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ABSTRACT 

The water injection (WI) technique represents a viable way to improve the 

performance of spark ignition (SI) engines. The main benefit of using this technique 

is to take advantage of the high heat of vaporization of water. If introduced into the 

engine, its vaporization cools the air-fuel mixture entering the combustion chamber. 

This could lead to greater spark advances, with optimal combustion phasing, and to a 

reduction of the combustion temperature with consequent lower heat losses. Moreover, 

due to the vaporization cooling effect, the heat capacity ratio of the in-cylinder gases 

increases. These three main factors allow improving the thermal efficiency of the 

engine. 

In this work, the effects of both direct and port water injection in a downsized PFI 

spark-ignition engine have been analyzed. For the experimental analysis, low-pressure 

water injectors have been installed in the intake ports of the engine under study, 

upstream of the fuel injectors. Experimental tests have been carried out at various 

operating points. In particular, a performance improvement has been observed at high 

load conditions. WI allowed a stoichiometric combustion and a BSFC decrease of 

5.1% with respect to dry operation in the analyzed case. 

Furthermore, engine operation with port water injection has been simulated by 

means of the AVL Fire 3D code. The numerical analysis has been also used in order 

to simulate the direct water injection in the same engine. A 6-hole high-pressure water 

injector has been implemented within the 3D model of the engine combustion 

chamber. Water spray has been validated against available literature data. Medium 

load engine operating points with in-cylinder water injection have been simulated. 

CFD analysis allowed to deeply investigate the evolution of water spray and its cooling 

effect on the air-fuel mixture for both direct and indirect water injection 

configurations. 

Then, a 1D approach has been utilized in order to identify the areas of the engine 

map in which advantages by using port water injection can be obtained, quantifying 

its effects in terms of performance improvement. Calculations have been carried out 

using a 1D model validated with respect to the experimental data of the analyzed 

engine. A knock model has been implemented in the 1D model in order to identify the 



knock-limited parameters in engine optimization. Threshold values for knock index 

and exhaust turbine inlet temperature have been imposed as optimization constraints. 

The model has been subsequently modified by adding water injection into the intake 

ports. Various operating points have been analyzed. The engine control parameters 

have been optimized in order to obtain the minimum specific fuel consumption. The 

most remarkable results show that, at medium and high load operation, it is possible 

to obtain an improvement in terms of both power and specific fuel consumption. In 

particular, at full load, WI allowed a brake specific fuel consumption mean 

improvement of 18% in the engine speed range. Output power mean increase was 

about 13%. 

The obtained results show water injection technique could be a useful tool in 

performance improving of turbocharged spark-ignition engines. 
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INTRODUCTION 

In the last few years, despite a global interest on electric vehicles is emerging, 

internal combustion engines (ICEs) will still continue to be the dominant source of 

propulsion power for road transport for many years. In particular, spark-ignition (SI) 

engines are the main power source for light transportation sector worldwide in almost 

all of Europe. Water injection (WI) represents a promising tool to improve 

performance of this kind of engines. It allows reducing in-cylinder temperature, 

preventing knock risks. Optimizing the spark advance, water injection allows 

obtaining an increase of both efficiency and power output, particularly at medium and 

high loads.  

In this work, the effects of both direct and port water injection in a downsized PFI 

spark-ignition engine have been investigated using both experimental and numerical 

methods. An experimental activity has been carried out in order to test the engine 

operation running with port water injection. Then, engine operation with both port and 

direct water injection has been simulated by means of the AVL Fire 3D code. 

Furthermore, a 1D approach has been utilized in order to identify the areas of the 

engine map in which advantages by using port water injection can be obtained. 

Chapter 1 shows a state of art of the use of water injection in spark ignition engines. 

In particular, its effects on mixture formation, combustion efficiency and emissions 

are described in detail. 

In Chapter 2, the experimental setup is described. The engine under study is 

installed in the test cell of La.M.I.En. of the University of Cassino and Southern Lazio. 

Control and data acquisition systems are accurately described in this chapter. 

Furthermore, a description of the water injection system installed on the engine under 

study is reported. 

Chapter 3 shows a description of the numerical models used. The 1D model 

reproduces the whole engine lay-out in order to perform the full engine cycle 

simulation with and without port water injection. The 3D model developed in AVL 

Fire allows to discretize the geometry of both the combustion chamber and the intake 

port in order to simulate both water spray evolution and combustion process. Knock 

models have been implemented in both 1D and 3D model. 



INTRODUCTION 

2 

 

In Chapter 4, both experimental and numerical results are shown. Experimental 

tests with WI have been carried out at medium and high load operating points. 3D 

analyses of both direct and port water injection have been carried out at medium load. 

1D simulations have been performed at WOT operation and at various engine loads at 

3000 rpm, reproducing the engine behaviour with and without WI. 
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CHAPTER 1.  WATER INJECTION 

APPLICATION IN SPARK-IGNITION 

ENGINES 

 

 In the last few years, a global interest on electric vehicles is emerging. However, 

internal combustion engines (ICEs) will still continue to be the dominant source of 

propulsion power for road transport in the near future [1]. In particular, spark-ignition 

(SI) engines are the main power source for light transportation sector worldwide in 

almost all of Europe [2]. The increasingly stringent emission legislations combined 

with the consumers' requirements for power performance and drivability put forward 

stricter demands for SI engines to achieve higher thermal efficiency. The current 

development trend of SI engines towards higher power density and better fuel 

economy is mainly realized by both high-boost and downsizing technologies, which 

are seriously constrained by knock and the thermal limits of engine components. 

Therefore, various solutions have been proposed, such as exhaust gas recirculation 

(EGR), Miller cycle, variable compression ratio (VCR), water injection (WI), dual-

fuel injection and hybridization. Among them, water injection shows significant ability 

in knock suppression and cooling. The earliest history of water addition in ICEs can 

be traced back to the early 20th century [3]. Afterwards, as an effective means for 

knock suppression, water injection was widely adopted in aircrafts and racing cars to 

obtain temporary power enhancement [4, 5]. Following the development of 

intercoolers, people's enthusiasm for water injection technology gradually declined. 

Recently WI has been applied on the mass produced cars by BMW, which achieved 

substantial power boost and fuel economy improvement [6, 7].  

 Due to the aforementioned need to improve the engine performance, substantial 

studies have been conducted to investigate the potential of water injection with the 

focus on achieving a higher compression ratio (CR), improving the thermal efficiency 

and extending the “knock-free” area of SI engines. In the following, different WI 
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methods, the vaporization process and both thermal and chemical effects of water on 

combustion in SI engines are discussed.  

1.1 Effect of water injection on mixture formation 

Due to its high enthalpy of vaporization, water is proved to be a good cooling and 

anti-knock agent in historical usage. It was found that the significant cooling effect of 

water is the primary contributor to the knock mitigation of water injection technology. 

When water is added into the engine, fuel enrichment under high load could be 

eliminated to achieve better fuel economy. In addition, more spark advance can be 

applied to achieve better combustion phasing, which leads to improvement of thermal 

efficiency. However, these benefits could be realized only if water is well vaporized 

to fulfill its large cooling effect.  

 

1.1.1 Water injection methods 

As shown in Figure 1.1, water can be added into the engine in various ways, which 

would affect the vaporization process and thus the engine performance as well as the 

cost. Generally, there are two ways to introduce water into the engine, namely 

emulsion and dual injection. The first method injects fuel and water blends into the 

engine using one injection system, while the second method injects fuel and water 

separately in two independent injection systems. Due to the instability of water-

gasoline emulsion, expensive chemical surfactant and the fixed blending ratio, 

emulsion method is less attractive than the dual injection method, which is more 

widely and deeply investigated. Therefore, this method will not be analyzed in this 

work.  

Water injection can be divided into two types, namely direct water injection (DWI) 

and indirect water injection (IWI). DWI is also called chamber injection or in-cylinder 

injection. Similar to GDI, DWI injects water directly injected into the combustion 

chamber. The conventional GDI injectors can be directly adopted for DWI. It is worth 

mentioning that direct adoption of gasoline injector may lead to poor water atomization 

effect, due to the different physical properties of water and gasoline, e.g. the surface 

tension and viscosity of water are much larger than gasoline. IWI can be further 

divided into central water injection (CWI) and port water injection (PWI). CWI is also 

called single point injection or plenum water injection [7]. CWI has many in common 

with PWI. The main difference lies in multi-cylinder engines, in which, CWI does not 
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adjust water injection according to combustion phasing of different cylinders but uses 

a simple continuous water injection into the intake air. Thus it is also called air 

humidification or fumigation in some literatures [8]. In spite of its simple configuration 

and low cost, CWI receives little research attention due to the small effect on engine 

combustion performance and the low control level. PWI is also called intake manifold 

injection or runner injection and the number of water injectors usually equals the 

number of cylinders. In PWI, a low-pressure injection system injects water into the 

intake manifold. Heat from the intake air, inlet ports, and valves are absorbed by a mist 

of water. It then arrives at the engine cylinder in a state that is partially vapor and 

liquid. It is a simple and cost-effective method to reduce combustion temperature. 

When the engine is at induction stroke, water is injected into the intake charge to cool 

down the air, thus volumetric efficiency can be improved. The advantage of this 

method is its simplicity since the gasoline PFI system can be directly used for water 

injection with few modifications [9]. In addition, negative impacts such as corrosion 

and freezing issues caused by water are relatively small and easy to solve. Another 

possible location for water injection is in the upstream of exhaust pipe or downstream 

of the turbocharger. The aim of exhaust water injection (EWI) lies in getting lower 

exhaust gas temperature. However, water injection in the exhaust has no influence on 

the combustion process. Therefore fuel enrichment is still necessary to suppress knock 

combustion and thus water injection in the exhaust line seems to be ineffective and 

superfluous [10, 11]. Many studies have been performed to exposit the distinction of 

various water injection systems, such as Hermann et al. [7], Hunger et al. [12] and 

Bertolini et al. [13]. Compared with PWI, DWI provides higher cooling efficiency, 

which could be attributed to the better water atomization and vaporization processes. 

This leads to lower water consumption and larger knock mitigation ability than PWI. 

In addition, DWI shows higher control flexibility and water can be precisely 

distributed into the cylinder. However, DWI is more expensive and much integration 

effort should be paid on highly downsized SI engines, especially on GDI engines. PWI 

is more cost effective and easy to be installed on either PFI or GDI engines. 
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Figure 1.1 – Water injection methods [14] 

 

1.1.2 Water sprays and vaporization 

For SI engines, combustible mixture formation is mainly influenced by the fuel 

atomization process, which can be divided into primary and secondary breakup. Due 

to the high volatility of gasoline fuel, the mixing and vaporization processes are well 

accomplished to fulfill an almost homogeneous fuel distribution inside the combustion 

chamber. However, water properties are quite different from those of gasoline fuel. 

Specifically, water has poorer vaporization process compared with gasoline. When 

water is injected, mixture formation would be affected by the atomization and 

vaporization of water. On the other hand, the time available for the vaporization can 

be assumed less than 250 crank angle degrees (CAD) [15] and the vaporization time 

reduces linearly as the engine speed increases. To better understand and predict the 

water vaporization process in a limited time window, the water behavior during and 

after injection (atomization, mixing and evaporation) should be analyzed in detail. 

Water is characterized by a poorer atomization level with respect to gasoline. To 

reach the same liquid break up level as gasoline, water needs a much higher injection 

pressure [16]. This could well explain the difference between PWI and DWI. Due to 

the different injection pressures of PWI (5–25 bar) and DWI (50–200 bar), a much 

better atomization performance could be foreseen for DWI for its remarkably higher 

injection pressure. It has been proved that DWI shows greater ability in cooling the 
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charge [7, 10, 17, 18]. It is worth noting that, even with the same droplet size, water 

droplets probably never fully vaporize before combustion like gasoline, since water 

has a lower saturated vapor pressure. The temperature reduction by the vaporization 

of water would lower the vapor pressure, thus imposing negative effect on mixture 

formation and vaporization process. Therefore, mixture formation and vaporization 

processes should be analyzed. 

According to the numerical analysis on a DWI system by Raut et al. [19], water 

takes at least 15–20 CAD to start vaporizing in all water injection arrangements. It 

indicates that, for the first 20 CAD after start of injection, water droplets are basically 

collecting within the combustion chamber and mixing with the air-fuel mixture. 

Therefore water's spatial distribution within the cylinder is of great significance for a 

better cooling effect. Raut et al. [19] suggested that a good spatial distribution of water 

should adhere to two rules. Firstly, a high water vapor concentration is needed at the 

cylinder wall and lower around the spark plug. Secondly, there needs to be a uniform 

distribution of water vapor near the cylinder wall. Berni et al. [20] reported that an 

improved fuel stratification resulting in leaner end gases (to raise the knock resistance) 

and somewhat richer λ close to the spark plug (to promote flame kernel development). 

Battistoni et al. [21] reported that by improving the atomization level, a more 

homogeneous water distribution allows achieving better cooling effect. Otherwise, 

water only cools a small area and the decreased temperature inhibits further 

vaporization of water. 

