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Abstract 
Water Injection (WI) in the intake port of downsized boosted spark ignition (SI) 
engines is a promising solution to improve knock resistance and reduce over-
fuelling at high loads. This paper reports an experimental and numerical 
investigation of WI effect on performance, gas emission and combustion noise in a 
downsized PFI twin-cylinder turbocharged SI engine. Both experimental and 
numerical data confirm that WI technology is able to significantly improve high-
load Indicated Specific Fuel Consumption (ISFC) of the tested engine. Main 
drivers of ISFC improvements are the reduced over-fueling and increased spark 
advance, compatible with the absence of knock and allowable values of maximum 
in-cylinder pressure and turbine inlet temperature (TIT).  
 
Introduction and Test Procedure 
Knock occurrence and over-fueling, necessary at high engine speed and load to 
limit the TIT, prevent further increase in performance and efficiency of down-sized 
turbocharged spark ignited engines. One of the most promising techniques to 
overcome these limits is based on the injection of a dosed amount of water, to 
reduce the charge temperature with benefits on knock mitigation and TIT, thanks to 
its latent heat of vaporization compared to gasoline [1].  
This investigation aims to demonstrate the effectiveness of water injection (WI) to 
advance the spark timing and to lean the fuel charge with strong reduction in knock 
tendency and improvement on fuel efficiency. The experimental activity was 
carried out on a downsized PFI twin-cylinder turbocharged SI engine; its main 
features are reported in [2]. The engine was equipped with a prototype low-
pressure injection system including two solenoid injectors installed in the runners, 
upstream of the gasoline ones, able to inject, at phased timing, a controlled amount 
of water within the intake ports. 
Tests were performed from 2500 to 4500 rpm with a step of 500 rpm, wide open 
throttle conditions and load levels in the medium/high range 18-16.4 bar net 
indicated mean effective pressure (IMEP), corresponding to the base gasoline 
conditions. In-cylinder pressure data were acquired by pressure sensors flush-
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mounted within the combustion chamber of both cylinders. The IMEP level was 
limited to keep the maximum allowable TIT below 950°C, and the average 
maximum in-cylinder pressure below 85 bar (±5bar).  
Combustion noise analysis was carried out post-processing the in-cylinder pressure 
signal, decomposed into three sub-signals corresponding to the relevant physical 
phenomena: pseudo-motored operation (compression-expansion), combustion, and 
combustion chamber resonance, in order to find cause-effect relationships between 
the source combustion process signals and the noise parameters.  
Further, an existing 1D engine model was extended to improve its ability to 
simulate the effects of WI on flame propagation speed and knocking onset. An 
empirical correlation allowed predicting the water evaporation rate. A new 
correlation - combined with a fractal model for the estimation of the turbulent 
combustion rate - was developed for the laminar flame speed of a toluene reference 
fuel, which explicitly considers the presence of water vapor in the surrogate fuel/air 
mixture. The extended 1D model was validated against the experimental data and 
then it was used to build-up a complete engine operating map aimed at 
investigating the potential of WI technique to improve fuel economy along a 
modern driving cycle. 
 
Results and discussion 
For every engine speed, reference gasoline cases, in terms of air fuel ratios and 
spark advance (SA), were chosen according to the standard engine map set by the 
ECU. In these conditions the λ values ranged between 0.89-0.92. Then water was 
injected (water mass fraction = 0.2) and the amount of gasoline was changed up to 
reach the stoichiometric condition (λ=1). After that, spark timing was swept up to 
the detection of the knock limited spark advance (KLSA).  
Concerning the overall engine performance, Fig. 1 (left) shows the net IMEP 
profiles as a function of the spark advance. For WI cases, the IMEP constantly 
increases as the spark timing is advanced almost reaching the corresponding value 
provided by the base gasoline case (star symbols).  
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Figure 1- IMEP (left plot) and ISFC (right plot) at various speeds and SAs 
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The enhanced heat subtracted by the water evaporation produced a better knock 
resistance. The advance in spark timing allowed by WI gives also advantages on 
cycle to cycle variability and exhaust gas temperature.  
Further, the ISFC profiles shown in Fig. 1 (right) highlight reductions from about 
8% to 12% with WI compared to the reference cases. The highest reduction (12%) 
was obtained at 3500 rpm by the combination of the advanced spark timing, 
without knock occurrence, and combustion phasing optimization. This 
demonstrates that the contrasting effects given by the better combustion phasing 
determined by advancing the spark timing and the reduction in burning speed allow 
to handle optimal coupling of engine parameters with the aim to guarantee 
significant improvements in terms of fuel economy. 
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Figure 2. Combustion noise analysis for engine speeds from 2500 to 4500rpm 

