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ABSTRACT 
This paper investigates the effect of steam injection on exhaust emissions particularly NOx emissions and performance of a direct 

injection diesel engine with low pressure steam injection system. The experiments were carried out on a single cylinder four 

stroke water cooled diesel engine with data acquisition system.  The steam was injected at various percentages such as 5%, 10%, 

and 15% with a mass ratio of air intake in the inlet manifold. The performance and emission values were compared with the 

standard diesel with and without steam injection. The NOx emissions reduced by 48% at full load and at higher rate of steam 

injection as compared without steam injection. And also it is observed that considerable improvement in the indicated power. The 

brake thermal efficiency (BTE) increases marginally for S15 at part load conditions and for full load condition. HC and CO 

emissions increases with increase in steam rates and also decrease in CO2 observed as increasing rate of steam injection. 
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INTRODUCTION 

 
Automobiles and the industries are the main source of air pollution in Indian cities. They releases large 

amount of pollutants like – nitrogen dioxide, carbon monoxide, carbon dioxide, hydro carbons, sulphur dioxide, 
particulate matter and a range of air toxics. It is most important to set the roadmap for 2015 and 2020. It is very 
much essential to frame the new air quality standards in the city as well as to reduce direct exposure of vehicle 
emission that occurs within the breathing zone of major urban cities in India. Compression ignition engines find 
the application in all areas like automotives, large ships and electric power sectors because of its higher 
efficiency with minimum fuel cost. Due to its higher compression ratio, it has higher thermal efficiency, but the 
high compression ratio leads the higher combustion temperature and encourages the formation of nitrogen 
oxides (NOx) emission and occurrences of knock [1]. 

S.K. Hoekman, C. Robbins reviewed the NOx formation in diesel engine and reported three standard ways 
of formation. Primarily by high combustion temperature referred as thermal NOx (Zeldovich mechanism) due to 
high temperature occurred in combustion chamber along with the series of chemical reactions takes place inside 
combustion chamber by the nitrogen and oxygen the rate of NOx formation increases. Secondly by the 
combustion of CH and CH2 reacting with N2 influences the formation of prompt NOx [Fenimore NOx].The 
third one is referred as a Fuel NOx which occurs in Nitrogen containing fuel species are oxidized to NOx during 
the combustion process. 
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The combustion temperature and pressure changes significantly with water injection in the compression 
ignition engine and it can be controlled with this steam injection which leads to control the harmful emission of 
the engine. Perhaps it is also possible to improve the engine efficiency in the way of improving the volumetric 
efficiency due to steam injection. Water or steam injection system has also used in gas turbines cycle to improve 
its efficiency and output power. Tesfa et al. investigated on the effect of water injection system in biodiesel 
engine. In their investigation they reported 50% reduction in NOx for water injection of 3 kg/hr without 
variation in engine performance [2]. Alberto Boretti concluded that the water injection as a simple but very 
efficient method to reduce the engine’s vulnerability to detonation, in internal combustion engines, water 
injection, also known as anti-detonant injection (ADI), is a method for cooling the combustion chambers of 
engines by adding water to the cylinder or with incoming fuel-air mixture which provides better compression 
ratios and essentially will eliminate the knock issues [3]. The water absorbs large amounts of heat as it 
vaporizes, reducing peak temperature as a result it reduces the formation NOx, by reducing the amount of heat 
energy absorbed into the cylinder walls.[4]  

The major two different techniques used for water injection are direct injection of water/diesel emulsion 
and intake manifold injection during intake stroke [5].In study and investigation they have noted maximum 
reduction in NOx is at stoichiometric water-to-fuel ratio during the intake without affecting engine power output 
[6]. Injection of water or steam causes the stoichiometric change in the mixture and adds steam to dilute calories 
of heat generated by combustion. Both of these actions cause combustion temperature to be lower. If 
temperature is sufficiently reduced, thermal NOx will not be formed in as great a concentration. Tauzia et al. 
investigated the effect of water injection through the inlet manifold on ignition delay, rate of heat release and 
emission of an automotive direct injection diesel engine. In this study it is found that the NOx emissions reduce 
up to 50%. [7] 

