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[bookmark: _Toc511998074]5. Abstract

The change in our climate and poor human health has rapidly become a very important issue which must be addressed as quickly and effectively as possible to prevent even more environmental issues and health diseases. 26% of greenhouse gases are formed by the transportation sector, greatly contributing to global warming. Studies show about 5000 premature deaths are caused by excess vehicle emissions. The importance of this project is to evaluate a possible method to reducing the harmful nitrogen oxide emissions.
The investigation undertook the attempt to solve the problem of nitrogen oxide emissions, which is what the automotive industry has been trying for decades. The scope of the work focused on investigating the effectiveness of water injection during the newly introduced WLTP drive cycle, thus making this work very applicable to the industry. 
The approach undertaken to reduce the nitrogen oxide emissions was through two methodologies, analytical calculations and live testing simulation. Analytical calculations helped distinguish the accuracy of the obtained results from the controlled simulation, thus enhancing accuracy. The same test was carried out three times to help eliminate anomalies. The circumstances which were controlled and which were kept constant were; engine temperature, test cell temperature and driver. 
The results prove the effectiveness of water injection at reducing nitrogen oxide emissions. During the best results the combustion temperature was lowered by 251.39 k resulting in a decrease of NOx emissions of 76%. 
The implications of such results can be significant to the automotive industry and might potentially open many eyes of influential people onto different NOx reduction technologies, such as water injection. This improvement is an important step to not only improving the quality of life but also saving our environment. 

[bookmark: _Toc511998075]5.1 Abstract Keywords 
· Emission Reduction
· Air Pollution
· Internal Combustion Engines 
· Water Injection
· Nitrogen Oxide (NOx) 
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Choosing to focus on a project regarding the reduction of NOx emissions from a petrol engine was not a hard decision. The automotive industry is currently facing the toughest emission regulations, leaving them with having to make tougher decisions to overcome these problems, this includes more time and effort in the research and development departments resulting in greater spending’s (SMMT, 2018). Figure 1, towards the end of section 6 shows how the emission regulations have got more stringent since 1970 to 2014. 
Considering that a four-stroke petrol engine produces other emission, the main focus of this report was the reduction on nitrogen oxide (NOx). NOx emissions pose the biggest threat to the human health and the environment (Fasching, P., Sprenger, F., and Eichlseder, H, SAE Technical Paper, 2016). Therefore, considering the above reference, reducing NOx emissions from a combustion engine would show great improvements on the quality of life of today’s society by reducing the risk of health problems which are consequences of NOx. 
In September 2015 the (EPA) United States environmental policy agency alleged that diesel engine cars manufactured by Volkswagen had been fitted with emission cheat devices. Following the disclosure, the car producer announced 1.2 million vehicles in the UK were affected and 1.2 million worldwide (Vehicle Emissions Testing Programme, 2018). Considering this scandal, it was estimated that 1,200 people will die earlier than speculated, results convey each person affected will lose about one decade of their life (Office, 2017).  
The report will analyse the studies of reducing NOx emissions on a petrol vehicle Volkswagen Lupo. The undertaken method of NOx reduction is using a water injection system. In the last couple of decades automotive manufacturers spent a lot of time on research in development sectors and have started to experiment with water injection systems (Kim, J. Park, H. Bae, C., Choi, M. and Kwak, Y., 2016). According to Tsao and Wang they observed a 30% decrease in NOx emissions when carrying out this experiment, they injected water directly into the intake manifold for enhanced accuracy (Tsao and Wang, 1984). 











Below are project aims which link into helping the industry reduce vehicle emission problems:
[bookmark: _Toc511998077]6.1 First Project Aim 
· How effective is the application of water injection during the combustion process in reducing combustion temperatures, resulting in lowered levels NOx in a petrol engine? 

[bookmark: _Toc511998078]6.2 Second Project Aim 
· Using analytical calculations as well as control measured live testing simulation within a workshop to validate the overall findings.  

