroke 



127 
 

For an even more detailed analysis of the first combustion phase, just after ignition, it is necessary to explore 

the generation of turbulence near the spark plug. As example, Figure 104 shows the turbulence intensity for 

the stoichiometric case (  1.0), at 710 CA deg., highlighting a very large area with high turbulence values, 

ensuring an excellent corrugation of the flame front and a higher combustion speed. From this image it can 

also be deduced that, under the same mixture conditions, the flame could be initially pushed under the inlet 

valve rather than the exhaust valve. It will be interesting to check, during combustion simulations, whether 

this leads to auto-ignition events just under the exhaust valve, due to a non-optimal flame front propagation. 

 
Figure 104. Turbulent intensity distribution at 710 CA deg., λ 1.0 

In Figure 105 the mean in-cylinder mixture index trends versus different crank angle (representing potential 

spark ignition crank angles) have been reported, while in Figure 106 the standard deviation for the same 

trends under the hypothesis of Gaussian distribution are visible. Standard deviation (STD) is an important 

parameter that allows to provide indication how large can be the cycle to cycle variation because of the 

mixture spatial distribution. It is to note that there is a good distribution of the mixture index in the overall 

cylinder and the standard deviation reduces moving toward TDC. The average lambda value in the cylinder 

remains constant in all three cases after 680 CA deg., meaning that no further fuel evaporation occurs. The 

same trends but close to the spark plug location, in a volume inside an ideal sphere cantered in the nominal 

spark plug point with a radius of 10 mm, have been reported in Figure 107 -Figure 108. The STD of the mixture 

index distribution is lower close to spark plug than that computed in the overall combustion chamber. The 

mixture index values are close to the target for all cases, but from 690 CA deg. ATDC they tend to be slightly 

richer. The local value of lambda close to spark plug influences the laminar flame speed at combustion start, 

while its distribution, for a fixed operating condition, may alter the flame propagation sweeping the different 

spark advances.  

 
Figure 105. Mean In-Cylinder mixture distribution close to TDC 
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Figure 106. In-Cylinder mixture standard deviation close to TDC 

 
Figure 107. Mixture index distribution under spark plug (sphere radius 10 mm) close to TDC 

 
Figure 108. Mixture index standard deviation under spark plug (sphere radius 10 mm) close to TDC 
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It is important to remember that, as previously mentioned, the mixture index standard deviation can be an 

indicator of the mixture cycle repeatability, and therefore of the knock likelihood or performance variations 

for very different local mixture values. Engine multi-cycle simulations involving a RANS turbulence modelling 

approach, as in this case, do not, by their nature, simulate the cyclic variability, being the turbulence 

quantities averaged over time. Only through an LES approach it would be possible to assess the cyclic 

variability of an engine in a right way, but with a computational resource effort still far from industrial 

applicability. Despite the fact that a RANS CFD simulation can not return direct information on the cycle to 

cycle variation, it may provide a qualitative indication of it, since the cycle to cycle variation of a given 

parameter will be likely linked to the its spatial variation. 

In Figure 109 are also showed the three-dimensional fuel distributions (equivalence ratio) of the mixture 

indexes analysed, at 710 CA deg.. The  0.75 case presents locally richer areas under spark plug and in 

peripheral zones, therefore the combustion speeds might be slowed down and shifted towards expansion 

once reached these areas. This could lead to exhaust gases with higher average temperatures at EVO, partly 

mitigating the cooling benefit of fuel evaporation.  

It is very important since now to highlight that the exhaust gases temperature comes from the balance 

between the mixture temperature at compression stroke end (which may be affected by cooling strategy 

adopted like fuel enrichment, water injection or water expanded cycle) and the combustion duration which 

is in general slowed down by cooling strategies. 

As last comment on fuel distribution, the same squish zone, on the exhaust side near the symmetry boundary, 

seems to be common in all cases for fuel accumulation, probably due to the same charge motion in the 

cylinder that drags the fuel in that zone. 

The engine operating point used for this study, high load and speed, is characterized by a low exhaust gas 

residual mass (EGR) in the cylinder at IVC (Figure 110): 4.2% for the λ 0.75 case and 5.1% for the λ 0.85 and λ 

1.0 cases. The differences are slightly amplified if it is considered the remaining EGR percentage under spark 

plug at 710 CA deg.: about 3.8 % (λ 0.75), 4.7 % (λ 0.85) and 5.0 % (λ 1.0). Even if the richest mixture case has 

a slightly lower EGR mass fraction under the spark plug, this will not be the determining factor for a faster 

flame development, as will be shown in the combustion simulations.  

 
Figure 109. Equivalence ration distribution @710 CA deg., λ 0.75 (top left), λ 0.85 (top right), λ 1.0 (bottom) 
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Figure 110. EGR distribution @710 CA deg., λ 0.75 (top left), λ 0.85 (top right), λ 1.0 (bottom) 

Thanks to the optimized spray orientation, the wallfilm formation has been minimized, especially in the 

peripheral areas of the combustion chamber, where contamination of the oil may occur through the 

movement of the piston. Moreover, the high average cylinder and boundary temperatures, even higher than 

Leindenfrost's temperature for the piston, makes the residual wallfilm generated by the impact of the drops 

on the walls negligible, as showed in Figure 111. The pictures in Figure 114 show the dynamic of the GDI 

spray. Despite the great impact of the droplets on the piston near the TDC, no wallfilm formation takes place: 

the droplets rebound on the walls exchanging heat, and then transported by the Tumble motion created 

inside the cylinder. This will not only help the further drops breakup but also their distribution and 

evaporation inside the chamber.  

Despite the stoichiometric case shows a greater evaporation rate in the first phase, it does not reach the 

100% (Figure 112): some drops, formed by the less volatile components (such as n-decane) remain in the 

liquid state. However, these will tend to evaporate as soon as the ignition occurs due to temperature 

increase, without creating diffusive flames. The excess fuel strategies (λ 0.75 and 0.85) achieve lower 

evaporation rates: not all the fuel is able to find the optimal thermodynamic conditions to evaporate, both 

for lower average temperatures in the cylinder and for the presence of local high-rich vapour fuel areas, 

whose liquid to gas transition tends to be inhibited for saturation reasons.   

Despite the higher evaporation rate for the λ 1.0 case, overall, the higher mass quantity of evaporated fuel 

for the other two mixture strategies leads to higher cooling. One of the main important difference can be 

seen in the average temperature profiles inside the cylinder (Figure 113), especially close to the TDC, where, 

thanks to the fuel evaporation, the richest mixture experiences a lower temperature of about 30 K compared 

to the stoichiometric case. Such temperature reduction is to be considered significant, able to preserve the 

turbine and/or to limit abnormal combustions. 
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Figure 111. Wallfilm generation: percentage w.r.t the total fuel mass injected 

 
Figure 112. Fuel evaporation rate 

 
Figure 113. Mean In-cylinder temperature 
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8.4 Summary 

Through these preliminary simulations in non-reactive environment, it was possible to analyse the engine in 

its baseline configuration without water injection, highlighting its main characteristics in terms of mixture 

distribution, turbulence and mean in-cylinder temperature. This study was also essential to verify the design 

of the engine from a fluid-dynamic point of view and the appropriate fuel injection strategy, which would 

allow to consider this engine a solid starting point on which to develop the water modelling. 

The analysis has highlighted the engine's excellent attitudes to turbulence generation. The intake duct, 

combined with the piston design, allowed to create a rather intense Tumble motion inside the combustion 

chamber, with an excellent breaking phase during the compression stroke. This system is therefore highly 

optimized under these conditions. Nevertheless, the change of some geometrical parameters could lead to 

a reduction or increase in this performance, as described in the following chapters.   

Figure 114. GDI Spray evolution 
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Finally, a sufficiently homogeneous mixture distribution appears for all three strategies, especially under the 

ignition zone near the angles of interest for the SA. This has been made possible thanks to a careful initial 

phase aimed at choosing all the main parameters for the definition of the spray characteristics. 

In the following chapters more emphasis will be placed on the cooling effect caused by water evaporation 

for the different non-reacting set-ups examined, and the effects that the introduction of water can produce 

on the charge motion and on the mixture distribution. 
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Chapter 9: Port Water Injection Simulations 
under Non-Reacting Flow Conditions 

 
In this chapter the results of the water simulations performed on the previously described engine will be 

presented, adapted for PWI configuration.  

The aim is to delineate different strategies of indirect water injection, comparing the data with those of the 

reference only-fuel cases from the fluid dynamic and cooling point of view. The possibility of replacing fuel 

enrichment with water injection is certainly one of the drivers of this study, with possible undoubted 

advantages in fuel consumption and fulfilment with EU AES assessment policies with particular reference to 

CO emissions at full power in RDE test cycle. 

For this reason, the PWI simulations will be conducted under stoichiometric mixture and the results 

compared with the two enrichment strategies investigated in the previous chapter, λ 0.75 and λ 0.85.  

Furthermore, two important issues have been deeply analysed and have outlined the methodology for PWI 

simulations:  

1. looking for a PWI strategy able to replace the cooling obtained with λ 0.75 mixture (cooling target 

imposed); 

2. ensuring that at least 90% of the injected water mass would evaporate before TDC, limiting the 

formation of wallfilm and oil contamination problems. This target has never outlined in the review 

of the state of art: on the author's opinion is indeed one of the key points for the success of water 

injections since the evaporation efficiency affects water consumption. The latter, in turn, affects 

water tank volume and water refilling frequency. 

9.1 Port Water Injection Features and Configurations tested 

The PWI injectors, one for each intake valve, have been brought as close as possible to the cylinder and 

positioned at 80 mm from the combustion chamber (Figure 115). It was decided not to simulate PWI in a 

'quasi-direct' layout installation in order to have a clearer view of the differences between a purely PWI and 

DWI technology. The spray targeting has been realized in order to orient the drops towards the inlet valve 

minimizing the generation of wallfilm on all the main components: valve stem, valve seat and intake port 

walls (Figure 116). Table 20 shows the GDI and PWI injector main features. 

The plume theoretical direction, visible in Figure 116, targets the water spray droplets towards the intake 

valve. This has been designed to prevent the spray plumes from impacting too much on the upper part of the 

intake duct during valve opening, due to the air transport. The water droplets are strongly transported by 

the air stream into the intake duct and tend to pass through the curtain area on the exhaust side (Figure 117). 
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Table 20. GDI and PWI injector features 

 GDI PWI 

Number of holes [-] 8.0 2.0 

Injection pressure [bar] 350.0 10.0/20.0 

Injection temperature [K] 313.0 313.0 

HFR [cm3/s] 20.0 17.0 

Hole geometric diameter [m] 188.0 140.0 

 
Figure 115. Virtual engine PWI configuration 

 

 

 
Figure 116. PWI Spray targeting 

Table 21 lists the analysed cases related to the indirect water injection (PWI), divided according to the s 

parameter, timing and injection pressure. The s parameter is defined as: 

 𝑠 =
𝑚𝑤𝑎𝑡𝑒𝑟

𝑚𝑓𝑢𝑒𝑙,𝑠
 (107) 

where 𝑚𝑤𝑎𝑡𝑒𝑟 is the injected water mass and 𝑚𝑓𝑢𝑒𝑙,𝑠 is the injected fuel mass in stochiometric condition. 

The (relative) injection pressure ranging between 10 and 20 bar is due to two main reasons:  

1. 10 bar is a level of technology widely tested and used in UREA injection systems, which can also be 

reused for PWI injections, keeping installation costs low; 

2. increasing the pressure up to 20 bar may become interesting in order to study the effects of a lower 

granulometry of the water drops and their evaporation and distribution within the mixture, as well 
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as on the formation of liquid film on the walls. If there was a real advantage in using higher injection 

pressures, its cost-benefit ratio could be re-evaluated.  

As far as the injection timing is concerned, it was chosen on the basis of preliminary simulations for the 

evaluation of the average time taken by all drops to enter inside the cylinder.  

Indeed, it is important to promote the evaporation of the droplets inside the cylinder (at least 90%), 

maximizing the thermodynamic cooling effect. For this reason, the SOI and EOI were chosen to favour the 

entry of water into the cylinder still in the liquid phase before IVC (598 CA deg.). Otherwise, part of the cooling 

power would be lost in lowering the temperature of the intake duct walls and of the fresh air. Therefore, 

once the mass to be injected, the injection pressure and the need to inject all drops into the cylinder before 

IVC are defined, the flexibility in the choice of injection timing is greatly reduced. 

Finally, Table 22 lists the fuel and water mass injected according to the cases examined. As mentioned 

previously, to fulfil the future international emission regulations about fuel consumption and environmental 

impact, the fuel will be injected under stoichiometric conditions (λ 1.0).  

The grid generation remained the same as described in the previous chapter for the pure GDI case. However, 

a refinement along the PWI hole axis was used, consistent with the refinement used during the water spray 

validation campaign (Chapters 7). 

Thanks to the calibration of the break-up and interaction parameters of the water spray models, found during 

the validation test, it was possible to improve the PWI spray simulation setting and, thus, the result accuracy. 

The analysis has been globally sorted into several sub-paragraphs, concerning:  

1. mixture quality analysis close to spark ignition time, to assess how water addition modifies the 

composition of the fresh mixture especially under the spark plug;  

2. fluid-dynamics analysis: study of the interaction between the water jet spray and the main in-cylinder 

motions. In this sub-paragraph the effects of the water spray on the tumble motion formation and 

on the final level of turbulence close to spark plug at ignition time have been reported;  

3. thermodynamic analysis: temperature at TDC and cooling efficiency. In this sub-paragraph it has been 

carried out a detailed analysis of the evaporation process and the cooling efficiencies. 

Table 21. PWI system: analysed cases 

Parameter s [-] 
SOI / EOI [CA deg. 