Due to its high saturation pressure, gasoline is highly volatile and shows a good 

evaporation performance even at environment temperatures. Water has much lower 

saturation pressure and thus exhibits a poor vaporization behavior at environment 

temperatures. According to the numerical analysis by Vacca et al. [17], vaporization 

of water is much slower even when water is injected earlier (390 CAD BTDC) than 

gasoline (320 CAD BTDC). At spark timing, only 16% of total injected water is 

vaporized, while gasoline was almost fully vaporized (98% of the total injected 

quantity). The atomization level also affects the vaporization process. Numerical 

analysis by Falfari et al. [15] indicated that finer droplets induced remarkable increase 

of vaporization rate. They adopted different injection pressures (10, 50 and 200 bar) 

to produce different sizes of droplets (Sauter mean diameters (SMD) of 30, 20 and 

10μm). Their results indicated that 10μm case achieved about 8 times higher 

evaporation rate compared with 30μm case at 450 K. In case of a higher temperature 

such as 650 K, the effect was even more profound. It is worth noting that when the 

ambient temperature remains at a relatively low level (300 K), the effect of droplet 
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size becomes less important. This means proper thermodynamic condition is a 

precondition for good vaporization. When the ambient temperature is not suitable for 

water vaporization, finer atomization no longer contributes to better vaporization 

anymore. According to Figure 1.2, the saturation pressure of water is lower than 

gasoline until the temperature reaches 370 K, suggesting that higher ambient 

temperature is needed for water to vaporize to the same extent of gasoline. In fact, 

Falfari et al. [15] suggested that temperature should be higher than 450 K, which shows 

a prominent improvement of vaporization even with a low injection pressure under 10 

bar. They stressed that the higher ambient temperature is a crucial precondition for 

good vaporization. Actually, the evaporation rate and saturation limits rely on the 

location of the water injector or, more precisely, the position where liquid water 

evaporation begins. IWI mainly makes water vaporize in the intake pipe/runners and 

DWI makes water vaporize directly in the combustion chamber, the thermodynamic 

condition of which is of great difference. Investigations [10, 17] have proven that DWI 

shows greater influence on the combustion, indicating a better vaporization 

performance compared with IWI, mainly due to the higher ambient temperature inside 

the cylinder and the better atomization level. It is also suggested that for IWI, putting 

the water injector as close to the inlet valve as possible makes a quasi-direct water 

injection effect [17, 21], since the ambient temperature is higher for water to vaporize. 

According to Boehm et al. [22], a 4% water injection rate through the plenum valve 

could cool down the intake air by approximately 14 K at a relative humidity of 70% in 

the intake plenum. This configuration does not allow more injected water to vaporize 

in the intake air. An increment in the amount of water injection causes water to 

condense as a wall film, or the droplets merge to create larger drops that are harder to 

vaporize. Currently, two popular configurations are close to or far from the intake 

valves. Also there are some other measures to improve the vaporization process. Due 

to the shortened vaporization period with the increase of engine speed, water 

vaporization becomes harder and may impose strong negative effect on combustion. 
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Figure 1.2 – Comparison of water and gasoline properties: (a)saturation pressure, (b)surface tension, 

(c)density, (d)dynamic viscosity. [14] 

 

1.1.3  Water injection efficiency 

Water injection efficiency was defined as the water fraction effectively involved in 

the working gas cooling process [10]. Existing studies have found that, water affects 

engine performance mainly through its thermal effects [10]. Inappropriate injection 

parameters would lead to undesirable results, such as wall wetting, high water 

consumption, and poor engine stability [12]. To achieve the maximum water injection 

efficiency, relevant parameters should be discussed separately. It is worth noting that 

although each parameter matters, the final effect of water injection depends highly on 

the synergy of injection position, timing, pressure and quantity. Concerning the 

injection position, water injection efficiency has been discussed above. To summarize, 

DWI has higher water injection efficiency than PWI. For PWI, putting water injector 

as close to the inlet valve as possible would improve the water injection efficiency. 

With regard to the influence of injection timing, Berni et al. [20] found that for PFI 

engine equipped with PWI system, the optimal start of water injection lies in the 
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exhaust stroke at 470 CAD BTDC, about 100 CAD before inlet valve open (IVO). At 

this timing, the maximum vaporized water within the chamber allows the charge to 

reduce to the lowest temperature at the end of the compression stroke. It suggests that 

water needs time to fully mix with air-fuel mixture to vaporize. Too early injection 

would cause water film on the intake runner and too late injection would induce 

insufficient atomization and vaporization time. Given the fairly low water injection 

pressure and the high-speed working setting, water should be injected before opening 

of the intake valve. Also for the injection pressure, water injection efficiency has been 

fully discussed. Higher injection pressure could improve atomization, mixing and 

finally the vaporization of water. In regard to the injected quantity, more water leads 

to higher cooling effect. However, the over injected water may deteriorate combustion 

and cause serious issues to the engine. This aspect will be discussed in the following. 

 

1.2 Thermal and chemical effects of water injection 

1.2.1 Thermodynamic effect of WI 

Water presents six times higher heat of vaporization compared to gasoline fuel. 

Therefore, water acts as a cooling agent to effectively reduce the charge temperature 

in SI engines, which could inhibit detonation and eliminate fuel enrichment operation. 

Berni et al. [20] reported that, 9.2 mg per cycle PWI reduces the charge temperature 

before ignition timing (10 CAD BTDC) from 760 K to 738 K. Netzer et al. [18] 

investigated the charge cooling effect of PWI and DWI systems. They found that 0.8 

W/F ratio PWI reduced the charge temperature at the end of compression stroke from 

736 K to 720 K. DWI showed significantly greater ability in charge cooling, which 

lowered the charge temperature at the end of compression stroke from 736 K to 668 

K. Although water injection shows significant charge cooling effect in real engine 

applications, the theoretical cooling ability of the liquid water should be even larger 

than it actually appears to be. According to numerical analysis by Battistoni et al. [21], 

only 20% of the total cooling ability of water was exploited. Hunger et al. [12] reported 

that the working gas temperature at the end of compression stroke, calculated on the 

basis of thermodynamic properties of water injection, is approximately 20 K lower 

than the measured temperature, suggesting that theoretical cooling effect of water is 

not entirely fulfilled under real-world conditions. The incomplete utilization of water 

injection's charge cooling effect could be attributed to several factors. As discussed 
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above, due to the poorer atomization level of liquid water compared with gasoline fuel, 

it is difficult for water to fully diffuse and vaporize before ignition timing, especially 

when the injected water quantity is large and/or the ambient thermal condition is not 

ideal. Therefore, a part of liquid water is not fully vaporized until the main combustion 

process proceeds, which would make little contribution to the cooling of unburned gas. 

On the other hand, due to the poor atomization of liquid water and/or in-cylinder 

charge motion and/or improper water injection timing, the in-cylinder distribution of 

the liquid water may be inhomogeneous, which further induces wall wetting 

phenomenon. The charge cooling effect is weakened, when wall wetting occurs, since 

part of the heat extraction effect is from the engine components instead of from the 

working gas. This is verified in the simulation by Mingrui et al. [23]. Their simulation 

results indicated that when water is injected by 0.25 W/F mass ratio, the temperature 

could be decreased by more than 50 K, 9 K and 6 K for the piston crown, exhaust 

valves and combustion chamber, respectively. Additionally, the cylinder movement 

would impose effects on the change of water properties. Bertolini [13] found that, 

physical properties of water vary with in-cylinder temperature. This change may also 

impose negative impacts on atomization. Lastly, the in-cylinder pressure increases 

during the compression stroke, which negatively affects the phase change of water. 

Numerical investigation by Rohit et al. [24] revealed that the enthalpy of vaporization 

of water varies with pressure, as shown in Figure 1.3. This would lead to decrease of 

the enthalpy of vaporization of water, finally inducing bias from theoretical 

computation. Thus, in order to fully exploit the charge cooling effect of water injection, 

it is imperative to obtain optimal water vaporization and to avoid wall wetting.  

Besides its large enthalpy of vaporization, water has high specific thermal capacity, 

which also helps controlling the in-cylinder temperature. When water is added into the 

combustion chamber, the overall thermal capacity is increased since water has larger 

thermal capacity than both the intake air and injected gasoline fuel. Therefore, the in-

cylinder temperature increment will be decreased under the same heat absorption 

condition. Additionally, the cooling effect enabled by high specific thermal capacity 

is not limited by the phase change of water. This means both liquid and vapor water 

have temperature control ability, which is an advantage compared with the cooling 

effect enabled by high enthalpy of vaporization. However, the effect of specific heat 

capacity is remarkably lower than it appears to be, especially when compared with 

enthalpy of vaporization. According to theoretical calculation of Hoppe et al. [16], 

under the W/F ratio 0.5 condition, the cooling effect of vaporization is four times more 

than that of the specific heat capacity. This is because the injected water mass is 
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relatively small compared to the mixture mass. Hunger et al. [12] reported that, when 

the W/F ratio is 0.3, the charge's overall thermal capacity is only increased by 2% to 

4%, which is almost negligible. The same conclusion is also made by Kim et al. [25] 

that tiny quantity of water injection poses comparatively low effect on the charge's 

overall thermal capacity. It is worth mentioning that effect of dilution and specific heat 

capacity could be seen when steam is injected into the engine. To investigate the water 

vapor effect on engine combustion, Cesur et al. [26] conducted both numerical and 

experimental analyses on a twin-cylinder SI engine. Their results indicated that the 

peak in-cylinder temperature was reduced by 67 K from 2279 to 2212 K at 2400 rpm 

and reduced by 78 K from 2382 to 2304 K at 3600 rpm. The influence of latent heat 

of vaporization has little effect since the water injected is in vapor form. The cooling 

effect could be attributed to the specific heat and dilution effect of water steam. In 

particular, the dilution effect dominates. 

Dilution is a physical process which reduces the concentration of the existing 

solution by adding more solvent. Usually the solution and solvent are in liquid or vapor 

form. Since dilution effect enables reducing concentration of certain component, it 

imposes effects on combustion phenomenon. As a common method for compression 

ignition (CI) engines to control NOx emissions, EGR recycles part of the exhaust gas 

into the combustion chamber to dilute the concentration of oxygen in the charge. 

Similarly, the mixture is diluted when liquid water is added into the combustion 

chamber and vaporized into steam. Of course, directly injecting the water vapor into 

the engine also has dilution effect, however the great thermal effect of water is not 

utilized. It has been widely proved that the dilution effect of water injection imposes 

prominent impacts on combustion process of SI engines. Specifically, the dilution 

effect of water injection leads to the reduction of laminar burning velocity [27, 28, 29], 

elongated ignition delay time [19, 30] and combustion duration [10, 21]. Combustion 

phasing is also delayed due to the dilution effect of water injection [10, 25]. Dilution 

effect of water injection on engine combustion could be primarily attributed to two 

aspects. Firstly, the vaporized water increases the total mass of charge in the cylinder, 

which effectively dilutes the relative concentration of oxygen in the charge. According 

to a study by Hyundai Motor, the oxygen concentration in the charge could be reduced 

significantly from 21% to 16% by dilution effect of water injection [25]. In addition, 

the injected water leads to increase of trapped cylinder mass and raise of the overall 

heat capacity, just as EGR does. This helps controlling the in-cylinder temperature. 

However, since the total dilution rate of water injection (commonly lower than 10%) 
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is remarkably lower than EGR (commonly 20–30%), the heat capacity effect is 

negligible, as discussed above. The total dilution rate could be expressed as eq. (1.1).  

 

 𝐷𝑖𝑙. 𝑟𝑎𝑡𝑒 =
𝑚𝑑𝑖𝑙

𝑚𝑑𝑖𝑙 + 𝑚𝑎𝑖𝑟,𝐴𝐹𝑅=1
 (1.1) 

  

𝑚𝑑𝑖𝑙 is the diluent mass, 𝑚𝑎𝑖𝑟,𝐴𝐹𝑅=1 is the mass of air in stoichiometric conditions. 

The dilution rate is only approximately 7% when W/F ratio is as high as 1 [10], which 

is considerably lower than that of EGR. Falfari et al. [31] indicated that when the W/F 

ratio varies in the range 0.1–0.5, the mass of water is only about 1.2% to 3.1% of the 

total trapped mass inside the cylinder. Cordier et al. [10] also indicated that when the 

dilution rates are kept the same, water injection shows much larger influencing ability 

on the combustion phasing compared with EGR. The primary reason may be the 

temperature difference of dilution gas. The cooling effect of water liquid is also a 

contributor. Similar results were also found by Cazzoli et al. [28] that under the same 

dilution rate, water injection leads to lower laminar burning speed compared with 

EGR. Therefore, the dilution effect of water injection mainly works through its oxygen 

dilution effect. 

 

 

Figure 1.3 – Pressure-Enthalpy curve for water showing the decreasing latent heat of vaporization 

with increasing pressure [24] 
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1.2.2 Chemical effect of WI 

When water is injected into the manifold or directly into the cylinder, the cooling 

and dilution effects would reduce the combustion speed and thus prolong the 

combustion duration. Water is usually considered as inert material, neglecting the 

chemical reaction. However, the chemical effect of injected water on combustion 

should not be ignored [32]. It is proved that water did impose chemical effects on the 

combustion, albeit pretty small compared with dilution and thermal effects. Some may 

argue that since water is the product of hydrocarbon combustion, water is already 

present in the combustion. However, water is not produced until relatively late in the 

combustion process, which has little potential in affecting the combustion process.  

However, due to the complex composition of gasoline, there are rare investigations 

regarding influence of water injection on the combustion mechanisms of gasoline fuel 

in SI engines. Therefore, in the following, chemical effects of water on simple 

hydrocarbon fuel combustion would be analyzed according to the different effects on 

engine performance, especially combustion and emissions. 

