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Abstract 8 

This work models the impact of direct water injection on the combustion process in a spark ignition engine. It 9 

uses a two-zone kinetic model coupled with detailed combustion chemistry to highlight the thermodynamic and 10 

chemical-kinetic interactions between gasoline combustion and water injection. The modelling results agree 11 

closely with measurements from a highly boosted, direct injection gasoline engine.  12 

This study first proposes an approach to model the mass fraction burned (MFB) profile using a representative 13 

in-cylinder pressure trace. The derived MFB profile is then used as the input for a two-zone kinetic model. Within 14 

this model, predictive kinetic modelling is used to estimate the knock limited spark advance (KLSA) for a baseline 15 

engine operating condition without water injection and subsequently, for several conditions with water injection. 16 

Predicted KLSA values obtained using this method agree closely with measured results. 17 

Utilising the approach developed in this study, the modelled MFB profile at the baseline operating condition 18 

was found to be similar to that obtained at the condition with a water/fuel ratio (WFR) of 60%. This result is likely 19 

due to the competing and contrasting effects of reduced in-cylinder temperature versus more advanced 20 

combustion phasing at conditions with water injection. Further thermodynamic analysis shows that the charge 21 

cooling effect afforded by direct water injection is much greater than the dilution effect in terms of advancing the 22 

knock limited combustion phasing. Water injection also affects the kinetic processes that take place in the 23 

unburned gas zone, but mainly by altering the in-cylinder thermodynamic conditions – the injected water is not 24 

directly involved in the low temperature chemistry in the unburned gas zone, it simply acts as a collision partner.    25 
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1. Introduction 27 

 28 

The increasingly stringent requirements of new and upcoming emissions legislation (e.g. EURO 6d standards 29 

and China 6 regulations) have led to the wide application of highly boosted, downsized, and direct injected (DI) 30 

spark ignition (SI) engines. However, the combination of high pressures and temperatures inside the combustion 31 

chambers of modern SI engines makes knocking combustion more likely to occur, limiting engine performance 32 

and efficiency. One approach that that has been employed in recent years to resolve this issue has been to blend 33 

alcohols into commercial gasolines, thus utilising the charge cooling effects and the high octane numbers of 34 

alcohols to mitigate knock [1–4]. More recently, water injection has been considered as a promising technology 35 

to achieve the same objective but at reduced environmental impact. Moreover, future emissions regulations such 36 

as EU7 and the adoption of Real Driving Emissions testing (which excite more of the engine operating envelope) 37 

are likely to prevent the use of fuel-enrichment for exhaust gas temperature control in gasoline engines due to 38 

strict limits on carbon monoxide and total hydrocarbon emissions. With water’s high heat of vaporisation and high 39 

specific heat capacity, water injection is considered to be a potential candidate technology to enable whole-map 40 

stoichiometric operation and thereby comply with future emissions regulations. 41 

Both experimental and numerical studies have been performed to investigate the impact of water injection 42 

on engine performance. A detailed review of applying water injection in combustion engines was performed by 43 

Zhu et al. [5]. Therefore, this study only provides a brief review of the recent application of water injection in SI 44 

engines. In the 1980s, Harrington [6] carried out engine experiments to study water addition on gasoline engines 45 

and found that water addition extends the knock limited spark advance, decreases nitric oxide (NO) emissions, 46 

slightly increases unburned hydrocarbon emissions, and has little effect on carbon monoxide (CO) emissions. 47 

Recent experimental studies [7–12] confirmed the findings of Harrington [6] in modern spark ignition engines with 48 

either port fuel injection (PFI) or DI. Numerical studies employing 1D thermodynamic modelling [13,14] and 2D/3D 49 

computational fluid dynamics (CFD) modelling [15–18] techniques have also been performed to understand the 50 
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impact of water injection on the combustion phasing and to optimize experimental conditions. These 51 

experimental and numerical studies found that water injection improves engine efficiency by enabling a more 52 

advanced spark timing due to the charge cooling effect, and, not surprisingly, the improvement is more 53 

pronounced with direct water injection. The lower peak temperature afforded by water injection were also found 54 

to inhibit the formation of nitrogen oxides (NOx). However, emissions of unburned hydrocarbons were found to 55 

increase as a result of water injection since the charge cooling effect may introduce a high level of inhomogeneity 56 

(particularly within the crevice volumes) which is likely to trap more fuel. In general, the existing studies mainly 57 

focus on the thermodynamic effects of water injection, and the chemical interactions between water and fuel 58 

under spark ignition engines are rarely reported [5]. Therefore, this work aims to fill this gap in the literature by 59 

conducting kinetic modelling of water/fuel interactions with detailed combustion chemistry. 60 

The knowledge of detailed chemistry of water/fuel interactions comes from the experiments performed in  61 

fundamental combustion facilities, such as jet-stirred reactors [19,20], a shock tube [21], and rapid compression 62 

machines [21,22]. Le Cong and Dagaut [19] conducted jet-stirred reactor experiments to explore the influence of 63 

water vapour on the oxidation of hydrogen- and methane-based mixtures at 800-1500 K, 1 atm., and a residence 64 

time of 120 ms with equivalence ratios ranging from 0.1 to 1.5. The corresponding kinetic modelling suggested 65 

that water vapour decreases the reactivity of fuel mixtures due to its high third body efficiency. More recently, 66 