ATDC] 
Injection pressure [bar] 

0.20 
293.00 / 390.00 

10.00 

363.00 / 460.00 

0.30 
293.00 / 433.00 

320.00 / 460.00 

0.40 277.00 / 460.00 

0.20 

318.00 / 390.00 

20.00 
393.00 / 465.00 

413.00 / 485.00 

433.00 / 505.00 
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Table 22. PWI system: fuel and water mass injected 

Case ( 1.00) Parameter s [-] 
Fuel/Water injected mass 

[mg] 

Fuel-only - 84.00 

Water-added 

0.20 16.80 

0.30 25.20 

0.40 33.60 

 
 

 

 
Figure 117. PWI droplets passing through the intake valve curtain area on the exhaust side 

9.2 Simulation Results for PWI 10 bar Strategies 

9.2.1 Mixture Quality Effects 

In this section, for the non-reacting engine flow analysis, the mixture conditions and the dilution effects under 

the spark plug due to the presence of water are examined, leaving the chemical effects on combustion 

process in Chapter 11.  

The in-cylinder mixture standard deviation (STD) (Figure 118), which can be used as an indicator of the cycle 

to cycle variability, shows a constant decrease in the range from 680 CA deg. to 720 CA deg., and the values 

are globally low. For more delayed starting injection angle (SOI) the STD is lower in the most interesting range 

for ignition timing (from 695 CA deg. to 710 CA deg.).  
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Figure 118. In-Cylinder STD mixture distribution for different PWI strategies 

 
Figure 119. Spark plug mixture index distribution for different PWI strategies 

 
Figure 120. Spark plug STD mixture distribution for different PWI strategies 
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Figure 121. Percentage of water mass close to spark plug 

This is one of the factors indicating that during the first combustion phases of each engine cycle, the flame 

may develop within a very similar cylinder mixture, limiting the cyclic variability of the engine: in order to 

ensure the target performance, it is of utmost importance to optimize the flame propagation in the first 

instants. 

On the other hand, under the spark plug the dilution effect becomes more important as shown in Figure 119. 

The case s 03 SOI 320 seems to have the best mixture conditions: slightly richer for a first rapid flame front 

propagation, and a low STD (Figure 120). 

Finally, in Figure 121 the percentage of vapor water mass close to the spark plug has been reported: the 

presence of the water vapor near the spark plug produces thermal and dilution effects on the air-fuel mixture, 

affecting the development of the initial flame kernel. The presence of the water vapor close to the spark plug 

may have detrimental effects on the combustion process, hindering the flame propagation. This has also 

been deeply investigated in Chapter 5, highlighting the chemical water effect on laminar flame speed and 

ignition delayed time. The highest percentages of water close to the spark plug are present for all cases at s 

0.2: the best solution seems to be s 0.3, almost independently by the SOI time. 

9.2.2 Fluid-dynamic Analysis 

In Figure 122 and Figure 123 the Tumble ratio and the in-cylinder mean turbulent intensity trends (evaluated 

as the ratio between the turbulent fluctuating energy and the mean piston velocity) have been reported. The 

Tumble ratio gives an indication for the formation of a coherent and structured vortex, which is the main 

source of the next turbulence development towards the ignition crank angle. 

During the spin-up phase, from IVC to 650 CA deg., except for case s 0.2 SOI 293, a small interaction effect is 

visible between the fuel-only case and PWI cases. In this phase the Tumble motion, created inside the 

cylinder, tends to accelerate reaching its maximum near 650 CA deg.. The interaction between the water 

spray and the motion of the charge creates a variation in the flow momentum, that tends to slightly slow 

down the main vortex, with a greater effect as the water introduced increases. Globally, the TR (Tumble 

Ratio) values are quite high even with PWI system, confirming the optimized design of the intake duct and of 

the spray targeting.  

In the next phase from 650 CA deg. to TDC, characterized by the vortex breakdown and turbulence 

generation, the profiles tend to converge to the only-fuel reference case, especially in the area for possible 

mixture ignition (from 690 CA deg. to 710 CA deg.). 
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The Figure 124 also reports the main phases of the interaction between Tumble motion, fuel spray and water 

spray during the intake stroke. 

The turbulence created in the in the cylinder, (Figure 123), shows a more appreciable difference in the zone 

of interest between 690 CA deg. and 710 CA deg. for all the PWI cases. The turbulence intensity reductions, 

with regard to the L 1.0 FUEL -ONLY, range between -5 % and -7 %, and this is very important since the 

combustion speed is proportional to T (turbulent intensity). The case s 0.2 SOI 293 is the only one that shows 

a behaviour quite similar to the reference case (only-fuel). However, the turbulent intensity levels remain 

high, deviating slightly from the maximum reference value of the fuel-only case, as also illustrated in Figure 

125, whose values are taken in the area under the spark plug, showing even higher turbulence values than 

the average ones in the cylinder. From this we can expect a good corrugation of the flame front just after the 

ignition also for PWI architectures, with a good flame propagation speed in term of turbulence. In a similar 

way as seen for the fuel-only reference case, the turbulence at 700 CA deg. (crank angle where the maximum 

turbulence generation occurs) shows its maximum value in the area under the intake valve (Figure 126). 

For what concerns turbulent levels, case s 0.3 SOI 293 is the best solution immediately after the case overlying 

the fuel-only case (s 0.2 SOI 293). Other implications due to the effect of water on combustion speed will be 

highlighted in the Chapter 11. 

 
Figure 122. PWI effect on tumble ratio during intake stroke (on the left) and compression stroke (on the right) 

 
Figure 123. PWI effect on in-cylinder mean turbulent intensity 
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Figure 124.Tumble and Fuel-Water Spray interaction 

 
Figure 125. PWI effect on turbulent intensity close to the spark plug 
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Figure 126. Turbulence field at 700 CA deg., PWI 10 bar, s 0.3 SOI 293 

9.2.3 Thermodynamic Analysis 

Figure 127 shows the mean in-cylinder temperature variation (∆𝑇) at TDC between the PWI cases analysed 

so far and the lambda 1.0 case. In addition, values for richer mixtures have also been added ( 0.75 and  

0.85), representing modern fuel enrichment strategies for the protection of turbine components and knock 

mitigation. So, the ∆𝑇 in the y-axis is defined for PWI cases as: 

 ∆𝑇 = 𝑇@𝑇𝐷𝐶,𝜆=1.0+𝑃𝑊𝐼 −⁡𝑇@𝑇𝐷𝐶,𝜆=1.0 (108) 

and for rich strategies, 

 ∆𝑇 = 𝑇@𝑇𝐷𝐶,𝜆=0.75⁡𝑜𝑟⁡𝜆=0.85⁡ −⁡𝑇@𝑇𝐷𝐶,𝜆=1.0 (109) 

It is remined that, the  0.75 case represents in this analysis the minimum cooling level to achieve using a 

PWI architecture under stoichiometric conditions. From the analysis of Figure 127 it can be seen that: 

• the minimum cooling level is reached even with the lowest amount of water in the most advanced 

SOI version (s 0.2 SOI 293); 

• by delaying the injection with the same water/fuel ratio, a slight reduction in cooling capacity occurs; 

• as s increases the ∆T increases but in a non-linear way: moving from s 0.20 to s 0.30 the water added 

is 50% more, while the further temperature decrease is 44.5%, thus some of the injected water mass 

is wasted. 

To understand this effect, it is necessary to evaluate the water evaporation profiles of the analysed cases, 

the water-fuel liquid spray evolution, and the water wallfilm formation inside the intake port. First, from the 

Figure 128 it can be seen that all cases at 10 bar, regardless of the amount of water injected and the SOI, 

meet the main requirement of minimum water evaporation of at least 90% before the crank angle ignition 

window. This is important not only to optimize the water consumption with respect to the cooling effect, but 

also to limit the wallfilm generation. Moreover, by doubling the injected water, s 0.40 compared to s 0.20, 

the evaporation rate seems to be limited, thus not being able to express the full potential of a higher water 

quantity. The slope of the curve changes depends on both s parameter and SOI time, denoting different 

thermodynamic conditions in the cylinder for each case, that can be less favourable for the water evaporation 

process. 

Figure 129 shows the trends of the percentage of water-fuel liquid phase as drops in the spray cloud, from 

the start of injection to TDC. Although the 90% evaporated condition is always met, only the case s 0.2 SOI 
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293 guarantees complete evaporation of both fluids before ignition. The more the droplets of both water 

and fuel are able to evaporate completely inside the cylinder, the more effective is the cooling process. 

In addition, Figure 130 illustrates the water wall film percentage evolution formed on the intake port and 

valve walls. A drop impacting on walls can undergo different evolutions depending on the dynamic and 

thermodynamic conditions of the drop-wall system. However, these can be summarized for simplicity in two 

cases: the first is the rebound with heat drop-wall exchange, the second is the formation of wallfilm. In both 

cases the cooling capability of the system is reduced because the water subtracts heat from the walls rather 

than from the fresh charge. The worst-case scenario is that of wallfilm because the heat dissipation is 

prolonged. The water vapor created by the wallfilm acts in the cylinder only as diluent, without lowering the 

temperature thanks to its latent heat. The big difference of wallfilm mass between s 02 SOI 293 and s 02 SOI 

363 is partly responsible for the lower cooling capacity of this last strategy with delayed SOI.  

 
Figure 127. Temperature variation w.r.t λ 1.0 case – λ 0.75 λ 0.85 and PWI 10 bar strategies comparison 

 
Figure 128. PWI 10 bar system: water evaporation rate 
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Figure 129. PWI 10 bar: Water-fuel liquid reaming in spray cloud 

 
Figure 130. PWI 10 bar: Water wallfilm formation 

Figure 131 contains two frames showing the extension of the wall film zone, for the two SOIs analysed at s 

0.2, on the intake duct walls, where it is evident the larger area covered by the wallfilm for the delayed SOI 

363 especially close to inlet valve. 

All these results can be summarized in the concept of the cooling efficiency, introduced in Chapter 3. The 

cooling efficiency COOLING was introduced for assessing the quantity of wasted water, i.e. injected but useless 

for the mixture cooling. The cooling efficiency COOLING was defined as the ratio between the effective 

temperature decrease reached at TDC (TREAL) and the ideal (maximum) temperature decrease (TIDEAL) 

reachable under the hypothesis of instantaneous (isochoric) vaporization of 100% of the injected mass of 

water at SOI conditions, both at the stoichiometric condition.   

The cooling efficiency trend is reported in Figure 132, where the cases having the least advanced SOI have 

been compared. The delayed SOIs, for both s 0.20 and s 0.30, have shown to lower the evaporation rate 

because the injection takes place in an ambient whose thermodynamic characteristics are less favourable to 

the spray evaporation. The best cooling efficiency is for s 0.20 but the case s 0.30 has shown to have lower 

water evaporated mass under the spark plug. Moreover, its cooling temperature is greater than that of case 

s 0.20. Concluding, the best setting seems to be s 0.3 SOI 293 CA deg. ATDC at 10 bar. 
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Figure 131. Wallfilm formation areas on intake walls: s 02 SOI 363 (on the left) and s 02 SOI 293 (on the right) 

 
Figure 132. PWI cooling efficiency for the least advanced SOI 

9.3 Simulation Results for PWI 20 bar Strategies 

In a similar way to the 10 bar case, the same type of analysis was repeated also for the highest injection 

pressure of 20 bar, with s 0.2 and different SOIs. For the sake of brevity and clarity, all the graphs at 20 bar 

are reported without paragraph subdivision as before, because the conclusions are similar to the case at 10 

bar.  

Figure 133 shows that by delaying the SOI there is a constant reduction in charge cooling capacity at the TDC.  

Beyond SOI 393 the overall effect is too small compared to the λ 0.75 (minimum target). 

Another interesting feature concerns the evaporation rate and liquid spray evolution, as illustrated in Figure 

134 and Figure 135. Unlike 10 bar case, only with the greatest advanced SOI the 20 bar system is able to 

satisfy the request for 90% of evaporated mass before TDC. 

The difficulty of the water evaporation for the SOI 393, 413 and 433 conditions results in a greater generation 

of liquid film on the walls, even inside the cylinder (Figure 136), with a greater probability of flame quenching 

and oil contamination. 

For the worst case SOI 433, more than 20% of water introduced was not used to decrease the mixture 

temperature, making this strategy inefficient. 
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Figure 133. Temperature variation w.r.t λ 1.0 case – λ 0.75 λ 0.85 and PWI 20 bar strategies comparison 

 
Figure 134. PWI 20 bar system: water evaporation rate 

 
Figure 135. PWI 20 bar: water-fuel liquid reaming in spray cloud 
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Figure 136. PWI 20 bar: In-Cylinder water wallfilm formation 

The advantage of a reliable CFD simulation is to discard a priori those configurations that show to be far from 

the prefixed targets of cooling and evaporated percentage, concentrating the efforts and comparisons on 

the more promising strategies.  

9.4 Results comparison among PWI strategies at 10 bar and 20 bar  

In this section the comparison, for s 0.2, between the case at 10 bar SOI 293 and the case at 20 bar SOI 318 

is proposed. The cooling induced inside the cylinder is the same for both cases (Figure 137). The increased 

injection pressure has not demonstrated a remarkable cooling benefit through reduced droplet 

granulometry. This can be seen in part from the evaporation rate evolution in Figure 138. Although the SOI 

of 20 bar is delayed by 25 CA deg. compared to 10 bar, the profile rises earlier and remains slightly translated 

to the left throughout the spray event. The smaller characteristic diameter of the drops (d32), in fact, makes 

the evaporation faster when the drops are still mainly in the intake duct. However, the overall effect of this 

phenomenon, as seen, is negligible on final cylinder cooling at TDC.  