 

1.3 Effects of WI on combustion 

Water affects combustion mainly through its thermal, dilution and chemical effects. 

SI engines are characterized by a premixed combustion, which means the combustion 

velocity is determined by flame propagation speed. According to knocking theory, 

increasing the flame propagation speed helps to reduce knock risk. For the SI engines, 

burning velocity is commonly characterized by the laminar burning velocity and 

turbulence burning velocity, both of which determine the heat release rate [33]. 

Combustion phases such as flame development (CA10) and main combustion duration 

(CA10–90) are also important parameters to characterize the combustion process. 

 

1.3.1 Laminar burning velocity 

As a fundamental property of combustion in SI engines, laminar burning velocity 

(LBV) characterize the reactivity, diffusivity and exothermicity of oxidizer-fuel 

mixture [34]. The LBV of a mixture exclusively depends on the fuel composition, the 

mixture quality expressed by equivalence ratio and dilution, and thermodynamic state 

in terms of temperature and pressure. In SI engines, the preliminary stage of 

combustion is the quasi-laminar flame development of the original ignition kernel [35]. 
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Therefore, the duration of this phase (practically represented by the crank angle 

duration taken to burn the first 2, 5, or 10% of the cylinder charge) is to the first order 

inversely proportional to the LBV. Previous studies have demonstrated that this phase 

has a significant influence on the stability of the combustion, which affects cyclic 

variation. It is demonstrated by the manner in which the dilution tolerance rises with 

LBV [35]. The primary combustion phase is governed by turbulent flame propagation, 

LBV also influences this phase, even though it is a smaller level [35]. A proper LBV 

is of great significance for SI engines. Lower LBV usually means not ideal combustion 

and may cause problems such as low speed pre ignition (LSPI), knock, misfire, and 

cyclic variation. Increasing heat transfer from wall to coolant and deviation of the 

combustion from ideal phasing are also the main problems of low combustion speed. 

Higher LBV indicates faster flame propagation, which contributes to a higher knock 

resistance by shortening the time for end-gas to reach auto ignition condition. Shorter 

combustion duration brought by higher LBV also increases combustion efficiency. 

Higher LBV also brings a higher tolerance for dilution, which means leaner operation 

or higher EGR ratio is allowed. However, too high LBV is also undesired, since this 

would induce crude operation due to too high pressure increase rate and may be 

harmful to engine components. Water injection imposes negative effects on LBV, 

which could be attributed to its dilution and cooling effects. Water is usually compared 

with EGR, since they both slow combustion down through dilution effect. Falfari et 

al. [31] performed an assessment by comparing the LBV of normal air-fuel mixture, 

diluted mixture with EGR and diluted mixture with water. They found that water vapor 

had greater ability in slowing down the combustion than EGR, which was also 

observed by Paltrinieri et al. [36] and Cazzoli et al. [28]. They indicated that this may 

be caused by the remarkably higher temperature of exhaust gas than water vapor. 

When water is injected into the combustion system, the cooling and dilution effects 

would significantly reduce the LBV, thus affecting the combustion. When other 

parameters are kept unchanged, the dilution of the air-fuel mixture results in lower 

LBV, thus increasing the combustion duration and the exhaust gas temperature more 

than using fuel enrichment. However, since the water injection technology greatly 

reduces the possibility of knock onset, spark advance could be increased compensating 

the negative effect of LBV reduction on combustion. 

Moreover, the injection method also imposes effect on LBV. Vacca [17] found that, 

DWI achieved higher flame speed than IWI. 
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1.3.2 Combustion phasing 

Combustion phasing, commonly characterized by combustion center (CA50 or 

MFB50), is of great importance in SI engine combustion. An appropriate combustion 

phasing would enhance the engine combustion efficiency. Generally, too late 

combustion phasing leads to lower combustion efficiency, which induces poor engine 

power and fuel economy performance. In addition, higher exhaust gas temperature will 

also be a critical issue, which imposes severe thermal stress on turbocharger and three 

way catalyst (TWC), consequently causing permanent damage of engine pipe-out 

components and deterioration of emission performance. Too early combustion phasing 

is also not wanted, since this would cause severe knocking combustion. Normally, 

CA50 between 8–10 CAD ATDC is regarded optimal for SI engines to achieve the 

best thermal efficiency. However, optimal CA50 is not achievable in some parts of the 

whole engine map, primarily due to the detonation onset. Combustion center of SI 

engines is predominantly determined by spark timing [37]. An optimal combustion 

center would be achieved by advancing the spark timing. However, this is usually 

limited by knock onset, which is called knock limited spark advance (KLSA). Thanks 

to the anti-detonation effect, water injection helps extend the KLSA range and 

accomplishes optimal combustion phasing [14].  

It is worth mentioning that further advancing the spark timing is also restricted by 

other issues such as the peak in-cylinder pressure (commonly 80 bar) [38, 39], cycle 

variation and/or wall wetting. The water injection effect on combustion phasing is 

affected by injection methods, injection pressure and injection timing. With regard to 

the injection methods, DWI has been proved to impose greater influence on 

combustion phasing than IWI does. This aspect was verified by Cordier et al. [10], 

Vacca et al. [17] and Hunger et al. [12]. In addition, Vacca et al. [17] indicated that 

IWI shows greater potential in exhaust gas temperature reduction. The start of injection 

of PWI is found to affect the final effect of water injection, especially for quasi-direct 

water injection.  

To assess the effects of WI timing on combustion phasing, Hoppe et al. [16] and 

Hunger et al. [12] experimentally and numerically investigated start of injection effect 

of DWI on combustion. They indicated that start of injection during compression 

stroke (approximately 110 CAD BTDC) achieved the best combustion center at 

constant water injection quantity. 

Furthermore, to assess the influence of WI pressure on combustion phasing, Hunger 

et al. [12] conducted experiments on a single-cylinder test engine. Their results 
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indicated that higher injection pressure was beneficial to better combustion phasing. 

Raising the pressure from 40 bar to 100 bar obtained around 4 CAD advancement of 

combustion center and further raising to 140 bar made little difference. This suggests 

that 100 bar is reasonable value for DWI. 

Water is usually compared with EGR, since they both slow combustion down by 

dilution effect. However water injection has far greater influence on combustion 

phasing. Cordier et al. [10] found that, the ability of water to delay combustion was 

much weaker although the combustion duration was extended as the same with EGR. 

Moreover, regardless of the injection methods (DWI or IWI), water injection is far 

superior to EGR in terms of the ability of advancing combustion center and improving 

fuel economy. Through numerical investigation, Bozza et al. [39] compared the water 

injection and cooled EGR effect on combustion phasing. Their results indicated that 

water injection has greater ability than cooled EGR in achieving better combustion 

phasing because vaporization heat of water brings much higher cooling effect. Thus 

better BSFC performance is achieved due to more advanced CA50. However, water 

injection quantity is limited especially at higher engine speed by peak in-cylinder 

pressure and exhaust gas temperature. Moreover, EGR requires increase in the boost 

pressure to recover the cylinder filling penalties. Anyway, WI does not need any boost 

level increase, and even could be decreased. 

 

1.3.3 Combustion duration 

SI engine is characterized by premixed combustion, which includes mixing of fuel 

and air, spark ignition, and flame propagation. The shorter the combustion process is, 

the closer the SI engine to the ideal Otto cycle is. In SI engines, the flame propagation 

speed is usually evaluated by combustion duration, which is commonly characterized 

by CA90 or MFB10–90. Apparently, the shorter the combustion duration is, the faster 

the flame propagation process is. Therefore, shorter combustion duration would 

enhance the engine combustion efficiency. As discussed in previous sections, WI 

reduces the LBV when spark advance is kept constant. This would lead to elongated 

combustion duration and poor thermal efficiency. However, due to the significant 

knock mitigation ability of water injection, earlier start of combustion could be 

achieved through advance of spark timing [17, 25]. With recalibration of spark 

advance, combustion duration is also changed. Vacca et al. [17] reported shortened the 

combustion duration by using up to 0.5 W/F ratio water injection plus earlier spark 

advance. Although the overall combustion duration with water injection was always 
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shorter than baseline, their experiments indicated that the combustion duration 

optimization effect was weakened with the increase of injected water quantity due to 

the poor vaporization of water. Some researchers reported that water injection 

lengthened the CA90 with advanced spark timing. The combustion duration was 

lengthened with the load increase [17, 40]. In general, little influence is imposed on 

the combustion duration through water injection plus larger KLSA operation. On the 

other hand, the benefit of optimized combustion phasing dominates, finally 

contributing to the enhancement of engine efficiency. There are several factors which 

could affect the water injection efficiency on the combustion duration [10]. As 

discussed above, DWI has greater potential in achieving better CA50 than IWI. As for 

the CA90, it presents a two-stage performance between DWI and PWI according to 

the injected water quantity. When the injection quantity is comparatively low (W/F 

ratio = 0.1–0.2), DWI imposes little effect on CA90 however PWI lengthens the 

combustion duration. When the water quantity is increased (W/F ratio = 0.3–1), PWI 

keeps CA90 at a constant level while DWI starts to slow down the combustion and 

finally exceeds PWI. It is worth mentioning that DWI always has larger CA50 and 

better fuel economy compared with PWI. Small amount of water could be fully 

vaporized and PWI provides a more homogeneous mixture than DWI, therefore 

dilution effect of PWI turns out to be the contributor to combustion slow down. While 

large quantity of water could not be fully vaporized for both DWI and PWI, the dilution 

effect of DWI exceeds the PWI in lengthening the combustion duration.  

Hoppe et al. [16] experimentally investigated the effect of injection timing and 

pressure on combustion duration. 120 CAD BTDC start of injection achieved the 

shortest CA90, which could be primarily attributed to the influence of CA50. Up to 

100 bar pressure led to a decrease of combustion duration, which should be mainly 

attributed to the forward of CA50. However, when the pressure was 150 bar, the CA50 

was no longer further advanced and thus more homogeneous mixture caused by higher 

injection pressure helps enhancing the dilution effect, which would increase the 

combustion duration. Importantly, it should be stressed that when too much water was 

injected, the combustion duration ultimately increased when the dilution's negative 

effect exceeded the advantage gained from advanced spark timing. 

 

1.3.4 Ignition delay 

Ignition delay, commonly characterized by CA10, is used to express the flame 

initiation process. In SI engines, it should be as short as possible in order to achieve a 
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better control of combustion process. Ignition delay in SI engines could be shorted by 

advancing the spark timing. Water acts as cooling agent and inert gas when added into 

the engine. This leads to the decrease of the mixture temperature and reduces the 

chemical reactivity, and consequently increases the ignition delay. Netzer et al. [18] 

indicated that the ignition delay is increased with the increase of water injected 

quantity. In addition, W/F ratio of 1 led to the increase of the ignition delay by 

approximately 14% in the temperature range from 800 K to 900 K. The authors also 

stressed that the sensitivity to the presence of water is highest at 750 K. The increase 

in ignition delay time for a W/F ratio of 1 parallels to 16 CAD for 2500 rpm and 26 

CAD for 4000 rpm. However, the sensitivity reduces as the temperature increases. The 

ignition delay time is insensitive to the addition of water at or above 950 K.  

Hunger et al. [12] indicated that when keeping the same IMEP, water injection 

induced ignition delay decrease by 0.7 CAD at the same IMEP. In SI engines, this 

happens near the spark plug since the ignition delay involves the initial flame 

propagation process. Therefore the mixture condition has great influence on the 

ignition delay. The inconsistence of current investigation results could be partially 

attributed to the inhomogeneous mixture or the turbulence difference near the spark 

position. Although this has not been verified by experiments, computational fluid 

dynamics (CFD) analysis could be helpful to reveal the water injection effect on 

turbulence and mixture distribution [14]. According to numerical investigations by 

Berni et al. [28], the flame kernel development could be improved through proper fuel 

injection modification. Owing to the decrease of fuel enrichment enabled by WI, fuel 

could be injected later to maintain the same end of the injection (EOI) time as original 

to realize improved fuel stratification, leading to leaner end gases (to increase the 

knock resistance) and a more affluent λ close to the spark plug (to encourage flame 

kernel advancement). At the end, it is important to point out that the use of WI with 

optimized spark advance is proved to impose remarkably weaker effect on CA10 than 

effect on CA50 and CA90 [12]. 

 

1.4 Effect of WI on engine emissions 

Water injection has shown great ability in suppressing NOx emission. However, 

higher HC emission is always a penalty for NO suppression due to their opposite 

formation mechanisms. Water injection enables stoichiometric combustion, thus the 
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catalytic converter can operate inside its high conversion efficiency window. So HC, 

CO and NOx emissions could be reduced significantly. 

 

1.4.1 NOx emission 

SI engines commonly work around stoichiometric conditions and thermal NO is the 

main path of NO emission. Thermal NO formation chemistry is described well by 

extended Zeldovich mechanism [41]. WI could suppress NO formation mainly due to 

physical effects. The cooling effect of water injection directly lowers the mixture 

temperature, which effectively suppresses thermal NO formation. Furthermore, WI 

also affects combustion phasing, as discussed above. In addition, water injection can 

enable higher AFR under high load conditions, because fuel enrichment to thermally 

protect pistons and catalysts would be attenuated. The change of equivalence ratio 

affects the NO emission. Among all the three factors above, direct cooling effect is 

expected to decrease NO emission and the influence on equivalence ratio is expected 

to increase NO emission. Combustion phasing effect could be either positive or 

negative for the NO emission performance, which is determined by the specific spark 

advance modification. The final effect of water injection on NO emission is the 

synthetic effects of above three factors. 