Donohoe et al. [21] studied the impact of dilution with water vapour on the autoignition behaviours of hydrogen, 67 

carbon monoxide, methane, syngas, and natural gas mixtures in a rapid compression machine and a shock tube 68 

under conditions of interest to gas turbines. The experimental results showed that the chemical effect of the water 69 

addition was only observed for the oxidation of neat carbon monoxide as the added water favours the formation 70 

of reactive OH radicals, whereas the reactivity of other fuel mixtures is mainly affected by the change of the 71 

thermodynamic properties from the water addition. Apart from the studies on the influence of the water addition 72 

on gaseous fuels, He et al. [22] investigated the impact of water addition on the oxidation of iso-octane in a rapid 73 

compression machine under 943-1027 K, 5.12-23 atm., and equivalence ratios ranging from 0.25 to 1.0. They 74 
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found that the reactivity of iso-octane was slightly increased by 3% water addition on a mole basis. A very recent 75 

study by Schmitt et al. [20] found no significant differences between the experiments conducted in a jet-stirred 76 

reactor with and without water in the low temperature regime. Based on these experimental studies, water is not 77 

likely to alter the oxidation pathways of hydrocarbon fuels in the low temperature regime but may affect 78 

combustion processes at relatively high temperatures in practical systems, like SI engines. However, little is known 79 

about the impact of the water addition on the combustion process in SI engines, since it is difficult to couple 80 

chemical kinetics with complicated in-cylinder thermodynamic conditions. 81 

Efforts have been made in the literature to couple detailed fuel chemistry with thermodynamic modelling of 82 

spark ignition engines. Szybist and Splitter [23] performed kinetic simulations with the closed homogeneous 83 

reactor model in ANSYS Chemkin to investigate the impacts of pressure and temperature on octane sensitivity. 84 

Since the closed homogeneous reactor is essentially a single-zone model, it requires empirical pressure-85 

temperature trajectory from the unburned gas zone as the input and assumes adiabatic conditions and a constant 86 

volume. These simplifications and assumptions are acceptable when applied to explore the chemical origin of 87 

octane sensitivity, but are not sufficient for rigorous simulations of spark ignition engines. To handle the 88 

thermodynamics accurately, Agbro et al. [24] applied the stochastic reactor model (SRM) to simulate the kinetic 89 

influence of n-butanol blending on the knocking combustion of gasoline and its surrogate. The probability-based 90 

SRM can emulate the mixture inhomogeneity and provides the mixing time as an optimizable parameter which 91 

helps to reduce the discrepancy between measurements and simulations. However, the differences reported by 92 

Agbro et al. [24] are still significant. Compared with the probability-based SRM which allows empirical tuning, GT-93 

Power [25] offers a built-in chemical kinetic model to simulate the autoignition, which was applied by Morganti 94 

et al. [26] to study the autoignition of liquefied petroleum gas in a cooperative fuel research (CFR) engine. The 95 

modelling results from [26] agree closely with the measured pressure traces, which enables further kinetic analysis. 96 

Nevertheless, to the best of the authors’ knowledge, the kinetic model incorporated in GT-Power has not been 97 

applied to model spark ignition engines fuelled by gasoline, which is probably due to known issues surrounding 98 
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GT-Power’s ability to handle large chemical mechanisms for gasoline surrogates. The large size of detailed gasoline 99 

surrogate mechanisms is not an issue in ANSYS Chemkin. The two-zone kinetic model recently provided by ANSYS 100 

Chemkin couples detailed chemistry with thermodynamic modelling of spark ignition engines. DelVescovo et al. 101 

[27] applied this model to study pre-spark heat release and autoignition chemistry of iso-octane in a spark ignition 102 

engine. Their modelling results suggested that the well-known low temperature chemistry of iso-octane cannot 103 

reproduce the measurements. However, the estimations of thermodynamic factors (e.g. mass fraction burned 104 

(MFB) profile) in [27] could have been improved by more rigorous thermodynamic analysis, which is likely to have 105 

affected their conclusions.  106 

Considering the issues with the existing kinetic modelling of spark ignition engines, it is critical to have a 107 

systematic approach which accurately estimates thermodynamic factors and rigorously couples detailed 108 

chemistry with thermodynamic models.  To meet these requirements, Foong et al. [28,29] developed a two-zone 109 

kinetic model coupled with detailed fuel chemistry to study knocking combustion in a CFR engine and used GT-110 

Power to estimate thermodynamic factors as the inputs of the kinetic modelling. Later, Yuan et al. [4] extended 111 

the two-zone kinetic model to simulate knock-limited combustion in a single cylinder research engine. The 112 

thermodynamic factors required in the two-zone model include initial thermodynamic states and the MFB profile 113 

that quantifies the burning rate from the flame propagation. In the previous studies performed by Foong et al. 114 

[28] and Yuan et al. [4], the MFB profiles were obtained using the so-called ‘reverse run model’ in GT-Power. The 115 

convection multiplier of the heat transfer was varied to match the modelled pressure trace to the measured one 116 

[4,28]. Nevertheless, a good match between measured and predicted pressure traces was not easy to achieve in 117 

most cases, especially when using data from a modern multi-cylinder engine because of uncertainties surrounding 118 

measurement accuracy and trapped unburned fuel/residual gasses. It is therefore necessary to develop a better 119 

model to estimate the MFB profile, which can deal with the measurement uncertainties and, more importantly, 120 

determine the percentage of burned fuel more accurately and confidently by considering energy conservation.  121 
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The objective of this work is to investigate the impact of water injection on the combustion process using 122 

kinetic modelling. This work first models the MFB profile by solving the energy conservation equations coupled 123 

with detailed chemical kinetics. Then, the modelled MFB profile is applied in the two-zone model to simulate 124 

combustion at the critical (knock-limited) spark timing. Finally, predictive kinetic modelling is performed to 125 

quantify and analyse both the thermodynamic and chemical effects of water injection. 126 

2. Experimental Method 127 

 128 

The design and control of the engine used in this study are detailed in previous publications [30], so only a 129 

brief summary is provided here. The engine was derived from a Jaguar Land Rover AJ133 V8 engine, with one bank 130 

of cylinders effectively blanked off to leave an in-line four-cylinder engine. The remaining bank of cylinders was 131 

re-sleeved to reduce the total displacement to approximately 2.0 L. The specifications of the engine are listed in 132 

Table 1. As shown in Figure 1, the engine is equipped with two direct injection systems, one for fuel and one for 133 

water. A combustion air handling unit (CAHU) supplies the engine with the required airflow at a specified 134 

temperature and pressure, while a backpressure butterfly valve installed within the exhaust system controls the 135 

pressure in the exhaust manifold. The CAHU and backpressure valve (which comprise the forced induction 136 

simulator) can accurately emulate the manifold boundary conditions of any boosting system, provided the 137 

characteristics of said system are well understood. Throughout the experiments, knock-limited combustion was 138 

achieved by advancing the spark timing until the peak-to-peak amplitude of the band-pass filtered pressure traces 139 

reached a pre-defined threshold.  140 
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 141 