 
Figure 137. Temperature variation w.r.t λ 1.0 case – λ 0.75 λ 0.85 and PWI 10 bar - 20 bar strategies, s 0.2 
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Figure 138. PWI 10 bar - 20 bar systems: water evaporation rate 

 
Figure 139. PWI 10 bar -20 bar: Water-fuel liquid reaming in spray cloud 

 
Figure 140. PWI 10 bar - 20 bar: In-Cylinder Water wallfilm formation 
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Figure 141. PWI 10 bar - 20 bar cooling efficiency 

Both configurations have the best water evaporation conditions with rather similar trends, that well exceed 

90% of evaporated water. Even the remaining liquid components (drops and film) do not show substantial 

differences (Figure 139 and Figure 140) and the in-cylinder water wallfilm still remains very low. Finally, in 

Figure 141, the cooling efficiency has been reported for all the cases tested at 10 bar, in their best SOI 

configurations, and the case 20 bar s 0.2 SOI 318. The cases at 10 and 20 bar have almost the same cooling 

efficiency, confirming what has just been assessed. The maximum efficiency is just over 60%. 

From this comparison it clear why other systems at 20 bar with higher s ratio have not been studied:  

1) the objective is not to cool down as much as possible but to reach at least the pre-set target cooling 

level of the λ 0.75 case (already satisfied with s 0.20). Moreover, increasing s the system would 

experience the same PWI 10 bar trend, with a reduced cooling efficiency; 

2) the PWI 10 bar have shown a similar cooling efficiency of the higher-pressure system, it would not 

be convenient to further study other 20 bar strategies because of its worse cost versus performance 

balance. 

As a conclusion of the previous non reacting flow assessment carried out at the full power point of a very 

high bmep GDI engine, the best setup for PWI architecture is 10 bar and the best non-dimensional water 

mass to inject is s 0.3 with SOI 293 CA deg. ATDC.  

9.5 Relative Humidity Effects on PWI Performance   

In the present analysis, as intake air conditions, the ambient conditions of 1 bar and 20°C have been 

considered. Flowing through the turbocharger, despite the intercooler, the intake air temperature increases. 

The final value of the intake air after the turbocharger-intercooler assembly has been evaluated by the 

available map for a typical turbocharger equipping such a modern GDI engine. Different RHU values have 

been considered: 60%, 65% and 75%. The PWI system setup considered in these simulations has been chosen 

to be s 0.30 and 10 bar, SOI 293 CA deg. ATDC, which is the optimum one, as emerging by the above 

considerations. 

Results of simulation for PWI system have been compared with the simulation performed under the 

hypothesis of dry air but keeping constant the other parameters, such as mass of injected water (s 0.30), 

injection pressure (10 bar) and SOI (293 CA deg. ATDC): the latter represents the reference case (named DRY 

AIR in figures). Figure 142 shows the in-cylinder temperature variation at the TDC compared to the lambda 

1.0 fuel-only case, for the different relative humidity considered here. The results do not show appreciable 

differences, being all around -42 °C.  
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Figure 142. Temperature difference at TDC w.r.t λ 1.0 only-fuel case, for different RHU values 

 
Figure 143. Percentage of evaporated water: comparison between DRY air and different RHU values 

 
Figure 144. Percentage of water wallfilm: comparison between DRY air and different RHU values 
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Even the evaporation rate profiles, illustrated in Figure 143 for DRY air and different RHU values are 

comparable. Figure 144 shows the water wallfilm evolution inside the cylinder that is weakly affected by the 

RHU value at TDC. These results confirm the initial target set during the choice of the injection characteristics. 

The water has to enter mostly as droplets inside the cylinder, minimizing the evaporation in the intake duct. 

Therefore, even if the relative humidity increases inside the duct approaching the saturation condition, this 

has no effect on the dynamics of the spray. The evaporation, concentrated inside the cylinder, finds very 

favourable thermodynamic conditions that do not allow to bring the charge to saturation, independently 

from the RHU value imposed. So, for this injection layout, it is admissible to make the hypothesis of dry air in 

the engine simulations running with water injection strategy from the cooling point of view. 

9.6 Evaluation of the Main Effects of Higher S/B Ratio on PWI Strategy 

The stroke-to-bore ratio of turbocharged high-power engines is typically close to 1 as that of the investigated 

engine. However, the increase in the S/B ratio involves some interesting aspects which may increase the 

engine efficiency. In fact, it increases the Tumble ratio and the turbulent intensity, increase the flame surface 

available for oxidation, reduces the wall heat exchange and it may reduce the bmep if a rightsizing re-design 

concept is pursued. The decrease of bmep is of interest because larger compression ratio may be used and 

the turbocharger specification get less demanding, especially if overexpanded cycle would be used. 

In general, the increase of the S/B ratio of the engine can be done following two different ways: 

1. keeping the displacement constant, increasing the stroke and simultaneously decreasing the bore. 

However, in order not to have an impact on the intake air mass and therefore on the performance, 

it would be necessary to increase the intake pressure as the diameter of the valves would be reduced 

as well as the discharge coefficients. Furthermore, decreasing the diameter of the piston would 

directly decrease the power output. For this reason, with the goal of preserving the same power for 

this high-demanding cylinder engine, and for design issues, this first strategy has been discarded; 

2. keeping the bore constant and therefore increasing the displacement by acting on the stroke length. 

However, it should be noted that this solution is limited by the average speed of the piston: at equal 

engine speed, increasing the stroke, the piston speed will increase accordingly and for constructive 

reasons is limited to 20-21 m/s. Although this strategy may not seem usual, it may be interesting to 

study its positive or negative fluid-dynamic and thermodynamic effects, through water injection as 

well.   

 

Following the second strategy, some fundamental engine equations were used to identify the new S/B ratio: 

 𝑃 =
𝑏𝑚𝑒𝑝 ∙ 𝑛 ∙ 𝑣𝑝

4 ∙ 60
 (110) 

 
𝑣𝑝 = 2 ∙ 𝑆 ∙

𝑛

60
 

(111) 

keeping the power target constant and a maximum piston velocity of 20 m/s, the engine stroke has been 

increased from 85 mm to 95 mm, shifting the rotation speed from 7000 rpm to 6250 rpm.  

The comparison between the two S/B ratios was performed on the PWI and CR 10.5 architecture, with the s 

0.3 -10 bar configuration, being, as already mentioned, the most promising in terms of cost and performance 

reduction.  

The two configurations with different S/B ratios therefore share the same RC (10.5), increased by 1 point 

compared to the cases analysed previously (9.5). The effect of the compression ratio, moving from 9.5 to 

10.5, will be discussed in the next chapter, since this analysis was also performed for the DWI architecture. 
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Here the objective is to highlight only the effect of the S/B ratio, considering the limits imposed on the piston 

speed and the new cylinder shape with a longer stroke. In order to keep the same compression ratio (10.5) 

with a longer stroke, it was necessary to increase the volume of the combustion chamber at the top dead 

centre by acting on the shape of the piston. 

The PWI CR 10.5 S/B 1.01 has a flatter piston shape than case with CR 9.5, while PWI CR 10.5 S/B 1.13 has a 

more similar bowl shape as for CR 9.5 case (in order to recover volume at TDC to achieve CR 10.5). These are 

two very important features to take into account during the result analysis. An image of the two piston 

profiles is proposed in Figure 151, as described later. 

As a result of these changes the trapped mass increased by 8.4 % due to the swept volume increase and the 

brake-specific fuel consumption (BSFC), evaluated in OpenWAM, has been reduced of 27.0% at 

stoichiometric conditions, due to the thermodynamic efficiency increase. The injected water at s 0.3 has been 

28.0 mg, about 3 mg more than the previous PWI simulation with S/B 1.01, the fuel mass is indeed increased 

in order to have a stochiometric mixture.  

In terms of charge temperature, the increased S/B ratio results in a slightly lower cooling capacity of about 3 

K at TDC as illustrated in Figure 145. The main reason was found in the heat transfer evolution illustrated in 

Figure 146. For the first part of the cycle the cylinder is exposed to a greater heat exchange due to the 

extended stroke and surface, getting more heat from the walls, which decrease the water-cooling effect. The 

overall effect is such that the system is unable to achieve the minimum level of temperature drop as is the 

case with the rich mixture (baseline engine λ 0.75). 

 
Figure 145. PWI strategy: stroke/bore ratio effect on temperature reduction 

 
Figure 146. Heat transfer comparison between S/B 1.01 and S/B 1.13 
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Figure 147. PWI strategy: bore/stroke ratio effects on Tumble ratio (intake stroke) 

 
Figure 148. PWI strategy: stroke/bore ratio effects on Tumble ratio (compression stroke) 

 
Figure 149. PWI strategy: stroke/bore ratio effects on turbulent intensity 
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As far as the turbulence generated inside the cylinder is concerned, this is negatively affected by the new 

combustion chamber shape and by the interaction between the Tumble vortex and piston shape. Case S/B 

1.13 presents a less optimized vortex spin-up phase compared to case S/B 1.01, with a less intense vortex 

breakdown, as showed in Figure 147 Figure 148, which represent the Tumble motion evolution during the 

intake and compression strokes. Ideally a zero RT can be considered the optimal condition, where the main 

vortex has been completely converted into turbulence generation. Increasing the S/B ratio would result in an 

increase of turbulence intensity. This does not occur in this case, as demonstrated by the turbulent intensity 

profiles in Figure 149, because the benefit due to a better geometric configuration of the combustion 

chamber is mitigated by the unfavourable charge motion interaction with the walls. The intake duct has not 

been adapted for the new cylinder shape. In addition, as will be demonstrated in the next chapter, the shape 

of the piston chosen to increase the compression ratio (flatter) leads to a more violent initial turbulence 

generation than the bowl shape, but also to a faster dissipation. The further difference about the delayed 

peak for the S/B 1.13 case, is due to the increased stroke. 

Figure 150 actually shows how a larger residual charge movement remained in the combustion chamber for 

case S/B 1.13, leading to different turbulence generation (Figure 151). Despite the decrease observed 

compared to the base case S/B 1.01, in general the system S/B 1.13 can still be considered to have good 

turbulence level. 

 
Figure 150. Tumble motion residual at 700 CA deg., S/B 1.01 (on the left) and S/B 1.13 (on the right) 

 
Figure 151. Turbulence kinetic energy at 700 CA deg., S/B 1.01 (on the left) and S/B 1.13 (on the right) 
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9.7 Summary 

The PWI injector spray pattern was oriented toward the intake valve to target the cylinder properly. The 

objective was to minimize the impact of liquid water against intake and port walls as well as intake valve 

stems and seats. The injection timing was set to promote the spray entering the cylinder, taking so the water 

spray the advantage of the most favourable thermodynamic conditions for the evaporation process and 

cooling maximization. The relative injection pressure was varied in the range 10 bar – 20 bar. The SOI/EOI 

times and the s parameter values have been varied for both injection pressure. At 10 bar, the best cooling 

efficiency has been detected for case s 0.2 but the case s 0.3 has shown to have the best evaporated mass 

and the lowest wallfilm. Moreover, its cooling temperature is greater than that of case s 0.2.  Concluding, the 

best case is to be s 0.3 SOI 293 CA deg. ATDC at 10 bar.  

For injection pressure 20 bar the case s 0.2 only has been tested, varying the SOI time: the best one has been 

found to be s 0.2 SOI 318 CA deg. ATDC. The whole trends at 10 and 20 bar are almost the same, without 

notable difference. Considering that the injection pressure level of 20 bar is more cost demanding, there 

aren’t advantages if compared to the case at 10 bar. Thus, for PWI architecture the best solution is s 0.3 at 

10 bar, SOI 293 CA deg. ATDC. 

Since it was not possible for this engine configuration to decrease the bore in order to increase the S/B ratio, 

the stroke has been increased, leaving the bore unchanged and decreasing the engine speed in order not to 

exceed the piston limit speed of 20 m/s and to keep the power output constant. Globally, it has been found 

a slightly reduced cooling effect and a decrease of the in-cylinder turbulence, because the gain due to the 

better geometric configuration of the combustion chamber is mitigated by the detrimental charge motion 

interaction with the walls. 

 

  



156 
 

Chapter 10: Direct Water Injection 
Simulations under Non-Reacting Flow 
Conditions 

 

 

 

In this chapter the effect of the water injection is studied always in non-firing conditions for a DWI 

architecture. While this strategy is more expensive and less attractive for a short-term application, it is 

important to comprehensively understand what advantages and disadvantages can arise over PWI. First, the 

DWI will be examined under different operating conditions, dividing the study in a similar way to that seen 

for the PWI. Finally, the two systems will be compared. 

The objectives of the research remain to verify that at least 90% of the water mass is evaporated before the 

TDC and that the lowering of the temperature of the mixture is comparable to that of the strategy λ 0.75. 

10.1 Direct Water Injection Features  

The engine is the same as seen in the previous Chapter 8, characterized by a compression ratio of 9.5 and a 

S/B of 1.01. The injector in the DWI case is mounted on the intake side of the engine head (Figure 152). This 

helps in the overall drawing of the engine head and it allows larger free spray path between the injector and 

the cylinder or piston surfaces. Moreover, the water spray beam orientation (Figure 153) was set in order to 

promote the interaction between the water plumes and the in-cylinder air-flow field, enhancing the water 

evaporation rate. In Table 23 are listed the main injector characteristics.  

 
Figure 152. DWI engine design 
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Figure 153. DWI Spray targeting 

Table 23. GDI and DWI injector features 

 GDI DWI 

Number of holes [-] 8.0 5.0 

Injection pressure [bar] 350.0 50.0/150.0 

Injection temperature [K] 313.0 313.0 

HFR [cm3/s] 20.0 17.0 

Hole geometric diameter [m] 188.0 220.0 

10.2 Definition of the DWI Injection Centre 

Unlike injection in the intake duct, DWI allows for greater flexibility in managing the injection timing. In 

particular, the aim is to find the optimal phase of the injection window based on the concept of the injection 

centre. Once the SOI (or EOI) has been chosen, the EOI (or SOI) is calculated based on the injector design data 

for that engine: injection flow rate, injection pressure and mass injected. 

