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Abstract 

Water Injection (WI) in the engine intake was used since 1940s to avoid 

engine knocking problem. Water has very high vaporization heat and as the 

water injected into the engine, heat transfers from the hot cylinder and intake 

air into the water. This makes it evaporates and cools the intake charge. A 

cooler intake charge means it is denser and also has a lower tendency to 

knock. This study investigates the effects of injector angle of WI towards 

engine performance and exhaust emission. Two different angles for WI are 

introduced 45°and 135°. The engine performance will be conducted by 

engine dynamometer and emission tested by using gas analyzer. The results 

of engine power, engine torque, horsepower, carbon monoxide emission and 

hydrocarbon emission are compared for both the standard engine and engine 

with WI. The observation shows that WI with 135˚ angle has a higher engine 

torque and engine power as compared to injector with 45˚ angle and standard 

engine. Moreover, WI of 135˚ angle results in decrease of dangerous carbon 

monoxide emission and hydrocarbon as well, therefore the 135˚ angle is 

recommended setup for the water injector. 
 

Keywords: Water injection (WI), Spark Ignition (SI) engine, injector angle, 

engine performance, exhaust emission. 
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1 Introduction 
 

In internal combustion engines, water injection sprays water into the 

cylinder directly through the intake manifold to cool the charging air in 

which hot points could produce premature ignition or knocking [1]. Injecting 

water in the intake used during 1940’s, where engine manufactures in need to 

eliminate engine knocking of aircrafts [2]. During the era of turbochargers in 

the 80s, WI used to allow high power density engine production for Formula 

One (F1) [1]. engine knocking issue required the engine specialists and 

manufactures to lower the compression ratio to reduce the pressures inside 

the cylinder. It was noted that reducing the compression ratio will 

compromise the thermal efficiency of the engine that means avoiding engine 

knocking problem. When water was injected into cylinder at an angle of 640° 

Crank Angle (CA) for duration of 10° CA, it was found that 15% of WI by 

mass produced best engine performance. Furthermore, WI could reduce NOx 

emissions and other emissions that led to a safer environment less air 

pollution [3]. 

Recent study investigated WI with different mass flow rates using 

numerical analysis of GT-Power Professional software. The WI was placed 

in the intake manifold. The research focused on engine power, torque, 

thermal efficiency, mean effective pressure and exhaust emissions. The 

results demonstrated improvement in engine performance and less emission 

when WI was used with higher water mass flow rate as compared to standard 

engine. However, after several tests conducted, water was found unburned 

inside the cylinder which produced poor combustion efficiency [4].   

Other researchers conducted a study on two-stroke SI engine [5], the 

intake charge and exhaust port were placed on lower circumferences of 

engine cylinder. Three squared exhaust ports and four inlet ports were used 

with two horizontal ports and two 45° tilted ports. This experiment used two 

techniques, premixed water used for eight injectors at top circumference of 

cylinder and another technique was direct combustion chamber injection of 

10° of CA for starting injection until 30°. The results showed premixed water  

reduced average gases temperature inside the cylinder and NOx emission. 

Therefore, direct WI in the combustion chamber indicated the same effect as 

the premixed water mixing but with slight improvement in engine 

performance.     

According to Mingrui et al who used AVL Fire software to model four 

stroke SI engine and tested for combustion test and NOx formation. This 

research used gasoline direct injection (GDI) method with gasoline as fuel. 

While engine running at 2000 rpm, fuel was injected at 660° position with 

20° of CA. Fuel was injected at 650° and WI at 640° of CA, thus water 

sprayed before the fuel. The observation showed the indicated power output 

increased in the cylinder at combustion stroke, also NOx emission decreased 

by 34.6% and both inlet and in-cylinder temperature decreased [6]. 