Generally, the final effect of water injection on NO emission is positive. However, 

NO emission performance could be varied due to the competing effects. In some cases, 

NO emission is increased [42, 43]. It is also found that even with the same water 

injection configuration, NO emissions are influenced by engine speed and/or load 

conditions [16, 38, 44], showing different emission performance. In the literature, due 

to the difference of experimental design and engine specifications, different NO 

emission results can be found [14]. 

 

1.4.2 HC emission 

HC emissions are incomplete combustion products and/or part of hydrocarbon 

fuels. Therefore high temperature, high oxygen and higher flame speed contribute to 

complete combustion and thus suppress HC emission. 

The incidence of WI on HC emissions usually depends on the specific design 

features of the engine. Furthermore, different water injection methods and specific 

configurations also affects HC emissions. Therefore, there could be some different 

results in HC emission with WI. For instance, advanced spark timing caused high peak 
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in-cylinder pressure and temperature, which should lead to decrease of HC emission. 

In addition, the higher peak in-cylinder pressure may also induce more mixture trapped 

in crevice, which combines with the uneven temperature distribution finally may 

increase HC emissions. The flame propagation may be extinguished by the water or 

mist concentrated spots which also increased the HC emissions. On the other hand, the 

participation of water in the combustion process may provide further OH radicals 

which reduces HC emissions [14]. 

 

1.4.3 CO emission 

CO emission could be influenced by WI due to several aspects. At full load 

condition where fuel enrichment is applied, the lack of oxygen under rich combustion 

is the main cause of CO. The injection of water reduces or eliminates the need for fuel 

enrichment, thus reducing CO emissions. Literature studies show that CO emission is 

significantly decreased by moving AFR to the stoichiometric combustion [25, 38, 42]. 

Furthermore, the dilution effect of injecting water helps eliminating areas in the 

proximity of the injector tip and spark plug characterized by lower local AFR, 

achieving a more homogeneous oxygen distribution and hence more complete 

combustion and lower CO emission. Since CO and HC are both the results of 

incomplete combustion, there exist connections with each other. Generally, CO 

emission showed high similarity to HC emission in SI engines operating with WI [14]. 

 

1.4.4 Soot emission 

WI helps reduce soot emission in diesel engines [45, 46]. This suggests to adopt it 

also in gasoline engines for soot suppression. Several researchers have investigated the 

water injection effect on soot reduction of gasoline engines. The soot reduction effect 

of water injection can be attributed to several reasons. As already discussed above, WI 

eliminates the need for fuel enrichment operations under high loads conditions. 

Therefore stoichiometric combustion could be implemented in wider operating areas, 

and thus soot is reduced [7]. Secondly, water injection could potentially improve the 

mixing process of air-fuel mixture inside the cylinder, which helps form a more 

homogeneous mixture and thus suppress soot formation. Furthermore, in the 

combustion chamber water could be decomposed into O, H and OH radicals at high 

temperature. The concentrations of OH and O radicals are increased while the H 

radical is decreased, both enhance soot reduction. For the reasons described, soot 
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emissions and the concentrations of the polycyclic aromatic hydrocarbons experience 

a major reduction in case of water injection. 
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CHAPTER 2. EXPERIMENTAL SETUP 

2.1 The engine 

The engine used to carry out all the experimental activity is a FIRE 1400 T-Jet 16V 

150 CV from FIAT (Figure 2.1). This engine is an evolution of the naturally aspirated 

FIRE 1.4 16V MPI (Multi Point Injection) to which supercharging has been added to 

obtain an engine which, compared to one of the same aspirated power, therefore 

necessarily having a larger displacement, allows containing fuel consumption and CO2 

emissions.  

 

 

Figure 2.1 – The analyzed engine. 

 

There are two versions of this engine. The first is an 88.2 kW (120 HP) engine, 

while the second version is characterized by a maximum power of 110 kW (150 HP). 
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Figure 2.2 shows the power and torque curves as a function of engine speed for both 

versions.  

 

 

Figure 2.2 - Power and torque curves as a function of engine speed for both versions of the engine. 

 

The main characteristics of the engine under study are reported in Table 2.1. 
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Table 2.1 – Engine main characteristics 

Displacement 1368 cm3 

Number of cylinders 4-cylinder (in-line) 

Number of valves 4/cylinder 

Bore 72 mm 

Stroke 84 mm 

Compression ratio 9.8 ± 0.2 

Max power  110 kW@5500 rpm 

Max torque 206 Nm@2250 rpm / 230 Nm@3000 rpm (with overboost) 

IVO/IVC -2° bTDC / 34° aTDC 

EVO/EVC 27° bTDC / -2° aTDC 

Turbocharger IHI VL33 

Fuel supply Supply system with fuel recirculation 

Ignition system Single pencil coils 

Ignition order 1-3-4-2 

Air supply Turbo-compressor regulated by Wastegate valve, dump 

valve and intercooler 

Anti-pollution device Trivalent catalytic converter and lambda probe 

Lubrication Forced lubrication 

Cooling Liquid cooling with forced circulation 

 

2.2 Engine test cell 

The engine, in its original configuration, is installed in the test cell of La.M.I.En. of 

the University of Cassino and Southern Latium. The structure is equipped for carrying 

out steady state tests on spark-ignition engines. The test cell is acoustically isolated 

from the control room and from the adjacent laboratory premises and is equipped with 

suitable protection devices regarding the risks of fire, gas leaks and fuel leaks. A 

ventilation system, consisting of two axial fans (to which a fan for the extraction of 

exhaust gases was added) which provides the necessary air exchange, maintaining a 

slight depression in the test room in order to prevent the escape of exhaust gases or 

fuel vapors to adjacent rooms. An armored window allows the operator to inspect the 

cell from the control room during the execution of the tests. The engine is coupled to 

an eddy current brake (model Fe260 produced by Borghi&Saveri) which allows to 

operate with power values up to 194 kW (260 HP) with a maximum engine speed of 
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12000 rpm. The control of rotation speed and torque takes place by means of a module 

installed in the control room and interfaced with the room control system (Figure 2.3). 

 

 

Figure 2.3 – Engine test cell (left) and control room (right). 

 

Schematically (Figure 2.4), the brake consists of a rotor connected to the engine 

crankshaft. The rotor is coupled by means of the electromagnetic force to a stator free 

to oscillate with respect to the structure on which it is placed by means of low friction 

bearings. The running engine drags the brake rotor which, during its motion, tends to 

rotate the stator, creating a field of rotating electromagnetic forces. 

 

 

Figure 2.4 – Eddy current brake scheme (left) and load cell (right) 

 

A load cell measures the constraint reaction necessary to prevent rotation of the 

stator. Knowing the arm of this force (b = 0.365 m) it is possible to calculate the torque 
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delivered by the engine in conditions of dynamic equilibrium with the brake, C = b ∙ 

F. 

For the transmission of motion between the brake and the crankshaft, given the high 

torques delivered by the engine, it was necessary to use a system that provides for the 

use of particular elastic joints, which in the event of sudden overloads yield without 

the mechanical parts being damaged. In order to use these joints it was necessary to 

size and build a special shaft-flanges system, Figure 2.5 

 

 

Figure 2.5 – Crankshaft, connecting flanges and elastic joints (red).  

 

The brake rotation speed is measured using a phonic wheel sensor. The 

measurement of torque and rotation speed allow the calculation of the power absorbed 

by the brake. The conditions of the air drawn in by the engine are determined thanks 

to a hygrometric control unit. From these measurements a conversion factor is 

established, thanks to which it is possible to calculate the correct torque and power 

values according to the “DIN 70020” standard, which allow the results of the tests to 

be independent from the environmental conditions. The thermal dissipation of power 

is carried out by a water cooling system, which is vital for the correct operation of the 

brake itself. Pressure and temperature of this circuit are monitored by the control 

system. An incorrect value of one of these two quantities brings the system into alarm 

with a subsequent interruption of the test. Cooling is performed through an evaporative 

tower located outside the structure. 
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The bench on which both the engine and the brake are installed is made with double-

T beams resting on a pneumatic suspension system (Figure 2.6) to dampen vibrations. 

 

 

Figure 2.6 – Bench air suspension system. 

 

The engine cooling system consists of a plate exchanger which exchanges heat with 

the brake cooling circuit. A three-way valve ensures the thermostatic control of the 

engine. 

The typical intercooler present on traditional cars, necessary for cooling the air 

coming out of the compressor, has been replaced with a suitably sized heat exchange 

circuit, since in the test room the air conditions are very different from those found on 

a moving vehicle. This refrigeration system was created by immersing the intercooler 

in a metal container (Figure 2.7) in which water circulates and removes heat from the 

air. The hot water is sent to a second plate exchanger which exchanges heat with the 

brake cooling circuit. The thermostating of the air leaving the intercooler is guaranteed 

by a three-way valve which regulates the flow of water passing through it. 
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Figure 2.7 – Intercooler refrigeration system. 

 

The fuel tank is located outside the laboratory for safety reasons. The measurement 

of fuel consumption is carried out using a CORIOLIS mass flow meter (Figure 2.8). 

The consumption values, together with the power values, allow the calculation of the 

specific fuel consumption. 

 

 

Figure 2.8 – CORIOLIS mass flow meter. 

 

The flow of air drawn by the engine is calculated indirectly on the basis of the 

analysis of the exhaust gases, using a linear "UEGO HORIBA" probe. Located 

upstream of the catalyst, it measures the percentage of oxygen in the exhaust gases. 

This value allows the calculation of the A/F ratio and consequently, knowing the fuel 

consumption and the conditions of the intake air, the calculation of the mass flow rate 

of the intake air. 
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2.3 Control room 

Carrying out a bench engine test is a very complex operation due to numerous 

parameters to be managed. These are linked to the control methods of the bench, the 

complexity and flexibility of the measures, the need to obtain good repeatability of the 

tests and above all the essential need to be able to operate in absolute safety for people 

and vehicles. For these reasons, the test cell has been fully automated and all 

equipment is managed remotely by the automation system, which is equipped with 

software capable of simultaneously managing the test bench and acquiring data. 

Therefore, since all the actuators and the various equipment are managed completely 

remotely by a complex automation system, in the control room it is possible to monitor 

almost any quantity and perform the acquisition of all the data of interest while 

managing the entire room. 

The automation system is placed entirely in the control room. It basically makes 

use of proprietary hardware interfaced with a dedicated software and of two common 

personal computers. In particular, the control system is composed of the following 

components: 

• a personal computer equipped with a PLC board and peripherals; 

• an AVL PUMA-5 control software dedicated to the engine test bench; 

• an AVL control console for manual control of the engine under test; 

• a personal computer complete with an interface board for data acquisition; 

• an AVL Indiset 620 data acquisition system; 

• an AVL Indicom data acquisition software; 

• a rack that contains some of the control modules and some boards for data 

acquisition; 

• three FEM-A modules for the acquisition of 48 analog signals; 

• a FEM-D module for the acquisition of 16 digital signals and for the control 

of 16 digital actuators; 

• two FEM-DAC modules for the control of 8 analog actuators; 

• a FEM-CNT module for detecting the engine speed; 

• a connection board for communication via RS-232 serial bus. 

Thanks to the modular FEM (front end modules) technology, the system can be 

expanded by means of additional boards.  
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In particular, the FEM-A modules used are 16-channel A/D converters dedicated to 

the acquisition of analogue signals that are sent to the PLC card via serial.  

The FEM-D modules are digital I/O cards for both the acquisition and the actuation 

of digital signals. They are connected to the PLC board via serial.  

The FEM-DAC modules are D/A converters for the generation of analog signals 

for actuators control. The digital command signals are sent from the PLC board.  

The FEM-CNT modules convert measurements of revolution, frequency and/or 

duration of periodic events into digital signals. 

The control modules rack (Figure 2.9) also contains: 

1) The dynamometric brake control system required for speed or torque 

adjustment; 

2) The Watch-Dog module for controlling the entire automation system of the 

test room. 

 

 

Figure 2.9 – Control modules rack. 

 



CHAPTER 2                                                                                       Experimental setup 

32 

 

The control console has a K57 control panel that allows interfacing with the AVL-

PUMA software by means of buttons and control knobs (Figure 2.10) [47]. The panel 

is controlled by a microprocessor and has special keys for both engine control and 

monitoring. In addition, on the panel there are three knobs that allow to adjust 

respectively the rotation speed of the motor, the motor torque and the opening angle 

of the throttle valve. An LCD display shows the set values. 

 

 

Figure 2.10 – K57 control panel. 

 

2.4 Data acquisition systems 

2.4.1 AVL Puma 

The AVL Puma 5 is one of the two systems that acquires data during tests. In 

particular, it performs “slow” acquisitions, i.e. acquisitions of quantities that have an 

almost stationary trend over time. An average value of these quantity is reported at the 

end of the measurement. For example, torque, power, oil temperature, exhaust gas 

temperature, pressure in the intake manifold, fuel consumption, A/F ratio are subject 

to slow acquisition. The work carried out with AVL Puma can be divided into two 

phases: one purely operational (on-line) concerning the execution of the tests with the 

engine running, the other (off-line) concerning the preparation of the test and the 

subsequent analysis and archiving of results. 