Figure 1: Schematic of general layout of test engine. 142 

The engine was operated at 3000 rev/min with a boosted intake manifold pressure of 2.15 bar absolute. In 143 

the experiment, the fuel flow rate was around 7.0 g/s with the equivalence ratio controlled to 1.0. These operating 144 

conditions were selected to achieve a brake mean effective pressure (BMEP) of 20.5 bar. Water was injected into 145 

the cylinders at a pressure of 160 bar with an end of injection timing controlled to around 90° CA before top dead 146 

centre (TDC) firing.  The controlled water injection timing represented a trade-off between maximising the charge 147 

cooling effect and maintaining acceptable combustion stability. The mass-based water/fuel ratio (WFR) was varied 148 

from 0% to 60%. With water added, the spark timing was advanced accordingly to obtain knock-limited spark 149 

advance (KLSA). The in-cylinder pressure traces under knock-limited conditions were measured using Kistler 150 

6054A transducers with a measurement uncertainty below 0.8%, while the measurement of NOx was conducted 151 

using a Horiba MEXA 7100 DEGR exhaust gas analyser with an uncertainty below ±2%. In this study, it is assumed 152 

that NO is the main component in NOx emissions. 153 

Table 1: Specifications of the SI engine 154 

Engine Geometry   

Bore (mm) 83.0 

Stroke (mm) 92.0 

Connecting rod (mm) 148.0 

Compression ratio 10.5 

Number of valves 4 



8 
 

3. Numerical Method 155 

 156 

Kinetic engine modelling was performed to investigate the impact of water injection on the in-cylinder 157 

combustion process. The modelling approach in this study is, in general, similar to that reported in [4] but 158 

incorporates an improved approach to obtain the MFB profile.    159 

3.1 Gasoline surrogate 160 

 161 

Gasoline is a complex mixture of hydrocarbons, including paraffins, aromatics, olefins, napthenes, and other 162 

additives. In kinetic modelling, gasoline is normally emulated by surrogate mixtures comprising of representative 163 

components from the aforementioned hydrocarbon groups. When formulating gasoline surrogates, priority is 164 

usually given to matching octane numbers and hydrocarbon distributions.  165 

The gasoline used in this work is an E10 which contains 10% ethanol by volume and has a research octane 166 

number (RON) and a motor octane number (MON) of 96.8 and 86.8, respectively.  The octane numbers, together 167 

with the hydrocarbon distributions are presented in Table 2. Ethanol is known to blend non-linearly with 168 

hydrocarbons in terms of octane numbers [1,31,32]. To quantify these non-linear blending behaviours, Yuan et al. 169 

[33] proposed the optimal octane number correlations for mixtures containing toluene reference fuels (TRFs) 170 

(mixtures of iso-octane, n-heptane, and toluene) and ethanol, which achieve a maximum absolute error of less 171 

than two octane numbers. The optimal octane number correlations are expressed in Eq.1 and 2, where 𝑥1, 𝑥2, 𝑥3, 172 

and 𝑥4 denote the mole fractions of iso-octane, n-heptane, toluene, and ethanol, respectively. 173 

𝑅𝑂𝑁 = 100.0𝑥1 + 0𝑥2 + 116.2𝑥3 + 108.0𝑥4 + 27.0𝑥1𝑥4 − 98.4𝑥2𝑥4(𝑥2 − 𝑥4) − 9.1𝑥3𝑥4                                   (1) 174 

𝑀𝑂𝑁 = 100.0𝑥1 + 0𝑥2 + 102.0𝑥3 + 90.7𝑥4 + 12.8𝑥1𝑥4 + 76.7𝑥2𝑥4 − 6.4𝑥3𝑥4                                                    (2) 175 

The formulation of gasoline surrogates in this study focuses on matching RON instead of MON, as the former is 176 

commonly used to rate commercial gasolines. The volume fractions of toluene and ethanol were fixed to be 30% 177 

and 10%, respectively, in accordance with the hydrocarbon distribution of the test gasoline listed in Table 2. The 178 
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compositions of the formulated gasoline surrogate can be found in Table 3, which give the RON and MON of 97.0 179 

and 89.4 respectively.   180 

Table 2: The properties of gasoline used in this study 181 

Fuel Properties   

RON 96.8 

MON 86.8 

Paraffins (vol%) 51.8 

Aromatics (vol%) 30.3 

Olefins (vol%) 8.8 

Ethanol (vol%) 9.1 

 182 

 183 

 184 

Table 3: Compositions of the gasoline surrogate 185 

Fuel vol% mol% 

iso-octane 46.0 33.6 

n-heptane 14.0 11.6 

toluene 30.0 34.1 

ethanol 10.0 20.7 

 186 

3.2 Model for combustion analysis 187 

 188 

With the formulated gasoline surrogate, combustion analysis was performed to obtain the MFB profile which 189 

quantifies the rate at which the mixture of fuel and air is consumed by the propagating flame. The MFB profile 190 

was then used as an input for the two-zone kinetic engine model. Previous studies performed by Foong et al. [28] 191 

and Yuan et al. [4] modelled the MFB profile using the reverse run model within GT-Power. This approach tries to 192 

match the modelled pressure trace with the measured trace by scaling the overall in-cylinder heat transfer, and 193 

generates the MFB profile as an output. However, it is often difficult to get a good match between the modelled 194 

and measured pressure traces, especially on a multi-cylinder engine that is typically subject to more sources of 195 

measurement uncertainty than an equivalent single-cylinder engine.  196 
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To minimise the impact of measurement uncertainties, this study firstly identifies a representative cylinder 197 

pressure trace from the experimental data (300 consecutive cycles logged at 0.1° CA resolution). The starting point 198 

for this process involves identifying the cycle with the 95th percentile highest cylinder pressure at intake valve 199 

closure (IVC). This cycle is used as the starting point to simulate the compression process using a single-zone model 200 