[bookmark: _Toc511998095][image: ]Figure 1-Emission Regulation Trends (GOV.UK, 2016)
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[bookmark: _Toc511998080]7.1 Tested Vehicle Specifications
The vehicle which is being tested in this investigation and its specification can be seen below:
[bookmark: _Toc511998096][image: ]Figure 2-Volkswagen Lupo 2003 (carsnitch.co.uk)







EngineDimensions

	Engine Size
	999cc

	Cylinders
	4

	Valves
	8

	Fuel Type
	Petrol

	Transmission
	Manual

	 Gearbox
	5 Speed

	Drivetrain
	Front wheel drive


	Fuel Capacity
	34 litres

	Weight
	946kg

	Length
	3527mm

	Width
	1860mm

	Height
	1459mm

	Wheelbase
	2323mm

	Turning Circle
	10m


Performance 
	Power
	49 bhp

	Top Speed
	94 mph

	0-60 mph
	17.1 secs

	Torque
	86 Nm, 63 ft-lb

	CO2 Emissions
	139 g/km

	Euro Emissions Standard
	3

	Miles Per Tank
	359 miles



Vehicles specification have been obtained from: https://www.parkers.co.uk/volkswagen/lupo/hatchback-1999/10-e-3d/specs/




[bookmark: _Toc511998081]7.2 Four Stroke Cycle Emissions 
As previously mentioned under section 6 the main focus will be on nitrogen oxide emissions, however there are other harmful emissions which will also be looked at and are formed during a four-stroke cycle engine combustion. Emissions caused during combustion are gases which cannot be reused and are therefore referred to as waste products. Main emissions formed from a petrol engine are; carbon monoxide (CO), Hydro Carbon (HC), Oxides of Nitrogen (NOx) and particulate matter (PM), the later one is only formed in petrol engines with direct fuel injection (Dft.gov.uk, 2018). Figure 3 below shows the threats of the mentioned emission. 
[bookmark: _Toc511998097]Figure 3-Four Stroke Cycle Emission Threats (M. Dabrosz, 2018)/ (US EPA, 2018).
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[bookmark: _Toc511998082]7.3 Medical and Environmental Issues Caused by Nitrogen Oxide  
Nitrogen dioxide is a very irritant gas, if it finds itself in human lungs at high concentrations is causes inflammation of the airways. When nitrogen oxides are released during the combustion of fuel it combines with the oxygen atoms to form nitrogen dioxide (NO²). Nitric acid on its own is not considered as a big risk to human health, however nitrogen oxide is very harmful. Once nitrogen dioxide and nitrogen dioxide combine they are referred to as nitrogen oxide (NOx), (Icopal-noxite.co.uk, 2018). 






[bookmark: _Toc511998083]7.4 Nitrogen Oxide Formation  
NOx emissions from combustion are primarily in the NO form. As stated in the Zeldovich equation NO is generated to the limit of available oxygen which is about 200,000ppm in the air at temperatures higher than 1350°c (1623K). At temperatures below 760°c (1033K), NO is either generated in much lower quantities or not at all. NO in a combustion is generated as a function of the air to fuel ration and it is more visible when the mixture is on the lean side of the stoichiometric ratio, which is 14.7:1 (EPA, 1999). The Zeldovich equations for NOx formation are:



[bookmark: _Toc511998084]7.5 Water Injection Technology
Water injection technology will be the emission reduction technology which will investigated in this project. Assessing the literature review in all cases water is an effective system to reduce the levels of NOx emissions, as the water is injected into the cylinder the combustion temperatures decreases, thus decreasing the levels of formed NOx (Fu, L., Wu, Z., Li, L., and Yu, X, SAE Technical Paper, 2014).
[bookmark: _Toc511998085]7.5.1 Principles of Water Injection on NOx Reduction 
The principles of how water injection causes a reduction of NOx is in two methods. One of them is the addition of overall mass to the combustion mixture. As backed up by (Merker, Schwarz and Stiesch, 2006) in their ‘Simulating Combustion’ book.
[image: C:\Users\User\AppData\Local\Microsoft\Windows\INetCache\Content.Word\IMG_0658.jpg]The second principle of water injection on NOx reduction is by evaporation, this is explained by the latent heat of vaporisation theorem, and the explanation of this will be helped by figure 4 below:
[bookmark: _Toc511998098]Figure 4-Latent Heat of Vaporisation (Spalding & Cole, 1961)