In addition, WI could influence the fuel consumption as the results 

showed decrease in exhaust gas temperature with increase amount of water 

injected [7]. Also in a different research found that approximately 8-12% of  
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fuel efficiency, in which the experiment was carried out at 2500, 3000, 3500 

rpm while the highest rpm give the fastest fuel consumption with and without 

WI. The engine also could be damaged when excess amount of water 

injected to the cylinder [8]. This effect was also supported by Balasubramani 

et al [9] who tested SI engine with carburetor fuel system. Fuel and air were 

mixed in the carburetor normally and there was a 12V pump used for water 

suction from water tank to the injector. The water was injected in the intake 

manifold. The result showed that engine with water injection had lower fuel 

consumption. 

Moreover, other researchers focused on exhaust gas emission in the 

presence of water injection. The study presented a reduction in emission of 

all pollutant due to the additional water supply, which also showed reduction 

in fuel consumption for the operation. The highest reduction in the emission 

was for carbon monoxide about 30% to 53% and hydrocarbon was 4 %to 

16% [10]. 

Generally, Water could be a good cooling agent to reduce temperature of 

any object such as iron, aluminum and steel. Thus intake temperature 

decreased when water is injected. The observation found that the intake 

temperature decreased from 115.2˚c to 95.5˚C in a study conducted on an SI 

engine. The temperature continued decreasing due to more amount of water 

was injected [11].  

Recently researchers found the NOx emission was reduced linearly 9% 

by optimum WI point of 0.039 ml/min [12]. The highest thermal efficiency 

enhancement was achieved under 0.4 ms of WI duration and 180˚ CA BTDC 

timing condition [13]. Water injection was able to reduce intake mixture 

temperature, prolong burning delay and combustion duration and moderated 

combustion instability [14]. 

In another study conducted by Babu et al [15] on WI for better engine 

performance, by separation of water into molecules of hydrogen and oxygen 

 that could assist combustion in the combustion chamber. Results showed 

maximum torque increased by 10%-14% when water mist was injected and 

increased power in the range of 1500rpm-3250rpm. The engine performance  

improved with addition of water mist due to high volumetric efficiency by 

converting water into hydrogen and oxygen. 

Furthermore, WI also could enhance the brake specific fuel consumption 

(BSFC) in diesel engines. The study stated by applying WI in the exhaust 

manifold, which enhanced the BSFC by 19%, while the BSFC decreased by 

5% without WI. WI in the intake manifold increased BSFC to 127% as 

compared to exhaust gas recirculation (EGR) without WI. This improvement 

was due to the reduction of the engine output power that results from the 

cooling effect of WI and also increase of heat losses due to intake manifold 

WI [16]. Also other researchers used WI in diesel engine by injecting the 

water mist into the exhaust manifold. The engine was a single cylinder diesel 

engine with common rail fuel system, variable valve actuation VVA system 

and supercharged induction and EGR. The study also used evaporated water 

into combustion with help of EGR system. The outcomes showed an increase  
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in cylinder pressure, indicated mean effective pressure and peak of premixed 

combustion phase while decrease in emission by 45% as a result of using WI 

[17-18]. 

 

2 Methodology 
 

The water injector (WI) is installed in the intake manifold of four 

cylinders SI engine, and the engine will be tested using engine dynamometer 

and engine analyzer to check the engine performance and emission. The 

angles used in this experiment are 135° and 45° as shown in Fig. 1 and Fig. 2 

respectively. The angles stated will be tested and the result will be analyzed. 

The location for WI used will be before throttle body to ensure that a 

maximum amount of water mist is transferred into the combustion chamber, 

see Fig. 3. The water injector will be fitted to the needed angle and then 

sealed to avoid any leakage during the operation. 

After installing the WI kit to the engine, the engine is tested again on the 

engine dynamometer and engine analyzer with both water injector angles set 

up. All the results gained such as engine torque, engine power and emission 

are collected and analyzed to conclude the better angle of injector. 

 

 

             
 

Fig. 1 Intake air flow with Water Injection at 45° and 135° angle. 