The idea of the “injection centre” lays on the definition of an angle which represents the centre of each 

considered injection law, once fixed minimum and maximum injection pressure values, independently by the 

mass to be injected or the chosen injection pressure. For understanding the concept of “injection centre”, it 

is first to remind that the SOI (or even the EOI) greatly influences the engine performances [138,139]: 

1. As far as the cooling effectiveness is concerned, the best choice would be to shift the EOI toward IVC; 

2. In order to not penalize the turbulence inside the cylinder, the EOI should be advanced just before 

BDC; 

3. In order to enhance the evaporation of the injected fuel mass from the spray, the EOI should be even 

more advanced, close to 500 CA ATDCF or just before. 

Following the common procedure of fixing a priori the SOI and defining then the EOI as a function of the mass 

to be injected could penalize one or more of the above listed issues. 

The injection centre was evaluated considering an average injection flow rate between the two extremes of 

injection pressure considered (50 bar and 150 bar), ie 93 bar. As regards the water / fuel ratio, it was set at 

0.35, an average value within the most commonly adopted range (0.2 - 0.5). However, the injections laws 

calculated in this way must satisfy two main requirements: 

1. the injection event must take place during the intake phase; 

2. the injection event must start after 360 CA ATDCF to avoid the jet of water impacting the piston 

surface and the liner surface, where it would evaporate by absorbing heat from wall surfaces, which 
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is useless. To achieve the maximum charge cooling, the water needs to evaporate by absorbing heat 

from in-cylinder mixture. 

Table 24 shows the cases studied in order to define the best DWI injection law for this type of engine. In this 

first analysis the quantity of injected water mass is not a variable. 

Table 24. DWI injection law centre tested 

SOI [CA deg. 

ATDC] 

EOI [CA deg. 

ATDC] 

INJECTION CENTER 

[CA deg. ATDC] 

372 480 426 

406 515 461 

432 540 486 

467 575 521 

10.2.1 Mixture Distribution Analysis 

The objective is to verify the effect of SOI/EOI on the distribution of the mixture both as an average internal 

cylinder value and under spark plug (10 mm radius sphere). Figure 154 shows the quality mixture values for 

the cases analysed in the last angular range near the ignition zone (680 CA deg. up to TDC). Overall, there is 

no marked effect on the average mixture index since all values are around λ 1.0. The reason why not even 

the reference case L1 is exactly equal to 1, is due to the small amount of fuel (the less volatile components) 

that remains in liquid form, as droplets or wallfilm, up to TDC. The standard deviation of the average mixture 

quality in the cylinder, Figure 155, shows a decreasing trend towards the TDC with globally low values. The 

highest standard deviation is for injection centre (namely INJ. C. in labels pictures) 461 CA deg. ATDC and 486 

CA deg. ATDC, while the least one is for injection centre 521 CA deg. ATDC.  

The mean mixture index close to spark plug (Figure 156) is leaner before 695 CA deg. and it does not show 

substantial differences between the analysed cases. As shown in Figure 156 the mixture tends to become 

slightly rich, leading to an even more favourable condition for the initial flame development with a lower 

variability of the mixture near the spark plug close to 710 CA deg. (Figure 157). In conclusion it can be said 

that for this DWI architecture, the effect of SOI/EOI, and therefore the centre of the injection law, on the 

mixture distribution is minimal. 

 
Figure 154. Mean In-Cylinder quality mixture 
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Figure 155. In-Cylinder STD mixture distribution 

 
Figure 156. Mean quality mixture close to sprak plug 

 
Figure 157. STD mixture distribution close to spark plug 
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10.2.2 Thermodynamic Effect 

The cooling of the mixture obtained by this DWI architecture is shown in Figure 158 and compared with the 

two most used modern enrichment strategies (λ 0.75 and λ 0.85). The cooling of the charge obtained by 

evaporation of the water largely exceeds that experienced by the richest mixture. Unlike the PWI strategy, 

in this case the water, being injected directly into the cylinder, is able to better exploit its lower heating value.  

The evaporation rate, Figure 159, confirms that in all cases examined it is possible to reach the target of 90% 

evaporation and the generation of wallfilm remains below 1%, except for the most delayed case. The most 

advanced SOI shows the fastest evaporation rate, the lowest wallfilm mass but at the same time the lowest 

cooling. The reason lies in the fact that most of the drops evaporate during the intake stroke, where the 

increase in volume of the cylinder tends to decrease the temperature of the charge partially masking the 

effect of the water. By shifting the evaporation rate towards the compression stroke, a better 

thermodynamic effect can be achieved. 

From a thermodynamic point of view, the best injection centres are 461 CA deg. ATDC and 486 CA ATDC. 

 
Figure 158. Cylinder temperature variation w.r.t λ 1.0 case – Injection law centre comparison 

 

Figure 159.Evaporation rate: Injection law centre comparison 
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Figure 160.Water wall film: Injection law centre comparison 

10.2.3 Fluid-dynamic Analysis 

In this last section the effect of SOI on Tumble Ratio and turbulence generation inside the cylinder have been 

investigated (Figure 161 -Figure 162). Globally, the interaction of the water spray with the main vortex leads 

to a decrease of the TR and of the turbulent intensity. Initially, in the first spin-up part of the vortex, only the 

most advanced case (426 CA deg.) shows a considerable deviation from the reference (black curve). However, 

its behaviour seems to be only anticipated with respect to the other injection laws: starting from 480 CA deg. 

the curves tend to converge, deviating sharply from the reference in the compression phase, with a peak at 

about 650 CA deg. 7% lower. 

The negative impact on the turbulent intensity is evident as illustrated in Figure 163, mainly in the area where 

the spark advance could be chosen. This, combined with the presence of water and lower temperatures, can 

cause serious problems in flame speed control and combustion. 

 
Figure 161. Effect of injection law on Tumble Ratio: Intake stroke 
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Figure 162. Effect of injection law on Tumble Ratio: Compression stroke 

 
Figure 163. Effect of injection law on In-cylinder turbulent intensity 

Looking for the best trade-off among all the injection centres in analysis, the optimal setting has been found 

to be 461 CA deg. ATDC. For this reason, it has been adopted for the next injection laws at both 50 bar and 

150 bar. The results coming from these two injection pressure levels have been examined together, varying 

the parameter s in order to explore the effect of different amount of water. 

Simulation Results of the DWI System for different Water Injection Strategies at 50 bar and 150 barTable 25 

the investigated cases for DWI systems have been reported. The injection pressure for DWI strategy has been 

chosen in the range between 50 bar and 150 bar, i.e. respectively the lowest and the probably highest-

pressure level for the DWI solution. The lowest injection pressure (i.e. 50 bar) may be the most feasible 

forecast solution in a short term because of the injection system cost. In Table 26 the injected masses under 

stoichiometric conditions for fuel-only case and with variable parameter s are summarized. In this section a 

direct comparison between injection pressures 50 bar and 150 bar have been performed, splitting the study 

in mixture, thermodynamic and fluid-dynamic analysis.   
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Table 25. DWI configurations tested 

Parameter s [-] SOI / EOI [CA deg. 

ATDC] 

Injection pressure [bar] 

0.25 409 / 515 

50.00 0.35 390 / 533 

0.55 377 / 595 

0.25 429 / 495 

150.00 0.35 418 / 506 

0.55 396 / 527 

Table 26. Fuel and water mass introduced for the DWI strategies 

Case 
Parameter s [-] Injected mass 

[mg] 

Fuel-only 84.00 

Water-added 

0.25 21.00 

0.35 29.40 

0.55 46.20 

10.2.4 Mixture Distribution Analysis 

From Figure 164 regarding the quality of the in-cylinder mixture, it can be seen that as the mass of water 

introduced and/or the injection pressure increases, no influence on lambda evolution is recorded. The 

mixture quality is close to the target for all the case between 680 CA deg. and 720 CA deg., this means that 

all the fuel has evaporated previously and DWI has not generated persisting fuel wallfilm that would decrease 

the mean in-cylinder mixture quality. In a similar way this happens also near the spark plug, where after a 

first phase of strong λ decrease, the distribution tends to stabilize after 700 CA deg. (Figure 166).  

The in-cylinder STD distributions, Figure 165, show a tendency to increase the differences for higher injection 

pressure values while the standard deviations under spark plug indicate a high cyclic repeatability from the 

mixture quality point of view (Figure 167). 

In Figure 168, the percentage of mass water vapor has been reported: the analysis has been limited to cases 

s 0.35 and s 0.55 for seeking of clarity. Being this trend the result of a mathematical expression based on cell 

centroid values, there are some sudden variations in the parameter in analysis: this is due to the flow motion 

in the cylinder, which moves away water vapor from some cell centroids inside the ideal sphere. 

Only the mass of water introduced is directly related to the amount of water vapour presents under the spark 

plug: the injection pressure has no influence. This type of evaluation is important to get an idea of the effect 

of water in the first combustion phase corresponding to 10% of burned fuel (MFB10). As described in Chapter 

5, water not only lowers temperatures but also acts as a diluent in a similar way to EGR, negatively impacting 

on laminar speed, lowering its value and increasing the cyclic dispersion of the combustion phase. 
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Figure 164.DWI strategy: in-cylinder mixture quality index 

 
Figure 165. DWI strategy: mixture quality index close to spark plug 

 
Figure 166. DWI strategy: DWI strategy: in-cylinder mixture index STD  
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Figure 167. DWI strategy: mixture index STD close to spark plug 

 
Figure 168. Percentage of water mass close to spark plug 

10.2.5 Thermodynamic Analysis 

From the thermodynamic point of view, the DWI cases shown here are able to exceed the minimum cooling 

level required, regardless of the ratio s and the injection pressure (Figure 169). In contrast with PWI strategy, 

as the quantity of water introduced increases, the cooling of the charge also increases. The best solution, 

focusing only on the final cooling effect, seems to be 150 bar and s 0.55. Moreover, seeking for efficiency 

evaluation, in Figure 170, the cases running at s 0.35 have been compared for both injection pressures in 

terms of cooling efficiency: the higher the injection pressure, the greater the cooling efficiency. This is also 

possible thanks to an appropriate choice of the spray pattern, which minimize direct contact with the piston 

and with the cylinder walls, maximizing the charge cooling effect. 

The injection pressure also allows the lowering of charge temperature because of a greater breakup of the 

drops which therefore leads to a faster evaporation during the compression stroke, as can be seen from the 

Figure 171, which show the evaporation rate for all DWI configurations. The cases at 50 bar start earlier than 

the 150 bar but the slope of the curves slows down already in the middle of the intake stroke.  
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Figure 169. DWI strategies: temperature variation at TDC 

 
Figure 170.DWI best strategies: cooling efficiency 

 
Figure 171. DWI strategies: water evaporation rates 
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Figure 172. DWI strategies: wallfilm formation 

The most critical cases, in terms of evaporation, are given by s 0.55 and in particular for injection pressure at 

50 bar. In fact, in these last operating conditions, Figure 172 shows a higher residual liquid film mass inside 

the cylinder with also a marked effect of the injection pressure. At 150 bar and with s ratios not higher than 

0.35 it is possible to limit the wallfilm generation. The greater is the amount of film deposited on the walls 

the greater is the decrease of the water effect, as the heat for evaporation is removed from the walls rather 

than from the charge. 

10.2.6 Fluid-dynamic Analysis 

In order to evaluate the effect of direct water injection on charge motion and turbulence, Figure 173 and 

Figure 174 show the tumble ratio profiles during the intake and compression strokes, and the average 

turbulence intensity in the cylinder. The reference (without water injection and stoichiometric mixture) is 

always above the other profiles, indicating, also in this case, a reduction in the momentum of the main vortex 

with DWI. The differences become more marked during the spin-up phase of the vortex. Moreover, the 

amount of water has a primary effect with respect to the injection pressure, decreasing the maximum 

turbulent intensity near 700 CA deg. as s increases. 

On the other hand, the influence of the DWI on turbulence generation determines opposite effects under 

the spark plug. The directionality of the spray and its interaction with the charge creates a localized increase 

in turbulence intensity of about 7%, anticipating the maximum peak with respect to the reference (Figure 

175).  

 
Figure 173. DWI strategies: Tumble motion, intake stroke (on the left) and compression stroke (on the right) 
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Figure 174.DWI strategies: In-cylinder mean turbulent intensity 

 
Figure 175. DWI strategies: Mean turbulent intensity close to spark plug 

It is important to consider this charge motion and turbulence effects, not appeared in the PWI strategy, 

during reacting flow simulations. For the DWI case, in the range between 690 CA deg. and 700 CA deg. 

(possible ignition crank angle window) the system might experience better initial combustion speed thanks 

to the flame wrinkling effect.  

10.3 Comparison between PWI and DWI best Configurations and Rich 

Mixture Strategies 

Even if it is clear that the use of water injection in internal combustion engines is more likely to develop with 

PWI systems for a cost/performance reasons, it is interesting to compare PWI with the results just 

investigated for DWI. Based on the analyses carried out so far in terms of mixture, thermodynamic and fluid 

dynamic effects, the comparison is performed on the following best solutions: 

1. DWI: 

a. 150 bar: s 0.35, s 0.55; 

b. 50 bar: s 0.35; 
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2. PWI: 

a. 10 bar: s 0.30. 

The following analyses will be focused on these parameters: 

1. temperature difference with respect to the reference fuel-only stoichiometric case at TDC; 

2. the cooling efficiency at TDC; 

3. the evaporation rate; 

4. wall film formation; 

5. the standard deviation of the mixture index close to spark plug; 

6. the quantity of vaporized water close to spark plug at ignition time, which affects the laminar flame 

speed value; 

7. the tumble ratio and the mean in-cylinder turbulent intensity trends. 