Referring to figure 4 the vertical height of a two-phase region (S+V, L+V or S+L) represents the enthalpy increase of the fluid when it changes from one phase to the other. This enthalpy increase is known as ‘latent heat of vaporisation’. The higher the temperatures correspond to the higher enthalpies. Particularly at high temperatures it is noted that the isotherms become closely horizontal, signifying that the enthalpy at given temperature is only dependant on pressure. This links to the fact that reduction of temperature results in a reduction of pressure (Spalding and Cole, 1961).
[bookmark: _Toc476996721][bookmark: _Toc504485091][bookmark: _Toc511998086]8. Methodology
[bookmark: _Toc511998087]8.1 Analytical Calculations
This section will cover the analytical equations which were derived for this final year project. They have been derived from different books and internet sources as well as during meetings with the project supervisor and meetings with different academics form the university. Analytical equations in this instance were created to enhance the accuracy of the methodology section of this project, more specifically to enhance the live testing simulation section. The reason behind choosing analytical equation methodology alongside live testing simulation is because it gives the latter section a more enhanced accuracy, analytical methods can predict the results which will be obtained from the simulation and when both sets of results are similar it can be deemed that the testing was done correctly. If, however the results are different there is a room for explanation and identifying the reasons why the results are different, thus mathematical equations also enhance the comparison factor between the two sets of results (Marion, 2008). 
Without the analytical equations live testing simulation would be dangerous, it could potentially damage the vehicles engine but more importantly it wouldn’t make the project results as accurate. The calculations allowed for a development of more knowledge of how the live testing should be carried out, for example, equations were used to calculate exactly how much water the engine can physically take before is misfires and potentially hydro locks. 
[bookmark: _Toc511998088]8.2 Live Testing Simulation 
Following the initial analytical calculations method, the next stage was the live testing simulation. The live testing simulation procedures will be carried out in a way which will test the vehicle over different dyno loads and speeds, the speeds which are being have been taken from the new WLTP drive cycle. The reason why the author chosen to carry out the investigation following the same procedures as the new drive cycle is because of its relevance to the automotive industry. The car manufacturers are now testing their vehicles using the new procedures therefore this was deemed as an appropriate method of carrying out the live testing simulation. Therefore, the skill of industry awareness is very helpful here. Carrying out the methodology in the same way as the industry gives the results more accuracy and suitability to the real world, gives the project a greater meaning and gives more opportunities with the results analysis, as these can be compared with the global database which is now a compulsorily factor to all manufactures (MDA, 2018).
As the vehicle is being tested the water injection system will be engaged, this thus allows to determine the effectiveness water introduction on the reduction on NOx emissions. The government has set up the WLTP drive cycle on four different speeds, they are, 51.3 km/h, 74.7km/h, 85.2pm/h and 123km/h respectively. 
From the background research around the effectiveness of water injection on NOx emissions reduction it was seen from different sources that this approach will be effective and will successfully meet the set objectives. B.C Tefsa, a student at UoH carried out a very similar testing to the one in this project. He tested the effects of water injection on emissions characteristics and saw positive results. His results can be seen in figure 9 of the appendices. Although, his testing was carried out throughout an RPM range not actual vehicle speed the results still prove the principle that water injection is effective on reducing NOx.
[bookmark: _Toc476996722][bookmark: _Toc504485092][bookmark: _Toc511998089]9. Results & Analysis
Before the results from the testing sessions are presented a couple of important statements and assumptions must be made to enable the reader to develop a better understanding of the presented results and why they are happening. As the analysis progresses these points will be referred to. 
In practice when the combustion temperature drops the concentration of  also drops due to less dissociation of  and  (Merker, G., Schwarz, C. and Stiesch, G. 2006). 
Therefore, real nitrogen oxide depends on  as well as the temperature. As the engine power increases the air and fuel mixture will be richer due to the greater demand, this mixture although richer will have less  in the combustion (Addepalli, S. Saw, O. and Mallikarjuna, J. SAE 2017). 
The reason why in some of the presented results we see a better NOx reduction at lower speeds is due to the lower RPM, at low engine speeds the piston is moving slower, thus the water can keep up with the air, as the air is passing through the intake is sucks the water along with it, at low speeds they can both keep pace with one another. As the RPM increases the air is coming in at much higher speeds and the water potentially cannot keep up with it and is left behind, hence the NOx reduction is lower at higher speeds. As the air speed increases, due to the water being injected from outside the engine it was furthest away from the injectors, therefore it could not keep pace with the air. To conclude these statements, at some lower RPM’s the method of water injection is accurate, however at higher RPM’s it is not, a much better method which was mentioned previously would be an injector straight into the cylinder, this would deliver all the water directly into the combustion chamber providing a continuous and more accurate flow. Due to this being only an experiment there was bound to be encountered mistakes, however if any future testing occurs these will be rectified. Even though considering all of the negative factors encountered the results shown still prove the positive effect of water injection on NOx reduction. 