 

                  
   

 
Fig. 2 Intake air flow with Water Injection at 135° angle. 
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Fig. 3 Air intake flow 

 

 

WI kit consists of Extreme Environment 300 psi UHO pump, Gallon 

Tank or fluid reservoir, hose and controller. Fig. 4 shows WI kit. The role for 

the heavy duty high pressure injection pump is to pump the water into the  

injector, while the tank stores water for the injection process. All the parts are 

assembled neatly with a good wiring to ensure that all the parts work 

accordingly. The controller used to turn the pump on/off once a certain boost 

pressure is reached. The controller also has built in manifold absolute 

pressure (MAP) sensor that proportionally injects water more or less 

according to boost pressure. 

 

                        
                                      Fig. 4 Water Injection kit. 

 

 

WI is mounted in the intake air flow. The air flow surface which is 

rubber is easy to punch and locate the injector according to needed angle. A 

protractor is used to match the angle and the injector will be sealed with 3 

gums. Then, it will be checked to make sure there is no leak around the 

injector and the other step can be done smoothly. For this project, two angles 

will be tested which are 45˚and 135˚. Fig. 5 and Fig. 6 shows WIs angles 

mounted at the air flow. Both angles are placed seven (7) inch before throttle 

body. 
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Fig. 5 Water Injection mounted at 45° in the air flow intake. 

 

 

 
 

Fig. 6 Water Injection mounted at 135° in the air flow intake. 

 

 
 
3. Results & Discussion 
 

The result will focus on two parameters which are engine performance 

and its emission of SI engine with two different WI angles and their effect on 

performance enhancement and emission mitigation. The data obtained from 

engine dynamometer such as engine torque and power are listed below in 

Table 1 based on various engine speeds. The ambient temperature is not 

influenced by the engine speed. All the stages of engine show the same 

reading of ambient temperature as shown in Table 2. 
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Fig. 7 shows the effect of WI to the torque of the engine when it is 

introduced in the intake air flow into the combustion chamber. It is observed 

from the graph, there is a slightly change in engine torque at 4000 rpm where 

the torque slightly increases with WI when compared to the standard engine. 

Both angles of WIs show very close value of torque at that point which is 

more than 146 Nm but standard engine shows lower value which is 140 Nm. 

It is because of WI assists the combustion process and a complete 

combustion occurs that builds a higher pressure to the piston and rotates the 

crankshaft. So a greater torque can be achieved by introducing WI.  

 

Table 1 Engine Performance results 

              
 

Table 2 Ambient temperature during test. 
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                             Fig. 7 Engine speed vs. engine torque 

 

 

From 4000 rpm to 5500 rpm, WI keeps affecting and assisting the engine 

as the graphs shows a higher torque reading compared to standard engine. WI 

keeps the air cool and lower the combustion chamber and exhaust 

temperatures at high engine speed. 135˚ angle show a slight increment of 

torque line which is 1.46% as compared to standard while 45˚ angle 

demonstrates a 1.29% increase in torque as compared to standard engine. 

Overall 135˚ angle shows 0.17% increase of engine torque compared to 45˚ 

angle. Therefore 135˚ angle is the optimum position of water injector for 

higher engine torque output.  

In addition, WI increases the engine work out and reduces compression 

work. The temperature of air-fuel-water mixture increases when it is 

compressed. The charge is cooler and the pressure of the charged air is 

reduced due to some of the heat produced by the compression goes to heating 

and evaporating the water mist, thus it reduces the pressure during 

compression stroke and also reduces the work of the engine to compress the 

charged air. 

 

 

             
 
                            Fig. 8 Engine speed vs engine power. 
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The graph above (Fig. 8) shows the effect of WI toward the engine 

power when water is injected into the intake air flow. At point of 4000 rpm, 

135˚ angle shows the greatest engine power compared to others with 83.4 

Kw. The result of using WI and not using it at this point is different because 

when using WI, the cooling effect of the water lets the fuel mixture run 

leaner and cooler at its maximum power setting. Therefore, engine with WI 

can produce more power through higher charging densities at the time of 

combustion. Based on the graph, both angles are not obviously different from 

4000 rpm to 5500 rpm but the standard engine shows lower engine power 

through this range of engine speed. Moreover, WI keeps the power high 

when compared to standard because at high engine speed with high engine 

temperature, the water evaporates and brings out the heat, so the engine can 

run at optimum temperature. This also can help the engine to avoid knocking 

especially at high speed engine. 135˚ angle shows 12.5% increase in engine 

power when compared to standard, while 45˚ angle shows 6.74% increase of 

engine power.  Therefore 135˚ angle of WI is the recommended position for 

higher engine power output. 