As mentioned above, the cooling capability of the DWI strategy results, by its nature, higher than that 

provided by the PWI strategy, in a similar way as for GDI systems when compared to PFI (considering the 

spray design optimised for both systems). From Figure 176 it can be seen that the s 0.55 150 bar system 

involves the greatest temperature variation at TDC thanks to the high water mass injected. However, in order 

to understand exactly if and how much one system is better than the other in terms of cooling, it is necessary 

to compare them with the same water introduced or in terms of efficiency, as previously done for the 

individual strategies. Figure 177 confirms that a much higher efficiency is achieved for DWI (between 0.9 and 

0.98). The most efficient injection condition is given by the s 0.35 150 bar, while the lowest efficient is the 

PWI s 0.3 10 bar, with a maximum value of about 0.6: this means that a considerable amount of water (40%) 

is not used for charge temperature reduction.  

Both architectures reach a level of evaporated water mass above the target of 90% (Figure 178). The 

evaporation in the PWI case is also faster, thanks to better thermodynamic evaporation conditions during 

the intake stroke and injection timing. However, it should be reminded that the best cooling capability of the 

DWI also lies in the non-wallfilm generation on the cylinder walls (in PWI part of the water spray impinges 

walls forming wall film), trying to maximize the evaporation of the drops directly into the cylinder fresh 

charge. 

 
Figure 176. Temperature variation at TDC: PWI, DWI, rich mixture comparison 
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Figure 177. Cooling efficiency at TDC: PWI and DWI comparison 

 
Figure 178. Evaporation rate: PWI and DWI comparison 

 
Figure 179. Percentage of water mass under the spark plug: PWI and DWI comparison 
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Figure 180. PWI and DWI strategies: mixture index STD close to spark plug 

 
Figure 181. PWI and DWI strategies: Tumble motion comparison 

 
Figure 182. DWI strategy: in-cylinder turbulent intensity comparison 
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As stated before, the quantity of vaporized water close to the spark plug and near the possible ignition crank 

angle interval (from 680 CA deg. to 720 CA deg. ATDC) is one of the parameters affecting the laminar flame 

speed value: the more the water mass fraction, the slower the laminar flame speed is at ignition time, leading 

to longer combustion duration. For this reason, in Figure 179 the quantity of water under the spark plug has 

been reported for PWI and DWI architectures: the PWI case shows a greater mass fraction of water than that 

provided by DWI strategy. On the other hand, the standard deviation of the hypothetical gaussian 

distribution of the mean in-cylinder mixture index (Figure 180) is lower for PWI than for DWI: there is less 

interference between the liquid jet and the mean in-cylinder flow field, as highlighted by the tumble motion 

trend in Figure 181. The PWI trend is the closest to the fuel-only case: this implies a maximum level of 

turbulence, very close to the fuel-only case for PWI strategy (Figure 182). So, one might expect a less cyclic 

variability for PWI solutions. 

10.4 Evaluation of the Main Effects of Higher Compression Ratio on PWI 

and DWI Strategies 

The baseline engine has been modified in terms of compression ratio increasing it up to 10.5 for both PWI 

and DWI architecture, considering the best strategies seen so far in terms of mixture, thermodynamic and 

fluid dynamics effects, in order to take advantage from the water cooling and try to increase the 

thermodynamic efficiency of about 1.7%. For this reason, for the DWI case it was taken s 0.35 150 bar and 

for PWI s 0.3 10 bar case.  

10.4.1 Higher Compression Ratio Geometries Design 

The modification of the combustion chamber was performed for PWI and DWI architectures with two 

different design approaches, that must be highlighted in order to understand the non-reacting and reacting 

flow results. The geometries are reported in Figure 183. 

For the PWI system, the increase in the compression ratio was achieved by acting on the shape of the piston, 

in particular by decreasing the depth of the bowl, leaving unchanged the squish high. So, in addition to the 

thermodynamic effect of the different compression ratio, it will be necessary to evaluate what fluid dynamics 

and turbulence consequences, positive or negative, the new shape of the piston involves, taking into account 

that no further modifications (intake duct, valve lift laws, etc.) have been made. 

 

Figure 183. On the top, PWI CR 9.5 (left) PWI CR 10.5 (right), on the bottom DWI CR 9.5 (left) DWI CR 10.5 (right) 
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On the contrary, for the DWI system the original shape of the piston remained unmodified, and the increase 

in RC was achieved by decreasing the squish height. In this way the impact on the fluid dynamics could be 

minimal, making the thermodynamic effect more evident. 

A value of CR higher than 10.5 was not feasible because of the intrinsic drawing limits in the present 

combustion system baseline geometry.    

10.4.2 Simulation Results in Non-Reacting Flow Conditions for Higher Compression Ratio 

The simulations were performed keeping constant the trapped air mass and leaving the fuel always in 

stoichiometric conditions. This leads to an increase in engine output power (as provided by OpenWAM) as a 

direct consequence of the increased thermodynamic efficiency (about 1.7 %). On the other hand a different 

strategy could be chosen, for having the same rated power of the baseline engine, it would be necessary to 

reduce the fuel consumption and so the trapped mass, also reducing the boost pressure of the turbocharger. 

The last would be another advantage in terms of losses reduction. It must be underlined that this 

investigation is carried out under non reacting flow conditions and that combustion calculation are 

mandatory to include properly the effect (and the penalty) of the water dilution on combustion reaction rate. 

 
Figure 184. PWI vs DWI strategies: compression ratio effect on temperature reduction at TDC 

 

Figure 185. PWI vs DWI strategies: compression ratio effect on Tumble ratio 
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The compression ratio has a similar effect for both PWI and DWI. Moving from CR 9.5 to CR 10.5 results in a 

rise of the average internal cylinder temperature at TDC of about 14 K in both cases (Figure 184). Therefore, 

for these two analyzed cases, the effect of the compression ratio seems to be more marked for the PWI 

strategy, where the reduction is 35%.  

In the latter case, with CR 10.5, the ∆T at TDC almost equals that achievable by the rich mixture (reference 

cooling), making this strategy still interesting even if it appears to be borderline. On the other hand, the DWI 

system has a much higher temperature difference at TDC compared to the λ 0.75 case, about -65 K, which 

allows it to have an optimal cooling even after the CR increase, bringing it to about -52 K (about twice as 

much as the λ 0.75 case). 

It is reminded that higher mass-averaged in-cylinder temperature differences ∆T indicate a better charge 

cooling while lower values denote possible knocking issues, as well as the risk to overcome the TiT threshold. 

These mixture temperature evaluations at TDC, compared to the stoichiometric case without water injection, 

are thus a measure of the net performance of the water injection.  

Finally, as far as the turbulence is concerned, Figure 185 shows the influence of the new designs on the 

intensity turbulent trend. Higher peak values have been obtained for both strategies increasing CR, especially 

at 700 deg., closer to possible spark angle. This is due to the elongated shape of the cylinder which allows a 

better compression and vortex breakdown. Furthermore, even moving towards CR 10.5 the PWI system 

continues to have a higher turbulence generation than the DWI, due to the fact that the indirect water 

injection tends to follow the tumble motion created by the intake port design rather than hinder it. So, the 

new piston shape for the PWI system seems to emphasize turbulence generation, while in the DWI system 

with CR 10.5, only a small initial turbulence increase up to 700 CA deg. was recorded. 

Therefore, increasing the CR there is a worsening of the surface-to-volume ratio of the combustion chamber 

but there is also an increase in the maximum level of turbulence. However, a closer look at Figure 185 shows 

that in the case of the highest compression ratio 10.5 (both PWI and DWI) the turbulence tends to dissipate 

faster immediately after reaching its peak. For computational time reasons, the non-reacting simulations 

have been interrupted at 720 CA deg., but it is precisely from this angle that the curves (both PWI and DWI) 

tend to cross. It will therefore be necessary to verify what happens to the turbulence during prolonged 

combustion simulations up to 800 CA deg. This interesting effect has been attributed to a shape factor related 

to the new designs used for the RC increase. The global dynamic of the Tumble vortex might be no longer 

optimized, dissipating turbulence more quickly during the expansion phase. Only through a new design of 

the intake duct this negative final effect could be recovered. 

As pointed out several times, the laminar flame speed, among others, also strongly depends on turbulence 

evolution inside the cylinder. So, in the reacting flows analysis, it will be necessary to evaluate the effective 

influence of turbulence on the laminar flame speed and combustion process.  

10.5 Summary 

A methodology for the CFD simulation of non-reacting SI GDI turbocharged engine under water injection 

operation has been proposed. Direct Water Injection (DWI) architecture has been tested for the same 

baseline engine configuration and the main results have been checked in terms of evaporation rate, cooling 

temperature, and efficiency. The main aim of these simulations was to maximize water injection benefits and 

minimize possible disadvantage, such as primarily oil dilution and incomplete water evaporation. 

The DWI case has been run at full power condition, at the same rated power engine speed by varying: i) the 

injection pressure; ii) the injection timing; iii) the normalized water injected on the stoichiometric fuel (s 

parameter). Moreover, for pursuing the target of improving the engine efficiency over the whole engine map 

for CO2 emission reduction and maintaining good performance level, the compression ratio CR of the baseline 

engine have been increased up to 10.5.  
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From these analysis, some macroscopic evaluation indexes have emerged: a) temperature difference with 

respect to the reference fuel-only stoichiometric case at TDC; b) cooling efficiency at TDC; c) evaporation 

rate; d) standard deviation of the mixture index close to spark plug, which is a measure of its distribution; e) 

quantity of vaporized water close to spark plug at ignition time, which affects the laminar flame speed value 

at ignition time; f) tumble ratio and mean in-cylinder turbulent intensity trends. 

In the DWI strategy the injection pressure levels have been varied in the range 50 and 150 bar. In DWI 

applications there is more flexibility in choosing the SOI or EOI timing and the concept of ‘injection centre’ 

has been applied. Results obtained running the simulations at 50 bar and 150 bar have been compared, 

changing the mass of injected water. Pursuing the maximum efficiency, the best choice is 150 bar s 0.35, 

which by far succeeds in overcoming the cooling obtained with the lambda 0.75 strategy. Instead, considering 

the costs, the best solution would be 50 bar. In addition, it has been showed how the DWI injection interacts 

with the main intake flow: the more the injected water mass, the less the turbulent intensity.  

Finally, the effects of the geometrical variation of the engine in terms of compression ratio, has showed some 

differences on the best strategies identified, whose comparison has been reported also for the PWI 

configuration for clarity reason. Increasing the CR results in a decrease of cooling due to the higher thermal 

efficiency. Furthermore, the turbulence tends to decrease more rapidly during the expansion stroke, which 

might lead to combustion deceleration.  

In conclusion, the DWI s 0.35 150 bar SOI 418 CA deg. CR 9.5, DWI s 0.55 150 bar SOI 396 CA deg. CR 9.5  and 

DWI s 0.35 50 bar SOI 390 CA deg. CR 9.5 are able to keep the charge temperature variation at TDC lower 

than λ 0.75 strategy with good mixture distribution, resulting in the best DWI strategies found. Possible 

improvement given by the higher compression ratio must be checked under reacting flow conditions, 

extending the simulation up to 800 CA deg. 

The comparison presented in this chapter between DWI and PWI strategy has shown that although the 

charge cooling capacities are much higher for DWI, PWI shows some important benefits from the turbulence 

point of view, so it still remains an interesting strategy to test under reacting conditions. 
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Chapter 11: PWI and DWI Engine 
Applications under Reacting Flow Conditions 

It has been pointed out that, under the pressure of rapid climate change, the European community will 

introduce new and increasingly stringent policies on CO2 emissions, that will not allow the use of mixture 

enrichment for the protection of exhaust components (Turbine an TWC) and knock mitigation. This will lead 

to a complete overhaul of the AES systems implemented so far, forcing to operate at λ 1.0 on the overall 

engine map. 

For these reasons, it becomes important to investigate under reacting flow conditions in order to estimate 

the real potential of water evaporation and its anti-knock attitude. The water acts as a heat sink reducing the 

mixture temperature during the compression phase: the added water also changes the ratio of specific heats 

of the charge mixture and slightly dilutes the oxygen concentration. 

In the previous chapters it has been examined, through CFD simulations, the application of the water 

injection with both PWI and DWI architecture in non-reacting flow case, highlighting the best configurations 

in terms of injection pressure, mass introduced, evaporation capability and cooling efficiency. In addition, 

the effects on the variation of some fundamental geometrical parameters, such as compression ratio and 

stroke to bore ratio, have been included. Despite the fact that those simulations carried out in non-reacting 

conditions are very effective to drive the water injection system design for ICE applications, they are not 

sufficient to provide a complete overview of the real effects of water. In fact, in previous chapters focused 

on the literature review and the detailed chemistry, it has been highlighted that the water is a diluter and it 

affects greatly the laminar flame speeds and the auto-ignition time of the mixture. Therefore, a detailed 

combustion analysis has been performed on the same engines previously analysed by using CFD.  

The methodology is able to account for both physical and chemical effects of the mixture dilution due the 

injected vaporized water, being suited for the assessment of the water injection system architecture and 

operating conditions considered. The goal is to find the final trade-off between the benefits arising from the 

mixture cooling and the shortcomings due to combustion rate lowering. In particular, the final aim is to 

explore how the water injection may contribute to increase the performance of the engine (or in turn to 

reduce the specific fuel consumption at fixed power) while fulfilling the exhaust gas temperature limits. 

The investigation is performed by using 3D CFD simulations, using the CFD code AVL Fire v2020. 

11.1 Combustion Simulation Set-up 

For a sake of completeness in the following a brief summary of the combustion simulations setup is provided.  

