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Abstract— Water injection is a well-known efficient way to 

improve the performance of internal combustion engines. 

Amazingly, most of previous studies have yet only assess this 

process in an experimental manner, depriving us of an 

understanding of its specific influence on different operating 

phases of the engine-density of the aspirated fresh mixture, 

work required by the compression stroke, and so on-but also 

of the possibility to predict its effects if set up on an existing 

engine. Thanks to a theoretical framework specifically 

developed, and similar to the one commonly used for the 

analysis of air conditioning systems, we start in this paper to 

untangle in a theoretical manner the different consequences 

of water injection on internal combustion engines. This first 

study is specifically focused on the fresh mixture density 

increase, due to the vaporisation of liquid water in the intake 

manifold. Results show that, in the best scenarios, we cannot 

expect to increase the amount of fuel finally aspirated into the 

cylinders by more than 10%. The methodology presented 

here, as well as the python software specifically developed, 

can be of a precious help for the optimisation of such process 

if applied to existing or future engines. 
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I. INTRODUCTION 

As we know that internal combustion engine (ICE) are the 

most widespread engines of all sources of mechanical power. 

In the upcoming period this situation will probably not 

change. Hence, to cope up with this type of situations, the IC 

engines have to overcome some challenges. 

Firstly, the fuels that are consumed by such engines 

are probably fossil fuels and are not suitable for the nature. 

Secondly the IC engines have to somehow withdraw its 

control in the field of pollution including greenhouse gases, 

oxides of nitrogen and others. 

Therefore, it helps to improve the performance and 

it decreases some polluting emissions the Water Injection 

technique is although old but can help the internal combustion 

engine for improvement. Most of the studies that were done 

previously are based on only results got from experiments and 

thus are not effective enough because it cannot tell the actual 

effect on different phases of the engine. 

II. EFFECT OF WATER INJECTION ON IC ENGINE 

 
Fig. 1: 

When the water in injected in the manifold it evaporates and 

mixes with the fresh mixture and forms the new mixture, so 

in this way the indirect injection is done and due to it the 

enthalpy of the system is changed and which helps to cool 

down the engine very easily it happen because of the phase 

change process which removes its enthalpy for the whole 

system enthalpy and the temperature is cool down 

1) To increases the amount of the latter actually as pirated 

within the engine swept volume the density of the 

mixture is increased, this results into increasing the 

mechanical power of the engine too 

2) All this leads for the lower mechanical work needed by 

the engine in the compression stroke , than the as the 

temperature gets low the compression of gas begins at 

the low temperature and the left over water is also 

evaporated in the compression stroke in order to 

“internally” refrigerate the latter. 

3) Due to all this combustion flame temperature decreases 

because the fresh formed mixture is at low temperatures 

in the end of the compression strokes which in fact leads 

for the release of the large amount of the gas which leads 

in decreasing the knocking possibility and higher 

compression ratios can be achieved 

4) So by injecting the water we can decrease the amount of 

the nitrogen oxides and also in resulting the decreasing 

of the flame temperature all this because of the increase 

in the amount if the gas involved in the expansion stroke 

and the mechanical work provided by the latter. 

III. THERMODYNAMICS OF HUMID FRESH MIXTURES 

When injected as liquid or spray into an engine intake 

manifold, water, in vaporising, decreases. The temperature of 

the fresh mixture. Incidentally, the very same cooling eff ect 

is sometimes used in heating, ventilation and air conditioning 

(HVAC) systems, in order to humidify and cool down the air 

flow rate injected into buildings. For such a reason, specific 

formalism has been developed in order to treat the 

humidification process of intake fresh mixtures, similar to the 

one used in psychometrics, the field of engineering concerned 

with humid air related processes. 

IV. MASS BALANCE OF THE WATER INJECTION PROCESS 

Fresh mixture flow rate while for HVAC systems, the gas 

stream to cool down is only composed of dry air and water, 

for internal combustion engines (ICE) we often have to add 

the fuel, as for spark ignited or dual fuel compression ignited 

engines. After fuel injection, so at point 1 or 2 in Figure 1, the 

whole humid gas mass flow rate under concern can then be 

expressed as the sum: 

˙mi = ˙mfuel + ˙mair + ˙mw,i = ˙mdfm + ˙mw,i             (1) 

With i={1,2}and the subscripts “air”, “w” and “dfm” 

meaning dry air, water and dry fresh mixture (so air and fuel), 

respectively. It is worth noting that the existence of the water 

flow rate ˙mwis 
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Due for a part to the water injection process, but also 

to the surrounding air humidity, corresponding to point 0 in 

Figure 1. Equation (1) must now be improved by introducing 

several important and useful dimensionless parameters. 

A. Air-Fuel Ratio 

The Air-Fuel Ratio, henceforth noted AFR, is defined as the 

ratio of the combustive dry air mass flow rate consumed by 

the engine, over the fuel one: 

AFR = 
˙mair 

mfuel
 ⇒˙mair = ˙mfuel ·AFR           (2) 

From definition (2), we can then express the dry 

fresh mixture flow rate ˙mdfm of Equation (1) as: 

˙mdfm =ϕ·˙mfuel + ˙mair = ˙mfuel * (ϕ+ AFR)        (3) 

Φ is a parameter equal to unity if the fuel is actually 

mixed with air in the fresh mixture before the intake valve, or 

equal to zero otherwise: 

Fuel is indeed injected into “traditional” 

compression ignited (CI) engines directly into the cylinder 

and only near the end of the compression stroke In Equation 

(3), it means ϕ= 0. 

On the contrary, in spark ignited (SI) or dual fuel CI 

engines, fuel is mixed with air during the intake process and 

we have ϕ= 1 in Equation (3). 

The AFR value depends on the fuel chemical 

composition and of the eff ective Air-Fuel equivalence ratio 

often noted λ and defined as: 

λ= 
AFR

AFRst
                (4) 

With subscript “st” that means stoichiometric. Thus, 

λ= 1 for a stoichiometric combustion, while λ > 1 for a lean 

combustion, i.e. with excess air, and λ < 1 for a rich 

combustion. 

 
Fig. 2: 

V. CONCLUSION 

 The actual effect, and so the practical interest of water 

injection (WI) process for engines performance 

improvement, has been so far assessed in an 

experimental manner only. However interesting these 

results are, they are not relevant to anticipate the increase 

of performance we can expect from the setup of such 

process on an existing engine. Furthermore, the same 

results do not say anything about the specific 

consequences of WI on the intake stroke, on the 

compression stroke, or on the combustion process. 

 The results presented in this paper are a first try to split 

up the effect of WI on the different parameters of a given 

engine. In the future, we can hope that the framework 

here presented shall be used for example for a “real-time” 

control of the amount of water injected in engines. 

 
Fig. 3: Equilibrium Water-Fuel Ratio WFReq (dashed line) 

& Resulting Temperature Drop 

 
Fig. 4: Relative Fuel Density Increase Regarding to a “dry" 

Intake 

Such an approach deserves now to be extended on 

other parameters affecting the performance of internal 

combustion engines, i.e. firstly the mechanical work 

consumed by the compression stroke, and then the rest of the 

engine thermodynamic cycle. 
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