[bookmark: _Toc511998090]9.1 Test Session Results

	V_Max (km/h)
	NOx (PPM) Without Water Injection
	NOx (PPM) With Water Injection 

	51.4
	2962
	1422

	74.7
	3457
	1139

	85.2
	3597
	863

	123.1
	3262
	2032


[bookmark: _Toc511998104]Table 1-First Session Testing Results Table (M. Dabrosz, 2018
Table 1 above shows the results table which contains the averages for the first testing speed of both NOx with and without water injection. Due to the abundance of data obtained the most accurate and clear way to present it was by calculating averages, this method is the most efficient and it is useful as no result are lost within the process of making the data smaller, thus being the most accurate method (Miles, M., Huberman, A. and Saldaña, J. (n.d.)). The full results from the testing session can be found in table 6 of the appendices. 
[bookmark: _Toc511998099]Figure 5-First Session NOx Emissions With & Without Water Graph (M. Dabrosz, 2018)
Figure 5 illustrates the NOx reduction factors for the four different speeds of the WLTP drive cycle. The overall trend and correlation of the bar chart shows that the NOx is significantly reduced after the injection of the water. The NOx reduction in percentages are as follows; 51.4km/h (50.88%), 74.7km/h (67.05%), 85.2 (76.01%) and 123.1km/h (37.98%). From these statistics we can see the greatest NOx reduction benefits occurred at the third testing speed and the lowest reduction occurred at the fourth speed. The overall NOx reduction percentage for the first testing session was 57.98%. When injecting an accurate amount of water into the combustion chamber there should be approximately 60% to 70% reduction from uncontrolled levels (EPA, GOV 2018). From the above quote it can be assumed that this testing showed good reduction factors when compared to the government statistics. The reason why we see the lowest reduction factors at the fourth speed is because not all the water which was injected entered the combustion chamber.

[bookmark: _Toc511998105]Table 2-Second Test Session HC Testing Results Table (M. Dabrosz, 2018)
	V_Max (km/h)
	Hydrocarbon (HC) (PPM) Without Water Injection 
	Hydrocarbon (HC) (PPM) With Water Injection 

	51.4
	277
	271

	74.7
	296
	352

	85.2
	270
	293

	123.1
	164
	162


*For full results please refer to table 7 of the appendices. 

[bookmark: _Toc511998100]Figure 6-Second Test Session HC Emissions With & Without Water Graph (M. Dabrosz, 2018)

Figure 6 presents how the hydrocarbon emissions are affected by the addition of water into the combustion chamber. Hydrocarbon plays a very important role in vehicle emissions, it is a measure of hydrogen and carbon compounds which are created during an incomplete combustion process, or from vaporisation of gasoline. Basically, hydrocarbons are unburnt fuels, therefore the lower the emission reading the better. Hydrocarbons contribute to forming the ground ozone layer (Spalding, D. and Cole, E. 1961). From figure 6 on second and third speeds the addition of water increased the hydrocarbon emissions by 18.92% and 8.52% respectively. Increased hydrocarbon emissions are caused by poor fuel ignition due to the addition of the water, this is due to the quenching which is a result of diluting the combustion charge and the reduction in combustion temperatures (F. Hoppe, M. Thewes, H. Baumgarten, J. Dohmen, 2015). Except from the fourth testing speed the other hydrocarbon emissions are too high to meet the legislation, as stated by the DVSA the hydrocarbon emissions should be at or less than 200 ppm, however the increased emissions are caused by the lack of the second catalyst. In such instance the vehicle would undergo a “non-catalyst emission check requirement” test to meet the regulations (Driver & Vehicle Standards Agency, 2017). 
[bookmark: _Toc511998106]Table 3-Second Test Session CO2 Testing Results Table (M. Dabrosz, 2018)
	V_Max (km/h)
	Carbon Dioxide (CO2) Without Water Injection
	Carbon Dioxide (CO2) With Water Injection