and the standard Woschni heat transfer model [34]. The modelled pressure trace for compression is used as the 201 

baseline to select the measured traces with the similar compression process.  Among these selected traces, the 202 

cycle with the 95th percentile most advanced combustion phasing (defined as the angle of 50% MFB) relative to 203 

all 300 measured traces, is selected as the representative pressure trace. The reason for selecting the 95th 204 

percentile most advanced trace is due to the knock-limited condition. The modelling-based selection approach is 205 

not sensitive to the uncertainties that introduce noticeable variations among different pressure traces but have 206 

limited impact on a single trace.  207 

With the selected representative pressure trace, the approach proposed by Chun and Heywood [35] is 208 

adopted in this study to derive the MFB profile, which requires solving the energy conservation equations. In this 209 

work, detailed combustion chemistry combining the  gasoline surrogate mechanism from Lawrence Livermore 210 

National Laboratory [36] and the NO sub-model from Dagaut and Nicolle [37] is incorporated into the governing 211 

equations to better estimate the thermodynamic properties of the in-cylinder gases and model the oxidation 212 

processes in both the burned and unburned gas zones. It should be noted that the comprehensive understanding 213 

of NO chemistry, especially its interactions with large hydrocarbons, is currently lacking in the literature [38,39]. 214 

Since the NO sub-model from Dagaut and Nicolle [37] worked with suitable accuracy in the modelling work 215 

performed by Yuan et al. [4], it is therefore adopted in this study too. The governing equations and initial 216 

conditions for the modelling of MFB profile (𝑑𝑚𝑥 𝑑𝑡⁄ ) are listed in Table 4. In addition to the energy conservation 217 

equations within the cylinder, the species conservation equations in the unburned and burned gas zones are 218 

solved simultaneously. Note that these equations are based on the same assumptions made for the two-zone 219 

kinetic model in the next section. The modelling of the MFB profile starts from the spark timing and continues 220 
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until the end of combustion. The ideal gas law is used to estimate the initial mixture temperature from the 221 

measured pressure at the spark timing. It is assumed that reactions only occur after the spark timing, and the 222 

initial compositions of the unburned and burned gas zones are set to be the same as those of the fresh charge 223 

blended with residual gas at IVC. The residual gas, containing approximately 3800 ppm NO, has a mass fraction of 224 

7.7% in the trapped gas mixture, which was determined from a validated model of the engine in GT-Power. The 225 

equations in Table 4 are solved using MATLAB with chemical kinetics handled by Cantera [40].   226 

 227 

Table 4: Governing equations and initial conditions for the combustion analysis 228 

Governing Equation Initial condition 

Energy conservation of the cylinder: 

[𝑅𝑏𝑇𝑏 − 𝑅𝑢𝑇𝑢 +
𝑅𝑏

𝑐𝑝,𝑏
∑ 𝑌𝑖,𝑓(ℎ𝑖,𝑓 − ℎ𝑖,𝑏)

𝑁

𝑖
+ 𝑅̅𝑇𝑏 ∑

𝑌𝑖,𝑓 − 𝑌𝑖,𝑏

𝑀𝑊𝑖,𝑏

𝑁

𝑖
]

𝑑𝑚𝑥

𝑑𝑡
= 

(𝑉 −
𝑅𝑏𝑉𝑏

𝑐𝑝,𝑏
−

𝑅𝑢𝑉𝑢

𝑐𝑝,𝑢
)

𝑑𝑝

𝑑𝑡
+ 𝑝

𝑑𝑉

𝑑𝑡
−

𝑅𝑏

𝑐𝑝,𝑏

𝑑𝑄𝑏

𝑑𝑡
−

𝑅𝑢

𝑐𝑝,𝑢

𝑑𝑄𝑢

𝑑𝑡
 

−𝑅̅ (𝑉𝑏𝑇𝑏 ∑ 𝜔̇𝑖,𝑏

𝑁

𝑖
+ 𝑉𝑢𝑇𝑢 ∑ 𝜔̇𝑖,𝑢

𝑁

𝑖
) 

+ (
𝑅𝑏𝑉𝑏

𝑐𝑝,𝑏
∑ ℎ𝑖,𝑏𝑀𝑊𝑖,𝑏𝜔̇𝑖,𝑏

𝑁

𝑖
+

𝑅𝑢𝑉𝑢

𝑐𝑝,𝑢
∑ ℎ𝑖,𝑢𝑀𝑊𝑖,𝑢𝜔̇𝑖,𝑢

𝑁

𝑖
) 

 

𝑚𝑥,0 = 0 

Energy conservation of the unburned gas zone: 

𝑚𝑢𝑐𝑝,𝑢

𝑑𝑇𝑢

𝑑𝑡
=

𝑑𝑄𝑢

𝑑𝑡
+ 𝑉𝑢

𝑑𝑝

𝑑𝑡
− 𝑚𝑢 ∑

ℎ𝑖,𝑢𝑀𝑊𝑖,𝑢𝜔̇𝑖,𝑢

𝜌𝑢

𝑁

𝑖
 

 
𝑇𝑢,0 = 𝑇𝑠 =

𝑝𝑠𝑉𝑠

𝑚𝑢𝑅
 

Energy conservation of the burned gas zone: 

𝑚𝑏𝑐𝑝,𝑏

𝑑𝑇𝑏

𝑑𝑡
=

𝑑𝑄𝑏

𝑑𝑡
+ 𝑉𝑏

𝑑𝑝

𝑑𝑡
− 𝑉𝑏 ∑ ℎ𝑖,𝑏𝑀𝑊𝑖,𝑏𝜔̇𝑖,𝑏

𝑁

𝑖
+

𝑑𝑚𝑥

𝑑𝑡
∑ 𝑌𝑖,𝑓(ℎ𝑖,𝑓 − ℎ𝑖,𝑏)

𝑁

𝑖
 

 

𝑇𝑏,0 = 𝑇𝑢,0 

Mass fractions of species in the unburned gas zone: 

𝑑𝑌𝑖,𝑢

𝑑𝑡
=

𝑀𝑊𝑖,𝑢𝜔̇𝑖,𝑢

𝜌𝑢
 

 

𝑌𝑢,0 is the mass fractions of gas mixture 
containing fresh charge and residual gas, 
assuming no chemical reactions before spark. 