As it is observed from the literature review that the NOx emissions reduces and HC, CO and SFC increases 
by the water injection into the combustion chamber directly or by micro emulsion of water along with fuel 
injection. Parlak et al. investigated that NOx emissions reduce up to 33%, effective power and torque increases 
up to 3% and SFC decrease up to 5% while testing the engine with steam injection system at a pressure of 3 bar 
and 1330C at full load condition by the electronically controlled steam injection system [8, 9]. Murthy et al. 
observed that NOx emissions and exhaust temperature reduces, and soot emissions, power and SFC increase at 
full load conditions by the solar generated steam is injection into diesel engine [10]. Jianqin Fu et.al worked on 
steam turbo charging of internal combustion engine to improve the performance of the engines. He used the 
exhaust energy recovery technique for steam generation. So for this study steam can be produced using engine 
exhaust heat and low pressure low temperature steam may be produced in any kind of engine.     

In this present experimental investigation saturated steam at a pressure of 1.5 bar and temperature 110°C is 
passed through inlet manifold in to the engine cylinder during the suction stroke without any major engine 
modifications. Low pressure steam at saturated state may be generated in any type of engines either by 
stationary or automotive engines using engine exhaust waste heat energy. Experiments were conducted on 
constant speed single cylinder four stroke diesel engine for various loads and with various percentages of steam 
rates such as 5%, 10%, and 15% (represented as S5,S10 and S15 respectively) with a mass ratio of air intake. 
The performance and emission values for each rates of steam are compared with the standard diesel without 
steam injection and with steam injection.   
 
Materials Methods:  

The experiments were conducted on a four-stroke, single cylinder, naturally aspirated, water cooled, direct 
injection compression ignition diesel engine. Details of the engine specifications are shown in Table 1. The fig.1 
illustrates the experimental set up image; engine was loaded with an eddy current dynamometer (1) which is 
connected to the engine (3) shaft. The output shaft of eddy current dynamometer is attached to a strain gauge 
type load cell(5) for measuring applied load to the engine and is connected with the data acquisition system to 
the computer with software to record the load, mass flow of cooling water(6), density of the fuel, calorific value 
etc.  

 
Table 1: Technical specifications of the engine test rig 

Engine make  Kirloskar Oil Engine Ltd, India  
Number of Cylinders  Single 
Cylinder bore (mm) 80  
Stroke (mm) 110  
Rated power BHP 5  
Compression ratio  17:1 
Rate speed (RPM) 1500  (constant) 
Injection Pressure 210 bar 
Injection timing 23° BTDC 
Type of Loading Eddy Current Dynamometer 
Type of Cooling  Water 
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Method of starting  Manual crank start 
 
 
Table 2: Specifications of Multi Gas Analyzer  

Parameter  Range  Resolution  
CO2  0-20 % vol. 0.10% 
CO  0-9.99% vol 0.01% 
HC  0-1500 ppm 1 ppm 
O2  0-25% 0.01% 
NOx  0-5000 ppm 1 ppm 

 
Experimental Set Up: 

 

 
 

Fig. 1: Experimental set up with steam injection arrangement A  
 
Engine cooling water inlet temperature, outlet temperature and engine exhaust temperature were measured 

using K type thermocouples. The air flow rate to the engine was measured by mass air flow sensor (4) and the 
fuel consumption was measured with two optical sensors placed at either levels of burette. The steam rate is 
measured by a steam flow meter and is controlled by a flow control valve (2). The piezo-electric pressure 
transducer is mounted on engine head to measure combustion pressure. Engine speed is measured using RPM 
sensor. The angle encoder Engine crank angle was measured by using crank angle encoder. The exhaust 
emissions (CO, unburned HC, O2, NOx and CO2 were measured using multi gas analyzer of specifications listed 
in Table 2. 
 