Concerning the overall engine combustion noise assessment, Fig. 2 reports the 
overall noise (dB) results as a function of the spark advance, from 2500 to 
4500rpm, for the two configurations without and with WI for both cylinders. As 
expected, noise increased as the spark timing was advanced. However, for all 
conditions it is observed that WI allowed a decrease of about 2 dB compared to the 
base gasoline cases (star symbols). In fact, at same spark advance, WI reduced the 
burning rate and consequently the pressure rise, with great advantages even on the 
combustion noise. This reduction was strongly lower by advancing the spark 
timing to recover the IMEP and reduce the fuel consumption. However, at KLSA, 
the combustion noise remained lower than base gasoline operation, except at 4000 
rpm where no significant improvements are observed. In conclusion, it can be 
stated that WI reduced the combustion noise in almost all investigated conditions 
compared to base gasoline cases, especially at the lower engine speeds. 
Fig. 3 shows the variation of main exhaust emissions for different values of engine 
speed and spark advance, with and without injecting water. The variation of CO–
CO2 exhaust emissions is reported versus the spark advance for different values of 
engine speed. CO is mainly affected by air–fuel equivalence ratio therefore, the 
activation of WI (λ=1) drastically reduced the CO emissions compared to the full 
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gasoline case, at any engine speed. On the contrary, CO2 emitted with WI was 
always higher than the corresponding reference case. 
HC and NO emissions at KLSA are reported as function of engine speed. Water 
addition produced a strong reduction in HC emissions because of the leaner fuel 
charge and advanced spark timing given by knock mitigation. On the contrary, NO 
emissions increased due to higher pressure and temperature peak at most advanced 
spark timings. Finally, the combustion efficiency was estimated from the measured 
values of emission concentration (HC, CO, CO2), according to the equation by Su 
et al. [3]. For any engine condition, the combustion efficiency was improved by the 
WI activation with a maximum of 98.2% at 4500 rpm at the most advanced spark 
timing compared to 96.4% of the gasoline case. 
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Figure 3. Exhaust gas emissions: CO, CO2 (left plot); NO, HC (right plot) 

 
Numerical Analysis 
As said, a 1D model of the tested engine is developed in GT-PowerTM environment. 
It makes use of proprietary routines to describe the turbulent burning rate and 
knock phenomena. They are embedded in the software under the form of “user 
routines” [4]. A preliminary model validation is performed in Fig. 4, in terms of 
IMEP and ISFC, with reference to previously described measurements.  
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Figure 4. Model validation on IMEP (a) and ISFC (b)  

It can be noted that IMEP is satisfactorily predicted (Fig. 4(a), average error of 
2.37%), denoting the good accuracy of both the engine geometry representation 
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and the combustion modeling. The ISFC plot in Fig. 4(b) also shows a low average 
error (1.12%).  
A deepening of the combustion process is also performed, comparing the predicted 
pressure traces and burn rates with experimental data. As an example, Fig. 5(a) 
shows the pressure cycles at knock borderline at 4500 rpm for both cylinders. The 
agreement with experimental data is quite accurate all over the engine cycle. In 
both measurements and numerical results, cylinder #2 reaches a higher peak level, 
caused by a faster combustion process. Previous investigations showed in fact a 
not-uniform fuel metering between the cylinders, with a richer mixture for the 
cylinder #2. The introduction in the model of the actual fuel metering allowed 
predicting the peak pressure differences, mainly through the modification of the 
laminar flame speed, which proves to properly sense the actual A/F ratio. To 
highlight the water injection impact on the combustion process, the predicted and 
experimental burn rates are also compared in Fig. 5(b), for operating points with 
the same spark advance, engine speed and A/F ratio, but different water contents. 
As expected, the burn rate reduces in the presence of water, since it causes a slower 
laminar flame speed. The model accurately follows the experimental trends since 
WI effects are included in the employed laminar flame speed correlation. 
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Figure 5. In-cylinder pressure cycles at knock borderline at 4500 rpm (a), and burn 

rate comparison for dry and WI operation at 3000 rpm (b) 