The graphic interface (Figure 2.11) allows the visualization of all the acquired 

quantities. During a test, the values of all the quantities indicative of the correct 

operation of both the engine and the system are displayed (temperature of the coolant 

fluid, oil temperature and pressure, temperature and pressure of the water entering the 

brake, fuel flow rate, fuel vapor in the room, etc.). If a value exceeds a certain 
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threshold, the system goes into alarm through optical and acoustic signals, reacting in 

a predetermined way according to the type of problem that has occurred. 

 

 

Figure 2.11 – AVL Puma 5 graphic interface. 

 

2.4.2 AVL Indiset 

Fast acquisitions concern the measurements of quantities characterized by sudden 

fluctuations during the single operating cycle of the engine. In general, the quantities 

mentioned are acquired at high frequency and are plotted as a function of the crank 

angle. 

The set of hardware and software resources suitable for these operations is indicated 

with the name of "Indicating equipment". This system consists of several parts, which 

work synchronously. 

Piezoelectric pressure transducers measure the pressure in the. The operation of 

these types of transducers is based on the property of some materials to give rise to an 

electrostatic potential difference when subjected to mechanical stress. This 

phenomenon is known as the "piezoelectric effect" and occurs in crystals that do not 

have a center of symmetry, such as quartz. 

In fact, the transducer contains a quartz element with one end exposed to the 

pressure in the cylinder but protected by a steel diaphragm. When the pressure 

increases, the diaphragm is compressed and generates an electrical signal proportional 

to the stress it is subjected to. The signal is then amplified. 
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With this system it is possible to obtain pressure trends in the chamber as a function 

of the crank angle. 

In this work a pressure transducer built by AVL (model GM14D, sensitivity of 15 

pC/bar) with a natural frequency of 250 kHz was used (Figure 2.12). The quartz was 

mounted directly facing the combustion chamber of the first cylinder by means of a 

steel tube. 

This choice was possible thanks to the high thermal stability of the piezoelectric 

group, which is able to work even without cooling. The signal thus produced is 

processed by a set of AVL 3056-A01 amplifiers capable of returning a signal fully 

compatible with the data acquisition system. 

 

 

Figure 2.12 – Piezoelectric pressure transducer. 

 

The position of the motor shaft is detected by an encoder (Figure 2.13). It is able to 

provide two signals, one used as an acquisition base (CDM) and the other to define the 

revolution of the crankshaft (TRIGGER) [48]. The device consists of: 

1) A marked disc, which rotates inside an hermetic casing, whose scanning is 

based on the principle of reflection and takes place by means of the pulse 

detector. Two series of notches are photoengraved on the scanning side of the 

disc, one on the outer edge consisting of 720 marks, the other more internal 

constituting the trigger trace. 

2) The optical detector, which represents a link between the mechanical system 

and the electronic system. It consists of four optical fibers coupled on the edge 

of the disc. Each pair ends in a reading window, one acts as a receiver and the 

other as a transmitter. 

3) The pulse converter, which transmits a continuous infrared light signal to both 

angular and trigger marks. The light signal is then reflected by the disc coating 

and is absorbed by the corner marking notches. The receiving fiber is powered 

by the reflected light signal which exhibits an impulsive behavior. 
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The device is assembled by coupling the phonic wheel integral with the marked 

disc, with the engine service pulley. The fixed part, on the other hand, is connected to 

the optical wheel by means of bearings and a bracket. The junction of the bracket to 

the engine block is made using a system that allows small oscillations, ensuring that 

minimal bending of the crankshaft is not interpreted by the encoder as rotations, but 

only as modest variations in the angle reading. 

The encoder calibration is performed using an AVL 428 TDC proximity sensor, 

which is installed in the spark plug seat during this setting. It allows a precise 

correspondence between the cylinder top dead center (TDC) and the angular position 

read by the encoder. In this way, the measurement of the quantities as a function of the 

crank angle refers to the TDC and not to the zero position of the encoder. 

 

 

Figure 2.13 – Encoder. 

 

Finally, there is a "pick up" sensor that detects the spark timing and a sensor for 

injection. The signals coming from the various sensors described are sent to the AVL 

Indiset 620 data acquisition module [49]. This is a multi-channel system suitable for 

"indicating" operations (Figure 2.14). 
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Figure 2.14 – AVL Indiset 620 module. 

 

This equipment can process data with a maximum speed of 1 MHz. It contains data 

recording units and signal conditioning units. The Indiset is connected via serial to an 

AVL Indimeter board which has the function of user interface. This is managed from 

a PC using the Indicom 1.2 software [50]. In addition to allowing the graphs of the 

signals received as a function of the crank angle to be viewed in real time, it can also 

be used to calculate and view online the heat release, the p-v diagram, various 

statistical calculations performed on the measurements, etc. The software also allows 

to elaborate data in post-processing and export them both as images and as a text file. 

It is also interfaced with the Puma with which it performs a continuous data exchange. 

 

2.5 Emission analysis system 

The system which analyzes the exhaust gases is placed in the control room. The 

AVL Digas 4000 analyzer (Table 2.3) is a continuous sampling system of exhaust 

gases that uses a probe inserted in the exhaust duct, upstream of the catalyst, and 

continuously picks up and analyzes a fraction of the gases. This system allows to 

obtain information relating to the pollutant emissions in different operating points of 

the engine. Table 2.2 shows the characteristics of this device relative to the 

measurements it is able to perform. 
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Table 2.2 – AVL Digas 4000 metrological characteristics. 

 
MEASUREMENT 

RANGE 
RESOLUTION UNCERTAINTY 

CO 0 ÷ 10% Vol 0.01 % Vol 
± 5% meas. value 

(± 0.06% abs. value) 

CO2 0 ÷ 20% Vol 0.1 % Vol 
± 5% meas. value 

(± 0.5% abs. value) 

HC 0 ÷ 20e3 ppm Vol 1 ppm Vol 
± 5% meas. value 

(± 12 ppm n-Hex abs.) 

O2 
0 ÷ 4% Vol 

4 ÷ 22% Vol 

0.01% Vol 

0.1% Vol 

± 5% v.mis 

(± 0.1% abs. value) 

NOX 0 ÷ 9e3 ppm Vol 1 ppm Vol 
± 5% v.mis 

(±12 ppm n-Hex abs.) 

 

 

The analyzer is equipped with a liquid crystal display where the various test 

procedures can be selected and it can be also interfaced with the data acquisition 

system. 

 

 

Table 2.3 – AVL Digas 4000 

 

The measurement system of the analyzer is based on non-dispersive infrared rays. 

The source of rays, filters and detectors are thermally stabilized under the control of a 

microprocessor. Pressure is modulated by a stepping motor which rotates at a 

frequency of about 10 Hz. The operation of this device can be divided in the following 

steps. A concentrated beam of infrared rays passes through a precision lens and hits 

the measuring cell in which the sample gas flows. Then the beam passes through an 
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optical group containing a multi-element filter. This is related to the measurement of 

CO, CO2 and HC. Nitrogen oxides are measured by chemiluminescence. 

The analysis system, before each measurement campaign, is calibrated following 

the appropriate procedure and using calibration gases contained in cylinders located 

outside the structure. 

 

2.6 ECU 

In order to carry out research and development activities in the engine sector, it is 

necessary to modify the operating maps of the control units. The control units 

originally mounted on the engines cannot be reprogrammed. For this reason, the need 

arises to use a control unit with a completely open and flexible system. 

In this work, a Magneti Marelli MF4 control unit was used to describe the operation 

of the engine (Figure 2.15). The latter is a rewritable electronic control unit that can 

be interfaced with a management software capable of offering total and real-time 

control of the engine parameters. 

 

 

Figure 2.15 – Magneti Marelli MF4 ECU. 

 

The MF4 ECU is a versatile engine management unit designed for universal 

installation on 1 cylinder engines up to a maximum of 8 cylinders. This control unit 

uses a set of user-definable maps that are used to control the actuators through inputs 
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managed by sensors. The main components of the control unit considered are a 32-bit 

microprocessor, capable of carrying out analog-digital conversions with a resolution 

of 10 bits, and a Flash EEPROM memory. This control unit allows modifying the 

parameters of interest online, i.e. when the engine is running. 

For the modification of the engine parameters of interest, the reprogrammable ECU 

is interfaced with the user through appropriate software. The latter consists of two 

parts: 

• a first part dedicated to the basic configuration of the management system for 

programming the control unit (DSETUP); 

• the other dedicated to program the engine parameters and operation. It uses the 

imposed configurations to create the communication between the operator and 

the control unit (Magneti Marelli Vision). 

Magneti Marelli Vision (Figure 2.16) is the part of the control unit management 

software that allows us to modify the engine parameters of interest and to evaluate the 

values that the control unit sends to the engine actuators. 

 

 

Figure 2.16 – Magneti Marelli Vision graphic interface. 
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The ECU management software provides various windows, some of these allow 

controlling the engine signals coming from the various sensors, others allow 

modifying the control parameters by means of potentiometers, others are alarm 

windows. If the connection with the control unit is not active, the reading parameters 

are reported as NORx. 

In particular, the Magneti Marelli control unit allows to vary the spark advance 

through a potentiometer (PotAV), while a further potentiometer allows the adjustment 

of the air excess (PotTI). 

 

2.7 Measured quantities 

The use of the data acquisition systems described above allows obtaining a 

multitude of quantities of interest, useful for the evaluation of the engine performance 

and for the verification of the correct operation of the engine and ancillary systems. 

The main quantities are: 

• engine speed; 

• engine torque; 

• equivalence ratio, essential for the correct operation of the catalyst; 

• pressure in the combustion chamber, obtained through the described pressure 

sensor and necessary in order to obtain the indicated cycle (pressure as a 

function of the crank angle); 

• boost pressure, in particular the boost pressure in the intake manifold (pcab); 

• brake specific fuel consumption (BSFC); 

• exhaust gas temperature, which is fundamental for the correct operation of the 

supercharging system and the catalyst; 

• molar fractions of the pollutants emitted by the engine; 

• indices of incipient knock for the verification of the conditions of detonation 

of the engine (KI2_110, KI2_150 and KI1). 

The quantities necessary for the correct operation of the refrigeration system are: 

• temperature and pressure of the cooling water entering and leaving the engine 

and the heat exchangers; 

• temperature of the lubricating oil in the engine pan; 

• oil pressure in the engine crankcase; 

• water temperature and pressure of the evaporative tower at the inlet and outlet 

of the heat exchangers. 
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The pressure and temperature of the water leaving the dynamometric brake are also 

monitored to verify its correct operation. 

 

2.7.1 Knock detection and quantification 

The determination of knock indices is carried out by means of the fast acquisition 

software Indicom 1.2, in particular using the block diagram shown in Figure 2.17. 

 

 

Figure 2.17 - Block diagram used for the determination of knock indices. 

 

Knock indices are obtained starting from the indicated cycle, therefore from the 

pressure graph as a function of the crank angle (PCYL1, Figure 2.17). It is well known, 

in fact, that the pressure inside a cylinder of a generic engine has an oscillatory trend 

and therefore has a certain oscillation frequency. The indices KI1, KI2_110, KI2_150 

are obtained by filtering the pressure curve of the indicated cycle. A high pass filter is 

used, which allows detecting pressure oscillation frequencies above 7000 Hz and also 

a low pass filter, which allows detecting pressure oscillation frequencies below 24000 

Hz. The absolute value of this curve is considered. 

From the absolute value of the curve obtained, it is possible to directly derive the 

knock indices KI2_110 and KI2_150. These indices are obtained by comparing a 

threshold value (MAPOth), obtained taking into account the filtered curve and 60% of 
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the fuel burned fraction, and a value corresponding to the maximum of the filtered 

curve (MAPO). The knock index I is obtained through the equation (2.1): 

 

 
𝐼 =

𝑀𝐴𝑃𝑂 − 𝑀𝐴𝑃𝑂𝑡ℎ

𝑀𝐴𝑃𝑂𝑡ℎ
 

 

(2.1) 

The KI2 index is obtained by averaging the I index for the various engine cycles. 

The KI2_110 and KI2_150 indices use the same calculation method but they are 

characterized by a different multiplication factor, 1.1 and 1.5 respectively. 

The KI1 detonation index, on the other hand, has a different calculation method. In 

particular, this index differs from the others for the determination of the MAPOth 

threshold value. The latter value is obtained from a cumulative of the filtered pressure 

curve, of which 95% is considered. The I index is obtained as for the KI2 index and 

averaged over the various engine cycles. 

It is worth noting that for the determination of the KI1 index the cumulative changes 

as the spark angle changes, so the threshold value changes. Therefore, by varying the 

spark angle, the MAPOth threshold value must be updated. 

In this work, only two of the knock indices described have been considered, in 

particular KI1 and KI2_110. 

For these indices, for the engine considered, the limits of incipient knock occur in 

correspondence with KI1 = 5% and KI2_110 = 30% [51]. 

 

2.8 Water injection system 

A port water injection system was installed on the engine under study. The injection 

of water into the intake manifold is carried out by using four low pressure Bosch 

EV14ST injectors (one for each cylinder), the same as used for fuel injection (Figure 

2.18).  
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Figure 2.18 – Water injector. 

 

The water injectors were installed on the intake manifold, which has been 

appropriately modified in order to allow their positioning. In particular, the seats of 

the injectors were 3D printed and glued into the intake manifold (Figure 2.19). 