RESULT AND DISCUSSION 
 

Performance parameters: 
Indicated power: 

The effect of indicated power with percentage of loading is shown in the fig.2.As it is the useful power 
output of the engine, in the current investigation it showed improvement with increasing load and rate of steam 
injection. The S15 combination provided better indicated power compared to other injection rate and it increases 
up to 1.5 1o 2 kW compared with standard engine without steam injection. This may be due to increase in intake 
pressure and temperature of charge entering in to the cylinder along with the steam through inlet manifold. The 
entrainment of saturated steam leads to improve the volumetric efficiency and hence improved engine output 
power. 
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Fig. 2: Effect of indicated power with % of load 
 

Brake thermal efficiency: 
The engine brake thermal efficiency is the one of the important quality measure of engine and it is plotted 

in fig.3 for the current study with load and rate of injection. It can be observed that the brake power is increases 
with increase in load without steam injection and with steam injection at various rates as S5, S10, S15.For all 
loads it is increasing with increase in loads and rate of steam ratio. The maximum improvement is noted as 3.4% 
for S15 at full load and at part load it is in the range of 2 to 3% compared to standard engine for the reason of 
the increase in intake pressure and temperature due to steam injection. 

  

 
 

Fig. 3: Effect of brakethermal efficiency  with % of load 
 

Specific fuel consumption: 
Fig 4 shows  the variation of  specific fuel consumption of the engine with and without steam injection.It is 

observed  from the figure that  SFC decreases as the load increases at all conditions with and without steam 
injection.But it increases with increase in steam rate about 18 % at part loads and about 10 % at full load 
condition at steam rate of S15.The reason for  reduction in SFC and increase in IP and BTE are due to improved 
vaporization and mixing of air and fuel drops by steam injection as in J.P. Mello [16],    
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Fig. 4: Effect ofspecific fuel consumption  with % of load 
 

Emission parameters: 
NOx emission: 

The major claim of the present study is NOx reduction and it is shown in fig.5 for the current experimental 
observation. It can be seen that the NOx increases with increase in load for pure diesel without steam injection. 
NOx reduces up to 48% at full load conditions and it reduces up to 38% at mean load for higher rate of steam 
injection. As it noted that the increase in steam rate decreases NOx emissions significantly. This is due to the 
reduction of combustion temperature by means of steam in the combustion chamber which absorbs considerable 
amount of heat during combustion, in turns reduced the NOx kinetics.  

 

 
 

Fig. 5: variation of NOx emission with % of load 
 

HC emissions: 
The variation of hydrocarbon emissions with load is shown in the fig.6. It is seen that the HC emissions 

increases with increase in load as well the steam rate increases. At low load conditions it releasing more when 
compared to peak load operation, it clearly indicates the reason steam injection makes incomplete combustion 
which can be improved by the way of higher injection pressure of diesel. 
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Fig. 6: variation of HC emission with % of load 
 

CO emission: 
In the study it is noted that for all range of loading the CO emission is increasing with rate of steam 

injection and also noted low level of CO for pure diesel without steam injection. As the steam rate increases CO 
increases for both full load as well as part load conditions 

. 

 
 

Fig. 7: variation of CO emission with % of load 
 

CO2 Emission: 
The fig.8 shows the CO2 emission release for the current study, it is noted that the reduction of CO2 is 

observed. The main reason for reduction in CO2   emission in the current investigation is incomplete combustion 
due to presence of steam which makes lean air fuel ratio and reduction in combustion temperature, hence poor 
combustion. It is also noted the CO2 emission release at mean load is complicated the reason may be 
concentration CO conversion. 

 

 
 

Fig. 8: Variation of CO2 emission with % of load 
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Conclusion: 
The study of low pressure steam injection in the diesel engine is studied and obtained considerable 

improvement in engine performance and noted significant reduction in NOx emission. The present study 
revealed that without any major modification in the engine system by introducing steam we can able to reduce 
the harmful NOx emission. 

The maximum reduction in NOx is noted as 48% at full load condition and reduction in specific fuel 
consumption as 10% compared to standard engine. The improvement in thermal efficiency is observed as 
compared to standard engine. 

Also the increase in unburned hydrocarbons and Carbon monoxide emissions and reduction in CO2 were 
observed in the current investigation. This is due to presence of steam in the combustion chamber which lowers 
the combustion temperature and leads to concentration of unburned HC and CO, subsequently CO2 reduces. 
Increasing injection pressure can improve the combustion characteristics of stream injection which intern will 
reduce the HC and CO emission. This technique can be more adaptable for genset and stationary agriculture 
application where the steam production is possible with exhaust recovery system. 