Mass fractions of species in the burned gas zone: 

𝑑𝑌𝑖,𝑏

𝑑𝑡
=

𝑀𝑊𝑖,𝑏𝜔̇𝑖,𝑏

𝜌𝑏
+

1

𝑚𝑏

𝑑𝑚𝑥

𝑑𝑡
(𝑌𝑖,𝑓 − 𝑌𝑖,𝑏) 

 

𝑌𝑏,0 = 𝑌𝑓,0 = 𝑌𝑢,0 and 𝑌𝑓 is updated by 

equilibrium calculation at each time step. 

 229 

The modelling approach is validated using the data from the work by Yuan et al. [4] in which the measured 230 

pressure traces are well matched by the reverse run model in GT-Power. The resulting MFB profile in [4] is first 231 



12 
 

applied to model the pressure trace which is plotted in the sub-figure in Figure 2. The modelled pressure trace is 232 

then used as the input for the combustion analysis model developed in this study, and the resulting MFB profile 233 

from our model agrees closely with the one from GT-Power, as shown in Figure 2. These results suggest that our 234 

model can be used to replace the MFB profile from GT-Power in this study.  235 

 236 

Figure 2: The comparison of the MFB profiles from GT-Power and this study. 237 

With the proposed approach for the selection of representative pressure trace and the combustion analysis, 238 

the two-zone kinetic model can be applied to simulate combustion in modern spark ignition engines, despite their 239 

comparatively higher levels of measurement uncertainty versus single-cylinder research engines. This is a critical 240 

step to apply the fundamental knowledge of combustion chemistry to the development of high-efficiency, low-241 

emissions spark ignition engines. 242 

 243 

3.3 Two-zone kinetic model 244 

 245 

The details of two-zone kinetic model have been reported by Foong et al. [28,29], and therefore only a brief 246 

summary is provided here. The modelling starts from IVC and proceeds to bottom dead centre (BDC) at the end 247 

of the expansion stroke. It therefore encompasses three stages: compression, combustion, and expansion. The 248 

compression and expansion stages are modelled with a single-zone model, and the two-zone model is used to 249 

simulate the combustion process. The flame propagation rate is dictated by the MFB profile derived using the 250 

method described earlier. The focus of the two-zone kinetic model is the prediction of autoignition in the 251 
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unburned gas zone. If autoignition occurs, the fuel in the unburned gas zone is assumed to be fully consumed by 252 

the autoignition event and the combustion modelling ends. If autoignition does not occur, the combustion 253 

modelling will continue until the end of combustion is reached and all the fuel is consumed.  254 

The two-zone kinetic model assumes the following:  255 

a) The gas mixtures in both unburned and burned zone are homogeneous. 256 

b) The flame has negligible volume and allows instantaneous mass transfer and enthalpy exchange between 257 

the two zones. 258 

c) The flame is always at chemical equilibrium. 259 

d) The heat transfer between the two zones is negligible. 260 

e) The remaining fuel is consumed instantaneously when the autoignition occurs. 261 

4. Results and Discussion 262 

 263 

In this section, results generated using the two-zone kinetic model to simulate knock-limited combustion are 264 

first presented, followed by a thermodynamic and kinetic analysis of the impact of water injection on the 265 

combustion process. 266 

 267 

4.1 Modelling of MFB profile 268 

 269 

With the combustion analysis model developed in this study, the measured pressure traces from this work 270 

were used to model the combustion phasing with and without water addition. In this study, the amount of water 271 

injected into the cylinder is quantified as a percentage of the injected fuel mass. A WFR value of 100% therefore 272 

represents equal mass of fuel and water being injected. During the experimental campaign, WFR was varied from 273 

0% to 60% with an increment of 20%. Figure 3 shows the MFB profiles of the two extreme conditions, 0% and 60% 274 

WFR. Note that for the purpose of comparison, the crank angle axes of these two MFB profiles have been offset 275 

to share the same start point. It is clear that water injection leads to a slightly slower burning rate compared with 276 
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the baseline condition without water. This behaviour may be a result of the competing and contrasting effects of 277 

reduced in-cylinder temperature versus more advanced combustion phasing as WFR is increased. Since the speed 278 

of flame propagation is positively correlated to temperature, and water injection decreases the temperature of 279 

the fresh charge, it should be expected that water injection would lead to a slower flame speed and therefore a 280 

longer burn duration. Meanwhile, the reduced in-cylinder temperature allows a more advanced spark timing that 281 

increases the burning rate. Combining these two factors, the MFB profile with 60% WFR is only slightly longer than 282 

that of the baseline. The discrepancy of the two MFB profiles after entering the plateaus suggests less fresh charge 283 

is burned with 60% WFR, which is possibly due to the heterogeneous mixing and cool environment caused by the 284 

water injection. Note that these two MFB profiles plateau at values of 92%-93%, suggesting that some 7-8% of 285 

the fuel does not burn during the normal combustion process. According to the calculations performed by Cheng 286 

et al. [41], the percentage of the unburned fuel at the end of combustion process is around 9%, which agrees 287 

closely with the modelling results in this study.   288 

Considering that water injection does not significantly affect the burn rate under the current experimental 289 

conditions, this study applies the MFB profile from the baseline condition to model the conditions with water 290 

injection. Following the modelling approach for KLSA [4], the MFB profile, as the input to the engine kinetic 291 

modelling, is shifted with the change of spark timing until the knock-limited combustion is obtained. In this case, 292 

combustion with water injection can be modelled without taking any information from the corresponding 293 

experiments, suggesting the modelling in this work is completely predictive. 294 
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 295 

Figure 3: The comparison of the MFB profiles without and with water injection. 296 