 

 

Figure 2.19 – Modified intake manifold. 

 

A commercial pump draws distilled water from a tank and sends it under pressure 

into a rail (Figure 2.20), to which the water injectors are connected. A pressure 
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regulator guarantees the desired value of the water injection pressure, which is 

acquired by means of a pressure transducer interfaced with the AVL Puma system. 

 

 

Figure 2.20 – Water rail. 

 

A prototype driver (Figure 2.21) directly controls timing and duration of WI and 

the activation of each injector. The control interface is shown in Figure 2.22. 

 

 

Figure 2.21 – Programmable injector module. 
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Figure 2.22 – Control interface of the prototype driver. 

 

2.8.1 Water injector characterization 

A steady state characterization of the water injector was carried out in order to 

perform a qualitative analysis of the spray evolution and quantify the mass of injected 

water. In particular, the flow rate of the water injector at different injection pressures 

was measured (Figure 2.23) and the evolution of the spray in an open environment was 

evaluated (Figure 2.24). Based on the results obtained in terms of spray atomization, 

an injection pressure greater than 5 bar was required to obtain a good atomization of 

the spray. Thus, an injection pressure equal to 8 bar was chosen for all the analyses 

reported in the following. 
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Figure 2.23 – Stationary water flow rate vs injection pressure. 

 

 

Figure 2.24 – Water spray. 

 

Considering an injection pressure equal to 8 bar, a dynamic characterization of the 

water injector was performed. The injected water mass as a function of the duration of 

injection (DOI) was measured (Figure 2.25). These measurements were necessary to 



CHAPTER 2                                                                                       Experimental setup 

47 

 

quantify the mass of water injected during engine operation and to set the water flow 

rate in the various numerical analyses reported in the following. 

 

 

Figure 2.25 – Injected water mass vs duration of injection for injection pressure equal to 8 bar. 
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CHAPTER 3. NUMERICAL MODELS 

In this work, both 1D and 3D models have been used to perform various numerical 

analyses of the effect of water injection in the engine under study. These models are 

described in the following.  

3.1 1D model 

 A 1D approach has been used in order to estimate the performance of the engine 

running with port water injection. The model reproduces the whole engine lay-out in 

order to perform the full engine cycle simulation.  

The flow in the pipes has been calculated using a finite volume approach, while the 

turbocharger has been modeled using the steady flow maps provided by the 

manufacturer. The turbine inlet scroll has been modeled as a duct in order to consider 

the propagation of pressure waves. In order to allow the boost pressure control, a part 

of the exhaust can bypass the turbine simulating the action of the wastegate valve. 

Furthermore, the model is able to account for the effect of the heat transfer from and 

to the walls in both the cylinder and the pipes. 

 

3.1.1 Combustion model 

The in-cylinder flame development has been described by a quasi-dimensional 

approach. The used model predicts the burn rate for homogeneous charge, spark-

ignition engines and is based on the work of Keck and Tabaczynski [52, 53]. This 

prediction takes into account the cylinder geometry, spark locations and timing, air 

motion, and fuel properties.  

The calculated turbulent flame speed depends on both laminar flame speed and 

turbulent flow indices according to an entrainment model. In particular, a spherical 

flame front propagates starting from the spark plug through a turbulent entrainment 

process and combustion occurs in the entrained region at a rate controlled by 

turbulence parameters. 

The rate of entry of the unburned mass into the flame front is calculated as: 
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 𝑑𝑚𝑒

𝑑𝑡
= 𝜌𝑢𝐴𝑓(𝑆𝐿 + 𝑢′) 

 

(3.1) 

Where 𝑚𝑒 is the mass of the unburned mixture, 𝜌𝑢 is the unburned density, 𝐴𝑓 is 

the surface area at the edge of the flame front, 𝑆𝐿 is the laminar flame speed and 𝑢′ is 

the turbulent intensity. 

The burned mass rate is calculated as: 

 

 𝑑𝑚𝑏

𝑑𝑡
= (

𝑚𝑒 − 𝑚𝑏

𝜏
) 

 

(3.2) 

Equations (3.1) and (3.2) state that the unburned mixture of fuel and air is entrained 

into the flame front through the flame area at a rate proportional to the sum of the 

turbulent and laminar flame speeds. The burn rate is proportional to the amount of 

unburned mixture behind the flame front, (𝑚𝑒 − 𝑚𝑏), divided by a time constant, τ. 

The time constant is calculated by dividing the Taylor microscale, λ, by the laminar 

flame speed: 

 

 
𝜏 =

𝜆

𝑆𝐿
 

 

(3.3) 

 Following a hierarchical approach, the mean turbulent length scale and the mean 

turbulent intensity have been imposed exploiting the flow field details provided by 3D 

calculations. In particular, in all the operating conditions analyzed, the trends of both 

turbulent intensity over the mean piston speed and the mean turbulent length scale as 

a function of crank angle have been imposed. 

The laminar flame speed is calculated using the following equations [54, 55, 56]: 

 

 
𝑆𝐿 = 𝑆𝐿,0 (

𝑇𝑢

𝑇0
)

𝛼

(
𝑝

𝑝0
)

𝛽

𝑓(𝛾) 

𝑓(𝛾) = 1 − 0.75 ∙ 𝑑(1 − (1 − 0.75 ∙ 𝑑 ∙ 𝛾)7) 

(3.4) 

  

(3.5) 

   

Where 𝑇𝑢 is the temperature of the unburned gas, 𝑝 is the in-cylinder pressure, 𝑇0 

is equal to 298 K,  𝑝0 is equal to 101325 Pa, 𝛾 is the mass fraction of the residuals in 

the unburned zone and 𝑑 is a calibration factor related to the dilution effect. Assuming 

that water acts in the same way as other inert species, the impact of its content in the 
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unburned mixture is taken into account using 𝑓(𝛾). In particular, the calibration factor 

𝑑 has been set equal to 1.4 in both dry and WI conditions. For gasoline, 𝛼 and 𝛽 are 

calculated as [54]: 

 

 𝛼 = 2.4 − 0.271𝜙3.51 

𝛽 = −0.357 + 0.14𝜙2.77 

(3.6) 

 (3.7) 

 

Where 𝜙 is the equivalence ratio of the air-fuel mixture. 𝑆𝐿,0 is calculated as: 

 

 𝑆𝐿,0 = 𝐵𝑚 + 𝐵𝜙(𝜙 − 𝜙𝑚)2 

 

(3.8) 

With 𝐵𝑚 = 35.0 cm/s, 𝐵𝜙 = -54.9 cm/s and 𝜙𝑚 = 1.1 [57]. 

 

3.1.2 Knock model 

In order to consider knocking phenomena, an empirical induction time correlation 

has been used. It has been assumed that knock occurs when the integral reported in 

Equation 3.9 achieves values greater than one [58]. The induction time (τid) is 

calculated according to the Douaud and Eyzat correlation [59] (Eq. 3.10), where p and 

T are the pressure and temperature values of the fresh gas, while B, n, a and A are 

characteristic constants (Table 3.1): 

 

 
∫

1

𝜏𝑖𝑑

𝑡

0

𝑑𝑡 

τ𝑖𝑑 = 𝐴 ∙ 𝑂𝑁𝑎 ∙ 𝑝−𝑛𝑒
𝐵
𝑇  

(3.9) 

  

(3.10) 

   

Table 3.1 - Knock model characteristic constants 

A ON a n B 

0.7186 ms 96 3.402 1.7 4000 K 

 

When knock occurs, the knock intensity is estimated as in [60]: 
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𝐾𝐼 = (1 − 𝑥𝑏)(𝑐𝑟 − 1)√1 −
𝜃𝑘

𝜃𝑟𝑒𝑓

𝑁

𝑁𝑟𝑒𝑓
 

 

(3.11) 

   

Where xb is the mass of burned fuel, cr is the compression ratio, θk is the knock 

onset crank angle and N the engine speed, θref the maximum crank angle for which 

knock is still audible and is set to 50 CAD. Nref is a tuning parameter; it has been set 

equal to 3500 rpm at full load and equal to 1000 at partial loads. It has been assumed 

that tolerable knock corresponds to a KI level less than or equal to 0.5. 

 

3.1.3 Water injection implementation 

A phased sequential water injection system operating in parallel with the gasoline 

injection system has been considered. Water is added to the air entering the cylinders 

upstream the fuel injectors, reproducing the experimental water injection system 

described in Chapter 2. 

The injected liquid water evaporates in the intake port on the basis of the relative 

humidity of the charge and the latent heat is released entirely to the fluid. In the 

cylinder, water vaporizes within the cylinder gas and heat is removed from the gas 

determining a cooling effect. With these assumptions, a better agreement has been 

obtained with the experimental results in terms of the cooling effect due to the 

evaporation of water. This suggests that most of the heat of vaporization is taken from 

the fluid. 

 

3.2 3D model 

In this work, 3D RANS calculations have been performed in order to investigate 

the effects of both port and direct water injection in the engine under study. The 

commercial code AVL Fire v.2020 has been used to build a 3D computational model. 

The partial differential transport equations are discretized on the basis of a finite 

volume method. A first-order (Euler) implicit differencing scheme has been used with 

respect to time discretization. Second-order schemes have been used for continuity and 

momentum equations. An upwind scheme has been used for turbulence and energy 

equations. In particular, turbulent effects have been described by means of the k-zeta-

f approach [61].  
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3.2.1 Engine grid and boundary conditions 

The combustion chamber, the intake port and the intake manifold have been 

discretized by means of hexahedron elements in order to obtain a dynamic unstructured 

grid able to reproduce the intake stroke, the compression stroke and the following 

expansion stroke of the engine. Since the combustion chamber of the engine under 

study is symmetrical, only half of the geometry has been discretized. The grid (Figure 

3.1) is characterized by about 50,000 cells as a minimum and about 100,000 cells as a 

maximum.  

Boundary and initial conditions have been set by means of unsteady 1D calculations 

reproducing the whole engine behavior. In particular, total pressure and temperature 

have been imposed for the inlet flow and, as usual for PFI engines, a premixed charge 

has been considered. For solid walls, the fixed temperature condition has been set.  

 

 

Figure 3.1 – Engine grid at bottom dead center. 
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3.2.2 ECFM-3Z combustion model 

The fuel oxidation process has been summarized by the Extended Coherent Flame 

Model – 3 Zones (ECFM-3Z) approach [62]. It is an evolution of the Coherent Flame 

Model (CFM). The CFM is applicable to both premixed and non-premixed conditions 

based on a laminar flamelet concept. Such a model is attractive since it allows 

decoupled treatment of chemistry and turbulence. The ECFM (E stands for extended) 

has been mainly developed to describe combustion in DI-SI engines. This model is 

fully coupled with the spray model and enables stratified combustion modeling 

including EGR effects and NO formation. The model relies on a conditional 

unburned/burnt description of the thermochemical properties of the gas. 

The ECFM-3Z 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. The model relies on the ECFM combustion model, but it is 

characterized by a three-areas mixing description (Figure 3.2). Further it is coupled 

with an improved burnt gas chemistry description compared to ECFM. 

The “spherical” ignition model has been used. In this model, a spherical flame 

kernel is released using the spark position, ignition time, flame kernel radius and spark 

duration with the flame surface density specified in the FIRE Workflow Manager. The 

flame surface density is kept constant in all ignition cells within the flame kernel radius 

over the spark duration. After the end of ignition the flame surface density must be 

self-sustaining for a propagating combustion. [63].  

 

 

Figure 3.2 – Zones in the ECFM-3Z model [63]. 
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Calculations have been performed considering the ECFM-3Z characteristic 

constants carried out in Table 3.2. 

 

Table 3.2 – ECFM-3Z characteristic constants 

Initial flame surface density [1/m] 400 

Stretch factor [-] 0.8  

Consumption factor [-] 1 

Mixing model parameter [-] 1 

 

3.2.3 Water spray model 

Water spray has been modelled by means of the Lagrangian discrete droplet 

method. Its behavior is calculated considering evaporation [64, 65] and break-up 

phenomena by means of the Huh-Gosman approach. 

The Huh-Gosman model assumes nozzle flow turbulence as decisive for the break-

up mechanism and is based on the work of Huh and Gosman as well as Huh, Lee and 

Koo [66, 67]. The turbulent fluctuations are characterized by turbulent length and time 

scales. For the turbulent length and time scales Lt and τt algebraic formulae are used: 

 

 
𝐿𝑡 = 𝐶5(1 +

𝐶0𝑡𝑑𝑙𝑖𝑓𝑒

𝐶6
)0.457 

𝜏𝑡 = 𝐶6 + 𝐶0𝑡𝑑𝑙𝑖𝑓𝑒 

(3.12) 

  

(3.13) 

with   

 
𝐶5 = 𝐶𝜇

𝑘𝑎𝑣𝑔
3/2

𝜀𝑎𝑣𝑔
 

(3.14) 

 
𝐶6 = 𝐶𝜇

𝑘𝑎𝑣𝑔

𝜀𝑎𝑣𝑔
 

(3.15) 

 
𝑘 =  

𝑈2

8𝐿/𝐷
(

1

𝑐𝑑
2 − 𝐾𝑐 − (1 − 𝑠2)) 

(3.16) 

 
𝜀𝑎𝑣𝑔 = 𝐾𝜀  

𝑈2

2𝐿
(

1

𝑐𝑑
2 − 𝐾𝑐 − (1 − 𝑠2)) 

(3.17) 

 

Where 𝐶6 = 0.92, 𝐶𝜇 = 0.09, 𝑘 is the turbulence kinetic energy, 𝜀 is the dissipation 

rate, 𝐾𝑐 is a form loss coefficient at the contraction corner with typical value of 0.45, 

𝐾𝜀 should be set to 0.27, 𝑠 denotes the flow contraction coefficient with typical value 
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of 0.9 and 𝑐𝑑 is the nozzle discharge coefficient (0.7 to 0.9). Initial values for the length 

and time scale 𝐶5 and 𝐶6 have to be provided as input parameters, which stand for 

initial turbulent length scale and turbulent time scale [68]. 