 
REFERENCES 

 
1. Adnan R. et al. 2012.  Performance and emission analysis of hydrogen fueled compression ignition engine 

with variable water injection timing, Energy, 43: 416-426.  
2. Jonsson, M., J. Yan,  Humidified gas turbine - a review of proposed and implemented cycles 
3. Tesfa, B., R. Mishra, F. Gu, A.D. Ball, 2011. Water injection effects on the performance and emission 

characteristics of a CI engine operating with biodiesel. Renewable Energy, 37:  333-44. 
4. Alberto Boretti, 2013. Water injection in directly injected turbocharged spark ignition engines, Applied 

Thermal Engineering, 52: 62-68. 
5. Subramanian, K.A., 2011. A comparison of water-diesel emulsion and timed injection of water into the 

intake manifold of a diesel engine for simultaneous control of NO and smoke emissions. Energy Conversion 
Management, 52: 849-57. 

6. Hountalas, D.T., D.A. Kouremenos, E.G. Pariotis, V. Schwarz, K.B. Binder, 2002. Using a 
phenomenological multi-zone model to investigate the effect of injection rate shaping on performance and 
pollutants of a DI heavy duty diesel engine. SAE Paper, pp: 2002-01-0074. 

7. Tauzia, X., A. Maiboom, S.R. Shah, 2010. Experimental study of inlet manifold water injection on 
combustion and emissions of an automotive direct injection diesel engine. Energy, 35: 3628-39. 

8. Parlak, A., V. Ayhan, Y. Üst, B.S. ahin, _I. Cesur, B. Boru, G. Kökkülünk, 2012. New method to reduce 
NOx emissions of diesel engines: electronically controlled steam injection system, J. Energy Inst., 85: 135-
139. 

9. Kökkülünk, G. et al., 2013. Theoretical and experimental investigation of diesel engine with steam injection 
system on performance and emission parameters, Applied Thermal Engineering, 54: 161-170. 

10. Murthy, Y.V.V.S., G.Y.K. Sastry, M.R.S. Satyanaryana, 2011. Experimental investigation of performance 
and emissions on low speed diesel engine with dual injection of solar generated steam and pongamia methyl 
ester, Indian J. Sci. Technol., 4: 29-33. 

11. Hoekman, S.K., C. Robbins, 2012. Review of the effects of biodiesel on NOx emissions, Fuel Processing 
Technology, 96: 237-249. 

12. Miller, J.A. and C.T. Bowman, 1989. "Mechanism and Modeling of Nitrogen Chemistry in Combustion," 
Prog. Energy Combust. Sci., 15: 287-338. 

13. Turns, S.R., 1995. "Understanding NOx Formation in Non-premixed Flames: Experiments and Modeling," 
Prog. Energy Combust. Sci., 21: 361-385. 

14. Bowman, C.T., 1992. "Control of Combustion-Generated Nitrogen Oxide Emissions: Technology Driven by 
Regulation," Twenty-Fourth Symposium (International) on Combustion., pp: 859-878. 

15. Fenimore, C.P., 1971. "Formation of Nitric Oxide in Premixed Hydrocarbon Flames," Thirteenth 
Symposium (International) on Combustion, pp: 373-380. 

16. Mello, J.P., A.M. Mellor, 1999. NOx emissions from direct injection diesel engines with water/steam 
dilution, SAE J. Automot. Eng.  01- 0836. 

17. Heywood, J.B., 1998. Internal Combustion Engine Fundamentals, McGraw-Hill Inc., New York. 
18. FACT SHEET: TECHNOLOGY ROADMAP: CENTRE FOR SCIENCE AND ENVIRONMENT 
19. U.S. Environmental Protection Agency (EPA). 2002. Health assessment document for diesel engine exhaust 
20. Jianqin Fu et al, 2013. A new approach for exhaust energy recovery of internal combustion engine; steam 

turbo charging, Applied Thermal Engineering, 52: 150-159. 
 