	51.4
	14.08
	14.1

	74.7
	13.71
	13.82

	85.2
	12.94
	13.4

	123.1
	13.78
	14.3


*For full results please refer to table 8 of the appendices. 
[bookmark: _Toc511998101]Figure 7-Second Test Session CO2 Emissions With & Without Water Graph (M. Dabrosz, 2018)

Figure 7 presents how the carbon dioxide emissions are affected by the addition of water into the combustion chamber. Gasoline contains carbon and hydrogen atoms, when combusted the carbon from the fuel react with oxygen from the air, because of this reaction  is formed (Nrcan.gc.ca, 2018). From figure 7, the addition of water increases the carbon dioxide. The percentages of those increases are: 51.4km/h (0.14%), 74.7km/h (0.8%), 85.2km/h (3.55%) and 123.1km/h (3.77%). The increased carbon dioxide emissions are linked to the increased hydrocarbon emissions, the reason for increased carbon dioxide emissions is the fuel and air ration is incorrect and there is evidence of incomplete combustion, when the water is added into the combustion chamber the combustion is not as efficient, this is shown by the increased hydrocarbons in figure 6, this leads to incomplete combustion and thus as a result increase the carbon dioxide emissions (Salem, 2000). The reason why the highest carbon dioxide increase is at the fourth speed is that at this speed the highest amount of water was injected, causing an incomplete combustion. 


[bookmark: _Toc511998107]Table 4-Second Test Session CO Testing Results Table (M. Dabrosz, 2018)
	V_Max (km/h)
	CO (%) Without Water Injection 
	CO (%) With Water Injection 

	51.4
	0.359
	0.441

	74.7
	0.541
	0.299

	85.2
	0.472
	0.324

	123.1
	2.127
	0.708


*For full results please refer to table 9 of the appendices. 
[bookmark: _Toc511998102]Figure 8-Second Test Session CO Emissions With & Without Water Graph (M. Dabrosz, 2018)

[bookmark: bau005]Figure 8 presents how the carbon monoxide emissions are affected by the addition of water into the combustion chamber. Carbon monoxide is a product formed by an incomplete combustion. It is formed by partial oxidation of carbon compounds. Typically, in a combustion process carbon dioxide is formed after combustion, but as soon as there is not enough oxygen for the combustion required carbon monoxide begins forming, this is incomplete combustion (Valério, M. Raggi, K. and Sodré, J. SAE, 2003). The results in the graph are not consistent and show some anomalies, at the first speed the carbon monoxide emissions are increased, as stated by P.P.Patnaik, the addition of water into a combustion chamber will at some stage increase the carbon monoxide emissions due to the depression of thermal dissociation (P.P.Patnaik, 2016). The percentages of those changes are: 51.4km/h (+22.84%), 74.7km/h (-44.73%), 85.2km/h (-31.21%) and 123.1km/h (-68.06%). However, on the other hand, as stated by the EPA and other sources, an accurate water injection system should not cause any increases in CO emissions, there should be a small improvement in fact, due to the cooler combustion temperature and better burn (Nepis.epa.gov, 2018). Considering this statement, that’s exactly what we are seeing at speeds two and three, thus these results can be deemed as accurate. The fourth test shows an anomaly, the CO emissions are significantly increased. This anomaly has been caused by taken the reading at an inaccurate time frame. 
[bookmark: _Toc504485096][bookmark: _Toc511998091]10. Conclusion

To conclude the dissertation, the aims which were specified within the introduction section of this report have been successfully met. The first project aim was to evaluate the effectiveness of a water injection system at reducing combustion temperatures resulting in lowered level of NOx emissions. From the analytical calculations after live testing equations regarding the drop-in combustion temperature show the following results: 
[bookmark: _Toc511998108]Table 5-Temperature Drops with Water Injection (M. Dabrosz, 2018)
	Test
	Combustion Temperature Drop (K)