In this model the break-up length scale 𝐿𝐴 is taken from the turbulent length scale 

𝐿𝑡 as: 

 

 𝐿𝐴 = 𝐶1𝐿𝑡 

 

(3.18) 

The break-up time scale 𝜏𝐴 is determined from a linear combination of the turbulent 

and aerodynamic time-scales: 

 

 𝜏𝐴 = 𝐶3𝜏𝑡 + 𝐶4𝜏𝑤 

 

(3.19) 

The aerodynamic time scale 𝜏𝑤 = 𝑓(𝐿𝑤) is taken from a Kelvin-Helmholtz 

instability analysis using an aerodynamic length scale calculated from: 

 

 𝐿𝑤 = 𝐶1/𝐶2 ∙ 𝐿𝑡 

 

(3.20) 

The break-up rate is finally determined from the ratio of atomization length and 

time scales: 

 

 𝑑𝑅

𝑑𝑡
=

2𝐿𝐴

𝜏𝐴
 

 

(3.20) 

Calculations have been performed considering the water spray model characteristic 

constants reported in Table 3.3. 

Table 3.3 – Water spray model characteristic constants 

Break-up (Huh-Gosman) C1=1, C2=0.5, C3=0.4, C4 =1 

Evaporation (Dukowicz) E1=5, E2=5  

 

The injection rate, the spray cone and the initial distribution of the particle diameter 

have been assumed according to both the injector characteristics and the fuel supply 

pressure. In particular, the initial droplet diameter has been set equal to the outer 

diameter of injector nozzle. 
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3.2.4 SHELL knock model 

In order to take into account the development of knock in the combustion chamber, 

an auto-ignition mechanism has been considered. The knock model used in this paper, 

based upon the well known SHELL model, consists of a degenerate-branched-chain 

mechanism containing: initiation (with radicals production), propagation (whit heat 

release production) and branching agent formation, branching and two termination 

steps (linear and quadratic). Species that play a similar role in the ignition chemistry 

are combined and treated as a single unit; in particular the model considers the 

hydrocarbon radical (R), the branching agent (B) and the autocatalytic product (Q). 

The heat release rate per volume unit depends on the radical concentrations [R], while 

the propagation step rates are calculated according to Arrhenius or composed forms 

[63, 69, 70].
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CHAPTER 4. RESULTS 

4.1 Experimental results 

 

4.1.1 Medium load tests 

At first, two medium load engine operating points have been tested (Table 4.1) [71]. 

In each point, the engine speed and the manifold absolute pressure (MAP) have been 

kept constant. In each operating point, torque, specific fuel consumption and so way 

are the average results of acquisitions made over a period of 30 s. About indicated 

measurements, 100 consecutive engine cycles have been acquired. A 0.1 crank angle 

sampling frequency has been used in order to gather all the vibration mode frequencies 

characterizing the knock events. 

Water start of injection (SOI) has been set equal to 320 CAD aTDC. Different 

water-to-fuel ratios (W/F), from 0 up to 0.3, have been considered. In each test case, 

using these W/F ratios, no traces of water have been found in the lubricant.  

Table 4.1 - Test cases. λ is α/αst where α is the actual air to fuel ratio and αst is the stoichiometric air 

to fuel ratio. 

 Speed [rpm] MAP [bar] Spark Angle [°] λ [-] 

Case 1 1500 1.12 -3.2 1 

Case 2 3000 0.85 -10.9 1 

 

Main measured results of Cases 1 and 2 are reported in Tables 4.2 and 4.3. Figures 

from 4.1 to 4.6 show measured in-cylinder pressure and the derived rate of heat release 

(RoHR) and in-cylinder temperature (calculated using the first law of 

thermodynamics) for both Case 1 and 2. Each picture clearly depicts the W/F effect on 

the combustion process development. Increasing the W/F ratio, RoHR slows down and 

both pick firing pressure and temperature result lower and delayed. Exhaust gas 

temperature slightly increases with higher W/F in Case 1, while results substantially 

unchanged in Case 2 (Tables 4.2 and 4.3). An increase of the mixture ignition delay 
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has also been detected, as noticeable in Tables 4.2 and 4.3. Without a spark advance 

correction, engine torque slightly decreases and BSFC slightly increases with higher 

W/F (Tables 4.2 and 4.3). Figures 4.7 and 4.8 show the W/F effect on KI2. For both 

Case 1 and 2, knock index decreases if the amount of injected water increases. This 

result suggests that spark timing could be anticipated obtaining a better output in terms 

of engine torque and efficiency. 

Table 4.2 - Main measured values of Case 1. The combustion duration is given by 10-90% burnt fuel 

mass. 

 W/F=0 W/F=0.1 W/F=0.2 W/F=0.3 

Torque [Nm]  107.2 104.5 104.1 102.3 

BSFC [g/kWh] 278.9 283.3 284.7 288.7 

Exh. Gas Temperature [°C] 681.8 695.2 700.9 704.6 

Ignition Delay [°] 13.11 14.42 15 15.53 

Combustion Duration [°] 17.9 18.5 19 19.7 

 

Table 4.3 - Main measured values of Case 2. The combustion duration is given by 10-90% burnt fuel 

mass. 

 W/F=0 W/F=0.1 W/F=0.2 W/F=0.3 

Torque [Nm]  77.5 76.3 75.5 74.3 

BSFC [g/kWh] 292.6 296.4 298.4 301.9 

Exh. Gas Temperature [°C] 818.6 816.1 819.6 819.3 

Ignition Delay [°] 16.23 17.58 18.05 18.76 

Combustion Duration [°] 20.9 23.9 25 25.6 
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Figure 4.1 - Measured in-cylinder pressure. Case 1. 

 

 

Figure 4.2 - Measured in-cylinder pressure. Case 2. 
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Figure 4.3 - Measured rate of heat release. Case 1. 

 

 

Figure 4.4 - Measured rate of heat release. Case 2. 
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Figure 4.5 - Mean in-cylinder temperature. Case 1. 

 

Figure 4.6 - Mean in-cylinder temperature. Case 2. 
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Figure 4.7 - Knock index vs. water-to-fuel ratio. Case 1. 

 

Figure 4.8 - Knock index vs. water-to-fuel ratio. Case 2. 

 

4.1.2 High load tests 

In order to exploit the potential of water injection in terms of performance 

improvement, a high load engine operating point has been tested (Table 4.4). During 

the tests, both engine speed and MAP have been kept constant. The Mapo threshold 
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(Mapoth) for knock analysis has been set equal to the 85% of the 95th percentile of 

Mapo distribution identified at the analyzed load level. This threshold has been kept 

also for the engine running with WI. 

Table 4.4 - High load test case.  

 Speed [rpm] MAP [bar] λ BASE [-] Mapoth [bar] 

Case 3 3000 1.3 0.97 0.122 

 

At first, a BASE case without WI has been tested. In this test engine, performances 

are limited according to both the exhaust temperature and knock index KI1. In 

particular, the exhaust gas temperature is limited to 900°C which is the maximum 

allowable temperature at the turbine inlet, while the maximum allowable value of KI1 

is 5%. Due to this constraints, a rich air-fuel mixture is needed in this operating point 

(λ = 0.97). Then, engine operation with WI has been tested in order to optimize the 

BSFC at knock limit. Water SOI has been set equal to -260 CAD aTDC. A W/F ratio 

equal to 0.3 has been considered. Spark advance has been increased up to allowable 

knock conditions (KI1 ≤ 5) keeping the same λ. At the end, the A/F ratio has been 

increased reaching stoichiometric conditions (λ = 1). The results of this analysis are 

reported in Figures 4.9, 4.10 and 4.11. With water injection, the exhaust gas 

temperature is always lower than in the BASE case (Figure 4.9), while some 

investigated points show KI1 values higher than 5 (Figure 4.10). Naturally, test points 

that exceeds the described constraints are not eligible for a proper engine operation. 

With WI, BSFC decreases if spark advance increases with respect to BASE case. In 

case of water injection and stoichiometric conditions (WI_ λ=1) the minimum value 

of BSFC in allowable knock conditions is obtained (Figure 4.11). Exhaust temperature 

slightly increases with respect to the rich mixture WI case with the same spark angle, 

but however remains lower than in the BASE case (Figure 4.9).  

The main results of the BSFC optimization at knock limit, in both BASE and WI 

case, are reported in Table 4.5. Thus, in the analyzed operating point, WI allows a 

stoichiometric combustion and a BSFC decrease (5.1% reduction with respect to 

BASE). A slight decrease (about 1.5%) of engine torque has been detected. 

Furthermore, an improvement in terms of combustion phasing (MFB50) has been 

obtained. An even better performance improvement could be possible at higher loads. 

Further analyses, that will be described in the following, have been carried out using 

the 1D approach described in Chapter 3. 
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Table 4.6 shows measured brake specific emissions of the described optimized 

configurations. The results clearly depict that, with respect to BASE, WI in 

stoichiometric conditions improves both CO and CO2 emissions and worsens NOx 

emission, while it has no impact on HC emission in the analyzed case. 

 

 

Figure 4.9 – Exhaust gas temperature vs spark angle for both BASE and WI cases. Case 3. 

 

Figure 4.10 – KI1 index vs spark angle for both BASE and WI cases. Case 3. 



CHAPTER 4 Results 

65 

 

 

Figure 4.11 – Brake specific fuel consumption vs spark angle for both BASE and WI cases. Case 3. 

 

Table 4.5 - Main measured values of Case 3. BSFC optimization at knock limit. 

 BASE  

 

WI_ λ=1 

Torque [Nm]  134.1 132.0 

BSFC [g/kWh] 273.4 260.9 

Exh. Gas Temperature [°C] 884.5 865.9 

Knock limited spark angle [°aTDC] -5.8 -8.0 

MFB50 [°aTDC] 23.0 19.8 

 

Table 4.6 - Measured emissions of Case 3. BSFC optimization at knock limit. 

 BASE  

 

WI_ λ=1 

NOx [g/kWh] 

g/kWh 

 

3.40 3.85 

HC [g/kWh] 0.26 0.26 

CO [g/kWh] 14.54 9.61 

CO2 [g/kWh] 283.1 280.3 
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4.2 3D simulations results 

The numerical model described in Chapter 3 has been utilized in order to deeply 

investigate the effects of water injection in the combustion chamber of the analyzed 

engine [71]. 

 

4.2.1 Port water injection 

At first, port water injection has been simulated. In particular, only the test Case 1 

has been reproduced, considering the experimental tests showed substantially the same 

effects of water injection in both Cases 1 and 2. Furthermore, only the case with W/F 

equal to 0.3 has been numerically investigated as it exhibited the greatest cooling 

effect.  

In Figure 4.12 the water spray evolution in the intake duct is reported, while Figure 

4.13 shows water droplets entering into the combustion chamber. 

Figure 4.14 shows a comparison between measured and calculated in-cylinder 

pressure for both W/F=0 and W/F=0.3 test cases. The numerical model well 

reproduces the WI effect on pressure trends. It is worth noting that the numerical model 

overestimates the mean in-cylinder pressure during the expansion stroke. This is 

probably due to an underestimation of wall heat transfer. Thus, both indicated work 

and engine efficiency are overestimated by the model. Referring to the experimental 

results, the efficiency calculated starting from IVC up to EVO is equal to 0.328 for 

W/F=0 and 0.301 for W/F=0.3, while those predicted by the numerical model are equal 

to 0.350 and 0.331 respectively. However, even if overestimated, the numerical results 

respect the same trend of the experimental data. 

In Figure 4.15, the percentage of evaporated water mass over the total injected mass, 

as a function of CA, is reported. More than 90% of water mass evaporates inside the 

cylinder and, in particular, at spark timing, about 88% of the total mass injected results 

evaporated. 
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Figure 4.12 - Water spray evolution in the intake duct. 20 CAD after water SOI. 

 

 

Figure 4.13 - Water spray entering into the combustion chamber. 100 CAD after water SOI. 
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Figure 4.14 - Measured vs. calculated in-cylinder pressure. Case 1. 

 

 

Figure 4.15 - Percentage of evaporated water. Case 1, W/F=0.3. 
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4.2.2 Direct water injection 

Then, the numerical analysis has been also used in order to simulate the direct water 

injection in the same engine [71]. Direct water injection analysis has been carried out 

by implementing a 6-hole commercial high-pressure injector for GDI applications 

within the 3-D model of the engine under study. The adopted injector configuration is 

reported in Table 8. The same injector was characterized for water injection at engine-

relevant conditions by Bhagat et al [72]. In their study, water is injected into a constant 

volume chamber, in particular a cubic shape with volume equal to 1 liter. The water 

spray model used in this paper has been validated against experimental and numerical 

results of Bhagat et al [72]. In particular, the water spray evolution has been simulated 

considering two cases: in the first one, pressure and temperature in the chamber are 

equal to 2.38 bar and 387 K (low temperature), in the second one 5.24 bar and 472 K 

(high temperature). The duration of the water injection has been set to 3ms. Figure 

4.16 shows the comparison of the liquid penetration length between the experimental 

results of Bhagat et al [72] and the present study for both the analyzed cases. 