In these simulations the overall setup is the same as that used for non-reacting flow simulations, with some 

specific user-defined functions and sub-models activation to handle premixed reacting flow combustion. The 

combustion is simulated by using the ECFM – 3Z model [90]. Specific and custom models have been used to 

model: spark ignition, the flame laminar speed, and the knock in term of autoignition time (IDT) and knock 

rate. As mentioned in Chapter 5 detailed chemical simulations with machine learning was extensively used 

to populate look-up tables, run time called by the main CFD solver. Table 27 resumes the main set-up adopted 

for these combustion simulations, as described in Chapter 4. 
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Table 27. Combustion simulation main set-up and models 

Start angle 270 CA deg. ATDC 

End angle 850 CA deg. ATDC – corresponding to EVO 

Turbulence model K-z-f 

Wall heat model Hybrid wall treatment 

Law of the wall Standard + Han-Reitz 

Combustion model 
ECFM-3Z adopting correlations for LFS, flame thickness 

and auto-ignition delay time 

Ignition model Lagrangian ignition model  

Knock model Two steps autoignition model  

It must be highlighted that the ECFM-3Z combustion model included a single component fuel and it is 

initialized by the fuel mass fraction equivalence ratio and EGR mass fraction which is expected to include the 

water formed from combustion. A representative fuel of commercial gasoline (named GASOLINE 1 in Fire 

code), was used. 

As far as the water vapor mass fraction due to the liquid water injected is concerned, the ECFM-3Z model 

allows to initialize only as a part of the EGR mass fraction. In order to properly account for the injected water 

contribution to the laminar flame speed and auto-ignition, taking it separated from the water included in the 

combustion products (i.e, EGR), a devoted model approach has been used. An external subroutine has been 

created to initialize, before ignition time, a passive scalar that transport solely the water vapor from the 

injected water evaporation. In such a way the local gaseous mass fraction of the vaporized injected water is  

available to be used runtime for the evaluation of both the laminar flame speed and the autoignition delay 

time, keeping separated its contribution from that coming from EGR (and combustion water) dilution. 

Differencing schemes are second order for mass, momentum and energy, while turbulence is resolved with 

a second order blended scheme. The solution is converged when the residual error for each equation is below 

the tolerance threshold of 1e-4. No variations in terms of grid generation has been performed, being already 

optimized also for a combustion simulation.  

11.2 Criteria and Aim of Combustion Simulation Analysis 

The results are discussed with the aim to verify not only the possible gain in performance but also to operate 

the engine safely with respect to the knock and the fulfilment of the TiT limit. 

As far as the TiT limit is concerned, it must be noted that CFD simulation ends close to EVO and therefore the 

TiT limit must be shifted into a limit of in-cylinder temperature at a given crank angle. Based on previous 

estimates made with the OpenWAM 1D code, a TiT limit of 1030°C reasonably corresponds to an in-cylinder 

exhaust gases temperature limit at 800 CA deg. ATDCF equal to 1903,15 K (1630 °C). 

With regard to knock, the engine knock limit condition has been evaluated using a MAPO threshold value 

defined according to the BOSCH criterion, which consists in dividing the engine speed (rpm) by 1000 (7 bar). 

As done in experiments, a 4th order Butterworth band-pass filter between 5kHz and 20kHz has been applied 

to the numerical pressure trace in a crank angle window between -10 and 80 crank angle degrees after top 

the dead center (ATDC). The pressure trace was recorded by a virtual probe flush mounted on the cylinder 

head close to the location of the water injector (the probe location is the same for both configurations). 

In order to have an approach closer to reality, trying to include the effect of the cycle-to-cycle variation on 

knock, that can not be reproduce by RANS simulations, the Knock Limit Spark Advance (KLSA) has been 
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evaluated as the crank angle that provides a MAPO of 7 bar minus 4 crank angle degrees. In this way the KLSA 

and the evaluated MFB50 crank angle provided a quite good representation with respect to the real engine 

operations.  

Finally, the data related to the characteristic combustion angles have been extrapolated from the pressure 

trace, recorded from the virtual transducer using post-processing analysis methods as those used at the test 

bench for the indicating data analysis and base of a First Law of Thermodynamic analysis.  

The reference cases are the results obtained from combustion simulations without water injection at full 

power with lambda equal to 0.75, 0.85 and 1.0. 

The PWI and DWI architectures have been tested only under stoichiometric mixture conditions to fulfill with 

EU AES policy assessment and thus to cope with the reduction of emissions. Table 28 lists all the cases with 

water injection evaluated: in the following they are referred to as from W1 to W7. They include different 

water injections system layouts (i.e., PWI and DWI), amount of water injected (i.e, s parameter), injection 

pressures, engine compression ratios and bore to stroke ratios. It is reminded that for the W7 case, in order 

to keep the same output power and limiting the mean piston speed at 20 m/s, the rated power engine speed 

was reduced to 6250 rpm.  

Table 29 and Table 30 report the amounts of water and fuel injected and the laws of injection, the best found 

during the study under non-reacting flow conditions. 

Finally for the sake of clarity, the main results obtained from previous simulations under non-reacting 

conditions are summarized in Figure 186 Figure 188: the turbulent intensity, the temperature variation at 

TDC and the distribution of mixture under spark plug in a sphere with a radius of 10 mm. 

Table 28. List of water injection cases examined in reacting flow conditions 

CASE # H2O INJ. SYST. Parameter s [-] 
Inj. Press 

[bar] 
CR S/B 

W1 

 

DWI 

0.35 50.00 9.5 

1.01 

W2 0.35 

150.0 

9.5 

W3 0.55 9.5 

W4 0.35 10.5 

W5 

PWI 0.30 10.00 

9.5 

W6 
10.5 

W7 1.13 

Table 29. Fuel and water mass injected 

Case ( 1.00) 
Parameter s 

[-] 

Fuel/Water 
injected mass 

[mg] 

Fuel-only - 84.00 

Water-added 

0.30 25.20 

0.35 29.40 

0.55 46.20 
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Table 30. Injection strategies 

TYPE OF INJECTOR 
Injection 

pressure [bar] 
Parameter s  

[-] 
SOI [CA deg. 

ATDCF] 
EOI [CA deg. 

ATDCF] 

GASOLINE 350.0 - 378 532 

DWI 150.0 0.35 418 506 

DWI 150.0 0.55 396 527 

DWI 50.0 0.35 390 533 

PWI 10.0 0.30 293 433 

 

 

 

Figure 186. In-cylinder turbulent intensity of W1-W7 and rich fuel strategies in non-reacting conditions at 700 CA deg. 

 

Figure 187. Temperature reduction at TDC of W1-W7 and rich fuel strategies in non-reacting conditions 
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Figure 188. Mixture distribution close to spark plug of W1-W7 and rich fuel strategies in non-reacting conditions 

11.3 Combustion Simulation without Water Injection 

In this paragraph are reported the results of the combustion simulations without water injection considering 

the following values of λ 0.75, 0.85 and 1.0. The results have been used as references to characterize the 

baseline engine with respect to the application with water injection at stoichiometric conditions. 

Figure 189 and Figure 190 show the MAPO values on the y-axes, obtained from the ignition advance sweep 

in the various simulations, versus the MFB50 crank angle and the exhaust gas temperature at 800 CA deg., 

respectively. As expected, by advancing the ignition, the combustion center (MFB50), which represents the 

angle of 50% of burned fuel, moves toward TDC. However, below 15-18 CA deg. of MFB50, only the case with 

the richest mixture can maintain a MAPO value below the maximum threshold (7 bar) for greater SA. The 

reason is found in its greater ability to lower the fresh mixture temperatures, inhibiting the occurrence of 

autoignition sites thus increasing the antiknock attitude. 

Figure 191 depicts the combustion heat release for the same SA crank angle at 706 CA deg. ATDC for all cases 

plotted (the selected SA provides the most intense knocking case at lambda 1 between those simulated), 

while Figure 192 shows the in-cylinder pressure recorded at the transducer location. From the latter figures 

one can see that the case lambda 0.75 exhibits the lowest knock attitude (no oscillations or spikes in the heat 

release and pressure graphs) thanks to largest fuel enrichment cooling effect and the more homogeneous 

mixture distribution. On the contrary, the lambda 1.0 case with SA 706 CA deg., provides at 736 CA deg. a 

very hot region under the exhaust valve and close to the squish area. As a consequence, the temperature of 

the mixture increases, rapidly accelerating the various oxidation reactions leading to the auto-ignition of the 

mixture before the arrival of the flame (Figure 193).  

As far as the turbine inlet temperature of the exhaust gas is concerned, Figure 190 shows that for high MFB50 

crank angle values (i.e., due to delayed spark advance because of knock) the combustion, for  1.0 and 0.85,  

moves late in the expansion phase, raising the temperature of the exhaust gases at 800 CA deg. ATDCF much 

above the imposed limits. In the case of mixture at λ=1.0, values over 2000 °C at 800 CA deg. ATDCF have 

been achieved, while the limits imposed as a criteria in present simulation was set to 1630 °C. As a matter of 

fact, only the SA values that allow to remain in the lowest left part of the graph of Figure 190 are suitable for 

safe engine operations as far as both knock and TiT requirements are considered. Basically, at full power 

condition, the present high bmep engine can work only at  0.75. Both the  1.0 and the  0.85 cases, at the 

knock safe advance points, do not respect the constraint of the prescribed average in-cylinder maximum 

temperature at 800 ca deg. ATDCF which has been set as representative of the TiT limit. This highlights that 

the TiT limits are more demanding than the knock limits at safe engine operation. 
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Figure 189. MAPO vs MFB50 only-fuel combustion cases 

 

Figure 190. MAPO vs exhaust temperature only-fuel combustion cases 

 

Figure 191. Combustion heat release, only-fuel combustion cases, SA 706 CA deg. 
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Figure 192. Pressure sensor, only-fuel combustion cases, SA 706 CA deg. 

 

 

Figure 193. Mixture auto-ignition region at 736 CA deg. for the case λ 1.0 with SA 706 CA deg. 

The IMEP_H (Indicated Mean Effective Pressure at High pressure), calculated in the symmetric angular range 

between 640 CA deg. and 800 CA deg., is shown in Figure 194 versus MFB50 crank angle and SA, normalized 

with respect to the target value (IMEPHtarget). The reference target IMEPH is related to the working point of 

full power and safe conditions from the knock (KLSA minus 4 degrees) and TiT point of view (λ 0.75 with SA 

703 CA deg. ATDCF). It should be noted that the reference was taken as the target IMEPH rather than the 

target BMEP in order to perform the comparisons based on present combustion three-dimensional 

simulation that rely on the high pressure and closed valve part of the engine cycle. This assumption may be 

taken as reasonable for the purpose of the present investigation. 

Values greater than 1 indicate an increase in the engine output indicating specific work, while the dashed line 

in each individual trace indicate the region undergoing knock conditions, up to MAPO higher than the 

threshold value. The knock limit spark advance (KLSA, those allowing operating at limit of knock minus 4 CA 

deg.) for each of the mixture indices considered are those at the boundary between the dashed part and 

continuous part of each trace. 

It is to note that at fixed target IMEPH value, the KLSA at  0.75 is 703 CA deg. ATDCF, the KLSA at  0.85 is 

712 CA deg. ATDCF and the KLSA at  1.00 is 713 CA deg. ATDCF. The in-cylinder thermal regime is higher for 

 0.85 and  1.00 than for  0.75.  
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Figure 194. Normalized IMPEH vs MFB50 crank angle (on the left) and vs SA (on the right) for fuel-only simulations 

 

Figure 195. Laminar flame speed evolution: fuel-only simulations 

As a matter of fact, the case with a slightly rich mixture (λ 0.85) is able to reach the same IMPEH value as the 

stoichiometric mixture, but with a 1 CA deg. lower SA, as showed by the black and read points that separates 

dashed and continues lines. In addition, Figure 194 shows how, for the same MFB50 crank angle, combustion 

with λ 0.85 and 1.0 are faster, with a gain in terms of IMPEH over the λ 0.75 strategy. However, globally the 

performance can be considered almost the same for all configurations because no strategy can exceed the 

target value of 1 without increasing the knock risk. Although the combustion process of the λ 0.75 strategy 

is slower, due to fuel evaporation and lower combustion chamber temperatures, it can accept lower MFB50 

crank angle without facing knock, shifting the combustion closer to TDC. The evolution of combustion speeds 

is described by analyzing the laminar speeds (the combustion duration will be reported in the next paragraph 

with water injection).  

Figure 195 shows the evolution of the average laminar flame speed on the flame front during the flame 

propagation. In the first crank angles after ignition, the laminar speed for the case at λ 1.0 is higher than the 

other two cases thanks to the better mixing conditions found by the flame close to the spark plug, which 

strongly influence the ignition start. The λ 0.85 case remains with greater velocity levels above 65 cm/s for 

longer, thanks to a more homogeneous distribution of fuel in the cylinder and close to the value that 

determines the maximum speeds. On the other hand, the velocity of the λ 0.75 case is strongly affected by 

the richer mixture and by the lower charge temperature and it is characterized by the lowest flame speed 

values which almost lay below 50 cm/s. Globally, as highlighted in Chapter 9, the three GDI strategies showed 

a good homogeneity of the mixture distribution proved by the laminar velocity values, considering that the 

spray pattern has been optimized for cat-heating conditions and not for full power operating point.  
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Figure 196 shows a frame sequence of the flame front propagation starting from the same Spark Advance, 

706 CA deg., of the three cases, where red areas mean complete burnt fuel. The differences are minor for 

cases λ 1.0 and 0.85, while case λ 0.75 shows a decelerated flame progression. From these images it is 

possible to notice how the flame tends to propagate primarily towards the intake valve, where most of the 

turbulence is concentrated in the cylinder, as described by the non-reacting simulations. The last peripheral 

area under the exhaust valve is not reached in time by the flame, generating a knock event both for λ 1.0 and 

λ 0.85 case as presented in Figure 193.   