	51.4 km/h 
	68

	74.7 km/h
	134

	85.2 km/h
	196

	123.1 km/h
	251.39



As we can see from table 5 the first part of the first aim to show the effectiveness of water injection at reducing combustion temperatures has been met. Also, as shows in figure 5, the NOx emissions have been lowered by significant amounts, these results have also been replicated by other academics including Mr Tefsa, therefore can be deemed as accurate. To give the reader a more detailed understanding of the NOx reduction values, percentages of each change have been calculated. The lowest and highest NOx reduction values which were seen during the testing were 22.52% and 76% respectively. Thus, these statistics and results show the first aim has been fully met. 
The second aim set out for this investigation was to use analytical calculations together with a controlled live testing simulation within a workshop environment to validate the overall findings. It can be said with confidence that both parts to the second aim have been met. Equations were equations completed to aid carrying out the live testing simulations, these were done to make sure the live testing simulation can be as accurate as possible and to show truthful results. Some equations were carried out after the live testing simulations, these equations help to define the accuracy of the live testing simulation. For example, they showed that if the water which was injected actually reached the combustion chamber the results would be far more superior and would show much greater NOx reduction factors. However, without these equations it would be impossible to distinguish the differences and realise that actually there were some anomalies in the testing, therefore giving room for improvement for future investigations. 
Overall, this was a successful investigation which could potentially open many eyes onto different emission reduction technologies, such as the water injection system. The automotive manufactures must engineer new more effective systems to save people’s lives and the environment which we live in. 
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[bookmark: _Toc511998103]Figure 9-Water Injection Effectiveness on NOx Reduction (Tesfa, 2018)
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[bookmark: _Toc511998109]Table 6-First Test Session Full NOx Results (M. Dabrosz, 2018)
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[bookmark: _Toc511998110]Table 7-Second Test Session Full HC Results (M. Dabrosz, 2018)
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	Hydrocarbon (HC) (PPM)

	288/270/272/275/275/279/275/277/289/280/280/279/285/264/282/263/272/274

	233/240/211/261/332/333/334/338/310/303/319/309/301/312

	212/298/274/270/260/254/251/290/263/258/275/286/292/301

	184/159/181/170/164/164/159/161/146/156
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	Hydrocarbon (HC) (PPM)

	262/266/245/264/261/266/271/274/275/276/278/270/276/282/280/274/276/273

	356/292/350/361/346/359/349/352/373/376/358/356/351/356

	238/233/217/299/305/315/320/330/305/306/305/303/317/315

	168/157/156/172/169/168/161/150/153/170

















[bookmark: _Toc511998111]Table 8-Second Test Session Full CO2 Results (M. Dabrosz, 2018)
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	Carbon Dioxide (CO2)

	13.97/14.07/14.07/14.06/14.15/14.13/14.12/13.89/14.09/14.09/14.12/14.02/14.16/14.11/14.16/14.14/14.06

	14.20/14.01/14.08/13.88/13.46/13.52/13.42/13.41/13.59/13.49/13.57/13.48/13.36/13.40

	12.64/12.12/12.61/12.88/13.07/12.88/13.01/12.82/13.14/13.44/13.14/13.21/13.19/13.04

	13.16/14.03/13.86/13.77/14.00/13.86/13.85/13.60/13.88/13.74
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	Carbon Dioxide (CO2)

	14.00/14.07/14.09/14.11/14.10/14.07/14.11/14.12/14.08/14.09/14.11/14.13/14.10/14.09/14.12/14.16/14.08/14.21

	14.00/14.20/13.85/13.78/13.76/13.74/13.79/13.80/13.77/13.66/13.83/13.84/13.71/13.80

	14.03/13.24/11.93/12.73/13.04/13.21/13.36/13.58/13.65/13.69/13.79/13.82/13.76/13.77

	13.80/14.00/14.07/14.34/14.44/14.45/14.47/14.46/14.50/14.25















[bookmark: _Toc511998112]Table 9-Second Test Session Full CO Results (M. Dabrosz, 2018)
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	CO Carbon Monoxide (%)

	0.35/0.335/0.336/0.377/0.359/0.364/0.359/0.301/0.364/0.355/0.367/0.370/0.365/0.388/0.348/0.361/0.359/0.349