Furthermore, Figure 4.17 shows the comparison of the percentage distribution of liquid 

and vapor phases of water spray between the numerical results of Bhagat et al [72] and 

the current study for the low temperature case. It is worth noting that calculated results 

of the current study agree very well with the literature ones. Therefore, the authors are 

encouraged in using the validated spray model in order to simulate the in-cylinder 

water injection in the engine under study. 

 

Table 4.7 - GDI injector configuration for in-cylinder water injection. 

Designed bend angle 10 deg 

Diameter of all orifices 205 μm  

Maximum injection pressure 200 bar 

Spray plume angle at 200 bar ~15 deg 
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Figure 4.16 - Comparison of water spray penetration lengths. 

 

 

Figure 4.17 - Comparison of liquid and vapor water percentage. Low temperature case. 

 

As in the numerical indirect WI study, direct WI analysis has been carried out 

referring to Case 1 and W/F=0.3. Water injection pressure has been set equal to 50 bar. 

Different water SOI angles have been considered: -180, -90, -60, -40 (°aTDC). Figure 
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4.18 shows the water spray evolution inside the cylinder (water SOI equal to -

180°aTDC).  In Figures 4.19, 4.20 and 4.21, percentage of evaporated water, in-

cylinder pressure and in-cylinder temperature are respectively reported for the 

investigated direct WI cases together with the results of indirect WI. As expected, since 

pressure and temperature in the cylinder are higher, water evaporation results faster if 

injection is retarded. In each analyzed case, percentage of evaporated water at TDC is 

in the 80-90% range. In direct WI cases, referring to mean pressure and temperature 

in the combustion chamber, no substantial differences in terms of peak values have 

been obtained. The results of port water injection show a higher firing peak pressure 

and temperature with respect to direct WI cases. Inside the combustion chamber, water 

mass fraction distribution at TDC results more homogeneous in indirect WI case with 

respect to direct WI ones, Figure 4.22. Furthermore, the more the WI is delayed, the 

more inhomogeneous the water mass fraction distribution becomes. 

In Figure 4.23, indicated efficiencies for the different cases are reported. As already 

shown in the experimental results, keeping the same control parameters, WI causes a 

decrease of indicated efficiency. DWI cases show practically the same efficiency level, 

while in the PWI case a slightly lower value has been obtained. 

 

 

Figure 4.18 - Water spray evolution inside the cylinder. Direct water injection, SOI equal to -

180°aTDC. 
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Figure 4.19 - Percentage of evaporated water for each WI simulation. 

 

 

Figure 4.20 - In-cylinder pressure. W/F=0 (NO_WI) and W/F=0.3. 
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Figure 4.21 - In-cylinder temperature. W/F=0 (NO_WI) and W/F=0.3. 

 

 

Figure 4.22 - Water mass fraction in the combustion chamber at TDC. Top view of a section of the 

combustion chamber. 
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Figure 4.23 - Indicated efficiencies calculated from IVC to EVO for NO_WI and WI cases. 

 

In Figures 4.24 and 4.25 the mean concentrations of calculated radical R and 

intermediate Q products versus the calculated mass fraction burned, for different 

studied cases, are shown. As it is visible in the pictures, the peak levels of R and Q 

mean concentrations are ten times lower when water is injected. In particular, the 

retarded direct WI (SOI=-40°aTDC) reduces the presence of the knock precursors less 

than the other analyzed cases. This is probably due to the less homogeneous water 

distribution (Figure 4.22) that could lead to higher temperatures in the end gas zone. 

In Figure 4.26, the mass fractions of the R radicals, calculated at the mass fraction 

burnt xb=0.54, are reported comparing the cases: NO water injection, port WI and 

Direct WI (water SOI equal to -180°aTDC). As it can be noted, the area beneath the 

intake valve is the combustion chamber area characterized by the greatest auto-ignition 

risk. The concentration of knock precursors in this area strongly decreases with the 

DWI and becomes negligible in the case of PWI. So, from this point of view, at least 

for the analyzed engine operating points, the port water injection seems having quite 

favorable features. 
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Figure 4.24 - Mean value of intermediate Q product concentration calculated in the computational 

domain versus the calculated overall burnt mass fraction for NO_WI and WI cases. 

 

 

Figure 4.25 - Mean value of radical R concentration calculated in the computational domain versus 

the calculated overall burnt mass fraction for NO_WI and WI cases. 
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Figure 4.26 - Radical R concentration in the combustion chamber at xb=0.54. Top view of a section of 

the combustion chamber. 

 

4.3 1D simulations results 

The 1D model described in Chapter 3 has been used in order to identify the areas 

of the engine map in which advantages by using port water injection can be obtained, 

quantifying its effects in terms of performance improvement. 

 

4.3.1 Model validation 

For the model validation without WI, results of steady state tests at WOT operation 

and at various engine loads at 3000 rpm have been utilized. As an example, Figures 

4.27, 4.28 and 4.29 show some comparisons between calculated and measured data 

both at full load and at partial load operation. It is worth noting that calculated data 

agree very well with the measured ones. As already specified in Chapter 3, knock 

limited conditions are characterized by a KI less than or equal to 0.5. 
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Figure 4.27 - Comparison of measured and calculated fuel consumption at full load (left) and at 

partial load, 3000 rpm (right). 

 

 

Figure 4.28 - Comparison of calculated and measured pressure cycles. Full load, 1750 rpm (left), 

5500 rpm (right). 

 

 

Figure 4.29 - Full load: comparison of calculated and measured exhaust gas temperature (left) and 

knock limited spark angle, KI=0.5 (right). 
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Then, in order to validate the engine model in case of operation with WI, the 

experimental test case 1 has been reproduced. Only the W/F = 0.3 case has been 

considered. Figure 4.30 shows a comparison between measured and calculated in-

cylinder pressure for both W/F=0 and W/F=0.3 test cases. The numerical model well 

reproduces the WI effect on pressure trends. 

 

 

Figure 4.30 - Measured vs. calculated in-cylinder pressure. Experimental Case 1. 

 

In the numerical analyses reported below, a water-to-fuel ratio equal to 0.3 has been 

chosen. Water injection timing has been set in order to obtain the end of injection 

(EOI) of fuel and water at the same time. 

 

4.3.2 Full load analysis 

A parametric analysis of main engine characteristics, as a function of mixture ratio 

has been carried out. For each value of this parameter, spark advances have been 

chosen for maximum torque at knock limit. As said above, the Water Injection case is 

relative to a water to fuel ratio equal to 0.3. Furthermore, the threshold value for the 

knock index was established in 0.5.  

Figure 4.31 shows the obtained results for engine power and specific fuel 

consumption as functions of the air to fuel ratio at the operating point 5500 rpm, WOT. 

Specific fuel consumption significantly decreases moving towards leaner mixtures, 

while power remains approximately constant but, with WI, results higher than the 

value of the Base configuration. This result is due to both knock mitigation and exhaust 

gas temperature reduction in case of WI operation which therefore allows an increase 

of both spark advance and A/F ratio. 
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In Figure 4.32, the exhaust gas temperature as a function of the air to fuel ratio is 

reported. Increasing the A/F ratio, the turbine inlet temperature increases and it can 

exceed the maximum tolerable value, equal to 1173 K. These circumstances have to 

be avoided. In the BASE case, the increase of the A/F ratio causes the maximum 

tolerable value of the turbine inlet temperature is exceeded immediately. On the 

contrary, with WI, higher values of the air to fuel ratio can be achieved. 

 

 

Figure 4.31 - Brake specific fuel consumption (left) and engine power (right) vs. air to fuel ratio. 5500 

RPM, WOT. Optimal S.A. at knock limit. 

 

 

Figure 4.32 - Exhaust gas temperature vs. air to fuel ratio. 5500 RPM, WOT. Optimal S.A. at knock 

limit. 

 

The parametric analysis here reported allows tracing a map of engine operation at 

full load in order to choose the parameters for minimum BSFC according to the limits 

for the knock index and the maximum tolerable exhaust temperature. Therefore, the 

results of the optimization of both A/F and spark advance are reported below, 

respecting the limits described above. 
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Water injection adoption allows reducing the specific fuel consumption with 

respect to the BASE case. Figure 4.33 shows the main engine control parameters 

calculated in this kind of optimization as functions of engine speed. Imposing these 

parameters, the obtained values of engine power and brake specific fuel consumption 

at different speeds are reported in Figure 4.34. Comparing the specific fuel 

consumption values of the BASE case and WI cases, it is worth noting that the WI 

adoption is able to significantly increase the fuel economy, at every engine speed. In 

addition, an increase in engine power, at every engine speed, can be noticed. 

In this full load analysis, both MAP and engine speed have been kept constant in 

all the analyzed operating points. As specified above, with WI, the numerical results 

have shown an improvement of both BSFC and power, with respect to BASE, in each 

analyzed case. It is important to point out that, even if a constant load analysis were 

performed, a BSFC decrease would be obtained for each engine speed considered.  

 

 

 

Figure 4.33 - Knock Limited Spark Angle; Air to fuel ratio vs. engine speed. WI indicates the 

optimization for minimum consumption with water injection adoption. BASE refers to the engine 

running without WI. WOT. 
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Figure 4.34 - Calculated brake specific fuel consumption (left) and power (right) at different engine 

speeds. WI indicates the optimization for minimum consumption with water injection adoption. BASE 

refers to the engine running without WI. WOT. 

 

4.3.3 Partial load analysis 

In this analysis, engine operation with water injection adoption at 3000 rpm, 

considering different values of manifold absolute pressure, has been investigated. In 

particular, the analysis has been performed in operating points characterized by MAP 

values greater than 1, in which the injection of water could effectively allow a 

performance improvement. An optimization for minimum BSFC according to the 

limits for the knock index and the maximum tolerable exhaust temperature has been 

carried out; where possible, air to fuel ratio has been incremented. Figure 4.35 shows 

the main engine control parameters calculated in this kind of optimization as functions 

of manifold absolute pressure. Values of engine power and brake specific fuel 

consumption at different MAPs are reported in Figure 4.36. Brake specific fuel 

consumption decreases and power increases for each value of MAP with respect to 

BASE configuration. Results clearly show, as it was expected, that the major benefits 

of using water injection technique are limited to medium and high loads. 
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Figure 4.35 - Spark Angle; Air to fuel ratio vs. manifold absolute pressure. WI indicates the 

optimization for minimum consumption with water injection adoption. BASE refers to the engine 

running without WI. 

 

 

Figure 4.36 - Calculated brake specific fuel consumption (left) and power (right) at different manifold 

absolute pressures. WI indicates the optimization for minimum consumption with water injection 

adoption. BASE refers to the engine running without WI. 
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CONCLUSIONS 

In this work, numerous results, obtained both via experimental tests and numerical 

simulations, relative to the effects of water injection in a turbocharged SI engine, have 

been presented.  

The experimental results confirm the water evaporation determines a drop of the 

peak temperature of the burnt gases. This slows down the heat release and causes a ten 

percent peak pressure decrease. Therefore, the engine torque decreases and the brake 

specific fuel consumption increases of 2-4 percentage points. Besides, a fall of about 

ten times of knock index can be observed. This circumstance suggests it is possible to 

advance the spark time and recovery the engine performance. Increasing engine load, 

as a result of a BSFC optimization, WI allowed a stoichiometric combustion and a 

BSFC decrease of 5.1% with respect to the BASE case. 

The results of the 3D analysis allowed a comparison between port water and direct 

water injection. The main result is a confirmation that direct water injection is able to 

subtract a greater heat amount compared to port water injection. However, considering 

that the evaporation process has still to be completed throughout the combustion 

development, the indirect water injection allowed a more uniform water distribution 

close to the cylinder walls. This could retard the auto-ignition of the end gas, despite 

of its higher mean temperature. 

The main results obtained by the 1D model are summarized in the following. 

At full load, WI allowed advancing the spark time of 7 – 11 crank angle degrees 

and increasing the air to fuel ratio of about 1.5 units. By adopting these optimized 

values of engine control parameters, the BSFC registered a 18% mean improvement 

in the engine speed range. Output power mean increase was about 13%. 

In order to run the engine at full load with a stoichiometric mixture, the water to 

fuel ratio would be quite greater than that analysed in this work. In this hypothesis, 

water consumption significantly increases and attention must be paid to the most 

efficient use of water injection. 

The analysis carried out at fixed engine speed (3000 rpm) and variable load levels 

(from medium up to full load) evidenced that WI adoption is able to significantly 

increase both fuel economy and engine power, for each MAP value considered.  
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In conclusion, in this work, the fundamentals of water injection effects on the 

behavior of a downsized spark ignition engine have been studied both through 

experimental and numerical analyses. The results here presented show that water 

injection could represent an effective way in preventing knock risks and limiting the 

exhaust gas temperature. In particular, the numerical 1D approach permitted the engine 

recalibration at high and full load operation in order to minimize the fuel consumption 

complying with the limits imposed by the knock occurrence and the excessive exhaust 

gas temperature.  
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