To summarize, the simulations carried out so far have shown that in these operating conditions only a 

strategy with a very rich mixture (λ 0.75) is able to ensure safe operativity of the engine both for the knock 

and the exhaust gases temperature. In fact, in both other cases (λ 0.85 and 1.0), even if there are conditions 

with MAPO lower than 7 bar (maximum imposed limit), under these operating conditions they do not 

correspond to exhaust gas temperature at 800 CA deg. lower than 1630 °C. It is therefore of primary interest 

to verify the possibility of using a stoichiometric mixture with the addition of water, to cope with future 

pollution limits and the new AES policy. 

 

Figure 196. Combustion flame propagation at 720 CA deg. and 725 CA deg., λ 0.75 (top), λ 0.85 (centre) and λ 1.0 (bottom), SA 706 
CA deg. 

11.4 Combustion Simulation with Water Injection 

Moving to the application of the water injection, a brief summary of the previous considerations on expected 

water effect on thermodynamics is here provided. The dilution of the mixture with water reduces its heat 

capacity ratio: on one hand this contributes further to reduce the fresh mixture pressure and temperature at 

TDC (which is good for reducing knock risk and the exhaust temperature), on the other hand this results in a 
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lower theoretical thermodynamic efficiency of the engine cycle. In this chapter the overall effect of water 

dilution on engine performance is finally provided thanks to investigations of combustion simulations, carried 

out by using a detailed chemistry modeling of the laminar flame speed and auto-ignition time which may 

account accurately for water dilution. The latter is a mandatory in order to properly evaluate the engine 

performance in terms of balance between performance, weaker knock risk and slowing of combustion speed, 

which may lead to significantly higher exhaust gas temperatures. Therefore, the results from CFD simulation 

have been analyzed by considering that:  

1. a more suitable (advanced) setting of the spark advance is able to move the combustion towards the 

TDC resulting in a performance increase; 

2. the limit safe condition thresholds in terms of MAPO (i.e, the threshold is set equal to 7 bar in the 

present case) and exhaust temperature (1630 °C) must be evaluated for each case; 

3. the lowering of cylinder temperatures created by the evaporation of water increases the adiabatic 

efficiency of the engine, with a better energy-work conversion; 

4. the lengthening of the combustion duration has a negative effect on the final temperature of the 

exhaust gases and on the indicating efficiency. 

The combustion results for both water architectures in their best set-ups (examined under non-reacting-flow 

conditions), are now presented. The comparisons are divided into dedicated subparagraphs concerning: 

• best PWI and DWI configurations with compression ratio of 9.5; 

• main effects of higher compression ratio (10.5) on both PWI and DWI best strategies; 

• main effects of higher stroke to bore ratio on PWI best strategy. 

11.4.1 Water Injection Combustion Results - CR 9.5 

The investigation focuses on the comparison between the best PWI and DWI water injection strategies 

identified during the non-reacting analysis and only-fuel mixture strategies. The characteristics of the engine 

are those previously described in Table 17, with compression ratio 9.5. 

Figure 197, Figure 198 and Figure 199 show the IMPEH profiles, normalized to the reference target, versus 

the MFB50 crank angle and SA, the MAPO versus MFB50 crank angle and the MAPO versus the exhaust gas 

temperature at 800 CA deg., respectively. The analysis of these charts shows that:  

1. At fixed combustion phase (MFB50 crank angle), the PWI s 0.30 10 bar case provides an IMPEH higher 

than the target configuration (λ 0.75 with SA in complete safe operating conditions) without facing 

knock. Compared to the λ 1.0 case without water injection, the gain of IMEPH is mainly attributable 

to the increase of the engine adiabatic efficiency. Although the combustion speeds are lower with 

water, as shown shortly, due to the lowering of fresh mixture temperature, the thermal energy lost 

at the wall compared to the fuel energy decreases. By advancing the ignition, MAPO begins to rise 

because some small areas inside the combustion chamber tend to auto-ignite. Further advancing SA, 

MAPO value exceeds the 7 bar threshold. However, looking at the exhaust gas temperatures at 800 

CA deg., there aren’t any operating points that simultaneously allows temperatures and MAPO to 

remain below their own imposed thresholds;  

2. The DWI shows, in general, a much higher detonation tolerance. In none of the tested configurations 

MAPO exceeds 7 bar, although for the case DWI s 0.35 50 bar with SA 694 CA deg., which corresponds 

to an MFB50 angle of 6 CA deg., the value is very close to the threshold. Moreover, also the DWI 

solution allows to obtain IMPEH values higher than the target for the same MFB50 thanks to the 

greater adiabatic efficiency. The remarkable low-knock attitude allows higher spark advance with 

shifted MFB50 crank angle, moving the pressure peak more towards the TDC, with an effective gain 
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in terms of bfsc without facing knock, especially for the 150 bar cases. However, due to the significant 

presence of water, the higher fresh mixture cooling and the negative effect played on the laminar 

flame velocity lead to a slowing down of the combustion (as highlighted in Chapter 5) carrying the 

exhaust gas temperature above the maximum threshold. In addition, in the previous chapter it has 

been shown that for the DWI configuration the turbulence intensity and the mixture distribution 

close to spark plug were found less optimized than PWI, and the water vapor close to the spark plug 

was lower than PWI. These phenomena explain their small performance and combustion velocities 

differences.  

The performance gain (IMPEH), compared to the stoichiometric case without water injection, might be 

attributed also to the increase of the in-cylinder mass due to water injected (between 1.8% and 3.4% 

depending on s). The compression phase is less affected by the greater mass present in the system because 

the drops are still in the liquid phase at IVC, and the evaporation is completed along all the compression 

stroke [32,33].  

It is interesting to point out that both water injection systems, for the same MAPO (at the same detonation 

index), exhibit a much earlier central combustion phase, closer to the optimal ideal value (MFB50 8 CA deg.) 

when compared with the reference fuel enrichment strategy. However, this is not sufficient to have a clear 

picture of the combustion process and further investigations are needed. 

Extending the investigation to the MFB10-MFB50 and MFB50-MFB90 combustion durations (Figure 200 and 

Figure 201), the slowdown of the combustion development in the cylinder due to the presence of water is 

clearly confirmed. It is also clear that the DWI s 0.55 case, even if it was interesting for the study in non-

reacting environment, shows a combustion speed too low and not experimentally acceptable. The Figure 202 

illustrates how for s 0.55 the unburnt temperature drops significantly compared to other strategies used, 

drastically decelerating the flame.  

Globally the water has a detrimental effect on the flame propagation, both for thermodynamic and chemical 

reasons. The images in Figure 203 compare the position of the flame front for stoichiometric mixture 

conditions with and without the presence of water. After about 25 CA deg. from ignition (SA 706 CA deg.), 

the effect of water has clearly led the flame to cover a smaller area of the combustion chamber, lengthening 

the combustion duration. 

Summarizing, the results examined so far show a strong ability to obtain higher engine loads than the target 

for both DWI and PWI architectures, (BMEP target 26.6 bar), highlighting the possibility to reduce the fuel 

and therefore the thermal load and the exhaust temperature in general, thanks to the optimized bfsc.  

Because of the interesting results found in the non-reacting conditions, the combustion analysis are now 

performed with the compression ratio increased to 10.5. 

 

Figure 197. Normalized IMPEH vs MFB50 crank angle (on the left) and SA (on the right): PWI, DWI and fuel-only strategies 
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Figure 198. MAPO vs MFB50: PWI, DWI and fuel-only strategies 

 

Figure 199. MAPO vs exhaust gas temperature: PWI, DWI and fuel-only strategies 

 

Figure 200. MFB10-MFB50 vs MFB50: PWI, DWI and fuel-only strategies 
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Figure 201. MFB50-MFB90 vs MFB50: PWI, DWI and fuel-only strategies 

 

Figure 202. Unburnt temperature: PWI, DWI and fuel-only strategies 

 

 

Figure 203. Flame front propagation λ 1.0 SA 706 CA deg. without water (left), PWI s 0.3 (right) 
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11.4.2 Water Injection Combustion Results for Higher Compression Ratio 

Based on previous results and considerations about the strategies investigated with a compression ratio 

equal to 9.5, DWI s 0.35 150 bar and PWI s 0.30 10 bar cases (best non-reacting flow cases) were operated 

with a larger engine compression ratio of 10.5. The simulations have been realized keeping constant the 

trapped mass and the stoichiometric mixture condition.  

As a direct consequence of the higher compression ratio, the increase in thermodynamic efficiency has led 

to an increase in engine power and therefore IMPEH. For this reason, in order to keep the power target 

constant by reducing consumption, it would be possible to decrease the fuel introduced in the cylinder and 

the trapped mass (with a gain also achieved in the reduction of the boost pressure and, as a consequence, 

the pumping loss).  

Figure 204 - Figure 205 - Figure 206 show the normalized IMEPH curve versus MFB50 crank angle and SA, the 

MAPO curves versus MFB50 crank angle and exhaust temperature at 800 CA deg. ATDCF, respectively.   

The assessment of the compression ratio raise allows one to draw that:  

1. looking at the knock safe SA, thus considering the maximum performances of the engine, the DWI 
system gains 6 CA deg. in the knock safe SA with regard to PWI, resulting in a 1% increment of the 
IMEPH value and the exhaust temperature reduces of almost 100.0 K; 

2. in the DWI system with an increased CR, the higher thermodynamic load causes the KLSA to be 

delayed of 6 CA deg., as the MFB50 crank angle by about 4 CA deg., SA 700 CA deg. ATDCF is the 

knock safe SA for DWI CR 10.5. In addition, there is an exhaust temperature reduction of 77.0 K if 

compared to the same system having CR 9.5. The last is due to the more efficient combustion process 

linked to the increased thermodynamic efficiency, which reduces the combustion angles. In general, 

increasing the compression ratio of 1.0 point, results in the increment of the IMEPH (Figure 204). The 

IMEPH value, at the same SA, increases of about 2%. The configuration s 0.35 150 bar CR 10.5 with 

SA at 698 CA deg., is able to meet both the MAPO and TiT maximum targets, with higher IMPEH.  

3. Increasing the CR of 1.0 point in the PWI system, the knock safe SA is retarded of 4 degrees due to 

high thermal load (and MFB50 crank angle longer of about 6 degrees), i.e. KLSA is 706.0 CA deg. 

ATDCF instead of 702.0 CA deg. ATDCF: the exhaust temperature increases from 1950.0 K to 2007 K 

due to longer combustion duration and the normalized IMEPH reduces from 1.12 at CR 9.5 to 1.09 at 

CR 10.5. Although the combustion speed is reduced for the PWI case with CR 10.5, the increase in 

thermodynamic efficiency has resulted in a gain of IMPEH. Despite the maximum temperature 

increase of the fresh mixture, the smaller heat exchange surface of the piston has allowed to leave 

the adiabatic efficiency unchanged.  The SA at target IMEPH is shifted towards TDC of 1 degree (SA 

709.0 CA deg. ATDCF instead of 710.0 CA deg. ATDCF), with an exhaust temperature reduction from 

2120 K to 2080 K at CR 10.5; 

 

Figure 204. Normalized IMPEH vs MFB50 crank angle (on the left) and SA (on the right): CR 9.5 and 10.5 



190 
 

 

Figure 205. MAPO vs MFB50: PWI, DWI and fuel-only strategies, CR 9.5 and 10.5 

 

Figure 206. MAPO vs exhaust gas temperature: PWI, DWI and fuel-only strategies, CR 9.5 and 10.5 

 

Figure 207. MFB10-MFB50 vs MFB50: PWI, DWI and fuel-only strategies, CR 9.5 and 10.5 
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Figure 208. MFB50-MFB90 vs MFB50: PWI, DWI and fuel-only strategies, CR 9.5 and 10.5 

 

Figure 209. In-Cylinder turbulence kinetic energy at SA 706 CA deg. 

The combustion angles in Figure 207 and Figure 208 show that the increase of the compression ratio has 

opposite effect on DWI and PWI configurations. For the latter, there is an average loss of combustion duration 

of about 2 degrees for the same MFB50 crank angle. This feature is due to the different evolutions of the in-

cylinder turbulence. Figure 209 shows the profiles of the turbulent kinetic energy in the expansion phase. As 

already mentioned in the non-reacting Chapter 10, the different shape of the PWI piston with CR 10.5 has 

led on the one hand to a stronger production of turbulence during the compression stoke but a following 

violent dissipation close to TDC and during the early expansion phase, with negative consequences on 

combustion speed.  

11.4.3 Effects of Stroke to Bore Ratio Increase from 1.01 to 1.13 on Best PWI CR 10.5 Strategy 

For this last analysis, the PWI architecture only has been chosen because it is the most promising in terms of 

cost reduction. The PWI s 0.30 10 bar solution has been applied to the engine having S/B 1.01 and 1.13, at 

the same CR 10.5. The idea was to explore the difference performance of the water injection strategy applied 

to two different engine types but having the same CR. Increasing the S/B ratio from 1.01 to 1.13, there is an 

increase of the stroke from 85.0 mm to 95.0 mm, which leads to an increment of the unitary swept volume. 
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For working at the same target power, the engine speed has been reduced from 7000 rpm to 6250 rpm. The 

mean piston velocity has been kept below the maximum limit 20 m/s due to inertia issues of the crank 

mechanism. In order to keep the same compression ratio (10.5) with a longer stroke, it was necessary to 

increase the volume of the combustion chamber at the top dead centre by acting on the shape of the piston. 

The approach chosen, for design issues, was to preserve the cylinder power target for this high-bmep 

demanding engine, without reducing its bore and therefore the valve diameters due to space constraints. In 

the latter case, the boost pressure should have been adjusted to ensure the same trapped air mass, thus 

increasing pumping losses. So, the increase in the S/B stroke ratio was obtained, as described above, by 

increasing the stroke. However, it is interesting to verify if there are any performance gain margins thanks to 

the different combustion chamber shape, taking into account that already going from 7000 rpm to 6250 rpm, 

leaving the output power unchanged, there is an excellent reduction of engine friction and therefore of its 

efficiency in general.  