	0.681/0.371/0.404/0.453/0.595/0.564/0.609/0.613/0.577/0.558/0.523/0.542/0.539/0.540

	0.422/0.491/0.500/0.487/0.405/0.585/0.376/0.481/0.539/0.431/0.434/0.468/0.488/0.501

	3.099/1.732/1.676/1.900/1.657/1.805/3.024/1.851/2.723/1.888
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	CO Carbon Monoxide 

	0.483/0.460/0.457/0.466/0.469/0.477/0.458/0.436/0.419/0.439/0.415/0.418/0.405/0.412/0.432/0.428/0.414/0.444

	0.403/0.357/0.294/0.3130/0.138/0.312/0.309/0.305/0.300/0.302/0.284/0.286/0.290/0.301

	0.471/0.436/0.295/0.288/0.295/0.302/0.314/0.321/0.303/0.297/0.308/0.305/0.298/0.301

	1.144/1.076/1.131/0.486/0.461/0.470/0.476/0.480/0.811/0.549













Test Session 1
Nitrogen Oxide (NOx) Emissions-Without Water Injection vs Water Injection 


Without Water Injection	
51.4	74.7	85.2	123.1	2962	3457	3597	3262	With Water Injection	
51.4	74.7	85.2	123.1	1422	1139	863	2032	WLTP Drive Cycle Testing Speeds (KM/H)


Nitrogen Oxide (PPM)




Test Session 2
Hydrocarbon (PPM) Emissions-Without Water Injection vs Water Injection 


Without Water Injection	
51.4	74.7	85.2	123.1	277	296	270	164	With Water Injection	
51.4	74.7	85.2	123.1	271	352	293	162	WLTP Drive Cycle Testing Speeds (KM/H)



Hydrocarbon (PPM)




Test Session 2
Carbon Dioxide Emissions-Without Water Injection vs Water Injection 


Without Water Injection 	
51.4	74.7	85.2	123.1	14.08	13.71	12.94	13.78	With Water Injection	
51.4	74.7	85.2	123.1	14.1	13.82	13.4	14.3	WLTP Drive Cycle Testing Speeds (KM/H)



Carbon Dioxide (CO2)




Test Session 2
Carbon Monoxide Emissions-Without Water Injection vs Water Injection 


Without Water Injection	
51.4	74.7	85.2	123.1	0.35899999999999999	0.54100000000000004	0.47199999999999998	2.1269999999999998	With Water Injection	
51.4	74.7	85.2	123.1	0.441	0.29899999999999999	0.32400000000000001	0.70799999999999996	WLTP Drive Cycle Testing Speeds (KM/H)



Carbon Monoxide (%)
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decades, UK air quality has improved significantly (Figure 2-1). Between 1970 and
2014 sulphur dioxide emissions have decreased by 95%, particulate matter (PM10)
by 73%, PM2.5 by 76% and nitrogen oxides (NOx) by 69%. However, meeting the
nitrogen dioxide (NO2) limit values close to busy roads continues to be a significant
challenge. In areas where these limits are exceeded, on average transport is
responsible for 80% of roadside nitrogen oxides.
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Figure 2-1 UK National emissions of air pollutants
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be reused and are therefore referred to as waste products. Main emissions formed from a petrol ~

engine are; carbon monoxide (CO), Hydro Carbon (HC), Oxides of Nitrogen (NOx) and particulate
matter (PM), the later one is only formed in petrol engines with direct fuel injection (Dft.gov.uk,
2018). Figure 3 below shows the threats of the mentioned emission. NOX being the main focus point
of this investigation therefore its threats have been explained under section 9.3.

Figure 3-Four Stroke Cycle Emission Threats (M. Dabrosz, 2018)/ (US EPA, 2015).
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so] verage NO x Withod
51
52 2.1) With Water Injection
s ' Max (/) Duration (Minutes Dyno Load Total Water sur
s s1a so1 195N /0.195kN 33 762
55 787 721 276N/ 0.276KkN 673 76.48
£ 852 758 323N/ 0323kN 589 10135
57 1231 538 5420/ 0.562kN 2179 2851
s
59 ¥ Max (ke /) NOX (PPM) Without Water Injecti NO (PPM) With Water Injection ¥ Max
) 514 3308 2563 514
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