 297 

4.2 Modelling of the baseline 298 

 299 

A good match between the measured and the modelled pressure trace is a prerequisite for simulating the 300 

critical spark timings at operating conditions using water injection. The MFB profile without water in Figure 3 was 301 

used as the input for the baseline modelling, and the comparison between the measurements and the modelling 302 

is shown in Figure 4. It is evident that the modelled trace agrees closely with the measurement, with small 303 

discrepancies around top dead centre (TDC) and the position of peak pressure. Note that the measured spark 304 

timing used in the modelling may not necessarily lead to knock-limited combustion.  305 

 306 

Figure 4: The comparison of measured and modelled pressure traces. 307 

 308 
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The modelling approach proposed in [4] was followed to model the critical spark timing resulting in knock-309 

limited combustion, which assumes the combustion process lasts for 40° CAs. Figure 5(a) shows the modelled 310 

pressure traces with varied spark timings, -6.5° CA aTDC to -8.0° CA aTDC with an increment of -0.5° CA. It is 311 

apparent that a more advanced spark timing results in an earlier combustion phasing and a higher peak pressure. 312 

The critical spark timing can be identified from the corresponding unburned gas temperatures, as shown in Figure 313 

5(b). When the spark timing is advanced to -8° CA aTDC, a sudden temperature jump is observed in the unburned 314 

gas zone near the end of combustion, indicating the occurrence of autoignition. According to these simulation 315 

results, the critical spark timing for the baseline condition is -7.5° CA aTDC since this is the most advanced spark 316 

timing that does not lead to autoignition in the unburned zone. The small discrepancy between the measured (-317 

6.5° CA aTDC) and the modelled (-7.5° CA aTDC) knock limited spark timings suggests that the baseline operating 318 

condition is well matched by the two-zone kinetic model coupled with the detailed gasoline surrogate chemistry 319 

from LLNL [36].  320 

 321 

(a) (b) 

Figure 5: The modelled (a) pressure traces and (b) unburned gas temperatures at different spark timings. 322 

 323 

4.3 Modelling of water injection 324 

 325 

With the well-matched baseline, modelling of the test conditions with water injection was performed to 326 

explore both thermodynamic and kinetic impacts of water on combustion. 327 
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 328 

4.3.1 Modelled KLSA with water injection 329 

 330 

When water is directly injected into the cylinder, the temperature of fresh charge decreases due to the 331 

significant heat of vaporisation (HoV) of water. Considering the complicated in-cylinder heat transfer process 332 

associated with direct injection, caution is required when estimating the temperature of the fresh charge after 333 

the water injection event. To quantify the percentage of HoV that would realistically affect the temperature of 334 

the fresh charge, a separate non-kinetic GT-Power model, similar to that developed by Bozza et al. [42], was used 335 

to match the measured KLSA with water injection by varying the percentage of HoV available for charge cooling. 336 

The results of this exercise suggest that 80% of the total available HoV goes into cooling the fresh charge. It should 337 

be emphasized that the in-cylinder heat transfer process involved in the evaporation of directly injected water are 338 

very complicated and would be affected by a large number of parameters such as the amount of water injected 339 

and the injection timing. A comprehensive understanding of this process would require fundamental experiments 340 

and careful CFD simulations, both of which are beyond the scope of this work. In this study, the focus is to explore 341 

the impact of the water injection on combustion, and therefore the complex heat transfer process is approximated 342 

by a modelled, fixed fraction of HoV, which cools the fresh charge at IVC. The temperatures of the fresh charge at 343 

IVC for different WFRS (listed in Table 5) were calculated using the Ideal Gas Law. 344 

Table 5: The estimated temperatures at IVC with different WFRs. 345 

WFR (%) TIVC (K) 

0 384.3 

20 361.4 

40 339.6 

60 318.6 

 346 

The modelled and measured critical spark timings are compared in Figure 6. As mentioned previously, the 347 

MFB profile used in the modelling with water is taken from the baseline 0% WFR condition due to the small 348 

difference between the modelled MFB profiles in Figure 3. The overall trend of the measurements is well captured 349 
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by the two-zone kinetic model, however the magnitude of the discrepancy increases as more water is injected. 350 

Although tuning the ratio of HoV used for the charge cooling helps to reduce this discrepancy, the focus of this 351 

study is to explore how combustion is affected by the water injection. Since the modelled results reproduce the 352 

experiments reasonably well, the model itself is deemed sufficiently accurate to be used in the following 353 

thermodynamic and kinetic analyses. 354 

 355 

 356 

Figure 6: A comparison between the measured and the modelled critical spark timings. The modelled spark 357 
timing without dilution separates the dilution effect from the charge cooling effect. 358 

 359 

The modelled knock-limited pressure traces and the unburned gas temperatures at 0%, 20%, 40%, and 60% 360 

WFR are compared in Figure 7.  It is evident that the more advanced spark timings at higher WFRs lead to higher 361 

peak pressures. Considering an earlier spark timing also corresponds to a larger unburned gas volume at the 362 

beginning of combustion (for spark timings before TDC), a greater level of engine work (𝑉𝑢𝑑𝑝/𝑑𝑡) compresses the 363 

unburned gas zone. This leads to a faster increase of the unburned gas temperature, especially at the incipient 364 

stage, as shown in Figure 7 (b). 365 
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 366 

(a) (b) 

Figure 7: Comparison of the modelled (a) pressure traces and (b) unburned gas temperatures with different WFRs 367 
under the KLSA condition.  368 

 369 

4.3.2 Effects of charge cooling and dilution 370 

 371 

Water injection not only decreases the temperature of the fresh charge, but also acts as a diluent during the 372 

compression and combustion processes. Both of these effects mitigate autoignition, enabling more advanced 373 

combustion phasing, but the quantification of these effects is sparse in the literature.  374 

In order to isolate these effects, the temperatures at IVC listed in Table 5 were applied in the baseline (0% 375 

WFR) model, but water was not added in the modelling. Note that the pressure at IVC is fixed to the measured 376 

value, which leads to an increase in the trapped in-cylinder mass based on the ideal gas law. Therefore, this 377 

modelling approach slightly underestimates the charge cooling effect by introducing more fresh charge. The 378 

resulting critical spark timings accounting for the effect of charge cooling without water addition are included in 379 