The trapped mass has been increased of 8.4% due to the swept volume increase and the brake-specific fuel 

consumption (from OpenWAM) has been reduced of 27.0% at stoichiometric conditions, due to the 

thermodynamic efficiency increase. The injected water at s 0.3 is 28.0 mg. It must be kept in mind that in 

general the increase of the S/B ratio would promote a lower interaction between the flame front and the 

walls, decreasing the wall exchange. In the case under consideration, as already mentioned, the increase of 

the stroke has enhanced the heat rejection through cylinder liner, reducing the adiabaticity of the 

combustion chamber. 

Figure 210 compares the IMPEH against MFB50 crank angle and SA showing that the S/B ratio 1.13 provides 

a loss in performance (IMEPH) attributable to 1 degree of MFB50 for the same target IMEPH. By increasing 

the displacement with the same RC, the volume at TDC is greater, so the curve of the PWI S/B 1.13 case, on 

the normalized MPEH vs SA of Figure 210, tends to converge to that of PWI S/B 1.01 for high SA values. 

Moving the combustion towards the TDC, the greater volume at the top dead centre of the S/B 1.13 

configuration results in a more moderate increase of pressure, and therefore IMPEH. 

The S/B 1.13 case also leads to a slight decrease in the knock tendency for the same combustion phase 

(MFB50): for the S/B curve 1.13 the knock safe SA moves away TDC of 2 degrees reducing the MFB50 crank 

angle without facing knock. In addition, due to the local conditions that the fresh mixture faces with a higher 

accumulation of water near the knock spot, the knock for the S/B 1.13 configuration is slightly retarded as 

illustrated in Figure 211 which plots MAPO versus MFB50 crank angle. This behaviour is well captured thanks 

to the effect of water on the ignition delayed time, whose database has been generated as described in 

Chapter 5 through chemical kinetic simulations. 

 

Figure 210. Normalized IMPEH vs MFB50 crank angle (on the left) and SA (on the right): PWI S/B 1.01 and 1.13 
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Figure 211. MAPO vs MFB50: fuel-only strategies and PWI S/B 1.01 and 1.13 

 

Figure 212. MAPO vs exhaust gas temperature: fuel-only strategies and PWI S/B 1.01 and 1.13 

 

Figure 213. MFB10-MFB50 vs MFB50:  fuel-only strategies and PWI S/B 1.01 and 1.13 
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Figure 214. MFB50-MFB90 vs MFB50: fuel-only strategies and PWI S/B 1.01 and 1.13 

 
Figure 215. Flame surface and turbulence kinetic energy on the flame front: comparison between PWI S/B 1.01 and S/B 1.13 cases 

for SA 706 CA deg. 

As far as the exhaust gas temperature is concerned, the gain for the case S/B 1.13 was not evident (Figure 

212), because as shown in Chapter 9, due to a higher accumulation of water wallfilm the cooling capacity at 

the TDC is lower, even lower than that provided by the λ 0.75 strategy (cooling target). 

Figure 213 and Figure 214 report the combustion duration (MFB50-MFB10 and MFB90-MFB50), respectively, 

versus the MFB50 crank angle. The increase in the bore to stroke ratio leads to an improvement in the S/V 

ratio of the combustion chamber which, despite the lower average turbulent intensity levels, allows faster 

combustion especially in the intermediate stage (MFB50-MFB10) thanks to the larger flame surface.   

For the case S/B 1.13, a higher turbulence concentration was found in the propagation zone of the flame 

front despite a lower average level in the cylinder. Figure 215 shows the evolution of the turbulence extracted 

on the flame front and the flame surface available for the combustion reaction. The localized turbulence is 

able to approach and overcome that of case S/B 1.01 with a greater flame front extension. This condition 

lasts up to about 740 CA deg. which for this SA examined (706 CA deg.) corresponds to about 80% of burned 

mixture. However, much of the gain obtained in term of combustion duration is lost due to a lower adiabatic 

efficiency, caused by the increased stroke. Figure 216 shows how the case S/B 1.13 with 95 mm stroke 

exchanges more energy towards the cylinder wall, reducing the IMPEH. 
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Figure 216. Heat transfer comparison between PWI S/B 1.01 and S/B 1.13 cases for SA 706 CA deg. 

11.5 Summary 

The main results seen so far are now summarized in Figure 217 -Figure 220 by comparing the different cases 

on the basis of specific quantities, in order to have a clearer overall picture. The quantities considered are: 

the SA for operation in knock-safe condition, the normalized IMPEH, the exhaust gas temperature at 800 CA 

deg. At KSSA, and MFB50 crank angle at KLSA. The reference case is  0.75, which has KLSA at 703 CA deg. 

ATDC., an IMEPH equal to the target one and an exhaust temperature below the threshold value of 1630 °C. 

Therefore, it fulfills both knock safe operation and TiT limit constrains.  

The cases without water injection running at  0.85 and  1.0 present faster combustion thanks to higher 

thermal condition and better in-cylinder mixture distribution. On the other hand, they are characterized by 

a more delayed KLSA (Knock Limit Spark Advance) of about 6 and 7 crank angle degrees, respectively, with 

IMPEH values close to the target one. This denotes a shift towards the expansion and a longer combustion 

phase, causing the MFB50 to be about 2.0 – 2.5 degree longer and the in-cylinder exhaust temperatures to 

exceed 1800 °C at knock safe SA conditions.  

 

Figure 217. Knock Safe SA for all the cases tested 
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Figure 218. Normalized IMPEH at Knock Safe SA for all the cases tested 

 

Figure 219. Exhaust gas temperature at 800 CA deg. ATDC, at Knock Safe SA, for all case tested 

 

Figure 220. MFB50 at Knock Safe SA for all the cases tested 
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The results of combustion simulations have shown that the flame front propagation and knock, are two 

phenomena strongly dependent on the water dilution, mainly related to the lowering of temperatures and 

the change of mixture quality. The use of chemical kinetics for a correct evaluation of these phenomena and 

the right representation of the mixture distribution were essential to provide accurate solutions for such 

simulations.  

As far as the application of the water injection is concerned, cases W1 to W4 (DWI) and W5 – W7 (PWI) show 

the possibility to run the engine with more advanced KLSA and MFB50 crank angle at safe condition, gaining 

a substantial increase in IMEPH. However, running the engine with a compression ratio equal 9.5, no strategy 

of water injection was found to accomplish with the exhaust gas temperature at 800 CA deg. limit of 1630 

°C, at fixed IMEPH. This issue can be solved by exploiting the optimization of the bsfc by increasing the 

compression ratio and by reducing the fuel introduced and bringing the performance back to the target value 

(IMEPHtarget). This would decrease the engine thermal load with a consequent reduction of the TiT.   

To summarize it is possible to say that:  

1. the λ cases 0.85 and 1.0 have been demonstrated, in the fuel-only configurations, to be the most 

prone to knock and to exceed the TiT threshold. This is the reason why the λ 0.75 SA 703 CA case was 

taken as reference to ensure safe engine operation (MAPO under 7 bar and exhaust gas temperature 

under 1630 °C); 

2. the PWI architecture showed a higher laminar flame speed thanks to the lower amount of water 

introduced and an improvement in performance (IMPEH) compared to the reference, because of the 

reduced MFB50 crank angle (greater SA). The test achieved at higher bore to stroke ratio showed a 

higher combustion speed thanks also to the better S/V ratio of the combustion chamber and the 

flame; 

3. the DWI strategy is the one with the lowest knock attitude thanks to a more intense charge cooling. 

All cases recorded a MAPO lower than 7 bar. For DWI s 0.35 p 150 bar, IMEPH lies between  1.0 -  

0.85 cases and  0.75;  

4. the increase in the compression ratio from 9.5 to 10.5 seems to be more effective for the PWI than 

the DWI. Apparently, even for DWI CR 10.5 at KLSA is not possible to drop the temperature below 

the threshold, because of the limited evaporation rate which strongly affects the cooling effect. On 

the other hand, the configuration s 0.35 150 bar CR 10.5 with SA at 698 CA deg., is able to meet both 

the MAPO and TiT targets. Moreover, the two different approaches with which the increases in RC 

in the PWI and DWI strategy have been realized, also showed different turbulence characteristics 

and combustion speeds. This explained why the PWI system with CR 10.5 was characterized by higher 

combustion angles; 

5. The increase of the bore to stroke ratio up to 1.13, by lengthening the stroke, has been carried out 

only on the PWI strategy. Overall, the system was able to slightly reduce both the exhaust gas 

temperature and the knock tendency due to a faster combustion development. However, part of the 

IMPEH gain has been lost due to adiabatic efficiency reduction because of the specific geometrical 

configuration adopted. 

To conclude, based on the architectures and strategies analyzed in this thesis, both PWI and DWI, applied to 

this specific high-bmep virtual engine, the best configurations considering performance, knock attitude and 

exhaust temperature are: 

• DWI: s 0.35 p 150 bar SOI 418 deg. ATDC, CR 10.5 

• PWI: s 0.3 p 10 bar SOI 293 deg. ATDC, CR 9.5, S/B 1.13 
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Although DWI technology has proven to be in some aspects better than PWI, the latter can be exploited and 

optimized to achieve an improvement in terms of bsfc, reducing the injected fuel with respect to the ‘no 

water’ injection case, as well as the temperature and abnormal combustion conditions. In addition, this 

architecture remains more feasible in a series production view with lower costs. For this reason, it is very 

likely that in the near future the use of water injection on a large scale is going to be used and studied 

together with other technologies that make internal combustion engines more and more efficient and 

performing.  
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Chapter 12: Conclusion and Future Direction 

In this thesis the topic of the water injection in GDI engines has been deeply investigated through the use of 

fluid-dynamic computational simulations and detailed chemical kinetics calculations.  

Among the different solutions that could currently be implemented, those related to PWI (Port Water 

Injection) and DWI (Direct Water Injection) have been examined, with specific injection strategies based on 

fluid dynamics, thermal and chemical aspects. The strategies have been tested on a high-bmep and high-

power S.I. GDI turbo-charged engine virtually designed, with different geometry configurations. 

One of the main driving factors that have determined the development of this research, and that 

differentiates it from many scientific articles providing the first scientific contribution, is the analysis carried 

out considering the real applicability of these strategies (injection pressures, injected mass, etc..), trying to 

minimize the real engine problems related to water evaporation, combustion process and lubricant oil 

contamination. 

In literature there are many experimental examples showing how the water injection can decrease the engine 

knock attitude and TiT. The problem is that there is a lack of detailed analysis leading to the definition of an 

efficient (with less water consumption), functional and cost-effective system. Therefore, the analyses 

reported in this doctoral thesis have always been evaluated considering an evaporation constraint of at least 

90% of water mass. 

Many configurations studied here were in fact discarded because even if they had apparent better cooling 

potentials, these could not be realized in practice for the reasons mentioned above.    

The second important scientific contribution is related to the characterization of the spray for PWI systems. 

This allowed to highlight some physical aspects in the dynamics of the spray that differ from those with fuel 

(PFI). In literature there is a strong lack of experimental characterization of water spray under engine like 

operating conditions. For this reason, the numerical validation of spray models is certainly an important 

methodological step to obtain reliable results in term of water distribution during the simulations. It has been 

seen that a correct evaluation of the presence of water vapor under the spark plug is of fundamental 

importance to characterize the combustion.  

The third scientific contribution is related to this last aspect. The chemical effect of water has a primary 

importance role to accurately simulate the combustion process. Thanks to the use of detailed chemical 

kinetics mechanisms, several simulations have been performed under several thermodynamic and mixing 

conditions typical of high-bmep GDI engines, to extract new databases of the laminar flame speed, the flame 

thickness and the auto-ignition times. The effects of the injected water were separated from the water 

included in the EGR during CFD simulations, through an appropriate developed methodology.  

This research has allowed to reliably highlight some very important aspects related to the introduction of 

water and the lowering of the charge temperature. On the one hand it is possible to obtain an excellent 

advantage in terms of MAPO, decreasing the engine knock attitude, on the other hand the slowing down of 

combustion due to water leads to excessively high exhaust gas temperatures. This is only partially recovered 

thanks to higher spark advance, allowed without detonation. However, the real advantage is the higher bsfc 



200 
 

achievable thanks to the water introduction. The relevant performance gain can be exploited to reduce the 

fuel mass injected, keeping the engine at the same target output power as for the rich fuel strategy used for 

component and knock protection working conditions. 

Future research activities related to water injection can be many, since this technology can be combined with 

other strategies already widely used in modern engines. 

Among the first activities there is certainly that of PWI and DWI technologies combined with Miller or 

Atkinson cycles to understand how these two systems can be optimized to work together. In addition, a new 

engine design with proper stroke to bore ratio would be necessary to better asses the possible turbulence 

benefit on WI (Water Injection) engines. Both projects have already been started. 

A second research theme could be the one focused on pollutant emissions. The improvement of the bsfc is a 

factor that already indicates an improvement of the engine efficiency and therefore of the pollutant 

emissions. However, an in-depth analysis of the local dynamics of pollutant formation with injected water 

could lead to new considerations. 

Finally, to conclude the spray characterization activity, interrupted because of the pandemic emergency, it 

would be necessary to carry out a dedicated experimental campaign also for a DWI system.  

Internal combustion engines are still far from being replaced by other systems and their development is still 

long, taking into consideration hybrid-powertrain with the use of renewable synthetic fuels. Water injection 

is certainly one of the many strategies that can be studied and optimized to meet the demand of tomorrow's 

engines, starting from PWI system, in order to reduce CO2 tailpipe concentration and increase performance. 

 

.   
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