The validated 1D model is then employed to predict the engine performance all 
over its operating plane, with and without WI. To this aim, the setting of each 
control parameter, namely spark advance, waste-gate opening, air-to-fuel ratio, and 
throttle opening, was identified in order to minimize the fuel consumption at part 
load and to maximize the power output at full load. In particular, the same 
constraints emerged in the experimental campaign on maximum in-cylinder 
pressure and TIT were taken into account. The above numerical calibration is 
carried out twice, both under dry and WI operations. In the latter case, a 0.2 W/G 
level is assigned everywhere. As expected WI presence induces lower fuel 
consumption at high load, as displayed in the percent BSFC variation contours 
reported in Fig. 6. Relevant advantages, up to 25%, are located at high loads and 
high speeds, while they are less relevant, or almost zero, at medium/low load, 
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where TIT limitations and knock are not perceived. A slight BSFC degradation 
also appears in a limited operating region, because of burning rate slow down. 

 
Figure 6. WI induced percent BSFC advantages map, and fuel consumption bubble 

chart along a WLTC 

The computed maps discussed in the previous section have been employed in a 
simulation of a whole vehicle in order to synthesize and quantify the impact of WI 
strategy on fuel consumption and CO2 emission over a WLTC. The simulation is 
developed with reference to a vehicle of segment A. In the vehicle model, the fuel 
cut-off during the braking phases is also implemented for fuel saving. 
Table 1 shows the fuel consumption and CO2 emission for dry and WI operation, 
together with their percent difference. The latter shows that the WI strategy allows 
reductions of 0.65% and 0.51% in terms of lfuel/100 km and g(CO2)/km, 
respectively. Such slight benefits can be explained referring again to Fig. 6, which 
shows the engine points operated along the driving cycle superimposed to the 
∆BSFC contour map. The bubble diameter is proportional to the fuel mass locally 
consumed. The Figure clearly shows that the operating points that mostly 
contribute to the overall fuel consumption more frequently lie in a region where the 
BSFC advantages are null or very small.  

Table 1. WLTC fuel consumption and CO2 emission results 

 Dry WI ∆% 
Fuel consumption, l/100km 3.989 3.964 -0.65% 

CO2 emission, g/km 89.10 88.60 -0.51% 
 
Conclusions 
This paper reports experimental and numerical studies about the effects of a ported 
water injection to improve the fuel economy of a downsized turbocharged twin-
cylinder SI engine. In a first stage, experimental investigations are carried out at 
the engine test bench for various engine speeds at medium-high loads, where the 
spark advance and the A/F ratio are externally controlled, and WI is also enabled. 
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Experimental findings confirm the effectiveness of WI technique in reduce over-
fueling and mitigate the knock tendency, thus giving substantial benefits on fuel 
consumption. Additional advantages are demonstrated on combustion noise and 
combustion efficiency. The unique drawbacks are related to a substantially reduced 
burning rate and a slightly higher NOx emission, the latter mainly depending on the 
possibility to strongly increase the spark advance. 
Numerical analyses are also performed through the employment of an enhanced 1D 
model. The model properly considers the effects of water injection in terms of both 
burning speed and knock tendency. Once validated, the 1D engine model is applied 
to estimate whole engine operating planes for both dry and WI operation. 
Numerical outcomes indicate the possibility to obtain BSFC benefits up to 25% at 
high speeds and loads. At the same time, however, WI only guarantees negligible 
reductions in the fuel consumption and in the CO2 emissions over a homologation 
driving cycle, such as WLTC. Based on the above considerations, WI strategy 
could represent an effective path to reduce the fuel consumption for high torque-
demanding driving cycle and/or for sport applications. 
 
Nomenclature 
ECU Electronic control unit 
IMEP indicated mean effective pressure 
ISFC Indicated Specific Fuel Consumption 
KLSA knock limited spark advance 
PFI Port Fuel Injection 
SA spark advance 
TIT Turbine Inlet Temperature 
WI Water Injection 
WLTC World-wide Harmonized Light vehicles Test Cycle 
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