Figure 6 under the label ‘Modelled spark timing w/o dilution’. With the dilution effect eliminated, it is not 380 

surprising to find that the combustion phasing becomes less advanced, since the unburned gas temperature is 381 

higher without the dilution, leading to a stronger tendency for the end gas to autoignite. Although the dilution 382 

effect becomes more significant at higher WFRs from Figure 6, it contributes approximately one third of the total 383 

spark advance across the WFR range studied in this work. Considering the slightly increased trapped mass 384 

introduced by the fixed pressure at IVC assumption, we can conclude that the effect of charge cooling is more 385 
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significant than the modelling results indicate. Therefore, more than two thirds of the total spark advance afforded 386 

by water injection comes from the effect of charge cooling based on our estimation. 387 

 388 

4.3.3 Kinetic analysis of water injection 389 

 390 

The following section studies the kinetic impact of water injection on the combustion process. Given the 391 

importance of OH radicals and NO [38,39] on the oxidation process of the unburned gas zone, their predicted 392 

mole concentrations (mol/m3) at different WFRs under the KLSA condition are compared in Figure 8. A clear trend 393 

is that higher WFRs result in higher mole concentrations of both OH radicals and NO in the unburned zone, a result 394 

of the pressure and unburned temperature profiles shown in Figure 7. Figure 8 (a) shows that at higher water 395 

fractions, the first local minimum on the OH profile, which is discernible on the curve for 0% WFR at approximately 396 

14° CA aTDC, becomes less apparent. Comparing with the mole concentrations of NO in Figure 8 (b), it appears 397 

that for higher levels of water injection, slightly more NO is left after the initial rapid drop. This observation can 398 

be viewed more clearly in the zoomed-in plot. The increasing trend of NO at this stage in the cycle is in line with 399 

the gradually reducing  first local minimum on the OH profile. According to the NO model developed by [37], NO 400 

reacts with an HO2 radical to form NO2 and an OH radical, which is the most significant elementary reaction leading 401 

to the initial production of OH radicals. Although NO can also react with an OH radical forming a HONO radical 402 

and slowing down the oxidation, the impact of this elementary reaction is less significant than that between NO 403 

and the HO2 radical under the current experimental condition [39]. Therefore, the changes of NO and OH are 404 

closely related at this stage. Further kinetic analysis shows that the increasing trend of the remaining NO after the 405 

rapid drop is caused by the addition of water, which introduces other elementary reactions producing OH radical. 406 

A representative reaction among these elementary reactions is the decomposition of HONO to form OH radical 407 

and NO. Note that this decomposition reaction is a three-body reaction, and the collision partner of this reaction 408 

is actually water [37]. With the addition of water, the reaction rate of HONO decomposition increases accordingly, 409 

leading to a steady increase of OH radicals at the beginning of the combustion event. In addition, the produced 410 
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NO from the decomposition of HONO also reacts with HO2 to form an OH radical. After this stage, the oxidation 411 

characteristics of different WFRs are similar, and most OH radicals are produced by the decompositions of 412 

oxygenated compounds originating from n-heptane and iso-octane. These decompositions are known as the 413 

chain-branching reactions in the low temperature chemistry.  414 

 415 

(a) (b) 

Figure 8: Comparison of the mole concentrations of (a) OH and (b) NO with different WFRs under the KLSA 416 
condition. 417 

Referring to Figure 8(a), the drops in concentration of OH radical are due to the H abstraction reactions 418 

between OH radicals and the parent fuels. Although these reactions also occur in earlier stages of oxidation, the 419 

rates of progress (ROPs) are small due to the limited amount of OH radicals available. When the initial 420 

accumulation of OH radicals is complete via both the NO chemistry and the low temperature chemistry, the 421 

oxidation of parent fuels becomes more pronounced, which is confirmed by the profiles of mole concentrations 422 

of the four parent fuels under the baseline condition, as shown in Figure 9. During the initial stages of oxidation, 423 

the mole concentrations of all parent fuels increase, indicating the fuel consumption is slower than the volume 424 

decrease of the unburned gas zone. As oxidation proceeds, the mole concentrations of the fuels start to decrease 425 

rapidly due to the H abstraction reactions by OH radicals. This decrease is consistent with the drop in 426 

concentration of OH radical between 14° CA aTDC and 24° CA aTDC shown in Figure 8(a). 427 
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 428 

Figure 9: The mole concentrations of parent fuels in the unburned gas zone under the baseline condition. 429 

After the second local minima in Figure 8(a), the mole concentrations of OH radical increase rapidly, leading 430 

to autoignition. At this stage, the high temperature chemistry gradually takes control of the process of oxidation. 431 

Abundant HO2 radicals combine with each other to form H2O2, and the decomposition of H2O2 leads to a sudden 432 

jump in OH radical concentration, which increases the reactivity of the unburned gas zone significantly and causes 433 

autoignition.     434 

Based on the kinetic analysis of OH radical in the unburned gas zone, it is clear that the addition of water 435 

changes the thermodynamic conditions inside the combustion chamber, resulting in slightly different oxidation 436 

kinetics. Note that water may also react with hydrocarbons and alter reaction pathways, especially under high 437 

temperatures, which could affect the overall reactivity [19,21,43]. In order to understand the kinetic impact of 438 

water on the autoignition chemistry as a reactant, a new species named ‘H2O_inert’ is added to the chemical 439 

mechanism. The new species has identical thermodynamic properties to water, but does not get involved in any 440 

elementary reactions apart from acting as a collision partner in three-body reactions. The same treatment was 441 

applied by Le Cong and Dagaut [19] and Donohoe et al. [21]. With this chemically inert species, the impact of 442 

water on the autoignition chemistry can be quantified by analysing the difference between the modelling results 443 

from the original mechanism and the modified mechanism with ‘H2O_inert’. The modified mechanism was used 444 

to model the case with 60% WFR, and the resulting in-cylinder pressure and unburned gas temperature are 445 

compared with those from the original mechanism, as shown in Figure 10. The close agreement observed for both 446 
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in-cylinder pressure and unburned gas temperature indicates water has little chemical impact on the overall 447 

combustion process in SI engines under the experimental conditions in this study, which is consistent with the 448 

findings in [19,21,43]. Note that employing the modified mechanism results in unburned gas temperature 449 

predictions that are 20 K higher than that predicted by the original mechanism at the end of combustion, which 450 

is shown in the subplot of Figure 10 (b). This observation is most likely due to water acting as a reacting species in 451 

the high temperature chemistry at the end of combustion and would be expected to have a negligible impact on 452 

the oxidation process in the unburned gas zone.  453 

 454 

(a) (b) 