On the engine analyzer for emission test, the data obtained are the oil 

temperature, carbon monoxide (CO), carbon dioxide (CO2), hydrocarbon 

(HC), oxygen (O2) and lambda. All data will be listed in Table 3 below. 

 

 
Table 3 Emission test results 
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                            Fig. 9 Carbon monoxide CO emission 

 

The carbon monoxide is the formation from the incomplete combustion 

occurred inside the combustion chamber. It is produced by the partial 

oxidation of carbon containing compounds. Generally, in combustion 

process, carbon dioxide (CO2) is formed after combustion. But when there is 

not enough oxygen for the combustion process carbon monoxide (CO) forms 

which is incomplete combustion.  

Fig. 9 shows the carbon monoxide emission from the engine for standard 

engine, 45˚ angle and 135˚ angle of WI. Between standard engine and 45˚  

angle, there is 97.72% reduction of CO emission while between standard and 

135˚ angle of injector, there is 97.84% reduction of CO emission. Between 

both angles, there is little different in CO emission but 135˚ angle shows 

better CO emission with 0.12% more reduction compared to 45˚ angle.  

Vehicle fuel contains hydrocarbons, which are its primary source of 

energy. Any hydrocarbons emitted from a vehicle indicate unused fuel, 

which results from incomplete fuel combustion. Hydrocarbon is measured in 

parts per million (ppm) and higher release of hydrocarbon comes from 

vehicles that cause failed smog test. The danger in hydrocarbon emission is 

in its combination with sunlight and nitrogen, which forms ozone. 

The graph in Fig. 10 above shows the hydrocarbon emission of the engine for 

three different stages, standard, 45˚ angle and 135˚ angle of injector. 

Between standard and 45˚ angle, the graph shows a 97.72% reduction of 

hydrocarbon emission. Between 135˚ angle and standard, the graph shows 

97.84% reduction of hydrocarbon emission. Both angles show slightly 

different in hydrocarbon emission but 135˚ angle seems the best angle for 

better hydrocarbon emission with 0.12% more reduction compared to 45˚ 

angle.  Therefore, WI helps cools down the intake air which makes the air 

denser (more oxygen) that enters the combustion chamber and mix with the 

fuel. A better combustion process can be achieved which means there is no 

lean or rich fuel mixture.  Any lean or rich fuel mixture can contribute to 

high hydrocarbon emission. 
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                                         Fig. 10 Hydrocarbon HC emission. 

 

 

 

4 Conclusion 
 

The results showed a significant improvement of engine performance 

when water was injected into intake air flow. The angle of injector also could 

influence the performance of the engine. Engine torque increased about 18% 

is recorded when using 135˚ angle of WI as compared to standard engine. 

While 13.7% increment of engine torque was obtained for 45˚ angle of WI. 

The 135˚ angle of injector is chosen as the recommended angle of injector for 

WI. Engine power also increased by using WI technique, there was around 

12.5 % increase of engine power recorded at 135˚ angle compared to 

standard engine. And 6.74% increase of engine power for 45˚ angle of WI. 

Moreover, carbon monoxide and hydrocarbon also reduced by applying WI 

to the engine intake manifold.  

Furthermore, there is potential for future work that may include injecting 

water at exhaust manifold to measure the temperature drop and its effect 

toward emission. Also determining inside-cylinder pressure with water 

injection enables measuring the pressure drop in the cylinder and its effect 

toward engine performance. Moreover, relevant study can be conducted by 

measuring the optimum amount of water to be injected due to excessive 

amount of water probably can interfere with the engine performance. 
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