Figure 10: Comparison of the modelled (a) pressure and (b) unburned gas temperature using the original and the 455 
modified chemical mechanisms. 456 

 457 

4.3.4 Impact of water on NO emissions 458 

 459 

Although the chemical impact of water on the autoignition of the unburned gas zone is negligible, the 460 

thermodynamic effect significantly influences the in-cylinder combustion process, which, consequently, affects 461 

the engine-out emissions of NO. Figure 11 shows that the modelled NO emissions agree reasonably well with the 462 

measurements, both showing a decreasing trend in NO with increasing WFR. Despite the significant role of NO in 463 

the oxidation of the unburned gas, the temperature of the unburned gas zone is too low to form NO, whereas the 464 

flame and the burned gas zone with temperatures above 2000 K are responsible for the formation of NO. The 465 

propagating flame, which is assumed to be at chemical equilibrium, consumes the fresh charge in the unburned 466 
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gas zone and produces small species such as NO. Meanwhile, reactions in the burned gas zone are also related to 467 

the formation of NO. The mole fractions of NO produced by the flame at different WFRs are compared in Figure 468 

12 (a), showing that the mole fraction of NO is inversely correlated to the amount of water added.  469 

The addition of water reduces the temperature of the unburned mixture entering the flame, which results in 470 

a lower flame temperature and, therefore, a smaller fraction of NO. In contrast, the net production rate of NO in 471 

the burned gas zone slightly increases with the addition of water, as shown in Figure 12 (b). This increase is likely 472 

due to the higher peak cylinder pressures observed at higher WFRs where combustion is more advanced. However, 473 

the small increase in the net production rate of NO in the burned gas zone is insignificant compared to the 474 

decrease in NO formation from the flame, leading to the overall decreasing trend in NO emissions shown in Figure 475 

11.  476 

 477 

Figure 11: Measured mole fractions of NO for different WFRs at a fixed end of water injection timing of -75° CA 478 
aTDC. The modelled concentrations of NO at the end of expansion are plotted for comparison. 479 

 480 

(a) (b) 
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Figure 12: Comparisons of (a) mole fractions of NO in the flame and (b) net production rates of NO in the burned 481 
gas zone with different WFRs. 482 

 483 

5. Conclusion 484 

 485 

This paper presents a numerical study on the combustion process in a modern SI engine with water injection. 486 

The modelled critical spark timings agreed well with the measurements, which validates the approach used. A 487 

comprehensive investigation of the impact of water injection on the combustion process was performed using a 488 

two-zone kinetic model. Both thermodynamic and kinetic effects of water injection were analysed based on the 489 

modelling results.  490 

A kinetic model for combustion analysis based on measured cylinder pressure data was developed in this work. 491 

This model can be used to estimate the MFB profile and the evolution of gas temperatures and species 492 

concentrations in both the burned and unburned gas zones. The MFB profile derived for the 60% WFR condition 493 

was found to have a slightly slower burning rate than that of the 0% WFR baseline, which might be a result of the 494 

competing effects of lower in-cylinder temperatures versus more advanced combustion phasing at higher WFRs. 495 

Different WFRs ranging from 0% to 60% were modelled using the fixed MFB profile from the baseline 0% WFR 496 

condition. The modelled critical spark timings agreed reasonably well with the measurements.  497 

Based on the modelling results, the thermodynamic effects of water injection were first investigated. The 498 

charge cooling and dilution effects were quantified by taking water out of the cylinder but maintaining the original 499 

mixture temperatures at IVC. Although the modelling approach introduces slightly more trapped mass by fixing 500 

the pressure at IVC, the overall trend is still valid, which showed that the effect of charge cooling is much more 501 

significant than the effect of dilution in terms of advancing the knock-limited combustion phasing. 502 

The kinetic impact of water injection on the oxidation of the unburned gas zone was explored as well. It was 503 

found that the initial heat release in the unburned gas zone mainly comes from the reaction between NO and HO2 504 

radical. With more water injected, the first local minimum on the OH profile becomes less apparent, since the 505 
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added water acts as the collision partner to increase the ROPs of elementary reactions that produce OH radicals, 506 

(such as the decomposition reaction of HONO). This study also examined the chemical interactions between water 507 

and hydrocarbons and found that water has a negligible chemical impact on autoignition except being a collision 508 

partner. With respect to engine-out NO emissions, water injection decreases the fractions of NO at the end of 509 

combustion due to its cooling effects on the flame, the overall trend of which is well captured by the kinetic 510 

modelling. 511 
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Nomenclature 
𝑡 time (s) 
𝑇 gas temperature (K)  
𝑝 in-cylinder pressure (pa) 
𝑚 mass of gas mixture (kg) 
𝑉 volume (m3)  
𝑄 heat transfer into between wall and 

gas mixture (J) 
ℎ mass-basis enthalpy (J/kg)  
𝑀𝑊 molecular weight (kg/kmol) 
𝑌 mass fraction 
𝑐𝑝 mass-basis specific heat at constant 

pressure (J/kg-K) 
𝑅̅ universal gas constant (J/kmol-K) 
𝑅 𝑅̅/𝑀𝑊 (J/kg-K) 
𝑁 number of species 
 
Greek letters 
𝜌 density (kg/m3)  
𝜔̇ net production rate (kmol/m3-s) 
 
Subscripts 
𝑖 species 
𝑢 unburned gas zone 
𝑏 burned gas zone 
𝑓 flame  
𝑥 mass fraction burned 
0 initial condition 
𝑠 spark 
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